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Mechanoelectrical transduction in the inner ear is a biophysical
process underlying the senses of hearing and balance. The key
players involved in this process are mechanosensitive ion chan-
nels. They are located in the stereocilia of hair cells and opened
by the tension in specialized molecular springs, the tip links, con-
necting adjacent stereocilia. When channels open, the tip links
relax, reducing the hair-bundle stiffness. This gating compliance
makes hair cells especially sensitive to small stimuli. The classical
explanation for the gating compliance is that the conformational
rearrangement of a single channel directly shortens the tip link.
However, to reconcile theoretical models based on this mechanism
with experimental data, an unrealistically large structural change
of the channel is required. Experimental evidence indicates that
each tip link is a dimeric molecule, associated on average with two
channels at its lower end. It also indicates that the lipid bilayer
modulates channel gating, although it is not clear how. Here, we
design and analyze a model of mechanotransduction where each
tip link attaches to two channels, mobile within the membrane.
Their states and positions are coupled by membrane-mediated
elastic forces arising from the interaction between the channels’
hydrophobic cores and that of the lipid bilayer. This coupling
induces cooperative opening and closing of the channels. The
model reproduces the main properties of hair-cell mechanotrans-
duction using only realistic parameters constrained by experimen-
tal evidence. This work provides an insight into the fundamental
role that membrane-mediated ion-channel cooperativity can play
in sensory physiology.

auditory system | cooperativity | hair cell | lipid bilayer |
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M echanoelectrical transduction (MET) in the inner ear
occurs when mechanical forces deflect the stereocilia of
hair cells, changing the open probability of mechanosensitive ion
channels located in the stereociliary membrane (1-3). Channel
gating (opening and closing) and stereocilia motion are directly
coupled by tip links, extracellular filaments that connect the tip
of each stereocilium to the side of its taller neighbor (4). Tip links
act as molecular springs, whose tension determines the channels’
open probability. Reciprocally, channel gating affects tension in
the tip links and consequently the stiffness of the whole hair bun-
dle. This phenomenon, known as gating compliance (5), is a key
feature of hair-cell mechanics and contributes to the auditory sys-
tem’s high sensitivity and sharp frequency tuning (3, 6). Its mech-
anism, however, remains unclear. The classical model of mechan-
otransduction ascribes gating compliance to the gating swing, a
change in the extension of the tip link due to the conformational
rearrangement of a single MET channel upon gating (5, 7). To
reproduce experimental data theoretically, however, the ampli-
tude of the gating swing must be comparable to, or even greater
than, the size of a typical ion channel (8-11). This requirement
constitutes an issue that is often acknowledged (2, 3, 12) but still
unresolved.

The classical model posits a single MET channel connected to
the tip link’s upper end, near myosin motors that regulate tip-link
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tension (13). Electrophysiological recordings, however, point to
two channels per tip link (14-17), which is in accord with its
dimeric structure (18, 19). Furthermore, high-speed Ca** imag-
ing shows that the channels are located at the tip link’s lower end
(17). This result has been corroborated by the expression pat-
terns of key mechanotransduction proteins within the hair bun-
dle, which interact with protocadherin-15, the protein constitut-
ing the lower end of the tip link (reviewed in ref. 20). Together,
these findings turned textbook views of molecular mechanotrans-
duction in the inner ear literally upside-down (21, 22). Moreover,
experimental data suggest that the lipid bilayer surrounding
the channels modulates their open probability as well as the
rates of slow and fast adaptation (23, 24), although it is not
clear how.

In this work, we propose and explore a quantitative model of
hair-cell mechanotransduction that incorporates the main pieces
of evidence accumulated since the publication of the classical
gating-spring model some 30 y ago (5). Our proposal relies
on the cooperative gating of two MET channels per tip link,
which are mobile within the membrane and coupled by elastic
forces mediated by the lipid bilayer. The model accounts for
the number and location of MET channels and reproduces the
observed hair-cell mechanics quantitatively, using only realis-
tic parameters. Furthermore, it provides a framework that can
help understand some as-yet-unexplained features of hair-cell
mechanotransduction.
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Hearing relies on molecular machinery that consists of springs
stretched by mechanical stimuli and mechanosensitive ion
channels responding to the generated tension. Reproducing
the experimental data theoretically without requiring unre-
alistically large conformational changes of the channels has
been a longstanding hurdle. Here, we propose and develop a
model with two mobile channels per spring, coupled by elas-
tic forces within the membrane. The relative motion of the
channels following their cooperative opening and closing pro-
duces the required change in spring extension. This study lies at
the interface between the fields of membrane mechanics and
mechanotransduction in the inner ear. It describes a physiolog-
ical function for the bilayer-mediated cooperativity between
mechanosensitive ion channels in a vertebrate sensory system.
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Results

Model Description. We describe here the basic principles of our
model, illustrated in Fig. 1. Structural data indicate that the tip
link is a dimeric, string-like protein that branches at its lower
end into two single strands, which anchor to the top of the
shorter stereocilium (18, 19). The model relies on three main
hypotheses. First, each strand of the tip link connects to one
MET channel, mobile within the membrane. Second, an intra-
cellular spring—referred to as the adaptation spring—anchors
each channel to the cytoskeleton, in agreement with the pub-
lished literature (3, 25-27). Third, and most importantly, the two
MET channels interact via membrane-mediated elastic forces,
which are generated by the mismatch between the thickness of
the hydrophobic core of the bare bilayer and that of each chan-
nel (28). Such interactions have been observed in a variety of
transmembrane proteins, including the bacterial mechanosensi-
tive channels of large conductance (MscL) (29-33). Since the
thickness of the channel’s hydrophobic region changes during
gating, this hydrophobic mismatch induces a local deformation
of the membrane that depends on the channel’s state (29-31, 33).
For a closed channel, the hydrophobic mismatch is small, and the
membrane is barely deformed. An open channel’s hydrophobic
core, however, is substantially thinner, and the bilayer deforms
accordingly (30, 31). When the two channels are sufficiently
near each other, the respective bilayer deformations overlap, and
the overall membrane shape depends both on the states of the
channels as well as on the distance between them. As a result,
the pair of MET channels is subjected to one of three differ-
ent energy landscapes: open—open (OO), open—closed (OC), or
closed—closed (CC) (30). The effects of this membrane-mediated
interaction are most apparent at short distances: The potentials
strongly disfavor the OC state, favor the OO state, and gener-
ate an attractive force between the two channels when they are
both open.

Channel motion as a function of the imposed external force
can be pictured as follows (Fig. 1 and Movie S1). When tip-link
tension is low, the two channels are most likely to be closed, and

\g Vil 2

MET channel

A Tip link/‘/{ B ]3 Stimulﬁ i
& ,’/" !

Membrane
bilayer

‘Adaptation springs

Fig. 1.

they are kept apart by the adaptation springs; at this large inter-
channel distance, the membrane-mediated interaction between
them is negligible (Fig. L4). When a positive deflection is applied
to the hair bundle, tension in the tip link rises. Consequently,
the channels move toward one another, and their open prob-
abilities increase (Fig. 1B). When the interchannel distance is
sufficiently small, the membrane’s elastic energy favors the OO
state, and both channels open cooperatively. As a result, the
attractive membrane interaction in the OO state enhances their
motion toward one another (red horizontal arrows, Fig. 1B and
Movie S1), which provides an effective gating swing that is larger
than the conformational change of a single channel (red verti-
cal arrow, Fig. 1B). Eventually, the channels close—for exam-
ple, due to Ca®* binding (34, 35)—and the membrane-mediated
interactions become negligible (Fig. 1C). Now the adaptation
springs can pull the channels apart. Their lateral movement
away from each other increases tip-link tension and pro-
duces the twitch, a hair-bundle movement associated with fast
adaptation (35-37).

