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Abstract

Extraordinary sensitivity, frequency selectivity, and dynamic range are hallmarks of
mammalian hearing. While a variety of cellular and molecular mechanisms are known
to be critical to these properties, how the cellular and molecular mechanisms interact
to generate the remarkable properties remains unclear. Direct observations of these
interacts has proved to be difficult, in large part because the inner ear is fragile and
has been difficult to probe with conventional measurement technologies. We have
developed an Optical Coherence Tomography (OCT) system to use light to probe
both the structure and mechanical responses of the inner ear to sound stimulation.
The technique takes advantage of the interference of low coherence sources of light
to detect even weakly scattering tissues in the inner ear. By sensing Doppler shifts
of light scattered off moving structures in the inner ear, the OCT system can also
detect sound-induced motions of cochlear structures with sub-nanometer resolution.
This thesis demonstrates the use of the OCT system to study the structure of the
inner ears of mice, gerbils, and guinea pigs, as well as the acoustic response of the
apical turn of in vitro and in vivo apical mammalian cochleae to low frequency (100
to 1000 Hz) sounds — frequencies that are critical to our understanding of speech.
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Chapter 1

Introduction

The mammalian cochlea is a remarkable sensor. Using neural signals generated by
the cochlea, humans can reliably detect sounds that cause motions of the stapes
on the order of picometers — i.e., much smaller than the diameter of a hydrogen
atom [114, 29]. The cochlea performs high-quality frequency analysis of low-level
sounds: Qioqs > 600 has been recorded for motions in the saline-filled cochlea of the
bat [66, 99]. Furthermore, cochlear signal processing is profoundly nonlinear. One
important nonlinearity is compression [101, 97, 20, 77, 88]. Humans detect sounds
differing in intensity over a 120 decibel range. This range of intensities is compressed
as it is encoded for neurons with considerably smaller (20-50 dB) dynamic ranges.
It is now widely accepted that an active mechanical amplification process driven by
outer hair cells (OHCs) underlies these remarkable properties.

While information on the cellular and molecular basis of hearing is increasing
rapidly [9, 36, 103, 5, 56, 31], there has been substantially less progress in under-
standing how these components interoperate to generate the remarkable properties of
hearing, particularly at low frequencies, which are most relevant to speech signal pro-
cessing. Currently, there is significant debate about the prevalent modes of motion,
compressive non-linearities and tuning responses from the low frequency apical region
of the cochlea [19, 62, 121, 95, 5]. In addition to potentially resolving fundamental
debates in cochlear mechanics, the cochlear apex also provides several experimental

advantages as a measurement target: i) larger cellular structures (e.g. outer hair
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cells) relative to the base; ii) larger acellular structures (e.g. tectorial membrane)
relative to the base, and iii) time-based synchrony without low-pass filtering effects.

Cochlear mechanical and auditory nerve studies in chinchilla, guinea pig, and
cat cochleae have yielded contradictory results with important clues about the pres-
ence of new modes of motion in the cochlear apex [19, 62, 121, 80, 70, 49, 48, 47].
Sound-induced motion measurements of the basilar membrane, tectorial membrane
and reticular lamina in the apex may therefore further our understanding of low
frequency signal processing of sound, and in particular, speech. In this thesis, we
measure the cochlear morphology of in vitro cochlear preparations with Reissner’s
membrane intact, we measure absolute axial macromechanical motions of cochlear
structures as a function of radial position in the in wvitro and in vivo mammalian
apex, and we assess relative cochlear motions of the basilar membrane, the tectorial

membrane, and the reticular lamina as a function of intensity and frequency.
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1.1 The mammalian cochlea

1.1.1 Cochlear anatomy

The mammalian cochlea, consists of three fluid-filled cavities: scala vestibuli, scala
media, and scala tympani which spiral upward from the base of the cochlea toward
the apex (figure 1-1). Scala vestibuli and scala tympani are filled with perilymph, a
high Na', low K* fluid, while scala media is filled with endolymph, a high K*, low
Na® fluid. Scala media is isolated from scala vestibuli by Reissnerts membrane, a
thin layer of epithelial cells, and from scala tympani by the reticular lamina, a system
of tight junctions along a surface of the organ of Corti.

The organ of Corti (figure 1-1) consists of a variety of cells including inner and
outer hair cells (which are separated radially by pillar cells), supporting cells, and
the tunnel of Corti. Each inner and outer hair cell projects stereocilia into the sub-
tectorial space, which lies above the reticular lamina and beneath the gelatinous,
acellular structure called the tectorial membrane. There, it is generally believed that
the stereocilia of the outer hair cells come into contact with the tectorial membrane

(TM).

1.1.2 Effects of sound

Sound travels into the cochlea via the tympanic membrane (eardrum), which excites
the three middle ear ossicles: the incus, malleus and stapes, located near the base
of the cochlea. As the stapes is displaced, a traveling wave of pressure differentials
between the scala vestibuli and scala tympani travels from the base of the cochlea
towards the apex. This macromechanical pressure wave causes an axial displacement
of the basilar membrane and organ of Corti, which is maximal toward the base for
high frequency stimuli and toward the apex for low frequency stimuli (figure 1-1D).
This displacement is thought to cause radial shearing of the hair bundles against the
tectorial membrane, which allows transduction channels to open and current to flow

from scala media to scala tympani via the outer hair cells.

19



Tectorial
Membrane

Reissner's
membrane

Scala
vestibuli

-7 Fawcett et al (1994)
Basilar
membrane
Cochlea

Stapes
Pl

[ — ~, / .‘. A\ .
o = g N . N o
/base s | :J apek

BM

Figure 1-1: (A) The turns of the mammalian inner ear (Image from [51]) with the
base and apex of the cochlea labeled. Reference directions are labeled. (B) Cross-
section of a single turn [inset of (A)] with labeled fluid spaces: scala vestibuli, scala
media, and scala tympani; and labeled structures: Reissner’s membrane, the tectorial
membrane, the organ of Corti, and the basilar membrane. (C) Drawing of a cross
section of the organ of Corti [inset of (B)]. The spiral limbus (SL), tectorial membrane
(TM), inner hair cell (IHC), hair bundles (HB), basilar membrane (BM), and outer
hair cell (OHC) are labeled. (D) Stapes-induced basilar membrane traveling wave
peaking axially near the apex along the stretched out length of the cochlea.

1.1.3 Cochlear amplification and sensitivity

Figure 1-2B illustrates a outer hair cell body with hair bundles protruding from the
reticular lamina. Hair bundle deflection causes current from scala media to depolarize
the outer hair cell. Outer hair cells respond to the change in transmembrane potential
(Var) by expanding and contracting in length (L) and diameter [9]. The changes in
length are thought to contribute to sensitivity increases found in the base of living
cochleae by exerting a force on the cochlear partition and causing the hair bundles

to deflect even more.
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Figure 1-2: (A) Cross-section of the organ of Corti with inset of an outer hair cell
(OHC). (B) The length (L) of an outer hair cell body is a function of its membrane
potential (Vjs). Hair bundle radial deflection causes currents from scala media to de-
polarize the cell causing an increase in V), and a subsequent decrease, or contraction,
in the length of the hair cell.

In the living cochlea, transduction currents are much larger than a passive cochlea
due to factors such as an endocochlear potential. In living mammals, the endocochlear
potential is maintained at ~80 millivolts through active processes, and exists in the
endolymph filled scala media. Laser Doppler velocimetry experiments done by Rug-
gero and Rich [96] show that during furosemide administration, which causes a drop
in endocochlear potential, the basilar membrane becomes much less sensitive and ex-
hibits a linear input-output relationship in the base of the cochlea (figure 1-3). The
apex (1000 Hz stimulus) was affected much less by the drop in endocochlear potential

due to furosemide.

The effect of cochlear amplification can be seen by looking at basal sensitivity
curves (figure 1-4A), which normalize displacement with that of the stimulus sound
pressure. The cochlear base shows a high degree of nonlinear displacement relative to
input sound pressure. Low sound pressure stimuli have a higher degree of displace-

ment amplification relative to high sound pressure stimuli. In the apex, sensitivity
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Figure 1-3: Input-output curves for the response of basilar membrane L 14 to tones
immediately preceding (solid line) and following (broken lines) an intravenous 50-mg
furosemide injection. Responses are shown for a CF tone (9 kHz, squares) and for
a 1- kHz tone (circles). The abscissa indicates stimulus intensity (in dB SPL, i.e.,
referenced to 20 pPa), and the ordinate indicates peak basilar membrane velocity (in
pum/sec). The time of data collection, in minutes relative to the furosemide injection,
is indicated for each curve. Data were collected by means of laser velocimetry. (Figure
and caption from [96])

curves at low characteristic frequencies appear to be linear in comparison with the

base.
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Figure 1-4: (A) Basal sensitivity from the chinchilla [98] and guinea pig [20] as a
function of input sound pressure level and frequency. (B) Apical sensitivity of the
reticular lamina as a function of input sound pressure level and frequency. Guinea pig
(ref. 413) is reference [121] measures the organ of Corti through Reissner’s membrane
with LDV. Guinea pig (ref. 49) is reference [19], which measures with LDV. Guinea

pig (ref. 178) is [63], which measures the reticular lamina with confocal interferometry.
(Figures from [95]).
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Chapter 2

DOCM /DOCT Methodology

This section is adapted from a paper presented at the Mechanics of Hearing conference

in 2015 [83]. Additional system information is available at the following reference [52].

2.1 Introduction

Despite extensive progress in measurements of cochlear mechanics over the past sev-
eral decades, there are still basic phenomena that are not well understood. One
reason for this lack of data has been due to the difficulties in measuring motions of
structures within the cochlear partition of intact systems. The history of cochlear
mechanics studies shows that new measurement tools lead directly to new discov-
eries about cochlear function. Stroboscopic microscopy techniques pioneered by von
Békésy demonstrated the mechanical frequency separation introduced by the cochlear
traveling wave [114]. The later application of Mossbauer methods [90, 104], and subse-
quent laser Doppler vibrometry (LDV) methods [81, 96], permitted measurements of
the sharply-tuned, labile motions of basilar membranes in living cochleae [95]. LDV
techniques have further demonstrated the spatial extent of traveling waves on the
basilar membrane in living cochleae [101, 89, 95]. Video microscopy and related gra-
dient methods have allowed the observation of three-dimensional motions of multiple
cochlear structures [24, 58]. These techniques have been successful in demonstrating |

the relative motions of structures in the mammalian cochlea. Both LDV and video
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microscopy methods are now widely used and continue to provide valuable insights
into cochlear function.

Despite their successes, current methods based on LDV and video microscopy
have important limitations affecting their ability to study the cochlea as a system.
For example, in video microscopy both lateral and axial resolutions are limited by the
size of the opening made in the wall of the cochlea. To date, it has been impossible to
obtain wide access (for high resolution) without significantly reducing the sensitivity
of the cochlea. In LDV, axial resolution is typically limited to single highly reflective
targets (either naturally occurring or artificially placed), which greatly complicates
characterization of cellular processes in the organ of Corti (figure 2-1A). However,
confocal LDV systems reduce the need for an artificially placed reflective target, as
the axial depth from which light is collected is confined [80].

As with optical coherence tomography (OCT), images constructed via Doppler
optical coherence microscopy (DOCM) and Doppler optical coherence tomography
(DOCT) use optical range information and can be acquired using both high (DOCM)
and low (DOCT) numerical aperture access [82]. These systems utilize the Doppler
shift caused by the motion of scattering structures to measure displacement as a func-
tion of depth into the tissue. This novel combination of LDV and OCT measures sub-
nanometer displacements of weakly scattering structures within the cochlear partition
using fiber-based gradient index (GRIN) lenses, air objectives, and water objectives

[117, 118, 52, 16, 13, 37).

2.2 DOCM/DOCT

LDV is built on the principle of the Michelson interferometer (figure 2-1B). Reflected
light scattered from a coherent beam incident upon a sample is mixed with a reference
beam to produce an interference pattern which can be measured at a photodetector
or at a spatial plane. The detected signal consists of constructive and deconstructive
interference. With a coherent source, the interferometric pattern sums light scattered

from multiple depths (figure 2-1C). Reflective beads are thus typically used as targets

26



LDV

Coherent light

DOCM/DOCT

Short coherence length light

Figure 2-1: Comparison of LDV (A-C) and DOCT/DOCM (D-F) image and motion
measurement techniques. (A) In LDV, the target is illuminated with light from a
laser source. A reflective bead is often used to ensure a single point of reflection.
(B) Schematic diagram of a Michelson interferometry setup showing the source split
into a sample and reference path. Motions of the target modulate the optical path
length and are measured by recombining the backscattered light with light from a
reference path. (C) Interference pattern as a function of axial position (z) for a co-
herent light source, commonly used in LDV. Abbreviations: ITHC = inner hair cell,
TM = tectorial membrane, TOC = tunnel of Corti, OHCs = outer hair cells, BM
= basilar membrane. (D) In DOCM/DOCT, light with a short coherence length is
used to distinguish reflections from different optical depths. This technique renders
a cross-sectional image of all visible structures, including cellular and acellular struc-
tures. (E) Schematic diagram of heterodyne (dashed box) DOCM/DOCT systems.
(F) Interference as a function of the difference in optical path length ( 2) for a low co-
herence light source, commonly used in DOCT/DOCM. Al, represents the full width
at half maximum (FWHM) of the interference signal and defines the coherence gate.
Abbreviations: SLD = super luminescent diode, BS = beam splitter, PD = photode-
tector, AOM = acousto-optic modulator, BE = beam expander, RL = relay lens, DM
= dichroic mirror, TL = tube lens, CCD = charge-coupled device, OL = objective
lens, R = retroreflector, S — sample.
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to isolate the motion measurement to a specific plane.

The DOCM /DOCT system, previously described by Hong, et al. [52], uses a low
coherence source to optically section tissue (figure 2-1D) and is based on a Michelson
interferometer in a double-pass configuration (figure 2-1E). The source has a center
wavelength (o) of 841 nm and a bandwidth (A\) of 47.8 nm. Acousto-optic modu-
lators (AOMs) modulate the sample path at 80 MHz and the reference path at 80.25
MHz generating a 500 kHz heterodyne signal which allows for directional phase dis-
crimination. DOCT and DOCM utilize a low coherence source to limit constructive
interference to a small matched path length, typically less than 20 gym. An ideal
low coherence source with a Gaussian spectrum yields an axial coherence gate (Al,.),
which is defined as the full width at half maximum (FWHM) of the interferometric
signal (figure 2-1F), and described by the following:

_ 2n(2) X®
o A

Al, (2.1)

The coherence gate can be used to optically section throughout tissue. Center fre-
quencies of low coherence sources typically range from 800 nm to 1600 nm, while

source bandwidth varies from approximately 20 nm to 300 nm.

