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and A. J. Aranyosi‡*
†Harvard-MIT Division of Health Sciences and Technology, ‡Research Laboratory of Electronics, and §Department of Electrical Engineering
and Computer Science, Massachusetts Institute of Technology, Cambridge, Massachusetts; {Eaton-Peabody Laboratory of Auditory
Physiology, Massachusetts Eye and Ear Infirmary, Boston, Massachusetts; and kSchool of Life Sciences, University of Sussex, Falmer,
United Kingdom

ABSTRACT The solid component of the tectorial membrane (TM) is a porous matrix made up of the radial collagen fibers and
the striated sheet matrix. The striated sheet matrix is believed to contribute to shear impedance in both the radial and longitudinal
directions, but the molecular mechanisms involved have not been determined. A missense mutation in Tecta, a gene that
encodes for the a-tectorin protein in the striated sheet matrix, causes a 60-dB threshold shift in mice with relatively little reduction
in outer hair cell amplification. Here, we show that this threshold shift is coupled to changes in shear impedance, response to
osmotic pressure, and concentration of fixed charge of the TM. In TectaY1870C/þ mice, the tectorin content of the TM was
reduced, as was the content of glycoconjugates reacting with the lectin wheat germ agglutinin. Charge measurements showed
a decrease in fixed charge concentration from �6:451:4 mmol/L in wild-types to �2:150:7 mmol/L in TectaY1870C/þ TMs. TMs
from TectaY1870C/þ mice showed little volume change in response to osmotic pressure compared to those of wild-type mice. The
magnitude of both radial and longitudinal TM shear impedance was reduced by 1051:6 dB in TectaY1870C/þ mice. However, the
phase of shear impedance was unchanged. These changes are consistent with an increase in the porosity of the TM and a cor-
responding decrease of the solid fraction. Mechanisms by which these changes can affect the coupling between outer and inner
hair cells are discussed.

INTRODUCTION

The tectorial membrane (TM) is an acellular gelatinous
structure that contacts the hair cells in the organ of Corti
and which contains multiple glycoproteins that are highly
expressed only in the inner ear (1). Sound-induced vibra-
tions of the organ drive radial shearing displacement of
the TM relative to the reticular lamina (RL) (2). This radial
motion is believed to deflect outer hair cell (OHC) bundles
directly and inner hair cell (IHC) bundles through fluid
interactions (3). The deflection of OHC bundles drives elec-
tromechanical processes in both cell body (4) and hair
bundles (5), one or both of which deflections are believed
to underlie cochlear amplification. The amplified motion
increases IHC bundle deflection, which provides the
majority of auditory input to the central nervous system.
Consequently, the TM plays at least two mechanical roles
in hearing: driving OHC motility and coupling the increased
motion to IHCs.

A recent study (1) provides evidence that these two roles
of the TM are separable. That study presented a mouse with
a missense mutation in Tecta that caused a Y1870C amino
acid substitution in a-tectorin, a protein that is specific to
the TM in adult cochlea (6). In humans, a similar mutation
causes a dominant 50- to 80-dB hearing loss. Mice hetero-
zygous for this mutation (TectaY1870C/þ mice) had a 55-dB

elevation in compound action potential (CAP) threshold,
but only an 8-dB reduction in basilar membrane (BM)
displacement (1). Taken together, these results indicate
that OHC amplification is only slightly affected in
TectaY1870C/þmice, but the amplified motion does not effec-
tively drive IHC bundle deflection. Here, we report
measurements of bulk compressibility, fixed charge concen-
tration, and shear impedance of TMs from wild-type and
TectaY1870C/þ mice (hereafter referred to as wild-type and
TectaY1870C/þ TMs). These measurements illustrate the crit-
ical importance of the striated-sheet matrix to the mechan-
ical, material, and electrical properties of the TM.
Moreover, they provide some insight into how the molecular
structure of the TM contributes to its two roles in cochlear
function.

