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Abstract

The sensitivity and frequency selectivity of the hearing sense are determined pri-
marily by mechanical properties of the cochlea. These mechanical properties are
poorly understood in any species. This thesis contributes to our understanding of
cochlear mechanics by presenting measurements of sound-induced motion of the alli-
gator lizard cochlea. Novel methods were developed to maintain the cochlea in wvitro
for the time required to measure three-dimensional motions. Three-dimensional im-
ages of cochlear motion were taken by illuminating the cochlea with a light-emitting
diode stroboscopically at predetermined phases of the acoustic stimulus. The resulting
images were analyzed using computer vision algorithms to extract three-dimensional
motions of all visible structures with nanometer precision. The sound-induced mo-
tion of the entire basilar papilla and of individual hair bundles of hair cells were
simultaneously measured. The basilar papilla, in which the hair cells reside, moved
as a rigid body, exhibiting simultaneous translational and rotational modes of mo-
tion. Both modes apply shearing forces to hair bundles. A simple mechanical model
of the basilar papilla, based on these measurements, provides a physical basis for a
mechanical low-pass filter hypothesized in previous models. In the tectorial region of
the cochlea, motion of the tips of hair bundles and of the tectorial membrane (TM)
were in phase with motion of the basilar papilla. None of the motions had signifi-
cant frequency dependence, suggesting that this region does not exhibit appreciable
mechanical frequency selectivity. In the free-standing region, which has no TM, hair
bundle deflection depended on stimulus frequency and hair bundle height. At high
frequencies, hair bundle deflection was proportional to basilar papilla displacement.
At low frequencies, hair bundle deflection was proportional to a linear combination
of basilar papilla velocity and acceleration. Measured hair bundle deflections were
well fit by a simple hydrodynamic model (Freeman and Weiss, 1990) of this region of
the cochlea. The measurements in this study provide the first characterization of the
three-dimensional motion of all structures in a vertebrate cochlea.
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Chapter 1

Introduction

1.1 Why study cochlear mechanics?

Two old friends meet after not seeing each other for several years. The first says,

“Remember how I was almost deaf? I got a new hearing aid, and it’s wonderful. I
can hear the leaves falling from the trees, and the flapping wings of the birds as they

fly.” The other says, “That’s wonderful! What kind is it?” The first looks at his

watch and says, “4:15.”

From the deepest bass to the highest piccolo, the softest whisper to the loudest
scream, we have an amazing ability to hear and distinguish a wide variety of sounds.
This ability has its basis in the remarkable mechanical properties of the cochlea,
an organ which contains auditory receptor cells called hair cells. The cochlea is a
structure with more than a million moving parts (Hudspeth, 1985) working together
to convert acoustic signals into neural impulses which are sent to the central nervous
system. Understanding the mechanical properties of the cochlea is vital for the clinical
treatment of hearing loss, fascinating from an engineering standpoint, and necessary
for the improvement of models of cochlear function. This thesis contributes to an
understanding of cochlear function by describing the motion of structures of the

alligator lizard cochlea in response to sound stimulation.
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Understanding cochlear mechanics will provide better tools for treating
hearing loss. As the quote introducing this chapter illustrates, hearing loss not
only raises the threshold of audibility, but can dramatically alter our perception of
audible sounds. This alteration is particularly tragic when it affects a person’s ability
to communicate with others. For more than 28 million people in the United States
alone — 10% of the population — with some form of hearing impairment*, this loss of
contact can lead to feelings of frustration, isolation, and depression, and may hamper
their ability to function. Improving techniques to compensate for hearing loss will
have a large effect on the quality of life for a vast number of people.

Hearing impairment is typically measured in terms of loss of sensitivity. The sim-
plest approach to compensate for this loss is to amplify the sound signals presented
to the ear. However, this simple approach often fails in practice. The primary reason
for this failure is that the mechanical properties of the ear appear to change following
damage. This change is believed to be at least partly due to the loss of outer hair
cells, which undergo length changes in response to changes in transmembrane poten-
tial (Brownell et al., 1985) or mechanical stimulation (Zenner, 1986), and may act as
mechanical amplifiers in the cochlea. To understand how the loss of this amplification
affects the cochlea, we need to understand not only the amplifiers themselves but also
the passive mechanical properties of the cochlea. Improved understanding of cochlear

mechanics is necessary for significant improvements in the treatment of hearing loss.

Measuring cochlear mechanics will provide insight into the cochlea’s re-
markable properties. The sensitivity of the cochlea is remarkable from an en-
gineering standpoint. At the threshold of hearing we can detect sounds that cause
air molecules to vibrate by mere picometers, and the same structures continue to
work for sounds a trillion times more intense. Only recently have microphones with
an equivalent sensitivity and dynamic range (ER-10Bplus, Etymotic Research) been
manufactured.

The cochlea is also a remarkable frequency analyzer. Humans can detect an 0.2%

*Data from the NIDCD web site at http://www.nided.nih.gov/health/hb.htm.
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change in the frequency of a tone. This resolution provides about 3500 distinct fre-
quencies over the hearing range, roughly comparable to the number of mechanosen-
sory inner hair cells. In addition, the cochlea has a time resolution to rival that of
any other biological system. Timing information is maintained so precisely that we
can detect differences of 5 — 10 usec in the arrival times of a sound at our two ears.
Both the sensitivity and frequency selectivity of the cochlea are determined primarily
by the cochlea’s mechanical properties. By studying cochlear mechanics, we hope to

better understand these remarkable biological engineering feats.

Measurements of cochlear mechanics can be used to improve cochlear mod-
els. To date, complete three-dimensional mechanical models of the cochlea have
proven to be intractably complex. The variety of simplifications chosen by different
modelers have led to a bewildering array of mutually contradictory models. Many of
these models attribute highly anisotropic material properties to different structures;
for example, most models assume individual cochlear structures move as rigid bodies
in radial cross-section, but are completely uncoupled longitudinally. Nonetheless, no
single model has been able to account for all of the observed mechanical properties
of the cochlea while using physically plausible parameters. By providing measure-
ments of the motion of individual cochlear structures, we can validate or refute the

underlying assumptions of various cochlear models.

1.2 Macro- and micro-mechanics

Descriptions of the mechanical properties of the cochlea are divided, somewhat arbi-
trarily, into macromechanics and micromechanics (Patuzzi, 1996). Macromechanics
refers to the motion of the basilar membrane and the cochlear partition as a whole,
while micromechanics refers to the relative motion of hair bundles and of structures at
the level of the reticular lamina and tectorial membrane. Studies of macromechanics
were pioneered by von Békésy (von Békésy, 1960), who first described a broadly-tuned

travelling wave of motion in human cadaver cochleae in response to sound. After con-
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siderable investigation, it has now been established (Rhode, 1971; Rhode, 1973; Page
and Johnstone, 1980; Sellick et al., 1982; Robles et al., 1991; Ruggero and Rich, 1991)
that the motion of the basilar membrane is nonlinear, sharply tuned in frequency, and
that this sharp tuning is labile: in response to loud sounds, or in dead or damaged
cochleae, the mechanical properties become linear and the sharpness of tuning de-
creases to values similar to those observed by von Békésy. However, even in the best
preparations the responses measured differ from those recorded at the level of the
auditory nerve. The differences between the broad tuning of dead cochleae and the
sharp tuning of auditory nerve fibers are believed to be due to both active and pas-
sive micromechanical processes within the cochlea. Two recent reviews of cochlear
macromechanics provide an excellent introduction to this topic (Patuzzi, 1996; Rug-

gero et al., 2000).

In recent years, the focus of auditory mechanics has increasingly shifted to the
micromechanical properties of the cochlea. Micromechanical studies have proven
to be more difficult than macromechanical ones, and only within the last 20 years
have successful results been reported. The first measurements, in 1983, demon-
strate frequency-dependent motion of individual hair bundles in the alligator lizard
cochlea (Frishkopf and DeRosier, 1983; Holton and Hudspeth, 1983). These results
will be discussed further in section 1.3.3. The first measurements in mammal were
made using an isolated guinea pig cochlea (ITER, 1989). The sound-induced motions
of structures in this preparation are essentially linear, with Qioqg values of 0.5-1, sig-
nificantly lower than the values of 2-5 measured in auditory nerve fibers innervating
this region (Kiang et al., 1965).

Most models of cochlear micromechanics assume that the cochlea has multiple
modes of motion. To evaluate the number and nature of modes, it is necessary to
make 2D, and preferably 3D, measurements of cochlear motions as a function of fre-
quency and location. Although measurements in the ITER study were primarily in
the transverse direction, one two-dimensional measurement showed piston-like mo-
tion of a Hensen’s cell. Measurements of tectorial membrane velocity in a similar

preparation (Gummer et al., 1996; Hemmert et al., 2000) show frequency-dependent
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elliptical motion, demonstrating two modes of motion of the TM. Elliptical motions
of the basilar membrane and a Hensen’s cell were also seen, but the variance in phase
measurements was too large to conclude that these structures had multiple modes
of motion. In response to 4 Hz mechanical stimulation, structures in a hemicochlea
preparation move elliptically (Hu et al., 1999), demonstrating the presence of two out-
of-phase components of motion which may be two separate modes. Measurements of
electrically-evoked motion of the cochlea (Karavitaki and Mountain, 1997; Karavi-
taki and Mountain, 2002) show differential motion of the first and third rows of outer
hair cells. With the exception of the ITER study, all of these studies provide some
evidence that the mammalian cochlea has multiple modes of motion. However, there
is currently no consensus on the number of modes present, nor on the contribution of

the various modes to cochlear function.

Many aspects of the mammalian cochlea make micromechanical studies difficult.
First, the macromechanical properties of the mammalian cochlea vary with distance
along the cochlea, with stimulus frequency, with stimulus intensity, and with the
physiological condition of the cochlea. In addition, the cochlea is encased in the
hardest bone in the body, making access difficult. Obtaining visual access to cochlear
structures usually requires disrupting the normal separation of fluids necessary to keep
cochlear tissues healthy, and often requires disrupting the normal sound conduction

pathways (ITER, 1989).

In contrast, the macromechanical properties of the alligator lizard Gerrhono-
tus multicarinatus cochlea do not depend strongly on frequency, intensity, or loca-
tion (Peake and Ling, 1980; but see chapter 4). The alligator lizard cochlea can be
isolated easily, and can be maintained in a near-normal fluid environment for several
hours under the right conditions (see chapter 2). These properties make the alligator
lizard cochlea easier to study, yet our understanding of this cochlea may still provide
insight into the functioning of the mammalian cochlea. The next section provides a

brief review of the anatomy and physiology of the alligator lizard cochlea.
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1.3 The alligator lizard sense of hearing

The Southern alligator lizard (figure 1-1) is a member of the family Anguidae residing
primarily in the southwestern United States. It feeds largely on small insects and
suburban trash. Like most lizards, the alligator lizard does not make vocalizations,
and thus its sense of hearing is not likely to be used for communcation. Rather,
acoustic stimuli are probably used to detect prey and evade predators. However, it has
proven notoriously difficult to elicit behavioral responses from lizards (Manley, 2000b),
and thus it is not clear to what extent lizards attend to sounds. Although lizards
have not been an advantageous choice for psychophysical studies, many aspects of
the mechanical and electrical responses to sound in the alligator lizard have been

measured; some of the relevant studies are described here.

F1G. 10-1. The alligator lizard Gerrhonotus multicarinatus.
Drawing by Anne Cox.

Figure 1-1: The alligator lizard Gerrhonotus multicarinatus. The alligator lizard, shown in
this drawing, is a typical member of the Anguid family of lizards. The lizards are typically
brownish-green in color, with bodies 10-12 cm long. The tail length varies, but is often
longer than the rest of the body. The external ear of this lizard consists of a short ear
canal, located roughly midway between the eye and the foreleg. Figure reproduced from
The Reptile Ear (Wever, 1978).

Terminology. Although basilar papilla is the proper term for the inner-ear hearing

organ of lizards, the term cochlea has come into common usage based on homology
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with the mammalian organ (Wever, 1974; Manley, 2000b). This convention will be
used throughout the thesis; however, when the properties of the basilar papilla itself
are being discussed (such as in chapter 4), the proper term will be used. The terms
apical and basal are used to describe the axis connecting the low- and high-CF ends
of the cochlea (Wever, 1974; Mulroy, 1974). These ends correspond to the tectorial
and free-standing regions of the cochlea, respectively, although each region itself has
an apical and basal end. Unfortunately, the terms apical and basal are also used to
refer respectively to the endolymphatic and synaptic poles of individual hair cells.
Any confusion resulting from this overlapping terminology should be resolved by the
context of usage; the former meaning is used primarily in chapters 4, the latter is

used primarily in chapter 2.

1.3.1 Anatomy

The anatomy of the alligator lizard cochlea has been described thoroughly else-
where (Miller, 1966; Miller, 1973; Mulroy, 1968; Mulroy, 1974; Wever, 1965). We
provide a brief review here. The alligator lizard cochlea (figure 1-2) is a planar struc-
ture 500 pm in diameter. The hair cells are contained within the basilar papilla, which
is roughly cylindrical and rests on the basilar membrane (Mulroy, 1974). The basilar
papilla sits between the neural limbus (the taller ridge) and the triangular limbus,
which both sit above the edge of a bony ring outlining the basilar membrane. The
endolymphatic surface of the cochlea (the surface visible in figure 1-2) forms a tight
seal separating two fluid spaces. The endolymphatic fluid space contains endolymph,
a fluid high in potassium and very low in calcium ions (Peterson et al., 1978). The
perilymphatic fluid space (below the visible surface in figure 1-2) contains perilymph,
a fluid with a composition that is more typical of extracellular fluids. The vestibular
membrane (not shown in the drawing) extends from the triangular limbus beyond the
neural limbus, and completes the enclosure of endolymphatic space. The footplate
of the columella (homologous to the mammalian stapes) sits above the vestibular
membrane facing the cochlea.

The basilar papilla itself is divided into two regions based on morphology (figure 1-
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Figure 1-2: The alligator lizard cochlea. The papilla, which contains the hair cells, rests
on the basilar membrane which extends between the neural limbus (NL) and triangular
limbus (TL). In the basal, free-standing region of the cochlea (upper 2/3 of drawing), the
hair bundles project freely into endolymph; bundle height is inversely correlated with the
frequency to which the cells are most sensitive, which varies from 1 kHz for the most apical
cells to 4 kHz for the most basal cells. In the apical, tectorial region (lower 1/3 of drawing),
the bundles are covered with a tectorial membrane (TM), which attaches to the neural
limbus on the left. The best frequencies of hair cells in this region are between 200 and
800 Hz. Auditory nerve fibers (ANF) project to the left. The triangular limbus borders the
cochlea on the right. Insets show cross-sections of the cochlea in the apical free-standing
(top) and basal tectorial (bottom) regions. This cochlea is simpler in cross-section than the
mammalian cochlea, but shares many of the same basic features. Drawing by Anne Greene.

3). The apical, tectorial region, which makes up the apical 1/3 of the cochlea, contains
hair cells whose bundles project into an overlying tectorial membrane (TM). The veil
of the TM extends to the neural limbus. Our images show that the TM forms “cups”
around each hair bundle, but it is not clear whether the hair bundles are attached
to the TM. The hair bundles of hair cells in this region are about 8 um in length.
The hair cells in this region form gap junctions with supporting cells and other hair
cells (Nadol et al., 1976). These hair cells receive projections from both afferent and

efferent neurons.

In cross-section (figure 1-4), the basilar papilla is nearly circular. The basilar

papilla rests off-center on a thin region of the basilar membrane. The portion of the
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Figure 1-3: SEM Image of the alligator lizard cochlea. The tectorial and free-standing
regions are labeled. In the tectorial region (shown with the TM removed in the inset), hair
cells are covered by a gelatinous tectorial membrane. This TM attaches through a thin ‘veil’
to the neural limbus (below bottom of image). Fewer than 50 hair bundles are in this region,
with bundles that are about 8 pm tall. In the free-standing region, no gelatinous overlying
structure is present. Hair bundles range from over 30 pym in the most apical region to about
12 pm in the most basal region. Four or five hair cells can be seen at each longitudinal
position, for a total of about 150 hair cells with free-standing bundles. SEM from Mulroy
(1986), figure 1.

basilar membrane underneath the basilar papilla is stained blue by iron hematoxylin
and aniline blue (IHAB), which has an affinity for collagen. This blue stain does not
extend to the region beneath the epithelial cells on either side of the basilar papilla.
On the neural side of the basilar papilla, the auditory nerve fibers run beneath a
thickened region called the neural limbus. On the abneural side, the tissue thickens
and is attached to bone. Hair bundles project from the endolymphatic surface of the
papilla.

The free-standing region, which makes up the basal 2/3 of the cochlea, contains
hair cells whose bundles project freely into endolymph. The hair bundles of cells in
this region are longer than in the tectorial region. The longest bundles, 30-34 pm,
are at the apical end adjacent to the TM. The bundles get progressively shorter in

the basal direction, so the basalmost cells have hair bundles that are about 12 pm in
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Figure 1-4: Histological cross-section of the alligator lizard basilar papilla. The left-hand
figure shows a light microscope image of a thin slice of a fixed alligator lizard cochlea stained
with THAB. The right-hand figure schematizes this anatomy and provides labels. This slice
comes from the apical end of the free-standing region. Several hair bundles project from
the apical surface of the basilar papilla. The nuclei of hair cells are visible as dark circles
near the center of the basilar papilla, and those of supporting cells are visible just above the
basilar membrane. The auditory nerve fibers extend in the neural direction (right) beneath
the neural limbus. Hyaline epithelial cells extend from both sides of the basilar papilla;
the cells immediately to the neural side of the basilar papilla are much thicker than those
immediately to the abneural side. The basilar membrane does not appear to contact the
darkened tissue regions on either the neural or abneural side of the basilar papilla. Scale
bar = 50 pm. Fixed tissue courtesy Michael Mulroy.

length. Hair cells in the free-standing region are innervated only by afferent neurons.
Thus the alligator lizard cochlea, similar to those of other lizards, contains two types of
hair cells (Mulroy, 1968; Mulroy, 1974; Wever, 1974). However, unlike in mammalian
and avian cochleae, the two types of hair cells are confined to different frequency
regions, and both types appear to be primarily sensors rather than effectors (Manley,

2000b; Manley, 2000a)".

TManley notes that both types of hair cells may also provide electromechanical feedback in the
form of bundle motility.
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Direction conventions

Throughout this thesis, the following naming and sign conventions, based on a right-
handed coordinate system?, will be used for various directions of structures and mo-

tion.

lateral: the neural/abneural axis, extending from the neural limbus to the triangular
limbus. This axis is homologous to the radial direction in the mammalian
cochlea. Positive directions are towards the neural axis. The lateral axis will

also be referred to as the z axis.

longitudinal: the direction along the long axis of the papilla, extending from the
basal to the apical end. This axis is homologous to the longitudinal direction
in the mammalian cochlea. Positive directions are towards the apical end. The

longitudinal axis will also be referred to as the y axis.

transverse: the direction normal to the basilar membrane surface. This axis is
homologous to the transverse direction in the mammalian cochlea. Positive
directions are towards endolymphatic space. The transverse axis will also be

referred to as the z axis.

rotation: rotation of the basilar papilla is positive in the direction which causes the
abneural edge to move in the positive z direction. Although this direction is
opposite that of a right-handed system, it allows positive static displacements

of the basilar membrane in the z direction to induce positive rotations.

In general, the microscope/camera system was oriented so that the first three axes
above correspond to the z, y, and 2z axes in the microscope coordinate system. To
reduce confusion between angles of rotation and angles of phase, rotational displace-
ments of structures such as the basilar papilla or hair bundles will be reported in
either degrees or radians, while phase angles of stimuli or of motions will be reported

in cycles.

iThe direction conventions follow a right-handed system for the lizard’s left ear, which was used
in the majority of experiments. The right ear is mirror-symmetric.
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1.3.2 Physiology

Hair cell electrical responses to sound

The auditory nerve fibers that innervate the tectorial region of the cochlea have best
frequencies ranging from 200 to 800 Hz (Weiss et al., 1976). The sharpness of tuning
(Q10aB) of these fibers ranges from about 1 to 4, which is roughly comparable to those
of mammalian auditory nerve fibers with the same best frequencies. The responses of
neurons innervating this region of the cochlea can be supressed by the presentation of
another tone, a phenomenon called two-tone suppression (Holton and Weiss, 1978).
The auditory nerve fibers that innervate the free-standing region of the cochlea
have best frequencies ranging from 1 kHz at the apical end to 4 kHz at the basal
end (Weiss et al., 1976). The receptor potentials of hair cells in this region have
best frequencies that match those of the neural responses (Holton and Weiss, 1983a),
with Qioqg values of 0.5-3. These neurons and hair cells are not as sharply tuned as
either the hair cells in the tectorial region or mammalian hair cells with similar best

frequencies.

Macromechanical responses to sound

The alligator lizard outer ear consists of a short ear canal leading to the tym-
panic membrane. The middle ear contains one bone, the columella, attached to
the tympanic membrane by the cartilaginous extracolumella (Wever, 1978; Rosowski
et al., 1985). The footplate of the columella creates a pressure difference across
the cochlea, causing the basilar membrane to move in the transverse direction (to-
wards/away from the stapes). As it does for other species, the middle ear of alligator
lizard serves to couple airborne sound vibrations to fluid vibrations in the cochlea.
At the same time, it provides a certain amount of pressure gain. The pressure gain of
the middle ear of alligator lizard has not been measured directly. However, Rosowski
et al (1985) have measured the macromechanical transfer function relating velocity of
the basilar membrane to pressure at the tympanic membrane. In addition, the same

authors present estimates of the acoustic impedance and effective area of the basilar
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(1.1)

From these values we can estimate the pressure gain of the alligator lizard middle
ear, as shown in figure 1-5. This pressure gain is roughly comparable to that of the
mammalian outer and middle ear complex (Rosowski et al., 1985; Rosowski, 1996).
However, the response threshold of auditory-nerve fibers is about 20 dB higher (Weiss
et al., 1976), suggesting that the inner ear of alligator lizard is less sensitive than those

of mammals.

20 — —
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Middle Ear Pressure Gain (dB)

Frequency (Hz)

Figure 1-5: The estimated pressure gain of the alligator lizard middle ear. The pressure gain
is between 20 and 40 dB over the range of frequencies to which the alligator lizard is sensitive.
This curve was derived from a measured macromechanical transfer function (Rosowski et al.,
1985, figure 9) plotting the ratio of basilar membrane velocity to tympanic membrane
pressure.