DOCT utilizes a small numerical aperture (NA) objective or fiber-based GRIN
lens to increase the depth of focus, while using the coherence gate to optically section
(figure 2-2A). Scattered light is collected throughout the depth of focus, yet only light
which matches the path length of the reference arm contributes to the interferometric
signal. The interferometric point spread function generated by axially imaging a plane
approximates the axial resolution as the FWHM of the convolution of the coherence

gate with the plane (figure 2-2B).

In contrast, DOCM uses a high NA objective to confocally restrict the collected
scattered light axially within the depth of focus (figure 2-2C). As a result, the point
spread function (figure 2-2D) demonstrates a finer axial resolution than that achieved
with a low NA coherence gated system. DOCM also has a better lateral resolution

when compared to DOCT as a result of its higher NA, according to the following
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Figure 2-2: (A) Schematic diagram of DOCT setup with low NA objective high-
lighting large depth of focus (blue), coherence gate (orange), and lateral resolution
(arrows). (B) Low NA DOCT axial point spread function determined by coherence
gate (orange). (C) Schematic diagram of DOCM setup with high NA objective high-
lighting small depth of focus (blue), coherence gate (orange), and lateral resolution

(arrows) (D) High NA DOCM axial point spread function determined by depth of
focus (blue).

Dx

relationship:

Ao
=0.37=% 2
Az =037 (2.2)

where Az is the FWHM of the lateral point spread function, and is inversely propor-
tional to NA.

Although the axial and lateral image resolutions of DOCM are both enhanced with
respect to DOCT, the high NA objectives used have comparatively larger diameters
and shorter working distances which make it difficult to gain optical access in tight
spaces. DOCT systems have longer working distances and smaller fiber/objective

diameters, allowing for easier access to the cochlea in situ.
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Lateral scanning of the target under the sample path is accomplished using linear
stepper motor stages, while transverse scanning is more quickly accomplished by
moving the sample objective and reference retroreflector together on a piezoelectric
scanning stage (Physik Instruments). The sample path contains a beam expander to
maximize the area of light incident on the objective, while the reference path utilizes
relay lenses to correct for angular dispersion caused by the AOM. The interference
signal, as well as a 250 kHz reference signal, is sampled by a 12-bit A/D card at 5
MS/s via a photodetector.

Motion measurements can be obtained by measuring the instantaneous phase of
the heterodyne interference signal. This is an indicator of the change in path lengths
between the sample and reference arms. The complex axial displacement can be

determined by

1

i) = 57

¢(n) (2.3)

where k = 27/, 71 is the refractive index, and ¢(n) is the difference in the Hilbert
transform of the instantaneous phase from the heterodyne interference and reference

signals.

#(n) = tan™! (%%’ié—@) — 2tan™" <%§ﬂ> (2.4)
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Chapter 3

Tectorial membrane electrokinetics

This chapter is adapted from a published manuscript [44]. My contributions to the
published manuscript include the experimental design, measurements, and analysis

of results obtained from Doppler optical coherence microscopy.

3.1 Introduction

The mammalian cochlea is a remarkable sensor capable of detecting and analyzing
sounds that generate subatomic vibrations [66]. This extraordinary sensing property
depends on mechano-electrical transduction of cochlear hair cells [54, 55], which are
functionally classified as inner and outer hair cells (OHCs). Both types of hair cells
project stereociliary hair bundles from their apical surface towards an overlying extra-
cellular matrix called the tectorial membrane (TM). Because of its strategic position
above the hair bundles, the TM is believed to play a critical role in bundle deflection.
Recently, genetic studies have confirmed the importance of the TM in hair cell stim-
ulation by highlighting how mutations of TM proteins cause severe hearing deficits,
even when the TM and its structural attachments appear to be normal under electron
microscopy [68, 69, 100, 107, 75].

Despite significant evidence establishing the importance of the TM in normal
cochlear function, relatively little is known about the TM’s basic physicochemical

properties and mechanistic role. Historically, models of cochlear function have repre-
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sented the TM as a stiff lever with a compliant hinge, a resonant mass-spring system,
or as an inertial body [25, 21, 7, 78, 79, 1, 123, 72] However, these models exclude
important phenomena, such as longitudinal coupling [122, 42, 76, 43], and assume
that only mechanical properties of the TM are important. It is now clear that the
TM is a biphasic poro-elastic tissue [74], which manifests longitudinal coupling in the

form of traveling waves [42, 76, 43].

Furthermore, TM macromolecules comprise not only mechanical constituents |74,
38, 46, 94, 92, 39] such as collagen fibrils, but also charged constituents such as
glycosaminoglycans (GAGs), which could affect mechanical properties (Fig. 3-1) [34,
73, 67, 112, 93, 111, 110, 11, 65]. GAGs in the TM carry sulfate (SO3~) and carboxyl
(COO") charge groups, which are fully ionized at physiological pH and neutralized at
acidic pH values (pKs between 2-4) [34]. In contrast, the net charge on TM collagen
constituents is small at physiological pH because the net charge of amino (NH;")
and carboxyl groups is zero. The density of TM charged macromolecules has been
previously inferred from pH dependent volume measurements of the TM [116, 33, 115].
Although consistent with a gel model of the TM, estimates of charge density based on
changes in volume are indirect and deviate from model predictions at low pHs [115].
More direct electrical recordings are thus required to determine the net charge of TM
constituents and to determine whether this amount of charge is sufficient to generate
electromechanical behaviors, of the type reported in other connective tissues, such as
cartilage [45, 32, 106].

Fixed charge plays a key role in determining the functional properties of car-
tilage. For example, nearly half of the load-bearing stiffness of cartilage has been
attributed to electrostatic repulsion [11]. In addition, mechanical strain produces
electrical responses (e.g., streaming potentials [65]) and electrical stimulation can
lead to mechanical deformations by a process referred to as electrokinetics [45, 32].
The similarity between the structure and composition of the TM and those of other
conhective tissues suggests the possibility that charge could play a similarly important

role in the function of the TM [34, 73].

In this study, we developed microfabricated devices that interface with the soft and
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External pressures
resisted by:

I Mechanical forces

Electrostatic repulsion
of fixed charge

Figure 3-1: Electromechanical properties of the TM. Schematic drawing of the
TM showing negative fixed-charge constituents attached to a network of mechan-
ical springs (collagen fibers). In response to external pressure, the negative fixed
charge and collagen fibers resist compression through electrostatic repulsion effects
and mechanical forces, respectively.

fragile structure of fresh, excised TM segments to i) measure the fixed charge density
of the TM, and ii) apply oscillatory electric fields at audio frequencies to the TM.
Using these novel methodologies, we demonstrate electrokinetic phenomena elicited

by the presence of fixed charge, and suggest implications for hearing mechanisms.

3.2 Results and Discussion

To determine the fixed charge concentration of the TM, we recorded the electrical
responses of the TM using a microaperture chamber in a patch clamp configuration
(Fig. 3-2; see Materials and Methods). The voltage measured between the baths
represents the sum of the junction potentials at two TM surfaces (Fig. 3-2A and B):
one bathed in artificial endolymph (AE), and one bathed in a test solution. KCI
concentration in the test solution was systematically altered to modulate the adja-
cent junction potential via changes in charge shielding. The resulting measurements
were well fit by a model based on the Donnan relation (see Materials and Methods),
and provided an estimate of fixed charge density c¢; of ~7.14£2.0 mmol/L at phys-
iological pH, and 3.0 mmol/L at pH 3.5 (Fig. 3-2C). These results are consistent
with predictions based on biochemical composition studies [34]. The net charge of

approximately -7.1 mmol/L at physiological pH is large, representing 1 fixed charge
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molecule for every ~25 cations in endolymph.

To determine the mechanical contribution of charge in the TM, we analyzed
a macrocontinuum model based on stress-strain relation and Donnan equilibrium
[34, 106]. Internal pressures that arise from mechanical and electrostatic mechanisms -
resist external pressures on the TM (Fig. 3-1). The mechanical component is propor-

tional to changes in TM volume and can be expressed as

&V - Vo)

7 (3.1)

Pmech =

where prech 1S the hydraulic pressure, & is the bulk modulus, V is TM volume, and
Vo is the volume in the absence of a hydraulic pressure. The electrostatic component
depends on the concentration of fixed charge in the TM, which tends to concentrate
mobile counterions to maintain electroneutrality. This concentration of counterions

increases the osmotic pressure (pg..) in the TM and can be expressed as

Petee = RT <\/ (-gf—)z +C - 0) (3.2)

where R is the molar gas constant, T is absolute temperature, and C represents the
concentration of monovalent ionic species (KCl) in the bath. This model predicts that
electrostatic repulsion due to the 7.1 mmol/L of fixed charge density can contribute
up to 0.35 kPa to the equilibrium bulk modulus &, accounting for approximately 70%
of compressive rigidity of the TM at equilibrium [74]. Under dynamic conditions, the
contribution of charge to mechanical properties is also important. A recent study
found that a shift to acidic pHs in the bath causes a ~2-3x reduction in dynamic
shear impedance of the TM [27]. The density of charge in the TM is thus sufficient
to be the basis of mechanical properties under both static and dynamic conditions, a
striking finding, given the fact that the TM is highly hydrated [34, 67, 112].

The presence of charge in the TM suggests the possibility that electrical stimuli
could generate a mechanical response [40, 41]. The application of oscillating elec-
tric fields at audio frequencies (1-1000 Hz) directed along the transverse axis of the

TM in the microaperture chamber (Fig. 3-5A) generated displacements of the TM
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Figure 3-2: Fixed-charge density of the TM. (A) Schematic drawing of the microaper-
ture setup showing side views of an isolated TM positioned over a circular microaper-
ture. (Left) The microaperture creates a fluid path from the overlying bath of AE
to the underlying microfluidics channel (test bath) perfused with AE-like solutions
with variable KCI1 concentrations. (Right) The TM acts as an electrochemical barrier
between the overlying bath and underlying fluid channel. The potential difference
between the baths (Vp = Vi — Vi) was recorded with Ag/AgCl electrodes that were
placed in contact with the two baths. (B) Schematic drawing of the microaperture
setup showing the top view of the TM positioned over the microaperture in the re-
gion near Hensen’s stripe and the marginal zone. (Inset) TM segment overlying the
microaperture using 40 x magnification. (C) Voltage was plotted as a function of test
bath KCI concentration. Best-fit estimates to the median voltages yielded ¢y (-7.1 £
2.0 mmol/L; n = 5 TM preparations). Vertical lines and boxes denote extreme values
and the extent of the interquartile range, respectively. Horizontal lines through the
boxes denote the median values. Reducing the bath pH from 7.3 to 3.5 caused voltage
measurements to change polarity and decrease in magnitude (3.0 mmol/L).
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Figure 3-3: Microchannel setup with uniform electric fields applied radially to TM
segments. (A) The TM was positioned between two application electrodes in the
microchannel and observed optically at audio frequencies with stroboscopic illumina-
tion. (B) Magnified side view of the TM in the microfluidics channel, showing uniform
electric fields directed radially. (C) Light microscopic image of a TM segment in the
microfluidics chamber, highlighting the orientation of the TM marginal and limbal
boundaries relative to the applied field.

near the marginal zone and Hensen’s stripe (n = 4 TM preparations) (see SI Movie
#1). Figure 3-5B shows that TM displacements had peak amplitudes of 50 nm in
response to 8 kV/m (at 10 Hz) at a position on the undersurface of the TM above the
microaperture. Displacement amplitudes dropped significantly with distance away
from the microaperture (Fig. 3-5B), increased with electric field strength (Fig. 3-5C),
and decreased as a function of stimulus frequency with the phase angle approaching
—7/2 radians (Fig. 3-5D), consistent with viscous dominated interactions. Similar
motion behaviors were reproduced in a microfluidics chamber used to apply radial
electric fields (SI Materials and Methods; Movie #2; Fig. 3-3). Using this chamber,
we measured the frequency response of the TM at very low frequencies (1-80 Hz) and
exposed the TM to different perfusates in the microchannel environment. Perfusion
of AE equilibrated at pH 3.5 led to a ~7 radians shift in phase angle (Fig. 3-4A),
indicating ionization of positively charged collagen groups [115] and neutralization of
negatively charged GAGs.

The frequency dependence of TM displacement magnitude and phase (Fig. 3-5D,

Fig. 3-4B) suggests an interplay between electrophoretic forces on the solid matrix
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and electro-osmotic forces on interstitial fluid (which carries a charge that is equal
in magnitude but opposite in polarity to the fixed charge on TM macromolecules)
[32]. At low frequencies, these forces displace the fixed charge groups attached to the
elastic matrix of the TM to generate displacements, which scale with field strength
and the radius of the microaperture [113]. However, this process is viscosity limited
(Fig. 3-5D), due to the small size of the pores [74]. Therefore, as the frequency of
the electrical stimulus increases, there is less time per period for fluid motion through
the porous matrix, and a proportional reduction in total fluid transport. The result
is that electrokinetic displacements of the TM are larger at low frequencies than at

high frequencies.

