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Abstract

Background: The tectorial membrane (TM) in the mammalian cochlea displays anisotropy, where mechanical or structural
properties differ along varying directions. The anisotropy arises from the presence of collagen fibrils organized in fibers of
,1 mm diameter that run radially across the TM. Mechanical coupling between the TM and the sensory epithelia is required
for normal hearing. However, the lack of a suitable technique to measure mechanical anisotropy at the microscale level has
hindered understanding of the TM’s precise role.

Methodology/Principal Findings: Here we report values of the three elastic moduli that characterize the anisotropic
mechanical properties of the TM. Our novel technique combined Atomic Force Microscopy (AFM), modeling, and optical
tracking of microspheres to determine the elastic moduli. We found that the TM’s large mechanical anisotropy results in a
marked transmission of deformations along the direction that maximizes sensory cell excitation, whereas in the
perpendicular direction the transmission is greatly reduced.

Conclusions/Significance: Computational results, based on our values of elastic moduli, suggest that the TM facilitates the
directional cooperativity of sensory cells in the cochlea, and that mechanical properties of the TM are tuned to guarantee
that the magnitude of sound-induced tip-link stretching remains similar along the length of the cochlea. Furthermore, we
anticipate our assay to be a starting point for other studies of biological tissues that require directional functionality.
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Introduction

Biological tissue often achieves its function through anisotropic

elastic properties. The mammalian inner ear seems to rely on an

anisotropic extracellular matrix, the tectorial membrane (TM),

to guide sound-induced vibrations to specific sensory hair cells.

To understand the role of the TM in hearing it is helpful to

outline the basic elements of the hearing process [1]. The

mammalian hearing epithelium, the organ of Corti, sits inside

the snail-shaped cochlea on the basilar membrane (BM). The

BM is graded in stiffness along the cochlea and vibrates in

response to sound-induced movements of the cochlear fluids. As

a result, the stereocilia bundles of outer hair cells (OHCs) are

sheared against the TM, which is situated over the sensory

epithelium and spans the entire length of the cochlea. The

OHCs can change their length through a piezo-electric

mechanism when stereocilia are deflected [2]. Stereocilia

deflection in OHCs and inner hair cells (IHC) stretches tip-

links that open transduction channels, thereby inducing a

receptor potential and modulating neurotransmitter release onto

the postsynaptic spiral ganglion neurons [1].

Recent studies using mutant mice with altered TM organization

have shown that its morphological anisotropy has a crucial role in

mammalian hearing [3,4,5]. This acellular matrix contains two

main groups of components, collagen fibrils and non-collagenous

proteins. The latter compose a striated-sheet matrix surrounding

the collagen fibrils [5]. Collagen fibrils are organized in thick fibers

of ,1 mm diameter that run nearly radially across the TM [6].

Surprisingly, the existence of TM’s anisotropy in mammals is

accompanied with a unique pattern and orientation of sensory

cells, typically with one row of IHCs and three rows of OHCs [1].

Furthermore, the collagen fibers and the OHC stereocilia bundles

display a coincident slanting with respect to the radial direction

[7–9]. This suggests that the direction of collagen fibers in the TM

coincides with the direction of stereocilia bundle deflection that

leads to maximal sensitivity. Nevertheless, despite all these striking

directional cues, the relevance of TM’s mechanical anisotropy in

hearing has not been established. This requires measurement of

the anisotropic mechanical properties of the TM and subsequent

modeling of the TM’s mechanical interaction with hair cell

stereocilia. It is important to emphasize that elastic moduli (as well

as Young’s modulus for an isotropic material) cannot be directly
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measured. An elasticity model is required to relate measurements

of force and displacements to elastic moduli.

A number of morphological studies have noted the anisotropy of

the TM and speculated about its function [4,5,10]. In spite of that,

many studies aimed at measuring the mechanical properties of the

TM have disregarded the prominent presence of the oriented

collagen fibers, which renders the TM mechanically anisotropic

[11–14]. Accordingly, the TM was modeled as an isotropic

homogeneous material, and only one elastic modulus was

reported. One recent study used Atomic Force Microscopy

(AFM) to estimate the effective Young’s modulus of the TM

along different orthogonal directions [15]. That study did not

provide knowledge of the actual anisotropic elastic moduli of the

TM, since an anisotropic elasticity model was not used.

We have previously described the TM using the simplest model

of anisotropy, the transversely isotropic model, in which there is a

single family of parallel fibers embedded in a matrix whose elastic

properties are the same in any direction perpendicular to the fibers

[16] (Fig. 1). In such a model, the fibers correspond to the collagen

fibers and the matrix corresponds to the striated-sheet matrix of

non-collagenous proteins. When the material is incompressible,

mechanical properties can be described by three elastic moduli, a

fiber modulus (Ef) and two shear moduli, one parallel to the fibers

(mL) and another perpendicular or transverse to them (mT) [17].

The influence of these moduli are depicted in the upper row of

Fig. 1, The larger the moduli the more difficult it is to deform the

material in response to the applied stresses indicated by the arrows.

Such elastic constants determine stress-strain relations, wave

propagation speed, and the amount of stereocilia deflection when

they are sheared against the TM.

Here we report a new technique to measure the anisotropic

mechanical properties of the TM by combining AFM, fluores-

cence microscopy and modeling. The main technical contribution

of the present work was unraveling which measurements to make

on the surface of the TM to find the 3 moduli (see Fig. 1 lower

row), and overcoming the essential difficulty in applying a

calibrated shear force by the AFM cantilever in the surface plane

of the TM. This novel approach has enabled us to measure for the

first time the three anisotropic elastic moduli of the TM.