In response to acoustic stimulation, the basilar membrane moves in phase along its
length (Peake and Ling, 1980), with a frequency response similar to that of the middle
ear. This motion causes the papilla to rock about its longitudinal axis (Frishkopf and
DeRosier, 1983; Holton and Hudspeth, 1983; see also chapter 4). Both middle-ear

and basilar membrane responses to sound are linear.
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1.3.3 Previous studies of micromechanics in the cochlea of

the alligator lizard

The first measurements of sound-induced motion of hair bundles were performed in
the free-standing region of the alligator lizard cochlea (Frishkopf and DeRosier, 1983;
Holton and Hudspeth, 1983). Both studies demonstrate two features of free-standing

hair bundles:

1. the motion of hair bundles depends on frequency;

2. this frequency dependence varies with hair bundle height.

In addition, both studies report that the predominant motion of the basilar papilla is
rocking about the longitudinal axis, and that the motion of the basal (high-frequency)
end of the papilla increases for frequencies above 3 kHz.

These studies lend some support to hypotheses (Weiss, Peake, Ling and Holton,
1978) that the frequency of maximum hair bundle rotation is inversely dependent
on hair bundle height. However, neither study provides sufficient information to
characterize this dependence quantitatively. Frishkopf and DeRosier report only the
relative phase of motion of the tip and base of the bundle. Figure 1-6 shows the data
measured in their study. These measurements clearly demonstrate that hair bundle
motion varies with frequency and bundle height. Without information about the
relative amplitudes of motion, however, the relative phase is an ambiguous measure.
For example, if the tip moves in phase with the base but with a magnitude 1.01 times
as large, then rotation of the bundle is in phase with displacement of the base. If
the magnitude of tip displacement is 0.99 times that of the base, however, rotation
of the bundle is out of phase with displacement of the base, even though the tip and
base still move in phase. Consequently, the phase of hair bundle deflection cannot
be determined from their measurements. Although these phase measurements can be
predicted by a model (Freeman and Weiss, 1990a), the measurements themselves are
not sufficient to validate or refute the model predictions.

The study by Holton and Hudspeth provides measurements of both the magni-

tude and phase of hair bundle motion (figure 1-7). However, their paper presents
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Figure 1-6: Measurements presented by Frishkopf and DeRosier, 1983. The left panel shows
the measured phase of motion of the tips of several hair bundles relative to their respective
bases at four frequencies. No measurements of the amplitude of motion were reported.
The right panel shows the ‘resonant frequency’ of 33 hair bundles as a function of location;
resonant frequency is estimated as the frequency at which the tip of the hair bundle lags
the base by 1/4 cycle.

measurements of only two hair bundles at two frequencies. The measurements con-
firm that longer hair bundles are deflected more at lower frequencies, while shorter
hair bundles are deflected more at higher frequencies. However, from the sparse data
it is impossible to estimate a resonant frequency, much less to compare the sharpness
of tuning to neural or intracellular recordings.

Studies in the turtle cochlea (Crawford and Fettiplace, 1985) demonstrate the
presence of spontaneous mechanical oscillations of hair bundles. The frequency of
oscillation is correlated to the acoustic frequency to which the hair cell is most sen-
sitive. Frequency selectivity in the turtle cochlea is based on an electrical resonance
between Ca™ and K* channels (Fettiplace and Fuchs, 1999). Since the frequency
of spontaneous oscillation of hair bundles depends on Ca*? concentration, which in
turn varies with hair bundle deflection, the electrical and mechanical resonances are
correlated. The term “bidirectional transduction” has been coined to describe such a
relation (Weiss, 1982).

Although there is little direct evidence of electrical tuning in lizard cochlear hair
cells, there is a significant amount of anecdotal evidence to suggest that hair cells in

the tectorial region are electrically tuned (Manley, 2000b; Manley, 2000a). Lizards and
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Figure 1-7: Measurements presented by Holton and Hudspeth, 1983. The left panel shows
the motion of both the base and tip of one short and one tall hair bundle in response to
a 1.2 kHz tone. For the tall hair bundle, the tip moves more than the base, and lags the
motion of the base by about 1/4 cycle, resulting in an angular deflection of the hair bundle.
For the short hair bundle, the tip and base displacements are similar in magnitude and
phase, and the hair bundle is not detectably deflected. The right panel shows the motion of
the same bundles in response to a 3.8 kHz tone. Motion of the tall hair bundle is obscured
by noise. The tip and base of the short hair bundle move with a similar magnitude but
opposite phase, resulting in an angular deflection of the hair bundle.

turtles are closely related phylogenetically, and the apical® regions of lizard cochleae
are anatomically similar to turtle cochleae, suggesting that they function similarly.
Second, auditory nerve fibers innervating the apical regions of lizard cochleae are
sharply frequency selective, consistent with the sharp electrical tuning of both hair
cells and auditory nerve fibers of the turtle cochlea. This sharp tuning is inconsistent
with the broad tuning of hair cells and auditory nerve fibers of the basal regions of
lizard cochleae, which are believed to be mechanically tuned. Third, isolated hair
cells from basal regions of the alligator lizard cochlea are electrically resonant with
best frequencies below 1 kHz (Eatock et al., 1993). These best frequencies are too low
to explain frequency selectivity in the basal region; however, this result demonstrates
that hair cells can be electrically tuned at the best frequencies of hair cells in the apical
region. Thus the alligator lizard cochlea appears to have two mechanisms of frequency

selectivity — electrical resonance of hair cells in the tectorial region for frequencies

$In many lizards, all hair cells are covered by a tectorial structure, so we cannot refer to this
region as the “tectorial” region.
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below 1 kHz, and mechanical resonance of hair bundles in the free-standing region

for frequencies above 1 kHz.

1.3.4 Previous models of alligator lizard micromechanics

The literature on models of mammalian micromechanics is extensive, and once again
we refer the reader to recent reviews (Hubbard and Mountain, 1996; deBoer, 1996).
The micromechanical properties of the alligator lizard cochlea were first modeled
quantitatively by Weiss and Leong, as part of an effort to model the entire peripheral
auditory pathway of alligator lizard (Weiss et al., 1985; Rosowski et al., 1985; Weiss
and Leong, 1985a; Weiss and Leong, 1985b). In this model, the rotational stiffness
of a hair bundle interacts with the viscosity and inertia of the surrounding fluid to
form a resonant rotational system. This model provides good fits to tuning curves
measured from hair cells and auditory nerve fibers, but only with the addition of a
first-order low-pass filter to the model. The authors were careful to point out that
this low-pass filter occurs before the transduction nonlinearity, since it affects the DC
receptor potentials of hair cells, and thus is of mechanical origin. However, they were
unable to pinpoint the origin of this filter. Freeman and Weiss (1990a-d) extended
the free-standing hair bundle model to two dimensions, incorporating more accurate
models of the mechanical properties of the fluid. These improvements give more
accurate fits to electrical responses, but the additional low-pass filter is still necessary.
A three-dimensional model (Shatz, 1996) shows that for a given height, the resonant
frequency of a hair bundle depends in a complex manner upon the shape of the bundle.
However, this model lacks a closed-form solution, so detailed comparisons of the model
to measured hair cell electrical responses have not been reported. Although all models
make similar predictions about the nature of hair bundle motion, at arbitrarily low
frequencies the Shatz model predicts that hair bundle sensitivity is proportional to the
cube of bundle height, as opposed to the square of bundle height in the Freeman and
Weiss model. The experimental support for these models is limited to the results of
the Frishkopf/DeRosier and Holton/Hudspeth studies. One goal of this thesis project

was to provide quantitative data to test these models more thoroughly.
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1.4 Organization of this document

Each chapter of this thesis has been written as draft of a paper for publication, and
thus is intended to stand alone¥. For this reason there is some overlap of information
in the methods sections. Where there is overlap, one chapter provides detailed infor-
mation while the others provide brief descriptions. Chapter 2 describes the isolated
cochlea preparation, and presents the results of attempts to reduce the ‘blebbing’ of
hair cells in this preparation. Chapter 3 describes the computer microvision system
for measuring motions of cochlear structures in three dimensions. Chapter 4 demon-
strates the presence of two modes of motion of the basilar papilla, and describes
how two-mode motion contributes to the sensitivity of the cochlea. Chapter 5 shows
that the hair bundles and the TM in the tectorial region exhibit no micromechan-
ical frequency selectivity. Chapter 6 presents the frequency dependence of motion
of free-standing hair bundles, and compares these measurements to the predictions
of the Freeman and Weiss model. Taken together, these chapters provide the most
complete characterization of cochlear mechanics — both macro- and micro-mechanics

— in any vertebrate species to date.

YIn retrospect, some of these chapters might be better off as multiple publications.
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Chapter 2

Manipulations Affecting the
Physiological State of an in wvitro

Cochlea Preparation

Abstract

We have developed a preparation of the isolated alligator lizard cochlea for study-
ing cochlear mechanics. This preparation provides high-resolution visualization of
the tissue and control over the fluid environment. These same features allow us to
study the coordinated anatomical and physiological changes induced by the mechan-
ical trauma of isolating the cochlea, and to investigate mechanisms by which these
changes occur. The first visible response to isolation of the organ was the formation
of blebs, evaginations of the cell membrane, on hair cells of the tectorial region. When
the cochlea was bathed in a perilymph-like solution (AP), the blebs grew quickly with
time. When the cochlea was bathed with an endolymph-like solution (AE) apically
with AP basally, blebs grew more slowly and often shrank. During bleb growth, hair
cells maintained a constant pH as judged by BCECF fluorescence in response to an
acid load/unload challenge. Blebbing hair cells initially took up FM1-43 perfused
apically, but later did not. Bleb growth was stopped by perfusion of media with im-
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permeant cations or anions. Perfusion of cytochalasin D or addition of 1 mM Gd™ to
the apical bath also stopped blebbing, although blocking transduction channels with
gentamicin or removal of Ca™? did not. However, removal of Ca*? during dissection
prevented blebbing, even after subsequent addition of Ca*? to the bath. Addition of
100 uM PPADS, a selective blocker of P2 receptor channels, to the apical bath dra-
matically slowed the rate of blebbing. These results are consistent with the hypothesis
that mechanical overstimulation causes excess ion entry through transduction chan-
nels, initiating hair cell damage. Damaged or dead hair cells presumably release ATP,
which opens endolymphatic P2X receptors that allow cations to flow into hair cells.

The resulting net solute influx causes a volume increase, which leads to blebbing.

Key words: Hearing, cochlea, basilar papilla, hair cell, acoustic trauma, hearing loss,

bleb, alligator lizard.

2.1 Introduction

Studies of hair cell function often require the isolation of hair cells or hair cell or-
gans. Because hair cells are remarkably sensitive to mechanical stimuli, they are
easily damaged by the isolation process. This damage leads to both anatomical and
physiological changes, similar to those seen in noise-induced hearing loss (Saunders
et al., 1985; Schmiedt, 1984). To maintain an isolated hair cell organ in wvitro for
extended periods of time, it is important to minimize the extent of trauma caused by
isolation.

One common visible symptom of trauma is the formation of blebs on the apical
surfaces of hair cells (Robertson et al., 1980; Tilney et al., 1982; Thorne et al., 1986;
Liberman, 1994). Blebbing is a component of the response to traumatic stimuli
causing both temporary and permanent shifts in hearing threshold, and is commonly
seen in vitro. Under certain conditions, the blebs that form in response to trauma
can shrink so that hair cells recover their normal appearance (Tilney et al., 1982).

However, the mechanisms underlying this recovery are unknown. We have developed

40



an in vitro preparation which develops blebs on some hair cells upon isolation. By
measuring the rate at which blebs grow and shrink in various fluid environments,
we hope to develop a better understanding of the process of blebbing, which is a
component of hair cell trauma under many different conditions.

The preparation is based on the cochlea of alligator lizard (Gerrhonotus multi-
carinatus). This cochlea is planar and easily accessible, so it can be isolated and
observed in vitro while maintaining the epithelial separation of fluids that is critical
for cochlear function. Isolating the cochlea induced trauma, presumably due to the
large mechanical forces involved. In this paper, we provide quantitative measurements
of anatomical and physiological changes to hair cells in response to isolation-induced
trauma. We show that blebbing, which is induced by trauma, is associated with ion
entry through apical P2X channels. We also demonstrate the recovery of hair cells
from blebbing, and show that this recovery is critically dependent on the composition
of the apical fluid. A preliminary analysis of some of these results was presented

previously (Aranyosi and Freeman, 1999).

2.2 Methods

2.2.1 In wvitro preparation

Adult alligator lizards were sacrificed by decapitation and pithing. The tissue over
the dorsal surface of the skull was removed. A scalpel blade was used to penetrate
the posterior semicircular canal and remove the thin bone covering the saccule. The
head was submerged in the initial bathing medium to be used, typically artificial
perilymph (AP). The membranes covering the saccular otoconia were peeled away
with fine forceps, and the otoconia were removed by gentle suction. The eighth nerve
was cut with a razor blade shard. The cochlear duct was then lifted out by the nerve
with a pair of hydraulically-actuated forceps mounted on a 4-axis micromanipulator.
A small cup was positioned under the duct to keep the tissue surrounded by fluid

as it was transferred to the experiment chamber. The duct was clamped in the

41



experiment chamber so the basilar membrane sat over a hole separating two fluid
spaces. Clamping the duct occasionally caused otoconia to squirt from the lagena onto
the cochlear duct. Cutting a small hole into the vestibular membrane above the lagena
before clamping eliminated this problem. Except in experiments involving NMDG or
gluconate, both fluid spaces in the experiment chamber initially contained AP. Before
removing the vestibular membrane, artificial endolymph (AE) was perfused into the
apical fluid space. The vestibular memebrane was then removed with fine forceps.

The entire process took roughly 30 minutes.

2.2.2 Experiment chamber

The experiment chamber (figure 4-1, described in more detail in chapter 4) contained
two fluid spaces separated by a small hole. The cochlear duct was clamped over
the hole by a plastic ring. This ring encircled the neural and triangular limbi to
avoid direct contact with the mechanically sensitive cochlear structures. The apical
fluid space was typically perfused with AE, and the basal fluid space was typically
perfused with AP. In some experiments the media were perfused continuously. In
experiments in which motion measurements were made, the media were perfused
between measurements, typically every 5-10 minutes. The chamber was designed to
allow acoustic stimulation, microscopic observation, and measurement of electrical

activity using voltage- or current-clamp techniques.

2.2.3 Bathing media

For most experiments, the media used were an artificial perilymph (AP) as the basal
fluid and an artificial endolymph (AE) as the apical fluid. Artificial perilymph con-
tained (in mM): Na®, 168; K*, 3; Ca*2, 2; Mg*2, 1.2; Cl-, 174.9; SO;?, 2; H,POy,
0.5; D-glucose, 5; Hepes, 5. Artificial endolymph contained (in mM): Na*, 2; KT,
174; Ca™2,0.02; Cl=, 171.5; SO; 2%, 2; H,POy, 0.5; D-glucose, 5; Hepes, 5. Both solu-
tions contained MEM essential and non-essential amino acids, and were oxygenated

immediately before use. The solutions were adjusted to a pH of 7.30 and an osmo-

42



lality of 34248 mmol/kg. In some experiments Liebowitz’ 1-15 was used in place of
AP. The standard AP recipe was modified for some experiments. These modifications
will be discussed in the relevant sections. All chemicals were purchased from Sigma
Chemical Company (St. Louis, MO), except for FM1-43 and BCECF from Molecular
Probes (Eugene, OR).

2.2.4 Video microscopy

The cochlea was imaged through a 63x, 0.9 NA water-immersion objective (Zeiss,
Oberkochen, Germany) using transmitted light Kohler illumination. Kohler illumi-
nation minimizes the depth of focus of the microscope system, allowing us to take
optical sections by changing the focus of the microscope. Images were collected using
a scientific grade 12-bit CCD camera (CA-D7-1024A, Dalsa, Waterloo, Ontario) with
1024 x 1024 pixels and stored on an IBM-PC compatible computer running custom
software written for the Linux operating system. In early experiments a 40x, 0.75 NA
water-immersion objective and a 384 x 576 pixel camera (200 Series, Photometrics Inc.,
Tucson, AZ) were used. The microscope focus was adjusted with a piezoelectric focus-
ing device (PIFoc P-721, Physik Instrumente, Waldbronn, Germany). For brightfield
images, the light source was a green light-emitting diode (Nichia, Tokushima, Japan).
For fluorescence images, the light source was a tungsten bulb used with a fluorescein

filter set.

2.2.5 pH measurement

In some experiments we measured the pH of hair cells as they were subjected to an
acid load and washout. The cochlea was bathed in AP, and hair cells were loaded with
BCECF-AM, a pH-sensitive fluorescent dye. The ratio of BCECF fluorescence emis-
sion in response to 450 and 490 nm excitation varies with intracellular pH (Paradiso
et al., 1984). Light from a tungsten bulb was passed through one of two narrow-
band filters and reflected off a dichroic mirror to illuminate the cochlea. A computer-

controlled filter wheel (Ludl Electronic Products, Hawthorne, NY) was used to switch
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between narrowband filters centered at 450 and 490 nm wavelengths. Fluorescence
emmisions passed through the dichroic mirror and a long-pass filter (520 nm cutoff)
to the camera. The acid load was applied by adding Na™-proprionate to the extra-
cellular medium. Proprionate™ associates weakly with H, and in its uncharged form
can enter the cell. After entering the cell it tends to dissociate, releasing HT to acidify
the cell. Washing out the extracellular proprionate reverses this process, raising the
intracellular pH.

At the end of the experiment, the cochlea was bathed in a high-K* medium
containing the Kt /H™ exchanger nigericin. If the K concentration is the same in the
cells and the bath, then nigericin equilibrates the H* concentration; that is, nigericin
clamps the intracellular pH to that of the bath. Imaging BCECF fluorescence at
known pH values provides calibration points for determining pH from the fluorescence
images. The pH of the high-K* medium was adjusted sequentially to 6.6, 6.9, 7.2,
7.5, and 7.8 to provide five calibration points for relating the fluorescence emission
ratio to intracellular pH. This calibration method assumes that the high-K* medium
zeroes the transmembrane potential. Because the hair cells most likely had a high
intracellular Nat concentration during these experiments (see discussion), the pH

calibrations were probably inaccurate.

2.3 Results

2.3.1 Initial extent of damage

The alligator lizard cochlea has two regions: a tectorial (TM) region, in which hair
bundles are less than 10 um tall and covered by a tectorial membrane, and a free-
standing (F'S) region in which hair bundles range from 12-30 gm and have no overlying
tectorial structure. Upon isolation of the cochlea, all hair cells of the TM region
typically had blebs, but hair cells of the FS region did not. Cells lining the basilar
membrane had a pillow-like appearance, thicker than their appearance in fixed tissue

slices. In the best preparations, the blebs were barely visible, and the hair bundles of
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the F'S region were fully intact and organized. In the worst preparations, the blebs
were larger than hair bundles, and the hair bundles of the FS region were mostly
missing or disarrayed.

Figure 2-1 shows the typical appearance of blebs in the alligator lizard cochlea
tectorial region. Blebs were roughly spherical, and emerged from the apical surface of
the hair cell near the kinociliary rootlet. Typically each cell developed a single bleb,
although we have seen multiple blebs on a single cell in some preparations that had
severely deteriorated. In the preparation shown in figure 2-1, blebs were roughly the
size of hair bundles, and were present only in the tectorial region. Figure 2-2 shows
the same cochlea after having AP perfused across both basal and apical surfaces for
three hours. After this time the blebs were much larger and were visible in the free-
standing region as well as the tectorial region. In addition, the tissue as a whole was
more swollen.

Blebs usually remained attached to their hair cells; we have seen only one case
of a bleb detaching (figure 2-9) when the cells were bathed in a high-K* medium for
calibrating pH. Although blebs often grew to be quite large, they did not rupture

even in severely degraded preparations.

2.3.2 Progression of trauma
AP apically

When the apical fluid space contained artificial perilymph (AP), blebs formed quickly
and grew with time. Blebs were initially smaller than adjacent hair bundles, but grew
over time to reach a maximum size. The blebs often became larger than the rest of
the cell; blebs from adjacent cells typically contacted one another. Larger blebs often
caused static deflections of hair bundles in the inhibitory direction. Figure 2-3 shows
the growth of six blebs with time, measured as the maximum cross-sectional diameter,
for one cochlea bathed in AP. When bleb growth was fit with an exponential curve
of the form A(1 — e~ 7), the time constant for the increase in diameter was 6.2 & 4

min (n=6 blebs). These measurements were from one preparation in which bleb
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Figure 2-1: Appearance of blebs in the alligator lizard cochlea tectorial region. Blebs are
visible as circles on the kinociliary side of each hair bundle. Arrows point to some of the
blebs. In this image, the blebs are roughly the same size as the hair bundles. No blebs
are visible in the free-standing region at the bottom of the image. This image was taken
immediately following surgical dissection of the cochlea.

growth was initially inhibited by NMDG-Cl. N-methyl-D-glucamine (NMDG) is a
large (molecular weight 195.2) weak acid which in its charged form can act as a cell-
impermeant replacement for Na®. Bleb growth was observed in more than twenty
preparations in which the cochlea was bathed in AP. The rate of growth and final

size of blebs in these preparations were similar to those shown in figure 2-3.

AE apically

Cochlear hair cells normally have their apical surfaces exposed to an endolymphatic
solution. In 6 of 14 preparations, perfusion of AE apically caused existing blebs to

shrink (figure 2-4, left side). The diameter of blebs decreased linearly with time, at
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Figure 2-2: Images of bleb growth. (A) The image from figure 2-1. (B) An image of the
same tissue, after three hours in an AP medium. The blebs have grown larger, and the
tissue as a whole is more swollen. Blebs have also appeared in the free-standing region at
the bottom of the image.

a rate of 4.8 £ 1.2 pm/hr (n=9). These preparations were subsequently maintained
bleb-free for more than an hour. In 7 of 14 preparations in which AE was perfused
apically, blebs grew with time (figure 2-4, right side). The growth rate with AE
apically was much slower than with AP apically, with a time constant of 41 4+ 36 min
(n=18). The maximum bleb size was similar to that in AP. In one preparation with

AE apically, no blebs formed.
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Figure 2-3: Bleb size vs. time in AP. Different symbols represent different blebs from the
same preparation. Bleb size was measured as the maximum diameter of the bleb at a single
focal plane. Because the blebs grew in the axial direction of the microscope, the focal plane
in which the bleb diameter was largest changed over time. Note that bleb growth was largely
monotonic, except for the two largest blebs, and that blebs reached a maximum size. These
measurements were from one preparation in which bleb growth was initially inhibited by
NMDG-CI (section 2.3.3). Bleb growth in other preparations was similar.