METHODS

Preparation of the isolated TM

TectaY1870C/þ transgenic and wild-type mice 6–10 weeks old were asphyx-

iated with CO2 and then decapitated. The pinnae and surrounding tissues

were removed and the temporal bone was isolated. The temporal bone

was chipped away with a scalpel to isolate the cochlea, using a dissecting

microscope for observation. The cochlea was placed in an artificial-endo-

lymph (AE) solution containing (in mmol/L) 174 KCl, 2 NaCl, 0.02

CaCl2, and 5 HEPES, with pH adjusted to 7.3. The cochlea was widely

opened to allow access to the organ of Corti. The TM was isolated from

the rest of the organ by probing the organ with an eyelash. Individual pieces

of TM, primarily from the midfrequency region of the cochlea (apical and

middle turns), were located and transferred via pipette to a glass slide. This

slide was coated with 0.3 mL of Cell-Tak bioadhesive (BD Biosciences,
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Bedford, MA) to immobilize the TM on the slide surface. This immobiliza-

tion served three purposes: 1), it kept the TM from being carried out with

the effluent as various fluids were perfused; 2), it allowed microfabricated

probes to exert shearing forces rather than displace the bulk of the TM; 3), it

allowed TM volume changes to be calculated by tracking the positions of

beads on the TM and the surrounding glass slide.

Analysis of tectorial membrane proteins

Tectorial membranes were collected from cochleas of wild-type and

TectaY1870C/þ mice at 3 weeks of age, as described previously (7). In brief,

mice were killed by exposure to CO2, the labyrinths were placed in cold

phosphate-buffered saline (PBS), and the bony capsules surrounding the

cochlea and the lateral wall of the cochlear duct were removed by dissec-

tion. The samples were briefly stained with 1% Alcian Blue for

� 15min to lightly stain the upper surface of the TM and therefore aid visu-

alization and subsequent collection. The lightly stained TMs were then

teased away from the surface of the spiral limbus with a fine dissecting nee-

dle, collected in cold PBS containing 0.1% TX-100, pelleted in a microfuge

tube, and solubilized by heating to 100�C for 4 min in reducing SDS PAGE

sample buffer. The solubilized TM proteins from a roughly equivalent

number of TMs were separated on 8.25% acrylamide gels and visualized

by one of three methods. One gel was stained with Coomassie Brilliant

blue to make all protein bands visible. Two others were electrophoretically

transferred to polyvinylidene fluoride membranes that were then stained

with 1), a mixture of polyclonal sera raised to chicken Tecta and chicken

Tectb (R9 and R7) (8); or 2), biotinylated wheat germ agglutinin (WGA,

Vector, Burlingame, CA). Bound primary antibodies and biotinylated

WGA were labeled with alkaline-phosphatase-conjugated goat antirabbit

IgG (Dako, Glostrup, Denmark) and alkaline-phosphatase-conjugated

streptavidin (Vector), respectively, and the alkaline phosphatase was de-

tected with NBT/BCIP (nitro-blue tetrazolium chloride/5-bromo-4-

chloro-30-indolyphosphate p-toluidine salt). Coomassie stained gels and

blots were quantified using the National Institutes of Health Image

program, and the intensities of the bands observed on the blots were ex-

pressed as a function of the intensity of the Type II collagen band in the cor-

responding Coomassie stained gel.

Measuring fixed charge concentration

The methods for measuring fixed-charge concentration are as published

previously (9). Fixed-charge groups within the TM attract mobile counter-

ions and thus establish an electrical potential between the TM and the bath

according to the Donnan relation (10). When the TM forms an electrical

conduit between a reference bath and a test bath with a differing ionic

composition, the Donnan potentials formed at the two TM-bath interfaces

need not be equal. The resulting potential difference between baths is given

by

VD ¼ RT

F
ln

0
BBB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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r
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r
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1
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where VD is the potential between baths, R is the molar gas constant, T is the

absolute temperature, F is Faraday’s constant, cf is the concentration of

fixed charge within the TM, and CR and CT are the sums of concentrations

of all ions in the reference and test baths, respectively.

To measure this potential we used a planar clamp technique, as described

previously (9,11,12). The TM was placed over a narrow aperture separating

two baths. The reference bath above the TM was AE with a constant KCl

concentration of 174 mM. Various AE-based test baths were perfused

with KCl concentrations of 21, 32, 43, 87, and 174 mM. The electrical

potential between baths was measured with Ag/AgCl electrodes, and

coupled through an amplifier (DAM60-G Differential Amplifier, World

Precision Instruments, Sarasota, FL) to a multimeter (TX3 True RMS Mul-

timeter, Tektronix, Portland, OR) connected to a computer. DC and AC

potentials were read from the multimeter by the computer every 2–3 s.

Measurements with AC potentials as large as the DC ones indicated the

presence of electrical noise and were discarded. Each test bath was perfused

for 10–30 min at a time, and each bath was perfused at least twice over the

course of an experiment.