Mathematical Formulation. We represent schematically our model
in Fig. 2. Fig. 24 illustrates the geometrical arrangement of a pair
of adjacent stereocilia. They have individual pivoting stiffness ksp
at their basal insertion points. The displacement coordinate X
of the hair bundle’s tip along the axis of mechanosensitivity and
the coordinate z along the tip link’s axis are related by a geo-
metrical factor v. With H the height of the tallest stereocilium
in the hair bundle and D the distance between its rootlet and
that of its neighbor, v is approximately equal to D/H (5). The
transduction unit schematized in Fig. 24 is represented in more
detail in Fig. 2 B and C. In Fig. 2B, the stereociliary membrane
is orthogonal to the tip link’s central axis. Depending on tip-
link tension, the channels are likely to be closed (small tip-link
tension, Fig. 2 B, Left) or open (large tip-link tension, Fig. 2 B,
Right), and positioned at different locations. The tip link is mod-
eled as a spring of constant stiffness 4 and resting length /. It has
a current length z; and branches into two rigid strands of length

| OARARD

[t MET 8078 7

channel M/
=
PoA0 =

Tip-link

upper end /
/

5 7\ D The gating-spring model
# Adaptation if
i

Illustration of the model and its main features. (A-C) Insets show a side view of a typical mammalian hair bundle with three rows of stereocilia,

which taper at their basal insertion points where a pivoting stiffness maintains them upright (“pivots”). The direction of mechanosensitivity is from left
to right, with positive displacements to the right. It corresponds to the ‘X’ axis as defined later in the text. The main images show an enlarged view
of the lower end of a single tip link, connected to two MET channels within the lipid bilayer. The channels are linked to the cell cytoskeleton via two
adaptation springs. Three configurations are shown: in the absence of a stimulus (A), when a positive stimulus is applied (B), and when fast adapta-
tion takes place (C). (D) Closed (Upper) and open (Lower) configurations of the classical gating-spring model for comparison. A single mechanotransduc-
tion channel is located at the tip link’s upper end. It is firmly anchored to the cytoskeleton and unable to change its position at the short timescale of
channel gating. The gating swing is the amplitude of the channel’s conformational change along the tip link’s axis that relaxes the tip link when the

channel opens.
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Fig. 2. Schematic representation of the model with its main geometrical parameters. (A) Two adjacent stereocilia are represented with their basal elastic

linkages to the cuticular plate. (B and C) The transduction unit, encircled in dashed red, is detailed for two different geometries: when the tip link’s central
axis is perpendicular to the stereociliary membrane (B) and in the generic case where the stereociliary membrane makes an angle with the perpendicular to
the tip link’s central axis (C). In B, two different realizations are displayed: when tension in the tip link is low, in which case the channels are most likely to
be closed (B, Left), and when tension in the tip link is high, in which case the channels are most likely to be open (B, Right). In C, only the case of low tip-link
tension is represented. (D) We plot here the elastic membrane potentials in units of kg7 and as functions of the distance a between the channels and the
tip link’s central axis. Each curve corresponds to a different configuration of the channel pair: CC (blue), OC (red), and OO (green). The analytic expressions

of these potentials, together with the values of the associated parameters, are given in Materials and Methods.

l, a distance d away from the membrane. Each strand connects
to one MET channel. Due to the global geometry of the hair
bundle (Fig. 2.4 and B), 2 + d =~v(X — Xo), where Xy is a ref-
erence position of the hair-bundle tip related to the position of
the adaptation motors, to which the upper part of the tip link is
anchored (see also Hair-Bundle Force and Stiffness and Fig. S2).
The channels’ positions are symmetric relative to the tip-link axis,
with their attachments to the tip link a distance 2a from each
other. The channels have cylindrical shapes with axes perpen-
dicular to the membrane plane. They have a diameter 2p when
closed and 2p + ¢ when open, where ¢ corresponds to the con-
formational change of each channel along the membrane plane;
we refer to it as the single-channel gating swing. Each tip-link
branch inserts a distance p/2 from the inner edge of each chan-
nel. The adaptation springs are parallel to the direction of chan-
nel motion. They have stiffness k. and resting length [, and are
anchored to two fixed reference positions a distance L away from
the tip-link axis.

Under tension, the stereociliary membrane can present dif-
ferent degrees of tenting (19, 38). To account for this geome-
try, and more generally for the nonzero curvature of the mem-
brane at the tips of stereocilia, we introduce in Fig. 2C an angle
« between the perpendicular to the tip link’s axis and each
of the half membrane planes, along which the channels move.
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The simpler, flat geometry of Fig. 2B is recovered in the case
where o =0.

The interchannel forces mediated by the membrane are
described by three elastic potentials V; ,(a), one for each state
n of the channel pair (OO, OC, and CC), and are functions of
the distance a (Fig. 2D). The index n can be 0, 1, or 2, cor-
responding to the number of open channels in the transduc-
tion unit. We choose analytic expressions and parameters that
mimic the shapes of the potentials used to model similar inter-
actions between bacterial MscL channels (30, 33) (Materials and
Methods). In addition to the membrane-mediated elastic force
fo,n = —d V4, /da, force balance on the channels depends on the
force fi = ki(z: — k) exerted by the tip link on its two branches
and on the force f, = ka(@adapt — @ — n0/2) exerted by the adap-
tation springs, where @agapt = L — b — 3p/2 is the value of a for
which the adaptation springs are relaxed when both channels are
closed. Taking into account the geometry and the connection
between z; and X given previously, force balance on either of
the two channels reads:

_ ,d+asina
kth(X*XO)idild_Qa—Fdsina i
dVy.n(a
i 0 ) -]
Gianoli et al.
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In addition, the geometry implies:

d=1/12—(acosa)® —asina. [2]

Putting the expressions of d and V4 ,, as functions of a into Eq.
1 allows us to solve for X as a function of a, for each state
n. Inverting these three functions numerically gives three rela-
tions a, (X ), which are then used to express all of the relevant
quantities as functions of the displacement coordinate X of the
hair bundle, taking into account the probabilities of the differ-
ent states. Further details about this procedure are presented in
Materials and Methods.

Finally, global force balance is imposed at the level of the
whole hair bundle, taking into account the pivoting stiffness of
the stereocilia at their insertion points into the cuticular plate of
the cell (Fig. 1 B, Inset, and Fig. 24):

Fexl:Ksp(X_Xsp)+Ft7 [3]

where Fey is the total external force exerted at the tip of the
hair bundle along the X axis, Ky, is the combined stiffness of
the stereociliary pivots along the same axis, X;p is the position of
the hair-bundle tip for which the pivots are at rest, and Fi = N~ f;
is the combined force of the tip links projected onto the X axis,
with N being the number of tip links.

