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Sound-Evoked Deflections of Outer Hair Cell Stereocilia Arise from
Tectorial Membrane Anisotropy

R. Gueta,* D. Barlam,’ R. Z. Shneck,* and |. Rousso*

*Department of Structural Biology, Weizmann Institute of Science, Rehovot, Israel; and Departments of *Mechanical Engineering and
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ABSTRACT The exceptional performance of mammalian hearing is due to the cochlea’s amplification of sound-induced
mechanical stimuli. During acoustic stimulation, the vertical motion of the outer hair cells relative to the tectorial membrane (TM) is
converted into the lateral motion of their stereocilia. The actual mode of this conversion, which represents a fundamental step in
hearing, remains enigmatic, as itis unclear why the stereocilia are deflected when pressed against the TM, rather than penetrating
it. In this study we show that deflection of the stereocilia is a direct outcome of the anisotropic material properties of the TM. Using
force spectroscopy, we find that the vertical stiffness of the TM is significantly larger than its lateral stiffness. As a result, the TM is
more resistant to the vertical motion of stereocilia than to their lateral motion, and so they are deflected laterally when pushed
against the TM. Our findings are confirmed by finite element simulations of the mechanical interaction between the TM and
stereocilia, which show that the vertical outer hair cells motion is converted into lateral stereocilia motion when the experimentally
determined stiffness values are incorporated into the model. Our results thus show that the material properties of the TM play a

central and previously unknown role in mammalian hearing.

INTRODUCTION

Mammalian hearing’s exquisite sensitivity and frequency
selectivity are achieved by an active amplification mecha-
nism of the cochlea (1-3), and occur through an orchestrated
cascade of events. During acoustic stimulation, pressure
waves inside the cochlea induces transverse displacement of
an elastic connective tissue called the basilar membrane
(BM) (4,5). This displacement results in the outer hair cells
(OHC:s; one of the two auditory sensory cell types of the ear)
moving against the tectorial membrane (TM; a highly hy-
drated matrix containing collagen fibrils and situated over
the hair cells) (6) (Fig. 1). During this motion, the stereocil-
ium bundles situated at the surface of the OHCs facing the
TM must be laterally deflected as they are pushed against
the TM, and only then the shearing motion between adjacent
stereocilia will cause the mechanosensitive ion channels at
their tips to open. The resulting influx of cations changes the
polarization of the OHCs (7), which then exert mechanical
force through an electromechanical transduction process
(1,8). This force is fed back into the BM motion and amplifies
the initial mechanical input. A fundamental question asso-
ciated with this process is why stereocilia, which are more
than 4 orders of magnitude stiffer than the TM (~3 GPa (9)
compared with 30-300 kPa (10,11)), are deflected by it,
rather than piercing it.

A possible reason for deflection is that the mechanical
properties of the TM are not spatially uniform but differ along
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different axes (12). We propose a ‘‘mechanical guiding’’
model by which lateral deflection of the stereocilia is gov-
erned by the anisotropic properties of the TM. Specifically,
we submit that the stiffness normal to the membrane surface
of the TM (represented as the normal Young’s modulus, E,)
is higher than its lateral stiffness (Ex, Ey) (Fig. 1). On stim-
ulation, the properties of the TM coupled with the orientation
of the stereocilia restrict their vertical more than their lateral
motion, and thus the vertical movement of the OHCs is lat-
eralized at the stereocilia. This model is supported by struc-
tural analysis studies that show that the collagen fibers of the
TM are not distributed randomly within it, but are rather
oriented along its radial direction (13-20).

In this study, the normal and lateral stiffness values of TM
samples isolated from mice were analyzed through indenta-
tion type and lateral force experiments conducted with an
atomic force microscope (AFM) tip. We find that the vertical
stiffness of the TM is significantly larger than its lateral
stiffness. This difference in stiffness directs the lateral move-
ment of the stereocilia. Incorporating the experimentally de-
termined stiffness values of the TM into a finite element
model, the deflection of the stereocilia during acoustic stim-
ulation was emulated. The results of this study show the role
of the TM material properties in the micromechanical process
that couples basilar membrane motion to hair-bundles de-
flection motion—a central process in mammalian hearing.