Measuring stress-strain relation

The methods used to measure the stress-strain relation of the TM are as pub-

lished previously (9,13). Briefly, TMs from TectaY1870C/þ and wild-type

mice were isolated and affixed to a glass slide. The TM was immersed in

AE containing various concentrations of polyethylene glycol (PEG) with

a molecular weight (MW) of 511 kDa. The applied osmotic pressure for

each solution ranged from 0 to 10 kPa and was computed from the concen-

tration and molecular weight of PEG as described previously (13). The

surface of the TM was decorated with fluorescent microspheres (i.e.,

beads), and sets of 100 images of the TM at focal depths separated by

1 mm were taken once per minute. The positions of beads on the surface

were tracked to determine changes in TM height with an accuracy of

0.1 mm. The z-component of the strain, 3z, is given by

3z ¼ 1� vz; (2)

where vz is the ratio of bead height in the presence of PEG to that in its

absence. The relation between osmotic pressure, sosm, and TM strain was

characterized by a power law, 3z ¼ Asbosm, with A and b determined by

a least-squares fit to the measurements. The longitudinal modulus, a basic

material property of the TM, is defined by the derivative vsosm=vez of this

relation (13).

Measuring shear impedance

Shearing forces were applied in both the radial and longitudinal direction by

means of a microfabricated probe, as described previously (14). The probe

consisted of a base driven by a piezoactuator, a 30 � 30 mm shearing plate

that contacted the TM, and flexible arms that connected the base to the

plate. TM displacements of ~0.5–1 mm were applied by means of the pie-

zoactuator at audiofrequencies of 10–9000 Hz. Stroboscopic illumination

was used to collect images of the TM and the probe at eight evenly spaced

phases of the stimulus. Optical flow algorithms were used to measure

displacements of both the probe and the TM relative to the base (15).

The same algorithms were used to measure TM displacement as a function

of distance from the probe. These measurements were made in both the

radial and longitudinal directions in response to both radial and longitudinal

shear forces.

The impedance of the TM was calculated from the displacement data. In

the frequency domain, the impedance, ZTMðuÞ, is related to the applied

force, FðuÞ, and the measured displacements of the probe base, XbðuÞ,
and shearing plate, XpðuÞ, by

ZTMðuÞ ¼ kTM
ju

þ bTM ¼ FðuÞ
VðuÞ ¼ kmp

XbðuÞ � XpðuÞ
juXpðuÞ ;

(3)

where kTM and bTM are the stiffness and damping, respectively, of the TM;

VðuÞ ¼ juXpðuÞis the velocity of the TM and shearing plate; and kmp is the

stiffness of the microfabricated probe. As in the previous study, the

frequency dependence of TM shear impedance showed no significant

contribution from mass, so the mass term was left out of Eq. 3. For longi-

tudinal forces at frequenciesR4 kHz, the mass of fluid constrained to move
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with the probe introduced a decrease in impedance magnitude and a corre-

sponding phase lead of as much as 45�.

Genotyping of mice and animal care

Genotyping was done by the Massachusetts Institute of Technology Depart-

ment of Comparative Medicine according to published methods (16). The

care and use of animals reported in this study were approved by the Massa-

chusetts Institute of Technology Committee on Animal Care.

RESULTS

TectaY1870C/þ TMs have less prominent
longitudinal fibers and Hensen’s stripe compared
to wild-types

Fig. 1 shows light micrographs of TMs from wild-type and
TectaY1870C/þ mice. In contrast to images of fixed tissue (1),
unfixed TMs had no significant holes or gaps. The radial
fibrillar structure of the TM was clearly visible in both
wild-type and TectaY1870C/þ TMs. The density of radial
fibrils was ~11 fibers per 20 � 20-mm area for both wild-
type and TectaY1870C/þ TMs. However, there are significant
structural changes resulting from the mutation. Hensen’s
stripe, which may play a critical role in IHC bundle deflec-
tion (17), is absent in TectaY1870C/þ TMs. Other structures,
such as the longitudinal fibers that make up the covernet
and the trabeculae, were less prominent or absent in TMs
from TectaY1870C/þ mice. Finally, the TMs of TectaY1870C/þ

mice were significantly thinner overall than those of wild-
type mice.