In these equations, two related reference positions appear:
Xo and Xs,. As the origin of the X axis is arbitrary, only
their difference is relevant. The interpretation of Xy, is given
just above. As for Xj, it sets the amount of tension exerted
by the tip links, since the force exerted by the tip link on its
two branches reads fi = k[y(X — Xo) — d — I]. To fix Xo—or

Table 1. Parameters of the model

equivalently the combination Xo + /v, which appears in this
expression—we rely on the experimentally observed hair-bundle
movement that occurs when tip links are cut, and which is
typically on the order of 100 nm (38, 39). Therefore, impos-
ing X =0 as the resting position of the hair-bundle tip with
intact tip links, Eq. 3 must be satisfied with Fex =0, X =0,
and X, =100 nm, which formally sets the value of X, for any
predefined /. Solving for X,, however, requires a numerical
procedure, the details of which are presented in Materials and
Methods.

All parameters characterizing the system together with their
default values are listed in Table 1. The geometrical projection
factor v and number of stereocilia N are set, respectively, to 0.14
and 50 (5). The combined stiffness of the stereociliary pivots K
is set to 0.65 mN-m~" (39). We use a tip-link stiffness % and
an adaptation-spring stiffness k&, of 1 mN-m™" to obtain a total
hair-bundle stiffness in agreement with experimental observa-
tions (5). The length [ of the tip-link branch can be estimated by
analyzing the structure of protocadherin-15, a protein constitut-
ing the tip link’s lower end. Three extracellular cadherin (EC)
repeats are present after the kink at the EC8-EC9 interface,
which suggests that [ is ~12-14 nm (40). This estimate agrees
with studies based on high-resolution electron microscopy of the
tip link (19). We allow for the branch to fully relax the adapta-
tion springs by choosing aagapt =2 - I. The parameters ¢ and p
correspond respectively to the amplitude of the conformational
change of a single channel in the membrane plane upon gat-
ing and to the radius of the closed channel (Fig. 2B). Since the
hair-cell MET channel has not yet been crystallized, we rely on
the crystal structures of another mechanosensitive protein, the

Parameter Description Source Default value Unit
Parameters characterizing the hair bundle and the mechanotransduction unit
ka Adaptation spring’s Powers et al., 1 mN-m~"
stiffness 2012 (27)
kit Tip link’s stiffness Howard and Hudspeth, 1988 (5); 1 mN-m~’
Martin et al., 2000 (8);
Cheung and Corey, 2006 (35)
[} Channel’s steric Ursell et al., 2007 (30) 2 nm
change upon gating
Eq Channel’s gating energy Corey and Hudspeth, 1983 (41); 9 ksT
Hudspeth, 1992 (42);
Ricci et al., 2006 (43)
«a Angle of the adaptation springs Kachar et al., 2000 (19); 0 Degrees
w.r.t. the horizontal Powers et al., 2012 (27)
N No. of tip links Howard and Hudspeth, 1988 (5) 50 adim.
oY% Geometrical projection factor Howard and Hudspeth, 1988 (5) 0.14 adim.
I Length of the tip link’s branch Kachar et al., 2000 (19); 13 nm
Araya-Secchi et al., 2016 (40)
Aadapt Value of a with relaxed Kachar et al., 2000 (19) 2.1 nm
adaptation springs (CC config.)
p Radius of the closed channel Ursell et al., 2007 (30) 2.5 nm
Amin Minimum value of a Ursell et al., 2007 (30) 1.25 nm
Ksp Combined stiffness of the Jaramillo and Hudspeth, 1993 (39) 0.65 mN-m~’
stereociliary pivots
Xsp Resting position of the pivots Jaramillo and Hudspeth, 1993 (39) 100 nm
Parameters characterizing the elastic membrane potentials
Across,CC Crossing point of the CC potential Ursell et al., 2007 (30) 3 nm
Across,0C Crossing point of the OC potential Ursell et al., 2007 (30) 2.75 nm
Across,00 Crossing point of the OO potential Ursell et al., 2007 (30) 2.5 nm
Ecc Value of the CC potential at apn Ursell et al., 2007 (30) -25 kgT
Eoc Energy scale of the OC potential Ursell et al., 2007 (30) 50 kg T
Eoo Value of the OO potential at anin Ursell et al., 2007 (30) -25 kgT
Iy Potentials’ decay length Ursell et al., 2007 (30) 1.5 nm

Adim., adimensional; config., configuration; w.r.t., with respect to.
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bacterial MscL channel, and choose 6 =2 nm and p=2.5 nm
(30). Finally, the channel gating energy E, is estimated in the
literature to be on the order of 5-20 kg T' (41-43). We use 9 kg T'
as a default value.

We now focus on the predictions of this model regarding the
main biophysical characteristics of hair-bundle mechanics: open
probability, force and stiffness as functions of displacement, the
twitch during fast adaptation, and effects of Ca>* concentration
on hair-bundle mechanics.

Open Probability. To determine the accuracy of the model and to
investigate the effect of its parameters, we first focus on the pre-
dicted open probability (Popen) as a function of the hair-bundle
displacement X, for four sets of parameters (Fig. 3).

For our default parameter set defined above (see also Table 1),
the open probability as a function of hair-bundle displacement
is a sigmoid that matches the typical curves measured experi-
mentally (orange, continuous curve). It is well fit by a two-state
Boltzmann distribution (orange, dashed curve). In this case,
the range of displacements over which the channels gate is
~100 nm, in line with experimental measurements (44-47).
Recorded ranges vary, however, from several tens to hundreds of
nanometers, depending on whether the hair bundle moves spon-
taneously or is stimulated, and depending on the method of stim-
ulation (ref. 48 and reviewed in ref. 3). Increasing the tip-link
stiffness k: and the angle o compresses this range to a few tens
of nanometers (blue curve), matching that measured for sponta-
neously oscillating hair bundles (48).

Decreasing the amplitude of the single-channel gating swing
¢ instead broadens the range and shifts it to larger hair-bundle

