L T

/

D\

CrossMark
& click for updates

Longitudinal spread of mechanical excitation through
tectorial membrane traveling waves

Jonathan B. Sellon®®", Shirin Farrahi®<", Roozbeh Ghaffari®, and Dennis M. Freeman

a,b,c,2

2Harvard-MIT Division of Health Sciences and Technology, Cambridge, MA 02139; PResearch Laboratory of Electronics, Massachusetts Institute of
Technology, Cambridge, MA 02139; and “Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge,

MA 02139

Edited by A. J. Hudspeth, The Rockefeller University, New York, NY, and approved September 3, 2015 (received for review June 14, 2015)

The mammalian inner ear separates sounds by their frequency
content, and this separation underlies important properties of
human hearing, including our ability to understand speech in noisy
environments. Studies of genetic disorders of hearing have demon-
strated a link between frequency selectivity and wave properties of
the tectorial membrane (TM). To understand these wave properties
better, we developed chemical manipulations that systematically
and reversibly alter TM stiffness and viscosity. Using microfabri-
cated shear probes, we show that (i) reducing pH reduces TM
stiffness with little change in TM viscosity and (ii) adding PEG in-
creases TM viscosity with little change in TM stiffness. By applying
these manipulations in measurements of TM waves, we show that
TM wave speed is determined primarily by stiffness at low fre-
quencies and by viscosity at high frequencies. Both TM viscosity
and stiffness affect the longitudinal spread of mechanical excitation
through the TM over a broad range of frequencies. Increasing TM
viscosity or decreasing stiffness reduces longitudinal spread of me-
chanical excitation, thereby coupling a smaller range of best fre-
quencies and sharpening tuning. In contrast, increasing viscous
loss or decreasing stiffness would tend to broaden tuning in res-
onance-based TM models. Thus, TM wave and resonance mechanisms
are fundamentally different in the way they control frequency
selectivity.

cochlear mechanics | traveling waves | resonance | tectorial membrane |
viscoelastic materials

he sharp frequency selectivity of auditory nerve fiber re-

sponses to sound is a hallmark of mammalian cochlear
function. This remarkable signal processing originates in the
mechanical stage of the cochlear signal processing chain (1-7), as
evidenced by measured motions and mechanical properties of
the basilar membrane (BM) (2-9) and tectorial membrane (TM)
(10-24). Although the hydromechanical mechanisms underlying
BM motions have been characterized based on experimental and
theoretical studies, the mechanisms underlying TM motions
remain unclear.

The TM is an acellular matrix that overlies the hair bundles of
sensory receptor cells. Based on its strategic position above the
organ of Corti, conventional cochlear models (25-29) have im-
plicated local mechanical properties (i.e., mass, stiffness) of the
TM in stimulating the sensory hair bundles of hair cells and in
cochlear tuning. Recent dynamic measurements of the TM,
in vitro (17, 30-33) and in vivo (34), suggest that the TM sup-
ports longitudinal coupling, with large spatial extents across a
broad range of frequencies. This longitudinal coupling manifests
in the form of propagating traveling waves that are thought to
contribute to hearing mechanisms (17, 21, 30, 35-40). Genetic
modification studies provide further support that the spatial
extent of TM waves may play a significant role in cochlear tuning
(30, 32). Although these measurements, models, and genetic
modification studies have confirmed the importance of TM me-
chanical properties in hearing, they have not isolated the distinct
roles of TM stiffness and viscosity in generating longitudinally
propagating traveling waves of the TM.
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To understand the contributions of TM material properties on
traveling waves better, we developed chemical manipulations to
alter the stiffness and viscosity of the TM selectively and reversibly.
Because the TM is poroelastic (32, 41), we expect that changes in
bath composition can have a direct effect on the mechanical
properties of the TM mechanical matrix and its interstitial fluid,
which makes up 97% of TM wet weight (42). The addition of PEG
has previously been shown to generate an osmotic response that
could be accounted for by the permeability of these molecules
through the matrix rather than by direct changes to the matrix itself
(41). In contrast, changing bath pH has little effect on the osmotic
pressure or viscosity of the bath but has been shown to have a direct
effect on the macromolecular matrix (43). In this paper, we apply
these physicochemical manipulations to alter TM material prop-
erties reversibly, and thereby probe their role in controlling lon-
gitudinal spread of excitation through the TM.

Results

Chemically Altering TM Stiffness and Viscosity. The sensory receptor
cells in the inner ear are mechanically stimulated by shear mo-
tions of the overlying TM. To understand the relative contribu-
tions of TM shear stiffness and viscosity in determining motion
of the TM, we developed chemical manipulations to alter these
material properties selectively. Using microfabricated shearing
probes, we measured TM shear impedance in three different so-
lutions of artificial endolymph (AE) (Fig. 14, Materials and Meth-
ods, and SI Materials and Methods). Fig. 1B (Left) shows results
when the TM is bathed in AE at physiological and reduced pH.