For asymptotically low frequencies, the solid and fluid phases separate, and elec-
trokinetic displacements result from electrical forces acting on fixed charges embedded
in the elastic matrix. To estimate the magnitude of these displacements, we modeled
the TM as a semi-infinite, isotropic, elastic matrix, which overlies a circular aperture
(25 um diameter) through which current is passed. The mechanical properties of
the matrix were represented by Young’s modulus (~105 Pa for a basal TM segment)
[42, 46]. The matrix was assumed to have a uniform electrical resistivity (0.3 {dm)
and fixed charge density g (~7x105 C/m?®), determined from the measurements in
this study (¢; ~7 mmol/L; Fig. 3-2). The equations of motion were solved using finite
differences (SI Results), with the result that electric fields of 1 kV/m (generated by
~2 pA of current) produced electrokinetic displacements on the order of 1.5 pm. This
motion estimate is based on a quasistatic model of the TM, which is appropriate at
asymptotically low frequencies. However, the motion measurements in Fig. 3-5D show
strong frequency dependence of motion (with slope of —1) over the measured range
of frequencies (which is limited at low frequencies by table vibrations and thérmal
drift). We expect the trend shown in Fig. 3-5D to continue (to lower frequencies)
until the transition to quasistatic behavior occurs, at frequencies that correspond to
the poroelastic relaxation time (which is on the order of tens of minutes, based on
previous osmotic experiments |74, 34]). Thus the transition frequency is 2-3 orders

of magnitude below our lowest measured frequency, and we expect the quasistatic
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Figure 3-5: TM electrokinetic response. (A) The microaperture setup was used to
deliver electric fields to the TM with a pair of Ag/AgCl-stimulating electrodes. Elec-
trically evoked displacements were measured using computer microvision and DOCM
systems (Materials and Methods). Voltages were delivered with Ag/AgCl electrodes
positioned in the top bath and in a reservoir connecting to the underlying fluid chan-
nel. Electric fields were computed based on the geometry of the microaperture, and
electrical current was measured across a resistor that was placed in series with the mi-
croaperture chamber during voltage application. (B) Transverse displacements were
sinusoidal and largest in the regions of the TM directly overlying the microaperture
and decreased with radial distance away from the microaperture. A typical TM seg-
ment excised from the middle turn exhibited electrically evoked displacements up to
~45 nm in response to electrical stimuli applied in the middle zone region directly
overlying the microaperture (10 Hz; 8 kV/m). Motion amplitudes varied depending
on whether the TM sample was a basal or an apical segment. (C) Displacements
scaled linearly with electric field magnitude for TM samples excised from the middle
turn of the cochlea (n = 4 TM preparations). (D) (Upper) Displacement amplitudes
decreased with increasing stimulus frequency (40-1,000 Hz) with a slope of 1 (solid
line) for a typical apical TM segment. Black dots denote the mean value of TM
displacement. (Lower) Phase angle of TM displacement as a function of frequency.
Vertical lines with horizontal bars denote SEM.
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motion estimate to be 2-3 orders of magnitude larger than the measured range of

motions.

Under dynamic conditions, viscous forces increasingly couple electro-osmotic and
electrophoretic forces, which are equal in magnitude but opposite in direction. To test
the effect of pore size and interstitial fluids on TM electrokinetics, we measured TM
motion in response to changes in viscosity by introducing different size PEG molecules
in AE (SI Results and Materials and Methods). We altered the viscosity of the fluid
surrounding the TM by perfusing AE mixed with large PEG molecules (10 pmol/L,
400 kDa), which could not penetrate the TM. To alter internal viscosity of the TM,
we perfused AE mixed with small PEG molecules (10 mmol/L, 8 kDa), whose ra-
dius of gyration was sufficiently small to enter through TM nanopores [74]. Adding
small PEG molecules caused TM motion to decrease by ~6.5x, whereas, adding large
PEG molecules caused relatively minor changes in TM motion (Fig. 3-4C). Chang-
ing internal viscosity of the TM is functionally equivalent to reducing TM pore size,
suggesting a strong dependence of TM electrokinetic interactions on effective poros-
ity and a weak dependence on external viscosity of the surrounding fluid. These
results provide a framework for a general poroelastic model of the TM under both
quasi-static [74] and dynamic conditions, thereby highlighting the important inter-
play between fixed charge groups, porosity and the internal water content of the TM
at the nanoscale. Electrically-evoked displacements of the TM may have important
implications for electrical stimulation of the cochlea [119, 102, 12, 80, 58]. Mechanical
responses to electrical stimulation have generally been attributed to OHC somatic and
hair bundle motility mechanisms. While exogenous application of electrical currents
undoubtedly excites sensory receptor cells, our results suggest that electrically in-
duced TM motions must also be taken into account if electrical currents flow through
the TM. Thus, electrically-evoked motions of the cochlear partition may be at least
partially stimulated by TM electrokinetics, especially at low audio frequencies. Elec-
trokinetic properties of the TM could interact directly with hair cell ion channels.
Although the exact position of hair cell transduction channels relative to the TM re-

mains unclear, it is well known that the undersurface of the TM is in close proximity
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(nanometer-scale separation) to the tallest rows of stereocilia [53, 30, 6]. Figure 3-6A
and B shows the TM-hair bundle interface and highlights how transduction currents,
driven predominantly by potassium and calcium ions, generate electric fields, which
in turn, could exert local force on TM macromolecules. Although it is unlikely that
transduction currents generate bulk movements of the TM in vivo, it is possible that
local electrically induced deformations of the TM could occur near single stereocilia

ion channels.

A previous study of electrical recordings from the bullfrog’s sacculus found electric
field magnitudes of ~1 V/m at distances ~1 pm from the tips of the stereociliary hair
bundles containing clusters of ion channels (51). These electric fields depend not
only on the magnitude of the current but also on the spatial proximity of the TM
relative to the ion channels. If we assume ~20 pA transduction currents through a
solitary ion channel [28, 57] and a distance of ~1 pum from the channel opening, the
electric fields would be in the range of those measured by Hudspeth (labeled ‘Ref.
51’ in Fig. 3-6C [53]). However, as the distance to the ion channel is decreased,
the field strength increases rapidly. For example, at distances within 7-30 nm of
an ion channel, the field strengths are 103-104 V/m, similar to those applied in the
microaperture chamber (labeled ‘This study’ in Fig. 3-6C). Electrically-evoked TM
motions and forces produced by transduction electric fields depend on the m;amterial
properties of the TM as well as the channel geometry. If we assume that a solitary
ion channel is modeled as a single nanopore, then we can estimate the magnitude of
TM displacements by scaling the measurements in the microaperture setup (Fig. 3-
5). TM motion in the microaperture setup under quasistatic conditions (dpu ~1.5
pm) is proportional to the applied electric field strength (E, ~103 V/m), where the
proportionality constant is the effective charge (g,) divided by TM stiffness (k,).
The stiffness k, scales with the radius of the microaperture [113] and is therefore
~104 smaller near an ion channel (~1-nm radius), whereas the quantity of charge
gy scales with the volume of the TM overlying the microaperture. As a result, the
proportionality between du and E, changes by a factor of 108 for a single ion channel

relative to the microaperture. On that basis, we predict TM displacements (d)
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Figure 3-6: TM electrokinetics near hair cell ion channels. (A) Schematic drawing of
a cochlear partition showing the orientation of the TM relative to OHC stereocilia and
tip links. (B) Inset shows the OHC ion channel as a point source with radial electric
fields (blue arrows) acting on TM fixed-charge macromolecules locally over small
distances r. (C) Model predictions of electric field magnitudes as a function of radial
distance r from the opening of the ion channel. Electric fields were estimated based on
experimental values for single-channel transduction currents, resistivity of the ionic
environment, and the radius of the ion channel from previous data [53, 30, 6, 28, 57|.
The shaded region labeled “This study” denotes the range of electric field (103-107
V/m) magnitudes applied in the microaperture chamber with values corresponding
to =7-30 nm from the ion channel opening. The shaded region labeled “Ref. 517
denotes electric fields (=1 V/m) measured at ~1 pm from the tips of hair bundles in
the bullfrog’s sacculus [53]. In both cases, radial distances r are significantly larger
than the TM’s space charge layer thickness [11].
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near an ion channel to be ~0.01 nm in response to Ech adjacent to a nanochannel
(Fig. 3-6C). Because the electric field strength depends linearly on the number of
stereociliary channels, the aggregate TM motion for ~75 channels (dy,) for a given
hair bundle would be ~0.75 nm. TM displacements at the ion channel and bundle
level scale linearly with electrical current I (SI Results). This linear dependence
of TM motion on electrical current is consistent with a finite difference model (SI
Results), which predicts TM motion estimates on the order of those based purely on
scaling. The total mechanical energy available from TM electrokinetic motions (SI
Results) is the product of djy> and TM stiffness (kra ~1.33 N/m for a basal TM
segment over a 5-pm radius) [42, 46, 113], yielding ~0.75 aJ for basal TM segments
and on the order of ~7.5 aJ for apical TM segments with lower stiffness (krps ~0.13
N/m for an apical TM segment over a 5-um radius) [42, 46, 113]. These energy
estimates are comparable to the amount of work needed to deflect hair bundles during
calcium-driven bundle motility (~2 aJ) and are significantly larger than the work
performed against viscosity during bundle movements (~0.1 alJ) [15, 8|, suggesting
that electrically-evoked motions of the TM could interact with mechano-electrical
transduction (MET) currents of the hair bundles. The direction of TM motion and
the associated feedback mechanism at the level of the hair bundles depend on the
location of the MET channels. If the ion channels face towards the inhibitory direction
of bundle motion (i.e. if they are on the side th#t is closest to a shorter stereocilia),
the net electric field that is caused by opening the channels will generate a force that
will tend to close the channels, consistent with negative feedback. If, on the other
hand, the ion channels face towards the tallest stereocilia (as in Fig. 3-6B), the net
electric field would force TM negative charge groups in the direction of positive bundle
deflection to open more ion channels, as the basis of a positive feedback mechanism

for amplification.

Beyond cochlear mechanics, our findings have important implications for all sen-
sory systems, which (with the exception of a few species of lizards) all contain ac-
cessory gelatinous structures overlying hair cells. Gels, like the cupulae and otolithic

membranes found in the vestibular system, and those covering electrosensory hair cells
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on the skin of aquatic vertebrates play a key role in hair cell stimulation [35, 10, 85].
Much like the TM, these gels are poised to undergo deformations in response to
transduction currents. The effect of electrokinetics may be even greater in these
sensory systems because their mechano-electrical transduction channels operate at

significantly lower frequencies than those in the cochlea.

3.3 Conclusions

Results reported in this study show that the TM contains a high density of fixed
charge that contributes to the compressive stiffness of the TM and can generate
electrokinetic phenomena. Electrical stimuli applied to the TM evoke nanometer-
scale displacements at audio frequencies by exerting force on the solid matrix (fixed
charge macromolecules) and fluid phase of the TM. This motion is directly related to
the density of fixed charge inside the TM and may have important implications for
cochlear mechanisms. Although the exact proximity of hair cell ion channels relative
to the TM is not well known, the electric fields generated by mechano-electrical
transduction are large near the undersurface of the TM and can thus generate local
nanometer-scale deformations of the TM in vivo. TM electrokinetic properties may
thus play an important role in the deflection of cochlear hair bundles, suggesting, more
broadly, that electrokinetic mechanisms may control the interaction of overlying gels

and hair bundles in all sensory systems.

3.4 Materials and Methods

3.4.1 Isolated TM Preparation

TM segments were excised from the cochleae of adult male mice (strain CD-1, 4-8
weeks old, Taconic) using a previously published surgical technique [105]. The cochlea
was surgically removed and placed in an artificial endolymph (AE) bath containing
174 mM KCl, 5 mM Hepes, 3 mM dextrose, 2 mM NaCl, and 0.02 mM CaCl2. The

bath was equilibrated at pH 7.3 at room temperature. The bone casing of the cochlea,
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was gently chipped away until the organ of Corti was exposed. A combination of
bright and dark-field illumination with a dissection microscope (Zeiss) provided visual ‘
access to the TM above the organ of Corti. A sterilized eyelash was used to gently
lift the TM from the cochlea. TM segments (typically 0.5-1 mm in length) were
isolated from the organ and placed in a fresh artificial endolymph (AE) bath. The
care and use of animals in this study (NIH Grant R01 DC00238) were approved by

the Massachusetts Institute of Technology Committee on Animal Care.

3.4.2 Microaperture Chamber

The microaperture chamber contained a glass-drilled microaperture (12.5 pm radius)
(Lenox Laser, MD) connecting two fluid-filled compartments in the form of a mi-
crochannel and an overlying bath (Fig. 3-2A). The underlying microchannel was cast
in a transparent elastomer called poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow
Corning) by applying a standard soft lithography technique [2], in which a PDMS
replica of the underlying channel was cured and subsequently sealed to a glass slide
containing the microaperture. For fixed charge density measurements, the top bath
was perfused with artificial endolymph (AE) and the microchannel was perfused with
AE-like solutions in which the KCI concentration and pH were varied. KCI concen-
trations of 21 mM, 32 mM, 43 mM, 87 mM, and 174 mM were used at pH 7.3 and
3.5. Each test bath was perfused twice to test for repeatability. For electrokinetics

measurements, the top bath and microchannel were both perfused with AE.

3.4.3 Measuring Fixed Charge Density cy

Isolated TM segments were mounted in the microaperture chamber so that an electro-
chemical barrier separating the solutions in the two compartments was formed (Fig. 3-
2A). The DC voltage difference (VD) between the two compartments was measured
with Ag/AgCl microelectrodes (AM Systems) housed in large tip micropipettes con-
taining 3 M KCIl solution and solidified in agarose. The electrodes were positioned in

the top bath and in the reservoir connecting to the microchannel. This configuration
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allowed uniform electric fields to be delivered in the regions of the TM directly overly-
ing the microaperture. The electrodes were coupled through an amplifier (DAM60-G
Differential Amplifier, World Precision Instruments) and a multimeter (TX3 True
RMS Multimeter, Tektronix) connected to a computer. DC potentials were stored
in the computer at 2 s intervals. The DC potential difference between the two baths
depends on the ionic concentration of the two baths and on TM fixed charge density
in this configuration. Therefore, by measuring the electric potential difference across
the TM, we can estimate TM fixed charge density. The potential difference arises
primarily from Donnan potentials that form between each bath and the TM, due to

the presence of fixed charge. The potential between each bath and the TM is

_ RT Cf 2 Cf
V_?( (E> +1+@> (3.3)

where V is the potential of the TM relative to the bath, R is the molar gas
constant, 7' is absolute temperature, F' is Faraday’s constant, c; is the concentration
of fixed charge within the TM, which can be either a positive or negative quantity,
and Cy = (1/2)X,; is one half the sum of the concentrations ci of each ion in the bath.
Since the bath consisted mainly of KCl, we estimated Cs, = (1/2)(ck + ccr). 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 ¢y within the TM. When the two baths have dissimilar ionic strengths, in addition
to the Donnan potential, a liquid junction potential (LJP) can arise between the
baths. To accurately measure the Donnan potential, it is important to minimize
and measure the LJP. In this respect it is convenient that the TM normally resides
in AE, which consists primarily of K™ and Cl~. Since these two ions have similar
mobilities, the junction potential resulting from a concentration difference between

baths is minimized.
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3.4.4 Measuring Electrokinetic Motion of the TM

The microaperture setup was also used to apply voltages to TM segments. Isolated
TM segments were placed over a ~12.5 um radius microaperture and both compart-
ments were perfused with AE. Sinusoidal voltages applied between the compartments
generated electric fields in the middle and marginal zones of the TM covering the
aperture (Fig. 3-5A and B). Displacements were visualized in the transverse direc-
tion across multiple focal planes within the bulk of the TM using a computer vision
technique and a Doppler optical coherence microscopy (DOCM) technique [42, 52].
We also developed a microfluidics chamber (Fig. 3-3) used to apply electric fields
to the TM in the radial (in plane) direction (SI Materials and Methods) [41]. Fluids
were perfused through the microfluidics chamber, allowing equilibration of AE at
different pHs and with polyethylene glycol (PEG) (Fig. 3-4A and C) for TM motion

amplitude, phase and polarity studies.

