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Summary

In sensory hair cells of the inner ear, mechanical am-
plification of small stimuli requires fast adaptation,
the rapid closing of mechanically activated transduc-
tion channels. In frog and mouse vestibular hair cells,
we found that the rate of fast adaptation depends on
both channel opening and stimulus size and that it is
modeled well as a release of a mechanical element in
series with the transduction apparatus. To determine
whether myosin-1c molecules of the adaptation motor
are responsible for the release, we introduced the
Y61G mutation into the Myo7c locus and generated
mice homozygous for this sensitized allele. Measur-
ing transduction and adaptation in the presence of
NMB-ADP, an allele-specific inhibitor, we found that
the inhibitor not only blocked slow adaptation, as
demonstrated previously in transgenic mice, but also
inhibited fast adaptation. These results suggest that
mechanical activity of myosin-1c is required for fast
adaptation in vestibular hair cells.

Introduction

The inner ear enhances detection of low-amplitude
sounds by amplifying them. In the mammalian cochlea,
outer hair cells boost small signals with the cochlear
amplifier (Davis, 1983). Although outer hair cells require
somatic electromotility for amplification (Liberman et
al., 2002), a similar signal enhancement in nonmamma-
lian vertebrates is accomplished by the mechanically
sensitive hair bundle (Fettiplace and Ricci, 2003). Bun-
dle mechanisms operate in the mammalian cochlea
too; when mechanically stimulated, bundles of outer
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hair cells exert large forces, which may be coupled to
cochlear amplification (Kennedy et al., 2005).

The hair bundle performs mechanotransduction in
the ear. By stretching elastic gating springs (Corey and
Hudspeth, 1983), mechanical displacements of the hair
bundle rapidly open cation-selective transduction chan-
nels; these channels then close on fast (a few milli-
seconds or less) and slow (tens of milliseconds) time
scales (Holt and Corey, 2000). Slow adaptation occurs
when the molecular motor myosin-1c (Myo1c) reduces
tension applied to the channels (Holt et al., 2002). When
tension is high, a cluster of Myo1c molecules—the adap-
tation-motor complex—slips down the actin cytoskele-
ton, reducing tension; by contrast, when tension is low,
the Myo1c molecules climb stereocilia actin filaments
to restore tension (Gillespie and Cyr, 2004).

Fast adaptation is thought to be the electrical corre-
late of bundle mechanical amplification (Fettiplace and
Ricci, 2003). The prevailing model for fast adaptation
suggests that Ca?*, entering through an open transduc-
tion channel, binds to or near the channel and causes
it to close; this mechanism changes the relationship be-
tween gating-spring tension and P, such that channels
require more force to open (Howard and Hudspeth,
1988). Negative mechanical movements of the bundle
in response to force stimuli support this channel-reclo-
sure model (Benser et al., 1996; Ricci et al., 2000, 2002).
However, three unexpected results do not support the
model: Ca?* dependence of the swing of the channel’s
gate (Martin et al., 2000), biphasic mechanical response
to transepithelial current pulses (Bozovic and Huds-
peth, 2003), and polarity of large bundle forces exerted
by outer hair cells during fast adaptation (Kennedy et
al., 2005). In an alternative model, a component of the
transduction apparatus becomes more compliant or re-
leases (Bozovic and Hudspeth, 2003; Martin et al.,
2003); the resulting reduction of tension then allows the
channels to close rapidly, also explaining the mechani-
cal results. In this release model, the relationship be-
tween tension and P, remains constant.

We sought to distinguish between these two models
for fast adaptation. We found that, in frog and mouse
vestibular hair cells, slow adaptation is proportionally
slower for small displacements. In addition, a reciprocal
relationship between the extents of fast and slow adap-
tation suggests that both reduce gating-spring tension.
These findings are consistent with the release model
but not with the channel-reclosure model.

Moreover, Myol1c seems to play an integral role in
fast adaptation. First, the rate of fast adaptation is af-
fected by the Myo1c allele expressed in hair cells. Sec-
ond, NMB-ADP, an allele-specific inhibitor of a mutant
Myo1c, rapidly blocks fast adaptation. These results
lead us to conclude that fast adaptation depends upon
Myo1c activity and likely arises from a rapid conforma-
tional change in the motor that relieves tension and al-
lows transduction channels to close in a Ca%*-depen-
dent manner.
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spring to open the channel. Fast adaptation
occurs when Ca?* enters, binds on or near

the channel, and forces the channel to close. Increased tension in the gating spring occurring due to channel closing raises the tension felt
by the adaptation motor and hence increases the rate of slow adaptation. (Bottom) Hypothetical adaptation rates. Over most of the displace-
ment range, because the adaptation motor exhibits purely viscous behavior, the rate is linear with displacement; over the range where fast
adaptation develops, however, the rate of slow adaptation is relatively higher for small displacements because of increased tension (*).

(C) Release model. Ca?* entering an open channel binds to the release element, lengthening the mechanical chain in series with the channel
and gating spring. Reduced tension decreases the channel’s P,. (Bottom) Because the release reduces the force applied to the adaptation
motor, for small displacements, the slow adaptation rate is reduced relative to purely viscous behavior (*). Models where Ca?* changes the
stiffness of a mechanical element in series with the channel are formally similar to the release model.

Results

Fast and Slow Positive Adaptation

in Frog Hair Cells

The two models for fast adaptation predict different
rates of slow adaptation for small displacements. Be-
cause the adaptation motor behaves viscously (Howard
and Hudspeth, 1987; Assad and Corey, 1992), the rate
of slow adaptation should be proportional to the ten-
sion applied to the motor. In the channel-reclosure
model for fast adaptation, rapid channel closure short-
ens the mechanical chain connecting the motor to the
gating spring, tensing the spring; therefore, elevated
tension should increase the rate of positive adaptation
in response to small stimuli (Figure 1B). Moreover, the
distance the motor moves—the extent of slow adapta-
tion—also should increase, because the motor must
slip farther down the stereociliary actin filaments to re-
duce tension to its steady-state level.

By contrast, in the release model, fast adaptation
lengthens the mechanical chain connected to the gat-
ing spring; the resulting reduction in tension should
then decrease the rate of slow adaptation (Figure 1C).
Fast adaptation thus diminishes the extent of slow
adaptation; if the lengthening induced by the release is
larger than the stimulus amplitude, no slow adaptation
will ensue. In both models, slow adaptation approaches
linear viscous behavior with larger-sized stimuli.

We tested these models by measuring fast and slow
adaptation for a range of mechanical displacements in
15 bullfrog saccule hair cells. We stimulated hair cells
with stiff glass probes, which allowed us to avoid the
complications of cooperative transduction-channel gat-
ing and time-dependent bundle movements. For each
cell, we first measured the current-displacement curve,

which describes the activation of transduction chan-
nels in response to a stimulus. We follow previous con-
vention (Eatock et al., 1987) by defining adaptation as
the time-dependent shift of the current-displacement
curve along the displacement axis, not channel closing
per se; for example, for very large bundle displace-
ments, when channels are mostly open, a substantial
shift of the current-displacement curve can occur with
very little change in open probability.