Significance

The sharp frequency selectivity of auditory neurons, which is a
hallmark of mammalian hearing, originates mechanically in the
cochlea. Local resonance of the tectorial membrane (TM) is
thought to play a key role. However, the presence of TM
traveling waves suggests an entirely different mechanism. In
this paper, we present experiments to measure longitudinal
spread of mechanical excitation via TM traveling waves and
discuss implications for the resulting tuning. We show that
increasing viscosity or decreasing stiffness of the TM reduces
the longitudinal spread of mechanical excitation, which would
sharpen frequency selectivity. These trends are opposite those
trends for a resonant TM, where increasing viscous loss or
decreasing stiffness would broaden tuning.
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Fig. 1. Dynamic shear impedance of the TM in response to chemical manipu-
lations. (A, Left) Microfabricated shear probe, consisting of a base and a shear
plate connected by flexible arms, is used to apply shear forces to TM segments
immersed in an AE bath. (A, Right) Optical image (40x magnification) of a basal
TM segment attached to a glass slide with the shear probe engaged on the TM's
top surface. Xp, displacement of the probe base; X,, displacement of the probe
tip. (B) Representative motions of the TM in response to shear forces. (C) Real
(Top) and imaginary (Bottom) components of TM shear impedance vs. frequency
in normal AE and in response to reduced bath pH (Left) and elevated viscosity
(Right). The line represents linear regression through data.

Fig. 1B (Right) shows results when the TM is bathed in AE with
and without the addition of PEG. The frequency dependence of
TM impedance in AE with reduced pH (Fig. 1C, Left; n = 4
preparations) and with added PEG (Fig. 1C, Right; n = 4 prep-
arations) provides insight into the changes in mechanical prop-
erties induced by chemical manipulations. Decreasing bath pH
had little effect on the real (lossy) component of shear imped-
ance but significantly reduced the imaginary (stiffness) compo-
nent (by ~2.2-fold) of shear impedance across frequencies. In
contrast to pH, adding PEG significantly increased the real
component of TM shear impedance by ~4.4-fold and had little
effect on the imaginary component of TM shear impedance. The
effects of reducing pH and adding PEG to the bath surrounding
the TM were largely reversed upon reequilibration to physio-
logical AE (Fig. S1). These results show that effects of pH and
PEG on TM viscoelastic properties are complementary, and
provide useful tools for probing TM wave properties.

Sellon et al.

Effects of Chemical Manipulations on TM Waves. Point impedance
measurements (e.g., Fig. 1) characterize local relations between
force and displacement. However, motions of adjacent parts of
the TM are also coupled, so that motions at one point can generate
motions and forces at other points. To characterize the roles of
stiffness and viscosity on coupling, we measured wave properties of
isolated TMs in AE with reduced pH and added PEG (Materials
and Methods). TM segments were excised from the basal turn,
suspended between two supports, and immersed in a physiological
AE bath (Fig. 24). Audio frequency vibrations of a piezoelectric
crystal attached to one of the supports generated radial vibrations of
the TM that propagated longitudinally as traveling waves (e.g.,
Movie S1). Traveling waves were visualized using motion magnifi-
cation algorithms (44) and quantified using a previously published
computer microvision technique (45) (Materials and Methods and SI
Materials and Methods). The magnitude and phase of displacement
at each longitudinal position were determined from stroboscopic
images at eight phases of the sinusoidal stimulus (Fig. S2). Re-
sults across longitudinal distance z (Fig. 2B) were fit to complex
exponentials of the form Ae=?/?¢7?%/* to determine wavelength
A, wave speed V' =f1 (Fig. 2C), and wave decay constant ¢ (Fig.
2D), where f represents frequency. Fig. 2B shows snapshots of
representative TM waves under physiological conditions, in a
bath with reduced pH, and in AE with PEG [15 mM and 8 kDa,
which increases bath viscosity by 8.9-fold (46)].

Pooled results for frequencies from 10 to 20 kHz were compared
for TMs bathed in normal AE (n = 13 preparations), reduced pH
(n = 4 preparations), and increased viscosity (n = 7 preparations).
Reducing bath pH from 7.3 to 4 caused only a slight decrease in
wavelengths and speeds of TM waves at most measured frequencies
(Fig. 2C, Left). In contrast, increasing bath viscosity to 8.9-fold the
viscosity of water caused large (~49%) increases in wavelengths and
speeds (Fig. 2C, Right) across all frequencies.