Protein composition of TM

The effect of the TectaY1870C/þ mutation on the protein
composition of the TM was investigated by making gels
and western blots of proteins from wild-type and
TectaY1870C/þ TMs. Fig. 2 shows gels stained with Coomas-
sie and western blots stained either with a mixture of R7 and
R9 or with biotinylated wheat germ agglutinin (WGA). The
leftmost gels were stained with Coomassie, which stains all
proteins. The center blots were stained with R9, an anti-
a-tectorin stain, and R7, an anti-b-tectorin stain. The right-

most blots were stained with biotinylated WGA, which
recognizes all a-tectorin fragments (high, medium, and
low) and b-tectorin, and should detect n-acetyl glucosamine
and sialic acid residues associated with these bands.

The Coomassie-stained gels demonstrate that wild-type
and TectaY1870C/þ TMs have a similar polypeptide profile.
As it is not possible to recover the entire TM from the
cochlea by dissection, the contribution of the tectorins to
total protein composition was determined relative to the
amount of Type II collagen present in each sample, as deter-
mined by the density of the darkest band in Coomassie
stained gels. Densitometric analysis of blots stained with
a mixture of antibodies to Tecta and Tectb indicated that
band a (the high-molecular-mass a-tectorin fragment) was
reduced by � 10% in the TectaY1870C/þ mutants, whereas
band b (a mixture of b-tectorin and the low molecular
mass a-tectorin fragment) was reduced by � 30%. WGA
staining of the second set of blots reveals three bands. The
densities of bands 1–3 (from the top) for TectaY1870C/þ

TMs were 50–75% of those of wild-types. These results
indicate that the TectaY1870C/þ mutation causes a slight
reduction in the tectorin content of the TM, but a larger
reduction in WGA-reactive glycoconjugates that may
contain charged glucosamine and sialic acid residues.

TM fixed-charge concentration

There is evidence that a-tectorin is a keratan sulfate proteo-
glycan (18), and the observed reduction in glycosylated tec-
torins in the TectaY1870C/þ mouse was predicted to alter the
fixed-charge concentration of the TM. To investigate this
possibility, the fixed-charge concentration, cf, was estimated
by measuring Donnan potentials for TM segments from
wild-type and TectaY1870C/þ mice. Fig. 3 summarizes
these potential measurements. For both wild-type and
TectaY1870C/þ TM segments, the measured potential differ-
ence became more negative for smaller KCl concentrations.
The measured potential differences were less negative at
a given bath concentration for TectaY1870C/þ TMs compared
to wild-types. It was often difficult to maintain a proper seal
with TectaY1870C/þ TMs, so the voltage measurements
tended to be unstable. The results shown here are for three

FIGURE 1 Micrographs of TM segments from

a TectaY1870C/þ mouse (A) and a wild-type mouse

(B). Dotted lines denote the marginal band at the

outer edge of the TM. Solid lines denote the

boundary between the body of the TM and the lim-

bal attachment. Circles are microspheres used to

track TM volume. In TectaY1870C/þ mice (A), radial

fibers are prominent, but Hensen’s stripe is absent.

In B, Hensen’s stripe is indicated by the arrowhead.
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TM segments for which the measurements remained stable
over the time course of the experiment.

The cf values for TM segments from TectaY1870C/þ and
wild-type mice were determined by fitting Eq. 1 to the
measured voltages. The voltages predicted from the fits
fell within the interquartile range of the measurements for
nearly all bath concentrations. The best fit cf values for
wild-type and TectaY1870C/þ TMs were �6:451:4
(n ¼ 5TMs) and �2:150:7 mmol/L (n ¼ 3TMs), respec-
tively. This reduction is larger than the reduction in charged
glycoconjugates measured using blots.

Effect of osmotic stress

To determine whether the TectaY1870C/þ mutation affected
the longitudinal modulus of the TM, the normalized TM

thickness (vz) was measured in response to applied osmotic
stress. Fig. 4 shows this relation for TM segments from
wild-type and TectaY1870C/þ mice. At all applied stresses,
the thickness change was smaller for TectaY1870C/þ TMs
than for wild-types. This difference increased with the
magnitude of stress. At a nominal applied osmotic stress
of 10 kPa (see below), the normalized thickness was
0:89 5 0:05 for TMs from TectaY1870C/þ mice, compared
to 0:50 5 0:05 for TMs from wild-type mice. Moreover,
the incremental volume change for an incremental stress
(i.e., the slope of the stress-strain relation) was lower for
TMs from TectaY1870C/þ mice.