To measure the progress of adaptation, we used the
inferred-shift method (Shepherd and Corey, 1994). In
this method, the transduction current at every point
during an adapting stimulus is mapped back onto the
current-displacement curve to determine X.(t), the adap-
tive shift or extent of adaptation. The validity of the
method rests on the assumption that, during adapta-
tion, neither the size nor shape of the current-displace-
ment curve changes (Shepherd and Corey, 1994). Sim-
ilar to previous results in hair cells of the frog (Shepherd
and Corey, 1994; Cheung and Corey, 2005) and mouse
(Holt et al., 1997, 2002; Vollrath and Eatock, 2003), we
found that this assumption holds in our experiments
(see Figures S1A and S1B in the Supplemental Data
available online). The inferred-shift method is described
in detail in Figure S1C.

We separated fast and slow adaptation by fitting the
Xe(t) data with double-exponential functions (Figure
2B), allowing us to calculate independent fast and slow
time constants for each stimulus (see Figure S2 for vali-
dation of the fitting routine). The adaptive shift in re-
sponse to each stimulus size was therefore described
by individual values of time constants, 1;,5; and tgow, as
well as final amplitudes (adaptation extent) Xqyas and
Xe(siow)- Note that the inferred-shift method gives us the
temporal resolution necessary to accurately separate
fast and slow adaptation.
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Figure 2. Separation of Fast and Slow Adaptation in Frog and
Mouse Hair Cells

(A and G) Examples of transduction currents in frog saccule hair
cells (A) and mouse utricle hair cells (G) in response to mechanical
displacements of 150 ms (frog) or 250 ms (mouse). Color scheme
of currents is same as in (B) and (H).

(B and H) Extent of adaptation as a function of time [X.(t)] from
currents in (A) and (G) using the inferred-shift method. Data were
fit with double-exponential functions.

(C-F) Analysis of averaged data from 15 frog saccule hair cells.
(I-L) Analysis of averaged data from 31 pooled CD-1 and C57BL/6
mouse utricle hair cells.

(C and I) Average instantaneous current-displacement curves de-
rived by converting the peak transduction current into P,. Data
were fit with Equation S9 (Supplemental Data), a three-state Boltz-
mann function. Displacements were -0.4 to +0.8 pm ([C], frog) or
-1 to +2 pm ([I], mouse); only P, values from positive displace-
ments are displayed. Frog parameter values: Zy; = 67 fN, Xo; = 0.13
pm, Zg, = 20 fN, X2 = 0.019 wm. Mouse parameter values: Zy; =
22 N, Xoq = 0.28 um, Zy, = 8.0 fN, X2 = 0.51 pm.

(D and J) Average final extent of adaptation. Total extent was fit
with a straight line ([D], frog; slope = 0.85) or a second-order poly-
nomial ([J], mouse). For (D), fast extent was fit with Equation S5
(Supplemental Data); Xtasy-. Was the only free parameter and was
0.29 um. For (J), fast extent was fit with Equation S5, yielding an

Fast and slow adaptation were prominent in all cells
examined and, as previously noted (Hirono et al., 2004),
their properties were relatively stable over dialysis of 5
min or more. As described previously (Shepherd and
Corey, 1994), the total extent of adaptation—the shifts
of the current-displacement curves on fast and slow
time scales in response to an adapting stimulus—was
linear between 0 and 0.8 um (Figure 2D); the slope of
the displacement-extent curve (X' ¢¢ota)) Was 0.85.

By contrast, the extent of fast adaptation saturated.
This result is predicted by both models; in the channel-
reclosure model, the extent depends on the relative free
energies of Ca?*-free and Ca?*-bound channels, while
in the release model, the extent depends on the length
of the release element. Notably, the dependence of fast
extent on stimulus size resembled that of the current-
displacement curve (Figure 2C). We fit fast-adaptation
extent data with a product of Xasy~, the maximum
amplitude of the fast shift, and P, (see Equation S5 in
the Supplemental Data); the data were fit well and gave
Xerasty» Of 0.29 um. This value is reported in tip coordi-
nates; conversion to the movement at the level of the
adaptation motor requires multiplication by the geo-
metrical gain vy (0.12-0.14 in frog; Jacobs and Huds-
peth, 1990). We interpret the observed dependence on
P, as a reflection of fast adaptation’s requirement for
Ca?* entry during transduction (Fettiplace and Ricci,
2003).

At the largest stimulus amplitudes, t;,s; decreased
(Figure 2E). We fit the time constants as a function of
displacement with Equation S6 (see the Supplemental
Data), assuming that fast adaptation proceeds with two
rates: one independent of stimulus size (and hence in-
dependent of force) and the other force dependent. De-
spite the faster rate for large stimuli, the extent of fast
adaptation remained the same; this result suggested
that the dependence of extent on P, and of 1:,5; On
force were different manifestations of a single process
that can be triggered by either Ca?* or force. The de-
crease in T, is consistent with the release model, as
force could directly cause the conformational shift pro-
ducing the release, but is inconsistent with the channel-
reclosure model, as larger forces in the gating spring
would be unlikely to speed channel closing. The dis-
tinct behavior of Xgasy and T¢,s: Produces a displace-
ment dependence for the initial rate of fast adaptation,
Xerast/Trast (Figure 2F), that is more complex than that
diagrammed in Figure 1.

The response of slow adaptation to displacements
was markedly different. There was essentially no slow
shift of the current-displacement curve (i.e., near-zero

Xe(rasy Of 0.76 pm. Lines describing slow adaptation in (D) and (J)
are not fits, but instead are the total extent fit minus fast extent fit.
(E and K) Average time constants for adaptation. Slow adaptation
time constants were fit with a flat line (for frog, tgow = 26 ms; for
mouse, Tg 0w = 56 Ms). Fast adaptation time constants were fit with
Equation S6 (Supplemental Data).

(F and L) Average initial rate of adaptation (X./t). Fast adaptation
data were fit with an equation of the form rate = Kegt % Xgast,
where ki, is the rate constant for fast adaptation and depends on
displacement (E and K). Slow adaptation data were fit with Equa-
tion S8. For (F), kgjow Was 42 s~'. For (L), kgjow Was 22 s,
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extent of slow adaptation) for small X, and with larger
Xs, the extent of slow adaptation became linear with Xg
(Figure 2D). In addition, 14, did not depend on stimu-
lus size (Figure 2E).

The upward-curving slow-adaptation rate curve, in
which the rate of slow adaptation is near zero for small
displacements (Figure 2F, arrow in inset), is consistent
with the release model for fast adaptation (Figure 1C).
The slow rate was fit by assuming that the adaptation
motor was a linearly viscous element that responds to
the difference between total and fast extent (Equation
S8 in the Supplemental Data). We interpret this relation-
ship as indicating that fast and slow adaptation com-
bine linearly to produce the final extent of adaptation:
because a release decreases tension, fast adaptation
reduces the force that drives slow adaptation. Equation
S8 (Supplemental Data) allowed an excellent fit of the
data with a single free parameter, the rate constant for
slow adaptation, which was 42 s,

Fast and Slow Positive Adaptation

in Mouse Hair Cells

To determine the generality of these conclusions, we
turned to hair cells of the mouse utricle (Figures 2G-
2L). Although we initially analyzed data separately from
the outbred strain CD-1 and the inbred strain C57BL/6,
we found that transduction and adaptation properties
were sufficiently similar to pool the two datasets. The
rate of fast positive adaptation was significantly lower
in mouse than in frog vestibular hair cells (Vollrath and
Eatock, 2003), both because of intrinsic differences be-
tween the two species and because mouse data were
acquired at a lower extracellular Ca%* concentration
(1.3 mM, versus 4 mM in frog hair cells). All of the fea-
tures of fast and slow adaptation that we identified in
frog hair cells with the inferred-shift analysis were also
present in the mouse (Figures 2I-2L), although less
prominent; for example, t:,s; decreased (from ~12 ms
to <8 ms) with our largest stimuli (Figures 2K and 2L).
Moreover, the extent of fast adaptation was propor-
tional to P,, yielding an Xgasy Of 0.76 um; that this
value is larger than that of frog is not surprising, given
the smaller value of y in mouse (0.05). These results
show that fast positive adaptation in mouse vestibular
hair cells is mechanistically similar to that in frog sac-
cule hair cells, as shown previously (Vollrath and Ea-
tock, 2003).