MATERIALS AND METHODS
Sample preparation

TM samples were isolated from a total of 28 adult mice at approximately two
months of age using techniques reported previously (12). Isolated TM
samples were classified according to three longitudinal regions: apical,
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FIGURE 1 Schematic representation of the organ of Corti, showing the
location of the TM with respect to the basilar membrane, outer and inner hair
cells. The longitudinal and radial directions of the TM are correspondingly
shown with double-headed arrows. The relative orientations of the normal
(E,) and lateral stiffness moduli (Ey, and Ey) are shown.

midturn, and basal, based on their corresponding position along the cochlea.
TM classification was further supported by analysis of sample dimensions.
Narrow and thin samples were considered to be associated with the basal
region of the cochlea, whereas wider and thicker samples were considered to
be taken from the apical end. Samples that could not easily be assigned to
either end were considered to be associated with the midturn region. TM
samples were attached to Cell-Tak-coated glass slides. A petri dish served as
a mold for the PDMS elastomer (polydimethyl siloxane, Sylgard-184, Dow-
Corning, Midland, MI). Bubbles in the solution were removed by degassing
under low vacuum. Curing was obtained at 65°C for 4 h.

AFM measurements

All atomic force microscopy (AFM) experiments were carried out using a
Bioscope with a Nanoscope IV controller (Veeco, Santa Barbara, CA)
mounted on an inverted optical microscope (IX70, Olympus). Force mea-
surements were carried out by borosilicate spherical probes with a radius of
~1 um (Bioforce, Ames, IA) attached to silicon nitride cantilevers (DNP,
Veeco, and CSC12, Micromasch, Tallin, Estonia). Cantilever spring con-
stants (~0.06 N/m) were determined experimentally by measuring their
thermal fluctuations (21). The stiffness normal to the TM surface was de-
termined from indentation type measurements, as described previously (10).

Lateral force measurements

Before each lateral force measurement, a force—distance curve was generated
to determine the indentation of the sample at any given normal loading force.
We then oscillated the AFM probe perpendicular to the long axis of the
cantilever by driving the piezo scanner using a triangular wave signal from an
external function generator (Agilent, Santa Clara, CA). The lateral move-
ment scale was precalibrated with a calibration grid. To measure the lateral
stiffness values along the radial orientation of the TM, the sample was rotated
until the long axis of the cantilever was aligned perpendicular to the TM
radial fibers. To measure the lateral stiffness along the perpendicular orien-
tations, the TM sample was rotated by 90°. Orientation of the sample relative
to the cantilever’s long axis was determined by transmission light micros-
copy. Cantilever torsion and driving signals were recorded on a computer
running LabView by a data acquisition card (National Instruments). The
acquired torsion signal was fragmented and then grouped to lateral ‘‘load’’
and ‘‘unload’’ according to the driving signal slope, and the signals within
each group were averaged using MatLab (The MathWorks, Natick, MA).
The acquisition time for each measurement was ~60 s, which corresponds to
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the averaging of ~60 lateral force curves. Finally, to convert the torsion
signal from volts to units of force (nN), we used the calibration method
described by Ruan and Bhushan (22). Briefly, a cantilever is scanned over a
clean glass slide, along its long axis under different loading forces. The
friction coefficient of the glass substrate is the slope of the linear function that
best fits the height versus loading force plot. Next, the scanning direction is
rotated by 90° (perpendicular to the long axis of the cantilever), and the
torsion of the cantilever is recorded as a function of the loading force.
Similarly to the above, the friction coefficient is the slope of the linear cor-
relation between the torsion signal and the loading force. Because the two
coefficients obtained using the above methods must be identical, it is now
possible to calculate the conversion factor from volts to nN for each canti-
lever torsion signal.