Open probability
1

0.5

ki=1k,=1,a=0°
— k=2, ky=1,a=15°

— ki=1,ky=1,a=0°V, =0
— ke=1, kg =200, @ =0°, V;, =0

- - - - - » X (nm)
- 50 0 50 100 150
Fig. 3. Open probability curves as functions of hair-bundle displacement.
All curves share a common set of parameters, whose values are speci-
fied in Table 1. Parameter values that are not common to all curves are
specified below. In addition, for each curve, the value of X; is set such
that the external force F. applied to the hair bundle vanishes at X =0.
(Orange) (ke=1mN-m~", @ =0°, ks =1 mN-m~", Eg=9 kgT). The curve
is roughly sigmoidal and typical of experimental measurements. (Orange
dashed) Fit to a two-state Boltzmann distribution as resulting from the clas-
sical gating-spring model, with expression 1/(1+exp[z(Xo — X)/kgT]), where
z~0.36 pN, Xp ~ 35 nm, and kgT ~ 4.1 zJ. Here, z corresponds to the gat-
ing force in the framework of the classical gating-spring model. (Blue) (ky =
2mN-m~', a=15° k, =1 mN-m~", E; = 8.8 kg T). The values of X, and E4
have been chosen so that the force is zero at X = 0 within the region of neg-
ative stiffness, which is required for a spontaneously oscillating hair bundle
(8). Channel gating occurs here over a narrower range of hair-bundle dis-
placements. (Blue dashed) Fit to a two-state Boltzmann distribution, with
z~ 1.0pN, Xo ~ 1.4nm, and kgT ~ 4.1 zJ. (Red) (kt =1 mN-m~", a=0°,
ka=1mN-m~"', Eq =9 kg T, no membrane potentials). The channels remain
closed over the whole range of displacements shown in the figure. (Green)
(ke =1mN-m~",a=0° k, =200 mN-m~", E; = 9 kg T, no membrane poten-
tials). The curve presents a plateau around Popen = 0.5.
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displacements (Fig. S1). In contrast to the classical model of
mechanotransduction, where channel gating is intimately linked
to the existence of the single-channel gating swing, here, gating
still takes place when 6 =0 due to the membrane elastic poten-
tials. To demonstrate the crucial role played by these poten-
tials, we compare in Fig. 3 the open probability curves obtained
using the default set of parameters with (orange) and with-
out (red) the bilayer-mediated interaction. Without the mem-
brane contribution, the channels remain closed over the whole
range of hair-bundle displacements. The associated curve (red)
is barely visible close to the horizontal axis of Fig. 3. It is pos-
sible, however, to have the channels gate over this range of dis-
placements without the membrane contribution by choosing a
value of k, sufficiently large for the lateral channel motion to
be negligible. This configuration mimics the case of immobile
channels, as in the classical gating-spring model on timescales
that are smaller than the characteristic time of slow adapta-
tion. The resulting curve (green) does not match any experimen-
tally measured open-probability relations: It displays a plateau
at Popen = 0.5 corresponding to the OC state. This state is pre-
vented in the complete model with mobile channels by the
membrane-mediated forces. Reintroducing these forces while
keeping the same large value of k, hardly changes the open-
probability relation, because the channels are maintained too far
from each other by the adaptation springs to interact via the
membrane. Therefore, we only display one of the two curves
here. We illustrate further the influence of the value of &, as
well as of the amplitude of the elastic membrane potentials in
Fig. S5.

We conclude from these results that our model can reproduce
the experimentally observed open-probability relations using
only realistic parameters and that the membrane-mediated inter-
actions as well as the ability of the MET channels to move within
the membrane are essential features of the model.

Hair-Bundle Force and Stiffness. Two other classical characteristics
of hair-cell mechanics are the force- and stiffness-displacement
relations. In Fig. 4, we display them using the same sets of
parameters and color coding as in Fig. 3. The predicted forces
necessary to move the hair bundle by tens of nanometers are
on the order of tens of piconewtons, in line with the litera-
ture (5, 9). With our reference set of parameters, the force
is weakly nonlinear, associated with a small drop in stiffness
(orange curves). When the range of displacements over which
the channels gate is sufficiently narrow, a nonmonotonic trend
appears in the force, corresponding to a region of negative
stiffness (blue curves). In the absence of membrane-mediated
interactions—in which case the channels do not gate—the force—
displacement curve is nearly linear and the stiffness nearly con-
stant (red curves). The relatively small stiffness variation along
the curve is due to the geometry, which imposes a nonlinear
relation between hair-bundle displacement and channel motion
(Egs. 1 and 2). When channel motion is prevented by a large
value of k., two separate regions of gating compliance appear,
corresponding to the two transitions between the three states
(CC, OC, and OO) (green curves). The red curves of this fig-
ure demonstrate no contribution from the channels, whereas
the green curves are again unlike any experimentally measured
ones. These results confirm the importance in our model of both
the lateral mobility of the channels and the membrane-mediated
elastic forces.

We next investigate whether we can reproduce the effects
on the force—displacement relation of the slow and fast adapta-
tion (reviewed in refs. 49 and 50). Slow adaptation is attributed
to a change in the position of myosin motors that are con-
nected to the tip link’s upper end and regulate its tension (5,
51-58). Here, this phenomenon corresponds to a change in
the value of the reference position Xy. This parameter affects
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Fig. 4. Hair-bundle force (A) and stiffness (B) as functions of hair-bundle

displacement. The different sets of parameters are the same as the ones used
in Fig. 3, following the same color code. (Orange) The force-displacement
curve shows a region of gating compliance, characterized by a decrease in
its slope over the gating range of the channels, recovered as a decrease in
stiffness over the same range. (Blue) The force-displacement curve shows a
region of negative slope, characteristic of a region of mechanical instability.
The corresponding stiffness curve shows associated negative values. (Red)
Without the membrane elastic potentials, the channels are unable to open
and the hair-bundle mechanical properties are roughly linear, except for
geometrical nonlinearities. (Green) The curves display two regions of gating
compliance, better visible on the stiffness curve.

tip-link tension via the force exerted by the tip link on its
two branches: f; = k[vy(X — Xo) — d — };] (Mathematical Formu-
lation). Starting from the parameters associated with the blue
curve and varying Xy, we obtain force-displacement relations
that are in agreement with experimental measurements (Fig. S2)
(8,59).

Fast adaptation is thought to be due to an increase in the gat-
ing energy E, of the MET channels, for example, due to Ca**
binding to the channels, which decreases their open probability
(34, 35, 37, 57, 60). Starting from the same default curve and
changing E, by 1 kg T', we obtain a shift in the force—displacement
relation (Fig. S3). In this case, the amplitude of displacements
over which channel gating occurs remains roughly the same, but
the associated values of the external force required to produce
these displacements change. Such a shift has been measured in a
spontaneously oscillating, weakly slow-adapting cell by triggering
acquisition of force—displacement relations after rapid positive
or negative steps (59). During a rapid negative step, the chan-
nels close, which we attribute to fast adaptation with an increase
in F,. In Fig. S3, increasing E, by 1 kg T increases the value of
the force for the same imposed displacement. This mirrors the
results in ref. 59, where a similar outcome is observed when com-
paring the curve measured after rapid negative steps with that
measured after rapid positive steps. From Figs. S2 and S3, we
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conclude that our model is capable of reproducing the effects
of both slow and fast adaptation on the force—displacement
relation.

In summary, the model reproduces realistic force—displace-
ment relations when both lateral channel mobility and mem-
brane-mediated interactions are present. These relations exhibit
aregion of gating compliance and can even show a region of neg-
ative stiffness while keeping all parameters realistic.

A Mechanical Correlate of Fast Adaptation, the Twitch. Next, we
investigate whether our model can reproduce the hair-bundle
negative displacement induced by rapid reclosure of the MET
channels, known as the twitch (35-37). It is a mechanical cor-
relate of fast adaptation, an essential biophysical property of
hair cells, which is believed to allow for rapid cycle-by-cycle
stimulus amplification (34). To reproduce the twitch observed
experimentally (35-37), we compute the difference in the posi-
tions of the hair bundle before and after an increment of E
by 1 kg T, and plot it as a function of the external force (Fig.
5). With the same parameters as in Figs. 3 and 4, we find
twitch amplitudes within the range reported in the literature
(35-37). They reach their maxima for intermediate, positive
forces and drop to zero for large negative or positive forces,
as experimentally observed. The twitch is largest and peaks at
the smallest force when the hair bundle displays negative stiff-
ness (blue curve), since the channels open then at the smallest
displacements. For the green curve, the channels gate indepen-
dently, producing two distinct maxima of the twitch amplitude,
mirroring the biphasic open-probability relation. Note that no
curve is shown with the parameter set corresponding to the red
curves of Figs. 3 and 4, since the twitch is nearly nonexistent in
that case.