The relation between osmotic stress and thickness roughly
followed a power-law relation. Forwild-type TMs, the best-fit
power-law relation was vz ¼ 1� ð0:2750:06Þsð0:3250:1Þ

osm

(n ¼ 7TMs), with sosm in kPa. For TectaY1870C/þ TMs, this
relation was vz ¼ 1� ð0:0850:02Þsð0:1450:14Þ

osm (n ¼ 9TMs).
This power-law relation was compressively nonlinear for
both wild-type and TectaY1870C/þ TMs. However, the slope
of this relation was significantly shallower for TectaY1870C/þ

TMs.
These results can be explained by an increase in the TM

longitudinal modulus in TectaY1870C/þ mice or by a decrease
in the effective osmotic pressure applied to the TM by PEG.
We have previously shown that for wild-type TMs, only
sufficiently large PEG molecules apply their full osmotic
stress to the TM (13). To test whether PEG was applying
its full osmotic stress to TectaY1870C/þ TMs, we measured
the vz of wild-type and TectaY1870C/þ TMs as a function of
PEG molecular weight (MW) at a nominally constant
osmotic pressure of 250 Pa. As previously reported (13),
vz was constant for wild-type TMs for PEG MW
R200 kDa, corresponding to a maximum pore size of
%22 nm. For TectaY1870C/þ TMs, vz decreased consistently
with PEG MW up to 511 kDa (Fig. 5), corresponding to
a maximum pore size of R36 nm. The increased pore size

FIGURE 2 Pairs of wild-type and TectaY1870C/þ TMs juxtaposed to

compare protein composition. (Left) Coomassie-stained gels (n ¼ 5TMs/

lane). (Center) Western blots stained with R7 and R9 (n ¼ 2:5TMs/lane),

with locations of a- and b-tectorin indicated by a and b, respectively.

(Right) Western blots stained with WGA (n ¼ 2:5TMs/lane), with glycosy-

lated fragments of a- and b-tectorin labeled 1–3.

FIGURE 3 Potential difference, VD, between two baths as a function of

KCl bath concentration, CT, for TM segments from wild-type (n ¼ 5) and

TectaY1870C/þ (n ¼ 3) mice. Circles are the median values and vertical lines

show the interquartile ranges of the measurements. The solid line is the

least-squares fit of the medians to Eq. 1. The median and interquartile

ranges for the least-squares fits of cf were 752 mM and 250:1 mM for

TM segments from wild-type and TectaY1870C/þ mice, respectively.
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FIGURE 4 Relation between nominal osmotic stress and TM volume

change for TectaY1870C/þ (n ¼ 9, black exes) and wild-type (n ¼ 7, gray

circles) TM segments. The scatter in the measurements was larger for

TectaY1870C/þ TMs than for wild-types. Lines represent power-law fits

to the data: vz ¼ 1� 0:27s0:32for wild-types and vz ¼ 1� 0:14s0:08 for

TectaY1870C/þ TMs, where vz and s are normalized volume and stress,

respectively.
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of TMs from TectaY1870C/þ mice suggests that some PEG
entered these TMs. Because the relationship between
concentration and osmotic pressure for PEG solutions is
highly nonlinear (19), the actual osmotic pressure applied
to TectaY1870C/þ TMs is likely to be significantly lower
than suggested by Fig. 4.

TM shear impedance

Because the TM is subjected to shearing forces in the
cochlea, TM shear impedance is an important mechanical
property of the cochlea. To investigate the effect of the
TectaY1870C/þ mutation on TM shear impedance, we
measured the response of the TM to forces applied by a mi-
crofabricated probe at frequencies from 10 to 9000 Hz.
Forces were applied in both the radial and longitudinal
directions. Fig. 6 shows the magnitude and phase of shear
impedance for TM segments from wild-type (n ¼ 5) and
TectaY1870C/þ (n ¼ 4) mice. The TectaY1870C/þ mutation
reduced the magnitude of TM shear impedance by
1051:4 dB for radial forces and 1051:6 dB for longitu-
dinal forces. That is, the TectaY1870C/þ mutation caused
the magnitude of TM shear impedance to decrease by
roughly a factor of 3. The frequency dependence of TM
shear impedance was unchanged by the mutation. The ratio
of radial to longitudinal impedance at 10 Hz was 2:050:8
for TectaY1870C/þ and 1:850:7 for wild-type mice. The
phase of shear impedance was nearly constant with
frequency except above 2 kHz for longitudinal forces, where
impedance phase is affected by the surrounding fluid. For
wild-type TMs, the phase below 4 kHz averaged �7457

�

and �81515
�
for radial and longitudinal forces, respec-

tively. For TectaY1870C/þ TMs, the corresponding values
were �7054

�
and �7754

�
, respectively. These values

were not significantly different, indicating that the phase
of shear impedance was unaffected by the mutation.