Finite element simulation
Modeling lateral force measurements

To estimate the lateral mechanical properties of the TM we simulated the
lateral force experiments using the finite-element method. The TM was
modeled as a three-dimensional (3D) plate, resting on a flat rigid surface and
loaded by an absolutely rigid 2 wm spherical indenter. Coulomb-Amonton
friction was assumed between the flat substrate and the TM model and be-
tween the indenter and the TM so giving rise to mechanical nonlinearity. The
presence of large displacements creates a geometric nonlinearity. Therefore
the numerical model considers large displacements by nonlinear geometric
kinematics but linear elastic behavior of the material as the available ap-
proximation. Loading was simulated by prescribing the downward move-
ment of the rigid indenter, calculated in 25 consecutive increments. Next,
during maximal indentation, the indenter was laterally displaced in 100
consecutive increments. The magnitudes of the simulated lateral displace-
ment and indentation are similar to their experimental counterparts.

Modeling TM—-stereocilia mechanical interactions

To simulate the interactions between the TM and a stereocilium, the TM was
simulated as a 3D plate as in the previous simulation. The stereocilium was
modeled as a nondeformable rod capped by a sphere. The diameter of the
stereocilium was 300 nm. It was oriented at a 20° angle with respect to the
TM surface, and its tip was embedded 100 nm inside the TM. To simulate
the displacement of the stereocilium, it was pushed against the TM, pressure
being exerted through its base along its longitudinal axis according to its
initial position. The amplitude of the motion was 200 nm. During this move-
ment, the rotational movement of the rod was unconstrained. Two scenarios
were simulated. In the control simulation, the TM was considered as an
isotropic material with all three Young’s moduli being equal (Ex = Ey = E,).
In the second scenario, the experimentally derived moduli of the specific
TM portion under consideration (basilar, midturn or apical) were incorpo-
rated into the TM model. These problems were solved by MSC.MARC
software, and the results were rendered by HyperView (Altair Engineering,
Troy, MI).

RESULTS AND DISCUSSION

To test our ‘‘mechanical guiding’’ model, the material prop-
erties of the TM were measured using normal-indentation
and lateral force spectroscopy conducted by an atomic force
microscope (AFM). For each position on the TM, we derived
the normal Young’s modulus by analyzing the force distance
(FD) curve using a modified Hertz model (23). From the
FD curve we also determined the depth to which the TM
was indented by a given normal loading force (Fig. 2 A).
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FIGURE 2 Normal and lateral force spectroscopy. (A)
An averaged force-distance curve for a TM sample (solid
line) and the corresponding cantilever deflection (dashed
line). Double-headed arrows indicate the depth (nm) to
which the TM is indented by each of five different normal
loading forces (3, 9, 16, 26, and 36 nN). (B) Averaged
lateral force versus lateral displacement curves acquired at
the same TM position as was used for the force—distance

curve (B) under five different normal loading forces
denoted adjacent to the curves. The lateral force grows as
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Subsequently, we carried out a lateral force measurement at
the same TM position (Fig. 2 B) for a specific TM indentation
depth (achieved by applying the appropriate normal loading
force, as determined from the FD curve). Measuring lateral
force curves with the loading forces shown in Fig. 2 from
all TM samples was technically impossible. The cantilevers
used for this study were too soft to indent the stiff basal TM
samples to a depth of >200 nm, whereas they were too stiff to
produce lateral force curves of sufficient quality for the soft
apical TM samples during indentation to depths of <100 nm.
However, the cantilevers were well suited to measuring lat-
eral force curves at indentation depth of 150-200 nm, and
therefore such curves were obtained and analyzed for all TM
samples at that depth. Moreover, this level of indentation is
similar to the initial depth (~100 nm) at which stereocilia are
naturally embedded within the TM, as determined by cryo-
electron microscopy (24).

