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Nanoscale Poroelasticity of the Tectorial Membrane Determines Hair Bundle Deflections
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Stereociliary imprints in the tectorial membrane (TM) have been taken as evidence that outer hair cells
are sensitive to shearing displacements of the TM, which plays a key role in shaping cochlear sensitivity
and frequency selectivity via resonance and traveling wave mechanisms. However, the TM is highly
hydrated (97% water by weight), suggesting that the TM may be flexible even at the level of single hair
cells. Here we show that nanoscale oscillatory displacements of microscale spherical probes in contact with
the TM are resisted by frequency-dependent forces that are in phase with TM displacement at low and high
frequencies, but are in phase with TM velocity at transition frequencies. The phase lead can be as much as a
quarter of a cycle, thereby contributing to frequency selectivity and stability of cochlear amplification.
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The tectorial membrane (TM) is widely believed to play
a significant role in determining the remarkable frequency
selectivity and sensitivity that are hallmarks of mammalian
hearing by virtue of its resonance [1-5] and traveling
wave properties [6—20]. In these conceptions of cochlear
mechanics, cochlear hair bundles are envisioned as being
either velocity or displacement sensitive depending on
their anatomical position relative to the TM [4,21-23].
For instance, scanning electron microscopy studies have
revealed imprints of the top row of outer hair cell (OHC) cilia
bundles on the undersurface of the TM [24-26]. As a result,
the tips of OHC hair cell stereocilia are thought to be
mechanically anchored and thus constrained to move with
the TM [4,21-23,27-29].

Translation of mechanical pressure in the cochlea to hair
bundle motion begins with displacement of the basilar
membrane and lever motion of the TM. This lever motion
then displaces the TM (Dry) and generates a force on hair
bundles (F3). The notion that OHC stereocilia and the TM
are entrained to move in phase is predicated on the TM
being a rigid body. However the TM is highly hydrated
(97% water by weight [30-34]), and the molecular
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mechanism underlying the mechanical properties of the
TM depends on both the elastic properties of the matrix
and the viscous properties of the interstitial fluid [18,35].
Fluid flow through the nanoporous structure of the TM
can directly affect the nanometer-scale motions of the
hair bundles. Such fluid flow through the matrix and the
separation of fluid flow and matrix movements can be
directly measured at the nanoscale [36,37]. Thus, fluid flow
through the nanoporous structure of the TM could directly
affect the nanometer-scale motions of the hair bundles.

To investigate nanoscale interactions of the TM with hair
bundles, we displace the TM dynamically at audio frequen-
cies and measure the force applied to microscale spherical
atomic force microscopy (AFM) probes [36-39] [Fig. 1(a)].
We observe elastic forces on the probe at both low and high
frequencies and a surprising presence of viscous forces near
transition frequencies. This hybrid velocity-displacement
behavior (as opposed to displacement driven interaction)
produces a frequency-dependent phase lead in the force a
hair bundle would experience due to TM displacements
(up to 7/2 rad) that has not been previously described.
Such a phase lead would tend to compensate for electrical,
mechanical, and hydrodynamic phase delays that must be
overcome for cochlear amplification.

To characterize TM mechanics on length scales relevant to
the hair bundles, we used an atomic force cantilever attached
to a spherical probe (diameter 1.5 ym) and engaged it on the
undersurface of the TM. Quasistatic tip displacements into
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FIG. 1. Dynamic nanoindentation response of the TM. (a) Schematic depicting nanoscale dynamic indentations of the TM. To
simulate TM-hair bundle interactions at length scales and frequencies relevant to hearing, we apply nanoscale displacements to the TM,
Dy, at audio frequencies (0.1-3 kHz) and measure the force Fz applied to microscale probes of diameter dope. The TM is initially
indented by &, followed by stimulation at audio frequencies with amplitude 6. (b) Example nanoscale indentation pattern for a typical
TM sample. The deformation profile, which consists of an initial preindentation (6, = 0.1-0.4 um), followed by wide bandwidth
indentation with an amplitude § ~ 15 nm, was superimposed on the initial preindentation (bottom, see Supplemental Material [40]). The
force on the probe due to this indentation pattern is then measured (top). (¢) Magnitude (top) and phase (bottom) of the TM dynamic
stiffness for one TM preparation and nanoindentation site with a indentation depth of 0.332 ym. (d) Magnitude |E*| (top) and phase ZE*
(bottom) of dynamic nanoindentation modulus. The mean (solid line) and SD (shaded area) are based on n = 9 indentation sites on each
of three TM preparations (blue curves). The modulus E; represents the low frequency elastic limit, Ep represents the magnitude of the
modulus at the frequency at which the phase peaks, [, and Ey represents the high frequency elastic limit. At low and high
frequencies, the phase angle of the dynamic indentation response approaches zero, while near the transition frequency the phase angle
approaches /2.