3.4.5 Motion Analysis with Computer Vision System

Images of the TM were collected optically with a 40 x water immersion objective
(0.8 N.A., Zeiss Axioplan) and a transmitted light condenser (0.8 N.A.). TM motion
was measured with a 12 bit, 1024 by 1024 pixel CCD camera (CAD7-1024A; Dalsa
Inc.) by strobing the light emitting diode (LED). The TM segment was illuminated
at 16 evenly spaced stimulus phases (over a stimulus cycle) at multiple optical planes
separated by 1 um. The collected images were then analyzed to determine the first
8 harmonics of the periodic motion. We computed the magnitude and phase of
radial displacement from the series of collected images by using previously published

motion-tracking algorithms [42, 43].

3.4.6 Motion Analysis with Doppler Optical Coherence Mi-

Croscopy

TM electrically evoked motions in the microaperture chamber were confirmed using

a previously published Doppler optical coherence microscopy (DOCM) system, which
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reconstructs motion from weakly scattering light reflected from multiple axial depths
through the TM [52]. The DOCM system has sub-nanometer resolution and was used

to characterize TM motion as a function of stimulus frequencies.

3.5 Supplemental DOCM results
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Figure 3-7: TM electrokinetic response with 50 Hz sinusoidal electric field at 1 kV/m.
(A) The microaperture setup was used to deliver electric fields to the TM with a pair
of Ag/AgCl-stimulating electrodes. Electrically evoked displacements were measured
using computer microvision and DOCM systems (Materials and Methods). Voltages
were delivered with Ag/AgCl electrodes positioned in the top bath and in a reservoir
connecting to the underlying fluid channel. Electric fields were computed based on the
geometry of the microaperture, and electrical current was measured across a resistor
that was placed in series with the microaperture chamber during voltage application.
(B) DOCM 1 pmx 1um resolution image of a TM segment across the microaperature
setup. (C) Displacement (nm,,) and (D) phase (radians) maps in response to a 50
Hz sinusoidal electric field at 1 kV /m.
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Chapter 4

Cochlear morphology

In this chapter we describe methods to acquire images using optical coherence mi-
croscopy /tomography and apply those methods to characterize cochlear morphologies

in three species: Mice, guinea pigs, and Mongolian gerbils.

4.1 Methods

4.1.1 In situ preparation
4.1.1.1 Animal preparation

Cochleae were excised from guinea pigs, gerbils (figure 5-1), and mice. The animals
were euthanized via CO, and decapitated. The bulla containing the cochlea was
isolated and opened. Care was taken to preserve the stapes so that the cochlea could
be stimulated by vibrating the stapes. The stapedius and tensor tympani tendons
were precisely cut to avoid stapes damage upon incudo-stapedial joint and middle
ear separation. The isolated cochlea, was fixed to a Petri dish using two-part dental
cement (Durelon, ESPE Dental-Medizin GmbH) and bathed in a low Ca, low Cl,
artificial perilymph with a pH of 7.30. A small hole (approximately 0.5 mm?) was
made in the temporal bone above the apical turn to allow for 841 nm superluminescent
diode (SLD) optical access. The care and use of animals in this study were approved

by the Massachusetts Institute of Technology Committee on Animal Care.
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Figure 4-1: Inner ear of the Mongolian gerbil as seen through the opened bulla. The
desired apical optical access is denoted with a red arrow. The three middle ear bones
are labeled: Malleus, incus, and stapes.

4.1.1.2 Health

In vitro preparations are monitored for hair cell blebbing [3]. Isolated cochleae are
bathed in an artificial perilymph solution with low calcium and chloride content
to reduce hair cell blebbing. The pl of the artificial perilymph was maintained
at 7.30 to match biological pH and consisted of 7 mM sodium chloride (NaCl).
163.4 mM sodium gluconate (CgH;;NaO7), 3 mM potassium chloride (KCI), 0.1 mM
calcium chloride dihydrate (CaCly-2H,0), 0.1 mM magnesium chloride (MgCl,), 2
mM sodium sulfate (Na,SOy4), 0.5 mM sodium dihydrogen phosphate (NaH,POy).
5 mM HEPES (CgH;sN204S), 5 mM dextrose (Cgll20g), and 4 mM L-glutamine
(HoNCOCH,CH,CH(NH;,)CO.H).

4.1.1.3 DOCM optical methods

Axial measurements were performed using DOCM previously described in Chapter
2. Isolated cochleae were placed under a 40 x water immersion objective (figure 5-3)
on a lateral-axes motor driven scanning stage. The objective was mounted to a piezo

electric driven axial stage. Together, these stages allowed for axial motions to be
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Round window

Figure 4-2: In wvitro preparation. Cochleae are affixed using dental cement to a Petri
dish. A high numerical aperture (NA) objective focuses through an approximate 0.5
mm apical hole. A piezoelectric titanium transducer creates sinusoidal stapes-induced
cochlear excitation.

measured at each point throughout the isolated preparation. Cross-sectional scans
are acquired by first moving the piezo driven axial stage (A-scan), followed by an

increment in the lateral motor stages (B-scan), then repeating the process.

Light from the sample path of the DOCM system exits the objective and con-
verges toward its focal point. As the objective moves axially (during the A-scan), the
reference path moves with it, maintaining equal sample and reference path lengths.
This allows continuous depth sectioning at the focal point of the objective. Since
the depth of focus for the 40x water immersion objective is smaller than that of the
interferometric coherence gate, optical transverse sectioning resolution is limited by
the point spread function of the objective at approximately 2 pum. Depth sectioning
is performed by passing the output sample path light through a hole made in the
apical temporal bone. The light is scattered by Reissner’s membrane and subsequent
deeper tissues, a portion of which is recollected by the objective and mixed with the
reference signal. This heterodyned interferometric signal is used to determine how
much light is scattered at a given depth, as well as the direction and magnitude of

motion.
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4.1.2 Image intensity resolution

As described in chapter 2, one of the hallmarks of OCT is the enormous range of
detectable backscattered light intensities. Our system is capable of detecting light
with reflectivities as low as 1077. The final stage in the process is a 12-bit analog
to digital converter. This limits the range of image light intensity information to
4096 quantization levels or ~103®, which can be adjusted through a variable gain

photodetector.

Figure 4-3A shows a representation of the normalized reflected light scattered
from a cross-section of the in vitro guinea pig cochlea. Three structures are labeled in
both figures: Reissner’s membrane, the tectorial membrane, and the reticular lamina.
Many structures are quite bright, but most of the image is faint, including the tectorial
membrane. A line plot of reflectivities along a single radial position (white line) is
shown in figure 4-3B and it can be seen that fewer than 5% of the pixels are above
half maximum. In fact, ~16% of line reflectivity fall between 1 and 107}, while ~31.5%
fall between 107! and 1072 and ~52.5% fall between 102 and 1073.

To better represent faint structures, and preserve bright structures, we can replot
the same data on a logarithmic scale as shown in figure 4-3C. Unlike the figure 4-
3A, which was mostly blue, i.e. mostly below the midpoint, figure 4-3C compresses
reflectivities into a smaller range, allowing structures that weakly scatter to appear
alongside those with high reflectivity. Logarithmic compression is demonstrated by
comparing the logarithmic line plot in figure 4-3D to that of the linear line plot in
figure 4-3B, it can be seen that logarithmic plotting brought the peak TM reflectivity
much closer to that of the RM and RL.

Noise rejection can further enhance the appearance of the image. Figure 4-3E and
F show the image map and line plot with a threshold of 1071# (black line in figure 4-
3D). Reflectivities falling below the threshold are ignored, and the color map range is
is adjusted to represent the smaller dynamic range. Noise rejection thresholds vary

depending on alignment factors and are generally calibrated for each image.

One side effect of logarithmic compression is a widening in axial thickness of struc-
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Figure 4-3: Cross-section of the organ of Corti in the apical turn of the in situ guinea
pig cochlea. (A) Linear representation of the normalized reflected intensity. (B) Plot
of linear reflected intensity at one radial position (182 pm, denoted by white line).
(C) Logarithmic representation of the normalized reflected intensity. (D) Plot of
logarithmic reflected intensity at above radial position. (E) Logarithmic normalized
reflected intensity after noise reduction (Rejection for normalized intensity < 0.015).
(F) Logarithmic reflected intensity with noise rejected.
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tures. The full width at half maximum axial thickness for the linear representation
of Reissner’s membrane (figure 4-3B) is ~5 pum while the full width at half maximum
value for the logarithmic representation of Reissner’s membrane (figure 4-3D) is ~20
pm. In this case, Reissner’s membrane increased in apparent axial thickness by ~4x.

Not all structures within the same image have the same apparent thickness in-
crease. For example the full width at half maximum axial thickness for the linear
representation of the tectorial membrane (figure 4-3B) is ~27 um while the full width
at half maximum value for the logarithmic representation of Reissner’s membrane
(figure 4-3D) is ~42 pm. In this case, Reissner’s membrane increased in apparent ax-
ial thickness by ~1.5x. Thinner structures have the largest apparent axial thickness

increase under logarithmic compression.

4.1.3 Image spatial resolution

As described in chapter 2, a number of factors limit the spatial resolution including
the point spread function of the microscope, the coherence gate of the interferometric

system, and the spatial resolution of the scanning apparatus.

4.1.3.1 Scanning apparatus radial and axial spatial resolution

Operationally, we first perform a low resolution image acquisition to locate and ori-
ent the structures of interest. Time domain optical coherence tomography improves
motion measurement resolution at low frequencies at the expense of scanning time.
Low resolution scans are used to determine a coordinate system to locate regions of
interest. With a rough idea of where structures are, the acquisition of fast per pixel
measurements or slow high resolution single frequency and level motion and phase
maps can be performed.

Figure 4-4 illustrates the effect of the spatial resolution selection of the scanning
apparatus. Figure 4-4A shows a axial and radial step size of 5 pm, while figure 4-4B
was performed with a higher resolution axial and radial step size of 1 pm. The higher

resolution looks much better but has the disadvantage of having taken 30 x longer to
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Figure 4-4: Low and high resolution cross-sectional images of an apical turn of the
in situ guinea pig cochlea. Both images were acquired using the same 40X water
objective and same preparation. (A) 5 pm x 5 pm low resolution image. Area of 400
pum x 400 pm. (B) 1 pm x 1 pm high resolution image. Area of 500 pm x 400 pm.
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Figure 4-5: Cross-section of an apical turn of the in situ Mongolian gerbil cochlea.
Both images are taken from the same preparation. (A) Wide view of an entire turn,
559 pum x 400 pm with a resolution of 1 gm x 1 pum. (B) View of the organ of Corti
only, 300 um x 400 pm with a resolution of 1 pm x 1 pm.

image. In total figure 4-4A took ~10 minutes to acquire an area of 400 pm x 400
pm, while figure 4-4B took 5 hours to acquire a slightly larger area of 500 pm x 400
pm.

Due to the potentially long scanning times for motion and phase maps, it is

important to limit the scope of acquisition to structures of interest. To do this, we



generally limit the field of view to the organ of Corti. Figure 4-5A is an example of
an atypical extremely wide area scan. This scan took ~8 hours to acquire an area of
559 um X 400 pm with a resolution of 1 ym X 1 pm. In this image, a large area of

the apical temporal bone, as well as the organ of Corti can be seen.

Figure 4-5B tightens the focus of the same preparation to an area of 300 pum X
400 pm with the same resolution of 1 um X 1 pum and a lower acquisition time of
~3 hours, a reduction of more than half in time. Acquiring images of just the organ
of Corti is a technique used throughout this thesis to minimize time when producing

high resolution motion and phase maps.

4.1.3.2 Optical axial spatial resolution

As described in chapter 2, the optical axial resolution of the system is limited by
the smaller of either the depth of focus of the microscope objective or the coherence
gating function defined by properties of the broadband light source. For the system
utilized throughout this thesis, the full width at half maximum coherence gate depth
is ~2 um. Generally, high numerical aperture objectives with short working distances
can be used in both in vitro and in situ experiments. However, in vivo experiments

generally require longer working distances and smaller diameter objectives.

Figures 4-6A—C describe the image acquisition of an in situ guinea pig preparation.
A high numerical aperture (0.8 NA) 40 x water immersion objective with a working
distance of ~2 mm focuses and collects light at a depth of focus of ~2 pm full width
at half maximum depth. The objective is the limiting factor and the axial resolution

is effectively ~2 pm.

Figures 4-6D-F describe the image acquisition of an in vivo guinea pig preparation.
A low numerical aperture (0.13 NA) 10X air objective focuses and collects light. In
this case, the depth of focus of the objective is much greater than the coherence gate,

and the axial resolution is effectively limited by the coherence gate.
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Figure 4-6: Low NA 10times air objective imaging vs High NA 40 x water immersion
objective imaging. (A) Schematic diagram of DOCM setup with high NA objective
highlighting small depth of focus (blue), coherence gate (orange), and lateral resolu-
tion (arrows) (B) High NA DOCM axial point spread function determined by depth
of focus (blue). (C) In situ guinea pig apical scan with 1 gm x 1 pm resolution using
a 40x water immersion objective. (D) Schematic diagram of DOCM setup with low
NA objective highlighting large depth of focus (blue), coherence gate (orange), and
lateral resolution (arrows). (E) Low NA DOCT axial point spread function deter-
mined by coherence gate (orange).(F) In vivo guinea pig (different preparation than
A) apical scan with 2 pm x 2 pm resolution using a 10X air objective.