In a previous study, we measured the normal mechanical
properties of the TM (10). The results indicated that TM
stiffness in the apical region (the low frequency response
region of the cochlea) is one order of magnitude lower than in
the basal region (the high frequency response region). Fig. 3
shows the averaged lateral stiffness of the TM, measured
along the radial (x) and longitudinal (y) axes of the TM.
Similarly to our normal force results (10), we find a gradual
increase in the lateral stiffness of the TM going from the
apical to the basal region of the cochlea, independent of radial
orientation. Student’s #-test showed that the difference in
lateral stiffness values along the longitudinal direction is
significant (p < 0.0001 at 99.9% confidence level). The
lateral stiffness of the TM at its apical end (parallel: 1.9 = 0.2
N/m, n = 18; perpendicular: 2.4 £ 0.2 N/m, n = 27) is only
~20% of its stiffness at its basal end (parallel: 10.5 = 1.1 N/m,
n = 19; perpendicular: 12.4 = 1.0 N/m, n = 36). In the
midturn region of the cochlea, the lateral stiffness of the TM
is 4.4 = 0.3 N/m (n = 36) for an orientation parallel to the
radial direction, and 4.8 = 0.3 N/m (n = 34) for an orienta-
tion perpendicular to it. The differences in lateral stiffness
values between the parallel and perpendicular orientations
are statistically insignificant. Earlier material property mea-
surements made using magnetic beads attached to the surface

Biophysical Journal 94(11) 4570-4576

the normal loading force and, consequently, the indentation

05 depth increases.
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of the TM found it to be threefold stiffer in the radial (x)
direction than in the longitudinal (y) direction (12). However,
we find the TM to be slightly (10-20%) softer along its radial
direction compared with the longitudinal direction, with the
observed differences probably arising from the arrangement
of the TM collagen fibers along its radial direction (20). This
discrepancy between the findings of the two research groups
may point to differences between the properties of the TM
surface (as measured in the earlier study) and its bulk prop-
erties (as assessed using our constant indentation approach).
Alternatively, it may result from the different measurement
methods applied.

To evaluate the interrelations between the mechanical
properties of the TM along its different axes, the corre-
sponding Young’s moduli, Ex, Ey (parallel and perpendicular
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-
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FIGURE 3 The longitudinal distributions of the TM lateral stiffness.
Measurements were localized to the radial zone above the hair cells, which is
probably the most functionally relevant region of the TM. Results are
grouped into three longitudinal regions: apical, midturn, and basal. Each
longitudinal position is subdivided based on the direction of the measure-
ment: along the radial (gray bars) or longitudinal axes (black bars) of the
TM. The TM indentation depth was 150-200 nm in all measurements. The
bars represent the SE, and the number of samples analyzed is indicated by
the number shown in each column.
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to the radial direction, respectively) and E,, should be com-
pared. The normal Young’s modulus (E,) can be obtained
reliably by analyzing the indentation experiments using the
well established Hertz model. However, no model is avail-
able to describe lateral force measurements, which prevents
their being used to directly estimate lateral moduli.