Results

A new technique to measure tissue anisotropy
Elastic moduli determine the way a material deforms in

response to an applied force. Analogous to the way a deformation

pattern is transmitted along the surface of a bed when someone sits

on it, deformations of the surface of the TM will also be observed

when an AFM tip is used to impose forces on it. Clearly, those

displacements must decay with increasing distance to the point of

force application. A representative relation between applied forces,

DF, and resulting displacements Dd, is Dd~ DF
2pmLr

, involving an

elastic modulus and the distance r between the points of force

application and observation. This kind of behavior for the

transmission of deformations is found for a transversely anisotropic

material. For such a material, the relationship between forces and

deformations is described by a surface Green’s tensor Gij x,y,0ð Þ,

Figure 1. Elastic moduli of transversely isotropic fiber model. Upper row: the longitudinal shear modulus mL characterizes the elastic
resistance to shear stresses applied to faces in a direction parallel to the fibers; the modulus mT characterizes the elastic resistance to shear stresses
applied to faces in a direction perpendicular to the fibers; the fiber modulus Ef characterizes the resistance to tensile stresses applied to the fibers. In
all cases, the larger the modulus the larger the resistance to deformation. Lower row left panel: the AFM probe exerts a shear force to the surface of
the TM in the fiber direction and the resulting y-displacement of a fluorescent microsphere positioned at the center (not shown) is recorded, The
measurement is repeated for different AFM tip-microsphere y-distances and the G22(0,y,0) formula (cf. Modeling) is fit by regression to extract mL.
Lower row middle panel: the AFM probe exerts a shear force to the surface of the TM perpendicular to the fiber direction and the resulting x-
displacement of a fluorescent microsphere is recorded, The measurement is repeated for different AFM tip-microsphere y-distances and the G11(0,y,0)
formula is fit by regression to extract mT. Lower row right panel: the AFM probe exerts a shear force to the surface of the TM in the fiber direction and
the resulting x-displacement of a fluorescent microsphere is recorded, The measurement is repeated for different AFM tip-microsphere x-distances
and the G22(x,0,0) formula is fit by regression to extract Ef given mL.
doi:10.1371/journal.pone.0004877.g001

Anisotropy of the TM
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which contains the three elastic moduli of the material, and whose

elements represent surface displacements in the ith direction that

result from a unit point force at the origin acting in the jth

direction. Interestingly, for a transversely isotropic material,

Gij = Gji,, i.e. Green’s surface tensor is symmetric, so there are

only six independent elements, albeit they are very mathematically

complex in general. Along special directions however, some

elements are given by simple functions that involve only one elastic

modulus. We have used those tensor elements to readily estimate

the elastic moduli of the material. Therefore, when designing our

experimental setup (Fig. 2), the direction of forces that were

applied as well as the direction of displacements measured, on the

surface were carefully chosen to correspond to the tensor elements

that provided direct computation of the elastic moduli (Fig. 1,

lower row). It should be noted that the experimental design

required forces to be exerted in the surface plane of the TM.

Current AFMs, however, provide actual estimates of force only in

the vertical direction. Therefore, we modified our AFM by placing

it over a custom-made wedge, with a 10 degree tilt. By tilting the

AFM head, we could apply a controlled component of the force in

the plane of the stage (X–Y plane). Nevertheless, when the AFM

head was tilted the applied force still retained a component in the

vertical direction. Consequently, measurements were repeated in a

non-tilted configuration to subtract the displacement resulting

from vertical forces. The wedge could also be rotated, enabling the

force on the X–Y plane to be directed parallel or perpendicular to

the TM’s fibers. To detect force-induced displacements, fluores-

cent beads were deposited onto the surface of the TM and tracked

with nanometer resolution (Fig. 3 and 4). We then used our

anisotropy model to compute the three elastic moduli from the

applied forces, the observed bead displacements and the tip-bead

distances.

The TM exhibits marked anisotropy with larger elastic
moduli at the base than at the apex

For each measurement, the initial indentation was 1 mm and

the cantilever was ramped with a sawtooth time pattern an

additional micron in the same direction as the initial indentation

(Fig. 4 right). Ramping indentations resulted in oscillatory forces

with amplitudes ranging 10–120 nN. Consistently, the position of

the fluorescent beads also displayed oscillatory movements with

amplitudes ranging 20–200 nm (Fig. 3 and 4) at an angle with

respect to the direction of the applied force. It should be noted that

this angle arose from two different reasons. On the one hand, for

certain configurations the Green’s tensor predicts a component of

displacement perpendicular to the force. On the other hand, small

misalignments between the direction of force application and the

direction of the fibers also contribute to this perpendicular

component (Fig. 3). This angle did not enter into the calculation

of the elastic moduli since only the component of displacement in

the direction of the applied in-plane force component was required

(see Modeling section below). As the tip was moved away from the bead

during a set of measurements, forces did not change markedly, but

Figure 2. Setup to measure mechanical anisotropy. Point-like
forces (DF) were imposed to indent the surface of the TM using a
spherical tip. Since our experimental approach required controlled
lateral forces, the AFM was tilted with respect to the stage. Surface
displacements (Dd) were detected by tracking fluorescent beads
deposited onto the surface of the TM. A set of measurements consisted
of several indentation measurements performed at increasing tip-bead
distances (r).
doi:10.1371/journal.pone.0004877.g002

Figure 3. Representative bead position tracked in the plane.
The bead moved back and forth as a result of an oscillating force
applied on the TM. Double-headed arrow indicates the approximate
direction of the applied force in the surface plane. A component of
force was imposed in the z direction (perpendicular to the figure’s
plane). Dotted line shows the direction of the collagen fiber below the
bead. Scale bar = 20 nm. The trajectory of the bead when no force was
applied to the TM represents the measurement noise (upper left). Inset:
Fluorescence image of the bead on the TM. Scale bar = 1 mm.
doi:10.1371/journal.pone.0004877.g003