2.3.3 Manipulations affecting the progression of trauma
Removing permeant ions stopped bleb growth

N-methyl-D-glucamine (NMDG™) is an ion to which hair cells are at most weakly
permeant (Housley and Ashmore, 1992; Mroz and Lechene, 1993). Replacement of
Nat with NMDG™ in AP thus makes the dominant cation in the medium imperme-
ant. Such replacement prevented bleb growth in six preparations (see the beginning
of figure 2-3). However, after about an hour in this medium the tissue somtimes
took on a mushy appearance and lost its integrity. Replacing Cl~ with gluconate
blocked blebs in one preparation, but impaired the function of our Ag/AgCl elec-
trodes. Subsequently NMDG or gluconate lymph with AP led to the continued growth
of blebs (figure 2-3). Tamoxifen, a blocker of the CLC-3 chloride channel (Duan
et al., 1997; Yamazaki et al., 1998) which prevents cell swelling in the isolated mam-
malian cochlea (Zeddies et al., 2000; Siegel et al., 2001), did not prevent blebbing in

this preparation.
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Figure 2-4: Bleb size vs. time with AE apically. On the left, nine blebs that were initially
present shrank when AE was perfused apically, and ultimately could no longer be seen. The
blebs shrank at an average rate of 4.8 um/hr. On the right, a preparation that was initially
bleb-free developed blebs with AE apically. Bleb growth for the 18 blebs shown had an
average time constant of 41 min.

Gd™? apically blocked bleb growth

Gd ™ blocks a variety of stretch-sensitive channels (Yang and Sachs, 1989; Franco
and Lansman, 1990; Zhou et al., 1991; Ruknudin et al., 1993), including the hair cell
transduction channel (Kimitsuki et al., 1996), and also blocks ATP-gated channels
such as the P2X receptor (Nakazawa et al., 1997). The addition of 1 mM Gd ™ to the
apical medium in five preparations blocked bleb growth, and caused existing blebs to
disappear. However, Gd™ also destroyed the tectorial membrane (figure 2-5; Wei and
Freeman, unpublished obesrvations). Washing out the Gd™® medium allowed blebs
to grow again (figure 2-6). In contrast, addition to AP of 760 uM gentamicin, which
blocks transduction channels (Kroese et al., 1989), had no effect on bleb growth.

PPADS greatly slowed bleb growth

Pyridoxal phosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS) is a selective P2 re-
ceptor channel blocker (Lambrecht et al., 1992) which blocks ATP-gated currents
in hair cells (Chen et al., 1998; Housley et al., 1998). After dissection in AP, one
cochlea was bathed with AP basally and AE plus 100 uM PPADS apically. Figure 2-
7 (A) shows an image of the tectorial region of this cochlea after having AE+PPADS
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Figure 2-5: A cochlea dissected in AP supplemented with 1 mM Gd*3. No blebs developed
in this cochlea. This image is of the tectorial region; the Gd*3 had the additional effect of
dissolving the TM into stringy material (arrows).

apically for about 25 minutes. Because brightness variations due to out-of-focus struc-
tures obscure some details of this image, figure 2-7 (B) shows the same image with a
local normalization applied*. Small blebs, roughly 8 um in diameter, were present on
each hair cell. Images (C) and (D) were normalized using the same procedure. The
image in (C) was taken after the papilla was bathed with AE4+PPADS apically for an
additional five hours. The blebs were about 50% larger, and the cell bodies appeared
slightly swollen. Five minutes after image (C) was taken, the apical AE+PPADS
bath was replaced with AE. Image (D) was taken 15 minutes after this replacement.
Blebs in image (D) were significantly larger than in image (C). Although not readily
apparent in this plane of focus, the cell bodies were also more swollen in (D). The
increase in bleb size during the 15 minutes between images (C) and (D) was nearly

as large as the increase in bleb size during the 5 hours between images (B) and (C).

*Normalization was applied by dividing the grey value of each pixel in the image by the average
grey value of a 50 x 50 pixel region centered on the pixel.
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Figure 2-6: The same cochlea as in figure 2-5, 30 minutes after Gd*3 had been removed.
Blebs are clearly visible on all hair cells of the tectorial region.

Removal of Ca*? or addition of cytochalasin D during surgery prevented

bleb formation

Dissection in a Ca*2-free medium with 10 mM EGTA prevented the growth of blebs
in two of six preparations, even if Ca*? was subsequently added. However, removal
of Ca*? after dissection in NMDG™ medium containing Ca*? did not prevent bleb
growth. Perfusion of AP with 100 M rather than 2 mM Ca™2 did not prevent bleb
growth. Addition of 1.3 uM cytochalasin D, an actin-depolymerizing agent, to the
bathing medium during dissection in one preparation also prevented the formation of

blebs, even after subsequent removal of cytochalasin D.
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Figure 2-7: A cochlea in a
PPADS-containing medium. (A)
An image of the cochlea shortly
after dissection. The cochlea has
been bathed with AE+PPADS
(100 pM) apically and AP
basally for about 25 minutes.
Small blebs are visible on all
hair cells. (B) The same image
as in (A), with a local normal-
ization applied. (C) An image
at roughly the same focal plane,
taken after an additional five
hours with AE+PPADS apically.
Bleb diameter has increased by
about 50%. (D) An image taken
20 minutes later, 15 minutes af-
ter washout of PPADS. Bleb di-
ameter has increased by about
25% as compared to (C). Scale
bar = 10 pm.

Summary of manipulations that affect bleb growth

Manipulation Effect on Blebbing
Perfuse AP apically and basally Blebs grow
Perfuse AE apically, AP basally Blebs shrink or grow more slowly

Perfuse NMDG lymph apically and basally Bleb growth stops

Replace NMDG lymph with AP Bleb growth resumes

Add 1 mM Gd*3 to apical AE Bleb growth stops, blebs disappear
Remove Gd™ from apical AE Bleb growth resumes

Add 100 uM PPADS to apical AE Bleb growth nearly stops

Remove PPADS Bleb growth resumes

Add 1.3 uM Cytochalasin D during dissection | No blebs formed
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2.3.4 Physiological measures of hair cell function
Cochlear microphonic potential

No electrical response to acoustic stimulation was detected when the epithelium was
voltage-clamped. Attempts to measure intracellular responses to acoustic stimulation
were made in four preparations’. No responses to acoustic stimulation were detected
in 25 cells that were successfully penetrated. In three of the four preparations, the
median resting potential of cells in the basilar papilla was —71 mV. In the fourth

preparation, the median resting potential was —15 mV.

FM1-43 uptake

FM1-43 is a small fluorescent dye that is selectively taken up by hair cells when
perfused over the apical surfaces of hair cells (Nishikawa and Sasaki, 1996; Gale
et al., 2000). Adding FM1-43 to the apical bathing medium of the alligator lizard
cochlea in two experiments caused the hair cells of the free-standing region to rapidly
take up the dye. In one experiment, hair cells of the tectorial region did not take
up the dye (figure 2-8, A and B). In this experiment, blebs on the tectorial hair cells
were smaller than hair bundles before perfusing the dye, and were comparable in size
to those of figure 2-2 after perfusing the dye and taking fluorescence pictures. In a
second experiment, hair cells of the tectorial region took up the dye (figure 2-8, C
and D). In this experiment, blebs on the tectorial hair cells were slightly larger than
hair bundles before perfusing the dye and taking fluorescence images, and roughly

the same size after.

Live/Dead assay

The dye BCECF-AM does not fluoresce until the AM group is cleaved by cellular
esterase enzymes (Haugland, 1996). Therefore a significant increase in fluorescence
after application of the dye is a sign of functional enzymatic activity. In addition, the

ability of the cells to hold the dye indicates that cell membrane integrity is maintained.

TThese measurements were done with the assistance of Quentin Davis and Pankaj Oberoi.
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Figure 2-8: Uptake of FM1-43 by hair cells. A. Brightfield image of the cochlea. Although
not visible in this plane, blebs were present on hair cells of the tectorial region, but not those
of the free-standing region. B. Fluorescence image of the cochlea in A, after application of 5
uM FM1-43 for 1 minute. Free-standing hair cells fluoresced, but tectorial hair cells did not.
C. Another cochlea, shortly after dissection. Bundle-sized blebs are visible in the tectorial
region. D. Fluorescence image of the cochlea in C, after application of 5 pM FM1-43 for 1
minute. Both free-standing and tectorial hair cells fluoresced.
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Figure 2-9 shows an image of an isolated alligator lizard cochlea loaded with BCECF-
AM. All of the cells fluoresced, indicating the presence both of functioning enzymes
and of an intact cell membrane. When the cells were loaded with fluorescent dye,
the blebs fluoresced as well. The brightness of fluorescence, which varies with the
concentration of dye, was comparable for apical and basal hair cells. Cells were able

to maintain dye for several hours after loading.

Figure 2-9: Fluorescence image of hair cells loaded with the AM ester of the fluorescent dye
BCECF. The brightness of blebs was comparable to the brightness of their associated hair
cell. However, the brightness of different hair cells varied significantly, depending on how
much dye got into a particular cell. The arrow shows one bleb which had detached from
its hair cell. This picture was taken at the end of a pH experiment, when the cochlea was
bathed in a high-K™ medium.

pH regulation

The presence of blebs suggests that the homeostatic mechanisms of the cells have
been compromised. To determine whether these cells had suffered a general failure
of homeostasis, we measured pH homeostasis in response to an acid load/unload
challenge!. Figure 2-10 shows the estimated pH of hair cells in the tectorial and

free-standing regions in response to the addition and subsequent washout of 20 mM

!These measurements were done in collaboration with Ed Mroz of the Eaton-Peabody Laboratory
of Auditory Physiology.
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proprionic acid. Addition of the acid caused a rapid drop in pH followed by a slow
recovery. Washout caused a similar rise and recovery. Throughout the experiment
the estimated pH of the tectorial hair cells was lower than that of the free-standing

hair cells.
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Figure 2-10: pH vs. time in response to an acid load/unload challenge. Lines show pH
estimated from changes in BCECF fluorescence ratio for 88 hair cells in one preparation.
Solid light grey lines are for hair cells in the tectorial region, dashed dark grey lines are
for hair cells in the free-standing region. The extracellular medium contained 20 mM
proprionate during the times labeled “acid in”, and was removed during the times labeled
“acid out”. For both hair cell types, addition of proprionate causes a rapid decrease in
pH followed by a slow recovery. Subsequent removal of proprionate causes a rapid increase
followed by a slow recovery. This process was repeated with similar results. Throughout
the experiment, the estimated pH of the tectorial hair cells was lower than that of the
free-standing hair cells.

2.4 Discussion

2.4.1 Statistical significance

Because the main goal of this thesis was to study cochlear mechanics rather than
to investigate blebbing, many of these experiments were performed only one or two
times. Consequently, many of the results reported here are not statistically significant.

However, we have dissected more than 100 alligator lizard cochleae over the years,
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and seen blebs in the free-standing region in nearly every one; the exceptions occurred
when we manipulated the bath, as described in the results section. For this reason,
we suspect that the reductions or eliminations of blebbing reported in this chapter
were the result of the manipulations we made, rather than being due to random
variability. Despite the lack of statistical significance of some experiments, the results
presented here allow us to draw several conclusions about the nature of blebbing, and

to hypothesize a model for blebbing that is consistent with these measurements.

2.4.2 Hair cell blebbing is a reversible process

Based on in wvivo studies, it has been surmised that hair cells that develop blebs
eventually recover their normal appearance. However, the process by which the bleb
disappears was unknown. By observing individual hair cells over time, we have shown
that this process involves the shrinking of the bleb back into the cell. This shrinking
often occurred when AE was perfused apically, but the presence of AE itself was
not sufficient to cause shrinking of blebs. In a given preparation, the process was
all-or-none: either all of the blebs shrank, or all of them continued to grow. Our
experience suggests that the preparations which suffered the least amount of trauma
during extraction were the most likely to recover, but because we could not quantify

the extent of trauma, we can only make such a statement anecdotally.

Hair cells in vivo form part of an epithelium separating endolymph from peri-
lymph. Maintaining a similar separation of fluids in vitro, with AE apically and AP
basally, was necessary but not sufficient for reversal of blebbing. Endolymph and
perilymph differ in both Na™ /K™ content and in Ca™ concentration. Manipulating
Ca*? concentration alone had no effect on blebbing. Thus the substitution of K+
for Nat apically is most likely the critical factor that led to bleb reversal in these
experiments. It has previously been suggested that the leakage of endolymph into the
perilymphatic space around hair cells plays a role in hair cell damage due to acoustic
trauma (Bohne, 1971; Bohne, 1976; Bohne and Rabbitt, 1983). Our results suggest
that leakage of perilymph into the endolymphatic space may also play a role.
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2.4.3 Ion entry through the apical surface is necessary for

bleb growth

Several methods of blocking ion entry through the apical surfaces of hair cells pre-
vented or reversed the growth of blebs. Replacement of either Na®™ or Cl~ with
impermeant ions in the bathing medium stopped the growth of blebs. Addition of 1
mM Gd "3, a blocker of many cation channels (including the transduction channel and
P2X channels), to the apical medium stopped and reversed bleb growth. Blocking
P2X receptors specifically by using PPADS in the apical bath slowed the rate of bleb
growth; subsequently removing PPADS led to rapid bleb growth. However, blocking
the transduction channel by adding gentamicin or removing Ca*? had no effect on
blebbing. These results show that entry of cations from the apical bath is necessary
for bleb growth. The entry of cations most likely occurs in part through apical P2X

receptors. These results did not reveal the pathway for anion entry.

P2X receptors are nonselective cation channels known to be on the apical surfaces
of hair cells (Housley et al., 1995; Bréandle et al., 1995; Housley et al., 1996). The
channels are gated by extracellular ATP. Housley et al (1998) showed that the channels
can provide a conductance of ~20-25 nS across the apical membrane, roughly ten
times larger than the conductance of the transduction apparatus. They proposed
that the channels might be used to modulate the driving force for transduction, and

thus affect the sensitivity of the cochlea.

Opening such a high-conductance cation channel can lead to equilibration of the
intracellular medium with the apical bath. If both the intracellular space and the
apical bath are high in K%, equilibration will likely be rapid. However, if the two
media are substantially different in ionic content, equilibration may involve an increase
in cell volume. A volume increase can lead to an increase in membrane tension, which
promotes exocytosis over endocytosis (Dai and Sheetz, 1995). Blebs then form near
the kinociliary bulb, where endo- and exocytosis occur. Formation of blebs can allow
such volume increases to occur without causing large changes in the shape or structure

of the hair cell.
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In our preparation, removing PPADS from the apical bath five hours after surgical
dissection caused an increase in the rate of bleb growth. This result suggests that
P2X channels were still open at this time. Since P2X channels are gated by ATP, it
is likely that ATP was present in the fluid near the apical surface beneath the TM.
No ATP was added to the fluid being perfused, so any ATP present must have come
from the tissue. Due to the nature of the preparation, a large number of cells near
the cochlea were damaged or lysed during dissection (e.g., the auditory nerve was cut,
the vestibular membrane was torn open, several supporting cells outside the clamping
ring were exposed to endolymph on all surfaces). In response to this damage, these

cells most likely released ATP into the extracellular medium.

2.4.4 Blebbing hair cells have intact cell membranes and

functioning enzymes

Commercially available cell-viability assays test for intact cell membranes (e.g. by
adding an impermeant DNA-binding dye to the extracellular medium) and functional
enzymatic activity (e.g. by adding a cell-permeant dye that fluoresces after an ester
group is cleaved). By these criteria the hair cells in this preparation are viable. The
cells cleaved the AM ester group from BCECF, making it fluorescent. In addition,
the cells maintained the dye for several hours, indicating that the cell membrane was
intact.

The hair cells in this study exhibited two other signs of viability. First, they were
able to maintain their pH in the face of repeated acidification and alkalinization chal-
lenges. Second, under appropriate conditions they were able to recover from blebbing.
However, the hair cells typically had blebs, and showed no measureable electrical re-
sponse to sound stimulation. Thus although the cells exhibted some normal behavior,
they were not completely normal.

Although both apical and basal hair cells regulated their pH, the measured rest-
ing pH values were so unphysiologically low that they are unlikely to be accurate.

These low values are most likely artefactual due to excess intracellular Nat. The pH
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experiments were done with AP bathing both the apical and basal surfaces, so Na™
entry through the apical surface was probably large. The pH calibration technique
is based on the assumption that the intracellular medium is high in K*. ‘If the cells
contain significant Na™, the cells will have a positive resting potential when bathed
in K lymph for calibration. This positive potential will repel H* ions, causing the
calibration curve to be shifted towards lower pH values. The lower measured pH for
apical hair cells suggests that these cells may have contained more Na™ than basal
hair cells.

FM1-43 normally enters the hair cell either through endocytosis or through the
transduction channel (MacDonald and Corey, 2001). Recent evidence suggests that
the P2X receptors of hair cells also pass FM1-43 (Corey and MacDonald, unpub-
lished). FM1-43 in the apical bath was taken up by tectorial hair cells in one experi-
ment, but was not taken up in a second experiment. Given the number of pathways
by which FM1-43 has been suggested to enter the cells, it is difficult to interpret these
experiments in terms of a molecular mechanism. Nonetheless, FM1-43 uptake occurs
normally in many other hair cell preparations. The inhibition of this uptake, which
may be correlated with periods of bleb growth, is another indication of pathology.

With two notable exceptions (Fettiplace and Crawford, 1978; Russell et al., 1986),
in witro cochlear preparations have typically not exhibited electrical responses to
sound®. In our preparation, no electrical response to sound could be detected, either
in whole-organ voltage clamp or single-cell electrical recordings. However, the trans-
membrane potentials measured with intracellular electrodes were within the range of
potentials measured in vivo (Weiss, Altmann and Mulroy, 1978). The mean potential
of =71 mV is comparable to that of hair cells in vivo, —74 mV, and slightly depo-
larized compared to that of supporting cells, —97 mV. Assuming that at least some
of these measurements came from hair cells, the resting potentials provide sufficient
drive to allow ion entry through transduction channels. Thus it is likely that the

transduction apparatus has been disrupted. It has been suggested that P2X channels

$Fettiplace and Crawford merely expose rather than isolate the cochlea of a turtle; Russell et al
isolate neonatal mouse cochleae before the hair cells become mechanically sensitive.
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may serve to modulate the transduction process (Housley et al., 1998). If so, then the
opening of P2X channels in this preparation may directly cause the lack of electrical

response.

2.4.5 A hypothetical model of blebbing

The results presented in this study suggest a simple model to describe the process
by which blebbing occurs. In this model, the initial insult is chemical rather than
mechanical; since removing Ca*™? during surgery prevented blebbing, the chemical
process may be an influx of Ca*2. This insult leads to the release of ATP, possibly as
part of an apoptotic pathway. The ATP then activates P2X receptors on hair cells,
opening the channels and allowing cation entry. Since P2X is a nonselective cation
channel, the rate of ion entry depends on both the intracellular and extracellular
fluid compositions. In hair cells with predominantly K* intracellularly (which is
presumably the normal physiological state), ion entry through P2X channels will
be faster with AP apically than with AE apically. Electroneutrality requires the
entry of anions to roughly balance the entry of cations, so a path for Cl~ entry is
also necessary; this is evident from the fact that removing extracellular C1~ stops
bleb growth. Net ion entry causes the osmotic flow of water into the cell, leading
to a volume increase. This volume increase causes an increase in membrane tension,
which promotes exocytosis over endocytosis (Dai and Sheetz, 1995). Exocytosis in the
kinociliary region of the hair cell leads to bleb formation. This hypothesis is consistent
with the observations reported in this study. However, the hypothesis is based on
limited experimental data, and many other scenarios are plausible. Nonetheless, this

model provides a basis for further investigation.

2.4.6 Confinement of blebbing to the tectorial region

In the excised alligator lizard cochlea, blebs form primarily in the tectorial region.
Blebs do not typically appear in the free-standing region for several hours after dissec-

tion. Several differences between these two regions may contribute to the difference
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in blebbing. First, the tectorial region is more sensitive to low-frequency stimuli, and
dissection (particularly by hand) is more likely to cause low-frequency vibrations.
Second, hair cells in the tectorial region are capped by a tectorial membrane (TM).
Relative motion of the basilar papilla and the neural limbus (to which the other end
of the TM is attached) may increase mechanical trauma. Third, hair cells in the
tectorial region may be electrically resonant (see chapter 5). Electrical resonance
mechanisms typically involve Ca®? influx, and excess intracellular Ca*? is cytotoxic.
Finally, hair cells in the tectorial region have efferent as well as afferent innervation.
Severing the auditory nerve during dissection may cause efferent nerve fibers to release
neurotransmitters which selectively affect tectorial hair cells.

Ultimately, the initial insult leading to blebbing in this preparation is unknown.
However, the results presented here provide more insight into the process by which

blebbing progresses, and by which, in some cases, hair cells can recover from blebbing.
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Chapter 3

An Image-based Technique For
Measuring Sound-Induced Motions
of Cochlear Structures with Six

Degrees of Freedom

Abstract

A method, Computer Microvision, for measuring three-dimensional motions of
cochlear structures is described. The cochlea of an alligator lizard was isolated and
imaged with a microscope. Sinusoidal acoustic stimuli drove cochlear motions, while
stroboscopic illumination was used to image these motions with a CCD camera. This
process was repeated at several focal planes to gather a 3D data set. The resulting
images were viewed to observe qualitative features of motion. Computer vision al-
gorithms were used to extract quantitative estimates of motion. The system has a
noise floor of 2 nanometers in the microscope plane of focus, and 40 nanometers in
the orthogonal direction. The system has been used to measure the motion of the
entire cochlea, of the hair bundles of hair cells, and of individual stereocilia of hair

bundles, all from the same data set. Although the computer microvision system is
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slower than techniques such as laser Doppler velocimetry or the Mdossbauer method,
it provides measurements of three-dimensional motions of all visible structures in the

cochlea, making it a valuable tool for studying cochlear mechanics.

Key words: Hearing, cochlea, basilar papilla, microscopy, computer vision, alligator

lizard.