Moreover, the properties of slow positive adaptation
in mouse vestibular hair cells were similar to those in
frog vestibular cells. The relation between displace-
ment and slow-adaptation rate in mouse was curved
upward and was well fit with Equation S8, the model
used for frog adaptation (Figure 2I, inset); the rate con-
stant for slow adaptation was 22 s~'. Again, this result
is most consistent with the release model for slow
adaptation.

As reported previously (Vollrath and Eatock, 2003),
the relationship between the total extent of adaptation
and displacement in mouse hair cells was not linear
(Figure 2J). Our data were fit well with a second-order
polynomial with positive parameter values and were
consistent with an extent spring that decreases in stiff-
ness with increasing displacement.

Total Extent Is Constant in Frog

and Mouse Hair Cells

Rates and extents of fast and slow adaptation varied
substantially from cell to cell, particularly in the mouse
utricle. We found no correlation between the rates of
fast and slow adaptation in individual frog or mouse
hair cells (Figure 3A). By contrast, when we compared
slopes of linear fits to displacement-extent plots, we
found a strong inverse correlation (R = 0.90 for all
mouse cells) between the slopes of the fast and slow
adaptation plots in individual vestibular hair cells, even
in cells of different genotypes; a cell with a higher ex-
tent of fast adaptation had little slow adaptation and
vice versa (Figure 3B).

Because the slow and fast extents need not add to a
constant value, the presence of the inverse correlation
is an important consideration. The release model pre-
dicts this relationship because progression of fast
adaptation reduces the force that drives slow adapta-
tion, and the adaptation motor need not slip as far to
reduce tension. The channel-reclosure model predicts
the opposite: the extent of slow adaptation will in-
crease with more fast adaptation. Another explanation
for the plateau in slow adaptation rate for small dis-
placements (Figures 2D and 2J) is that the adaptation
motor is deprived of Ca?* because fast adaptation
closes channels. However, this explanation cannot ex-
plain the data of Figure 3B, since the adaptation ex-
tents were derived from data spanning the entire dis-
placement range, not just over the narrow range in
which channel closure might affect Ca?* levels.

Fast Phase of Negative Adaptation in Frog

and Mouse Hair Cells

When bundles are moved in the negative direction,
adaptation responds to the reduced gating-spring ten-
sion by generating force, thereby restoring sensitivity.
We assessed negative adaptation by moving hair bun-
dles sufficiently far in the negative direction that chan-
nels stayed closed, despite adaptation; upon return of
the bundle to rest, an overshoot current developed
whose amplitude reflected the extent of adaptation
during the stimulus (Figure 4A). As reported previously
(Hirono et al., 2004), negative adaptation in frog hair
cells occurred in two phases, one fast and exponential
and the second slower and linear (Figure 4B). In 12 frog
cells, the time constant for the fast phase was 10 = 2
ms, and its amplitude (in tip coordinates) was 0.12 =
0.02 pm (initial rate of 12 um/s), while the rate of the
slow linear phase was 0.97 + 0.15 pm/s. We conclude
that the fast phase corresponds to reversal of the fast
adaptation release (as Ca?* entry is blocked), and the
slow phase results from adaptation-motor myosins cy-
clically climbing the stereocilia actin cores.

Adaptation to negative steps in mouse vestibular hair
cells also showed fast exponential and slow linear
phases (Figures 4C and 4D). In 12 C57BL/6 control
cells, the time constant for the fast phase was 34 + 13
ms, and its amplitude was 0.27 = 0.04 wm; averaging
rates from individual cells, the initial rate was 18
5 wm/s. The rate of the slow linear phase was 0.38
0.10 pm/s.

+
*
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We used a chemical-genetic strategy (Holt et al., 2002)
to investigate the mechanism and molecule responsible
for fast adaptation. The release model could be satis-
fied if Myo1c itself dissociates from actin or changes
configuration rapidly in response to force and Ca®*
(Hudspeth and Gillespie, 1994; Bozovic and Hudspeth,
2003; Batters et al., 2004b). To allow us to specifically
and selectively arrest all Myo1c in stereocilia and pre-
vent its mechanical movements, we generated mice
with a targeted gene replacement that introduced the
Y61G mutation into both Myo7c alleles. This mutation
sensitizes Myo1c to N®-modified ADP analogs; for ex-
ample, N&(2-methyl butyl ADP (NMB-ADP) blocked
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Figure 4. Negative Adaptation in Frog and Mouse Hair Cells

(A) Negative adaptation in a representative frog hair cell, assessed
with negative steps of —0.8 um for 10-110 ms in 10 ms increments
(indicated below). Channels closed completely (dotted line) during
the negative steps; upon return of the bundle to rest, a large re-
bound current developed that was proportional to the extent of
negative adaptation that occurred during the stimulus.

(B) Frog negative adaptation (average of 12 cells). Overshoot cur-
rents were converted to adaptation extent by comparison with the
current-displacement curve. Data points were fit with sum of expo-
nential and linear functions.

(C) Representative mouse (C57BL/6) hair cell subjected to increas-
ing-duration protocol (-1 um step).

(D) Mouse (C57BL/6) negative adaptation (average of 12 cells).
Overshoots were converted to extent and fit as in (B).
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data (all genotypes: Y61G, C57BL/6, and
CD-1) is shown: slope, -1.18; y-intercept,
0.94; R = 0.90. Legend applies to (A) and (B).

Y61G-Myo1c activity while having little effect on wild-
type Myoic (Gillespie et al., 1999). Although we pre-
viously generated a transgenic mouse expressing Y61G-
Myo1ic (Holt et al., 2002), relatively poor expression of
the transgene ensured that wild-type Myo1c was the
majority of the myosin-1c protein in those mice. In our
studies of slow adaptation, the presence of a minority
of mutant Myo1c tightly bound to actin was sufficient
to arrest the movement of a plaque of Myo1c.

We introduced the Y61G mutation and a loxP-flanked
neomycin resistance cassette into a targeting construct
(Figure 5A), electroporated the construct into mouse
embryonic stem cells, and injected targeted ES cells
into blastocysts. We generated one chimeric mouse
that transmitted the Y61G mutation to subsequent
generations. Mice positive for Y61G were crossed
with mice expressing Cre recombinase to remove the
neomycin cassette (Figure 5B) and backcrossed to
C57BL/6 mice.

Myo1lc levels in wild-type and homozygous Y61G
mice were nearly identical in all tissues examined (Fig-
ure 5C). Moreover, immunoblotting with an antibody
that specifically recognizes the Y61G mutant demon-
strated directly that Y61G-Myo1c was expressed in the
auditory and vestibular systems of Y61G mice (Fig-
ure 5D).

