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ABSTRACT

The tectorial membrane (TM) is widely believed to play a critical role in determining the
remarkable sensitivity and frequency selectivity that are hallmarks of mammalian hearing.
Recently developed mouse models of human hearing disorders have provided new insights
into the molecular, nanomechanical mechanisms that underlie resonance and traveling
wave properties of the TM. In this chapter, we review recent experimental and theoretical
results detailing TM morphology, local poroelastic and electromechanical interactions, and
global spread of excitation via TM traveling waves, with direct implications for cochlear
mechanisms.

1 Main Text

1.1 Tectorial Membrane Morphology and Composition

The tectorial membrane (TM) is a highly hydrated extracellular matrix that resides above
the hair bundles of mechanosensory hair cells in the cochlea. Because of its strategic
position above the bundles, the TM is believed to play a critical role in the stimulation of
hair cells. Recently, genetic studies have confirmed the importance of the TM in hearing,
whereby manipulations of genes targeting TM proteins have resulted in significant hearing
deficits. These mutations cause severe hearing deficits, even when the TM is nearly

unchanged in its physical orientation and structural attachments to the sensory receptors.



The TM’s three main constituents are water (97%), glycosaminoglycans (uronic acid and
keratan sulfate), and collagenous (collagen II, IX, and XI) and non-collagenous proteins (a-
tectorin, B-tectorin, CEACAM16, otogelin, and otogelin-like). Many of the TM’s structural
constituents are commonly found in connective tissues (Freeman et al. 2003) with the
exception of the glycoproteins. The TMs alpha- and beta-tectorin glycoproteins make up a
large fraction of the TM’s dry weight, and are constituents of the TMs striated sheet matrix
(Killick et al. 1995; Legan et al. 2000), within which collagen fibrils are embedded and

oriented in the radial direction perpendicular to the cochlear spiral (Fig. 1A).

Recent results reported by Andrade et al. (2016) provide high resolution images of the
TM’s ultrastructure using immunogold labeling and high-resolution freeze-fracture replicas
used to investigate the fine molecular makeup of TM molecules. Figure 1B shows parallel-
oriented collagen bundles in the upper surface of the TM, extending from the spiral limbus
towards the TM marginal band. The most superficial fibrillar bundles (covering net)
obliquely cross the TM in the longitudinal direction (Fig. 1C). Collagen fibrils running
through the TM are cross-linked (Fig. 1D) by thin filaments (Fig. 1E). The nanopores in the
TM are 10s of nanometers in wild type mice (Masaki et al. 2006, Sellon et al. 2014), and
tend to vary across different mutant mouse models, as shown in recent studies detailing
the CEACAM16 mutant mice (Fig. 1F) (Cheatham et al. 2014), which display spontaneous,
stimulus-frequency, and transiently evoked otoacoustic emissions with markedly larger
amplitudes. The striated sheet, nanopores, and embedded collagen fibrils create a highly
inhomogeneous and anisotropic TM matrix that spans the entire length of the cochlea. This
anisotropy gives rise to TM mechanical properties that vary in the longitudinal and radial

directions (Abnet and Freeman 2000; Gu et al. 2005).

Mutant mouse models have revealed the structural importance of the tectorins as part of
the striated matrix (Russell et al. 2007; Legan et al. 2005). Legan and colleagues (2014)
examined three tectorin mutations, and found a number of morphological changes
compared to wild types, such as reduced limbal zone, absence of striated-sheet matrix,
disruption of collagen fibrils in the sulcal region, delamination of Kimura’s membrane,

detachment of Hensen'’s stripe, altered morphology of the covernet, and enlarged



nanopores (Sellon et al. 2014). Furthermore, recent studies of the developing TM reveal
the importance of the tectorins for establishing collagen fibril alignment within the tissue
(Goodyear et al. 2017). These results highlight the importance of the tectorin proteins in

controlling the nanoscale and macroscale structure of the TM.
1.2 Nanoscale Structure and Material Properties

Point-stiffness studies developed by von Békésy and Zwislocki were the first to explore the
role of TM local mechanical properties (i.e., mass, stiffness) in stimulating the sensory hair
bundles of hair cells (von Békésy 1960; Zwislocki 1980; Zwislocki and Cefaratti 1989).
More recent measurements in mice and guinea-pig preparations (Freeman et al. 2003;
Shoelson et al. 2004; Gueta et al. 2006; Masaki et al. 2006; Richter et al. 2007) have shown
that TM point stiffness varies from base to apex. However, there is considerable variability
across the studies (by as much as a 100-fold), in part because the TM is anisotropic, and
also because the static and dynamic methods are different. It is now clear that the
mechanical and material properties of the TM are frequency dependent and consistent with
viscoelastic theory at the bulk level (Abnet and Freeman 2000; Gu et al. 2008), but it
remains unclear how the TM locally interacts with the hair bundles at audio frequencies

(Ghaffari et al. 2007).