3.1 Introduction

Our sense of hearing is governed by the microscopic motions of structures in the
cochlea in response to sound stimulation. These motions determine the remarkable
sensitivity and frequency selectivity of the cochlea (chapter 1). Cochlear function
involves the interaction of many structures with independent modes of motion. At
the threshold of hearing, these motions are sub-nanometer. Experimental studies
of micromechanics seek to measure the coordinated microscopic movements of cell
bodies, hair cell stereocilia, and the tectorial membrane in response to sound. In this
paper we describe a system, Computer Microvision (CMV), that allows us to measure
periodic motions of cochlear structures with nanometer sensitivity and accuracy. The

system has several useful properties for studying cochlear mechanics:

There is no mechanical contact with the moving tissue

e Motions are measured in three dimensions

e Motion of all visible structures can be measured simultaneously

e Use of low-intensity visible light minimizes light-induced tissue damage

e Periodic motions over the entire frequency range of hearing can be measured

e Both quantitative estimates of motion of specific targets and qualitative ob-
servations of the three-dimensional motion of the whole organ are possible;

comparison of these two can help to interpret the motion of specific targets
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As early as 1928, stroboscopic illumination was used to study the mechanical prop-
erties of the cochlea (von Békésy, 1960). By adjusting the phase of the strobed light
relative to the acoustic stimulus, von Békésy quantified the passive traveling-wave
motion of the cochlea. This technique was later applied to studying the phase of hair
bundle rotation as a function of frequency in the alligator lizard cochlea (Frishkopf
and DeRosier, 1983). These studies required unphysiologically intense sounds to gen-

erate motions large enough to be visible, and the measurements were not automated.

The use of a photodiode pair to measure changes in light intensity due to motion
allowed automated sensitive measurements of both the magnitude and phase of hair
bundle motion (Crawford and Fettiplace, 1985; Howard and Hudspeth, 1988). How-
ever, this technique was limited to measuring the motion of a single hair bundle in a
single direction at a time. Consequently, few measurements were possible on a single

preparation.

The CMV system combines some of the best features of these techniques. Stro-
boscopic illumination is used to stop the apparent motion of structures, so images at
multiple phases of motion can be taken with a CCD camera. Computer vision algo-
rithms estimate motion from changes in light intensity between images; this method
is analogous to measuring the voltage difference in a photodiode pair. By taking
images at multiple focal planes we can apply the same algorithms to estimate motion
in the direction of the microscope axis. Rotation about each of three orthogonal axes
can be estimated by measuring the displacement of multiple points on the body of
the rotating object (Gordon, 1999). Using these techniques we can make quantitative
measurements of the translation and rotation of all visible structures with six degrees

of freedom.

Several groups have used video techniques to measure the motion of cochlear
structures (Holton and Hudspeth, 1983; Assad et al., 1989; Karavitaki and Moun-
tain, 1996; Hu et al., 1996; Yamauchi et al., 2002), employing measurement methods
that range from image subtraction to finite-element modeling. In addition, several
groups use similar techniques to study the motion of artificial structures such as micro-

electromechanical systems, or MEMS (Freeman et al., 1998; Muhlstein et al., 2001).

67



Some of these techniques dramatically increase the computational cost of the mea-
surement without providing significant gains in accuracy (Cai et al., 2002). To fa-
cilitate the evaluation and comparison of different video techniques, we provide here
a detailed description of our measurement system, along with an evaluation of its

performance limitations.

3.2 Methods

3.2.1 3D imaging

Fundamental to the design of the CMV system are techniques for obtaining 3D images
of an object. We obtain such images with a light microscope using transmitted-
light microscopy for nearly transparent targets such as tissue, and reflected-light
microscopy for opaque targets such as micro-electromechanical systems (MEMS).
The transmitted-light system uses a 63x, 0.9 NA objective on an Axioplan microscope
(Zeiss, Oberkochen, Germany). The light source is a green LED (Nichia, Tokushima,
Japan), projected through a condenser with an NA of 0.8. The resolution of this
system in the focal plane is nominally 376 nm. A 12-bit CCD camera (CADT7-1024A,
Dalsa, Ontario, Canada) is attached to the camera port. The sampling resolution at
the specimen plane is 188 nm/pixel as measured with a calibrated Ronchi rule (Inoué,
1986); thus the imaging system satisfies the Nyquist sampling criterion. Figure 3-1
shows a typical image of an alligator lizard cochlea collected by our system. Individual
stereocilia of the cochlear hair bundles are clearly resolved.

The microscope is configured for brightfield imaging using Kohler illumination.
Kohler illumination minimizes the depth of field of the focal plane (Inoué, 1986), as
long as care is taken to keep the light path free of intervening objects. The light path
passes from the condenser through air, a coverslip, fluid, the cochlea, and more fluid
before reaching the objective. Our resulting depth of focus is estimated to be ~ 750

nm.

To obtain 3-dimensional images, we collect images such as in figure 3-1 at 80
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Figure 3-1: Image of the alligator lizard basilar papilla. Left: five columns of hair bundles
are visible. In the second and third columns, the bases of hair bundles are visible; in the
first and fifth columns, the tips of hair bundles can be seen. The dots and/or lines within
each bundle are the individual stereocilia. Right: the same image repeated, with circles
highlighting the position of each hair bundle. Scale bar = 5 pm.

focal planes spaced 1 pum apart*. The focus is changed by moving the objective
with a piezoelectric device (P-721.10, Physik Instrumente, Waldbronn, Germany).
The resulting images can be stacked to form a 3D image, in which the voxels have
dimensions of 0.19 x 0.19 x 1.0 pm.

From the resulting 3D data set we can create 2D images along any desired plane!.
The simplest recreated image is an xz slice, as shown in the left side of figure 3-2.
This image is created by taking a single row of pixels from each of several images
taken at different focal planes. The resulting image is then interpolated to have the
same scale factor in both dimensions. This cross-sectional view of the alligator lizard
cochlea shows the body of the basilar papilla and the stereocilia of several hair bundles
(compare to a schematic cross-sectional drawing in figure 1-2). Because the depth of
field of this image is roughly equal to the in-plane resolution of 376 nm, this image is
not directly analagous to a direct lateral view of the cochlea, as obtained in the gerbil

hemicochlea preparation (Edge et al., 1998; Richter, Evans, Edge and Dallos, 1998).

*Because this spacing is larger than our depth of focus, our images are slightly undersampled in
the axial direction. This undersampling causes a stair-stepping effect in our cross-sectional images.
The 1 pum spacing was chosen as a compromise between resolution of the measurement system and
speed of acquisition.

"Hardware specifications, software source code, and animated versions of selected images in this
paper are available at http://umech.mit.edu/umech/index.html.
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Rather, this image is more like transmission EM images in that, for example, only
a portion of each stereocilium is visible. In addition, blurring increases towards the
bottom of the image, since light passing through the plane of focus is subsequently

scattered by overlying structures.

Sometimes it is useful to view images sliced along an arbitrary plane; for example,
to view individual sterocilia. We can make such images by interpolating from the
original 3D data set. For each pixel in the output image, the corresponding location
in the input volume is computed with subpixel resolution. The nearest pixel to that
location is chosen as the center of a 3 x3x 3 array of pixels, and a bilinear interpolation
of the intensities of those pixels is used to determine the value of the output pixel.
This interpolation method was qualitatively judged to give the best image quality,
as compared to zero-order hold, linear interpolation, and bilinear interpolation of a
5 x 5 x 5 region. The right side of figure 3-2 shows an image created by rotating the
focal plane by 90° about the x axis, 2° about the y axis, and 2° about the z axis
(the microscope focus is in the xy plane). The resolution of this image is slightly
degraded, as can be seen by comparing the lowest hair bundle on the right side in the
two images. However, rotating the image makes some structures more visible, such

as the hair bundles just to the right of center in the images.

Figure 3-2: Cross-sectional views of the alligator lizard basilar papilla. The image on the
left is an xz section through a 3D volumetric image of the cochlea. The resulting image
shows the body of the basilar papilla and the stereociliary bundles of several hair cells.
The image on the right is of the same region, with the 3D image sliced along an arbitrary
plane. The plane of view is defined by rotating the image (zy) plane by 90° about the x
axis, 2° about the y axis, and 2° about the 2z axis. The black regions in the lower-left and
upper-right fall outside the original 3D image. Scale bar = 10 pm.
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3.2.2 Data acquisition

The motions of cochlear structures occur at audio frequencies, which are too fast
for conventional imaging systems to capture. For this reason we use stroboscopic
illumination to freeze the apparent motion of the cochlea at each of several stimulus
phases. Figure 3-3 provides an overview of the measurement system for collecting
these images. A control box generates a periodic stimulus waveform and an illumina-
tion waveform. The stimulus waveform is typically sinusoidal, but can be any periodic
waveform that can be described by 65,536 12-bit samples. The illumination wave-
form consists of rectangular pulses centered on a particular phase of the stimulus; the
phase, pulse width, and pulse intensity are adjustable. The stimulus waveform drives
the piezoelectric disk in the experiment chamber, while the illumination waveform
drives an LED connected to the microscope. A CCD camera attached to the micro-
scope is continuously exposed while these waveforms are played. The resulting image
on the CCD camera shows the position of all visible structures at a specific phase of
the stimulus waveform. This image is then read out and stored on a computer. This
process is repeated with the illumination pulses centered on a different phase of the
stimulus. Once images at a number of phases (typically 8) are collected, the focus
is changed under computer control and the process is repeated to collect a 4D data
set (3D images at multiple stimulus phases). Collecting such images requires precise
coordination of the stimulus, the strobe signal, and the camera timing signals. This

coordination is provided by a custom-built board, the XPOZ system.

The XPOZ system (figure 3-4) was designed by Prof. Dennis M. Freeman, Stan
Hong, and Tim Dunn, with firmware written by Prof. Freeman and modified by
the author. A field programmable gate array (FPGA, XC4010E, Xilinx, San Jose,
CA) provides programmable real-time control of the system. The waveform to be
generated is stored as 65,536 12-bit samples in SRAM. The current phase is stored
as a 32-bit value, the highest 16 bits of which are used to select an address in SRAM
whose contents are fed to the DAC. The frequency of the stimulus is controlled by
setting the 32-bit value by which the phase is incremented on each clock cycle. The
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Figure 3-3: Computer microvision measurement system. The object to be studied is placed
on the stage of the microscope (right). A Pentium-class computer controls a signal generator
that provides two synchronized waveforms: one to drive the voltage stimulus and one to
strobe the light source. Typical waveforms are shown. Motions are driven with sinusoidal
voltage stimuli. The first image is acquired when light from the LED samples the image at
times corresponding to peaks in the stimulus waveform. Successive images are acquired at
different stimulus phases. This process is then repeated for different focal planes selected
by a computer-controlled focus adjustment.

resulting system can generate arbitrary periodic waveforms at frequencies ranging
from 0.002328 Hz to 1.25 MHz with 0.002328 Hz resolution, using a 10 MHz clock
crystal. The LED is switched with a T'TL signal, allowing illumination to be controlled
with 100 nanosecond time resolution. The total exposure time is controlled by a
separate counter which decrements only when the LED is on. LED brightness is

controlled by a separate DAC.

Images are typically collected at each of 8 evenly-spaced stimulus phases. The LED
is turned on with a 1/8 duty cycle centered on the stimulus phase being collected.
The total exposure time is set so that the brightest pixel in the image is slightly below
saturation. The imaging system is degraded by shot noise, so maximizing the image
brightness maximizes our SNR. In addition, longer exposure times reduce the effect

of unintended vibrations on the measurement (Davis and Freeman, 1998b).
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Figure 3-4: The XPOZ stimulus generation system. Boxes denote integrated circuits and
other devices, lines denote interconnections. The number next to each line is the width of
the bus, in bits. System timing is provided by the 10 MHz crystal. The FPGA executes
digital logic configured by a PC via the parallel port. SRAM stores digital samples of the
waveform to be written to the waveform D/A converter (DAC). The latch stores waveform
values being written to SRAM. The brightness DAC controls the voltage of the LED driving
signal. A digital signal from the FPGA controls a normally-open relay which disconnects
the waveform DAC from the output until the FPGA is properly programmed. A second
digital signal toggles the LED output, allowing the LED to be pulsed at frequencies up to
5 MHz.

The microscope is placed on a vibration-isolation table to reduce external vibra-
tions. The stage and camera are both rigidly coupled to the microscope body to
minimize relative motion. With this configuration we have reduced the unintended
vibrations during the collection of a 2D data set to less than 2 nanometers (sec-
tion 3.3.1). Drift of the setup due to thermal fluctuations and settling of viscously
coupled parts (such as gears in the focus controller) can also affect the measure-
ments, as can unintended motions of the target (such as slow changes in biological
preparations).

To determine the amount of drift in our system, we took repeated images of the
bottom of the experiment chamber over an extended time period. The amount of
drift in the plane of focus was determined using computer vision algorithms with a
noise floor of about 1 nanometer (section 3.2.3). At the end of the experiment, a set
of images was taken at different focal planes. Images taken at different times were
manually compared with this set to estimate the amount of axial drift. This method

has a resolution of 0.1 pm.

The chamber drifted in the y direction for about an hour (figure 3-5), for a total

drift of 0.4 pm. Drift in the z direction had a similar time course. However, drift in the
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x direction continued for several hours at a rate of 0.8 nm/min. Thus while collecting
images at a single focal plane, the chamber may drifts by about 0.2 nanometers. The

source of this drift is unknown.

Drift (um)

0 500
Time (minutes)

Figure 3-5: Drift of the experimental setup over time. Motions in x and y are measured
using computer vision algorithms, and motions in z are estimated from changes in focus.
The solid line shows the x component of drift, corresponding to the left-right axis of the
microscope. The dashed line shows the y component, corresponding to the front-back axis.
The y component stops drifting after about an hour, but the x component has a steady-state
drift of about 0.8 nm/min. x symbols show estimates of the z component of drift, which is
comparable in magnitude and time course to the y component.

3.2.3 Quantitative analysis

Images collected using the computer microvision system can be animated in sequence
to allow a qualitative assessment of motion. In addition to viewing the images, we can
quantitatively measure the motion in three dimensions of any structure in the images.

In this paper, we focus on the measurement of small motions for three reasons.
1. Large motions can be measured by counting pixels of displacement.

2. Large motions can be converted into small motions by either downsampling

images or shifting them to subtract estimates of displacement.

3. Many biologically interesting problems involve the measurement of small mo-

tions.
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Motion is detected using gradient-based algorithms from the field of computer
vision. These algorithms, based on ones developed by Horn (Horn, 1986; Horn and
Weldon Jr., 1988) and described in detail elsewhere (Davis and Freeman, 1998a; Davis
and Freeman, 1998b; Timoner and Freeman, 2001), can estimate motion with an
accuracy of up to 1/1000 pixel. Figure 3-8 demonstrates how motions smaller than a

pixel can be detected in the images.

The algorithms are based on the assumption that the brightness of an object does
not change when the object moves. That is, if the brightness at a point is represented
by E(z,vy, z,0) (where we now treat the set of 3D images at multiple stimulus phases
as a single four-dimensional image), and that point moves by (Az,Ay,Az) while the

phase changes by A#, then

B(z,y,2,0) = E(z + Az, y + Ay, 2 + Az, 0 + A0) (3.1)

If we take a Taylor series expansion of the right side and ignore higher-order terms,
we get
OFE OFE oF oF

%Ax + a—yAy + EAZ + %AQ = 0. (3.2)

The least-squares solution of equation 3.2 over the voxels in a region of interest

provides an estimate of the motion of that region.

The gradients in equation 3.2 must be estimated from quantized images. In addi-
tion, these estimates must be interpolated to co-localize the various gradients (Davis,
1997; Timoner, 1999). Using a first-difference estimator with a linear interpola-
tor introduces significant bias; however, this bias can be reduced by simple tech-
niques (Davis and Freeman, 1998a). Using more sophisticated estimators and in-
terpolators significantly reduces bias and improves measurement accuracy (Timoner,
1999; Timoner and Freeman, 2001), at the expense of computational time. With iden-
tical estimators and interpolators, gradient-based methods are equivalent to block-
matching and correlation methods for sub-pixel motions (Davis et al., 1995). Because

of their closed-form solution, however, gradient-based methods are significantly faster.
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Two-point flat fielding technique

The gain and offset of each camera pixel are affected by spatial variations of sensitivity
of the CCD array and by imperfections in the optics (Janesick et al., 1987). As a
result, the intensity I(x,y) measured at each pixel is related to the brightness function
E(z,y) by

I(z,y) = a(z,y) E(z,y) + D(z,y) (3.3)

where a(z, y) is a pixel-by-pixel variation in sensitivity due to CCD imperfections and
dust on optical components, and D(z,y) is the so-called “dark current”, the intensity
read from the camera when the illumination source is turned off. To reconstruct
E(z,y), we use a two-point flat fielding technique (Hiraoka et al., 1987; Healey and
Kondepudy, 1994). The offset for each pixel is estimated by taking a picture with the
light source disconnected (the dark picture D). The gain for each pixel is estimated
by taking a picture with the light on and the specimen removed, to provide a constant
E(z,y) = Eg across the field (the bright picture B). For each image I of the specimen,

a new image P is created by applying the following formula at each pixel (z,y):

The resulting image is a more accurate representation of the brightness function.
Since each image contains noise, this two-point correction process increases the noise
in our images. By creating bright and dark images from averages of fifty individual
images, we limit the increase to an additional 2%*. Since the gain and offset can both
change between experiments, it is important to collect the bright and dark images

under the same conditions used to collect the images of the specimen.

tAnalysis is available at http://umech.mit.edu/umech/poissonratio.pdf.
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3.3 Results

3.3.1 Calibration

The CMV system was calibrated by measuring the motion of a target simultane-
ously with computer microvision and a laser Doppler velocimeter (OFV 511, Polytec,
Waldbronn, Germany). The results, shown in figure 3-6, demonstrate that com-
puter microvision can measure sinusoidal motions accurately for peak displacements
as small as 2 nanometers. These displacements correspond to less than 0.02 pixels in
the images. At larger displacements, CMV underestimates motion as determined by

laser Doppler velocimetry by about 5-10%.
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Figure 3-6: Calibration of the system against a laser Doppler velocimeter (LDV) in the
plane of microscope focus. The target was a piece of plexiglass glued to the end of a
piezoelectric crystal. The microscope was focused on the center of the plexiglass while the
LDV was aimed at a piece of retroreflective tape on the end of the plexiglass. Circles show
five independent measurements of motion at each of 20 stimulus intensities. The straight
line has a slope of one and passes through the origin. The two estimates are linearly related
above ~2 nm displacement. For larger displacements, the CMV measurement is consistently
5-10% smaller than the LDV measurement.

Axial motion was calibrated from images of the alligator lizard cochlea. We col-
lected a series of images of the cochlea at 0.1 um spacing. These images were split into
ten evenly-spaced volumes with 1.0 um spacing, each shifted by 0.1 pum relative to
the last. We then estimated the motion of 6425 regions of 4 um? between each pair of

volumes. Figure 3-7 shows the mean and standard deviation of the estimate for each
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shift. The mean estimate for each displacement was within one standard deviation of
the imposed displacement. The overall standard deviation of the estimates is 40 nm,

or 0.04 pixel.
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Figure 3-7: Calibration of CMV in the axial direction against the focus control system.
Circles indicate mean estimated displacement; dots indicate £1 standard deviation of the
estimate. Dashed line has a slope of 1. The means are all within one standard deviation of
the imposed displacement.

3.4 Measurements of the motion of a hair bundle

Figure 3-8 shows the motion of the base and tip of a single hair bundle in response
to a 3.75 kHz tone with a sound pressure of 120 dB SPL in fluid. This bundle was
oriented at about 45° from vertical, so images of the bundle were first rotated to
orient the bundle vertically. Regions of the rotated images were cropped and stacked
together using the kymographic technique (Gall et al., 1971; Tigges et al., 1999) to
create the images in figure 3-8. The resulting images (repeated four times for clarity)
show the motion of the tip (left) and base (center) of the hair bundle as a function
of stimulus phase. The plot on the right shows the motion of the same hair bundle

as measured using the CMV system®. The motions were measured perpendicular

$Quantitative measurements were made from the original images rather than the rotated ones.
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to the bundle axis; that is, in the direction in which hair bundles are mechanically
sensitive (Shotwell et al., 1981). The base moved by 0.49 ym peak. The tip moved
by 0.24 pm peak, with a phase lag of 0.11 cycles relative to the base. Motion of
the base is almost perfectly sinusoidal, but motion of the tip contains some higher
harmonic components; the second harmonic is 10 dB smaller than the fundamental.
The peak-to-peak motion of the bundle tip spans 2.5 camera pixels, so the motion
between each phase and the next was typically less than a pixel. Nonetheless, these

subpixel motions are clearly visible in the kymograms.
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Figure 3-8: Motion of the base and tip of a hair bundle. This hair bundle was oriented so
that the principal direction of hair bundle motion was in the xz plane at an angle of 117
degrees from the positive x axis. The kymograms on the left were created by cropping a
small region of each image perpendicular to the axis of hair bundle motion, then stacking
these regions in sequence vertically. Each sequence is repeated four times for clarity. The
plot on the right shows the measured motion of the tip and base as a function of stimulus
phase.

The relevant stimulus for excitation of a hair cell is the rotation of its bundle
about the base. From the measurements in figure 3-8, we can compute this rotation.
In addition, we can shift our images to subtract the motion of the base of the bundle
in order to view this relative motion directly. Figure 3-9 shows kymograms made
from these shifted images, along with the relative deflection of the tip of the hair
bundle. The bundle is deflected by 0.33 pum peak, and lags deflection of the base by

0.43 cycles. The measured deflection is largely sinusoidal; the second harmonic is 12
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dB smaller than the fundamental, and higher harmonics are smaller still.
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Figure 3-9: The left and center figures show kymograms of the relative motion of the tip
and base of a hair bundle, respectively. These kymograms were made from images that
were shifted to subtract the measured motion of the hair bundle base. The plot on the
right shows the deflection of the tip of the hair bundle relative to its base. The deflection
is nearly sinusoidal.

3.5 Discussion

3.5.1 Accuracy of computer microvision

The CMV system can track the motion of a target with peak sinusoidal displacements
as small as 2 nanometers under ideal conditions. Displacement estimates are accurate
to within 10% as compared to measurements made with a laser-Doppler velocimeter.
For displacements in the range of 10-100 nm, the fundamental components of motion
as measured by CMV were consistently 5-10% lower than those measured with the
LDV. This difference is not simply due to misalignment of the LDV and/or target
relative to the microscope, since an alignment error of more than 18° would be nec-
essary to produce a 5% decrease in the CMV estimate. This error is most likely due
to uncompensated bias in the algorithms. Using algorithms with no bias compen-

sation gave a 20-25% difference between CMV and LDV. Although the linear bias
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compensation method reduces this bias, it does not eliminate bias completely. The
remaining bias causes small displacements to be underestimated, resulting in CMV

measurements smaller than those measured by the LDV.