Moreover, the elastic contribution to TM impedance was
roughly five times larger than the viscous contribution for
both wild-type and TectaY1870C/þ TMs.

The change in magnitude, but not phase, of TM shear
impedance suggests that a smaller volume of TM was
sheared in TectaY1870C/þ mice. To test this possibility, we
measured the shear displacement of the TM as a function
of distance from the force probe. In response to both radial
and longitudinal forces, TM displacement fell exponentially
with distance from the probe. For three out of four experi-
mental conditions, TM displacement at distances >50 mm
from the shearing probe was consistently smaller for TMs
from TectaY1870C/þ mice compared to wild-types (Fig. 7).
In the fourth condition, displacement versus longitudinal
distance for radial forces, no significant difference could
be seen. This result confirms that the volume of TM sheared
was reduced in TectaY1870C/þ mice.

DISCUSSION

a-Tectorin provides backbone for fixed charge

The solid fraction of the TM has two primary structural
components, the radial collagen fibrils and the striated-sheet
matrix (20). The radial fibers are primarily made up of
collagen types II, IX, XI, and otogelin, and the striated-sheet
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FIGURE 5 TM normalized thickness versus PEG MW in isosmotic solu-

tions for wild-type (gray) and TectaY1870C/þ (black) mice. For each MW of

PEG, the concentration was adjusted to exert a nominal osmotic pressure of

250 Pa. Thickness was normalized to that measured using 511 kDa PEG.

Circles denote the median thickness, vertical lines show the interquartile

range. The values for wild-type TMs have been offset horizontally for clarity.

Thickness for wild-type TMs levels off for PEG with MW R 200 kDa. For

TectaY1870C/þ TMs, thickness continues to decrease with increasing MW.

0.01

0.1

1

10

100

|Z
| (

m
N

-s
/m

)

Radial excitation Longitudinal excitation

10 100 1000 10000

Frequency (Hz)

–135

–90

–45

0

<
Z

 (
de

gr
ee

s)

10 100 1000 10000

Frequency (Hz)

FIGURE 6 Magnitude (upper) and phase (lower) of shear impedance as

a function of frequency for both radial (left) and longitudinal (right) exci-

tation. The plot symbols show the individual measurements for wild-type

(gray) and TectaY1870C/þ (black) TMs. Solid lines show the best fit of

a power-law relation to the magnitude of shear impedance from each

TM. In the radial direction, these power-law relations had slopes of

�0:7950:03 and �0:7950:02 for TectaY1870C/þ and wild-type TMs,

respectively. In the longitudinal direction, these slopes were �0:9250:02

and �0:9550:02, respectively. The magnitude of shear impedance was

consistently lower for TectaY1870C/þ TMs compared to wild-types in both

the radial and longitudinal directions. However, the phase was similar for

both groups. Dotted and dashed lines show the magnitude and phase pre-

dicted for purely elastic and purely viscous materials, respectively.
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matrix is made up mostly of a- and b-tectorin. In the TM,
a-tectorin forms a keratan sulfate proteoglycan (21) associ-
ated with glucosamine and sialic acid. Since these glycocon-
jugates are negatively charged at physiological pH,
a-tectorin and associated structures are key contributors to
the concentration of fixed charge within the TM.

The gel densitometry measurements suggest that the
concentration of glycoconjugates in the TM was reduced
by slightly less than a factor of 2 by the TectaY1870C/þ muta-
tion. In contrast, the electrical measurements suggest that
fixed-charge concentration was reduced by nearly 70%.
The electrical measurements may overestimate the reduc-
tion in charge, because changes in TM porosity (see below)
can introduce electrical shorts that reduce the estimated
charge concentration. A conservative estimate is that the
TectaY1870C/þ mutation caused a factor-of-2 reduction in
fixed-charge concentration. The change in fixed-charge
concentration cannot be attributed to the amino acid substi-
tution in a-tectorin itself, since tyrosine and cysteine are
both polar. Thus, we can conclude that the effect of the
mutation on fixed-charge concentration was secondary to
changes in the glycosylation status of the tectorins.