4.2 Results and Discussion

4.2.1 In situ apical Mongolian gerbil

Six Mongolian gerbil preparations are shown here to point out similarities and differ-
ences across preparations.

Three representative preparations (G330, G331, and G333) are shown in figure 4-7
along with identifving outlines and labels. Structural landmarks include Reissner’s

membrane, the tectorial membrane, three prominent outer hair cells, and the basilar
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Figure 4-7: Three in situ Mongolian gerbil apical cross-sections and identifying labels
and outlines taken with a 40 x water immersion objective with 1 gmx1 pm resolution.
Visible structures include Reissner’'s membrane, the tectorial membrane (TM), three
prominent outer hair cells (OHCs), and the basilar membrane (BM). Fluid spaces
include scala vestibuli, scala media, and the tunnel of Corti. (A-B) G330 (C-D)
G333 (E-F) G331.

membrane. The fluid spaces of scala vestibuli, scala media, scala tympani, and the
tunnel of Corti are discernable. Reissner’s membrane, which provides a barrier be-
tween the high sodium concentration perilymph in scala vestibuli and high potassium
concentration endolymph in scala media, appears to be intact. The tectorial mem-
brane appears to occupy a large area from just under Reissner’s membrane down to
the reticular lamina.

Figure 4-8 shows two preparations (G518 and G6624) in which Reissner’s mem-

brane does not appear to stretch across to the lateral bony wall. Both preparations
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Figure 4-8: Two in situ Mongolian gerbil apical cross-sections with damaged Reiss-
ner’'s membranes. Both preparations have identifying labels and outlines, and were
taken with a 40x water immersion objective. Visible structures include Reissner’s
membrane, the tectorial membrane (TM), three prominent outer hair cells (OHCs),
and the basilar membrane (BM). The arcuate (BM,) and pectinate (BM,,) zones of
the basilar membrane are visibile in these preparations. Fluid spaces include scala
vestibuli, scala media, scala tympani, and the tunnel of Corti. (A-B) G518 taken
with 5 gmx2 pm resolution (C-D) G6624 taken with 4 pmx4 pm resolution

exhibit an abnormal brightness on the top and marginal edge of the tectorial mem-
brane (10x brighter than other preps), suggesting that perhaps Reissner’s membrane
has torn, and is draped along the top edge of the tectorial membrane. The tectorial
membrane shown in figure 4-8A has a large void in its center. In figure 4-8C & D, the
pectinate zone of the basilar membrane is visible. There is a large void in the center
of the pectinate zone of the basilar membrane.

Figure 4-9 shows low and high resolution images of a single gerbil preparation
(G6039). The low resolution image took ~9 minutes to acquire, while the high resolu-
tion image took ~4.5 hours. In this preparation, Reissner’s membrane appears to be

intact, and the pectinate region of the basilar membrane is visible. Each has a large
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Figure 4-9: Low and high resolution In situ Mongolian gerbil apical cross-section
(G6039) and identifying labels and outlines taken with a 40 x water immersion objec-
tive. Visible structures include Reissner’s membrane, the tectorial membrane (TM),
three prominent outer hair cells (OHCs), and the basilar membrane (BM). The arcu-
ate (BM,) and pectinate (BM,) zones of the basilar membrane are visibile in these
preparations. Fluid spaces include the inner sulcus, scala vestibuli, scala media, scala
tympani, and the tunnel of Corti.(A-B) Low resolution image: 5 pmx5 pm resolution
(C-D) High resolution image: 1 umx1 pm resolution

void in the center as seen in previous preparations. In this preparation, the tectorial
membrane and reticular lamina do not appear to be in as close contact as those from
previous preparations.

In all preparations, the fluid spaces including the tunnel of Corti and the inner
sulcus are easily identified. In 5 of the 6 preparations shown here, the regions of
the ITHC and OHCs scatter more than the basilar membrane. In all images where
the basilar membrane region is included, the arcuate and pectinate regions are easily
discernable. The center of the pectinate zone shows less scattering than its surface.
This could represent light scattering from structural collagen fibers near its surface.

Similarly, the center of the tectorial membrane has less scattering than its surface.

This could represent scattering from a structural element about its surface such as
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This study (G6039) Edge et.al.
Distance from base 10+0.25 mm (9.8 - 10.8 mm)

Area (um?)
BM (A) 6803 8225537
TM (B) 15221 10160£573
0C (C) 14729 19733£1487
Distance (um)
BM (radial) (a) 227.8 207.3+2.5
TM (radial) (b) 231.3 913.745.1
IP (height) (c) 64.1 76.3£2.5
OP (height) (d) 84.3 110.340.6
ISS (height) (e) 41.9 53+£4.6
Thickness (pm)
BM (f) 46.0 55.3+3.2
™ (g) 80.5 49.7+6.6
Angles (°)
TM/OP (a) 83.9 110+5
RL/BM (8) 1.21 2146
RM/TM (v) Parallel 9.3+5.1

Table 4.1: Mongolian gerbil (G6039) apical measurements compared to Edge et.
al. [26]. Measured structures include the basilar membrane (BM), the tectorial
membrane (TM), organ of Corti (OP), inner pillar (IP) and outer pillar (OP) cells,
inner sulcus (ISS) region, and reticular lamina (RL).

the covering net and dense fibrillar structure. The center of the TM is striated sheet
matrix (Richardson) which could appear as a void of light scatterers to this reflected

scattered light measurement technique.

Table 4.1 compares apical cochlear areas and dimensions from this study (G6039)
- to those taken by Edge et. al. [26]. Figure 4-10A shows an image of an apical section
of a hemicochlea preparation from Edge et. al. This preparation is 9.8-10.8 mm from

the base and is bathed in high sodium, low calcium artificial perilymph.

Location along the apex, as well as animal specific differences can contribute to
general size differences in cross-sectional measurements. What is interesting in this
comparison is that the tectorial membrane from this study has a much larger area
when compared with [26], while the organ of Corti and associated dimensions (inner

and outer pillar cell heights, etc.) are smaller. Additionally, the pectinate region of
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Figure 4-10: Comparison of anatomy in the in situ Mongolian gerbil apex. (A) Cross-
section of the apical Mongolian gerbil hemi-cochlea from Edge et. al (9.8 10.8mm
from the base) [26]. (B) Diagram of structures for which area is calculated (A: basilar
membrane, B: tectorial membrane, C: organ of Corti). [26] (C). Diagram of widths,
lengths, and thicknesses (a:basilar membrane (radial), b: tectorial membrane (radial),
c: inner pillar (height), d: outer pillar (height), e: inner sulcus (height), f: basilar
membrane (height), g: tectorial membrane (height)). [26] (D) Diagram of angles
(c: tectorial membrane to outer pillar, 3: reticular lamina to basilar membrane, 7:
Reissner’s membrane to the tectorial membrane). [26] (E) G6039 (10+£0.25 mm from
the base) with identifying labels (F) Areas used for comparison in table 4.1.
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the basilar membrane from this study is longer and thinner than that of [26], and has

an ultimately smaller area.

The fact that the tectorial membrane is bigger in this study, could be related to
the perfusate of the experiments. This study used a high sodium, 100 uM Ca concen-
tration perilymph bath to perfuse the temporal bone with the most immediate access
through the optical access hole connecting to scala vestibuli. Reissner’s membrane
was never intentionally broken. Edge et. al. used a more physiological compatible 20
uM concentration of Ca, but the high sodium perfusate had direct access to all fluid
regions. However, guinea pig and mice hemicochlear preparations shown below had

similar measurements to those in this study, and perfusates were unchanged.

4.2.2 In situ apical mouse

Figures 4-11A-D show two apical in situ mouse preparations (M509 and M7407) and
identifying labels. In each preparation, Reissner’s membrane appears to be intact.
The tectorial membrane appears to slope downward from Reissner’s membrane to the
reticular lamina. Hensen’s cells appear to be adjacent to the bony wall, without a
gap. Figure 4-11E is a basal and 4-11F apical turn in a mouse hemicochlea prepa-
ration from Keiler et. al. The basal hemicochlear turn shows the angle at which
the mouse tectorial membrane slopes downwards towards the reticular lamina. The
apical hemicochlear tectorial membrane image also is sloping downwards at a similar
angle, but the image is rotated counter-clockwise as seen in the angle of the reticular

lamina.

Table 4.2 compares mouse apical cross-sectional areas and dimensions from this
study (M7407, figure 4-11D) to hemicochlear mouse measurements by Keiler et. al.
[69] Figure 4-11F shows an image of an apical section of a hemicochlea preparation
from Keiler et. al. This preparation is 0.97 mm from the apex and is bathed in
high sodium, low calcium artificial perilymph. Measurements shown in table 4.2 have

comparable values to apical mouse structural measurements made by [59].
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Figure 4-11: In situ mouse structural comparison. (A-B) 1 pumx1 pm resolution
image and labeling of M509 (0.940.25 mm from the apex). (C) 1 pmx1 um resolution
image and labeling of M7407 (1.3£0.25 mm from the apex). Mice hemicochlea images
from Keiler et. al. [59] in a (E) basal turn, and (F) apical turn.

4.2.3 In situ apical guinea pig

Figures 4-12A shows an in situ guinea pig preparation (GP6144) and 4-12B shows
identifying labels. This is quite different than the gerbil and mouse in situ prepara-
tions shown earlier. The tectorial membrane appears to be quite distant from Reiss-
ner’s membrane, and be parallel to the reticular lamina. Hensen'’s cells are much more
prominent. The tunnel of Corti is not as easily discernable as that of the gerbil. The
outer hair cells appear as one large mass as opposed to individual hair cell bodies.
Figure 4-12C shows a guinea pig apical hemicochlear preparation from Teudt et. al.
[109] for structural comparison.

Table 4.3 compares guinea pig apical cross-sectional areas and dimensions from
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This study Keiler et.al.

Keiler et.al.

Keiler et.al.

Keiler et.al.

B6129F1/] CBA/CaJ  C57BL/6J 129/CD1 129/SvEv
mm from apex 1.3+0.25 0.97 0.97 0.97 0.97
Width (pm)
BM (az) 52.1 55.14+2.6 54.7+2.7 58.4+1.9 53.5+0.9
BM (pz) 110.8 108.5+7.1 118.0+8.1 115.24+2.1 110.5£2.5
™ 158.8 184.2+4.4 183.0+6.2 170.8+13.8 188.5+41.5
Height (pum)
IP cell 49.0 49.2+1.9 50.5£1.5 45.31+0.8 50.8%£1.0
OP cell 62.4 53.4+2.4 61.8+1.8 64.7£0.5 65.24+2.3
Thickness (um)
™ 58.2 54.3+4.0 50.0+2.3 45.3+3.1 49.8+5.0
Area (um?)
™ 6275 6622+413.3 61644+321.5 5422.5+447.1 7075.5+1160.5
oC 4185 3448+404.5 5065+£791.1 3573.0£101.9 4172.0+£286.9
ToC 828.6 801+149.5  939+51.0 631.5+42.5 833.31+95.8
Angle (°)
RL/OP 72.7 63.0+3.9 58.31+0.6 53.3+6.7 69.5+2.4
OP/BM 51.4 66.8+£3.7 51.61+0.7 48.0+2.0 50.5+0.9
IP/BM 86.9 59.0+6.5 68.81+5.0 83.31+3.3 72.8+4.3

Table 4.2: Mouse apical measurements (M7407) compared to Keiler et. al. [59).
Measured structures include the arcuate zone (az) and pectinate zone (pz) of the
basilar membrane (BM), the tectorial membrane (TM), inner pillar (IP) and outer
pillar (OP) cells, organ of Corti (OP), tunnel of Corti (ToC), and reticular lamina

(RL).

this study (GP6144) to hemicochlear guinea pig measurements by Teudt et. al. Mea-

surements from this study have comparable values to apical structural measurements

made by [109] with the tectorial membrane exhibiting a very slightly larger area as

measured by this study.
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I'igure 4-12: In situ guinea pig structural comparison. (A-B) 1 pmx1 pum resolution
image and labeling of GP6144 (0.8£0.2 mm from the apex). (C) Guinea pig apical
hemicochlea image from Teudt et. al. [109]
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This study Teudt et.al. Teudt et.al.

mm from apex 0.8+0.2 0.8910.02 2.351+0.09
Width (pm)
Basilar membrane (az) 86 96+2.24 91+3.31
Basilar membrane (pz) 157 159+4.68 155+8.44
Basilar membrane (total) 243 255 247
Tectorial membrane 143 1424-4.82 145+2.84
Height (pum)
Inner pillar cell 62 66+1.96 65+1.71
Outer pillar cell 89 100+2.17 94+1.92
Thickness (pm)
Tectorial membrane 35 34+1.27 34+0.80
Area (pm?)
Tectorial membrane 4246 37271329 3858+98
Organ of Corti 21113 20941+854 21145+£1077
Tunnel of Corti 1301 15344164 1333+74

Table 4.3: Guinea pig apical measurements (GP6144) compared to Teudt et. al.
[109]. Measured structures include the arcuate zone (az) and pectinate zone (pz)
of the basilar membrane (BM), the tectorial membrane (TM), inner pillar (IP) and
outer pillar (OP) cells, organ of Corti (OP), and the tunnel of Corti (ToC).
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Chapter 5

Sound-induced axial motion in the

apex of the mammalian inner ear

This chapter describes in vivo measurements of the axial component of acoustically
driven motions of the apical region of the organ of Corti. Motions from in wvitro
preparations are used as a basis to understand the effect of active processes within
the in vivo organ of Corti. In vitro experiments utilize Mongolian gerbils due to
relative ease of access to the stapes, while in vivo experiments utilize guinea pigs due
to relative ease of access to the apical turn. Axial displacement and phase maps are
measured at or below the best frequency. Differential analysis allows for measurement

of relative displacements and phase, internal to structures such as the organ of Corti.