Mouse Y61G-Myo1c Is Inhibited by NMB-ADP
We previously used rat Myo1c to characterize the Y61G
mutation (Gillespie et al., 1999). Because mouse Myo1c
differs from rat Myo1c at several amino acid residues,
including residue 62 (Thr in rat, Ser in mouse), we rein-
vestigated the inhibition of Myol1c activity by NMB-
ADP. After expressing full-length wild-type and Y61G
mouse Myo1lc using baculoviruses, we purified these
proteins and measured their ATPase activities. Y61G-
Myo1c hydrolyzed ATP with a slightly lower K, (9 = 2
wM; n = 4) than did WT-Myolc (17 £ 5 uM; n = 4).

NMB-ADP was a potent inhibitor of Y61G-Myo1c
ATPase activity. Inhibition of WT-Myo1c required more
than 150-fold more NMB-ADP (K; =119 = 10 uM; n = 4)
than was required for inhibition of Y61G-Myo1c (0.75 =
0.10 wM; n = 4) (Figure 5E), indicating that this mutant-
inhibitor combination is suitable for examination of the
function of mouse Myo1c.

The effect of NMB-ADP on mutant and wild-type
Myo1c also was assessed using an in vitro motility as-
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Figure 5. Generation and Characterization of Myo7cY®'® Knockin Mice

(A) Targeting strategy. Sequence coding for the Y-to-G mutation at amino acid residue 61 was inserted, resulting in conversion of a Bgl Il
restriction site to BamH I. The loxP-flanked neomycin-resistance cassette was introduced into a large intron between exons 4 and 5.

(B) Southern blot demonstrating successful targeting and Neo removal. DNA from homozygous wild-type, Y61G/Neo, or Y61G mice was
digested with BamH | and detected with a 3’ probe (indicated in [A]).

(C) Immunoblot analysis of Myolc expression in tissues of wild-type and Y61G mice. Equal amounts of total protein from wild-type or
homozygous Y61G mice from the indicated tissues were loaded. Myo1c position (~120 kDa) indicated.

(D) Immunoblot analysis with anti-Y61G-Myo1c, selective for the mutant sequence. Equal amounts of total protein from wild-type or homozy-
gous Y61G mice were loaded on the same gel. Cochlea lanes were exposed to film for 20 s and vestibule lanes for 120 s.

(E) Inhibition of ATPase activity by NMB-ADP. Wild-type and Y61G Myo1c were expressed with baculovirus and purified on Ni2*-NTA agarose;
ATPase assays were carried out with 10 uM ATP.

(F) In vitro motility of Myo1c. Wild-type and Y61G Myo1c were expressed with baculovirus, then purified with Ni?*-NTA agarose and actin
cycling. Motility assays were carried out using the following solutions: ATP, 2 mM ATP, 1 mM EGTA; NMB-ADP, 2 mM ATP, 250 .M NMB-ADP,
1 mM EGTA; Ca?*, 2 mM ATP, 0.1 mM CaCl,; NMB-ATP, 2 mM NMB-ATP, 1 mM EGTA. Other components of motility solution were as described
previously (Gillespie et al., 1999). Filament rates were quantified and binned. Data were fit assuming one population of immobile filaments

and another population of moving filaments, with Gaussian-distributed velocities.

say (Figure 5F). In the presence of 1 mM EGTA, wild-
type mouse Myo1c moved actin filaments at 12.4 = 0.8
nm/s (mean = SE; n = 323 filaments). As with the rat
mutant, mouse Y61G-Myo1ic (25.0 = 0.9 nm/s; n = 317)
moved actin filaments faster than wt. In the presence
of 2 mM ATP, NMB-ADP (250 uM) had little effect on
WT-Myo1c motility (11.0 = 0.3 nm/s; n = 363) but nearly
completely inhibited motility with Y61G-Myolc (2.7 =
0.1 nm/s; n = 494).

Ca?* slowed both wt (6.2 £ 0.3 nm/s; n = 329) and
Y61G (12.4 = 1.1 nm/s; n = 243) Myo1ic. The relative
fraction of immobile filaments was larger in each case;
we suggest that motors generate less force in the pres-
ence of elevated Ca?* and cannot overcome the load
imparted by ATP-insensitive myosin molecules (“dead-
heads”) distributed on the surface. Substituting NMB-
ATP for ATP also slowed translocation for wt (5.6 = 0.3
nm/s; n = 394) and Y61G (4.2 = 0.6 nm/s; n = 87) Myo1ic
(Figure 5F), perhaps because Myol1c generates less
force when NMB-ADP (the hydrolysis product) is bound.

Transduction and Adaptation in Y61G Hair Cells

To determine the role of Myo1lc in fast adaptation, we
recorded transduction currents from Y61G hair cells
(and C57BL/6 cells as a control) with or without 250 uM
NMB-ADP in the whole-cell recording pipette. When
the pipette contained a control solution, transduction-
current amplitudes in Y61G hair cells were similar to
those in wild-type cells and were relatively stable dur-
ing dialysis (Figures 6A and 6B).

Adaptation in the fastest Y61G hair cells was sub-
stantially faster than that in the fastest CD-1 or C57BL/6
control hair cells (Figure 6A). We fit rate-displacement
data from individual cells with a linear regression and
compared the slopes, which correspond to the rate
constants (Figure 6C). We found that fast positive
adaptation in Y61G hair cells was nearly twice as fast
(16 cells; rate constant of 82 = 19 s~") than the pooled
wild-type hair cells (31 cells; 46 = 8 s') or the geno-
typed-matched C57BL/6 hair cells (22 cells; 53 = 6 s77).
Although this difference reached statistical significance
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Figure 6. Adaptation Is Slowed by NMB-ADP in Y61G but Not Wild-
Type Hair Cells

(A) Examples of transduction currents in wt and Y61G hair cells. In
both cases, a representative example (top) and the fastest cell in
the dataset (middle) are shown for cells filled with control dialysis
solutions. In the bottom row, representative cells dialyzed with 250
M NMB-ADP are shown.

(B) Total transduction currents for Y61G hair cells early (1-3 min)
and late (>3 min) during dialysis, with or without NMB-ADP.
**p < 0.005.

(C) Rate constants for fast positive adaptation using linear dis-
placement-rate fits. B6 = C57BL/6. *p = 0.11; **p < 0.001.

(D) Rate constants for slow positive adaptation using linear dis-
placement-rate fits. ***p < 0.0001.

(p < 0.05) for the first comparison, it did not for the
second, presumably because of the relatively small
Y61G sample size and wide range of adaptation rates.
By contrast, the rate constant for slow positive adapta-
tion in Y61G hair cells (8.3 = 0.8 s~') was similar to that
in all wild-type cells (9.3 = 1.2 s~") or in C57BL/6 cells
(8.6 = 0.7 s), as shown in Figure 6D. Because they
were determined with simple linear fits, these values
were smaller than those determined in Figure 2L.

NMB-ADP Reduces Fast and Slow Adaptation

Rates in Y61G Hair Cells

The progressive block of adaptation by NMB-ADP in
Y61G hair cells was apparent in Xq(t) plots generated
by inferred-shift analysis (Figures 7A and 7B). To dis-
sect the effects of NMB-ADP on Y61G hair cells, we
averaged the P, extent, 1, and rate data from 20 cells
for each displacement amplitude to generate average
responses (Figures 7C-7J). In Y61G hair cells, NMB-
ADP both broadened the current-displacement relation
(Figure 7C) and reduced the total extent of adaptation
(Figure 7D). By fitting individual current-displacement
data with a two-state Boltzmann model, we found that
broadening of the average curve was due to a large
variability in the midpoint (Xo) of the individual curves,
rather than a significant change in their slopes (Z) (data
not shown). In addition, as noted previously (Holt et al.,
2002), maximum transduction current amplitudes de-
creased somewhat in Y61G hair cells (but not in C57BL/6
controls; data not shown) when NMB-ADP was in-
cluded in the pipette (Figure 6B). NMB-ADP had no sig-
nificant effects on transduction or adaptation in C57BL/6
control hair cells.