The noise floor of the CMV system is limited in practice by low-frequency vibra-
tions, which are not well damped by the vibration-isolation table. These vibrations
are coupled into our measurements due to the fact that the aquisition of a single
image often requires a large fraction of a second. Thus low-frequency vibrations are
aliased to the stimulus frequency and its harmonics. The noise floor of measurements
in the axial direction is more than an order of magnitude higher than for in-plane
measurements. In units of pixels, however, the noise floor was only twice as large in
the axial direction. Several factors contribute to the higher noise floor in the axial
direction. The point-spread function of the optical system is larger in the axial di-
rection, and axial blurring is nonlinear for targets such as hair bundles which have
diameters close to the center wavelength of the LED output. The specimen was sam-
pled at 0.12 pm/pixel in-plane, but at 1.0 pm/pixel in the axial direction. Finally,
axial motion estimates are made from images taken over much longer time scales, so
the contribution of drift and ambient noise is greater. Since the point-spread function
is determined by the microscope objective, and the axial spacing and acquisition time
are inversely correlated, none of these factors can be easily adjusted to improve axial

resolution.

Measurements of hair bundle motion appear to have a drift component separate
from that of the chamber. This drift component is due to physiological changes in
the tissue over time (chapter 2). The drift component is larger than the noise floor
of the CMV system, and is often larger than the periodic motions being observed.
For example, motions of the hair bundle tip in figure 3-8, and of bundle deflection
in figure 3-9, contain harmonic components that are most likely due to drift of the
specimen. Observing motions of the specimen in the microscope before collecting

data allows one to judge whether the motions measured by CMV are corrupted by

drift.

81



3.5.2 Comparison of computer microvision to other metrol-

ogy systems

The CMV system provides inherently three-dimensional measurements of motion.
Other metrology methods are one-dimensional (laser-Doppler vibrometry, Mossbauer)
or two-dimensional (quadrature photodiodes). Measuring three-dimensional motions
with such techniques requires repositioning the experimental setup for each measure-
ment direction. Repositioning can be avoided by combining LDV and photodiode
techniques (Hemmert et al., 2000), but these techniques must still be used sequen-
tially. In addition, aligning the two measurement systems can be difficult. Also,
because the quadrature photodiode technique is two-dimensional, axial motion of

targets can cause brightness changes that are interpreted as lateral motion.

Because CMV is an image-based method, the information necessary for measuring
motion is acquired simultaneously for every structure in the images. In contrast, LDV,
Mossbauer, and photodiode techniques provide information about only a single point.
The use of images has an additional benefit in that qualitative judgements of motion
can be used as a cross-check on the quantitative measurements, and to facilitate
interpretation of the motion measurement. Such cross-checks are not available with

other techniques.

When imaging weakly-scattering tissue such as in the cochlea, CMV can measure
the motions of structures deep within the tissue, such as the bases of hair bundles or
nuclei of hair cells. LDV and Mdssbauer techniques can only measure the motion of
surface structures or highly reflective internal structures. CMV can also be used to
measure motion on different scales — from the same set of images we can determine
the motion of the entire basilar papilla, the rotation of a single hair bundle, and the

relative deflection of stereocilia within a bundle (Davis and Freeman, 1995).

These advantages of CMV are paid for by the amount of time required to collect a
set of images. It takes roughly 8 minutes to collect images of 3D motion of the alligator
lizard cochlea at a single frequency. In contrast, LDV and Mossbauer methods are

nearly instantaneous. However, the resulting CMV data set contains information
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about the three-dimensional motion of every structure in a 200 x 200 x 80 pum region.
Measuring the motion of all such points in three dimensions with LDV or Mossbauer
methods is prohibitively time-consuming.

In addition, CMV is limited to measuring periodic motions at multiples of the
fundamental frequency of an applied stimulus. Thus it is not an appropriate technique
for measuring, e.g., frequency glides in basilar membrane motion (deBoer and Nuttall,
1997; Recio et al., 1998) or spontaneous oscillations of hair bundles (Denk, 1989).
Nonetheless, with a sufficiently fast camera (such as a line-scan camera), such motions
could be studied with the CMV technique.

In summary, the Computer Microvision system is a sensitive technique for mea-
suring the three-dimensional motions of many types of microscopic structures. CMV
techniques are currently being used by several laboratories to study the microme-
chanical properties of mammalian cochleae (Karavitaki and Mountain, 1996; Richter,
Evans, Hu and Dallos, 1998). We have also applied the system to measuring the mo-
tions of microfabricated micro-electromechanical systems (Freeman et al., 1998), and
such measurements are now being done at several laboratories. The remaining chap-
ters of this thesis describe the application of CMV to measurements of the motion of

structures in the alligator lizard cochlea.
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Chapter 4

The Alligator Lizard Basilar
Papilla Has Two Modes of Motion

Abstract

Abstract

The hearing organ of lizards is the basilar papilla, which is homologous to the mam-
malian organ of Corti. Current models of cochlear function in the alligator lizard in-
corporate physically-derived models of middle ear and stereocilia mechanics, but treat
the body of the basilar papilla as a simple rotational lever. However, previous mea-
surements of the motion of in vitro preparations of this cochlea have suggested that the
motion of the basilar papilla is more complex (Frishkopf and DeRosier, 1983; Holton
and Hudspeth, 1983). To resolve this discrepancy, we measured three-dimensional
motions of the basilar papilla in an n vitro preparation in response to sound stimula-
tion as a function of frequency and location within the cochlea. Measurements were
made using the Computer Microvision system developed in our laboratory (chap-
ter 3). Our measurements show that the basilar papilla exhibits two simultaneous
modes of motion: a rotational mode, and a translational mode perpendicular to the
basilar membrane. The translational mode is independent of frequency, but the ro-
tational mode has a peak in displacement near 5 kHz. This peak is largest at the
basal end. This combination of modes makes the relative shearing displacement at
the reticular lamina more uniform with lateral position than that which would result
from pure rotation. From the measurements we derive a mechanical model of the
basilar papilla. In the model, the admittance in the translational domain is repre-
sented as a compliance, while the admittance in the rotational domain is represented
as a second order system. The impedance of this second-order system is dominated
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by a compliance at low frequencies and by a moment of inertia at high frequencies.
Damping in this model occurs only in the rotational domain. The parameters of this
model are consistent with estimates based on anatomy; the translational compliance
also matches that of a previous study (Rosowski et al., 1985). The transformation
from translational to rotational motion in this cochlea introduces a frequency depen-
dence that provides a physical basis for the mechanical low-pass filter hypothesized
in models of this cochlea (Weiss and Leong, 1985a; Freeman and Weiss, 1990a).

Key words: Hearing, cochlea, basilar papilla, computer vision, alligator lizard, modal

analysis.

4.1 Introduction

The sensitivity of the cochlea is determined by its ability to couple mechanical energy
at the stapes to mechanical energy of hair bundle deflection. Clearly this coupling
depends on the macromechanical properties of the cochlea — that is, the motion of the
basilar membrane and basilar papilla* relative to surrounding bone (Patuzzi, 1996).
In the mammalian cochlea, macromechanical motion is dominated by a traveling
wave along the length of the cochlea (von Békésy, 1960). This traveling wave is
amplified by a physiologically-dependent mechanism which is presumed to be outer
hair cell motility. In the alligator lizard cochlea, in contrast, macromechanical motion
is believed to be quite simple. The basilar membrane moves in phase along its length,
with tuning similar to that of the stapes (Peake and Ling, 1980). In response to
sound stimulation, the alligator lizard basilar papilla rotates about an axis near the
neural edge of the basilar membrane (Frishkopf and DeRosier, 1983; Holton and
Hudspeth, 1983). However, both of these studies qualitatively report an increase in
the motion of the basal end of the papilla above 3 kHz, suggesting that the motion
of the papilla is more complex than simple rotation.

The alligator lizard cochlea (figure 1-2) contains two regions: the apical tectorial

region, in which hair bundles project into an overlying tectorial structure, and the

*We use the general term basilar papilla here to refer to the papillar structures of non-mammalian
vertebrates as well as the organ of Corti of mammals.
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basal free-standing region, in which hair bundles project freely into endolymph. In
the free-standing region, hair bundles vary in height from over 30 um at the apical
end, where best frequencies are near 1 kHz, to about 12 um at the basal end, where
best frequencies are near 4 kHz (Mulroy, 1974; Weiss et al., 1976). Because of the
planar structure of this cochlea, we can measure the sound-induced motion of nearly
the entire basilar papilla over the frequency range of hearing of the lizard.

Most cochlear models assume that the cochlea has multiple modes of motion.
Recent experiments show some evidence of multiple modes in the motion of the
basilar membrane (Nilsen and Russell, 1999, but see Cooper, 2000), reticular lam-
ina (Ulfendahl et al., 1995), tectorial membrane (Hemmert et al., 2000), and outer
hair cells (Karavitaki and Mountain, 1997), as well as in neural responses (Lin and
Guinan, 2000) of mammalian cochleae. The number of mechanical modes of vibration
in the cochlea have not been determined, nor has the contribution of each mode to the
function of the cochlea. The complexity of the structure of the mammalian cochlea
and the major contribution of active, nonlinear processes to cochlear mechanics make
modal analysis of the mammalian cochlea difficult. In this paper we examine the
modes of motion of the alligator lizard basilar papilla. Because of the relative sim-
plicity of this papilla, we can determine both the number of modes of motion and the

contribution of multi-modal motion to the mechanical function of this cochlea.

4.1.1 Models require an additional low-pass filter

Although the basilar membrane shows no sharp frequency selectivity (Peake and
Ling, 1980), both auditory nerve fibers (Weiss et al., 1976) and hair cells (Holton
and Weiss, 1983b; Baden-Kristensen and Weiss, 1983) are sharply tuned, with best
frequencies that vary with hair bundle height in the free-standing region (Holton and
Weiss, 1983a). In the free-standing region, the motion of hair bundles varies with
frequency (Holton and Hudspeth, 1983; Frishkopf and DeRosier, 1983; see also chap-
ter 6), such that tall hair bundles are deflected more at low frequencies, and short
hair bundles are deflected more at high frequencies. These results have led to models

which combine simple rotation of the basilar papilla with mechanical resonance of
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hair bundles. In these models, hair bundle rotation depends on viscous and inertial
properties of the fluid; the fluid is driven by boundary-layer effects due to motion of
the reticular lamina in the direction of hair bundle excitation. Such models are able
to achieve reasonable fits to hair-cell and auditory nerve fiber tuning data (Weiss and
Leong, 1985a; Freeman and Weiss, 1988; Freeman and Weiss, 1990a; Shatz, 1996).
However, in order to fit the high-frequency slopes of hair-cell and neural tuning data,
these models require an additional low-pass filter before the transduction nonlinearity.
The models provide no physical explanation for this filter.

This paper presents measurements of the motion of the basilar papilla as a function
of frequency in response to sound stimulation. These measurements used a computer
microvision system developed in our laboratory (chapter 3), which can measure the
three-dimensional motion of all structures in the cochlea with nanometer precision.
From these measurements we derived a mechanical model to describe the motion of
the basilar papilla. This model provides new insight into the function of the alligator
lizard cochlea. Preliminary analyses of the results shown here have been presented

previously (Aranyosi and Freeman, 2001; Aranyosi and Freeman, 2002).

4.2 Methods

A detailed description of the isolated cochlea preparation is in chapter 2, and a
description of the computer microvision (CMV) system is provided in chapter 3.
Here we provide a brief summary of those methods, and a detailed description of the

experiment chamber for presenting acoustic stimuli to the cochlea.

4.2.1 Isolation of the cochlea

The alligator lizard cochlea (figure 1-2) was excised using a dorsal approach. The soft
tissues of the cochlea, along with the 8th nerve and the lagena, were removed from
their bony surround. Care was taken to minimize audio-frequency vibration of the
tissue during extraction. The isolated cochlea was placed in a chamber (figure 4-1)

and clamped over a hole between two fluid spaces. The fluid beneath the cochlea was
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artificial perilymph (AP) and the fluid above the cochlea was artificial endolymph
(AE). AP contains (in mM): Na*, 168; K*, 3; Ca*2, 2; Mg*2, 1.2; C1—, 174.9; SO, 2,
2; HoPOy, 0.5; D-glucose, 5; Hepes, 5. AE contains (in mM): Na*t, 2; Kt 174;
Ca*2, 0.02; Cl=, 171.5; SO;2, 2; HyPOy, 0.5; D-glucose, 5; Hepes, 5. Both solu-
tions contained MEM essential and non-essential amino acids, and were oxygenated

immediately before use.

4.2.2 Experiment chamber

The experiment chamber (figure 4-1) was based on a design initially developed by
Quentin Davis (Davis, 1997). The Plexiglas® experiment chamber allowed the cochlea
to be clamped over a 0.74 mm hole separating two fluid spaces. The clamp was a
thin slice of polyetheretherketone (PEEK) tubing (McMaster-Carr, NJ) with an 0.76
mm inner diameter. These dimensions match the size of the bony ring on which
the cochlea sits in vivo (Mulroy, 1974; Freeman, 1990). The clamping ring encircled
the triangular and neural limbi to avoid direct contact with the basilar membrane or
sensory hair cells. Figure 4-2 shows a photograph of the chamber.

Several designs for securing the clamp were attempted. In the final design (figure 4-
3), the clamp was glued to a stainless steel tube which is attached on the distal end to
a cantilevered piece of shim steel. The shim steel acts as a spring holding the clamp
above the hole. A threaded rod with a glued-on nut pushes down on the shim steel
when the rod is turned, allowing the clamp to be raised and lowered slowly. The rod
contains a 90° bend near the top, creating a lever arm. This lever arm allows the rod
to be turned by hand, so the vertical motion of the clamping ring is about 1/60th
of the motion of the tip of the rod. This reduction in motion allowed the ear to be
clamped gently, reducing potentially damaging vibrations.

The chamber was designed to allow separate fluids to be perfused above and
below the cochlea. This separation of fluids simulates that of the in vivo cochlear
environment. AP was perfused below the cochlea and AE was perfused above the
cochlea. During these studies, perfusion was typically done intermittently between

motion measurements, roughly every 5-10 minutes. To reduce acoustic losses through
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Figure 4-1: Schematic drawing of the experiment chamber. The papilla was held by a
clamping ring over a hole separating two fluid spaces. A piezoelectric disk generated pres-
sures in the fluid below the cochlea, and the resulting pressures were sensed with a pressure
transducer (the dashed circles indicate structures coming out of the plane of view). To
reduce electrical crosstalk, the piezoelectric disk was shielded from the electrolytic fluid by
a small volume of oil and a thin plastic membrane. The fluids above and below the cochlea
could be perfused continuously. Two electrodes in each fluid compartment allowed voltage-
and current-clamp measurements. The chamber was designed so that both the objective
and condenser can be brought into focus on the specimen. In addition, the inverted v-shape
underneath the basilar papilla was designed to allow the widest angles of light coming
from the condenser to reach the basilar papilla without being distorted by the Plexiglas®
chamber. Some features of this drawing have been exaggerated for visibility.

the perfusion system, the influx and efflux tubes for the fluid below the cochlea contain
40 c¢m lengths of PEEK tubing (0.76 mm i.d.) to form a high acoustic resistance. The
isolation of the two fluid spaces was verified by perfusing red food dye in the fluid
below the cochlea and blue food dye in the fluid above the cochlea at the end of one
experiment. No red dye was seen in the fluid above the cochlea, nor was blue dye seen
in the fluid below the cochlea. After washing out the dye, the tissue of the basilar
papilla (exposed to the fluid below the cochlea) was stained red, and the auditory
nerve (outside the clamping ring in the fluid above the cochlea) was stained blue.

The neural limbus contained both red and blue stain.

A piezoelectric disk (Panasonic EFR Series, Matsushita, Japan) generated sound
pressure in the fluid below the cochlea. The disk was electrically shielded with alu-

minum foil, and was separated from the saline by a small oil-filled chamber. A

hydrophone (Model EPB-126W-100G, Entran Devices, Inc., Fairfield NJ) measured
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Figure 4-2: Photo of the experiment chamber. The papilla was placed in the indented area
in the center of the picture, and held in place by a clamping ring. This clamping ring is
glued to a steel rod, which extends to the right and is attached to a piece of shim steel
(black). The piezoelectric disk (left, shielded by aluminum foil) generated sound pressures
in the fluid below the cochlea. The yellowish region inside the chamber next to the disk
contains oil, which electrically isolates the piezoelectric disk from the fluid. The green tubes
extending upwards allow perfusion of the fluid below the cochlea. Perfusion tubes for the
fluid above the cochlea are held magnetically on the thin black areas near the indented area.
The wires for the microphone extend down and to the left. The wires for the electrodes
extend down and to the right. The black ring underneath attaches to the microscope stage.

the resulting pressure in the fluid below the cochlea. The piezoelectric disk generated

roughly 100 dB SPL in fluid per V.

The fluid space above the cochlea is wide enough to allow a 63x water immersion
objective to focus on the cochlea. This space is indented into the chamber to allow
the condenser to be positioned close enough for Kéhler illumination (section 3.2.1).
The space below the cochlea is tapered so that light from the condenser passes only
through fluid and glass coverslip, and not through Plexiglas®. The bottom surface

of the chamber is sealed with a glass coverslip.

A pair of electrodes is mounted in each fluid space to allow voltage-clamp and
current-clamp measurements of the electrical response of the cochlea. Voltage-clamp
measurements were routinely made in earlier experiments. However, after many such
measurements revealed no electrical response to sound (see chapter 2), the measure-

ments were discontinued.
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Figure 4-3: The clamping mechanism. The figure on the left shows the clamp in its lowered
state, the figure on the right shows the clamp raised. The shim steel (black) is glued
to a Plexiglas® block on the right. Turning the threaded rod clockwise moves the nut
downwards, which pushes on the shim steel. When the clamp is down (left image), the tip
of the shim on the left touches the Plexiglas®, pushing the clamp onto the bottom surface
of the chamber. When the clamp is raised (right image), the tip of the shim is above the
surface of the Plexiglas®. A small rust spot can be seen where the shim contacted the
Plexiglas®; the shim was later painted black to prevent further rusting.

4.2.3 Image acquisition and analysis

The cochlea was viewed from above with a 63x, 0.9 NA water-immersion objective.
A green LED (Nichia, Tokushima, Japan) was strobed with a 1/8 duty cycle at the
frequency of the sound stimulus. The resulting image, which shows the position of
the cochlea at a chosen phase of the sound stimulus, was captured with a 12-bit
CCD camera (Dalsa CA-D7-1024A). Eight such images were taken at eight evenly-
spaced stimulus phases. This process was repeated at 60-100 focal planes separated
by 1 pm. The focus was changed using a piezoelectric focusing device (PIFoc P-721,
Physik Instrumente, Waldbronn, Germany). The resulting data set is a sequence of
three-dimensional images taken at different stimulus phases, where each voxel in the

images has dimensions of 0.19 x 0.19 x 1.0 um.

Computer vision algorithms (Horn and Weldon Jr., 1988; Davis and Freeman,
1998a) were used to measure the motion of structures between images. These algo-
rithms are based on the assumption that the brightness of the structure being imaged
does not change as the structure moves. If the brightness of a given point at a given

time is E(x,y, z,t), and that point moves by Az, Ay, Az in time At, then

E(z,y,2,t) = E(x + Az,y + Ay, 2 + Az, t + At). (4.1)
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Taking the first-order terms of the Taylor series expansion of the right side gives

OF OFE OF OF
%Ax + a—yAy + aAz + EAt = 0. (4.2)

The least-squares solution to equation 4.2 over a region of the image describes the
average motion of that region.

Noise in the measurements was due to ambient vibrations, drift of the tissue,
and noise inherent in the imaging system (see chapter 3). This noise was aliased
by the measurement process to the stimulus frequency and its harmonics. Most
measurements showed primarily sinusoidal motion; in addition, the motions seen by
eye in the microscope were primarily sinusoidal. Consequently, to eliminate noisy
measurements, we accepted measurements only when higher harmonics of motion

were at least 10 dB smaller than the fundamental component.

4.3 Measurements of basilar papilla motion

4.3.1 Measurements of displacement vs. lateral position

Figure 4-4 shows trajectories of displacement for four lateral positions on the body
of the basilar papilla in one preparation. The image in the background shows an zz
cross-section of the papilla (section 3.2.1), with the neural side on the right and the
abneural side on the left!. The circles show the position of each measured location at
each of eight phases of the 5 kHz sound stimulus; the filled circles indicate the location
at the peak of the electrical stimulus driving the piezoelectric disk. At each location,
the papilla moved in an elliptical pattern. In this plot the displacements have been
magnified by a factor of 5 relative to the positions of structures to make the elliptical
trajectories more evident. Displacements in each direction were nearly sinusoidal;

higher harmonics were more than 40 dB below the fundamental component. The solid

TThese cross-sectional images are computed from images taken at different focal planes. They
represent thin slices through the tissue rather than side views of the tissue. Such images were used
for visualization, but not for quantitative analysis.
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Figure 4-4: Two-dimensional trajectories of displacement of the basilar papilla. The back-
ground of this plot shows an xz view of the basilar papilla. Circles show the displacement of
four points on the papilla as a function of stimulus phase. The displacements are centered
at the location at which they were measured, but the motions are magnified by a factor of
five to improve visibility. The solid circle indicates the measured position at the peak of
the electrical stimulus. Lines represent the least-squares fit to the data as described in sec-
tion 4.4.1. The fit had 0.79 pm z translation, 0.85 pm x translation, and 1.123 degrees
rotation about the center of the papilla. Rotation and x translation were in phase, and
lagged z translation by 0.162 cycle. The rms error of the fit was 0.130 pm. Stimulus was
120 dB SPL in fluid at 5 kHz.

lines in the figure denote the best fit of a rigid-body model of papilla displacement to

the measurements. This fit is discussed further in section 4.4.1.

Figure 4-5 shows similar trajectories from five preparations. Each trajectory was
measured near the basal end of the papilla, at a stimulus frequency between 3 and 4
kHz. In each preparation, the papilla moved elliptically, although the shapes of these
ellipses varied across preparations. In each preparation, the shapes of the elliptical
motions varied with position in a systematic manner. For each preparation, the major
axis of the ellipses was largely in the z direction near the abneural edge of the papilla,
and largely in the x direction near the neural edge. In addition, the ellipses were
more nearly circular near the neural edge than near the abneural edge. When viewed
with the neural side of the papilla on the right, the elliptical motion was typically in

a clockwise direction; that is, x displacement lagged 2z displacement.
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Figure 4-5: Elliptical motion of the basilar papilla in five preparations. These plots show
the measured displacement of multiple locations at the basal end of the basilar papilla.
In each plot, the neural edge of the papilla is to the right. The motion at each location
was primarily elliptical. The tallest ellipses were typically at the abneural edge, and the
widest were typically at the top center of the papilla. Symbols are as in figure 4-4, Dots
show the measured displacements. Red (dark gray) dots are the position at the peak of
the electrical stimulus; cyan (light gray) dots are the position at the next measured phase.
Motions are magnified by a factor of ten relative to positions, except in figure C, for which
the magnification is a factor of five. Stimuli were sound pressures at 3981 Hz (A), 3746
Hz (B), 3834 Hz (C), 3000 Hz (D), 3464 hz (E), 120 dB SPL. Solid lines show the best fit
of a rigid-body model, described in section 4.4.1. The cyan (light gray) portion of the line
connects the first two phases. Measurements at some locations were omitted for clarity.