Twitch amplitudes reported in the literature are variable, rang-
ing from ~4 nm in single, isolated hair cells (35), to >30 nm

Twitch (nm)

F (pN)
- 100 : :
1
=
£ 0.8
g0
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Q
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“ 0
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-0 Open probability

— k=l ks=1,a=0° — k=2ky=1a=15°
— k=1 k,=200,0=0° — ki=1k,=1,a=0°N=25

Fig.5. Twitch as a function of the external force exerted on the hair bundle
(main image) and normalized twitch as a function of the open probability
(Inset). The different sets of parameters are the same as the ones in Figs. 3
and 4 for the orange, blue, and green curves. The additional purple curve is
associated with the same parameter set as that of the orange curve, except
for the number of intact tip links, set to N = 25 rather than N = 50. (Orange)
The maximal twitch amplitude for the standard set of parameters is ~5 nm.
(Blue) Because of the region of mechanical instability associated with neg-
ative stiffness, the corresponding curve for the twitch is discontinuous, as
shown by the two regions of near verticality in the blue curve. This corre-
sponds to the two regions of almost straight lines in the normalized twitch.
Both of these linear parts are displayed as guides for the eye. (Green) The
channels gate independently, producing two distinct maxima of the twitch
amplitude. (Purple) The twitch peaks at a smaller force and its amplitude is
reduced compared with the orange curve. Plotted as a function of the open
probability, however, the two curves are virtually identical.
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in presumably more intact cells within the sensory epithelium
(36, 37). A potential source of variability is the number of
intact tip links, since these can be broken during the isolation
procedure. We show that decreasing the number of tip links
in our model shifts the twitch to smaller forces and decreases
its amplitude (Fig. 5, purple vs. orange curves). Twitch ampli-
tudes are further studied for different values of the adaptation-
spring stiffness and amplitudes of the elastic membrane poten-
tials in Fig. S5. To compare further with experimental data
(36, 37), we also present the twitch amplitude normalized by
its maximal value and plot it as a function of the channels’
open probability (Fig. 5, Inset). The twitch reaches its maximum
for an intermediate level of the open probability and drops to
zero for smaller or larger values, as measured experimentally
(36, 37).

Another factor that strongly affects both the amplitude and
force dependence of the twitch is the length [ of the tip-link
branching fork. For a long time, the channels were suspected to
be located at the tip link’s upper end, where the tip-link branches
appear much longer (19). With long branches, the twitch is tiny
and peaks at forces that are too large (Fig. S4), unlike what is
experimentally measured. This observation provides a potential
physiological reason why the channels are located at the tip link’s
lower end rather than at the upper end as previously assumed
(20, 22). There are two more reasons why our model requires the
channels to be located at the lower end of the tip link. First, as
shown in Figs. 3-5, some degree of membrane tenting increases
the sensitivity and nonlinearity of the system, as well as the ampli-
tude of the twitch. While it is straightforward to obtain the nec-
essary membrane curvature at the tip of a stereocilium, this is not
the case on its side. Second, while pulling on the channels located
at the tip compels them to move toward one another, doing so
with the channels located on the side would instead make them
slide down the stereocilium, impairing the efficiency of the mech-
anism proposed in this work.

In summary, our model reproduces correctly the hair-bundle
twitch as well as its dependence on several key parameters. It
therefore includes the mechanism that can mediate the cycle-by-
cycle sound amplification by hair cells.

Effect of Ca2* Concentration on Hair-Bundle Mechanics. Our model
can also explain the following important results that have so far
evaded explanation. First, it is established that, with increasing
Ca** concentration, the receptor current vs. displacement curve
shifts to more positive displacements, while its slope decreases
(41). Second, within the framework of the classical gating-spring
model, Ca?* concentration appears to affect the magnitude of
the gating swing (10): When a hair bundle is exposed to a
low, physiological, Ca** concentration of 0.25 mM, the force—
displacement relation presents a pronounced region of negative
slope, and the estimated gating swing is large, on the order of
9-10 nm. But when the same hair bundle is exposed to a high
Ca®* concentration of ~1 mM, the region of negative stiffness
disappears, and the estimated gating swing becomes only half
as large.

In our model, it is the decrease of the interchannel distance
following channel opening that, transmitted onto the tip link’s
main axis, effectively plays the role of the classical gating swing
(Figs. 1 and 2 and Movie S1). To quantify the change of tip-link
extension as the channels open, we introduce a new quantity,
which we call the gating-associated tip-link extension (GATE). It
is defined mathematically as doo — dcc, where doo and dcc are
the respective values of the distance d in the OO and CC states.
To study the influence of Ca®* concentration on the GATE, we
hypothesize that Ca** ions favor the closed conformation of the
channels over the open one, that is, that the energy difference
E, between the two states increases with Ca’* concentration
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(34, 35). Within this framework, we expect to see the follow-
ing effect of Ca’* on the GATE, via the change of F,: Higher
Ca?* concentrations correspond to higher gating energies, caus-
ing the channels to open at greater positive hair-bundle displace-
ments. Greater displacements in turn correspond to smaller val-
ues of the interchannel distance before channel opening. Since
the final position of the open channels is always the same (at
@ = Gmin, Where the OO membrane potential is minimum; Fig.
2D), the change of the interchannel distance induced by channel
opening is smaller for higher Ca’>* concentrations. As a result,
the GATE experienced by the tip link is smaller for higher Ca**
concentrations, in agreement with the experimental findings
cited above.

We study this effect quantitatively in Fig. 6. In Fig. 64, we
plot simultaneously the GATE and Popen as functions of the
hair-bundle displacement X, for five values of E,. Although the
function GATE(X) spans the whole range of displacements, the
relevant magnitudes of the GATE are constrained by the dis-
placements for which channel opening is likely to happen; we
use as a criterion that Popen must be between 0.05 and 0.95. The
corresponding range of displacements depends on the position
of the Popen curve along the horizontal axis, which ultimately
depends on E,. We display in Fig. 64 the two ranges of hair-
bundle displacements (dashed vertical lines) associated with the
smallest and largest values of E, together with the amplitudes
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Fig. 6. GATE and open probability as functions of hair-bundle displace-

ment (A) and GATE as a function of the open probability (B), for differ-
ent values of the channel gating energy E,. (A) Open-probability curves are
generated by using the default parameter set of the blue curves of Figs. 3-5
and otherwise different values of the channel gating energy E;, as indicated
directly on B. The GATE as a function of X (red curve) depends only on the
geometry of the system, such that only one curve appears here. We indicate,
in addition, directly on the image the values of the single-channel gating
force z obtained by fitting each open-probability relation with a two-state
Boltzmann distribution, as done in Fig. 3 for the orange and blue curves. We
report, together with these values, the relative magnitudes of the single-
channel gating swing g.ing Obtained with the classical model. (B) The GATE
values are plotted as functions of the open probability, for each chosen
value of E.
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of the GATE within these intervals (dashed horizontal lines).
For E; =6 kg T (blue curve and GATE interval), the size of the
GATE is on the order of 4.1-5.3 nm, whereas it is on the order of
1.3-2.3 nm for E, =14 kg T (orange curve and GATE interval).
In general, larger values of the channel gating energy E, cause
smaller values of the GATE.

To compare directly with previous analyses, we next fit the
open-probability relations of Fig. 64 with the gating-spring
model, obtaining the corresponding single-channel gating forces
z. This procedure allows us to quantify the change of the
magnitude of an effective gating swing gswing With FE; by the
formula z = gewingkesy, Where kg is the stiffness of the gating
spring. We give directly on the panel the relative values of
gswing Obtained by this procedure. Taking, for example, kg =
1 mN-m™!, Gswing Tanges from 8.3 nm for £; =6 kg T to 3.6 nm
for By =14 kg T.