Although reducing bath pH caused little effect on TM wave
speed, it did have a significant effect on decay constants. Re-
ducing bath pH from pH 7.3 to pH 4 caused the spatial extent of
TM waves to drop by ~42% (Fig. 2D, Left). Similar to the
changes in wave properties caused by reducing pH, increasing
bath viscosity caused a reduction in the spatial extent of TM
waves by ~58% across all frequencies (Fig. 2D, Right).

Viscoelastic Model of Traveling Waves and Material Properties of the
TM. We observed a simple relationship between the chemical
manipulations applied to the TM and impedance measurements:
(i) Adding PEG to the bath increased the real part of the point
impedance with little change in the imaginary part, suggesting
that the effect was predominantly viscous, and (ii) lowering bath
pH decreased the imaginary part with little change in the real
part, suggesting that the effect was predominantly stiffness.
However, both chemical manipulations altered both the speed
and decay of TM waves. To understand the relation between these
results, we analyzed an analytical model of viscoelastic gels. In this
model, TM waves are represented by shearing motions of a semi-
infinite viscoelastic gel. This analytical model has the advantage
that wave motions can be described by two simple equations (47):

2(G’2 + wznz)

o (VT rarr - G) .

2 2.2
e 2(G” +o*n?) 2]

(VG P +G

where p is the density of water, G’ is the shear storage modulus
of the TM, 5 is the shear viscosity of the TM, and w is the
angular frequency.
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Fig. 2. TM wave measurements in response to chemical manipulations.
(A, Left) Schematic drawing of TM wave chamber showing the position of the
TM relative to the piezoelectric actuator, optics, and support structures. (A,
Right) Optical image (20x magnification) of a basal TM segment attached
between two supports. (B, Left) TM wave snapshot in AE at pH 7.3 (blue) and
following equilibration in an AE bath at pH 4 (red). (B, Right) TM wave
snapshot in AE (blue) and after increasing bath viscosity with addition of
15 mM 8-kDa PEG (orange). (C, Left) TM wave speed (median and interquartile
range) in AE at physiological pH and following reduction to pH 4 (n = 4
preparations). (C, Right) TM wave speed in AE and in a high-viscosity bath
equilibrated with PEG (n = 7 preparations). Wave speeds dropped slightly at
most measured frequencies in response to low pH, whereas high viscosity
caused an increase in wave speed across all frequencies. (D) TM wave decay
constants (median and interquartile range) in AE at physiological pH and
following reduction to pH 4. TM wave decay constants in AE and in a high-
viscosity bath equilibrated with PEG. In AE with physiological viscosity, TM
wave decay constants ranged from 160 to 450 um at 10-20 kHz, whereas
increasing bath viscosity caused a decrease in the wave decay constant (me-
dians below 150 um) at every measured frequency.

We used this model to compute TM material properties from
TM wave measurements (Fig. 3). Results were similar to results
for the shearing probe (Fig. 1): Reducing bath pH tends to re-
duce shear storage modulus (with little change in shear viscos-
ity), and adding PEG to the bath tends to increase shear viscosity
of the TM (with little change in storage modulus). Although

12970 | www.pnas.org/cgi/doi/10.1073/pnas.1511620112

these results show that TM wave properties can be understood by
thinking about the TM as a viscoelastic solid, they give little
insight into the relatively complex dependence of TM wave
properties on TM material properties. To understand this de-
pendence better, we computed contour plots to relate wave and
material properties at low (1 kHz) and high (18 kHz) frequencies
(Fig. 4).

At low frequencies, wave speed depends almost entirely on
shear storage modulus G’ and very little on shear viscosity 7 (Fig.
4B). At high frequencies, the reverse is true: wave speed is af-
fected very little by G’ and significantly by 5 (Fig. 4C). In both
low- and high-frequency cases, the wave decay constant depends
on both G’ and 5. To illustrate the use of these contour plots to
understand our measurements, we have plotted the mean and
SDs of the wave and material properties as ellipses (Fig. 4C).
Reducing pH decreases shear storage modulus with little change
to shear viscosity, which reduces the wave decay constant but has
little effect on wave speed. By contrast, adding PEG increases
shear viscosity with little change to shear storage modulus, which
decreases wave decay constant and increases wave speed. These
results highlight the complex dependence of TM wave parame-
ters on TM material properties.