4.3.2 Frequency dependence of motion of the basilar papilla

The displacement of the basilar papilla was frequency dependent in each preparation.
Figure 4-6 shows the fundamental component of motion of the abneural edge of the
basilar papilla as a function of frequency for four preparations (for experiment D, our
noise criterion rejected most measurements at the abneural edge). Displacements were
measured at the basal end of the basilar papilla. Although there was significant vari-
ability across preparations, several trends are evident. First, z displacement peaked
at a frequency between 3.5 and 6 kHz for each preparation. Peaks in x displacement

in this frequency range were also observed qualitatively in at least twelve prepara-
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tions. Second, z displacement was either largely independent of frequency or had a
frequency dependence similar to that of = displacement. Third, at low frequencies x
and z displacement were in phase, but at higher frequencies x displacement lagged z
displacement by as much as 0.5 cycles. Motion in the y direction was typically near

the noise floor of our measurements, and is not shown here.
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Figure 4-6: Displacement of the basal end of the basilar papilla vs. frequency. Plots show
the measured displacement near the abneural edge of the papilla near the basal end from
four preparations. The three curves on each plot show z and z displacement magnitude,
and the phase of x relative to z displacement for each preparation. The left axis shows the
scale for the displacement magnitudes, the right axis shows the scale for the phase. For each
preparation, x displacement had a peak between 3.5 and 6 kHz. For some preparations,
z displacement was independent of frequency; for others, z displacement had a frequency
dependence similar to that of x displacement. At low frequencies, x and z displacement
were in phase; at higher frequencies, x increasingly lagged z.

4.3.3 Motion of the basilar papilla vs. longitudinal position

Figure 4-7 shows the displacement of the basilar papilla, measured at the abneural
edge, as a function of longitudinal position. Measurements are shown for the five
preparations of figure 4-5, at the stimulus frequencies reported in that figure. The
magnitude of x motion varied by nearly an order of magnitude across preparations.

For most preparations, however, x displacement at the basal end was between 0.1 and

96



x displacement z displacement

| P E B SN S BTSN S  B ST | ||||||/|||||||||||||||

-

— — 4 - —
3 IE M% :
— = - - >, -
g ] - v s N
~ . J \r_\ S - N B b . An B
E 1 /\hﬁ,-__,\ - o 1 AN aA A _I‘_:’\\ -
o Nm SR Nt TN T YT N ~ ~ < NS v'.‘ nSVN Y \
— ha) T —— THIRY ¥ -
GE) 0.1 E Nl v E- y'll:'. \ 3
e ] E i ! F
5 ] F s :
a 4 - L
0.01 — — L
' T T T T ' T T T T ' T T T T ' T T T T ' ' T T T T ' T T T T ' T T T T ' T T T T '
™ | P E B SN S BTSN S  B ST | Ledv v bvv v v by v v v bl
B 05 e E —
©
S ] - L
=)
5 - — -
< ] - L
() e e
T 0 e~ = S _— =
(3] i - L
Ke)
(0] - — -
S
Q J - 5
(2]
&
D— _0.5 ' T T T T ' T T T T ' T T T T ' T T T T ' ' T T T T ' T T T T ' T T T T ' T T T T '
0 100 200 0 100 200

Distance from basal end (um)

Figure 4-7: Displacement of the basilar papilla vs. longitudinal position. Plots show the
measured displacement near the abneural edge of the papilla as a function of longitudinal
position for five preparations. Measurements were made at a frequency between 3 and 4
kHz for each preparation. The plots on the left show x displacement, those on the right
show z displacement. For each preparation, motion in both z and z directions was largest
at the basal end, and decreased by a factor of two to three along the length of the papilla.
The phase of motion was relatively constant along the length of the papilla, with a slight
tendency for the apical end to lead the basal end.

0.3 pm. The magnitude of z displacement also varied significantly, but was typically
between 0.7 and 1 pum near the basal end. For each preparation, x and z displacements
were largest at the basal end, and decreased by a factor of 2-3 along the length of the
papilla. In most preparations, both x and z displacements at the basal end lagged

those at the apical end, but this lag was less than 0.125 cycles.

4.3.4 Phase of x relative to z displacement

Figure 4-8 shows the phase lag from z to x displacement for all of the measurements

used in this study. For 75.4% of the measurements, = displacement lagged z displace-

ment. For 4.6% of the measurements, x displacement led z displacement by more
1

than 1z of a cycle. The remaining 20% had x leading 2 displacement by less than
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Figure 4-8: Phase of z relative to z displacement. This plot summarizes the phase lag
from z to x displacement as a function of frequency for the papillae in this study. For each
papilla at each frequency, measurements from all radial and longitudinal positions were
combined into a histogram. The horizontal bar for each histogram indicates the median
value, the vertical bar indicates the interquartile range, and the dots represent the full
range of measurements. Phases that fell above 0.25 or below -0.75 cycles were wrapped
into this range. The median values and interquartile ranges were almost all at or below
0 cycles, indicating that x displacement typically lagged z displacement. A total of 75594
measurements are included here, of which 56976 had a relative phase less than zero, and 3453
had a relative phase > % cycle. The box-and-whisker plot to the right of the right-hand
axis shows the histogram for all 75594 measurements.

11—6 cycle. There is a trend for the phase lag to increase with frequency. A lag of x
displacement relative to z displacement corresponds to clockwise elliptical motion of

the basilar papilla.

4.4 Rigid-body fits to the motion

4.4.1 Fitting elliptical motion with the sum of translational

and rotational motion

As seen in figures 4-4 and 4-5, each point in a radial cross-section of the papilla traced
out a closed loop during a cycle of motion. The shapes of these ellipses varied with
lateral position. These trajectories can be modeled by considering the papilla to be

a rigid body with a translational and a rotational component of motion. When the

98



rotations are small enough that sinz ~ x, the resulting trajectories are described by

zp(t) = x,cos(wt) + z;sin(wt) + (p, — ¢.)(O, cos(wt) + O; sin(wt)) (43)
2,(t) = 2z cos(wt) + z;sin(wt) + (¢z — pa) (O, cos(wt) + O; sin(wt)),

where z,(t) and z,(f) are the lateral and transverse displacements of point p as a
function of time, p, and p, are the x and z positions of point p (which can be
assumed constant if the motions are small compared to the distance from p to the
center of rotation c¢), ¢, and ¢, are the center of rotation of the rotational mode, ©,
and ©; are the real and imaginary components of rotation, x, and x; are the real and
imaginary components of x motion, z, and z; are the real and imaginary components
of z motion, and w is the angular frequency of motion. Each of these equations can
be written in the form A cos(wt + ¢), so equations 4.3 are the parametric equations
for an ellipse.

Equations 4.3 have eight free parameters: the real and imaginary components of
x, z, and © motion, and the center of rotation (c,,c,). To find the best-fit values
of these parameters, we perform a least-squares fit of equations 4.3 to the measured
displacements of several points at each longitudinal position (as in figures 4-4 and 4-
5). The values of ©, and ©; are uniquely determined by the least-squares fit; however,
the other parameters are not. Changes in ¢, can be offset by changes in 2, and z;,
and changes in ¢, can be offset by changes in z, and x;. To find the best fit, we fix
the center of rotation in the center of the papilla and fit the other six parameters.

Figures 4-4 and 4-5 show the best fit of equations 4.3 (solid lines) to the measured
motions. The best-fit parameter values for each preparation are shown in table 4.1.
For each fit, the rms error is smaller than the rms displacement, indicating that
this rigid-body model captures a large fraction of the motion of the basilar papilla.
Equations 4.3 provided similarly good fits to measured motions at other frequencies
and longitudinal positions.

Figure 4-9 shows the normalized error of the fit as a function of the rms displace-
ment of the basilar papilla. The error was computed separately for each frequency

and longitudinal position. The rms error is computed as the rms difference between
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Stimulus x z © CV
Figure Frequency Mag Phase Mag  Phase Mag Phase

(Hz) (um) (cycles) (um) (cycles) (degrees) (cycles) ﬁ
A 3981 0.445 0.308 0.466 0.167 0.510 0.273 0.16
B 3746 0.070 -0.104 0.440 0.227 0.368 -0.154  0.39
C 3834 0.374 0.092 0862 -0.389 0.425 0.048 0.12
D 3000 0.043 -0.419 0.305  0.220 0.234 0.357 0.47
E 3464 0.096 -0.432 0.092 0.338 0.172 0.454 0.41

Table 4.1: Best-fit values of the parameters of equations 4.3 to the measured motions
of figure 4-5. The first column refers to the plots in figure 4-5; the second column lists the
stimulus frequency for those measurements. The next six report the magnitude and phase
of the best-fit parameters. The final column reports the CV, which is the rms error of the
fits divided by the rms displacement of the papilla. Magnitudes are reported in pm, except
for the magnitude of © in degrees. Phases are reported in cycles.

the measured displacement and the best-fit displacement at each location for each of
eight stimulus phases at the given frequency and longitudinal position. The normal-
ized error is the rms error divided by the rms displacement. Although the normalized
error varied somewhat with rms displacement, the median value was typcally below
0.3, and the interquartile ranges were below 0.5. Most of the error seems to come

from a few outlying points (see figure 4-5).
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Figure 4-9: Normalized errors of the fits. This plot shows the median (horizontal line),
interquartile range (vertical line), and full range (dots) of the normalized error of the fit
as a function of rms displacement of the papilla. The normalized error is the rms error
divided by the rms displacement of the papilla. Although the normalized error varied with
frequency, the median values were all < 0.4, and the interquartile ranges were < 0.5.
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4.4.2 Frequency dependence of translational and rotational

components
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Figure 4-10: Best-fit translational and rotational components of motion of the basilar papilla
vs. frequency. Plots show the magnitude and phase of the fits of equation 4.3 to the
measured motions as a function of frequency. The five plots are for the same preparations
as in figure 4-5. Phase is measured relative to the phase of z displacement.

The fitting procedure described above was repeated at each longitudinal position
as a function of frequency for five preparations. The resulting parameters for the fits
are shown in figure 4-10. The frequency dependence is similar to that seen in figure 4-
6; however, whereas figure 4-6 shows measured x and z displacement at a single
location vs. frequency, figure 4-10 shows the best-fit rigid body motion of x, z, and
O to all measured locations at one longitudinal position.

For each preparation, © has a peak in magnitude between 3.8 and 5.7 kHz. For
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four of the five, this peak is between 5 and 5.7 kHz (in preparations D and E, these
peaks are not evident in figure 4-10; however, qualitative observations made during
the experiment place the peak frequency near 5.5 and 5.2 kHz, respectively, for the two
experiments). The frequency dependence of z is similar to that of ©. The magnitude
of z also has a peak at the same frequency as ©, but this peak tends to be somewhat
less sharp. In addition, © and z are in phase at low frequencies, but © typically lags

z by up to 0.25 cycles at high frequencies.

4.5 A mechanical model of the basilar papilla

4.5.1 Deriving the model from anatomy and measurements

The anatomy of the alligator lizard basilar papilla suggests a simple mechanical model
which is consistent with the results shown in sections 4.3 and 4.4. The basilar mem-
brane on which the basilar papilla rests is asymmetric; the neural side is about half
as wide and twice as thick as the abneural side (figure 1-3). Consequently, pressure
across the basilar membrane can induce translation as well as rotation of the basilar
papilla. The amount of translation is determined by the compliance of the basilar
membrane, the mass of the basilar papilla, and the viscous damping of the fluid. The
amount of rotation is determined by the rotational compliance of the basilar mem-
brane, the moment of inertia of the basilar papilla, and the viscous damping of the
fluid. Thus the anatomy suggests that both translation and rotation should each have
the frequency dependence of a second-order system, but that these frequency depen-
dences may differ. Figure 4-11 shows a schematized representation of this mechanical
system.

The measurements in section 4.3 show that the phase lag from translation to
rotation increases with frequency. This difference in the frequency dependences of
translation and rotation suggests that the basilar papilla has two modes of motion.
By teasing apart the modes, we can more accurately define a mechanical model of

the basilar papilla. If we assume that the two modes correspond to translation and
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Figure 4-11: A mechanical model of the basilar papilla. The basilar papilla is represented
as a circular structure with a mass my,. This mass is supported by two springs, k, and
ky,, representing the stiffness of the basilar membrane on the abneural and neural sides,
respectively. These two springs need not have the same stiffness. Damping elements b, and
b, are included to represent the viscous damping of the fluid in response to basilar papilla
motion. The model allows the central mass to undergo both translational and rotational
motion. Although the element names are chosen here to represent structures in the alligator
lizard cochlea, the model represents the mechanical behavior of any mass supported by two
compliant structures.

rotation, the task of separating them is simplified. The rotational component of
motion then clearly represents the rotational mode. The translational component
of motion, however, includes both the translational and rotational modes of motion.
The reason for this is that the center of rotation was fixed at the center of the papilla.
If we allow the center of rotation to vary, we can subtract a multiple of the rotational
motion from the translational motion, as described in equation 4.3.

The x component of translation has a frequency dependence similar to © in both
magnitude and phase. Thus subtracting a multiple of the ® component from the
x component should make the x component negligible. The magnitudes of the z
component are often similar to those of the ©® component, but the phases differ. Thus
subtracting a multiple of the ® component from the z component will not eliminate
z. Typically, rotation lags translation in the z direction. For this reason, and because
previous measurements of basilar membrane motion show little frequency dependence,
we expect that the translational mode is largely independent of frequency. Thus we

can separate the modes by finding a new center of rotation which

1. minimizes the mean magnitude of x translation, and
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2. minimizes the variance of z translation.

Figure 4-12 shows the result of the modal decomposition process described above.
The x translation component was not completely eliminated; however, the magnitude
of x translation was reduced. The phase of x translation shows no systematic pattern
with frequency, although x translation typically lagged z translation. The z trans-
lational mode is nearly independent of frequency, with a phase near 0 cycles. The
magnitude of the z translational mode varies significantly across preparations. The
O rotational mode has a frequency dependence that is unchanged compared to that
of figure 4-10. As a result of this modal decomposition, the center of rotation was
typically shifted in the positive z direction and towards the neural edge of the basilar

papilla.
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Figure 4-12: Modal decomposition of basilar papilla motion. The plots in this figure show
the individual modes isolated from the data in figure 4-10. Translation in the x direction
had a magnitude typically below 0.2 pum, with a phase that shows no clear trends with
frequency. Translation in the z direction had a magnitude that was largely independent of
frequency, with a phase near 0 cycles. Rotation has a peak in magnitude near 5 kHz, with
a phase lag that increases with frequency.

Based on this modal decomposition, we model the translational admittance as a
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compliance and the rotational admittance as a compliance, moment of inertia, and
damping element in series. The second-order model of the rotational compliance is
evident from the frequency dependence of the © component. The compliant model of
the translational compliance is evident from the fact that rotation lags translation, so
the resonant frequency for translation must be higher than that for rotation. Below
the resonant frequency, the admittance will be dominated by the compliance. A
compliant translational mode is also supported by the fits shown in figure 4-10 plot A.
In this plot, the rotational mode has a prominent peak at 5 kHz, but the translational
mode does not; by a fortunate choice of the center of rotation, the modes are already
separated. In this case the translational mode is independent of frequency, consistent
with a compliance.

The mechanical model described in the previous paragraphs and shown in figure 4-
11 can be represented by an equivalent electrical circuit, as shown in figure 4-13. In
this model, the pressure difference P across the basilar membrane acts on the area of
the basilar membrane to generate a force F'. This force acts on the compliance C,,, of
the basilar membrane to cause a velocity Vgy. The same force, via an effective lever
arm L, applies a torque 7 on the basilar papilla in the rotational domain to cause a
rotational velocity 0. At low frequencies most of the torque acts on the compliance
C, to rotate the papilla. At high frequencies, most of the torque acts on the moment

of inertia J,. At the resonant frequency, the torque is resisted by fluid damping R,.

4.5.2 Estimating model parameter values from measurements

The model in figure 4-13 has six parameters: C,,, C,, J., R., A, and L. The input
pressure was 120 dB SPL, or 28 Pape.x. If we estimate the two transformer ratios A
and L, we can determine the other parameter values from the measurements. The area
A of the basilar membrane has been measured to be 0.03 mm? (Rosowski et al., 1985).
We can estimate L by assuming that the net force due to the acoustic stimulus acts
on the center of the basilar membrane, and that the center of rotation is in the center
of the papilla. From these assumptions and figure 1-3, we estimate L = 7um.

The compliance C,, = P|:|A can be estimated from the low-frequency asymptote
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Figure 4-13: Circuit model of the basilar papilla. The circuit model contains three domains.
The input to the system, on the left, is in the acoustic domain; the drive P is the pressure
difference across the basilar membrane. The area of the basilar membrane, A, transforms
the acoustic to the mechanical domain. In the mechanical domain, the basilar papilla looks
like a compliance Cy,; that is, displacement in the z direction is proportional to force. On the
right, an effective lever arm L converts translational to rotational motion. In the rotational
domain, the basilar papilla looks like a second order system consisting of a moment of inertia
Jr, a rotational compliance C)., and a viscous damper R,..

of magnitude of the z component of motion, which is between 0.1 and 0.4 pum for

most preparations. The resulting compliance is 0.12 < (), < 0.48 m/N. Similarly

_ PxAXL
Cr = IS]

so 1.04 - 10®* < C, < 1.04 - 10° rad/N-m. From the peak frequency of rotation f,,

The low-frequency asymptote of rotation is between 0.05° and 0.5°,

we can determine J, = m The resulting estimates of J, range from 1 - 10718
r P

to 8.4 - 10718 At the peak frequency the net impedance of C, and J, is zero, so

R, = 25};‘%‘. The resulting estimates of R, range from 7.4 - 107'° to 3.3 - 10~

N-m-s/rad.

4.6 Discussion

4.6.1 Gross motions are comparable to those measured in
VIVO

Peake and Ling (1980) measured the velocity of the basilar membrane in the transverse
direction using the Mdossbauer technique, and found it to be a linear function of sound
pressure. In response to a 75 dB SPL tone at 1.4 kHz, they measured a velocity of
—25 dB re 1 em/s, which corresponds to a peak displacement of 90 nm. Based on

our estimate of a middle-ear pressure gain (figure 1-5) of 35 dB at this frequency, we
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expect our stimuli to correspond to 85 dB SPL at the eardrum, which would result in
a basilar membrane transverse displacement of 280 nm peak based on the Peake and
Ling data. At 1585 Hz in one preparation, we measured basilar papilla transverse
displacements of 330 and 550 nm peak on the neural and abneural sides, respectively.
Thus the transverse motions measured in this study are roughly comparable to those
measured in vivo using a different technique. However, there are many caveats to

comparing these studies directly:
1. Our comparison uses a rough estimate of the middle ear pressure gain.

2. In some preparations, displacements in the transverse direction were consider-

ably smaller than in others (figure 4-7).

3. The efficiency of coupling sound pressure to the papilla in our experiment cham-

ber may differ from that in vivo.

4. Peake and Ling measured motion on the perilymphatic surface of the basilar
membrane, but we measured motion on the endolymphatic surface of the basilar

papilla.

5. The Mossbauer source used by Peake and Ling was ~ 40 x 40 pym, much larger
than our measurement regions; the motion of the 5 x5 x5 ym regions measured

here may differ from the average motion of a larger region.

4.6.2 xz cross-sections of the basilar papilla move as a rigid

body

Equations 4.3 describe elliptical motion of a rigid body. If the motion of every point
in a lateral cross-section of the basilar papilla satisfies these equations, then this
lateral cross-section moves as a rigid body. Figures 4-4 and 4-5 show that to a
first approximation, the motions of all measured points satisfy equations 4.3. The
rms error of the fit in figure 4-4 is 0.175 pm. The average rms error of the fit for

each frequency and longitudinal position across preparations was 0.108 4+ 0.077 pm
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(mean+s.d.). The largest rms error was 1.59 pum, but only 4 of 1665 fits had an rms
error larger than 0.5 pm. Thus for any xz cross-section, the papilla can be accurately

modeled as a rigid body undergoing translation and rotation.

4.6.3 The basilar papilla has multiple modes of motion

Points on the reticular lamina of the basilar papilla follow elliptical trajectories in
response to sinusoidal sound stimulation. Elliptical motion in two dimensions is
equivalent to sinusoidal motion in each dimension, with a relative phase difference
between the motion in each dimension. Since the relative amplitudes and phases of
the sinusoids change with position (that is, the shape and orientation of the ellipses
change), as in figure 4-4, the motion is well fit by the sum of one translational and

one rotational component, as described in equations 4.3.

Hemmert et al. (2000) point out that elliptical motion can result from phase
errors in motion estimates. We believe that our measurements accurately describe
the motion of the papilla for several reasons. First, the phase errors in the Hemmert et
al. study resulted from their use of two different measurement techniques to measure
motions in different directions; we use a single method to measure motions in all
three dimensions. Second, elliptical motion is visible to the eye when viewing the
images in sequence. Third, our measurements were typically at least 20 dB above the
noise floor, and we rejected measurements which were non-sinusoidal; the phase error
in the remaining measurements is small. Fourth, the shapes of the ellipses change

systematically with position.

Elliptical motion alone is not sufficient evidence for multiple modes of motion (for
example, the crankshaft of a car has a single, circular mode of motion). However,
as shown in figure 4-10, the frequency dependence of the translational and rotational
components of motion differ. This difference allowed us to separate the two modes
of motion. These results demonstrate that a single cochlear structure can exhibit

multiple modes of motion in response to sound stimulation.
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4.6.4 Relative shearing deflection at the reticular lamina is

enhanced by two-mode motion

Hair bundle deflection in this cochlea is believed to be driven by shearing deflection at
the reticular lamina (Freeman and Weiss, 1990a; see also chapter 6) in the direction
of maximum sensitivity (Shotwell et al., 1981). Because of the circular shape of the
papilla in cross-section, the direction of shearing displacement at the surface of the
papilla changes with lateral position on the papilla (Mulroy, 1968; Mulroy, 1974; see
also figure 3-2). Thus the drive for hair bundle deflection depends not only on the
magnitudes and phases of the two modes of papilla motion, but on the lateral position
of the hair bundle.