the TM applied at nanoscale depths (5y) (Fig. S1 [40]) shows TM stiffness as a function of frequency for a typical
yielded quasistatic stiffness estimates (~9 mN/m, see = TM sample.

Supplemental Material [40]) consistent with previous mea- To determine the dynamic material properties of the TM,
surements [49]. These measurements were conducted for we accounted for the size of the probe and indentation
each indentation site prior to dynamic measurements. depth to measure the magnitude of the nanoscale dynamic

To characterize the frequency-dependent mechanical ~ complex indentation modulus,

properties of the TM, we next applied dynamic indentations

at audio frequencies based on random binary sequences | I ( f)| _ F OSC(f) 1 (1)
[Fig. 1(b); see Supplemental Material [40]] using the AFM 5(f) 2(R&) 1/2°

probe. From the ratio of TM displacement to the measured

force on the probe ([Fus(f)/8(f)]), we computed the  where F, is the amplitude of the measured oscillatory
dynamic stiffness of the TM for a wide range of stimulus  force on the probe, §(f) is the displacement applied to
frequencies (see Supplemental Material [40]). Figure 1(c) probe by the TM, R is the probe radius, and &, is the
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indentation depth of the probe. Figure S2 [40] shows a
single point measurement of |E*| of the TM. Figure 1(d)
and Fig. S3 (top panels) [40] show |E*| modulus estimates
across multiple TM preparations. At low frequencies, the
nanoscale mechanical response approaches an asymptotic
value corresponding to equilibrium elastic response, Ej
(2.85 £ 2.08 kPa, mean +SD, n = 9 indentation regions).
Compared to this low frequency nanoscale response, the
quasistatic mechanical response [Fig. S1(b) [40] ] yielded a
similar elastic modulus (4.92 + 1.15 kPa, mean +SD). For
the dynamic response at high frequencies, the modulus
approaches an asymptotic value, Ey (96.1 £ 61.1 kPa),
significantly higher than E; . These moduli match previous
measurements of TM material properties [6,9,12-14,
17-19] (Tables S1 and S2 [40]).

In addition to |E*| magnitude, we also determined the
phase ZE* of the dynamic complex indentation modulus
[Fig. 1(d) and Fig. S3, bottom panels [40] ], where O deg of
phase accumulation would correspond to a purely stiff
element and 90 deg would correspond to a purely viscous
element. At both low and high frequencies, the phase ZE*
tends toward ~20 deg. However, at transition frequencies,
ZE* increases to a peak of ~74 21 deg (mean £SD),
indicating a phase lead at those frequencies (where
Speak ~ 620 Hz). A transitional phase lead has not previ-
ously been reported to influence the motion of cochlear hair
bundles, but has been reported to exist for poroelastic
tissues [36-39].

Transitional phase leads are commonly observed for
poroelastic materials because the energy dissipation in
these materials is associated with viscous drag of fluid
through the porous matrix. Relative motions between the
fluid and matrix are greatest in the region near the contact
between the TM tissue and probe tip. The thickness of
the boundary layers in this region are frequency dependent
and, as a result, there is a linkage between the size of the
probe and the frequency dependence of the response.
According to linear poroelasticity theory [37,50], the peak
frequency of the dynamic phase response at which ZE* is a
maximum is