Estimating pore size of TMs from TectaY1870C/þ

mice

Measurements of TM volume changes as a function of PEG
MW show that the maximum pore size of TMs from
TectaY1870C/þmice is at least 50% larger than for wild-types.
This increase in porosity allows some PEG to enter the TM,
reducing the effective osmotic pressure applied to

TectaY1870C/þ TMs. Although we cannot determine an upper
bound on the pore size ofTectaY1870C/þmice, we can estimate
the fraction of PEG that can enter the TM. If we assume that
the difference invz betweenwild-type and Tecta

Y1870C/þTMs
in Fig. 4 is due entirely to changes in applied osmotic
pressure (i.e., the material properties themselves did not
change), then at a nominal osmotic pressure of 10 kPa, the
actual osmotic pressure applied to TectaY1870C/þ TMs was
~25 Pa. Based on the nonlinear relation between PEG
concentration and osmotic pressure,<5%of the PEG in solu-
tion contributes to this osmotic pressure. The easewithwhich
PEG apparently enters TectaY1870C/þ TMs suggests that the
pore size of TectaY1870C/þ TMs is significantly larger than
the 36-nm radius of 511 kDa PEG. This increase in pore
size likely reduces the solid fraction of the TM, explaining
both the decrease in cf and the reduction in shear impedance
observed here.

The contribution of striated-sheet matrix to TM
shear impedance

The most prominent features of the TM under light micros-
copy are the radial collagen fibers. Some models suggest
that the radial stiffness of the TM is dominated by these
collagen fibers (22). However, a previous study in our lab
showed that the primary role of these fibers in response to
shear forces is to provide a mechanical coupling across
the width of the TM (9). This mechanical coupling selec-
tively increased the magnitude of radial shear impedance,
but did not alter the relative contribution of elasticity and
damping to this impedance.
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Fig. 6 shows that TectaY1870C/þ mutation decreased the
shear impedance in the radial and longitudinal direction
by 10.15 1.4 dB and 10.35 1.6 dB, respectively. Because
this decrease was independent of the direction of force
application, it cannot be attributed to changes in the
collagen fibers. Instead, it is likely due to reduced coupling
in the striated-sheet matrix, associated with an increase in
porosity. This reduced coupling can be seen directly in
measurements of the reduction in shear displacement as
a function of distance from the probe.

It is intriguing that this reduction was not seen in the
longitudinal direction in response to radial forces. This
direction is of particular interest, because it is the direction
in which TM traveling waves propagate (23). Thus,
TectaY1870C/þ mice are likely to have little change in TM
traveling waves, which may explain the small change in
the sensitivity of basilar membrane motion (1). We specu-
late that radial collagen fibrils in the TM may reinforce
the longitudinal propagation of radial TM motion, and that
therefore, they play a significant role in the propagation of
TM traveling waves. A different mutation in Tecta causes
significant changes in TM morphology without reducing
the excitation of OHCs contacted by the TM, further sup-
porting this conclusion (24).

Changes in TM properties explain theshold
elevation in TectaY1870C/þ mice

This study reveals several changes in TM mechanical and
material properties that provide likely explanations for the
reduction in IHC sensitivity of TectaY1870C/þ mice. First,
the reduction in TM shear impedance measured here is asso-
ciated with a significant drop in TM shear displacement as
a function of radial distance from the site of force applica-
tion. This change dramatically reduces the ability of
OHCs to drive IHC bundle deflection through force produc-
tion. Second, Hensen’s stripe is missing from TMs of
TectaY1870C/þ mice. If the TM moves radially in response
to sound, as is commonly believed ((2,25,26), but see
Chan and Hudspeth (27)), the absence of Hensen’s stripe
can further reduce the drive to IHC bundle deflection (17).
This combination of a reduction of power transmission
along the TM and a reduction in local IHC bundle excitation
can account for the increased neural threshold in the pres-
ence of normal OHC activity. Additional changes observed
here can further reduce IHC excitation; an increase in the
porosity of the TM can reduce radial fluid flow driven by
transverse TM motion (28), and the reduced cf can decrease
Ca2þ sequestration by the TM, which may reduce the effi-
ciency of mechanoelectrical transduction (29).
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