In Fig. 6B, we show the GATE as a function of Popen for the dif-
ferent values of E,. For each curve, the amplitude of the GATE
is a decreasing function of Pypen that presents a broad region of
relatively weak dependence for most Popen vValues. These results
demonstrate that the GATE defined within our model decreases
with increasing values of Fj, corresponding to increasing Ca**
concentrations. In addition, the same dependence is observed
for the effective gating swing estimated from fitting the classical
gating-spring model to our results, as it is when fit to experimen-
tal data (10).

Finally, we can see from Fig. 64 that the predicted open-
probability vs. displacement curves shift to the right and their
slopes decrease with increasing values of Eg, a behavior in agree-
ment with experimental data (see above and ref. 41). Together
with the decrease in the slope, the region of negative stiffness
becomes narrower (Fig. S3) and even disappears for a sufficiently
large value of E, (Fig. S3, yellow curve). This weakening of the
gating compliance has been measured in hair bundles exposed to
a high Ca** concentration (10).

In summary, our model explains the shift in the force—
displacement curve as well as the changes of the effective gating
swing and stiffness as functions of Ca>* concentration.

Discussion

We have designed and analyzed a two-channel, cooperative
model of hair-cell mechanotransduction. The proposed geome-
try includes two MET channels connected to one tip link. The
channels can move relative to each other within the stereocil-
iary membrane and interact via its induced deformations, which
depend on whether the channels are open or closed. This cross-
talk produces cooperative gating between the two channels, a
key feature of our model. Most importantly, because the elastic
membrane potentials are affected by channel gating on length
scales larger than the proteins’ conformational rearrangements,
and because the channels can move in the membrane over dis-
tances greater than their own size, the model generates an appro-
priately large effective gating swing without invoking unrealis-
tically large conformational changes. Moreover, even when the
single-channel gating swing vanishes, the effective gating swing
determined by fitting the classical model to our results does not.
In this case, the conformational change of the channel is orthog-
onal to the membrane plane and its gating is triggered only by the
difference in membrane energies between the OO and CC states.
We have shown that our model reproduces the hair bundle’s
characteristic current— and force—-displacement relations as well
as the existence and characteristics of the twitch, the mechanical
correlate of fast adaptation. It also explains the puzzling effects
of the extracellular Ca®* concentration on the magnitude of the
estimated gating swing and on the spread of the negative-stiffness
region, features that are not explained by the classical gating-
spring model.

Gianoli et al.

In addition to reproducing these classical features of hair-
cell mechanotransduction, our model may be able to account
for other phenomena that have had so far no—or only
unsatisfactory—explanations. One of them is the flick, a small,
voltage-driven hair-bundle motion that requires intact tip links
but does not rely on channel gating (35, 37, 48). It is known that
changes in membrane voltage modulate the membrane mechan-
ical tension and potentially the membrane shape by changing
the interlipid distance (61, 62), but it is not clear how this
property can produce the flick. This effect could be explained
within our framework as a result of a change in the positions of
the channels following the change in interlipid distance driven
by voltage. This would in turn change the extension of the
tip link and thus cause a hair-bundle motion corresponding to
the flick.

Another puzzling observation from the experimental litera-
ture is the recordings of transduction currents that appear as sin-
gle events but with conductances twofold to fourfold that of a
single MET channel (63, 64). Because tip-link lower ends were
occasionally observed to branch into three or four strands at the
membrane insertion (19), one tip link could occasionally be con-
nected to as many channels. According to our model, these large-
conductance events could therefore reflect the cooperative open-
ings of coupled channels.

Our model predicts that changing the membrane proper-
ties must affect the interaction between the MET channels,
potentially disrupting their cooperativity and in turn impair-
ing the ear’s sensitivity and frequency selectivity. For exam-
ple, if the bare bilayer thickness were to match more closely
the hydrophobic thickness of the open state of the channel
rather than that of the closed state, the whole shape of the
elastic membrane potentials would be different. In such a
case, the open probability vs. displacement curves would be
strongly affected, and gating compliance and fast adaptation
would be compromised. Potentially along these lines, it was
observed that chemically removing long-chain—but not short-
chain—phospholipid PiP2 blocked fast adaptation (23). With
a larger change of membrane thickness, one could even imag-
ine reversing the roles of the OO and CC membrane-mediated
interactions. This would potentially change the direction of fast
adaptation, producing an “antitwitch,” a positive hair-bundle
movement due to channel reclosure. Such a movement has
indeed been measured in rat outer hair cells (65). Whether it
was produced by this or a different mechanism remains to be
investigated.

Our model fundamentally relies on the hydrophobic mismatch
between the MET channels and the lipid bilayer. Several studies
have demonstrated that the lipids with the greatest hydropho-
bic mismatch with a given transmembrane protein are depleted
from the protein’s surrounding. The timescale of this process
is on the order of 100 ns for the first shell of annular lipids
(66). It is much shorter than the timescales of MET-channel
gating and fast adaptation. Therefore, it is possible that lipid
rearrangement around a MET channel reduces the hydropho-
bic mismatch and thus decreases the energy cost of the elas-
tic membrane deformations, lowering in turn the importance
of the membrane-mediated interactions in hair-bundle mechan-
ics. However, such lipid demixing in the fluid phase of a binary
mixture is only partial, on the order of 5-10% (67). Further-
more, ion channels are known to bind preferentially specific
phospholipids such as PiP2 (68), further suggesting that the
lipid composition around a MET channel does not vary sub-
stantially on short timescales. We therefore expect the effect
of this fast lipid mobility to be relatively minor. Slow, bio-
chemical changes of the bilayer composition around the chan-
nels, however, could have a stronger effect. It would be inter-
esting for future studies to investigate the role played by lipid
composition around a MET channel on its gating properties
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and how changes in this composition affect hair-cell mecha-
notransduction.

Materials and Methods

Membrane-Mediated Interaction Potentials. The one-dimensional interac-
tion potentials mediated by the membrane between two mechanosensitive
channels of large conductance (MscL) in Escherichia coli have been modeled
by Ursell et al. (30, 31). Here, we mimic the shape of the potentials used in
that study with the following analytic expressions:

— Across,CC

a a— amin \ 2
Ut = e ( 22086 ) g [ (2
Amin — across,CC IV

2
(across,OC — a)(across,OC - amin) :|

(@a— amin)3
[ (a — dmin )2:|
X exp | — 17
\2
a— acrc)ss,OO ) (a — @min )2
————Jexp | - [ ———— '
Amin — across,OO IV

where the coordinate a corresponds to the distance between either of the
two anchoring points of the tip link and the tip link’s central axis (Fig. 2).
Note that this choice of coordinate is different from that of Ursell et al.
(30), who chose to represent their potentials as functions of the channels’
center-to-center distance. The different parameters entering these expres-
sions, with their associated numerical values used to generate the results
presented in this work, are as follows: ami, = 1.25 nm represents the mini-
mal value reached by the variable a; ly = 1.5 nm is the characteristic length
over which the membrane-mediated interaction decays; across,cc =3 nm,
Across,0c = 2.75 nm, and across,00 = 2.5 nm are the respective values of the
variable a for which the membrane potentials Vjo, Vi1, and V4, cross
the X =0 axis; Ecc= — 2.5 kgT and Eoo = — 25 kgT represent, respec-
tively, the values of the potentials V}, o and V,,, at @ =amin; and finally,
Eoc =50 kgT is an energy scale that describes the global amplitude of
Vp,1- A graphical representation of the resulting elastic potentials is shown
in Fig. 2D.