Figure 4. Time course of force imposition and bead displace-
ment. Right. A representative oscillatory force applied to the TM using
a 10 mm spherical tip. Offset force has been subtracted. Left. Resulting
displacement of a bead attached to the TM in the direction parallel to
the fiber. The bead was 8 mm away from the tip. Bead position was
observed by fluorescence imaging and tracked with nanometer
resolution using a Gaussian mask algorithm. Amplitude of force and
displacement oscillation, as well as bead-tip distance, were then used
for elastic moduli computation.
doi:10.1371/journal.pone.0004877.g004
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resulting bead displacements were found to decrease. Therefore,

Ddi

�
DFj was observed to decrease with increasing tip-bead

distances. In addition, decreases in Ddi

�
DFj were well-fitted by

a linear function of 1/|r|, indicating strong agreement between

our model and the experimental data (see Modeling in the Methods

section and Fig. 5). On additional measurements, we verified that

the slope of the fit did not depend on the initial indentation (Fig.

S1). The slopes of the fits were then used to compute the three

elastic moduli. The fiber modulus was found to be on the order of

a KPa, whereas the shear moduli were an order of magnitude

smaller (Table 1). All elastic moduli displayed larger values at the

base of the TM than at the apex.

Estimation of other mechanical properties of the TM and
relevance of collagen fiber slanting

Previous studies have reported various quantities that reflect

certain extended mechanical properties of the TM. Such

quantities include the propagation velocity of shear waves

traveling longitudinally along the TM and the effective Young’s

modulus for an isotropic material. Using our modeling capabilities,

we have derived formulas that relate shear wave speed (C) and

effective Young’s modulus (E) to the three elastic moduli that

characterize a transversely isotropic material (Supplementary

information S2):

C hð Þ2~ mL

r
cos2hz

Ef z2mL

4r
sin22h E~3mT

:Sg33 h,mL=mTð ÞT

where r is the material’s density and h the slanting of the collagen

fibers with respect to the radial direction. These formulas

constitute in themselves theoretical results for this article. Table 2

shows the derived formulas, the estimates of C and E computed

using the elastic moduli we have measured, as well as values

previously reported in the literature. With one exception (reference

[13]), our estimates of E lie in the range of the prior findings and

reproduce qualitatively the gradient reported in the mechanical

properties from base to apex in the TM. Comparison of the

employed measurement methods and the results obtained can be

found in the Discussion section. It should be noted that our

estimates for shear wave speed represent a lower bound for this

parameter, since viscoelasticity effects, which increase effective

wave speeds [18], are not taken into account in our model.

Accordingly, reference [18] observes similar apex-base gradients in

shear wave speed, but reports greater values. Finally, our derived

formula indicates that shear wave speed depends on the slanting

angle of the collagen fibers. We compute that if collagen fibers

were not slanted, longitudinally traveling waves would be observed

to propagate ,2-fold slower, according to the formula given in

Table 2, which is derived in Supplementary information S2. Here

we confer, a relevance to the long observed slanting of the collagen

fibers.

Larger elastic moduli at the base correlate with thicker
collagen fibers and smaller gaps between them

Changes in the mechanical properties of the TM along the

length of the cochlea were related to changes in the width or

distribution of the collagen fibers composing the TM. The surface

of the TM facing the sensory epithelium was imaged by DIC

microscopy and the acquired images were then analyzed using an

enhanced autocorrelation technique (Supplementary information

S1, Fig. S3 and Fig. S4). We simultaneously measured fiber width

and fiber periodicity, i.e. the distance between the centers of two

neighboring fibers. In agreement with our finding that Ef was

largest in the base, collagen fibers were found to be thickest in the

basal region (1 mm). Fiber thickness then displayed a uniform

decrease towards the apex (0.4 mm) (Fig. 6a). Fiber periodicity was

also found to decrease from base to apex, but the slope of the

decrease was smaller than that of fiber thickness (Fig. 6b).

Consequently, fiber 1D density (fiber width/periodicity) also

decreased from base to apex (data not shown). Finally, the gap

Figure 5. Algebraic decrease of the ratio between displace-
ments and forces as the tip was moved away from the bead.
Behavior of Dd/DF with increasing bead-tip distances (1/|r|). Solid line is
the best linear fit, the slope of which yields an elastic modulus (see
Table 1). This example graph shows the fit that gives the shear modulus
perpendicular to the fiber in the apex of the cochlea. Samples from the
same animal and cochlea location were averaged together for a single
data point. Data are shown as mean6SE (N being the number of
animals used).
doi:10.1371/journal.pone.0004877.g005

Table 1. Elastic moduli at the base and apex.

Apex Base

mL (Pa) 181666 3346450

mT (Pa) 7268 2056170

Ef (KPa) 1.8260.72 5.39611.13

doi:10.1371/journal.pone.0004877.t001

Table 2. Other mechanical properties of the TM.

Apexa Basea

this work othersb this work othersb

Young’s Modulus (KPa) 0.78 0.53 [14] 1.93 1.9 [14]

,4.5 [12] ,4.5 [12]

,25 [13] ,215 [13]

Wave speed (m/s) 0.66 ,4 [18] 0.82 ,7 [18]

ah values were 15u in the base and 25u in the apex [7].
bNumbers in brackets identify referenced paper.
doi:10.1371/journal.pone.0004877.t002
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between fibers was largest at the apex of the cochlea (0.75 mm at

the apex vs 0.6 mm at the base) (Fig. 6c). Because this gap between

collagen fibers is composed of striated-sheet matrix, larger gaps

sizes at the apex agree with the smaller shear moduli we found at

that location of the cochlea.