In previous models of the basilar papilla (Weiss and Leong, 1985a), shearing dis-
placement at the surface of the basilar papilla is driven by rotation of the papilla
about a point (c,,c,) near the neural edge of the basilar membrane. For a papilla
with radius R centered at (r,,r,), the shearing displacement at any location (p,,p.)

on the surface due to rotation is given by

(pz - rz)(pz - Cz) + (r:c - px)(cx - px)@

d, =
R

(4.4)

The value of d, depends strongly on position; for a location near the neural side of
the basilar papilla, d, will be zero. However, allowing the papilla to translate as well
as rotate eliminates this problem; translation in z causes shearing displacement at all
locations except the top center of the papilla. Thus all hair bundles are subjected to
shearing displacement due to translation, rotation, or both.

Figure 4-14 shows the estimated relative shearing displacement at the surface of
the basilar papilla as a function of position for the two cases described above. The
prediction for pure rotation was calculated from equation 4.4. The prediction for
two-mode motion was calculated using the parameters from figure 4-4. Except at the
neuralmost edge, the relative shearing displacement is larger for two-mode motion
than for pure rotation. However, there are no hair bundles at the neuralmost edge of

the papilla (see figure 1-3). Thus the shearing displacement that drives hair bundle
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deflection in the free-standing region is more uniform with position for two-mode

motion than for pure rotation.

TFranslation + Rotation

abneural neural

Figure 4-14: Shearing displacement at the reticular lamina. This plot shows the shearing
displacement relative to that at the abneural edge as a function of polar position along the
top half of the basilar papilla. The dashed line shows the predicted shearing displacement
if the basilar papilla underwent pure rotation about a point near the neural edge of the
basilar membrane. The solid line shows the estimated shearing displacement from the best
fit to the motions in figure 4-4. Except near the neural edge, the relative shearing motion
due to the sum of translation and rotation is larger than that due to rotation alone.

4.6.5 Comparison of estimated model parameters to mea-

surements

From the measurements in this study we were able to derive a mechanical model that
describes the motion of the basilar papilla. This model captured the basic features of
basilar papilla motion in all preparations studied, but the model parameters varied
significantly from one preparation to the next. To determine whether these model
parameters are physiologically reasonable, we can compare them to estimates from
anatomy and from previous studies on the alligator lizard cochlea.

Rosowski et al. (1985) present measurements of the acoustic impedance at the
tympanic membrane before and after destroying the cochlear partition. From those
measurements they derive a mechanical model in which the basilar papilla is repre-
sented as a compliance. This model is consistent with ours for two reasons. First,
below 5 kHz the rotational domain is also dominated by a compliance, so at the

frequencies used in their study the entire basilar papilla appears compliant. Second,
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the impedance of the rotational domain in our model is large compared to that of
the translational domain at all frequencies; thus the admittance seen at the tympanic
membrane is dominated by the translational compliance. Rosowski et al. report an
acoustic compliance of 5.7-1071¢ m3 /Pa. When reflected into the mechanical domain,
this compliance is 0.63 m/N; however, they also report an “effective basilar membrane
area” of 0.07 mm?; using this value gives a mechanical compliance of 0.12 m/N. Thus
the range of compliances estimated in the current study is roughly consistent with

those estimated from measurements at the tympanic membrane.

For a cylinder rotating about a point at a distance d from the center, the moment

of inertia J, is given by

J, = pl(ﬂj + mr2d?), (4.5)
where p is the mass density of the cylinder, [ is the length, and r is the radius. From
this equation we can estimate the effective radius of the basilar papilla by assuming
that the basilar papilla length is 400 pum, the density is that of water (p = 1000
kg/m?) and the center of rotation is near the neural edge (d = 30 um). With these
values our estimate of J,. gives an effective radius of 35 <r < 60 pm.

The effective radius predicted from the best-fit J,. is somewhat larger than the
measured radius of the basilar papilla, which is roughly 30-35 pm. This difference
is due partly to the entrained motion of fluid; at 5 kHz (the frequency at which
J, was determined), the boundary layer thickness is about 8 pum. In addition, the
hair bundles that project from the basilar papilla entrain fluid. This entrained fluid
increases the effective radius r, and also increases the effective distance d from the
center of rotation to the center of mass; both effects would manifest as an increase in

the estimate of r.

The drag force on a cylinder moving in fluid is (Munson et al., 1990)

1
D= 5pU2A(JD, (4.6)

where p is the density of water (1000 kg/m?), U is the velocity of water relative to the
cylinder (27 -5000 s™! x 1-107% m), A is the area of the cylinder facing the fluid ( 400
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pm x 30 pm), and Cp is the drag coefficient, given by Cp = \5/'% +1.17, where Re is
the dynamic Reynolds number (roughly 0.8 at 5 kHz for the displacements measured
in this study). If we compute % and reflect it into the acoustic domain, we get a
rotational resistance of 1.4 - 107 N.m-s, more than an order of magnitude smaller
than our estimate of R,.. Our estimate of R, is almost certainly too large, since the
frequency at which the peak was measured was probably not the actual resonant
frequency f,. Additional fluid drag is most likely introduced by the hair bundles.

Therefore, this calculation suggests that most of the energy loss in this cochlea is due

to viscous drag on the hair bundles rather than motion of the basilar papilla.

4.6.6 Phase lag between translational and rotational modes

— the ‘missing low-pass filter’

As mentioned in the introduction, models of this cochlea introduced a first-order
mechanical low-pass filter, but did not specify the physical basis for this filter. This
filter was necessary to explain the high-frequency slopes of tuning curves from hair
cells in the free-standing region. In this study, we see an 0.25 cycle phase lag between
the translational and rotational modes of motion. This phase lag suggests the presence
of a low-pass filter between the translational and rotational modes. Our mechanical
model includes a similar phase lag between translational and rotational components
of motion. Thus the conversion from translational to rotational motion may provide a
physical basis for the low-pass filter required by models. However, since at least some
hair bundles are sensitive to the translational mode of motion, we expect variations of
as much as 6 dB/octave in the high-frequency slopes of tuning curves of auditory nerve
fibers. Indeed, such variations have been seen in auditory nerve fiber recordings (Weiss

et al., 1976).

4.6.7 Papilla resonance is beyond range of best frequencies

The resonant frequency of the basilar papilla is typically at or above 5 kHz. This

resonance is largest at the basal end. Hair cells in this region have best frequencies
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between 3 and 4 kHz. Thus the papilla resonance at the basal end is just beyond
the range of frequencies to which hair cells in this cochlea are most sensitive. By
5 kHz, hair cells with best frequencies of 3—4 kHz are 2040 dB less sensitive than
at CF (Weiss et al., 1976). Thus the mechanical resonance of the papilla does not
appear to play a significant role in determining the frequency selectivity of the cochlea.
However, since electrical responses to sound were measured in auditory nerve fibers
at frequencies up to 12 kHz, the mechanical resonance of the papilla is likely to affect

these high-frequency responses.

4.6.8 The relation between basilar membrane motion and

basilar papilla motion

Although our measurements of the transverse component of basilar papilla motion cor-
respond roughly to previous measurements of basilar membrane motion, the shearing
displacement at the reticular lamina cannot be predicted from the transverse motion
of the basilar membrane. The receptor organ, and hence the reticular lamina, demon-
strates modes of motion that are not present in measurements of transverse motion of
the basilar membrane, and these modes of motion play an important role in cochlear
function. In the mammalian cochlea, our understanding of mechanics comes largely
from measurements of basilar membrane motion. Given the complexity of the organ
of Corti relative to the alligator lizard basilar papilla, it is likely that the mammalian
cochlea also has multiple modes of motion (see section 1.2), some of which are likely
to play an important role in cochlear function. Thus it may not be possible to infer

cochlear function from measurements of basilar membrane motion alone.

113



114



Chapter 5

Micromechanics of the Tectorial

Region

Abstract

Relations among motions of the reticular lamina (RL), tips of hair bundles, and
endolymphatic surface of the tectorial membrane (TM) in the tectorial region of the
excised cochlea of the alligator lizard (Gerrhonotus multicarinatus) were investigated.
Sound stimuli from 105-140 dB SPL measured in the fluid adjacent to the basilar
membrane (equivalent to approximately 90-105 dB SPL at the tympanic membrane),
with frequencies from 40 Hz to 4 kHz, were used to excite cochleae in eight prepa-
rations. Images taken with a video microscopy system were analyzed to determine
three-dimensional motions of cochlear structures. Motions of these structures were
generally broadly tuned in frequency, with peak amplitudes smaller than 1 microm-

eter peak-to-peak. Four micromechanical relations were investigated as functions of

™

&1+ the motion of the endolymphatic surface of the TM normalized to

frequency: (1)

RL motion; (2) 2L, the shear between the endolymphatic surface of the TM and

the RL, normalized to RL motion; (3) %\IZ:%’ the ratio of the deflection of the tips of

hair bundles relative to the RL to shear between the endolymphatic surface of the TM
and the RL; (4) %, the ratio of hair bundle deflection to RL motion. Although
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there was considerable variation across preparations, two trends were evident. First,
the magnitude of TR—“L/I was less than 2. Second, none of the micromechanical relations
showed evidence of sharp frequency selectivity in either the magnitude or phase. The
measured magnitudes of % are small compared to those predicted by resonant TM
models of cochlear micromechanics. This difference suggests that TM resonance does
not significantly contribute to the frequency selectivity of the alligator lizard cochlea.
The frequency selectivity of the measured micromechanical relations is broad com-
pared to that seen in responses of auditory nerve fibers innervating the TM region.
Thus, mechanisms other than mechanical resonance most likely determine frequency

selectivity in the tectorial region of the alligator lizard cochlea.

Key words: Hearing, cochlea, basilar papilla, auditory mechanics, tectorial membrane,

hair cell, frequency selectivity, microscopy, computer vision, alligator lizard.

5.1 Introduction

The sensitivity, frequency selectivity, and nonlinearity of the cochlea all depend on
the micromechanical interactions of structures within the cochlea. Although active
processes are believed to play a large role in the mammalian cochlea, the passive
mechanical properties of cochlear structures affect cochlear function in all species,
including mammals. In addition, the mammalian cochlea may be passive at the
lowest as well as the highest sound pressure levels (Ruggero et al., 1997). However, our
current understanding of the mechanical properties of cochlear structures is limited,
particularly at the frequencies of interest for hearing.

Although models can increase our understanding of cochlear function, the com-
plexity of the cochlea requires modelers to make drastic simplifications in order for
models to be computationally tractable. Consequently, no single model of cochlear
mechanics captures all of the known mechanical behaviors of the cochlea while us-
ing physiologically reasonable parameters. In addition, many cochlear models are

mutually contradictory. For example, one model (Allen, 1977; Allen, 1980) suggests
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that the cochlea is passive and the TM is resonant, while another (Mammano and
Nobili, 1993) includes active elements and treats the TM as a mass. To resolve these

issues, it is important to measure the mechanical properties of the cochlea.

Observing the interactions of structures in an intact cochlea is the most direct way
to understand cochlear micromechanics. Such observations are currently underway in
several laboratories (ITER, 1989; Hu et al., 1995; Gummer et al., 1996; Karavitaki and
Mountain, 1996; Hu et al., 1999; Hemmert et al., 2000). However, the time-consuming
nature of the measurements, combined with the lability of the preparations, makes it
difficult to obtain more than a few measurements on any single animal. In addition,
geometrical constraints make it difficult to obtain high-resolution images of the mam-
malian cochlea. We have developed a preparation of the cochlea of the alligator lizard
(Gerrhonotus multicarinatus) that allows us to overcome these problems. The alli-
gator lizard cochlea is planar, so it can be isolated and imaged with high resolution.
The cochlea can be maintained in vitro for several hours (chapter 2), allowing mea-
surements three-dimensional motions of cochlear structures with nanometer accuracy

(chapter 3).

The alligator lizard cochlea consists of two regions (figure 1-2): a free-standing
region in which the hair bundles project freely into endolymph, and a tectorial region
in which the bundles project into an overlying tectorial membrane. The frequency
selectivity of auditory nerve fibers (ANFs) innervating the tectorial region is similar
to that of mammalian ANFs with the same best frequencies, 200-800 Hz (Weiss
et al., 1976). However, the alligator lizard cochlea is simpler than the mammalian
cochlea in many ways, making it more tractable for study. The basilar membrane
moves in phase over its length and is broadly tuned in frequency (Peake and Ling,
1980; but see chapter 4), so the micromechanical properties of the cochlea can be
studied without the confounding influence of macromechanical tuning. The cochlea’s
planar structure allows high-resolution microscopy to image the tectorial membrane
(TM), hair bundles, and individual stereocilia across the entire cochlea. From a
series of such high-resolution images taken at multiple stimulus phases, the motions

of all structures in the images can be determined. The relative motions of various
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micromechanical structures can then be determined from the absolute motions.

5.1.1 Micromechanical transfer functions

By comparing the motion of different structures within the cochlea, we can derive a
series of “micromechanical transfer functions” that characterize the mechanical prop-
erties of the region*. We define the variables TM, Tip, and RL to be the displacement
of the TM, tips of hair bundles, and reticular lamina, respectively. Displacement of
the TM is measured at the top (endolymphatic) surface. With these definitions, the

transfer functions examined in this study are

% the ratio of the displacement of the TM to the displacement of the RL. This
ratio provides information about the mechanical properties of the TM, such as

whether a mechanical resonance is present.

TVEEE the ratio of TM shear (TM — RL) to RL displacement. This ratio describes
the transformation from absolute motion of the RL to the relative motion that

drives hair bundle deflection.

-1 the ratio of hair bundle deflection (Tip—RL) to TM shear. This ratio describes

the effectiveness of TM shear at driving hair bundle deflection. Hair bundles
attached to the TM are believed to be driven by TM-RL displacement, while
unattached hair bundles are believed to be driven by TM-RL velocity (Dallos
et al., 1972), or by some combination of velocity and displacement (Freeman

and Weiss, 1988).

Tip—RL

wr~ theratio of hair bundle deflection to RL displacement. This ratio characterizes

the entire micromechanical stage of cochlear function.

In this paper, we show that each of these transfer functions is essentially independent

of frequency in the tectorial region of the alligator lizard cochlea. Thus mechanical

*Such a derivation assumes that the mechanical properties of the cochlea are linear. Because we
typically made measurements at only a single stimulus level for each cochlea, we were not able to
assess linearity directly.
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tuning does not appear to play a role in determining the frequency selectivity of
this region. There is a caveat to this conclusion. Hair cells in this region of the
cochlea typically develop blebs when isolated (see chapter 2). Blebs form adjacent
to the stereocilia, and may have large effects on the mechanical properties of this
region. In addition, we were unable to measure an electrical response to sound in the
isolated cochlea. Consequently, the measurements reported in this study may not be
indicative of the motions of the cochlea in vivo.

A preliminary analysis of these measurements was presented previously (Aranyosi

et al., 1998).

5.2 Methods

5.2.1 Biological preparation

Adult alligator lizards (20-49 g) were sacrificed by decapitation and pithing. The
dorsal skin and muscle were removed. A scalpel was used to penetrate the posterior
semicircular canal and remove the bone covering the sacculus. The saccular mem-
brane was peeled away with fine forceps, and the saccular otoconia were removed by
gentle suction. A razor blade shard was used to cut the 8th nerve. Hydraulically
actuated forceps mounted on a micromanipulator were used to lift the cochlea out
by the 8th nerve. The cochlea was transferred (through air in earlier experiments,
through saline in later ones) to the stimulus chamber, which was filled with artifi-
cial perilymph. Artificial endolymph was perfused over the apical surface before the
vestibular membrane was removed.

Artificial perilymph contained (in mM): Na™, 168; KT, 3; Ca™?, 2; Mg™2, 1.2; Cl~,
174.9; SO;2, 2; H,POy, 0.5; D-glucose, 5; Hepes, 5. Artificial endolymph contained
(in mM): Na*, 2; K*, 174; Ca*2, 0.02; C1~, 171.5; SO; 2, 2; H,POj, 0.5; D-glucose,
5; Hepes, 5. Solutions were adjusted to a pH of 7.30, and had an osmolality of 342+8
mmol/kg. Both solutions contained MEM essential and non-essential amino acids,

and were oxygenated immediately before use. In some experiments Liebowitz” L-15
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was used in place of artificial perilymph. All chemicals were purchased from Sigma

Chemical Company (St. Louis, MO).

5.2.2 Measurement system
Experiment chamber

The Plexiglas® experiment chamber (figure 4-1) allowed the cochlea to be clamped
over a hole separating two fluid spaces. Artificial perilymph was perfused through
the basolateral fluid space and artificial endolymph was perfused through the apical
fluid space. This separation of fluids allowed us to simulate the in vivo cochlear envi-
ronment. Because perfusion increased the noise of the mechanical measurements, the
cochlea was typically perfused between measurements (roughly every 5-10 minutes).
The clamping ring encircled the neural limbus and triangular limbus to avoid clamp-
ing the basilar membrane or basilar papilla. A piezoelectric disk (Panasonic EFR
Series) generated sound waves in the basolateral fluid, and a hydrophone (Model
EPB-126W-100G, Entran Devices, Inc., Fairfield NJ) measured the resulting pres-

sure. The bottom surface of the chamber was sealed with a glass coverslip.

Video microscopy

The video microscopy system has been described in detail elsewhere (Davis and Free-
man, 1998b; see also chapter 3). The chamber was placed on the stage of a microscope
and viewed using brightfield transmitted light illumination. The specimen was viewed
through a 63x, 0.9 NA water immersion objective, with a transmitted-light condenser
with an NA of 0.8. Images were collected with a 12-bit, 1024x1024 pixel CCD camera
(CAD7-1024A, Dalsa Inc., Waterloo, Ontario).

The cochlea was illuminated with an LED (AND190HYP, Purdy Electronics, CA).
The light source was synchronized to the acoustic stimulus, allowing us to stop the ap-

parent motion of the cochlea at arbitrary stimulus phases. We typically took images

TEarly experiments used a 40x, 0.75 NA objective, an 0.6 NA condenser, and a 12-bit, 576x384
pixel CCD camera (CH250A, Photometrix Inc., Tucson, AZ).
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at eight evenly-spaced stimulus phases. This process was repeated at several focal
planes to give us three-dimensional information about the positions of cochlear struc-
tures. We applied a two-point flat fielding technique (Hiraoka et al., 1987; Healey and
Kondepudy, 1994) to the images to correct for spatial inhomogeneities in the imaging
system. The resulting corrected images have pixel values that are proportional to the

brightness of the specimen.

Image analysis

From a series of images of the cochlea at different phases of the sound stimulus,
we can determine the motions of cochlear structures with nanometer accuracy. Mo-
tion measurements were made using computer vision algorithms (Davis and Free-
man, 1998a; Davis and Freeman, 1998b; Timoner and Freeman, 2001) based on ones
originally developed by Horn (Horn, 1986; Horn and Weldon Jr., 1988). These al-
gorithms are based on the assumption that the brightness of a moving object does
not change; only the spatial distribution of brightness changes. By tracking changes
in the spatial distribution of brightness over time, we can measure motions as small
as two nanometers in the plane of focus and 40 nanometers in the axial direction
(see chapter 3).

By computing the displacement of an object between images taken at successive
stimulus phases, we determined the motion of cochlear structures at the stimulus
frequency and its harmonics. We made separate measurements for each hair bundle,

and for each region of the TM above and RL below the bundle.

5.3 Results

5.3.1 Images of the cochlea

Figure 5-1 shows a typical image of the tectorial region of the alligator lizard cochlea
taken with our measurement system. We viewed the cochlea from the endolymphatic

side. In this image the bases of some hair bundles, the tips of others, and the edge of
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the TM are visible. Individual stereocilia can be seen within each bundle. However,

unlike in the mammalian cochlea, no internal structure of the TM is visible.

Figure 5-1: The tectorial region of an alligator lizard cochlea. This light microscope image
shows the cochlea as seen during our experiments. At this plane of focus the bases of some
hair bundles are visible on the left (solid arrows), the tips of other bundles are visible in
the middle (hollow arrows), and the TM is visible on the right (arrowheads). Individual
stereocilia and the edge of the TM are both clearly visible. Scale bar = 10 pm.

5.3.2 Gross motion

Figure 5-2 shows the displacement of the RL at the base of one hair bundle in response
to a 500 Hz, 120 dB SPL tone*. Positive x is in the excitatory direction for the hair
bundle, which is also the lateral direction described in chapter 1. The fundamental
component of the displacement, determined from the Fourier transform of the data

points, was 0.15 pym peak. Higher harmonics were more than 26 dB smaller.

fSound pressures reported here are measured in the fluid beneath the cochlea. The middle-ear
pressure gain is about 27 dB at this frequency (see figure 1-5), so this stimulus corresponds to a
sound pressure of 93 dB SPL at the eardrum.
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RL motion, 500 Hz 120 dB SPL Figure 5-2: Displacement of the reticular lamina
= gog —————1—————1 (RL) in response to a 500 Hz, 120 dB SPL tone.

g Displacement was measured along the axis run-
g ning from the shortest stereocilia to the kinocil-
§ 0 - ium. The motion was computed from eight im-
= ages taken at evenly-spaced phases of the sinu-
% o5 ] i soidal stimulus. The fundamental component of

L motion was 0.15 um with a phase of —0.07 cy-
0 0-5 ! cles. The second harmonic had a magnitude of
stimulus phase (cycles) ’ ] ) g
6 nm; higher harmonics were smaller.

Figure 5-3 shows the displacement of the tip of one hair bundle, the TM above
it, and the RL at the bundle base as a function of frequency in response to tones at
120 dB SPL. Each point represents the magnitude of the fundamental component of
motion for a displacement curve like the one in figure 5-2. The displacements varied
by less than 20 dB over the frequency range examined. In addition, although the
displacement of the hair bundle tip was comparable to that of the TM, both were
smaller than the displacement of the RL.