Vp,1(@) = Eoc {
[4]

Vp2(@) = Ecc (

Open Probability. The open probability of the channels (Popen) depends on
a total energy that is the sum of the following contributions: the elas-
tic energy of the two adaptation springs Ean =2 - ka(@agapt — @ — né/2)?/2
(for @ < aadapt — NJ/2, zero otherwise), the elastic energy of the tip link
Etn = ke(v(X — Xo) —d — It)2/2 (for v(X —Xo) > d + I, zero otherwise),
the membrane mechanical energy V,, ,(a) detailed above, and the energy
due to channel gating n x Eg, where Eg is the gating energy of a single
channel. Adding these four contributions and using the computed relations
an(X) (see Numerical Solution of the Model for further details), one can
compute the total energy Eiot,n(X) associated with each channel configura-
tion n at every displacement X of the hair bundle. The probability weights
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of the different channel states are, respectively, Wcc = exp(—Eiot,0(X)),
Woc = 2 exp(—Eiot,1(X)), and Woo = exp(—Eio,2(X)), the factor two in Woc
reflecting the fact that the OC state comprises two canonical states, open—
closed and closed-open. Furthermore, the probability of each configu-
ration is equal to its associated probability weight divided by the sum
Woo + Woc + Wcc. At the level of the whole hair bundle, and under the
hypothesis that all channel pairs are identical, the overall open probability
of the channels finally reads: Popen = Poo + Poc/2.

Numerical Solution of the Model. To compute the model outcomes—
including the open probability as discussed above—we first need to solve
Eq. 1 to find the three relations a,(X). This equation, however, cannot be
solved analytically for a. To obtain numerical solutions, we first solve it ana-
lytically for X and obtain three expressions X(a, n). We then produce a set
of three tables of numerical values X, ; = X(a;,n), where a; = amin + i - Aais
a set of values of the coordinate a, equispaced by a length Aa. To produce
tables a,; = an(X;) that share a common set of entries X;, we first generate
a table of entries for the variable X, regularly spaced: X; = Xmi, 4 - AX. For
each entry X;, we then take in the original table X, ; = X(a;,n), the value X, ;
that is the closest to X;. We then choose for a,,; the corresponding value a;.
As a result, we obtain three stepwise functions a,(X) such that a,(X) =a,;
for all X in [X;,Xj1[. We further smoothen these functions by interpolating
linearly the values of a between two neighboring plateaus, to avoid discon-
tinuities and obtain a continuous, piecewise-linear function.

Reference Tip-Link Tension. As described in Mathematical Formulation, the
parameter X, which sets the reference tension in the tip link, is deter-
mined by imposing the force-balance Eq. 3 with Fexst =0 N, X =0 m, and
Xsp =100 nm. To impose this condition, however, one needs the global tip-
link force Fx = N~f, which itself depends on Xj via the respective probabil-
ities of the three channel states (OO, OC, and CC). In addition, as discussed
above, the curves a,(X) can only be computed numerically, meaning that
no closed analytic expression can be obtained for X,. We therefore pro-
ceed numerically according to the following scheme: We first generate a
table of numerical values of X, and compute the associated table of tip-
link forces f; that satisfy force balance at the level of the whole hair bun-
dle (namely, that solve Eq. 3 with Fexy =0 N, X =0 m, and X;, = 100 nm).
We then insert these values into the force-balance condition at the level of
the individual MET channels (Eq. 1), evaluated at X =0. The proper value
for X corresponds to the element for which this condition is satisfied. This
ensures force balance both at the level of the individual MET channels
and at the level of the whole hair bundle. This procedure corresponds to
determining the reference tension in the tip links for a given hair-bundle
displacement.

ACKNOWLEDGMENTS. We thank the members of the A.S.K. laboratory
for comments on the manuscript. Work on this project in the A.S.K. lab-
oratory was supported by The Royal Society Grant RG140650, Wellcome
Trust Grant 108034/Z/15/Z, and the Imperial College Network of Excel-
lence Award. T.R. was supported by the LabEx CelTisPhyBio ANR-10-
LABX-0038.

11. Sul B, lwasa KH (2010) Gating of two mechanoelectrical transducer channels associ-
ated with a single tip link. Biophys J 99:1027-1033.

12. Albert JT, Kozlov AS (2016) Comparative aspects of hearing in vertebrates and insects
with antennal ears. Curr Biol 26:R1050-R1061.

13. Hudspeth AJ (2008) Making an effort to listen: Mechanical amplification in the ear.
Neuron 59:530-545.

14. Denk W, Holt JR, Shepherd GMG, Corey DP (1995) Calcium imaging of single stere-
ocilia in hair cells: Localization of transduction channels at both ends of tip links.
Neuron 15:1311-1321.

15. Ricci AJ, Crawford AC, Fettiplace R (2003) Tonotopic variation in the conductance of
the hair cell mechanotransducer channel. Neuron 40:983-990.

16. Beurg M, Evans MG, Hackney CM, Fettiplace R (2006) A large-conductance calcium-
selective mechanotransducer channel in mammalian cochlear hair cells. J Neurosci
26:10992-11000.

17. Beurg M, Fettiplace R, Nam JH, Ricci AJ (2009) Localization of inner hair cell
mechanotransducer channels using high-speed calcium imaging. Nat Neurosci 12:
553-558.

18. Kazmierczak P, et al. (2007) Cadherin 23 and protocadherin 15 interact to form tip-
link filaments in sensory hair cells. Nature 449:87-91.

19. Kachar B, Parakkal M, Kurc M, Zhao Y-d, Gillespie PG (2000) High-resolution structure
of hair-cell tip links. Proc Nat/ Acad Sci USA 97:13336-13341.

20. Zhao B, Muller U (2015) The elusive mechanotransduction machinery of hair cells.
Curr Opin Neurobiol 34:172-179.

21. Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspeth AJ (2013) Principles of
Neural Science (McGraw-Hill, New York), 5th ed.

Gianoli et al.


http://www.pnas.org/cgi/doi/10.1073/pnas.1713135114

L T

/

1\

BN AS  PNAS D)

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Spinelli KJ, Gillespie PG (2009) Bottoms up: Transduction channels at tip link bases.
Nat Neurosci 12:529-530.

Hirono M, Denis CS, Richardson GP, Gillespie PG (2004) Hair cells require phos-
phatidylinositol 4,5-bisphosphate for mechanical transduction and adaptation. Neu-
ron 44:309-320.

Peng AW, Gnanasambandam R, Sachs F, Ricci AJ (2016) Adaptation independent mod-
ulation of auditory hair cell mechanotransduction channel open probability impli-
cates a role for the lipid bilayer. J Neurosci 36:2945-2956.

Howard J, Bechstedt S (2004) Hypothesis: A helix of ankyrin repeats of the NOMPC-
TRP ion channel is the gating spring of mechanoreceptors. Curr Biol 14:R224-R226.
Zhang W, et al. (2015) Ankyrin repeats convey force to gate the NOMPC mechan-
otransduction channel. Cell 162:1391-1403.