5.1 Methods

5.1.1 In vitro preparation
5.1.1.1 Animal preparation

Cochleae were excised from guinea pigs, and gerbils. The animals were euthanized
via CO, and decapitated. The bulla containing the cochlea was isolated and opened.
Care was taken to preserve the stapes so that the cochlea could be stimulated by

vibrating the stapes. The stapedius and tensor tympani tendons were precisely cut
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Figure 5-1: Inner ear of the Mongolian gerbil as seen through the opened bulla. The
desired apical optical access is denoted with a red arrow. The three middle ear bones
are labeled: malleus, incus, and stapes.

to avoid stapes damage upon incudo-stapedial joint and middle ear separation. The
isolated cochlea, was fixed to a Petri dish using two-part dental cement (Durelon,
ESPE Dental-Medizin GmbH) and bathed in a low Ca, low Cl, artificial perilymph
(see sec. 5.1.1.2 for composition) with a pH of 7.30. A small hole (approximately
0.5 mm?) was made in the temporal bone (figure 5-1) above the apical turn to allow
for optical access. The care and use of animals in this study were approved by the

Massachusetts Institute of Technology Committee on Animal Care.
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5.1.1.2 Health

In vitro preparations are monitored for hair cell blebbing [3]. Isolated cochleae are
bathed in an artificial perilymph solution with low calcium and chloride content
to reduce hair cell blebbing. The pH of the artificial perilymph was maintained
at 7.30 to match biological pH and consisted of 7 mM sodium chloride (NaCl),
163.4 mM sodium gluconate (C¢H;;NaO7), 3 mM potassium chloride (KC1), 0.1 mM
calcium chloride dihydrate (CaCly-2H,0), 0.1 mM magnesium chloride (MgCl,), 2
mM sodium sulfate (NaySO4), 0.5 mM sodium dihydrogen phosphate (NaHoPOy),
5 mM HEPES (CgH;sN204S), 5 mM dextrose (CeH1206), and 4 mM L-glutamine
(H,NCOCH,CH,CH(NH,)CO,H).

5.1.1.3 Stapes-driven excitation

The oval window membrane and stapes footplate were visually verified to be intact af-
ter incudo-stapedial joint and middle ear separation. A piezoelectric driver consisting
of a micromanipulator coupled to a titanium probe was used to deliver sinusoidal me-
chanical stimuli to the stapes. The tip of the probe was coated with dental cement and
brought into gentle contact with the stapes as shown in figure 5-2. Voltages applied
to the piezo were transduced to create piston-like motion of the stapes. The pres-
ence of pure stapes driven motion is verified using stroboscopic illumination under
a computer microvision system. Voltages were adjusted for constant displacement
as a function of frequency by recursive adjustment to output piezo voltage, while
monitoring the displacement of the stapes. The resulting preparation is shown in
figure 5-3.

Computer microvision combines video microscopy, stroboscopic illumination and
computer vision algorithms to allow measurement of nanometer-scale motions of mi-
croscopic structures at audio frequencies [24, 4]. The system consists of a microscope
(Zeiss Axioplan), digital camera (Dalsa CA-D7-1024A) and a custom built stimulus

generator. Cochleae were imaged with a 40 x, 0.8 NA water-immersion objective.
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Cochlea

Stapes

Wy — ——
Driver " Footplate:

Figure 5-2: Stapes-driven in vitro stimulation. (A) Image of titanium driver in contact
with the stapes. (B) A close view and (C) labeled view show the footplate and oval
window membrane, as well as the quality of contact of the titanium driver with the
stapes. The stapedial artery can be seen running through the center of the stapes.

5.1.1.4 DOCM optical methods

Axial measurements were performed using DOCM previously described in Chapter
2. Isolated cochleae were placed under a 40 x water immersion objective (figure 5-3)
on a lateral-axes motor driven scanning stage. The objective was mounted to a piezo
electric driven axial stage. Together, these stages allowed for axial motions to be
measured at each point throughout the isolated preparation. Cross-sectional scans
are acquired by first moving the piezo driven axial stage (A-scan), followed by an
increment in the lateral motor stages (B-scan), then repeating the process.

Light from the sample path of the DOCM system exits the objective and con-
verges toward its focal point. As the objective moves axially (during the A-scan), the
reference path moves with it, maintaining equal sample and reference path lengths.
This allows continuous depth sectioning at the focal point of the objective. Since
the depth of focus for the 40x water immersion objective is smaller than that of the
interferometric coherence gate, optical transverse sectioning resolution is limited by
the point spread function of the objective at approximately 2 um. Depth sectioning
is performed by passing the output sample path light through a hole made in the

apical temporal bone. The light is scattered by Reissner’s membrane and subsequent
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Figure 5-3: In vitro preparation. Cochleae are affixed using dental cement to a Petri
dish. A high numerical aperture (NA) objective focuses through an approximate 0.5
mim apical hole. A piezoelectric titanium transducer creates sinusoidal stapes-induced
cochlear excitation.

deeper tissues, a portion of which is recollected by the objective and mixed with the
reference signal. This heterodyned interferometric signal is used to determine how
much light is scattered at a given depth, as well as the direction and magnitude of

motion.

5.1.2 In wvivo preparation
5.1.2.1 Animal preparation

Anesthetized guinea pigs are prepared for in vivoe measurements using procedures
adapted from previous work |18, 91]. Guinea pigs are anesthetized using urethane
or a combination of ketamine and sodium pentobarbital (initial dose of urethane
1.2g/kg or initial dose of ketamine at 40 mg/kg followed with sodium pentobarbital
at 60 mg/kg) administered by intraperitoneal injection. Temperature is monitored via
a rectal probe and maintained at 38° Celsius via a heating pad. Anesthetic depth is
monitored via heart rate electrodes, respiratory rate, and periodic toe pinches to test
for pedal withdrawal. Additional doses of urethane or sodium pentobarbital (0.6 g/kg
or 10 mg/kg, respectively) are administered if anesthetic depth is determined to be in-
sufficient. Lactated Ringer’s solution (5 mL/kg) is administered subcutaneously every

thirty minutes. A tracheotomy is performed, and the animal is artificially respirated
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using a custom-built respirator. End-tidal CO levels are monitored and maintained
at a steady concentration by controlling respiration rate and intake volume.

After anesthetic induction, the dorsal skull is immobilized onto a location ad-
justable head holder. The pinna of one ear is removed and a wide area caudal to the
pinna is shaved. Under a dissection microscope, the external carotid artery, internal
carotid artery, sublingual artery, and lower alveolar artery are sutured on the side of
the cochlea being measured. Figure 5-4 shows the preparation after the bulla is ex-
posed. To provide DOCT optical access to the bulla for a large diameter conventional
objective (figure 5-5), all blood flow in the area is stopped and half of the lower jaw is
removed. Optical access to the apical turn is achieved by shaving the bone enclosing
the bulla with a #15 scalpel blade. A small hole is made in the apical temporal bone
using a #11 scalpel blade. The overall health of the cochlea is assessed using an ASSR
protocol (section 5.1.2.4). At the end of the experiment, the animal is euthanized by

anesthetic overdose (2.4 g/kg urethane or 120 mg/kg sodium pentobarbital).

5.1.2.2 DOCT Optical alignment

The animal is moved to the lateral motor driven stage for measurements. A 10 x 0.13
numerical aperture air objective is roughly positioned over the inner ear. Light from
an optical fiber is brought in from the side to illuminate the organ of Corti. Visual-
ization of the SLD focal point is achieved via a Charge-coupled device (CCD) camera
(AVT Dolphin F145b 1938) coupled to the sample path using a dichroic mirror. The
preparation is positioned under the focal point and the motors programmed to scan

through the cross-section of interest (see chapter 2).

5.1.2.3 Acoustic sound delivery and calibration

Experiments are performed in a vibration and acoustic isolation chamber (Integrated
Dynamics Engineering, Inc.) on an actively-stabilized vibration isolation table (Tech-
nical Manufacturing Corp.).

An acoustic delivery system [87] has been developed in consultation with John

J. Rosowski and Michael Ravicz of the Eaton Peabody Laboratory at the Mas-
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Figure 5-4: In vivo view of the bulla before surgical jaw removal. Labeled veins are
the (2) linguofacial, (3) lingual, (24) masseteric, (27) communicating branch, and (32)
lower alveolar veins. Identification of veins aided by [84]

sachusetts Eye and Ear Infirmary. The sound system consists of a signal processing
unit (Tucker Davis Technologies), which includes a speaker driver and a multi-field
magnetic speaker. Pure tone signals are delivered to the speaker using a waveform
generator (Hewlett Packard 33120A). Tone pips for ASSR recordings are generated
using a digital to analog converter PCI card (Interface Corporation PCI-3525). We
developed a custom-made programmable passive attenuator to lower the amplitude of
signals from the waveform generator by 20 or 40 dB, as necessary. The sound source
is coupled to the ear canal using a brass tube secured using cyanoacrylate. A notch
in the brass tube allows placement of a probe tube microphone to within 1 mm of the
umbo. The probe tube microphone is custom-built using a microelectromechanical
(MEMs) microphone (Knowles Acoustics, SPM0204UD5) coupled to a 10 mm tube
using a plastic cone that minimizes reflections. The probe tube microphone is cali-

brated using a chamber that mimics the volume of the guinea pig middle ear space as
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Figure 5-5: (A) A portion of the inferior mandible of the in vivo guinea pig is removed
(grayed-out area) to provide anterior apical cochlear optical access for a low numerical
aperture objective. (B) A Tygon tube is affixed to the outer ear canal for acoustic
delivery. The sound pressure magnitude and phase at the tympanic membrane is
monitored via a microelectromechanical microphone. Images modified from [84]

described in |87]. After positioning the probe tube close to the umbo, the hole in the
brass tube is sealed off with petroleum jelly, and the stimulus is calibrated to produce
constant sound pressures as a function of frequency near the ear canal. The probe
tube microphone is then secured in this position to assess sound pressures during the

experiment.

5.1.2.4 Health/Viability

Air in the acoustic isolation chamber is maintained at 37° Celsius to help stabilize
body and bulla temperature (monitored with a rectal thermometer). The middle ear
is periodically sprayed with saline to avoid drying out and changing the middle-ear
response over the course of the experiment.

To monitor cochlear health in the apex, we generate an acoustic steady state re-
sponse (ASSR) from the inferior colliculus by 40 Hz amplitude modulation of low
frequency stimuli delivered into the ear canal. Neural response is recorded via dif-
ferential auditory brainstem response needle electrodes placed at the vertex, ear and

tail. The stimulus is delivered with a large repetition rate (typically 10 acquisitions
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Figure 5-6: Example in vivo and post-mortem ASSR responses. Health of the cochlea
was assessed with ASSR at low frequencies once the bulla was opened (blue) and upon
euthanization (red). Neural responses were recorded in response to input stimulus
tones at delivered at 600 Hz with 40 Hz modulations. Auditory brainstem ASSR
responses occur at the modulation frequency region (see inset). :

per second) and spectrally averaged over several acquisitions (typically > 1500 sets).
Figure 5-6 shows an example set of ASSR measurements. In healthy cochleae, the
response contains a significant spectral component at the modulation frequency [108],
which is absent or greatly diminished in animals with damaged hearing. ASSR mea-
surements are typically conducted at the beginning, middle, and end of study (post-
euthanasia). ASSR responses are very sensitive to even small changes in cochlear
sensitivity. We found that altering the chamber temperature by as little as a few de-
grees changes the ASSR by more than a factor of 2. The ASSR has been particularly
useful for monitoring cochlear sensitivity during the most invasive surgical procedures

(e.g., opening the bulla and removing the lower jaw bone).
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5.2 Results

5.2.1 In vitro stapes induced apical mechanics
5.2.1.1 DOCM imaging and axial motion analysis

In vitro isolated cochleae placed under a 40x water immersion objective are first
aligned via a low resolution scan. Figure 5-7A shows a low resolution 5 um mo-
tor/piezo step size DOCM image of a 350 um x 400 pum apical cochlear cross-section
in a Mongolian gerbil. This low resolution scan took ~9 minutes to perform. Once
desired positioning has been achieved, higher resolution scans can be performed. Fig-
ures 5-7B & C show high resolution 1 pm motor/piezo step size DOCM image and
axial motion map of a 450 um X 400 pm apical cross-section. The high resolution

scan took approximately 4.5 hours to acquire.

The images shown in figure 5-7, are generated by processing the interferometric
signal obtained at each point throughout the cross-section. Figure 5-8A is an unpro-
cessed digitized interferometric signal acquired at a single point. For this particular
experimental set, the analog interferometric signal was digitized by capturing 2 17 sam-
ples at a rate of 5 Msamples/sec with a quantization step of 0.488 mV. An FFT of
this signal, figure 5-8B, shows the 500 kHz interferometric signal as well as 500 kHz
+ 450 Hz (stimulation frequency) sidebands (blue circles on x-axis denote 500 kHz
+ 450 Hz). The height of the 500 kHz component is a measure of the intensity of re-
flected light and is used to build the images, while the sidebands contain information
used to estimate the magnitude and phase of axial motion. The solid blue line in fig-
ure 5-9F is an extraction of the magnitude of axial motion obtained by demodulating
the interferometric signal using a Hilbert transform and adjusting for the indices of
refraction. The dashed red line is the sinusoidal motion fit obtained by performing
a least squares fit on each cycle of the stimulation frequency and determining the
complex average. The standard deviations of magnitude and phase can be computed

using this method.

Through interferometric signal processing, the magnitude and phase of axial cochlear
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Figure 5-7: DOCM low resolution and high resolution images of an em in vitro
Mongolian gerbil (G6039) on a logarithmic intensity scale. DOCM (40 x, 0.8 NA)
(A) low resolution 5 gm x 5 um image and (C) high resolution 1 gm x 1 pm image,
with (B & D) labels of structures and fluid spaces of the organ of Corti. TM =
tectorial membrane, OHCs = outer hair cells, BM = basilar membrane.

motion relative to stapes stimulation can be characterized at each point throughout
the cochlear cross-section. Figure 5-9 shows an in vitro DOCM image, axial motion,
and stimulus-referenced phase map of an apical cross-section of the in wvitro Mon-
golian gerbil cochlear partition (460 Hz characteristic place) in response to 450 Hz
stapes stimulation at ~90 dB equivalent sound pressure level (SPL). The magnitude
represented by the color bar in figure 5-9B describes the average peak-to-peak axial
motion of an area set by the lateral and axial resolution limits (described in Chapter
2). When measured axial motion magnitudes are low, phase measurements appear
random as seen in the left half of figure 5-9C. Increasing phase indicates a phase lead,

while decreasing phase indicates a phase lag.
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Figure 5-8: DOCM interferometric signal processing in the in vitro Mongolian gerbil
(G6039) with ~90 dB equivalent sound pressure level (SPL) sinusoidal stapes stim-
ulation at 450 Hz. (A) Photodetector interferometric signal acquired from 1 point
(shown in next figure). (B) Spectral content of interferometric signal. (C) Axial
motion (solid blue line) and fitted sinusoid (red dashed line) after Hilbert transform
demodulation and signal processing. (D) Comparison of curve fitting across cycles.
Measurement point illustrated in figure 5-9.