The dynamic material properties of the TM are determined not only by the matrix of
macromolecules, but also by their interactions with interstitial fluid. Forces of fluid origin
depend on both the viscosity of the fluid and the distance between macromolecules, which
can be characterized by an effective pore size (Masaki et al. 2006; Sellon et al. 2014).
Because the TM contains fixed charge and 97% of its mass is water (Freeman et al. 2003), it
is hardly surprising that electrostatic and viscous properties of the TM are important. But
what is more surprising is that TM dynamic interactions at the size scale of the hair bundles
may be determined by both electrokinetic and poroelastic local phenomena, as opposed to
stiffness alone. Recent findings show that the shear viscosity of the TM depends on porosity

(Masaki et al. 2006; Sellon et al. 2014; Ghaffari et al. 2013), which underlies key differences



in the cochlear phenotypes of Tecta¥'87°¢/* and Tectb~/~ mutants (Sellon et al. 2014) (Fig.

2A, B), and thus represents a critical property of the TM.

The nanoscale porosity of TM in combination with shear storage modulus and shear
viscosity could contribute to local stimulation of the hair bundles. Hair cells are sensitive to
shear forces that displace hair bundles along their axis of symmetry. Based on its strategic
position overlying the hair bundles, the TM has been widely believed to deliver shear
forces that stimulate hair cells at audio frequencies, consistent with a second order system.
However, the presence of fluid and pores in the TM suggests that the phase angle and
magnitude of TM-hair bundle displacements are frequency-dependent, leading to more
complex frequency-dependent interactions than previously thought (Nia et al. 2011).
Application of nano-indentations at audio frequencies causes a mechanical frequency
response of the TM, which shows a prominent phase lead at middle frequencies (Fig. 2C).
At low frequencies, the mechanical response approaches an asymptotic value
corresponding to equilibrium elastic response. At higher frequencies, the modulus
approaches another asymptotic value and undergoes a change in phase that peaks and
decreases with frequency. According to poroelastic theory, altering the size of the AFM
probe tip causes the characteristic length over which fluid flows to change, thereby altering
the coupling and peak frequency of the phase angle (Nia et al. 2015). Thus, the TM’s
poroelastic response may be highly dependent on the size of the hair bundles. By altering
the local phase of the of hair bundles versus the displacement of the reticular lamina, the
TM’s poroelastic properties may also alter timing and polarity of cochlear feedback paths
(Fig. 2C) and this phase lead may help overcome the variety of phase lags that are present

throughout the cochlea and thus contribute to the sensitivity of mammalian hearing.
1.3 Fixed Charge and Electrokinetics

In addition to glycoproteins and collagen, biochemical studies have long established that
the TM contains highly charged glycosaminoglycans (GAGs) (Steele, 1983, Ghaffari et al,
2013). These fixed charge groups are fully ionized at physiological pH and neutralized at



acidic pHs. Quantifying the density of fixed charge (¢s) in the TM is important for
understanding the mechanical properties of the TM (Fig. 3A). Traditional electrical
recording techniques that require micropipettes have been largely unsuccessful in
measuring TM fixed charge density because producing stable voltages across the TM has
proven difficult (Steel 1983). Such measurements are complicated by the fact that the TM
lacks an insulating cell membrane layer, thus making it difficult for the tip of a
microelectrode to be topologically inside the TM. To overcome the challenges associated
with microelectrode techniques, Ghaffari et al. (2013) developed a technique, whereby
isolated TM segments were mounted in a two-compartment chamber containing a
microaperture (15 um radius) connecting the two compartments. The potential difference
between the two fluid microchannel and the top bath arises primarily from Donnan
potentials that form between each bath and the TM, due to the presence of fixed charge
(Fig. 3B). If the two baths have identical compositions, the Donnan potential between the
TM and each bath is identical, so the net potential difference between baths is zero. If one
bath has a lower ionic concentration, the magnitude of the Donnan potential increases, so
the potential difference between baths deviates from zero in a manner that depends on ¢

within the TM (Fig. 3C) consistent with Donnan theory (Ghaffari et al. 2013) (Fig. 3D).