Discussion

In this study we have used a novel technique to measure the

anisotropic mechanical properties of the tectorial membrane. The

elastic moduli are larger at the base of the cochlea, where collagen

fibers were found to be thicker and the gap between them was

smaller. The measured fiber modulus is an order of magnitude

larger than the two shear moduli, resulting in a strong transmission

of TM’s deformations along the direction of the collagen fibers.

Limitations of the method
We measured anisotropy of TM samples that were isolated from

the tissues to which they normally attach and were then attached

to a glass slide. Therefore, the sample preparation must be

discussed to understand the applicability of our findings.

Moreover, we will also briefly discuss the assumptions made for

our model. The TM is very sensitive to the changes in the ionic

concentration and the pH of its surrounding fluids [10,19]. Such

changes cause the TM to shrink or swell. TM’s samples were

submerged in artificial endolymph (AE) throughout dissection,

storage and measurement. The AE composition we used was

proposed by Shah et al. [19] and has become the standard bathing

solution for studies on mechanical properties of the TM.

Consequently, our results can be readily compared to other

mechanical studies of the TM and to a great extent mimic the

environment of the TM in in vivo conditions. It has been reported

that the mechanical properties of the TM vary with time after

dissection [11]. Although time variations can account for some of

the variability of our results, they are too small to account for the

observed difference in the mechanical properties between base and

apex. The anisotropy model used is based on two assumptions,

semi-infinite thickness and incompressibility of the material. The

semi-infinite thickness assumption holds when the range of

indentations used is much smaller than the thickness of the

sample. The guinea pig’s TM thickness in the studied region is in

the range of 34 to 41 microns [20]. Using the lower value of this

range, we estimate the amount of displacement, using our model,

to decrease to 0.5% at the surface of the TM opposite to where the

forces were imposed. Therefore, the attachment of the TM to the

underlying glass had no effect, and the semi-infinite thickness

assumption is justified (Fig. S2). Because the TM is a polyelectro-

lyte gel, the incompressibility assumption holds if the deformations

are imposed fast enough to prevent changes in volume during one

cycle. One indentation cycle took 3.3 seconds, while the time

required for volume changes of the TM has been reported to be

,1 hour [21]. On the other hand, the quasi-static approach used

also guaranteed that no viscous forces contributed to our

measurements. Finally, the TM’s surface exhibits some curvature

when laid flat onto a coverslip. According to our measurements,

the tangent angle on the region studied was ,5 degrees. Because

the measurements were repeated in the tilted and non-tilted

configuration and the resulting displacements were subtracted, the

TM’s angle does not affect the approach angle of the indenter.

However, the remaining force component was directed on the

plane of the coverslip, not the plane of the TM. This resulted in

only a 0.4% (1-cos5u) overestimation of the force applied on the

plane of the TM’s surface.

Comparison with previous techniques to measure
mechanical properties of tissues

To estimate the anisotropic mechanical properties of a

biological tissue, a suitable technique to apply controlled

horizontal forces on the surface of the sample is required. Previous

studies on the TM have pulled a magnetic bead to apply such

Figure 6. Changes in the morphology of collagen fibers in the
TM from base to apex. Graphs show periodicity (a), thickness of
fibers (b) and gap between fibers (c) with respect to TM’s width. For
each imaged sample, the width of the TM was measured and used as an
estimate of the distance from the base of the cochlea. Narrower TM’s
were considered to be samples extracted from regions closer to the
base. Samples from the same animal and cochlea location were
averaged together for a single data point. Data are shown as mean6SE
(N being the number of animals used). Insets: examples of DIC images
of the surface of the TM facing the OHC recorded at the base and the
apex. Size of images in insets is 21 mm.
doi:10.1371/journal.pone.0004877.g006
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forces along perpendicular directions [11]. Nevertheless, the

uncertainty in the estimation of the contact area between the

magnetic bead and the TM does not allow measurement of

absolute stresses or elastic moduli. Similarly, a recent approach

using lateral force application with an AFM tip, mixed cantilever

twisting and slipping regimes, failing to obtain actual elastic

moduli estimates [15]. Unlike common AFM or magnetic bead

techniques to estimate stiffness, which measure sample deforma-

tion through cantilever bending or bead movement, our setup uses

microscopic beads resting over a fiber to track surface deforma-

tion. By uncoupling the probe imposing force onto the surface

from the probe tracking sample deformation we can measure the

third elastic modulus, that is, the fiber modulus, for the first time.

Estimation of this modulus would not be possible with a standard

AFM alone or a rheometer. Finally, it should be noted that the

estimates for radial and longitudinal stiffness or the elastic moduli

along orthogonal directions previously reported [14,15] are probe

dependent or unrelated to an anisotropic solid model. These facts

limit their applicability to the study of cochlear mechanics. By

contrast, the three elastic moduli we report can be readily used in

models of wave propagation in the cochlea to further our

knowledge of the hearing process.

Comparison to previous TM mechanical measurements
Young’s modulus of the tectorial membrane has been measured

by several groups in the past recent years, as is shown in Table 2. It

should be noted that considerable effort was devoted to assess

whether the TM displays graded stiffness along its length. In a

previous paper, we could not statistically show differences on E

from base to apex, although the measured values of E were in

the range of those previously and subsequently reported [12].

On the contrary, Gueta et al. reported graded stiffness along the

cochlea, but the observed magnitudes were at least an order of

magnitude greater than all published data [13]. The discrepancy

in the results may be explained by the small size of their probe,

which has been shown to result in overestimations of E [22].