f peak & ];_f ’ (2)
where E is the equilibrium modulus, k is the hydraulic
permeability, and d = 2R cos™'[(R — §;)/R] is the charac-
teristic length of that portion of the tissue that is in contact
with the AFM tip. Thus, by probing the dependence
of fpeax ON nanoindentation contact length d, we could
determine whether poroelastic solid-fluid interactions
dominate TM-hair bundle interactions as opposed to
purely solid phase viscoelastic interactions, which would
not scale with indentation contact length d. Furthermore,
poroelastic theory [37] predicts that f,., is also inversely
correlated with &, which we examine in Fig. S4 [40].
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FIG. 2. Length-scale analysis of TM poroelasticity. (a) Poroe-
lasticity theory predicts that f ey o« (1/d?). Thus, increasing the
contact area of the probe tip from a diameter of 1.5to 15 ym
should decrease f e Here, fpea Was ~620 Hz using a ~1.5 ym
diameter probe tip for a typical apical region TM (average, n = 4
indentations from preparation 2 in Fig. S2 [40]). In separate
apical region preparations, a 15 ym diameter probe tip resulted in
an foex of ~2 Hz (average, n = 2 indentation regions). Thus,
reducing probe tip contact area increases f ey Of the phase angle
of the dynamic modulus. (b) fpeq versus probe diameter for
measurements in this study and that predicted for a single hair
bundle cilium assuming a cilium diameter of 300 nm based on
previous scanning electron microscopy imprints [24-26].

Previous TM shear impedance studies have also char-
acterized TM anisotropy in the radial shear, longitudinal
shear, and point indentations in the transverse directions
over relevant frequency ranges [49,51]. These results show
that TM radial shear impedance magnitude is greater by a
factor of ~2 compared to the longitudinal shear and
transverse impedances, with little to no apparent shift in
the phase relation. These previous findings suggest that
|E*| and ZE* reported here are likely to be comparable
(within a factor of 2) to those that would be driven by
mechanical excitations in the radial direction.

To test the relationship between probe size and fcq,
we measured dynamic responses of the TM with probe
tips of different sizes. For probes with 1.5 yum diameter,
Speak 18 ~620 Hz. For probes with 15 ym diameter, fpeax
is ~2 Hz (Fig. 2). fpeax  (1/d?), which would suggest that
a probe with diameter on the order of a cilium (diameter of
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300 nm [24-26]) would yield an f ., in the auditory range.
Furthermore, for the lowest frequency measurement with
the 15 pm probe (0.01 Hz), f ..« approaches 0 deg versus
the near 20 deg lead observed for the lowest frequency
measurement with the 1.5 um probe (1 Hz). Decreased
indentation depth also shifts f},.x to higher frequencies and
thus the low frequency asymptote can also approach 0 deg
for the 1.5 ym probe (Fig. S4 [40]). The off-transition
frequency lead has previously been attributed to tissue
viscoelasticity [38], whereas the phase lead at the transition
frequency has been attributed to tissue poroelasticity [37].

Using a previously developed fibril reinforced poroe-
lastic finite element model [37] (see Supplemental Material
[40]), we can determine the hydraulic permeability k of the
TM. Based on the relationship in Eq. (2) and best fits to
the poroelastic model (to E;, and f.q), apical regions of
the TM have k ~ 7.44 4 3.88 x 10~'* m*/Ns. This result
shows that the TM is approximately an order of magnitude
more permeable to fluid flow than other poroelastic tissues
such as cartilage [37]. Furthermore, the high hydraulic
permeability of the TM is consistent with the highly
hydrated state of the TM, which is 97% water by weight
[30-34], as well as with previous measurements of per-
meability for synthetic hydrogels (Table S3 [40]).