To investigate effects of cochlear loads on TM waves, we
calculated the relation between wave parameters and TM ma-
terial properties before and after the addition of springs to
represent the mechanical loading of hair cells and dashpots to
represent fluid loading in the subtectorial space (Fig. S3). Add-
ing stiffnesses on the order of the measured stiffness of hair
bundles (48) and adding damping that would result from a 2-pm
subtectorial gap change wave speed and decay constants by less
than ~10%.
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Fig. 3. TM dynamic material properties under normal conditions, in low pH,
and with high viscosity as a function of frequency (median and interquartile
range). TM shear storage modulus (A) and shear viscosity (B) under physio-
logical conditions (blue), in reduced pH (red), and with increased viscosity
(orange) are shown. Reducing bath pH reduces the TM shear storage mod-
ulus, with little change in shear viscosity. Conversely, increasing bath vis-
cosity with PEG primarily increases TM shear viscosity, with little change in
the shear storage modulus.
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Fig. 4. Viscoelastic gel model predictions of TM material properties and
wave properties. (A) Schematic drawing of wave propagation through a
viscoelastic gel. Contours denote the range of values for wave decay con-
stants and wave speeds at 1 kHz (B) and 18 kHz (C). Colored ellipses pasted
on the decay constant and speed contours indicate mean and SD of G’ and
calculated from 17- to 19-kHz wave properties at (i) physiological bath pH
and viscosity (blue), (i) decreased bath pH (red), and (iii) increased bath
viscosity with 15 mM 8-kDa PEG (orange).

Discussion

Chemical Manipulations to Test the Role of Stiffness and Viscosity on
TM Dynamics. Although it is widely accepted that the TM is a
viscoelastic structure (13, 16, 32, 49), the relative contributions of
viscosity and stiffness to TM dynamics have not previously been
examined systematically. In this study, we have developed a
method to modulate TM dynamic properties by altering the pH
and viscosity of the bath surrounding the TM. Results (Fig. 4)
show that decreasing pH caused the shear storage modulus of
the TM to decrease by nearly a factor of 2 (from 49.8 + 14.5 to
22.1 +11.2 kPa, mean + SD; range: 17-19 kHz) with little change
in shear viscosity (from 0.21 + 0.040 to 0.27 + 0.044 Pa-s). In
contrast, increasing bath viscosity increased the loss modulus of
the TM by nearly a factor of 3 (from 0.19 + 0.07 to 0.51 + 0.13
Pa-s) with little change in shear storage modulus (from 34.9 +
14.0 to 28.4 + 14.0 kPa). Furthermore, both of these manipula-
tions are almost completely reversible (Fig. S1). Thus, we can alter
the chemical composition of the bath to alter TM dynamic ma-
terial properties selectively and reversibly.

Frequency-Dependent Effects of Stiffness and Viscosity on TM Waves.

By chemically modulating TM material properties, we demon-
strated that changes in material properties have a profound effect

Sellon et al.

on wave speeds and decay constants. In particular, we showed
that at high frequencies, reducing TM stiffness primarily results
in a decrease in TM wave decay constant, whereas increasing TM
viscosity results in an increase in TM wave speed and a decrease
in TM wave decay constant (Fig. 2). These measurements fit our
model predictions of shear viscosity and shear storage modulus
on wave behavior (Fig. 4). The viscoelastic contour plots at low
frequencies (Fig. 4B) reveal that wave speed is controlled almost
exclusively by shear storage modulus at physiological conditions.
In contrast, at high frequencies, speed is primarily determined by
shear viscosity (Fig. 4C). This result is counterintuitive. Typically,
the storage element in a transmission line controls the speed;
here, we see that the loss element plays a more important role in
determining wave speed at high frequencies. Thus, at high fre-
quencies, viscous coupling of the TM must be precisely main-
tained to allow the TM wave speeds to match the wave speeds of
the BM wave for effective cochlear amplification (50, 51).

TM Stiffness and Viscosity Are Both Essential for Maintaining
Longitudinal Spread of Mechanical Excitation. The viscoelastic
contour plots (Fig. 4 B and C) reveal that both TM shear viscosity
and shear storage modulus play significant roles in controlling TM
wave decay constants at all frequencies. Small changes from the
physiological values of either G’ or 5 cause nearly proportional
changes in wave decay constants. Changes to both TM shear
storage modulus and shear viscosity alter longitudinal coupling
at all frequencies, and thereby change longitudinal spread of
mechanical excitation through TM waves. These wave decay
constant contour plots thus provide a basis for evaluating alter-
ations to TM dynamics, and their effects on spread of mechanical
excitation in the cochlea.

Effects of Cochlear Attachments. In this study, we investigated re-
sponse properties of TMs that were isolated from their normal
cochlear attachments. In vivo, we expect cochlear attachments to
stimulate motions of the TM and present loads that could alter
wave propagation. We investigated these possibilities with a
model in which the TM was represented as a distributed series of
masses coupled by viscous and elastic elements, the BM was
represented by an underlying parallel plate, hair bundles were
represented as discrete springs, and subtectorial fluid was repre-
sented as Couette flow (Fig. S44). In the absence of BM motion,
the hair bundles and subtectorial fluid had little effect on prop-
erties of TM waves (Fig. S3 B-D).