Figures 5-10, 5-11, and 5-12 show that axial motion magnitudes of the cochlear
partition appear to increase and then decrease along the radial axis. Motion mag-
nitudes go from near zero at modiolus to ~50 nm pk-pk near the third row of outer
hair cells. The tectorial membrane also exhibits axial motion, but with smaller axial
motion magnitudes (~25 nm pk-pk). Phase decreases as a function of outward radial
position. An approximate 7 axial phase lag of the TM referenced to the organ of

Corti over the Hensen’s cell region is observed.
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Figure 5-9: DOCM (A) image, (B) magnitude of axial motion map (peak-to-peak
motion), and (C) stimulus-referenced phase map of an apical cross-section (460 Hz
characteristic place) of the in vitro Mongolian gerbil (G6039) cochlear partition in re-
sponse to ~90 dB equivalent sound pressure level (SPL) stapes stimulation at 450 Hz.
Increasing phase indicates a phase lead, while decreasing phase indicates a phase lag.
White circles denote location of interferometric signal acquisition shown in figure 5-8.

5.2.1.2 Differential analysis

Relative axial motion within the cochlear partition can be determined by referencing
the complex magnitude and phase of measured absolute axial motion to that of a
specific region. OHC somatic motility, if present, can be measured by referencing
axial motion within the OHC region to that of a region of the organ of Corti beneath
the OHC region along the long axis of the OHCs. In this study, the long axis of the
OHCs is assumed to be parallel to the outer pillar cells, which is easily discernable
along the lateral side of the tunnel of Corti. Relative complex motions of the OHC

region referenced to the motion of the organ of Corti beneath the OHC region (along
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Figure 5-10: Apical cross-section (460 Hz characteristic place) of an in vitro Mongolian
gerbil (G6039) cochlear partition with ~90 dB equivalent sound pressure level (SPL)
sinusoidal stapes stimulation at 450 Hz. (A) A line running through the Deiter’s
cells is chosen as a function of radial distance and the (B) magnitude of axial motion
and (C) stimulus-referenced phase profiles measured along that line. Increasing phase
indicates a phase lead, while decreasing phase indicates a phase lag. Dashed line is
at /4 for reference.

the axis of the outer pillar cells) is referred to in this document as the differential

magnitude and phase of axial motion.

Figure 5-13A and B show the measured absolute axial magnitude and phase of
motion (seen previously in figure 5-9) of the apical turn of an in vitro Mongolian
gerbil (G6039, ~460 Hz characteristic frequency) in response to ~90 dB equivalent
SPL sinusoidal stapes stimulation at 450 Hz, below the characteristic frequency. To
measure relative motion within the organ of Corti, a line that runs through the
organ of Corti beneath the OHCs is chosen as a differential reference (white line in
figure 5-13C), while an axis parallel to the outer pillar cells is selected as the axis
of differential motion (red arrows in figure 5-13C). The magnitude of absolute axial
motion along the reference line is shown in figure 5-13D, while the magnitude of the 6-
point complex moving average is shown as a solid blue line. Figures 5-13E and F show
the differential magnitude and phase of axial motion referenced to the 6-point complex
average motion along the white line in figure 5-13C. Differential motion within the
organ of Corti appears to be much smaller than absolute motion (figure 5-13E vs. A)

when viewed on a similarly ranged axial displacement colorbar.

Reducing the range of the colorbar representing differential axial motion to 0

10 nm reveals relative motion within the organ of Corti, including the OHC region
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Figure 5-11: Apical cross-section (460 Hz characteristic place) of an in vitro Mon-
golian gerbil (G6039) cochlear partition with ~90 dB equivalent sound pressure level
(SPL) sinusoidal stapes stimulation at 450 Hz. (A) A line running through the tec-
torial membrane is chosen as a function of radial distance and the (B) magnitude
of axial motion and (C) stimulus-referenced phase profiles generated along that line.
Increasing phase indicates a phase lead, while decreasing phase indicates a phase lag.
Dashed line is at w/4 for reference.

(marked by a white outline in figure 5-14A, and a black outline in 5-14B). Relative
motions of the OHC region are largest near the reticular lamina and reduce in mag-
nitude downwards toward the reference point along the OHC long axis. A histogram
of the magnitude of differential motion within the OHC region (figure 5-14C) shows
a mean differential magnitude of ~5.64+1.9 nm p-p. Absolute motion in the OHC
region had a mean of ~31.24+5.5 nm p-p. The ratio of differential motion to absolute
motion of the organ of Corti is - é A histogram of differential phase within the OHC
region is plotted in figure 5-14D and has a mean of -3.040.28 radians. This repre-
sents counterphasic motion of the OHC region relative to the organ of Corti beneath

the OHC region along the axis of the OHCs.

In an absolute reference frame, as the area of the organ of Corti beneath the OHC
region moved upwards, the OHC region also moved upwards, but with less magnitude.
Differential referencing of axial motion to the region of the organ of Corti beneath the
OHC region, shows that as the area of the organ of Corti beneath the OHC region
moved upwards, the OHC region moved downwards with the largest magnitude of

contraction occurring at the reticular lamina in an in vitro preparation.

Figure 5-15 shows a different non-representative in vitro Mongolian gerbil prepa-

ration stimulated at the characteristic frequency. This preparation was unique to this
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Figure 5-12: Apical cross-section (460 Hz characteristic place) of an in wvitro Mon-
golian gerbil (G6039) cochlear partition with ~90 dB equivalent sound pressure level
(SPL) sinusoidal stapes stimulation at 450 Hz. (A) A line running through the Reiss-
ner’s membrane is chosen as a function of radial distance and the (B) magnitude of
axial motion and (C) stimulus-referenced phase profiles generated along that line.
Increasing phase indicates a phase lead, while decreasing phase indicates a phase lag.

study in that it appears that Reissner’'s membrane has torn and may have fallen onto
the tectorial membrane. Additionally, the pectinate zone of the basilar membrane is
parallel to the reticular lamina and Reissner’s membrane, and does not show increas-
ing axial motion as a function of radial position (figure 5-15B). Differential motion
of the OHC region is not referenced to the basilar membrane, but to the region of
the organ of Corti just beneath the OHC region in order to remove the pivot motion
of the organ of Corti. Resulting differential motion has a mean of ~10.846.0 nm
p-p compared to the mean absolute axial motion of ~95.0£23 nm p-p for a ratio of
~% (figure 5-15G). The OHC region does not appear to be moving with a uniform
differential phase (figure 5-15H). It should be noted that the image resolution was

lower than the previously shown in vitro preparation (figure 5-13).

5.2.2 In vivo sound-induced apical mechanics
5.2.2.1 DOCT imaging and axial motion analysis

Objectives with long working distances and small diameters (i.e. low numerical aper-
ture objectives) are necessary to measure within small spaces in vivo. As a result, in
vivo image and axial motion maps have poorer axial resolution than those possible

in vitro. Figure 5-16 contrasts a high resolution in vitro guinea pig image obtained
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Figure 5-13: DOCM (40 x, 0.8 NA, 1ymx lpm resolution) (A) magnitude of axial
motion map, (B) stimulus-referenced phase map, and (C) image in the apex (460
Hz characteristic frequency) of an in wvitro Mongolian gerbil (G6039) in response to
=90 dB equivalent SPL sinusoidal stapes stimulation at 450 Hz. Differential complex
axial motion, referenced to the average complex motion along the lower portion of
the organ of Corti [white line in (C)], is found by subtracting that motion along lines
that parallel the outer pillar cells (red arrows). (D) Magnitude of the complex axial
motion along the reference line. The solid blue line represents the magnitude of a 6-
point running complex average. (E) Magnitude of axial differential motion referenced
to the lower portion of the organ of Corti |white line from (C)| with colorbar range
of 0-40 nm p-p. (F) Axial differential phase referenced to the lower portion of the

organ of Corti [white line from (C)| 4
5



10 = 3
a
350 ° £ 5
E g = @
=300 b E 3
g i 1
£ 250 6 & g
o] " P @
5 200 5 o 0
© 4 o] a
% 150 © 18
100 > 5 5
2 8 28
50 1 © =]
3 = -3
0 0 > 0 %
100 200 300 400 < 100 200 300 400
Radial direction (um) Radial direction (um)
Mean: 5.6068 +/ 1.9452 nm p-p Mean: 2.9957 +/ 0.27757 rad
160 300
250
120
= . 200
2 8
E 80 g‘ISO
= =
100
40
50
D - D s ]
5 10 15 20 2 2.5 3 3.5 A 4.5 5
Differential axial mag (nm p-p) Differential phase (radians)

Figure 5-14: DOCM (40 x, 0.8 NA, 1pumx lpm resolution) measurements of an in
vitro Mongolian gerbil (G6039) in response to 90 dB equivalent SPL sinusoidal stapes
stimulation at 450 Hz. (A) Magnitude of axial differential motion with colormap range
of 0-10 nm p-p and (B) differential phase referenced to the lower portion of the organ
of Corti |white line from figure 5-13(C)|. OHC region denoted by white and black
circles in (A) and (B) respectively. (C) Histogram of differential magnitude of motion
and (D) histogram of differential phase.

with DOCM (GP6144) to that of an in vive guinea pig image obtained with DOCT
(GP6756). The high resolution in wvitro image has easily identifiable structures in-
clude Reissner’s membrane, the tectorial membrane (TM), the outer hair cell (OHC)
region, the basilar membrane (BM), the tunnel of Corti (ToC), and the Hensen’s
cells. The high resolution image serves as an anatomical atlas for identification of
structures within the low resolution in vivo image (figure 5-16B).

A cross-sectional image of the apical turn (characteristic frequency ~200 Hz) of

an in vivo guinea pig acoustically driven at the characteristic frequency with a ~70
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Figure 5-15: DOCM (40 x, 0.8 NA, 4umx 4um resolution) (A) Image, (B) magni-
tude of axial motion map, (C) stimulus-referenced phase map in the apex (450 Hz
characteristic frequency) of an in vitro Mongolian gerbil (G6627) in response to ~78
dB equivalent SPL sinusoidal stapes stimulation at 450 IIz. Differential motion is
referenced to the average complex motion along the (D) lower portion of the organ
of Corti (white line) along lines that parallel the outer pillar cells (red line). (E)
Magnitude and (F') phase of axial differential motion referenced to the lower portion
of the organ of Corti [white line from (D)|. Histograms in the region of the OHCs
[black outline in (A)] of (G) differential magnitude of axial motion and (1) differential
phase.
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Figure 5-16: Comparison of high numerical aperture (NA) DOCM in wvitro and low
NA DOCT in vivo images of the apical organ of Corti in guinea pig. (A) 1 gmx lum
DOCM image of the apical turn of an in vitro guinea pig (GP6144) acquired with a
40x, 0.8 NA water immersion objective. (B) 2 umx 2um DOCT image of the apical
turn (characteristic frequency -200 Hz) of an in vive guinea pig (GP6756) acquired
with a 10, 0.13 NA air objective. Visible structures include Reissner’s membrane,
the tectorial membrane (TM), the outer hair cell (OHC) region, the basilar membrane
(BM), and the tunnel of Corti (ToC).

dB SPL 200 Hz pure tone is shown in figure 5-17A. The image was acquired with a
0.13 numerical aperture air objective through a hole in the apical temporal bone. The
axial motion magnitude increases and then decreases as a function of radial position.
The cochlear partition exhibits uniform directionality of motion as shown by its near
constant phase.

Image and motion maps are derived from signal processing the interferometric
signal at each pixel. Figure 5-18 shows the interferometric signal (blue circles on
x-axis denote 500 kHz + 200 Hz), spectral content, axial motion and fit, and curve
fitting for the 200 Hz stimulation frequency. Longer sampling times can improve

motion resolution at low frequencies by capturing more displacement cycles.

5.2.2.2 Frequency-dependent motion analysis

Figure 5-19 shows the magnitude and phase of axial motion at three locations along
the reticular lamina as a function of frequency in the in vivo guinea pig apex. The

locations are labeled as 1, 2, and 3 in figure 5-17 and increase as a function of radial
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Figure 5-17: DOCT axial motion and stimulus-referenced phase maps of the apical
turn (characteristic frequency ~200 Hz) of an in vive guinea pig (GP6756). (A)
OCT image of cochlear partition shows identifiable anatomical features: Reissner’s
membrane, tectorial membrane, basilar membrane (BM), outer hair cells (OHCs), and
tunnel of Corti (ToC). (B) Magnitude of axial motion and (C) stimulus-referenced
phase maps show relative motions of these cochlear structures in response to acoustic
stimuli (~70 dB SPL at 200 Hz).

position from the modiolus. The sound level at the tympanic membrane is maintained
at ~70 dB SPL as the frequency of stimulation is varied from 100 Hz to 1 kHz. The
magnitude of axial motion increases as a function of radial position. At all radial
positions the magnitude of axial motion peaks at ~200 Hz. This represents the best
frequency for the apical cochlear cross-section location under test. The phase remains
consistent for all three radial locations as a function of frequency.

Figure 5-20A shows the magnitude of axial motion at one position near the reticu-
lar lamina (labeled as location #1 in figure 5-17) as a function of sound pressure level.

The sound level at the tympanic membrane was varied from 58 dB to 70 dB as the
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Figure 5-18: DOCM interferometric signal processing in the in vivo guinea pig
(GP6756) with ~70 dB equivalent sound pressure level (SPL) sinusoidal stapes stim-
ulation at 200 Hz. (A) Photodetector interferometric signal acquired from 1 point
(shown in previous figure 5-17). (B) Spectral content of interferometric signal. Blue
dots on x-axis denote 500 kHz + 200 Hz. (C) Axial motion (solid blue line) and fitted
sinusoid (red dashed line) after Hilbert transform demodulation and signal process-
ing. (D) Cycle by cycle curve fitting (green curves) used to estimate magnitude and
phase of axial sinusoidal motion (red curve) and associated error.

frequency of stimulation was varied from 100 Hz to 1 kHz. The magnitude of axial
motion decreased with sound pressure level with peaks occurring at ~200 Hz. The
phase as a function of frequency remains consistent with changes in sound pressure

level.