The presence of fixed charge in the TM suggests the possibility that electrical stimuli might
generate a mechanical response. The application of oscillating electric fields at audio
frequencies (1-1000 Hz) was found to generate displacements of the TM in a
microaperture chamber (Fig. 3E). TM displacements had peak amplitudes at positions on
the undersurface of the TM locally above the microaperture. Displacement amplitudes
dropped significantly with distance away from the microaperture, increased with electric
field strength and decreased as a function of stimulus frequency, consistent with viscous

dominated interactions (Fig. 3F, G).

TM electrokinetics raise the intriguing notion that the TM may not behave as a purely me-
chanical structure locally, but instead, exhibit frequency-dependent electromechanical
properties across multiple rows of hair cells. This electrically evoked motion may be driven

by local interactions with the hair bundles of outer hair cells (OHCs), which are inserted



into the TM. It is thus important to note that OHC bundles have been shown to generate
mechanical forces in response to deflections (Jia and He 2005; Ashmore 2008). Such forces
could contribute to the local motions of the TM, or may be enhanced by the
mechanoelectrical transduction currents, which could exert electrokinetic forces locally

near the surface of the TM (Ghaffari et al. 2013).

1.4 Radial Fibrillar Structure and Wave Mechanics

In addition to its local porosity and electromechanical properties, the radial fibrillar
structure of the TM may also play an important role cochlear mechanics. Several studies
have examined how the radial fibrillar structure of the TM might contribute to its
mechanical properties. For example, in order to apply shear motions in the directions
relevant to hair bundle mechanics, magnetic beads (Abnet and Freeman 2000) and
microfabricated shearing probes (Gu et al. 2005) have been used. Both of these techniques
illustrate that the TM is a viscoelastic tissue that can spatially couple motions in both the
radial and longitudinal directions. Furthermore, these studies have shown that the TM is
stiffer in the radial direction (along the fibrils) than in the longitudinal direction. In
addition to shear probes, TM material properties have been determined from point
indentations with atomic force microscopy (AFM) cantilevers (Shoelson et al. 2004; Gueta
et al. 2006; Richter et al. 2007). Recently, AFM cantilevers were used to determine
viscoelastic properties of the TM at audio frequencies (Gavara and Chadwick 2010). The
techniques described thus far have characterized the local material properties of the TM
relevant to hair bundle mechanics. However, the organ of Corti is longitudinally coupled by
the TM, suggesting that bulk measurements of the TM are important. Recently, Lee et al.
(2016) demonstrated significant radial motion of the TM in vivo, which is exaggerated by
a-tectorin mutation, Tecta®15096/C1509G consistent with the observation of a reduced limbal
attachment in this mutant (Xia et al, 2010). These results demonstrate the importance of
the TM’s bulk, radial structure in mechanical stimulation of OHC for proper maintenance of
cochlear turning. To further examine how the radial fibrillar structure of the TM affects the
TMs global mechanical properties, Sellon et al. recently explored traveling waves in

Col11a2~/~ mutant mice (in preparation). Transgenic mice lacking Col11a2 have 40-50 dB



threshold elevation measured at the brainstem (McGuirt et al. 1999), which is thought to be
due to a disruption in the TM’s collagen fibrils and its radial fibrillar structure.
Compressional waves in the radial direction of TMs excised from wild type and Col11a2~/~
mutant mice propagate between the limbal and marginal zones (Fig. 4A,B). Col11a2~/~ mice
have increased phase accumulation in the radial direction (along the collagen fibrils)
compared to wild type TMs. In addition to phase accumulation in the radial direction,
Col11a2~/~ mice have increased phase accumulation in the longitudinal direction, and thus
reduced longitudinal wave speed. The radial fibrillar structure of the TM is thus an

important physical feature that controls both longitudinal and radial coupling phenomena.
1.5 Longitudinal Coupling via Traveling Waves

In addition to radial motion, the TM has been demonstrated to propagate longitudinally
propagating waves in computational models (Meaud and Grosh 2010; Sellon et al. 2017), in
vitro (Ghaffari et al. 2007; Jones et al. 2013; Sellon et al. 2014, 2015), and in vivo (Lee et al.
2015). Similar to the role of waves in Col11a2~/~mice, TM traveling waves could explain the
differences in cochlear function between both the Tectb™/~and Tecta¥87°¢/* mutants and
the wild types. Tecta¥'87°C/* mutants, in particular, have normal hair bundles, TM
attachments and BM sensitivity response, but exhibit reduced neural sensitivity (Russell et
al. 2007), which cannot be explained by changes in TM point stiffness alone. Recent
measurements (Sellon et al. 2014) at audio frequencies show that TM shear viscosity is
significantly lower in TectaY187°¢/* TMs than in wild-type TMs, due to larger nanopores (Fig.
5A, B). Reducing TM shear viscosity (via increased pore size) reduced wave transmission
losses, which, in turn, facilitated TM waves to propagate with larger decay constants in

Tecta¥1879C/* mutants.