Richter et al. have been the only group so far to report Young’s

modulus of the TM in situ [14]. Interestingly, the effective

Young’s modulus we compute is in total agreement with their

data, both in magnitude and gradient. It should be noted that

their measurements reflect the combined stiffness of the spiral

limbus (SL) and the TM, as it is felt by the OHCs’ bundles.

Since the two contributions are in series, the similarity between

their and our results indicates that the Young’s modulus of the

SL attachment must be much larger than that of the TM.

Similar mechanical properties for the SL have been indicated by

others [18,23]. Together, these results suggest that the

mechanical properties relevant to the OHCs bundles are mainly

those of the TM’s body and not the SL.

Relationship between probe size and stereocilia diameter
The main role of the TM in hearing is its mechanical

interaction with the tips of the stereocilia of the OHC. The

diameter of a single stereocilium or its initial indentation into the

TM is in the hundreds of nanometers range [24]. By contrast,

the amount of indentation and the effective contact area of the

probe used in our experiments was on the micron range. To test

the possible implications of this scale difference, we applied force

ramps using different initial indentations and contact areas.

Interestingly, we did not observe marked changes on the

mechanical properties of the TM (Fig. S1). Therefore, our results

reflect the anisotropic mechanical properties of the TM in the

spatial scale relevant to hearing.

TM’s graded mechanical properties ensure that tip-link
stretching remains similar along the length of the
cochlea

We have previously shown that radial motion of the TM is

responsible for sound-induced OHC stereocilia shearing and

subsequent deflection [25]. According to our model and data,

shear forces required to deform the TM in the radial direction

scale as
ffiffiffiffiffiffiffiffiffiffiffi
mLEf

p
(see modeling below), yielding a 2.3-fold difference

from base to apex. We can similarly estimate the amount of forces

required to deflect stereocilia to produce equal amounts of tip-link

stretching from base to apex. It should be noted that the upper end

of the tip-link, the structure that mediates mechanotransduction,

does not extend to the top of the stereocilium [1]. Therefore, tip-

link stretching and resulting opening of ion-channels depends not

on the lateral movement of the stereocilium tip but rather on its

deflection angle. We have used the values of rotational stiffness

reported by Kross [26] for the OHC1 and OHC2 stereocilia

bundles on the second and fourth turn of the cochlea, which match

the locations where our AFM measurements were performed.

Because OHC bundles contain 3 rows of stereocilia all along the

length of the cochlea [27], we can directly convert changes in

bundle rotational stiffness to changes in single stereocilia rotational

stiffness. The change in stereocilia rotational stiffness between the

two selected turns is ,1-fold for the OHC1 and ,5-fold for the

OHC2. Remarkably, the 2.3-fold difference we calculate is in the

range of the rotational stiffness gradients reported experimentally.

Therefore, we suggest that the mechanical properties of the TM

are tuned to guarantee that despite the varying properties of the

stereocilia bundle, sound-induced tip-link stretching remains

similar along the length of the cochlea. Further investigation of

this hypothesis will require anisotropy measurements to be

performed at many more longitudinal and radial locations on

the whole TM.

TM’s marked anisotropy facilitates the directional
cooperativity of sensory cells, which could enhance the
cochlear amplifier

The mammalian TM and the arrangement of the sensory cells

underneath it display striking directional similarities [7–9]. To

expose how several key roles in mammalian hearing can be

enhanced by the anisotropic mechanical properties of the TM we

have combined the measured values of the elastic moduli and our

modeling capabilities. Figure 7 shows the deformations of the TM’s

surface as a result of a point force imposed in the direction of the

collagen fibers. We have used the position of the imprints obtained

from our DIC images (Fig. 7, inset) to correctly orient the stereocilia

bundles. Because of the TM’s marked anisotropy, local deformations

of the TM’s surface decay very fast as we move perpendicular to the

fibers (horizontal direction on the plot), but very slowly in the

direction parallel to them (vertical direction on the plot). The strong

radial coupling between neighboring cells of different rows ensures

that the stereocilia of the three OHCs deflect in concert, so that their

ion-channels are opened at the same time. This could radially

synchronize the prestin-dependent changes in length of the OHCs,

which are crucial for the amplification process required for proper

hearing. On the other hand, it has been proposed that spontaneous

oscillations of the stereocilia bundle can contribute to the cochlear

amplifier. Accordingly, a model has been proposed to estimate the

gains of different spatial arrangements of stereocilia bundles coupled

together through an overlying soft membrane [28]. The large

anisotropy of the TM that we report implies that the TM would act

as a faithful transmitter of stereocilia bundle oscillations only to

neighboring bundles on different rows. According to the model [28],

Anisotropy of the TM
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this would boost the gain of a putative stereocilia bundle amplifier,

resulting in a resonant system of triply-cooperative bundles. Type II

spiral ganglion cells have been observed to innervate ,60 cells,

typically with different types of nerve terminals (afferent, efferent or

reciprocal) for each cell row [29]. It has been hypothesized that such

innervation system could give rise to a complex neural network in the

auditory periphery [29]. Such apparent division of synaptic tasks at

the OHC level could be assisted by the presence of the TM

synchronizing the mechanotransduction events. Thus, the markedly

anisotropic TM could perform multiple tasks of coordinating

somatic and bundle contributions to cochlear mechanics, as well as

influencing neural functions. Indeed, the TM serves as a suitable

material to study mechanical anisotropy and its key role in biological

tissue function. Furthermore, the sophisticated experimental tech-

nique that we have developed will significantly benefit the field of

tissue mechanics by providing knowledge of local mechanical

anisotropic properties.