In addition to generating loads, the subtectorial fluid and hair
bundles couple the BM and TM, thereby providing a means by
which the BM can launch TM waves. Oscillating a portion of the
BM with constant radial velocity launched waves on the TM (Fig.
S4) with similar decay constants to those decay constants ob-
served in Fig. 2 for the isolated preparation at physiological
conditions (Fig. S4B), reduced stiffness (Fig. S4C), and increased
viscosity (Fig. S4D). These results show that the impedance of a
portion of the TM is comparable to impedance of the hair bundles
and subtectorial space in that portion. In a sense, the impedance
of the TM is “matched” to the impedance of the structures that
couple the TM to the organ of Corti (i.e., the impedance of the
TM is small enough to be stimulated by subjacent structures but
large enough to resist the decay of traveling waves).

Implications for Cochlear Tuning Mechanisms. Previous cochlear
models have represented the TM as a resonant structure that
plays an important role in cochlear tuning (25-29). However, the
presence of TM waves demonstrates substantial longitudinal
coupling, which has an impact on response properties at each
longitudinal location. Consider a simple model of the cochlea
that consists of a bank of resonators tuned for higher frequencies
at the base and progressively lower frequencies near the apex. In
such a model, longitudinal coupling would tend to increase the
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sensitivity of each resonator to neighboring best frequencies, and
thereby broaden the apparent tuning of each resonator. The TM
wave decay constant provides a measure of the distance over
which TM coupling is significant. This distance spans some range
of best frequencies as given by the cochlear map, and this range
of best frequencies determines an effective quality of tuning Q
(Fig. 54). For physiological bath conditions, the Q;¢4p predicted
from TM wave decay constants closely matches measurements
from neural recordings (52).

Because wave decay constants depend on stiffness (Fig. 4) and
the Q1045 depends on wave decay constants (Fig. 54), it follows
that Qqo4p Will depend on stiffness as well. Estimates of Qg4 as a
function of shear storage modulus show that increasing TM stiff-
ness broadens cochlear tuning (Fig. 5B, Left). Strikingly, the op-
posite trend is predicted in resonant models of the TM, where
increasing TM stiffness would give rise to sharper cochlear tuning.

TM wave decay constants also depend on shear viscosity,
which suggests that in addition to stiffness, Q945 would depend
on TM shear viscosity. Estimates of Qjo4p as a function of TM
shear viscosity show that increasing shear viscosity sharpens co-
chlear tuning (Fig. 5B, Right). This finding further contradicts
resonant models, in which increasing viscous damping would
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Fig. 5. Relationship between TM material properties and tuning. (A) TM
wave decay constants, in conjunction with the slope of a place-frequency
map, are used to calculate quality of tuning. The solid black line represents
the relation between best place and best frequency (54). Horizontal lines
and single-sided arrows denote the spatial extent of TM waves (i.e., wave
decay constants) for TMs at physiological conditions (mean of 17-19 kHz,
blue, 249 pm), with increased viscosity (orange, 146 pm), and reduced pH
(red, 118 pm). Vertical dashed lines and single-sided arrows denote the
frequency bandwidth around the best frequency. The ratio of frequency
bandwidth and best frequency yields Qo4 in physiological conditions
(~7), with increased bath viscosity (~12), and with reduced bath pH (~15).
(B) Tuning quality factor (Qqoq4p) estimates determined from the viscoelastic
model as a function of shear storage modulus and shear viscosity at 18 kHz.
Open circles indicate Q45 predicted from experimental conditions (mean of
17-19 kHz). (Right) Qq04s estimates increase with increasing shear viscosity, 7,
when the shear storage modulus is fixed (40 kPa). (Left) In contrast, Qo4
estimates decrease with increasing shear storage modulus, G’, when shear
viscosity is fixed (0.20 Pa-s).
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tend to broaden cochlear tuning. Thus, the effects of stiffness and
viscosity in controlling tuning via TM waves are opposite in direction
and fundamentally different from resonant models of the TM.