Tectb~/~ mutant mice, which lack the B-tectorin glycoproteins, exhibit a striking phenotype
that differs from Tecta¥'87°C/* and Col11a2~/~ mutants. They have reduced sensitivity and
sharper BM tuning (Russell et al. 2007). These differences in sensitivity and tuning cannot
be explained by changes in cochlear amplification. However, this combination of hearing

abnormalities was found to be consistent with measured changes in TM wave decay



constants. Ghaffari et al. (2010) showed that TM waves in Tectb™~ mice have smaller decay
constants by a factor of two, suggesting that differences in TM waves may underlie
differences in longitudinal coupling. These findings together demonstrate that the TM is
not a purely elastic structure, but rather, it has important wave properties, which account

for differences in cochlear tuning phenotypes of Tecta¥'87°¢/* and Tectb~/~ mutant mice.
1.6 Implications for Hearing Mechanisms

TM wave results in mutant mouse models raised the intriguing possibility that neural
frequency tuning in humans may be sharper due in part to differences in TM longitudinal
coupling and wave mechanics. To determine whether TM wave properties underlie sharper
tuning in humans (Shera and Charaziak, THIS VOLUME), Farrahi et al. (2016) conducted
the first direct measurements on freshly excised human TMs. Their in vitro results showed
that spatial decay constants for both mice and humans were on the order of 150 um at 20
kHz (Fig. 5C). This distance is a measure of longitudinal spread of excitation, which has
been shown to correlate with spectral spread of excitation. In mice the spatial spread of
approximately 150 pm corresponds to a frequency spread of 1.6 kHz and therefore a
quality of tuning Qqo4p of approximately 10 at 20 kHz. In Tectb knockout mice, the decay
constant of TM waves is approximately halved, leading to a Qg4 value that is doubled. This
sharpened tuning, predicted from the mechanical spread of excitation measured in an
isolated TM, correlates well with sharpened tuning in auditory nerve measurements of
these mutant mice. While TM waves spread excitations over similar distances in mice and
humans (Fig. 6A,B), these distances span significantly different ranges of frequencies. This
difference has important implications for our ability to separate sounds by their frequency
content, suggesting that the spread of excitation via TM travelling waves is broader in mice
than in humans. It is therefore important to characterize spread of excitation in terms of
the range of frequencies over which the excitation is spread. In addition to measurements
on isolated TMs, Dewey et al. (2018) demonstrate that reduction in hair bundle stiffness
sharpens cochlear tuning by decreasing spread of excitation through the TM traveling wave

in vivo. Thus, these results have demonstrated that the spatial extent of TM waves strongly



correlates with cochlear tuning in humans, mice, and likely other mammals, suggesting that

the TM is essential for contributing to cochlear frequency selectivity and sensitivity.
1.7 Conclusions

The findings presented in this chapter demonstrate that the TM is a highly porous,
hydrated, and dynamic structure. The poroelastic, electrokinetic, and wave properties of
the TM are frequency and place dependent and thereby may be essential for cochlear
sensitivity and frequency selectivity. Future research directions in imaging, nanoscale
mechanics and electrokinetic measurements will help further advance our understanding
of TM local, radial, and longitudinal cochlear interactions, with direct implications for

cochlear mechanisms.

Figure Legends

Figure 1. TM structure and morphology. (A) The TM is an extracellular matrix overlying
cochlear hair bundles comprised of 97% water by weight, a collagen matrix, and embedded
striated sheet comprised of glycosaminoglycans and other non-collagenous proteins (a, 3-
tectorin, and ceacam16). (B) SEM image of the TM (blue=limbal region; yellow= cover net;
green= striated sheet; red: marginal band; purple: Kimura’s membrane, scale bar: 15 um).
(C) SEM of the TM showing the top surface covering net region (scale bar: 10 um). (D) TEM
of TM. Arrowheads show the location of the type II collagen fibrils interwoven by thin
filaments (scale bar: 100 nm). (E) High-resolution freeze-etching image of the TM formed
by collagen fibrils crosslinked by filamentous materials (scale bar: 50 nm). (Panels C-E
from Andrade et al. 2016) (F) SEM images of the TM within the cochlear partition in wild
type (left), Ceacam-16 heterozygotes (middle), and Ceacam-16 homozygotes (right). (Panel
F from Cheatham et al. 2014.)