To obtain these moduli, we simulate our lateral force
measurements in the framework of continuum mechanics
using the finite element (FE) method (Fig. 4 A). The TM is
modeled as an anisotropic material characterized by three
independent Young’s moduli (Ey, Ey, and E,). Although E,,
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FIGURE 4 Estimating the lateral mechanical properties of the TM by
finite element analysis and lateral force spectroscopy. (A) The finite element
analysis model. The indentation depth, lateral displacement, as well as the
indenter size and shape are similar to their experimental counterparts. In this
model, a 2-um spherical indenter located 150 nm inside the TM is displaced
laterally from its starting position (blue) to a 0.5-um distant final position
(white wireframe). Colors represent the total stress distribution in the TM
model after the displacement. The size of the TM model was sufficiently
large to exclude edge effects even under maximal strain. (B) Simulated
(dots) versus experimental (solid line) lateral force curves for the TM. The
experimental lateral force curve was measured on a TM sample isolated from
the basal region of the cochlea. A normal Young’s modulus of 300 kPa was
obtained from an indentation-type experiment. Best fit was achieved after
optimization of the lateral mechanical properties of the model TM.
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and E, are free parameters, E, is a constant that is determined
experimentally from the normal FD curve. At the end of the
FE calculation, the simulated lateral force curve is super-
imposed over the experimental curve. The differences be-
tween the two curves are minimized by optimizing the E, and
E, values of the modeled TM. The model properties that best
fit our force measurements are considered the estimated TM
lateral moduli (Fig. 4 B). To evaluate the robustness of the
model and the sensitivity of the estimated Young’s moduli,
we analyzed a series of lateral force curves acquired from a
single TM position, at different indentation depths ranging
between 100-200 nm. The variance of the FE analysis results
was 22% for the entire range and 7% for the indentation range
used in this study (150-200 nm).

According to our FE analysis (Table 1), the TM is ~1.5-
fold stiffer along the axis that is perpendicular to its radial
direction (E,) than along its radial axis (E,). Lateral stiffness
measurements indicate that the difference between the par-
allel and perpendicular orientations is smaller and statisti-
cally insignificant (Fig. 3). This apparent discrepancy arises
from a limitation in our lateral force measurements. To
switch from measuring the lateral stiffness values along the
radial (x) direction to measuring them along the perpendic-
ular (y) direction, the TM sample must be rotated by 90°. This
technical limitation makes measurements of the lateral stift-
ness along both orientations from a single position impossi-
ble. As aresult, the averaged lateral stiffness values shown in
Fig. 3 represent independent sets of data acquired from dif-
ferent locations and often from several TM samples. By
contrast, the FE models are optimized to fit lateral force
curves that represent a set of material properties representing
a single position. To resolve this inconsistency, we calculated
a probability distribution function of perpendicular to parallel
lateral force ratios for each of the three measured longitudinal
regions (Supplementary Material, Fig. S1). In support with
our FE analysis results, we find that the probability of ob-
taining a measured stiffness ratio of above 1.2 is >50%.
More importantly, the FE analysis results indicate that, along
the entire length of the TM, both lateral moduli (Ey, E,) are
significantly lower than the normal modulus (£,). The lateral
modulus E, (parallel to the TM radial direction) is ~6.7, 4,
and 2.5 times lower than the normal modulus in the basal,
midturn, and apical regions, respectively.

TABLE 1 Summary of the mechanical properties of the TM

Young’s modulus (kPa)

Longitudinal

position Ey E, E,
Apical 11 16 28
Midturn 18 31 73
Basal 45 75 300

The lateral Young’s moduli, E, and E,, are obtained by optimizing the finite
element model for lateral force spectroscopy to the experimental measure-
ments. The normal Young’s modulus, E,, is derived from the normal
indentation experiment by fitting a modified Hertz model.

Biophysical Journal 94(11) 4570-4576
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It is possible, however, that the observed differences in
stiffness between the lateral and normal directions are af-
fected by the fact that different experimental methods were
used to obtain them (indentation versus lateral force). To
exclude this possibility, we characterized the mechanical
properties of a series of polydimethyl siloxane (PDMS)
samples with different stiffness values using both experi-
mental methods (Fig. 5 shows one example). The isotropic
material properties of the samples were confirmed by a tensile
tester. Normal modulus values obtained by AFM indentation
experiments perfectly agreed with those obtained from the
tensile test. Analysis of the lateral moduli showed that, for all
samples, the FE-model-derived E, was equal to Ey, and they
were both slightly larger than the Hertz-model-derived E, by
a factor ranging from 1.1 to 1.7.