Materials and Methods

Isolated TM Preparations. The cochleae of adult mice (strains 129SvEv/
C57BL6J, B6129F1, and CD-1; 4-8 wk old) were excised using a previously
published surgical technique (53). No strain-dependent differences were
found. The organ of Corti and TM were exposed by chipping away the
bony enclosure of the cochlea. We used transmitted light illumination to
visualize the TM spiraling around the cochlear turns. Using a sterilized
eyelash, segments of the TM were teased apart from the basal turn of
the cochlea. These TM segments were kept in an AE solution containing
174 mM KCl, 5 mM Hepes, 3 mM dextrose, 2 mM Nacl, and 0.02 mM CaCl,
(equilibrated at pH 7.3 at room temperature). The care and use of animals
in this study were approved by the Massachusetts Institute of Technology
Committee on Animal Care.

Measuring TM Point Impedance. Radial TM shear impedance was measured
using microfabricated probes (18). The probe design consisted of a base
structure that was driven by a piezoactuator, a 30 x 30-um shearing plate,
and flexible arms that connected the base structure to the plate. To measure
TM point impedances, basal TM samples were first immersed in AE and
adhered to a glass slide using commercially available bioadhesive (Cell-Tak;
Collaborative Research). The microfabricated shear probe’s shearing plate
was then engaged on the surface of the TM using a micromanipulator
(Rucker and Kolls). The relative motion of the shearing plate and the base
depends on the relative impedance of the TM and the cantilever arms. The
shearing plate was designed to approximate the shear forces exerted by a
cluster of hair bundles. To reduce variability caused by radial gradients in
stiffness, the shearing plate was centered on Hensen's stripe. The base of
the probe was stimulated in the radial direction using the piezoelectric
actuator across a broad range of frequencies (5-35 kHz) with displacements
of ~0.5-1 pm. The impedance of the TM was determined by analyzing the
relative motions of the TM and probe (S/ Materials and Methods, Calculating
TM Impedance).

Measuring TM Wave Properties. Isolated TM segments were suspended be-
tween vibrating and stationary supports in a wave chamber (17, 30). The
vibrating support consisted of a piezoelectric actuator (Thorlabs) that de-
livered oscillatory motions at audio frequencies (10-20 kHz). The stationary
support was firmly attached to the underlying glass slide. Both supports
were coated with 2 pL of tissue adhesive (Cell-Tak) and perfused with AE.
The TM was then injected into the AE bath and carefully attached to the
surfaces of the supports in the regions coated with Cell-Tak. TM wave mo-
tions were generated by stimulating the piezoelectric actuator coupled to
the vibrating support. These motions launched longitudinally propagating
waves in the radial direction. TM motions were then fit with a decaying si-
nusoid to extract wave motion parameters. These fits had two free param-
eters: wavelength (4, distance the wave travels while going through a full
cycle of motion) and wave decay constant (s; distance the wave travels be-
fore dissipating by a factor of e in amplitude).

TM Point Impedance and Wave Properties in PEG-Buffered AE. We added PEG
(15 mM of 8-kDa PEG; Sigma-—Aldrich) to the AE bath surrounding the TM to
alter the shear viscosity of the TM. To ensure equilibration of PEG, the bath
(5 mL) was exchanged four times over the course of ~5 min. The final so-
lution was equilibrated for 5 min before TM shear impedance and wave
measurements. Once measurements were completed, the bath was reequi-
librated to normal AE and wave measurements were repeated.

TM Point Impedance and Wave Properties in pH 4-Buffered AE. In a separate set
of experiments, we altered the pH of the bath surrounding the TM by ex-
changing AE equilibrated at pH 7.3 with AE at pH 4. To ensure equilibration,
the bath surrounding the TM was perfused continuously for 5 min and
monitored for changes in pH levels. TM shear impedance and wave mea-
surements were completed under physiological conditions (pH 7.3) and at
pH 4. Each test bath was perfused twice to test for repeatability.

ACKNOWLEDGMENTS. This work was supported by NIH Grant R01-DC000238.
J.B.S. was supported, in part, by the National Science Foundation Graduate
Research Fellowship Program under Grant 1122374. J.B.S. and S.F. were
supported, in part, by a training grant from the NIH to the Speech and
Hearing Bioscience and Technology Program in the Harvard-MIT Division of
Health Sciences and Technology.

Sellon et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511620112/-/DCSupplemental/pnas.201511620SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511620112/-/DCSupplemental/pnas.201511620SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1511620112/-/DCSupplemental/pnas.201511620SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1511620112

L T

/

1\

BN AS  PNAS D)

v

. von Békésy G (1960) Experiments in Hearing (McGraw-Hill, New York).
. Russell 1J, Nilsen KE (1997) The location of the cochlear amplifier: Spatial represen-

tation of a single tone on the guinea pig basilar membrane. Proc Natl/ Acad Sci USA
94(6):2660-2664.

. Robles L, Ruggero MA, Rich NC (1997) Two-tone distortion on the basilar membrane

of the chinchilla cochlea. J Neurophysiol 77(5):2385-2399.