Based on the position of OHC stereocilia relative to the
overlying TM, deflection of OHC bundles have previously
been thought to be proportional to TM displacement. Thus,
OHCs were classified as displacement sensors to relative
motions of the reticular lamina and TM [22]. This view
assumes that OHC cilia are directly embedded in a rigid
TM and motions of cilia would follow exactly with those of
the TM. Here we see that the TM is not a rigid body, but
rather a poroelastic gel whereby displacements of the TM
are resisted by displacements of hair bundles. This resis-
tance causes a local deformation of the TM such that hair
bundles do not move in proportion to the gross motions of
the TM. Rather, the resistance from hair bundles generates
local deformation of TM [Fig. 3(a)]. At both low and high
frequencies, the TM exerts near-elastic forces on the OHC
stereocilia. In contrast, at transition frequencies, OHC
stereocilia are entrained by fluid-solid viscous dissipation
forces associated with the velocity of fluid through the
TM’s porous structure [Fig. 3(b); Video S1 [40] ], causing
the torque on the bundle (z3) to be out of phase with bundle
displacement (xp) [Fig. 3(c)]. Thus, the poroelastic proper-
ties of the TM give rise to a frequency range over which
OHC:s respond to fluid velocity rather than displacement
sensors in response to sound.

Cochlear amplification is thought to rely on a positive
feedback loop in the cochlea that amplifies the basilar
membrane traveling wave. To achieve high sensitivity and
sharp frequency selectivity, cochlear models assume that
force generation by the OHCs must be in synchrony with
the basilar membrane wave over a narrow frequency range.
In order to maintain this time synchrony, the cochlea must
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FIG. 3. Schematic drawing of OHC stereocilia and TM inter-

actions. (a) Deflection of the TM [Dqy = Dy * cos(wt)] induces
displacements of hair bundles (xz) and torque on the bundle (zp)
by applying a force with an angle 6 with respect to the reticular
lamina (RL). Given that the TM is porous, solid-fluid interactions
of the TM’s matrix cause the TM to be compressed in resistance
to force applied by the cilia bundle and stretched on the side
opposite to the stimulation. These TM-hair bundle interactions at
low, middle, and high frequencies are animated in Video S1 [40].
(b) Transfer function characteristics for freestanding hair bundles
experiencing purely viscous forces (blue curve), elastic forces
(red curve), and poroelastic forces based on results presented in
this Letter (yellow curve). Phase differences between the dis-
placement of the TM and the force applied to the hair bundle
[¢, where O = 6« cos(w * t + ¢)] as a function of frequency
suggest that OHC bundles tend toward displacement sensing
behavior at low and high frequencies, but velocity sensing
behavior at middle frequencies. (c) Depiction of phase relation-
ships between xp and 75 at low frequencies, transition frequen-
cies, and high frequencies.

overcome many sources of phase lag (e.g., fluid inertia in
the subtectorial space, the OHC membrane time constant,
and ciliary dynamics) [1-5]. Our results show that TM
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poroelasticity could introduce significant phase lead in the
force that a bundle experiences at transition frequencies
versus very low or high stimulation frequencies. This phase
lead may be one of many factors needed to drive positive
feedback in cochlear models. Furthermore, this phase lead
is dependent only on the relation between the TM and the
OHC bundle, regardless of the mechanisms that drive TM
motion. Thus, TM poroelastic properties may be required
to overcome sources of phase lag in the cochlea and to
achieve high sensitivity in mammalian hearing.

Recent in vivo work highlights the complex motions of
the TM, basilar membrane, and reticular lamina that result
in sharp auditory tuning [16,52-54]. In addition to micro-
scale motions of these structures, we observe that the
nanoscale interactions of the TM and OHC stereocilia may
also contribute to sharp frequency tuning. Our results show
that TM poroelasticity generates OHC stereociliary defor-
mations with phase accumulation over a narrow frequency
range [Figs. 1(c) and 1(d)] and in the auditory range for
cilia-sized point deflections [Fig. 2(b)]. Furthermore, we
see two orders of magnitude difference in fp., between
measurements with the 1.5 and 15 ym probes [Fig. 2(a)],
and our model predicts that the characteristic frequency of
this transitional phase lead would be in the auditory range
for a single cilia [Fig. 2(b)]. In vivo, the exact characteristic
frequency of this transitional phase lead would arise from
multiple factors, including the depth of the embedded cilia
in the TM, the amount of fluid coupling between individual
cilia in a hair bundle, and the poroelastic material properties
of the TM at the attachment point. Given that the predicted
transition frequency for cilia-sized indentations is in the
auditory range, sharpness of cochlear tuning may thus be
driven, in part, by the poroelastic interactions of the TM
and OHC stereocilia.
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