The rate constant for fast positive adaptation in Y61G
hair cells was greatly reduced by 250 .M NMB-ADP
(Figures 6C and 71). Averaging linear rate-displacement
fits, we found a rate constant for fast positive adapta-
tion of 16 = 3 s~', or one-fifth that of the same cells in
the absence of the nucleotide. Fast-adaptation rates
were significantly different when NMB-ADP was pres-
ent (p < 0.01) for the three largest displacement steps
(0.8, 1.4, and 2.0 pm). The effect of NMB-ADP on fast
positive adaptation arose both from a 50% decrease in
final extent of fast adaptation (Figure 7E) and a 3-fold
increase in T, (Figure 7G). Consistent with our previ-
ous result (Holt et al., 2002), NMB-ADP reduced the rate
constant for slow positive adaptation (to 3.1 = 0.5 s77;
Figures 6D and 7J). NMB-ADP thus blocks both fast
and slow positive adaptation in Y61G hair cells, sug-
gesting that Myo1c underlies both processes.

NMB-ADP Slows Negative Adaptation

As shown in Figures 8A and 8B, fast negative adapta-
tion in the nine Y61G hair cells we analyzed was about
one-third faster than in C57BL/6 controls (t of 18 + 3
ms and extent of 373 = 81 nm in Y61G). Averaging re-
sults from individual cells, the initial rate of fast nega-
tive adaptation was 24 + 6 pum/s in Y61G hair cells. As
expected given the faster motility of Y61G-Myo1c (Fig-
ure 5F), slow negative adaptation was almost twice as
fast in Y61G hair cells (0.62 = 0.17 nm/s) as in wt (Fig-
ure 8C).

In seven cells analyzed, NMB-ADP slowed both the
fast exponential phase and the slow linear phase of
adaptation to negative displacements (Figure 8). The
effect of NMB-ADP on fast negative adaptation was
due to slowing of 1 (to 68 + 28 ms) and a decrease in
extent (to 164 = 42 nm); averaging results from indi-
vidual cells, NMB-ADP reduced the initial rate to one-
sixth its control value, or 4 + 2 pm/s (Figure 8B). At 0.12 +
0.07 pm/s, slow negative adaptation was reduced by
NMB-ADP dialysis to one-fifth its control value (Figure
8C). Both fast and slow negative adaptation are thus
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Figure 7. Fast and Slow Positive Adaptation Are Slowed by NMB-
ADP in Y61G Hair Cells

(A and B) Progression of inhibition of adaptation in a Y61G hair cell
dialyzed with 250 ..M NMB-ADP. Responses to 1.8 pm stimuli.

(A) Transduction currents. Note slowing of adaptation. Times indi-
cate minutes after establishment of the whole-cell configuration.
(B) Extent of adaptation determined from data in (A) using inferred-
shift analysis. Double-exponential fits. Initial rates of fast adapta-
tion: 60 pm/s (0.7 min), 9.4 um/s (1.7 min), and 4.3 pm/s (2.3 min).
Initial rates of slow adaptation: 15 wum/s, 8.6 pm/s, and 3.8 pm/s.
(C-J) Averaged data from 16 Y61G cells filled with a control solu-
tion (blue symbols) and 20 Y61G cells filled with 250 .M NMB-ADP.
Thick gray lines in (A)-(H) correspond to mouse control fits from
Figure 2.

(C) Current-displacement curves. Fits used Equation S9.

(D) Total extent of adaptation. Fits used second-order polynomial
functions.

(E) Fast adaptation extent. Linear fits for Y61G (slope, 0.51; R =
0.99) and Y61G + NMB-ADP (slope, 0.29; R = 0.99).

(F) Slow adaptation extent. Lines correspond to total extent minus
fast extent. Open symbols correspond to slow adaptation parame-
ters (same color scheme as in [A]).

(G) Fast adaptation time constant. Data for Y61G cells without
NMB-ADP were fit with a flat line (data not shown), giving a dis-
placement-independent time constant of 13 ms; data with NMB-
ADP were fit with a flat line (t¢,st = 34 ms). Data from the smallest
stimulus (0.2 um) were excluded due to uncertainty in assignment
to fast or slow adaptation.

(H) Slow adaptation time constant. Data (except those from 0.2 pm
stimulus) were fit with flat lines: for Y61G, 1¢ 0w = 53 ms; for Y61G +
NMB-ADP, 1., = 129 ms.
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Figure 8. Fast and Slow Negative Adaptation Are Slowed by NMB-
ADP in Y61G Hair Cells

(A) Negative adaptation from nine Y61G hair cells dialyzed with a
control solution and seven Y61G hair cells dialyzed with 250 pM
NMB-ADP. Overshoots were converted to extent and fit with
summed exponential and linear components as in Figure 4. Gray
line is C57BL6 control data from Figure 4.

(B) Fast (exponential) negative adaptation initial rates. **p < 0.05.
(C) Slow (linear) negative adaptation rates. Y61G, 0.62 + 0.17 pm/s
(n = 9); Y61G+NMB-ADP, 0.12 = 0.07 pm/s (n = 7).

inhibited by NMB-ADP in Y61G hair cells, indicating
that Myo1c activity is required for both.

Discussion

Two sets of experiments lead us to propose that fast
adaptation in vestibular hair cells arises from the Ca?*-
and tension-dependent release of a mechanical ele-
ment in series with the transduction channel. First, over
the narrow displacement range in which fast adaptation
produces near-complete adaptation, the drive for slow
adaptation was greatly reduced; this result is consis-
tent with fast and slow adaptation each decreasing gat-
ing-spring tension. Second, the extent of slow positive
adaptation is inversely proportional to that of fast adap-
tation (Figure 3B); the channel-reclosure model instead
predicts a nonlinear, positive correlation between fast
and slow extents.

Moreover, a second set of experiments suggests that
the molecule responsible for the fast release is Myo1c.
Fast adaptation is faster in hair cells of homozygous
Y61G knockin mice under control conditions, suggest-
ing that the biochemical properties of Myo1c directly
influence the rate of fast adaptation. In addition, fast
adaptation in Y61G mice slows to less than 20% of
control in the presence of the selective inhibitor NMB-
ADP. These observations suggest that the identity of
the nucleotide bound to the myosin influences the rates
and amplitudes of mechanical transitions underlying
fast adaptation. We suggest that NMB-ADP induces
Y61G-Myo1lc to adopt a conformation in which Ca?*

(I) Fast adaptation rate. Data were fit with an equation of the form
rate = Kot X Xegasy- The decrease in 1 for large displacements
means that the fast rate cannot be described by a single parameter.
(J) Slow adaptation rate. As in Figure 2L, data were fit with Equation
S8. In Y61G hair cells, kg, (rate constant for slow adaptation) was
25 s, For Y61G hair cells filled with NMB-ADP, kg, was 11 s™.
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Figure 9. Model for Fast Adaptation in Response to Positive and Negative Stimuli

(A) Cartoon model. (Inset) Force (downward in diagram) rotates the lever arm (extended IQ domains that bind calmodulin molecules [CaMs]).
By reducing crossbridge stiffness, Ca?* or NMB-ADP produces further rotation of lever arm under tension. During a positive deflection,
tension in the gating spring increases; entering Ca?* triggers lever arm movement. Tension decreases, allowing channels to close. Slow
positive adaptation occurs as Myo1c molecules detach and reattach cyclically to further reduce tension (data not shown). During a negative
deflection, reduced gating spring tension (and reduction in intracellular Ca?*) allows the lever arm to rotate to the zero-force state, producing
fast negative adaptation. Tension increases modestly in the gating spring, but is not enough to reopen channels. Slow negative adaptation
occurs as Myo1c molecules detach and reattach cyclically to further increase tension (data not shown).