. Cooper NP, Rhode WS (1997) Mechanical responses to two-tone distortion products in

the apical and basal turns of the mammalian cochlea. J Neurophysiol 78(1):261-270.

. Narayan SS, Temchin AN, Recio A, Ruggero MA (1998) Frequency tuning of basilar

membrane and auditory nerve fibers in the same cochleae. Science 282(5395):
1882-1884.

. Recio A, Rich NC, Narayan SS, Ruggero MA (1998) Basilar-membrane responses to

clicks at the base of the chinchilla cochlea. J Acoust Soc Am 103(4):1972-1989.

. Robles L, Ruggero MA (2001) Mechanics of the mammalian cochlea. Physiol Rev 81(3):

1305-1352.

. Rhode WS (1971) Observations of the vibration of the basilar membrane in squirrel

monkeys using the Mossbauer technique. J Acoust Soc Am 49(4, Suppl 2):1218+.

. Ren T (2002) Longitudinal pattern of basilar membrane vibration in the sensitive
cochlea. Proc Natl Acad Sci USA 99(26):17101-17106.
. Zwislocki JJ, Cefaratti LK (1989) Tectorial membrane. II: Stiffness measurements

in vivo. Hear Res 42(2-3):211-227.

. Gueta R, et al. (2011) Structural and mechanical analysis of tectorial membrane Tecta

mutants. Biophys J 100(10):2530-2538.

. Gueta R, Tal E, Silberberg Y, Rousso | (2007) The 3D structure of the tectorial mem-

brane determined by second-harmonic imaging microscopy. J Struct Biol 159(1):
103-110.

. Gueta R, Barlam D, Shneck RZ, Rousso | (2006) Measurement of the mechanical

properties of isolated tectorial membrane using atomic force microscopy. Proc Nat/
Acad Sci USA 103(40):14790-14795.

. Richter CP, Emadi G, Getnick G, Quesnel A, Dallos P (2007) Tectorial membrane

stiffness gradients. Biophys J 93(6):2265-2276.

15. Gavara N, Chadwick RS (2010) Noncontact microrheology at acoustic frequencies
using frequency-modulated atomic force microscopy. Nat Methods 7(8):650-654.

16. Shoelson B, Dimitriadis EK, Cai H, Kachar B, Chadwick RS (2004) Evidence and impli-
cations of inhomogeneity in tectorial membrane elasticity. Biophys J 87(4):2768-2777.

17. Ghaffari R, Aranyosi AJ, Freeman DM (2007) Longitudinally propagating traveling
waves of the mammalian tectorial membrane. Proc Nat/ Acad Sci USA 104(42):
16510-16515.

18. Gu JW, Hemmert W, Freeman DM, Aranyosi AJ (2008) Frequency-dependent shear
impedance of the tectorial membrane. Biophys J 95(5):2529-2538.

19. Abnet CC, Freeman DM (2000) Deformations of the isolated mouse tectorial mem-
brane produced by oscillatory forces. Hear Res 144(1-2):29-46.

20. Freeman DM, Abnet CC, Hemmert W, Tsai BS, Weiss TF (2003) Dynamic material
properties of the tectorial membrane: A summary. Hear Res 180(1-2):1-10.

21. Gavara N, Manoussaki D, Chadwick RS (2011) Auditory mechanics of the tectorial
membrane and the cochlear spiral. Curr Opin Otolaryngol Head Neck Surg 19(5):
382-387.

22. Gavara N, Chadwick RS (2009) Collagen-based mechanical anisotropy of the tectorial
membrane: Implications for inter-row coupling of outer hair cell bundles. PLoS One
4(3):e4877.

23. Gummer AW, Hemmert W, Zenner HP (1996) Resonant tectorial membrane motion in
the inner ear: Its crucial role in frequency tuning. Proc Nat/ Acad Sci USA 93(16):
8727-8732.

24. Scherer MP, Gummer AW (2004) Vibration pattern of the organ of Corti up to 50 kHz:
Evidence for resonant electromechanical force. Proc Natl Acad Sci USA 101(51):
17652-17657.

25. Allen JB (1980) Cochlear micromechanics—a physical model of transduction. J Acoust
Soc Am 68(6):1660-1670.

26. Mammano F, Nobili R (1993) Biophysics of the cochlea: Linear approximation. J Acoust
Soc Am 93(6):3320-3332.

27. Zwislocki JJ (1980) Five decades of research on cochlear mechanics. J Acoust Soc Am
67(5):1679-1685.

Sellon et al.

28.

29.

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

52.

53.

54.