Materials and Methods

Sample isolation
Tissue samples were acquired from 16 juvenile female

pigmented guinea pigs (weight 150–200 g). Twelve animals were

used for anisotropic mechanical measurements and four for

morphology measurements. Several samples were used for each

animal. All animals included in the study tested positive for pinna

(startle) response. Tectorial membranes were isolated as previously

outlined [12]. In brief, animals were rendered deeply unconscious

by CO2 gas and then decapitated. Bullae were removed and

transferred immediately to an artificial endolymph (AE) bath [19].

Under a dissection microscope, the cochlea was exposed and

individual samples of the TM were isolated from the organ of

Corti. Samples were then transferred and laid onto coverslips

coated with Cell-Tak for subsequent measurement. Upon visual

inspection, we discarded samples that appeared to be folded or

damaged in any way. For anisotropy measurements, we only used

samples attached with the cover net facing down. TM samples

were classified as basal or apical based on the cochlear turn from

which they were dissected. As a finer classification measure for the

TM’s morphology study, we also measured the distance from the

edge of the marginal band to the ridge associated with the

attachment of the TM to the spiral limbus [18]. Measurements

were performed within 24 hours after tissue dissection. Samples

remained submerged in the AE bath throughout this period. No

marked differences were observed on the mechanical properties of

the tissue samples during this 24 hours period. All animal

procedures were conducted according to approved National

Institutes of Health (NIH) animal protocol number 1186-07.

Anisotropy measurements setup
Measurements were performed on the stage of a Bioscope II AFM

(Veeco Metrology Inc., Santa Barbara, CA), coupled to an inverted

fluorescence microscope (Fig. 2). The AFM was used to exert

controlled forces applied to the surface of the TM. A latex bead

(10 mm diam.) glued to a tipless V-shaped Au-coated silicon nitride

cantilever (nominal spring constant 0.58 N/m) was used to indent

the TM. The spring constant of the cantilevers was calibrated using

the thermal fluctuations method [30]. The vertical displacement of

the tip was controlled by the Z-piezo located in the AFM head.

Forces applied to the TM were measured by the AFM’s photodiode.

Lateral displacements of the sample with respect to the tip were

generated by the X–Y piezos located on the stage. At the beginning

of the measurements, the angle between the fibers of the TM and the

X–Y piezos of the stage was established. Knowledge of this angle

enabled us to perform all sample displacements and forces

impositions on the orthogonal coordinate system defined by the

vector parallel to the fibers, the vector perpendicular to the fibers in

the plane of the surface, and the vector normal to the surface. To

enable the AFM to exert a controlled lateral force component, a

custom-made PVC wedge was positioned between the stage and the

AFM. The resulting AFM tilting was 10 degrees. The wedge-AFM

ensemble could also be rotated, enabling the lateral force to be

directed parallel or perpendicular to the TM fibers. Since the AFM

contained the cantilever, the laser source and the photodiode, no

relative displacement arose between these three components.

Fluorescent carboxylated polystyrene beads (1 mm diam.) deposited

onto the surface of the TM were used as markers to track TM

deformations.

Protocol
Before measurements, the relationship between photodiode

signal and cantilever deflection was calibrated by taking a force-

displacement curve at a bare region of the glass coverslip and

measuring its slope. To start the experiment, a fluorescent bead

located in close proximity to the Hensen’s stripe on the region of

the TM located over the OHCs was chosen. Then, a phase

contrast image was acquired to compute the angle of alignment of

Figure 7. Surface deformation patterns of the TM. In this plot
depicting the surface of the TM, the collagen fibers run vertically (not
plotted) and the green inverted Vs represent the stereocilia bundles of
4 neighboring cells (only two of the three existing OHC rows are
shown). A shear point force (20 pN) is applied to the surface of the TM,
with the force oriented in the vertical direction (point of force
application marked by the pink dot over the left bottom stereocilia
bundle). As a result of the shear force, TM’s deformation affects the
neighboring stereocilia bundle located on a different row (vertical
direction), but not the one located on the same row (horizontal
direction). It should be noted that larger longitudinal coupling would
be observed if the stimulus was a wave launched radially or semi-
radially. The deformation field has been obtained using the elastic
moduli measured at the base of the TM and the Green’s tensor for a
transversely isotropic model. Color scale indicates the magnitude (nm)
of deformation. Arrows depict the direction and relative magnitude of
deformation. Arrows are displayed with 600 nm spacing in the radial
direction. Scale bar is 5 mm. Inset: DIC image of the surface of the TM
facing the OHCs. The image shows the imprints of the stereocilia
bundles of two rows of OHCs.
doi:10.1371/journal.pone.0004877.g007
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the fibers below the bead. During the experimental protocol five

subsets of measurements were performed. On the first 2

measurement subsets the AFM was not tilted, and the sample

was moved away from the tip in directions parallel (away from

Hensen’s stripe) and perpendicular to the fibers. Subsequently, the

AFM was tilted so that the lateral force component was exerted in

parallel to the fibers. Again, the sample was laterally moved away

in parallel and perpendicular directions. Finally, the AFM was

tilted to exert the lateral force component perpendicular to the

fibers in the plane defined by the TM surface, and the sample was

moved away only parallel to the fiber. A measurement subset

consisted of 5 indentation measurements performed at increasing

tip-bead distances, starting at 8 mm using 1 mm increases. Each

time the sample was moved, the contact point between the tip and

the sample was assessed by ramping the cantilever in the vertical

direction at a constant speed (3 mm amplitude, 0.3 Hz, 1 mm

indentation). The contact point was visually estimated using the

force-displacement curves. Indentation measurements were per-

formed at 1 mm initial indentation, with a 1 mm amplitude

triangular ramping wave at 0.3 Hz frequency. A force-displace-

ment curve was recorded for one cycle at 512 points per cycle,

whereas images of the fluorescent bead were recorded at 25

frames/sec using a 406 objective and a CCD camera for a

minimum of 3 ramping cycles.