(B) Mechanical model. After Shepherd and Corey (1994). K, gating spring stiffness; K., extent spring stiffness; Kyyo1c, myosin-actin cross-
bridge stiffness (diagrammed as release element); Z,,,, adaptation-motor viscous element; F,,, adaptation-motor force generator; X, bundle
position; K, stereocilia spring stiffness; K, probe stiffness; X,,, probe displacement. F, increases tension both on the gating spring and the
stereociliary springs when active, moving the bundle (X,) to the rest point. Release of Ky, decreases tension in K, allowing channels
to close.

(C) Predicted effect of Ca®>* or NMB-ADP on force-displacement relationship for Kwuyotc- We hypothesize that the spring becomes very
compliant for small displacements, but larger displacements re-engage the stiff spring. This behavior will resemble a pure release. The offset
between the two curves corresponds to X.asy, the release distance.

cannot trigger fast adaptation (Figure 9). Taken to-
gether, these results suggest that Myo1c mechanical
activity is intimately associated with fast adaptation.

Using similar experiments with a transgenic mouse
line, we originally drew a different conclusion (Holt et
al., 2002). Although fast adaptation in hair cells ex-
pressing Y61G-Myo1c from a transgene occasionally
persisted in the presence of NMB-ADP (Holt et al.,
2002), the mutant myosin was present at a level sub-
stantially lower than that of wild-type Myo1c in those
cells. While the presence of a few Y61G Myo1c mole-
cules were sufficient to arrest the adaptation motor and
inhibit slow adaptation, a significant number of wild-
type Myo1c molecules were still available to undergo
the rapid conformational changes that underlie fast
adaptation. By contrast, the present experiments differ
in that no wild-type Myolc molecules—which might
have carried out fast adaptation—were present in the
homozygous Y61G knockin mice used.

Are the properties of fast adaptation described here
similar to those of other preparations? Our data re-
quired division into fast and slow components for accu-
rate fitting, and fast adaptation in mouse utricle hair
cells is qualitatively similar in its features to that in frog
saccule hair cells. Others have also shown that fast
adaptation is similar in mouse and frog vestibular hair
cells (Vollrath and Eatock, 2003). Although the mechani-
cal behavior of mouse vestibular hair cells has yet to
be studied, fast adaptation in frog vestibular hair cells
is mechanically similar to that in the best-characterized
auditory preparation, hair cells of the turtle cochlea,
with speed being the main difference between prepara-

tions (Fettiplace and Ricci, 2003). We therefore believe
that fast adaptation in mouse vestibular hair cells is
mechanistically similar to that in other hair cells, just
slower.

Slower fast adaptation in vestibular hair cells makes
physiological sense. The rate of fast adaptation corre-
lates well with the natural stimulus frequency encoded
by a given hair cell (Fettiplace and Ricci, 2003). Vestibu-
lar hair cells are sensitive to low frequencies, consistent
with their slow rates of adaptation; moreover, the wide
differences in adaptation rates between individual
mouse utricle hair cells likely reflects the broad range
of stimulus frequencies thought to be encoded by this
organ (Goldberg et al., 1990). Thus, even though fast
adaptation in vestibular hair cells is about two orders
of magnitude slower than that in cochlear outer hair
cells (Kennedy et al., 2003), this difference is not unex-
pected.

Model for Fast Adaptation

Bozovic and Hudspeth (2003) suggested that when a
hair bundle is subjected to an impulse transepithelial
electrical stimulus, driving a transient burst of Ca®* into
a hair cell, Ca?* lengthens a mechanical element in
series with the gating spring, causing an immediate
drop in tension and producing bundle movement in the
positive direction. The resulting reduction in tension al-
lows transduction channels to close, restoring some
tension in the gating springs and inducing a negative
bundle movement. This rebound movement would be
augmented when the release element shortens to its
resting state when [Ca2*] falls. Although the Bozovic
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and Hudspeth (2003) data are not definitive, the release
mechanism allows successful modeling of the sponta-
neous mechanical activity of hair bundles (Martin et al.,
2003). Specifically, Hudspeth and colleagues sug-
gested that Ca2* could reduce the stiffness of Myolc
molecules tightly bound to actin (“crossbridges”), de-
noted in our model by Kyyo1c (Figure 9B), to the point
where they become a significant compliance of the
transduction apparatus (Bozovic and Hudspeth, 20083;
Martin et al., 2003). A decrease in (linear) crossbridge
stiffness is less likely than a release, as the slope of
the current-displacement curve would decrease as fast
adaptation proceeds, which is not seen.

We instead propose a model combining these ideas:
fast adaptation occurs when Ca?* changes the motor’s
stiffness nonlinearly, effectively producing a release.
How would changes in the stiffness of Myolc cross-
bridges close channels? In models without significant
myosin-actin crossbridge compliance, the slope of the
current-displacement curve (Z) is proportional to the
gating-spring stiffness Ky (Hudspeth, 1992; Shepherd
and Corey, 1994). By contrast, in the mechanical model
shown in Figure 9B, the size of the stimulus felt by the
gating spring is reduced by the parallel combination of
K. (the extent-spring) and Kyyo1c, Which in turn is in
series with the gating spring. Z is therefore proportional
to the effective gating-spring stiffness (Keg):

Kg(Ke + KMyo1 c)
= Ky + Ko+ Kuyoro @
g e Myolc

As Kpyyot1c decreases, so does K. In hypothetical
data plotted in Figure 9C, in the absence of Ca%*,
Kmyotc (1/slope) is constant. As Ca?* binds to cal-
modulin light chains on Myolc, the force-extension
curve becomes nonlinear; with a constant force, the
motor switches from the rest curve to the Ca?*-bound
curve and lengthens. Because the Ca?*-bound curve
has the same limiting slope for large displacements as
the rest curve, the current-displacement curve should
not change shape in response to larger stimuli. This
model functionally predicts a release.

One of the attractive features of the release model is
that it predicts positive cooperativity when a bundle is
displaced by a force stimulus. Within a single motor
complex, as each Myo1c molecule releases, the stimu-
lus force previously stretching the myosin spring should
redistribute to the remaining Myo1c molecules, making
them more likely to release. Then, as a substantial frac-
tion of the myosin molecules within the single motor
complex cooperatively release, the force in the con-
nected gating spring would drop; that force would then
be redirected to other transduction channel complexes.
As a consequence, channels would open with smaller
forces than would be required for a noncooperative
mechanism. Note that the channel-reclosure model
makes the opposite prediction; as channels close, ex-
erting force on the bundle, tension in the remaining gat-
ing springs will decline, reducing the likelihood that re-
maining channels will open.