Figure 2. (A) Polyethylene glycols (PEGs) with varying molecular weights (8 kDa to 900
kDa) added to artificial endolymph surrounding Tecta¥ 187°¢/*, Tectb™/-, and wild-type TMs,
cause changes in wave speed, implying differences in the nano-porous structure of these
tissues. (B) Schematic illustration of interaction between PEG molecules and nanoporous
structure of the TM. (Panels A-B from Sellon et al. 2014.) (C) Schematic drawing and phase
vs frequency response highlighting differences in phase of stimulation for hair bundle and
stereocilia sized probes. Poroelasticity theory predicts that the size of a probe (or hair
bundle) in contact with a porous tissue would affect its phase of stimulation. (D) Depiction
of how local mechanical properties of the TM can influence hair bundle mechanics and
feedback loops in the cochlea. Displacement of the BM (ygy ) displaces the reticular lamina



(xg) which then deflects OHC hair bundles with a given TM displacement (Xt ) and an
angle . This angle ¢ depends on the frequency-dependent interactions of hair bundles
with the poroelastic TM and the magnitude depends on hair bundles stiffness k, and the TM
stiffness k. Deflection of hair bundles causes current to flow through mechanoelectrical
transduction channels (Iygr ), charging OHC capacitance which applies a voltage on the OHC
membrane (Voyc) and ultimately triggers OHC motility with given displacement (yopc)-

Figure 3. Localized electrokinetic properties of the TM. (A) Schematic drawing of the TM
showing negative fixed charge groups attached to network of collagen fibers (represented
by mechanical springs). (B) Schematic drawing of microaperture chamber showing isolated
TM segment over a circular microaperture. The microaperture creates a fluid path from the
overlying artificial endolymph bath to the underlying microfluidics channel (test bath)
perfused with variants of artificial endolymph having variable KCl concentrations. (C) The
potential difference between the two baths was recorded over time with Ag/AgCl
electrodes placed in contact with two baths. (D) Voltage was plotted as a function of the
test bath concentration with best fit estimates (solid line) yielding the fixed charge
concentration of the TM (-7.1 mmol/L; n=5 TM preparations). (E) The microaperture setup
in panel B was used to deliver electric fields to the TM with a pair of Ag/AgCl stimulating
electrodes. (F) Electrically-evoked displacements of the TM were nanoscale in amplitude
and decreased with increasing stimulus frequency (40-1000 Hz). (G) Phase angle of TM
displacements as a function of stimulus frequency remained flat around -n/2. (Panels A-G
from Ghaffari et al. 2013.)

Figure 4. (A) Wave chamber setup depicting stimulation of compressional waves along the
radial direction of the TM. (B) Phase accumulation of motion along the TM’s radial fibrilar
structure. Deletion of Col11aZ increases the amount of phase accumulation along the radial
direction and thus could impact OHC-IHC coupling mechanisms. (C) Wave chamber setup
depicting stimulation of longitudinal traveling waves along on the TM. (D) Deletion of
Coll1aZ increases the amount of phase accumulation along the longitudinal direction and
thus reduces TM traveling wave speed. Reduced TM wave speed may cause mis-matches
with BM wave speed and thus affect the sensitivity of hearing in Col11a2~/~ mice.

Figure 5. Spread of excitation via TM traveling waves in wild type mice, mutant mouse
models and humans. (A) Snapshots of TMs mounted in the wave chamber with an
exponentially decaying wave pasted on the image for wild type, Tectb™/~ Tecta¥ '87°¢/* and
human TMs. The decaying wave highlights the spatial extent of TM waves at a given
frequency. (B) Pooled datasets showing TM wave speed (top) and wave decay constants
(bottom) measured across wild type, Tecta¥'87°¢/* and Tectb~/~ TMs. (C) Pooled datasets for
TM wave speed (top) and wave decay constants (bottom) for human TMs compared to
mouse TMs (tested 48-h post-mortem). (Panels adapted from Sellon et al. 2014 and Farrahi
etal. 2016)

Figure 6. TM wave properties correlate with frequency tuning via frequency-place map of
the cochlea in wild type mice, mutant mouse models, and humans. (A) Frequency place
maps of wild type and mutant mice (top) compared to humans (bottom), showing the



relationship between spread of the TM wave and frequency spread. Sharpness of frequency
tuning (Q1045 ) were larger in humans TMs (Q1o45 ~38) compared to Tectb™/~ (Q19qz ~12.5)
and wild type mice ( Qqoqg ~8.3). (B) Schematic drawings of cochlear spirals in human and

mouse. The spatial extents of octave intervals as calculated from the cochlear maps of
Greenwood (1990) and Muller et al. (2005) are indicated with colored lines along the
spiral. (Panels from Sellon et al. 2014 and Farrahi et al. 2016.)
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