Finally, we simulated the mechanical interactions between
the TM and embedded stereocilia using the FE method. The
TM was modeled as an elastic 3D plate. Given that a stere-
ocilium is markedly stiffer than the TM, it was modeled as a
nondeformable rod (Fig. 6, A—C). The diameter of the stereo-
cilium (300 nm), its initial position inside the TM (100 nm),
and angle relative to the TM surface (20°) were obtained from
electron microscopy and histological data (24,25). To simu-
late in vivo motion, the stereocilium was pushed against the
TM along its longitudinal axis (Fig. 6 A, white double-headed
arrow), whereas rotational movements were unconstrained. In
the control simulation, the TM is modeled as an isotropic
material. As the stereocilium is pushed against the isotropic
TM, it pierces it while maintaining its initial orientation (Fig.
6 B, and Movie S1). By contrast, when the TM is modeled as
an anisotropic material that has mechanical properties as per
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FIGURE 5 Estimating the mechanical properties in the lateral direction of
an isotropic PDMS sample by lateral force spectroscopy and finite-element
analysis. Experimental lateral force measurements (solid line) were then
obtained at an indentation of 150 nm. Thereafter, a simulation of the lateral
force measurements (open circles) was carried out using the finite element
method, with the PDMS mold being modeled as an anisotropic material
characterized by three independent Young’s moduli (Ey, Ey, and E,), where
E, is set at the experimentally determined value of 420 kPa. Best fit between
the experimental and simulated lateral force curves was achieved when the
lateral stiffness moduli of the simulation model were set at E, = E, = 700
kPa (this being only 1.7 times the value of E,).

the findings of this study (Table 1), the vertical motion of the
base of the stereocilium is converted into a lateral deflection
of its tip (Fig. 6 C, D, and Movie S2). The mechanosensitive
ion channels at the stereocilia tips open in response to the

FIGURE 6 Finite element simulation
for the mechanical interactions between
the TM and stereocilia. (A) The TM is
modeled as an elastic 3D plate made of
anisotropic homogenous material. The
stereocilium is modeled as a nondeform-
able rod (150 nm in diameter) capped by
a sphere at its tip, implanted 100 nm into
the TM. The base of the stereocilium is
moved vertically along its longitudinal
axes (double-headed white arrow). (B)
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shearing motion of adjacent stereocilia. This motion depends
on the lateral movement of the stereocilium tip rather than on
its deflection angle. The length of the stereocilia is smallest at
the basal end of the cochlea, and it gradually increases along
the length of the cochlea until it is maximized at the apex (26).
If the stereocilia deflection angle were constant throughout the
entire length of the cochlea, the resulting lateral displacements
of their tips would be smallest at the basal end and largest at
the apex. We find that when maximally deflected, the ste-
reocilium is tilted by an angle of 1.3°, 1.75°, and 2.6° relative
to its initial position in the apical, midturn, and basal regions,
respectively. Strikingly, these deflection angles perfectly match
the corresponding stereocilium length (26), such that the
resulting lateral movement of the stereocilium tip is kept
constant (~114 nm) along the entire length of the cochlea.
The lateral movement and the deflection angle of the stere-
ocilium predicted by our model agree extremely well with the
experimental observations (27).

Several studies suggest that deflection of outer hair cell
stereocilia is stimulated by viscous fluid forces in the cochlea
(28-30). Our results suggest that the deflection motion is a
direct outcome of the anisotropic material properties of the
TM. This finding does not contradict the hypothesis ac-
cording to which fluid plays a role in stereocilia deflection
motion. In fact, the coexistence of these two mechanisms
may enhance the conversion efficiency of OHC transverse
motion into the lateral motion of their stereocilia.

The functional significance of the results obtained in this
study becomes apparent in light of a recent study (31), which
indicated that the mechanosensitive ion channels of hair cells
function more efficiently when the stereocilium bundles de-
flect in concert in the same direction. Our results indicate that
the motion of the stereocilium is controlled by the anisotropic
properties of the TM. Because the material properties of the
TM are fairly consistent within the area of a single bundle,
our model predicts that the bundle will simultaneously move
in a unidirectional manner.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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