The release model for fast adaptation is consistent
with data from rat cochlear outer hair cells from Ken-
nedy et al. (2005), showing that fast adaptation coin-

cided with a large forward movement of a hair bundle.
Specifically, we suggest that the large forces they mea-
sured following fast adaptation occurred when the re-
lease allowed stored tension in the stereociliary spring
Ks to move the bundle in the positive direction. Ken-
nedy et al. noted that their data can be explained by a
model where a molecule in series with the gating spring
rocks to rapidly reduce tension. Although they sug-
gested that a myosin is not fast enough to carry out
such a mechanism, that concern is relevant only if the
myosin must traverse through the remainder of its
ATPase cycle to reprime itself for another mechanical
event. In our model, the conformational changes re-
flecting fast adaptation are reversible and do not corre-
spond to irreversible state changes in the myosin-actin
ATPase cycle; the speed of this mechanism is dictated
by Ca?* binding and unbinding kinetics, as well as force
felt by the myosin.

By contrast, our interpretation conflicts with those
derived from mechanical measurements in turtle audi-
tory hair cells (Ricci et al., 2000, 2002) and frog vestibu-
lar hair cells (Cheung and Corey, 2005). Both groups
favor the channel-reclosure model, arguing that Ca%*
entry makes the transduction channel more difficult to
open. Both Ricci et al. (2000, 2002) and Cheung and
Corey (2005) point to the correlation of negative bundle
movement with channel reclosure to support this
model. The release model also predicts this movement,
due to the restoration of tension by closing transduc-
tion channels, but only if the size of the release is not
too large. Moreover, close examination of mechanical
records from hair cells under low-Ca2* conditions re-
veals a biphasic positive movement of the bundle prior
to the negative “twitch” or “recoil” (Ricci et al., 2000;
Benser et al., 1996; Cheung and Corey, 2005), support-
ing the release model.

Also in apparent conflict with our data, Cheung and
Corey (2005) demonstrated a force dependence of fast
bundle movements elicited by a depolarization-hyper-
polarization protocol that cannot be explained quanti-
tatively by a release model; their data are instead well
described by transduction channels requiring ~3 pN
more force to open them when Ca?* binds. In their ex-
periment, Ca?* entry was driven by large changes in
membrane potential, rather than by channel gating,
possibly accounting for the apparent conflict. Our re-
sults could be reconciled with theirs, however, if the
two mechanisms coexisted in the same hair cell. Be-
cause the mechanical consequences of the two mech-
anisms oppose each other, differential timing of Ca?*-
induced release and channel reclosure might allow
force production in the proper direction at different
points of an oscillatory stimulus.

Another complication to our model arises from data
suggesting that Ca?* binding sites regulating fast and
slow adaptation are >50 nm from each other (Wu et al.,
1999). If Myo1c is responsible for both fast and slow
adaptation, the two processes could result from dif-
ferent Ca?*-occupancy states of the Myo1c-calmodulin
complex (Gillespie and Cyr, 2004). Alternatively, mem-
brane lipids interacting with Myo1c could produce two
or more pools of Myo1c with different Ca?* sensitivity
(Hirono et al., 2004).
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Inhibition of Fast Adaptation by NMB-ADP

NMB-ADP blocks fast adaptation, suggesting either
that the nucleotide prevents the movement that causes
fast adaptation or that it allows the movement to take
place prior to the stimulus. We suggest the latter:
bound NMB-ADP causes Y61G-Myo1c to adopt a me-
chanical state resembling the Ca2*-bound one (Figure
9A). If Myo1c crossbridges with bound NMB-ADP are
in a relaxed state prior to a stimulus, crossbridges
might be preadapted by resting tension, diminishing
the amplitude of X¢.sy) during a stimulus. Moreover, re-
laxed crossbridges would be unable to sustain as much
force as stiff ones, explaining why the resting P, did
not increase in Y61G hair cells dialyzed with NMB-ADP,
in contrast with earlier experiments involving dialysis of
ADP or ADPS (Gillespie and Hudspeth, 1993). Slow-
ing of Y61G-mediated actin-filament translocation with
NMB-ATP relative to ATP is consistent with this model;
compliant crossbridges, those with the hydrolysis prod-
uct NMB-ADP bound, would generate less force than
stiff ones, slowing movement of filaments in this assay.

Inhibition of Slow Adaptation by NMB-ADP
NMB-ADP reduces the rate of slow adaptation in Y61G
hair cells to ~50% of control, a surprising result given
our previous analysis of transgenic mice (Holt et al.,
2002). Three factors may contribute to the smaller ef-
fect observed with the homozygous knockin mutants,
however. First, the inferred-shift analysis used here may
provide a more quantitative separation of fast and slow
adaptation than the transduction-current fitting used in
the previous work. Second, because fast adaptation
slows substantially with NMB-ADP, tension will remain
high for a longer time, driving the slow mechanism
more forcefully. Third, and most importantly, if fast and
slow adaptation are not mechanistically independent
processes, but instead are two phases of Myo1c mech-
anochemical activity, our separation of them may be ar-
tificial.

We see no evidence for the participation of other my-
osin isoforms in slow (or fast) adaptation. The rates of
slow linear negative adaptation (“climbing adaptation”)
are consistent with this conclusion; after correction for
the mechanical gain vy, adaptation rates were 19 and 31
nm/s for wt and Y61G adaptation, very close to the val-
ues obtained in the in vitro motility assay (12 and 25
nm/s). These values are not in conflict with the higher
values determined previously (Holt et al., 2002); that
analysis did not distinguish between fast and slow
phases of negative adaptation, so the rates determined
there were dominated by the fast phase.

Mechanism of Myo1ic Fast Conformational Change

As pointed out by Batters et al. (2004b), the Myo1c fast-
adaptation behavior is reminiscent of that of muscle
subjected to rapid release and stretch (Huxley and Sim-
mons, 1971). In muscle, force redevelops rapidly in re-
sponse to transient tension changes because myosin
carries its working stroke forward to release or reverses
the working stroke to stretch. Fast positive adaptation
thus could correspond to reversal of the Myo1c power
stroke as the myosin rocks backward while still at-
tached to actin. Nevertheless, fast adaptation is signifi-

cantly different from Huxley-Simmons behavior; the
mechanism in hair cells depends on Ca?* and is sub-
stantially slower—at least in the vestibular hair cells
studied here—than that of muscle (t = ~1 ms). The re-
sponse of hair cells to negative deflections may be
identical to the Huxley-Simmons response to rapid
muscle shortening, however. We similarly interpret the
fast phase as resulting from myosin-actin crossbridges
reorienting rapidly prior to detachment, and the slow
phase as cyclic movement of myosin along actin fila-
ments.

Size of the Fast-Adaptation Release

After scaling the amplitudes of positive and negative
extent by v, the geometric gain, the fast positive release
in both frog and mouse corresponds to ~40 nm and
the fast negative movement to ~15 nm. These values
are much larger than the movements of single Myo1c
molecules in vitro (maximum ~7 nm; Batters et al.,
2004a). There are several reasons why these values
might appear to be inconsistent. First, an extended tail
domain or interacting protein could increase the effec-
tive length of the lever arm, amplifying myosin move-
ments. Second, our assumption that Myo1c molecules
are arranged in parallel could be inaccurate; a series
arrangement of Myo1c molecules would also increase
the movement. Third, if a fraction of the myosin mole-
cules detached from actin, extent would increase; this
distance could be larger than movements within a sin-
gle myosin molecule.