Data processing
Applied force was calculated from AFM recordings, using the

cantilever bending and its spring constant. Amplitude of force

changes (DF) were measured by using the approach direction of

the force-displacement curve and computing its slope. The

product of the slope and the length of one half cycle corresponded

to DF. Sample deformation was measured by identifying changes

in the position of the center of mass of the fluorescent bead from

the previously stored images. The center of mass of the bead was

determined by a Gaussian mask algorithm [31]. After correcting

for slow drifts of the system, the position of the bead over time

resembled the triangular pattern of the applied force. The

triangular wave was then divided in cycles, and bead positions

corresponding to the same temporal instant on different cycles

were averaged together. The slope of the resulting curve times the

length of one half cycle was used as amplitude of bead

displacement (Dd). To test the tracking algorithm, experiments

were performed using fluorescent beads attached to a slide and

moved by a piezo system. Results of the experiments indicate

that the accuracy of Dd computation is 1.3 nm, corresponding to

3.5% variability. All the computations were performed using

Matlab (The Mathworks). In order to assert sample fiber

deformation due solely to lateral forces, displacements measured

on the non-tilting configuration were subtracted from displace-

ments measured on the tilting configuration. The ratio of lateral

forces (DFL) to resulting lateral displacements (DdL) was

computed as follows:

DdL

DFL

~ DdT{DdNT
:DFT cosa

DFNT

� �
: 1

DFT sina

where a is the angle by which the AFM was tilted (10u), and the

T and NT subscripts indicate tilting and non-tilting configura-

tion, accordingly.

Modeling
The Green’s tensor Gij x,y,zð Þ resulting from the Boussinesq-like

solution for an anisotropic material provides 6 independent

relationships between point forces, elastic moduli and resulting

displacements along each axis [16]. In our experiments, the

direction of applied forces and the selected component of the

resulting displacements were conveniently paired in order to

reproduce the elements of the Green’s tensor that provided direct

estimates of the elastic moduli (Fig. 1, lower row). The following

relations were used to compute mL, mT and Ef:

G22 0,y,0ð Þ~ Dd2

DF2
~

1

2pmL

1

y
G11 0,y,0ð Þ~ Dd1

DF1
~

1

4pmT

1

y

G22 x,0,0ð Þ~ Dd2

DF2

%
1

2p
ffiffiffiffiffiffiffiffiffiffiffi
mLEf

p 1

x

where 1 and 2 or x and y denote perpendicular to the fiber and

parallel to the fiber in the surface plane, respectively. The third

formula was also used to compute the stereocilium-induced TM’s

deformation discussed in connection with tip-link stretching.

Supporting Information

Figure S1 Effect of initial indentation on elastic moduli

computation. a: Force ramps were applied at the same locations

of the TM using different initial indentations but equal oscillation

amplitudes (500 nm). Force was applied perpendicular to the

surface of the TM. Initial indentations used were: 500 nm (black),

1000 nm (red), 1500 nm (green), 2000 nm (yellow) and 2500 nm

(blue). Behavior of Dd/DF with increasing bead-tip distances (1/

|r|) was fitted to a linear function for each family of data. Solid

lines are the best linear fit to the data family with matching color.

Dotted line corresponds to the linear fit of all the data points

pooled together. b: Slopes of the linear fits shown above. Data

plotted as mean6SD provided by the fit.

Found at: doi:10.1371/journal.pone.0004877.s001 (2.73 MB TIF)

Figure S2 Decay of sample deformation through the depth of

the TM. Relative behavior of Dd/DF with increasing depth. Dd/

DF was set to one at the TM’s surface. The decay was computed

on a location 1 mm distant from the point of force application.

Found at: doi:10.1371/journal.pone.0004877.s002 (1.93 MB TIF)

Figure S3 Image processing procedure to compute fiber thickness

and periodicity. a: bandpass filtered line. b: normalized autocorre-

lation of the derivative line. Inset: detail of the first positive and

negative peaks of the autocorrelation. Red line indicates fit with a

second order polynomial to obtain the refined peak location.

Found at: doi:10.1371/journal.pone.0004877.s003 (2.70 MB TIF)

Figure S4 Results of the simulations. a: measurement of fiber

periodicity. b: measurement of fiber thickness.

Found at: doi:10.1371/journal.pone.0004877.s004 (3.11 MB TIF)

Supporting Information S1

Found at: doi:10.1371/journal.pone.0004877.s005 (0.03 MB

DOC)

Supporting Information S2

Found at: doi:10.1371/journal.pone.0004877.s006 (0.05 MB

DOC)

Acknowledgments

We thank T. B. Friedman, K. H. Iwasa, G. P. Richardson and I. A.

Belyantseva for critical input.

Author Contributions

Conceived and designed the experiments: NG RSC. Performed the

experiments: NG. Analyzed the data: NG. Wrote the paper: NG RSC.

Anisotropy of the TM

PLoS ONE | www.plosone.org 8 March 2009 | Volume 4 | Issue 3 | e4877



References

1. Fettiplace R, Hackney CM (2006) The sensory and motor roles of auditory hair

cells. Nat Rev Neurosci 7: 19–29.
2. Ashmore J (2008) Cochlear outer hair cell motility. Physiol Rev 88: 173–210.