Powers RJ, et al. (2012) Stereocilia membrane deformation: Implications for the gat-
ing spring and mechanotransduction channel. Biophys J 102:201-210.

Nielsen C, Goulian M, Andersen OS (1998) Energetics of inclusion-induced bilayer
deformations. Biophysical J 74:1966-1983.

Wiggins P, Phillips R (2004) Analytic models for mechanotransduction: Gating a
mechanosensitive channel. Proc Nat/ Acad Sci USA 101:4071-4076.

Ursell T, Huang KC, Peterson E, Phillips R (2007) Cooperative gating and spatial orga-
nization of membrane proteins through elastic interactions. PLoS Comput Biol 3:e81.
Phillips R, Ursell T, Wiggins P, Sens P (2009) Emerging roles for lipids in shaping
membrane-protein function. Nature 459:379-385.

Grage SL, et al. (2011) Bilayer-mediated clustering and functional interaction of MscL
channels. Biophys J 100:1252-1260.

Haselwandter CA, Phillips R (2013) Connection between oligomeric state and gating
characteristics of mechanosensitive ion channels. PLoS Comput Biol 9:1003055.
Choe Y, Magnasco MO, Hudspeth AJ (1998) A model for amplification of hair-bundle
motion by cyclical binding of Ca2+ to mechanoelectrical-transduction channels. Proc
Natl Acad Sci USA 95:15321-15326.

Cheung ELM, Corey DP (2006) Ca2+ changes the force sensitivity of the hair-cell trans-
duction channel. Biophys J 90:124-139.

Benser ME, Marquis RE, Hudspeth AJ (1996) Rapid, active hair bundle movements in
hair cells from the Bullfrog’s sacculus. J Neurosci 16:5629-5643.

Ricci AJ, Crawford AC, Fettiplace R (2000) Active hair bundle motion linked to fast
transducer adaptation in auditory hair cells. J Neurosci 20:7131-7142.

Assad JA, Shepherd GMG, Corey DP (1991) Tip-link integrity and mechanical transduc-
tion in vertebrate hair cells. Neuron 7:985-994.

Jaramillo F, Hudspeth AJ (1993) Displacement-clamp measurement of the forces
exerted by gating springs in the hair bundle. Proc Nat/ Acad Sci USA 90:1330-1334.
Araya-Secchi R, Neel BL, Sotomayor M (2016) An elastic element in the protocadherin-
15 tip link of the inner ear. Nat Commun 7:13458.

Corey DP, Hudspeth AJ (1983) Kinetics of the receptor current in bullfrog saccular hair
cells. J Neurosci 3:962-976.

Hudspeth AJ (1992) Hair-bundle mechanics and a model for mechanoelectrical trans-
duction by hair cells. Sensory Transduction, eds Corey DP, Roper SD (Rockefeller Univ
Press, New York), pp 357-370.

Ricci AJ, Kachar B, Gale J, Netten SMV (2006) Mechano-electrical transduction: New
insights into old ideas. / Membr Biol 209:71-88.

Ricci AJ, Crawford AC, Fettiplace R (2002) Mechanisms of active hair bundle motion
in auditory hair cells. J Neurosci 22:44-52.

He DZZ, Jia S, Dallos P (2004) Mechanoelectrical transduction of adult outer hair cells
studied in a gerbil hemicochlea. Nature 429:766-770.

Gianoli et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Jia S, Dallos P, He DZZ (2007) Mechanoelectric transduction of adult inner hair cells. J
Neurosci 27:1006-1014.

Hudspeth AJ (2014) Integrating the active process of hair cells with cochlear function.
Nat Rev Neurosci 15:600-614.

Meenderink SWF, Quifiones PM, Bozovic D (2015) Voltage-mediated control
of spontaneous bundle oscillations in saccular hair cells. J Neurosci 35:14457-
14466.

Eatock RA (2000) Adaptation in hair cells. Annu Rev Neurosci 23:285-314.

Holt JR, Corey DP (2000) Two mechanisms for transducer adaptation in vertebrate
hair cells. Proc Nat/ Acad Sci USA 97:11730-11735.

Corey DP, Hudspeth AJ (1983) Analysis of the microphonic potential of the bullfrog’s
sacculus. J Neurosci 3:942-961.

Eatock RA, Corey DP, Hudspeth AJ (1987) Adaptation of mechanoelectrical transduc-
tion in hair cells of the bullfrog’s sacculus. J Neurosci 7:2821-2836.

Howard J, Hudspeth AJ (1987) Mechanical relaxation of the hair bundle mediates
adaptation in mechanoelectrical transduction by the bullfrog’s saccular hair cell. Proc
Natl Acad Sci USA 84:3064-3068.

Crawford AC, Evans MG, Fettiplace R (1989) Activation and adaptation of transducer
currents in turtle hair cells. J Physiol 419:405-434.

Hacohen N, Assad JA, Smith WJ, Corey DP (1989) Regulation of tension on hair-cell
transduction channels: Displacement and calcium dependence. J Neurosci 9:3988-
3997.

Assad JA, Corey DP (1992) An active motor model for adaptation by vertebrate hair
cells. J Neurosci 12:3291-3309.

Wu YC, Ricci AJ, Fettiplace R (1999) Two components of transducer adaptation in
auditory hair cells. J Neurophys 82:2171-2181.

Kros CJ, et al. (2002) Reduced climbing and increased slipping adaptation in cochlear
hair cells of mice with Myo7a mutations. Nat Neurosci 5:41-47.

Le Goff L, Bozovic D, Hudspeth AJ (2005) Adaptive shift in the domain of negative
stiffness during spontaneous oscillation by hair bundles from the internal ear. Proc
Natl Acad Sci USA 102:16996-17001.

Kennedy HJ, Evans MG, Crawford AC, Fettiplace R (2003) Fast adaptation of mechano-
electrical transducer channels in mammalian cochlear hair cells. Nat Neurosci 6:832—
836.

Zhang PC, Keleshian AM, Sachs F (2001) Voltage-induced membrane movement.
Nature 413:428-432.

Breneman KD, Brownell WE, Rabbitt RD (2009) Hair cell bundles: Flexoelectric motors
of the inner ear. PLoS One 4:e5201.

Pan B, et al. (2013) TMC1 and TMC2 are components of the mechanotransduction
channel in hair cells of the mammalian inner ear. Neuron 79:504-515.

Beurg M, Kim KX, Fettiplace R (2014) Conductance and block of hair-cell mechan-
otransducer channels in transmembrane channel-like protein mutants. J Gen Physiol
144:55-69.

Kennedy HJ, Crawford AC, Fettiplace R (2005) Force generation by mammalian hair
bundles supports a role in cochlear amplification. Nature 433:880-883.

Beaven AH, et al. (2017) Gramicidin a channel formation induces local lipid redistri-
bution I: Experiment and simulation. Biophys J 112:1185-1197.

Yin F, Kindt JT (2012) Hydrophobic mismatch and lipid sorting near OmpA in
mixed bilayers: Atomistic and coarse-grained simulations. Biophys J 102:2279-
2287.

Suh BC, Hille B (2008) PIP2 is a necessary cofactor for ion channel function: How and
why? Annu Rev Biophys 37:175-195.

PNAS | Published online December 7, 2017 | E11019

w
v}
H
=
v}
wv
(=]
3
>
w
=