Finally, in vitro measurements of Myo1c movements
are done under low tension, unlike the situation in the
adaptation motor. If Myo1c has a linear stiffness of 0.5
mN/m (Batters et al., 2004a), ten attached Myo1c mole-
cules (Gillespie and Cyr, 2004) would each be extended
by ~4 nm following a 400 nm stimulus (20 pN imparted
through a gating-spring stiffness of 1 mN/m, after cor-
recting for geometrical gain). If Ca®* binding reduces
Myo1c stiffness by a factor of 5 and the Myo1c spring
is linearly elastic over that range, the extension could
increase to ~20 nm. Because our data are more con-
sistent with a release than a change in linear stiffness,
we suggest a different mechanism: in the absence of
Ca?*, the neck-head junction is stiff; Ca?* binding to
calmodulin attached to 1Q1 causes a conformational
change that renders the neck-head junction flaccid (Gil-
lespie and Cyr, 2004), effectively causing a release (Fig-
ure 9A). Consistent with this hypothesis, structural
studies show that this region of myosin is particularly
flexible (Gourinath et al., 2003).

Conclusions

Our experiments thus suggest that fast adaptation in
vestibular hair cells occurs when a mechanical ele-
ment, which we propose is Myo1c, rapidly releases. As
the hair bundle is strung like a bow, with the stereocili-
ary pivot spring extended (Hudspeth, 1992), release of
the gating spring allows relatively large forces to be
generated at the tip of the hair bundle. If this release
mechanism involving Myo1c holds for fast adaptation
in cochlear hair cells, Myolc may also play a critical
role in cochlear amplification; the speed of this mecha-
nism is only limited by how fast Ca?* increases and
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decreases in the stereocilium, as well as intrinsic bind-
ing kinetics of the ion for the release site.

Experimental Procedures

Electrophysiology

Whole-cell recording and mechanical stimulation for isolated frog
saccule hair cells were carried out exactly as described previously
(Hirono et al., 2004). Recording and stimulation of mouse utricle
hair cells in intact epithelia were carried out using methods similar
to those previously described (Holt et al., 2002). Sensory epithelia
were excised from P0-P7 mice in MEM (Invitrogen, Carlsbad, CA)
supplemented with 10 mM HEPES, pH 7.4 (Sigma, St. Louis, MO).
To remove the otolithic membrane, the tissue was bathed for 20
min in 0.1 mg/ml protease XXIV (Sigma) dissolved in MEM plus 10
mM HEPES (pH 7.4). The tissue was mounted onto a glass cover-
slip and held flat by two glass fibers; the coverslip was mounted
in an experimental chamber on a fixed-stage upright microscope
(Axioskop FS; Zeiss, Oberkochen, Germany) and viewed with a 63x
water-immersion objective with differential interference contrast
optics.

Electrophysiological recordings were performed in an artificial
perilymph solution that contained (in mM): 137 NacCl, 5.8 KCI, 10
HEPES, 0.7 NaH,PO,, 1.3 CaCl,, 0.9 MgCl,, and 5.6 D-glucose,
vitamins and amino acids as in MEM (Invitrogen), pH 7.4 and 311
mOsm/kg. Recording electrodes (from R-6 soda lime glass, Garner
Glass, Claremont, CA; 3-5 MQ) were filled with (in mM): 135 KCI, 5
EGTA-KOH, 5 HEPES, 2.5 Na,ATP, 2.5 MgCl,, and 0.1 CaCly; this
solution was pH 7.4 and 284 mOsm/kg. NMB-ADP was synthesized
as described (Gillespie et al., 1999) and added to the internal solu-
tion to a final concentration of 250 pM.

Hair cells were stimulated by drawing the kinocilium into a pi-
pette filled with extracellular solution (Holt et al., 2002), holding the
kinocilium fixed using a constant pressure applied with a pressure-
clamp device (ALA Scientific Instruments HSPC-1). To reduce me-
chanical biases introduced by positioning the stimulus pipette, we
adjusted the resting open probability to ~0.05. Movement of the
stimulus pipette was driven by a piezoelectric device that had a
10%-90% rise time of 0.6 ms. During experiments, stimulation was
monitored by video microscopy using a CCD camera (Hamma-
matsu, Japan), and data were excluded if there was any indication
of probe slippage, which was also apparent from transduction rec-
ords.

We recorded from hair cells using the whole-cell, tight-seal tech-
nique using an Axopatch 700A Multiclamp amplifier (Axon Instru-
ments, Foster City, CA). Cells were held at -64 mV; transduction
currents were filtered at 1 kHz with a low-pass Bessel filter, digi-
tized at >5 kHz with a 12 bit acquisition board (Digidata 1322A),
and collected using pClamp 8.2 software (Axon Instruments). The
clamp time constant in mouse was 0.15 + 0.05 ms (n = 28) and in
frog was 0.16 + 0.01 ms (n = 12); series resistance compensation
was not used.

All data are reported as mean + SEM and are in tip coordinates
unless otherwise noted. Statistical tests used the two-tailed Stu-
dent’s t test assuming equal variance. Data analysis is described
in Supplemental Data.

Generation of Y61G Knockin Mice

We generated the targeting construct using a 6.5 kbp Not I-Pst |
fragment of the BamH | genomic clone described previously (Holt
et al., 2002). Tyrosine 61 was converted to glycine by changing the
codon to GGA; to permit efficient screening, we added additional
silent mutations ~30 bp from the Y61G mutation. The neomycin-
resistance positive selection cassette, flanked with loxP sites, was
inserted into a Nhe | site located in the large intron between exons
4 and 5 (see diagram in Holt et al., 2002). The short homology arm
was thus ~0.5 kb and the long arm ~3 kb. We also added a nega-
tive selection cassette containing the diphtheria toxin gene, out-
side the region of homology. ES cells (129S4 clone) were electro-
porated with the targeting construct, and two positive clones were
identified by PCR and Southern blot screening. Clones were in-
jected into blastocysts, and one chimeric mouse was identified that
transmitted the mutation to subsequent generations.

Animals heterozygous for the floxed allele were bred to the Cre
deleter mouse, which expresses Cre recombinase ubiquitously
from the two-cell stage using the human cytomegalovirus promoter
(Schwenk et al., 1995). Experiments described here used homozy-
gous Y61G mice with or without the loxP-Neo cassette present.
Although Neo can act in cis to suppress expression of nearby
genes (Pham et al., 1996), we found no evidence of that effect in
our experiments.

The Y61G mice were backcrossed to C57BL/6J (>10 genera-
tions). Although C57BL/6 mice suffer age-related hearing loss due
to the ah/7 mutation of cadherin 23, our experiments exclusively
used early postnatal mouse pups with no hearing loss (Keithley et
al., 2004). We confirmed that Y61G and C57BL/6 control mice had
normal auditory brainstem responses (ABRs) at >21 days (data
not shown).

Myo1c Biochemistry

We generated recombinant wt and Y61G baculoviruses using the
BaculoDirect system (Invitrogen) and coinfected Sf9 cells with
Myo1c and calmodulin viruses at a multiplicity of infection of 4:2
(Gillespie et al., 1999). Myo1c was purified by Ni?*-NTA chromatog-
raphy and, for in vitro motility, by actin cycling (Gillespie et al.,
1999). ATPase activity was measured using [y-2P]JATP (Pollard,
1982). In vitro motility activity was measured as previously de-
scribed (Gillespie et al., 1999) except that images were captured
using a Photometrics CoolSnap CCD camera on a Nikon 800 up-
right microscope using a 100x, 1.40 NA lens; MetaMorph (version
6.1r4; Molecular Devices, Sunnyvale, CA) was used to control the
camera and analyze filament movement (using the Track Objects
module).

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.nheuron.org/cgi/content/full/47/4/541/DC1/.
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