Axial motions are scaled by sound pressure level to determine sensitivity and phase
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Figure 5-19: (A) Magnitude and (B) stimulus-referenced phase of axial motion as a
function of frequency in the in vivo guinea pig (GP6756) apex (~200 Hz characteristic
frequency) in response to ~70 dB equivalent sound pressure level (SPL) sinusoidal
acoustic stimulation at 3 radially separated positions along reticular lamina. Positions
are numbered in figure 5-17.

as a function of frequency in figure 5-21. Delivered sound pressures ranged from 58
dB to 70 dB SPL and peak sensitivity occurs at the best frequency, 200 Hz. There is
a secondary maxima at ~525 Hz. Phase rolloff is constant with sound pressure level

change.

5.2.2.3 Differential analysis

A line that runs through the lower portion of the organ of Corti is chosen as a
differential reference (white line in figure 5-22C), while a line parallel to the outer
pillar cells is selected as the axis of differential motion (red arrows in figure 5-22C).
Figures 5-22A and B show the measured absolute magnitude and phase of axial
motion. The magnitude of axial motion along the reference line is shown in figure 5-
22D, and the solid blue line shows the magnitude of the 6-point complex moving
average. Figures 5-13E and F show the differential motion and phase referenced to
the complex axial motion along the white line in part (C).

Relative axial motions of up to ~60 nm are observed in the outer hair cell region
referenced to the region of the organ of Corti beneath the OHCs (figure 5-23A. Mean

differential OHC motion is 29.4+13.7 nm p-p compared to a mean of absolute motion
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Figure 5-20: (A) Magnitude and (B) stimulus-referenced phase of axial motion as a
function of frequency in the in vivo guinea pig (GP6756) apex (=200 Hz characteristic
frequency) in response to ~70 dB equivalent sound pressure level (SPL) sinusoidal
acoustic stimulation at one point near the reticular lamina (labeled as #1 in figure 5-
17.

of 131.0+£15.0 nm p-p for a ratio of differential motion to absolute motion of ~i.
Phase of the axial differential motion of the OHC region had a mean of ~2.9440.39
radians, indicating counterphasic motion of the OHC region relative to the organ of
Corti beneath the OHC region along the axis of the OHCs.

In an absolute reference frame, as the area of the organ of Corti beneath the OHC
region moved upwards, the OHC region also moved upwards, but with less magnitude.
Differential referencing of axial motion to the region of the organ of Corti beneath the
OHC region, shows that as the area of the organ of Corti beneath the OHC region
moved upwards, the OHC region moved downwards with the largest magnitude of

contraction occurring at the reticular lamina in an in vitro preparation.

5.2.2.4 Post-mortem axial motion and differential analysis

Figures 5-24A-C show image, magnitude of axial motion, and phase maps for the
same in vivo guinea pig preparation as seen in figure 5-17, but stimulated at a level
9 dB lower. The acquisition of figure 5-24 started 9 minutes after the completed
acquisition seen in figure 5-17. The heart rate of the animal gradually deéreased and

death occurred 36 minutes into acquisition. The scan was allowed to continue and
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Figure 5-21: (A) Level-dependent sensitivity (motion/input sound pressure) and
(B) stimulus-referenced phase as a function of frequency in the in vivo guinea pig
(GP6756) apex (~200 Hz characteristic frequency) in response to ~70 dB equivalent
sound pressure level (SPL) sinusoidal acoustic stimulation.

the resulting image exhibits a change in slope of Reissner’'s membrane shortly after
death. Figure 5-24D-F shifts structures after death to account for the change of fluid

depth traversed by the measurement beam (see discussion).

Applying the differential analysis method used previously, the white line in fig-
ure 5-25A represents the reference motion and the red arrows the reference axis.
Average magnitude of axial motion along the reference line is shown in figure 5-25D,
while figures 5-25B and C show the relative magnitude and phase of relative axial

motion, respectively.

Figure 5-25E shows that the mean of differential motion within the OHC region
is ~4.34+2.2 nm p-p compared to the mean of absolute motion of 47.9+5.19 nm p-p
for a ratio of ~% of differential to absolute axial OHC motion. The OHC region does

not appear to be moving with a uniform differential phase (figure 5-25F).
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Figure 5-22: DOCT (10 x, 0.13 NA, 2umx 2um resolution) (A) magnitude of axial
motion map, (B) stimulus-referenced phase map, and (C) image in the apex (200 Hz
characteristic frequency) of an in vivo guinea pig (GP6756) in response to ~70 dB
SPL sinusoidal acoustic stimulation at 200 Hz. Differential complex axial motion,
referenced to the average complex motion along the lower portion of the organ of
Corti [white line in (C)|, is found by subtracting that motion along lines that parallel
the outer pillar cells (red arrows). (D) Magnitude of the complex axial motion along
the reference line. The solid blue line represents the magnitude of a 6-point running
complex average. (E) Magnitude of axial differential motion referenced to the lower
portion of the organ of Corti [white line from (C)| with colorbar range of 0-80 nm
p-p- (F) Axial differential phase referenced to the lower portion of the organ of Corti
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Figure 5-23: DOCT (10 x, 0.13 NA, 2umx 2um resolution) measurements of an
in vivo guinea pig (GP6756, 200 Hz characteristic frequency) in response to ~70 dB3
SPL sinusoidal acoustic stimulation at 200 Hz. (A) Magnitude of axial differential
motion with colormap range of 0-80 nm p-p and (B) differential phase referenced to
the lower portion of the organ of Corti |white line from figure 5-22(C)|. Histograms in
the region of the OHCs |black outline in (A)| of (C) differential magnitude of motion
and (D) differential phase.
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Figure 5-24: Post-mortem motion. DOCT (10 x, 0.13 NA, 2umx 2pum resolution)
(A) Apical image, (B) magnitude of axial motion, and (C) stimulus-referenced phase
map in the in vivo guinea pig (GP6756, ~200 Hz characteristic frequency) in response
to 61 dB equivalent sound pressure level (SPL) sinusoidal acoustic stimulation at 200
Hz. Death occurred 36 minutes into the experiment between 178 - 184 pum along the
radial axis. (D) Image, (E) magnitude of axial motion, and (F) stimulus-referenced
phase maps corrected for the change of fluid depth traversed by the measurement
beam after death.

5.3 Discussion

Sound-induced in wvitro and in wvive preparations exhibit axial motion increase as
a function of radial position throughout the organ of Corti as well as a relatively
constant phase (figure 5-9 & 5-17). This constant phase suggests that the organ is
moving together, with the outer radial end moving with greater magnitude. This is
consistent with pivoting under pressure differentials between the scalae [25|. Figure
5-19 shows that radial motion dependence and constant phase are maintained over
a large frequency range. Furthermore, reducing sound pressure level reduces the
amount of motion, but has no effect on phase across frequency (figure 5-20).

Reticular lamina displacements are scaled by sound pressure level to determine
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Figure 5-25: Post-mortem differential motion. DOCT (10 x, 0.13 NA, 2pumXx 2um
resolution) measurements of the in vivo guinea pig (GP6756, ~200 Hz characteristic
frequency) in response to ~61 dB equivalent sound pressure level (SPL) sinusoidal
acoustic stimulation at 200 Hz. (A) Apical image, (B) differential axial motion mag-
nitude map and (F) differential phase map referenced to motion along white line in
the direction parallel to the outer pillar cells [denoted by red arrows in (A)] corrected
for the change of fluid depth traversed by the measurement beam after death. (D)
Average magnitude of axial motion along the white line from (A). Histograms in the
region of the OHCs |red outlines in (B) and (C)] of (E) differential magnitude of
motion and (F) differential phase.

sensitivity as a function of frequency and compared to previously published [95] stud-
ies of apical guinea pig and chinchilla sensitivity curves in figure 5-26. Delivered
sound pressures ranged from 58 dB to 70 dB. Although peak frequency differs as a
function of study location, we find similar order of magnitude sensitivity curves to
those found by Zinn et al. [121]. The shape of the sensitivity curves are similar to
those of the Reissner’s membrane measurements of Cooper et al. and Khanna et al.
[19, 63].

Nonlinear growth of cochlear responses with sound intensity is critical for com-

pressing the enormous dynamic range of audible sounds across low and high frequen-
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Figure 5-26: Apical sensitivity in the in vivo guinea pig (GP6756, ~200 Hz character-
istic frequency) in response to sinusoidal 58 — 70 dB sound pressure levels of acoustic
stimulation as a function of frequency compared with previously published results.
Guinea pig (ref. 413) is reference [121] measures the organ of Corti through Reiss-
ner’s membrane with LDV. Guinea pig (ref. 49) is reference [19], which measures
with LDV. Guinea pig (ref. 178) is [63], which measures the reticular lamina with
confocal interferometry.

cies. However, sensitivity curves measured in the apical region of the in vivo guinea
pig [95, 121, 19, 63| (figure 5-26) show very little apical non-linearity below 90 dB
SPL compared to that seen in the base [64]. Sensitivity levels of the reticular lamina
from this study correlate well with those measurements of the organ of Corti made
by Zinn et al. |[121]. The overall shape of reticular lamina sensitivity observed in this
study closely resembled those of Cooper et al. and Khanna et al. [19, 63], both of
whom measured apical Reissner’s membrane vibration and observed a notch aBove
the best frequency. This notch is shown by Cooper [17] to be an artifact of an unsealed
cochlea. The notch above the best frequency in this study, shown in figures 5-21 and

5-26, is likely due to the optical access hole in the apical temporal bone.

Although sensitivity curves appear constant below 90 dB SPL, the apex of the
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in vivo cochlea is reported to exhibit unusual non-linear behaviors above 90 dB SPL
(not tested in this study) with significantly different tuning curves compared to the
cochlear base. The presence of apical harmonic motion above 90 dB SPL has been

previously reported by Khanna et al. and Gummer et al. [64, 62, 50].

Various models make differing predictions about the frequency dependence of the
reticular lamina. In positive feedback models, somatic motility increases the motion
of the reticular lamina, so that the system may be more sensitive. Khanna et al.
concluded that nonlinear behavior exists in the apex and it must function under
negative feedback to linearize the response of the fundamental frequency [62, 61].
Zinn et al. measured the frequency response of Hensen’s cells through Reissner’s
membrane using LDV and concluded that the linear behavior of apical sensitivity
curves below 90 dB SPL is due to an active nonlinear negative feedback damping

mechanism at low intensities [121].

In order for somatic motility to contribute to cochlear amplification, it is neces-
sary that it is effective at audio frequencies. Experiments with isolated OHCs have
convincingly demonstrated the necessary bandwidth when the cells are excited electri-
cally. However, the generation of electrical responses at audio frequencies is a topic of
current controversy. It has been suggested that the membrane time constant of OHCs
limits the highest frequencies of receptor potentials to kilohertz [23, 71]. Although
a variety of mechanisms have been proposed to overcome this limitation [22, 86, 60]
there are few direct observations of OHC length changes at audio frequencies in vivo
[14, 120].

Table 5.1 summarizes the differential motion observed in the OHC region across
the apical low frequency (< 1kHz CF) preparations from this study. In the in wvitro
preparation G6039, it was observed that the OHC region was moving counterphasic
to the region of the organ of Corti beneath the OHCs at ~é the magnitude. Coun-
terphasic motions were largest near the reticular lamina. This is surprising, given
that this is an n vitro preparation with no expected endocochlear potential. It may
indicate that with Reissner’s membrane intact and no hair cell blebbing observed,

the cells are healthy enough (i.e. have maintained a negative resting potential) to
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Animal SPL CF Diff. mean Abs. mean Ratio Diff. phase
(dB) Hz (nmp-p) (nmp-p) Diff.-Abs. (rad)

in vitro @450Hz

G6039 90 460 5.6+1.9 31.245.5 % 3.01+0.28
G6627 78 450 10.8%6.0 95.0+23 é 3.9941.66
in vivo @200Hz
GP6756 70 200 29.4+13.7 131.0£15 i 2.9440.39
in vivo @Q200Hz
post mortem
GP6756 61 200 4.3+2.2 47.945.2 % 2.5+1.8

Table 5.1: Differential axial motion of the OHCs compared to absolute axial motion
across preparations.

contract without the presence of an endocochlear potential.

In vitro preparation G6627 also shows differential motion, however the phase is
noisy and has a wide standard deviation. This could support the previous argument
as the reticular lamina in this preparation was broken. This could have allowed
perilymph to come into contact with scala media and destroy the health of the outer
hair cells. An alternative reason for the noisy phase could be the low resolution (4

pmX 4 pm) at which the measurements were taken.

The in vivo preparation GP6756 shows counterphasic motion of the OHC region
relative to the region of the organ of Corti beneath the OHCs at ~i the magni-
tude. Upon death, the differential motion drops to ~% that of the absolute motion
and the phase becomes noisy, which could indicate lower than measured differential

displacements.

ASSR responses to low frequencies (below the lowest delivered sound pressure
level) were verified after jaw removal and the opening of the bulla, but before the
opening of the apical temporal bone. Due to the untimely death of the animal,
no follow-up ASSR could be performed to verify cochlear health. This means that
axial displacements of the cochlear partition, and the somatic motility of the OHCs
measured here in the apex of the in vivo cochlea were not verified to have been

communicating with the brain.
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5.4 Summary

This chapter has demonstrated the use of DOCM and DOCT to characterize stapes-
induced and sound-induced motions of cochlear structures in the apex. Sensitivities
and frequency tuning are similar to previous studies and appear to be nearly con-
stant as a function of sound pressure level over frequency. Both in vitro and in vivo
preparations exhibit rotation about a pivot point in response to stapes or acoustic
stimulation.

Relative motions in the in vivo low frequency (< 1kHz) organ of Corti are shown
to exhibit somatic motility on the order of ~60 nm (in response to 70 dB SPL), which
reduces in relative magnitude upon death. Relative motions of the reticular lamina
are counterphasic to that of the basilar membrane and tectorial membrane. This
supports the argument for negative feedback of the reticular lamina within the low
frequency apical region (< 1kHz) [62, 121, 61], through outer hair cell contraction as

the basilar membrane moves towards scala vestibuli.

~
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