Neely ST, Kim DO (1983) An active cochlear model showing sharp tuning and high
sensitivity. Hear Res 9(2):123-130.
Neely ST, Kim DO (1986) A model for active elements in cochlear biomechanics.
J Acoust Soc Am 79(5):1472-1480.
Ghaffari R, Aranyosi AJ, Richardson GP, Freeman DM (2010) Tectorial membrane
travelling waves underlie abnormal hearing in Tectb mutant mice. Nat Commun 1:96.

. Jones GP, Lukashkina VA, Russell 1), Elliott SJ, Lukashkin AN (2013) Frequency-

dependent properties of the tectorial membrane facilitate energy transmission and
amplification in the cochlea. Biophys J 104(6):1357-1366.

Sellon JB, Ghaffari R, Farrahi S, Richardson GP, Freeman DM (2014) Porosity controls
spread of excitation in tectorial membrane traveling waves. Biophys J 106(6):1406-1413.
Jones GP, Elliott SJ, Russell 1, Lukashkin AN (2015) Modified protein expression in the
tectorial membrane of the cochlea reveals roles for the striated sheet matrix. Biophys
J108(1):203-210.

Lee HY, et al. (2015) Noninvasive in vivo imaging reveals differences between tec-
torial membrane and basilar membrane traveling waves in the mouse cochlea. Proc
Natl Acad Sci USA 112(10):3128-3133.

Shera CA (2007) Laser amplification with a twist: Traveling-wave propagation and
gain functions from throughout the cochlea. J Acoust Soc Am 122(5):2738-2758.
Richardson GP, Lukashkin AN, Russell IJ (2008) The tectorial membrane: one slice of a
complex cochlear sandwich. Curr Opin Otolaryngol Head Neck Surg 16(5):458-464.
Guinan JJ, Jr, Cooper NP (2008) Medial olivocochlear efferent inhibition of basilar-
membrane responses to clicks: Evidence for two modes of cochlear mechanical exci-
tation. J Acoust Soc Am 124(2):1080-1092.

Meaud J, Grosh K (2010) The effect of tectorial membrane and basilar membrane
longitudinal coupling in cochlear mechanics. J Acoust Soc Am 127(3):1411-1421.
Bergevin C, Shera CA (2010) Coherent reflection without traveling waves: On the
origin of long-latency otoacoustic emissions in lizards. J Acoust Soc Am 127(4):
2398-2409.

Lukashkin AN, Richardson GP, Russell 1J (2010) Multiple roles for the tectorial mem-
brane in the active cochlea. Hear Res 266(1-2):26-35.

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

membrane measured with osmotic stress. Biophys J 91(6):2356-2370.

Thalmann | (1993) Collagen of accessory structures of organ of Corti. Connect Tissue
Res 29(3):191-201.

Freeman DM, Masaki K, McAllister AR, Wei JL, Weiss TF (2003) Static material prop-
erties of the tectorial membrane: A summary. Hear Res 180(1-2):11-27.

Wadhwa N, Rubinstein M, Durand F, Freeman WT (2013) Phase-based video motion
processing. ACM Trans Graph 32(4):80.

Davis CQ, Freeman DM (1998) Using a light microscope to measure motions with
nanometer accuracy. Opt Eng 37(4):1299-1304.

Gonzalez-Tello P, Camacho F, Blazquez G (1994) Density and viscosity of concentrated
aqueous solutions of polyethylene glycol. J Chem Eng Data 39(3):611-614.
Greenleaf JF, Fatemi M, Insana M (2003) Selected methods for imaging elastic
properties of biological tissues. Annu Rev Biomed Eng 5:57-78.

Kennedy HJ, Crawford AC, Fettiplace R (2005) Force generation by mammalian hair
bundles supports a role in cochlear amplification. Nature 433(7028):880-883.
Ghaffari R, Page SL, Farrahi S, Sellon JB, Freeman DM (2013) Electrokinetic properties
of the mammalian tectorial membrane. Proc Nat/ Acad Sci USA 110(11):4279-4284.
Hubbard A (1993) A traveling-wave amplifier model of the cochlea. Science 259(5091):
68-71.

. Lamb JS, Chadwick RS (2011) Dual traveling waves in an inner ear model with two

degrees of freedom. Phys Rev Lett 107(8):088101.

Taberner AM, Liberman MC (2005) Response properties of single auditory nerve fibers
in the mouse. J Neurophysiol 93(1):557-569.

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+ con-
centration. Hear Res 87(1-2):187-207.

Mdaller M, von Hunerbein K, Hoidis S, Smolders JW (2005) A physiological place-fre-
quency map of the cochlea in the CBA/J mouse. Hear Res 202(1-2):63-73.

PNAS | October 20,2015 | vol. 112 | no.42 | 12973

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