3. Legan PK, Lukashkina VA, Goodyear RJ, Lukashkin AN, Verhoeven K, et al.
(2005) A deafness mutation isolates a second role for the tectorial membrane in

hearing. Nat Neurosci 8: 1035–1042.

4. Russell IJ, Legan PK, Lukashkina VA, Lukashkin AN, Goodyear RJ, et al.
(2007) Sharpened cochlear tuning in a mouse with a genetically modified

tectorial membrane. Nat Neurosci 10: 215–223.
5. Goodyear RJ, Richardson GP (2002) Extracellular matrices associated with the

apical surfaces of sensory epithelia in the inner ear: molecular and structural

diversity. J Neurobiol 53: 212–227.
6. Gueta R, Tal E, Silberberg Y, Rousso I (2007) The 3D structure of the tectorial

membrane determined by second-harmonic imaging microscopy. J Struct Biol
159: 103–110.

7. Lim DJ (1972) Fine morphology of the tectorial membrane. Its relationship to
the organ of Corti. Arch Otolaryngol 96: 199–215.

8. Furness DN, Hackney CM, Hynd AN (1990) Rotated stereociliary bundles and

their relationship with the tectorial membrane in the guinea pig cochlea. Acta
Otolaryngol 109: 66–75.

9. Saito K, Hama K (1979) Scanning electron microscopic observations of the
under surface of the tectorial membrane. J Electron Microsc (Tokyo) 28: 36–42.

10. Steel KP (1983) The tectorial membrane of mammals. Hear Res 9: 327–359.

11. Abnet CC, Freeman DM (2000) Deformations of the isolated mouse tectorial
membrane produced by oscillatory forces. Hear Res 144: 29–46.

12. Shoelson B, Dimitriadis EK, Cai H, Kachar B, Chadwick RS (2004) Evidence
and implications of inhomogeneity in tectorial membrane elasticity. Biophys J

87: 2768–2777.
13. Gueta R, Barlam D, Shneck RZ, Rousso I (2006) Measurement of the

mechanical properties of isolated tectorial membrane using atomic force

microscopy. Proc. Natl. Acad. Sci U S A 103: 14790–14795.
14. Richter CP, Emadi G, Getnick G, Quesnel A, Dallos P (2007) Tectorial

membrane stiffness gradients. Biophys J 93: 2265–2276.
15. Gueta R, Barlam D, Shneck R, Rousso I (2008) Sound-evoked deflections of

outer hair cells stereocilia arise from tectorial membrane anisotropy. Biophys J

94: 4570–4576.
16. Chadwick RS, Shoelson B, Cai HX (2004) Surface Green’s functions for an

incompressible, transversely isotropic elastic half-space. SIAM Journal on
Applied Mathematics 64: 1186–1197.

17. Spencer JM (1984) Constitutive theory for strongly anisotropic solids. In:

Spencer AJM, ed. Continum Theory of the Mechanics of Fibre-Reinforced

Composites. New York: Springer-Verlag. pp 1–32.

18. Ghaffari R, Aranyosi AJ, Freeman DM (2007) Longitudinally propagating

traveling waves of the mammalian tectorial membrane. Proc Natl Acad Sci U S A

104: 16510–16515.

19. Shah DM, Freeman DM, Weiss TF (1995) The osmotic response of the isolated,

unfixed mouse tectorial membrane to isosmotic solutions: effect of Na+, K+, and

Ca2+ concentration. Hear Res 87: 187–207.

20. Teudt IU, Richter CP (2007) The hemicochlea preparation of the guinea pig

and other mammalian cochleae. J Neurosci Methods 162: 187–197.

21. Masaki K, Weiss TF, Freeman DM (2006) Poroelastic bulk properties of the

tectorial membrane measured with osmotic stress. Biophys J 91: 2356–2370.

22. Dimitriadis EK, Horkay F, Maresca J, Kachar B, Chadwick RS (2002)

Determination of elastic moduli of thin layers of soft material using the atomic

force microscope. Biophys J 82: 2798–2810.

23. Chan DK, Hudspeth AJ (2005) Mechanical responses of the organ of corti to

acoustic and electrical stimulation in vitro. Biophys J 89: 4382–4395.

24. Tsuprun V, Santi P (1998) Structure of outer hair cell stereocilia links in the

chinchilla. J Neurocytol 27: 517–528.

25. Cai H, Shoelson B, Chadwick RS (2004) Evidence of tectorial membrane radial

motion in a propagating mode of a complex cochlear model. Proc Natl Acad Sci

U S A 101: 6243–6248.

26. Kros CJ (1996) Physiology of mammalian cochlear hair cells. In: Dallos P,

Popper AN, Fay RR, eds. The Cochlea. New York: Springer-Verlag. pp

319–385.

27. Raphael Y, Altschuler RA (2003) Structure and innervation of the cochlea.

Brain Res Bull 60: 397–422.

28. Dierkes K, Lindner B, Julicher F (2008) Enhancement of sensitivity gain and

frequency tuning by coupling of active hair bundles. Proc Natl Acad Sci U S A

105: 18669–18674.

29. Thiers FA, Burgess BJ, Nadol JB (2002) Reciprocal innervation of outer hair cells

in a human infant. JARO - Journal of the Association for Research in

Otolaryngology 3: 269–278.

30. Butt HJ, Jaschke M (1995) Calculation of thermal noise in atomic-force

microscopy. Nanotechnology 6: 1–7.

31. Thompson RE, Larson DR, Webb WW (2002) Precise nanometer localization

analysis for individual fluorescent probes. Biophys J 82: 2775–2783.

Anisotropy of the TM

PLoS ONE | www.plosone.org 9 March 2009 | Volume 4 | Issue 3 | e4877