Figure 5-3: Frequency dependence of displace-
ments of the reticular lamina (RL, o symbol),
RL (o), Tip (x), and TM (+) Motion vs. Frequency hair bundle tips (Tip, x symbol) and tectorial
ol membrane (TM, + symbol) for one hair bundle.
F The magnitude of the fundamental component
of motion is plotted. Displacement of the tip
and TM are comparable, and are smaller than
displacement of the RL at all frequencies. These
motions are all broadly tuned in frequency com-
pared to the sharp frequency selectivity of au-
ditory nerve fibers innervating this region. The
magnitude of the displacement of each structure
at each frequency was measured from time wave-

forms such as figure 5-2.
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5.3.3 Micromechanical transfer functions

11;—1\]2[. Figure 5-4 shows the magnitude and phase of the ratio of TM to RL displace-

ment. This ratio describes how much the TM moves for a given displacement of the

RL. For each cell, the ratio %\Ld was roughly constant with frequency. Because of the
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similarity across different cells, results have been pooled for 140 hair cells from nine
cochleae. The plot shows the median (horizontal bar), interquartile range (vertical
line), and full range (dots) of measured ratios. The median magnitude and interquar-
tile range of the ratios were less than one at all frequencies, indicating that the TM
moved less than the RL. The interquartile range of magnitudes spanned less than one
order of magnitude, and the full range spanned less than three. The median phase

was near 0 cycles at all frequencies.
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Figure 5-4: 11;—1}1[ vs. Frequency. This plot shows the magnitude and phase of the ratio of TM
to RL motion as a function of frequency for 140 hair cells from nine lizards. The horizontal
bars indicate the median value of the ratio over the frequency range indicated. The vertical
lines indicate the interquartile range of the ratio values. The dots indicate the full range of
ratio values. Note that the median magnitude was less than one at all frequencies, and the
median phase was near zero at all frequencies. The median values were nearly independent
of frequency.

TNQ—LRL. Figure 5-5 shows the magnitude and phase of TM shear (TM-RL) normal-

ized to RL displacement. This ratio describes the relative shear of the TM as seen
by a hair cell (i.e., TM-RL) for a given RL displacement. The median magnitude

was less than one at all but the highest frequencies, and was nearly independent of

T™

&1L the interquartile range of magnitudes spanned less than one

frequency. As with

order of magnitude, and the full range spanned less than three orders of magnitude.
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The phase was near —0.5 cycles at all frequencies; that is, TM shear was 180° out of

phase with RL displacement.
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Figure 5-5: % vs. Frequency. The magnitude and phase of the ratio of TM—RL motion

(i.e., TM shear) to RL motion as a function of frequency is plotted for the same 140 hair
cells as in figure 5-4. Symbols are as in figure 5-4. The median magnitude was less than
one and shows a slight increase with frequency. The median phase was near —0.5 cycles,
independent of frequency.

Tip—RL
TM—RL"

RL) normalized to TM shear (TM-RL). This ratio describes the extent to which TM

Figure 5-6 shows the magnitude and phase of hair bundle deflection (Tip—

shear drives hair bundle deflection. The ratio was roughly constant with frequency,
with a median value slightly less than one and a phase near 0 cycles. As with the
other measures, the interquartile range of magnitudes spanned less than one order of
magnitude, and the full range spanned about three.

Tip—RL
RL

Figure 5-7 shows the magnitude and phase of hair bundle deflection (Tip—
RL) normalized to RL displacement. This ratio was roughly constant with frequency,
with a median value between 0.1 and 0.5. The interquartile range spanned just over
one order of magnitude, while the full range spanned about three. The phase was

nearly constant with frequency, with a median value near —0.5 cycles.
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Figure 5-6: %ﬁ:?ﬂ vs. Frequency. This plot shows the magnitude and phase of the ratio of
Tip-RL motion (i.e., hair bundle deflection) to TM-RL motion (i.e., TM shear) as a function
of frequency for 140 hair cells. Symbols are as in figure 5-4. The median magnitude of this
ratio was less than one, and the median phase was near 0 cycles. Both magnitude and phase
median values are essentially independent of frequency.
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Figure 5-7: % vs. Frequency. The median magnitude of this ratio increased with
frequency with a slope of about 10 dB/decade, and was less than one at all frequencies.
The phase of this ratio was near —0.5 cycles at all frequencies; that is, hair bundle deflection
was out of phase with RL motion.
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5.4 Discussion

5.4.1 Are observed motions indicative of in vivo motions?

These results represent some of the first measurements of sound-induced motions
of hair bundles and the overlying tectorial membrane. It is important to evaluate
whether the observed motions accurately reflect the in vivo mechanics. In response
to sinusoidal sound stimulation, the basilar papilla, hair bundles, and tectorial mem-
brane all move sinusoidally. The basilar papilla rocks about the longitudinal axis, as
has been seen in previous studies (Frishkopf and DeRosier, 1983; Holton and Hud-
speth, 1983; see also chapter 4), with displacements comparable to basilar membrane
motion measured in vivo (Peake and Ling, 1980). This rocking causes deflections of
hair bundles primarily in the direction of hair cell excitation. The displacement of
the tips of hair bundles is typically less than that of the RL, so that in response to a
120 dB SPL tone (in fluid, corresponding to roughly 80-90 dB SPL at the eardrum),
hair bundle deflection is on the order of 0.1-0.25 pmypeax. This deflection is sufficient
to saturate the hair cell response in hair cells from other species (Corey and Hud-
speth, 1983; Crawford and Fettiplace, 1985), consistent with the saturated responses
measured in vivo at these sound pressure levels. These results show that the observed
motion is roughly consistent with the expected motions of structures in this cochlea.

However, we were not successful in measuring a cochlear microphonic potential
in this preparation, so we cannot establish with certainty that the observed motions
generate electrical responses similar to those measured in vivo. In addition, the
condition of the preparations was less than ideal, as judged by the presence of blebs
on the hair cells of the tectorial region (chapter 2). Blebs may directly affect the
mechanical response to sound by blocking hair bundle motion, or by pushing the TM
up and off of the hair bundles. In addition, blebbing may also be associated with
other cellular responses to acoustic trauma, such as reductions of the stiffness of hair
bundles (Flock, 1982; Saunders et al., 1986; Szymko et al., 1995; Chan et al., 1998;
Duncan and Saunders, 2000). Thus the mechanical interactions of cochlear structures

measured in this preparation may not entirely correspond to the interactions in vivo.
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Finally, these studies relied primarily on 2D measurements of motion. Although
3D studies of the basilar papilla suggest that axial motion is relatively independent
of frequency in the tectorial region (see chapter 4), it is possible that relative axial
motion between the TM and the RL is frequency dependent, and thus may affect

mechanical tuning.

5.4.2 Lack of frequency dependence

The most striking result of this study is the lack of frequency dependence of both
the absolute and relative motions of cochlear structures. Both the individual mea-
surements and the aggregate measurements of micromechanical transfer functions
show little variation with frequency. If the system were mechanically resonant, the
measured transfer functions would show increasing phase lag for frequencies above
the range of resonant frequencies seen in auditory nerve fibers innervating this region
(roughly 800 Hz). No such increase in phase lag is seen, indicating that no mechanical
resonances are present. Thus passive micromechanical tuning does not appear to play
a significant role in the frequency selectivity of the tectorial region of the alligator
lizard cochlea. This result is in sharp contrast to the micromechanical tuning of the
free-standing region (Frishkopf and DeRosier, 1983; Holton and Hudspeth, 1983; see
also chapter 6), in which frequency selectivity is determined largely by the mechanical
properties of the hair bundle and surrounding fluid.

In another lizard species, the Tokay gecko, the presence of tectorial structures
is believed to reduce the resonant frequency and increase the quality factor of res-
onance (Authier and Manley, 1995; Manley, 2000a), as compared to hair bundles
that project freely into endolymph. In the alligator lizard, however, resonance of
the TM /hair-bundle complex does not appear to play a role in mechanical tuning.
It is tempting to model the TM /hair-bundle complex as a resonant system whose
resonant frequency is below 50 Hz, so hair bundle deflection is proportional to RL
displacement. However, such a model predicts that %Would have a magnitude near
zero with a phase near —0.5 cycle, which is inconsistent with our measurements. A

more appropriate model is to treat the TM and hair bundles as stiffnesses connected
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by levers. With such a model, the displacement of the RL, tips of hair bundles, and
TM are in phase, and differ only by a scaling factor. Such a model is consistent with

the lever model of cochlear mechanics originally proposed by Davis (Davis, 1957).

5.4.3 Lack of TM resonance

The TM has been modeled as a resonant structure both in mammals (Hubbard and
Mountain, 1996, for review) and in lizards (Authier and Manley, 1995). Some evidence
for TM resonance has been seen in measurements of motions at the cochlear apex in
mammals (Gummer et al., 1996; Hemmert et al., 2000), although a similar study by
another group found no evidence of TM resonance (Ulfendahl et al., 1995). In this
study, we also find no evidence to support the idea of a resonant TM in the alligator
lizard. However, the interaction of the TM with hair bundles may be altered by the
presence of blebs on hair cells.

In mammalian cochleae, outer hair cells are believed to be stimulated by TM-
RL displacement, while inner hair cells are believed to be driven by TM-RL ve-
locity (Dallos et al., 1972) or by a combination of TM-RL velocity and displace-
ment (Freeman and Weiss, 1988). In the alligator lizard tectorial region, hair bundle
deflection is proportional to TM—-RL displacement, as would be expected if the bun-
dles were attached to the TM. However, hair bundle deflection is typically smaller
than TM-RL displacement. This result may be due to shear within the TM, since
TM displacement was measured at the top of the TM. However, shear is typically
associated with viscous coupling, which would introduce a phase lag that was not
seen in our measurements. An alternate hypothesis is that the TM rotates about a

separate attachment point as proposed by Davis (Davis, 1957).

5.4.4 The origin of sharp frequency selectivity

The observed mechanical properties of the cochlea show no significant frequency de-
pendence over the range of frequencies to which hair cells of this region are most

sensitive. Measurements from auditory nerve fibers innervating this region, however,
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demonstrate sharp frequency selectivity, with Qi0qg values ranging from one to five.
The question remains as to the origin of this sharp frequency selectivity. In the tec-
torial region, frequency selectivity may be determined by electrical resonance, as it is
in the turle cochlea (Fettiplace and Fuchs, 1999). Although electrical resonance has
not been studied in hair cells of the tectorial region, hair cells of the free-standing
region are electrically resonant at frequencies more appropriate for the tectorial re-
gion (Eatock et al., 1993). If hair cells in the tectorial region are similarly electrically
resonant, such resonance may be the basis for frequency selectivity in this region.
Alternately, frequency selectivity may be determined by active hair bundle motility,
as is believed to be the case in other lizard species (Manley and Koppl, 1998; Manley
et al., 2001). Indeed, these two mechanisms may be coupled (Weiss, 1982). The
results of this study demonstrate only that frequency selectivity does not come from
mechanical tuning in this region. In combination with the results presented in chap-
ter 6, these results suggest that two distinct mechanisms for conferring frequency

selectivity act in different frequency regions of the same cochlea.
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Chapter 6

Frequency Dependence of Motion
of Free-Standing Hair Bundles

Abstract

Although there has been a long-standing debate about whether hair bundles can be
mechanically resonant, existing measurements (Frishkopf and DeRosier, 1983; Holton
and Hudspeth, 1983) are not sufficient to resolve the issue. Freeman and Weiss de-
veloped a two-dimensional model to demonstrate that a mechanical resonance of hair
bundles was physically possible (Freeman and Weiss, 1990a-d). Their model, which
describes the transformation H,(f) from reticular lamina velocity to hair bundle ro-
tation, contains two free parameters, the height and the rotational compliance of
the hair bundle. These parameters determine the frequency and quality factor of
the resonance, while the low- and high-frequency slopes of H,(f) are determined by
fluid properties. A three-dimensional model (Shatz, 2000), showed that these slopes
were independent of the shape of the hair bundle. To test this model, we have made
detailed measurements of the motion of free-standing hair bundles as a function of
frequency. These measurements were made using the computer microvision system
developed in our laboratory. The measured H,(f) was fit with the Freeman and Weiss

model, varying only the rotational compliance; hair bundle height was measured from
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images. The fits accurately represent the measurements for almost all hair bundles,
confirming the model’s basic tenet that fluid mass and viscosity play a key role in hair
bundle mechanics. The fits fell into two categories. In the first category, the peak of
H,(f) fell within the frequency range expected for these hair cells (0.5-5 kHz). The
best-fit compliance for these hair bundles was somewhat smaller than the measured
compliance of hair bundles from other reptile species. In the second category, the
peak of H,(f) fell below the measured frequency range. The best-fit compliance for
these hair bundles was significantly larger, and could not be determined precisely.
The hair bundles of this second group may have suffered more damage from surgical
extraction. Given the simplicity of the Freeman and Weiss model, and the use of only

a single free parameter, the accuracy of the fits is striking.

Key words: Hearing, cochlea, basilar papilla, auditory mechanics, micromechanics,

hair bundle, frequency selectivity, microscopy, computer vision, alligator lizard.

6.1 Introduction

The conversion of sound from mechanical vibrations to electrical signals takes place
in the hair cells of the cochlea. Deflections of the hair bundles of hair cells open
mechanically-gated ion channels called transduction channels, modulating the flow
of current into the cells (Hudspeth and Corey, 1977). Although some hair cells are
electrically resonant (Crawford and Fettiplace, 1985), the receptor potential of most
hair cells is driven primarily by the gating of transduction channels. Consequently,
the frequency dependence of hair bundle deflection is a primary determinant of the
frequency selectivity of the hair cell.

Hair cells are components of many organs that sense acoustic and vibratory stimuli
over a wide range of frequencies, from near-DC to more than 100 kHz. The macrome-
chanical properties of the organ in which the hair cell is embedded determine the types
of stimuli and the range of frequencies that drive hair bundle deflection. However,

the hair bundle itself, along with structures and fluids surrounding it, constitutes a
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micromechanical system that can play a large role in determining the sensitivity and
frequency selectivity of the hair cell. Lizard cochleae provide a unique opportunity
to study the mechanical properties of hair bundles. Unlike most hair cell organs, in
which hair bundles project into overlying gelatinous structures, certain lizard cochleae
have hair cells whose bundles project freely into endolymph. Because the mechanical
properties of the fluid are known, this system provides a simpler context in which to

study the dynamics of hair bundles at audio frequencies.

6.1.1 Models of hair bundle mechanics

Since free-standing hair bundles in the alligator lizard cochlea are surrounded by
fluid, the motion of the fluid is believed to play a significant role in determining the
motion of the hair bundle. An early model of hair bundle mechanics suggested that
hair bundles of inner hair cells, which are believed not to be attached to the tectorial
membrane (TM), are driven by fluid viscosity and thus are sensitive to the velocity of
the reticular lamina (RL) relative to the TM (Dallos et al., 1972). Similarly, outer hair
cells, believed to be attached to the TM, were considered to sense RL displacement
relative to the TM. This model did not describe the mechanical properties of hair
bundles with no overlying tectorial structure.

As part of an effort to model the entire cochlear mechanical pathway of the alliga-
tor lizard, Weiss and Leong (1985) derived a model transfer function H,(f) relating
the deflection of free-standing hair bundles to the velocity of the RL. Their model
suggested that free-standing hair bundles could be mechanically resonant. Below the
resonant frequency, H,(f) increases with frequency by 10 dB/decade, while above
resonance, H,(f) decreases with frequency by 20 dB/decade. With an additional
low-pass filter, this model was able to match iso-rate tuning curves of free-standing
hair cells. The primary difficulty with this model was the use of simple approxima-
tions to describe the fluid mechanics, leaving the model’s fundamental conclusions
open to question.

A subsequent model (Freeman and Weiss, 1988; Freeman and Weiss, 1990a-d)

implemented a complete solution of the Navier-Stokes equation in two dimensions
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for a simplified system consisting of a hinged flap attached to a moving plate by a
rotational spring. The flap represents the hair bundle, while the plate, which moves
orthogonal to the plane of the flap, represents the reticular lamina. This model
qualitatively gave the same results as the Weiss and Leong model. The viscosity and
density of endolymph are assumed to be those of water (Money et al., 1966; Steer
et al., 1967; Rauch and Rauch, 1974), as in the Weiss and Leong model. If the mass
of the flap itself is ignored, then this model has only two free parameters — the height
of the flap and the compliance of its attachment to the plate. Because this model is
two-dimensional, fluid is constrained to go over rather than around the moving flap.
Thus this model most likely overestimates the effect of fluid inertia.

An extension of the Freeman and Weiss model to three dimensions (Shatz, 1996;
Shatz, 2000) allows fluid to flow around the bundle as well as over the top. This model
predicts that at low frequencies, H,(f) varies as the cube rather than the square of
hair bundle height, but otherwise makes predictions that match those of the earlier
models. However, this model requires a third parameter to describe hair bundle shape
(tall and thin vs. short and fat), and lacks a closed-form solution over most of the
frequency range of interest in this study.

The most striking result of all three models of free-standing hair bundle motion
is that at low frequencies, hair bundle rotation is proportional not to RL velocity,
but to a linear combination of RL velocity and acceleration. This combination gives
H,(f) a low-frequency slope of +10 dB/decade, with a phase of +1/8 cycle; that
is, hair bundle rotation leads RL velocity. This result stems from the fact that the
thickness of the fluid boundary layer decreases with frequency, so the fluid shear
which drives hair bundle motion depends on both viscous and inertial properties of

the fluid (Freeman and Weiss, 1988; Freeman and Weiss, 1990c).

6.1.2 The Freeman and Weiss ‘flap’ model in more detail

Although the models described above all make similar predictions, the Freeman and
Weiss model is the only one which is both hydrodynamically accurate and for which

solutions are available for all relevant frequencies. In addition, the free-standing hair
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bundles of the alligator lizard cochlea are arranged in rows, and so are similar in
appearance to the two-dimensional ‘flap’ of the Freeman and Weiss model. For this
reason we will compare measured hair bundle motions to the predictions of this model.

The model is illustrated in figure 6-1. A basal plate, immersed in water, moves
in the z direction with a velocity U,. A rigid flap of height L is attached to the
plate by a specific compliance (compliance per meter of the flap) C,. Motion of the
basal plate causes the flap to rotate through an angle #. The flap is acted on by
hydrodynamic forces due to fluid motion, and by the reactive force of the compliant
attachment. The hydrodynamic forces are predominantly linear in the range of sound
intensities typically seen in the cochlea (Freeman and Weiss, 1990a). Consequently the
hydrodynamic forces due to motion of the basal plate can be considered separately
from those due to rotation of the flap. The rotation of the flap is then described
by an equation balancing the torques due to hydrodynamic forces, the compliance
of the attachment, and the inertia of the flap. From this equation, the transfer

i

function 7=(f) can be determined as a function of frequency.

y
)
T

L Basal
|

Flap Plate

Figure 6-1: The Flap model of Freeman and Weiss. The flap projects from the basal plate
moving at velocity Uy in the z direction. Motion of the basal plate causes the flap to
rotate through an angle §. The model describes the transformation U%( f) as a function of
frequency. The two free parameters in the model are L, the height of the flap, and C',, the
specific compliance of the attachment of the flap to the plate. The properties of the fluid
around the flap are taken to be those of water. Figure taken from Freeman and Weiss,

1990d.

At low frequencies, the torques due to inertia and the rotation of the flap are
negligible, so the hydrodynamic torque due to motion of the basal plate is balanced by
the torque due to the compliant attachment. The torque due to motion of the plate at

low frequencies results from the rate of fluid shear within the viscous boundary layer,
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which depends on both viscous and inertial properties of the fluid. Consequently, at
low frequencies U%( f) increases with frequency with a slope of 10 dB/decade and a
phase angle of +% cycle (Freeman and Weiss, 1990b). Since the hydrodynamic torque
is balanced by the torque due to the compliance, the magnitude of Uib( f) is directly
proportional to C, in this frequency range. Hydrodynamic torque also depends on
flap height, so the magnitude of U%< f) is directly proportional to L as well.

At high frequencies, the compliance of the attachment provides negligible torque.
In addition, the boundary layer is infinitesimally small. Consequently, the fluid forces
acting on the flap are predominantly inertial. As a result, rotation of the flap is
proportional to displacement of the basal plate; the flap rotates about a virtual pivot
point that lies between % and %, depending on the mass of the flap (Freeman and
Weiss, 1990c,d). The high-frequency asymptote of U%( f) falls by 20 dB/decade with
a phase angle of -1/4 cycle. The magnitude of U%< f) at high frequencies is determined
by fluid inertia, and is thus inversely proportional to L.

U% (f) has a maximum at an intermediate frequency. This maximum is due to a res-
onance between the mass of moving fluid and the compliance of the flap attachment.
Unlike in a traditional mechanical resonance, however, the mass is not constant; it
depends on both frequency and the height of the flap. Increasing L decreases the res-
onant frequency, but does not significantly affect the sharpness of tuning. Increasing
C, decreases both the resonant frequency and the sharpness of tuning. The model
includes an additional parameter, M., which is the mass per unit length of the flap.
Increasing this mass decreases the resonant frequency and increases the sharpness
of tuning. These three variables — L, C,, and M, — provide the only degrees of
freedom in the model. We assume M, is negligible, so the model as used in this study

has only two free parameters. The effect on the model predictions of changing each

of these parameters is shown in figure 6-2.

6.1.3 Measurements of hair bundle mechanics

Although several studies have measured the static or low-frequency mechanical prop-

erties of hair bundles (Crawford and Fettiplace, 1985; Saunders, Canlon and Flock,
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Figure 6-2: Dependence of flap model on model parameters. The left-hand plot shows how
the model prediction changes as L is varied, with C, and M, held constant. Increasing L
decreases the resonant frequency, but does not affect the sharpness of tuning. The center
plot shows how the model prediction changes with C,. Increasing C, decreases the resonant
frequency and decreases the sharpness oftuning. The right-hand plot shows how the model
prediction depends on M,. Increasing M, decreases the resonant frequency slightly, and
significantly increases the sharpness of tuning. Figure taken from Freeman and Weiss,
1990d.

1986; Howard and Ashmore, 1986; Howard and Hudspeth, 1988, among others), few
experimental measurements of sound-induced hair bundle motion at audio frequen-
cies have been made. Frishkopf and DeRosier (1983) measured the difference in the
phase of motion of the tips and bases of hair bundles in the alligator lizard. At low
frequencies, the tips and bases moved in phase. As the frequency was increased, the
tip increasingly lagged the base, with lags as large as 0.5 cycle by 3 kHz (figure 1-6).
In addition, taller bundles at more apical locations showed greater phase lag at a
given frequency than shorter bundles. These results provide some evidence that free-
standing hair bundles are mechanically resonant. However, without measurements of
the magnitude of motion, phase differences between the tip and base do not provide
sufficient information to characterize H,(f). The relative phase between tip and base
position is biased towards zero by common motion of the two locations, and so does
not accurately describe hair bundle rotation. Holton and Hudspeth (1983) measured
the magnitude and phase of motion, but only for two hair bundles — one at the low-

frequency end and one at the high frequency end of the cochlea (figure 1-7). These
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measurements were made at only two frequencies, resulting in a total of four measure-
ments of hair bundle rotation. Two of these measurements were below the noise floor
of their measurement system. Thus from their measurements we can conclude only
that tall hair bundles rotate more at 1.2 kHz, and short hair bundles rotate more at
3.8 kHz. While these measurements confirmed that the motion of free-standing hair
bundles was indeed frequency dependent, they did not provide enough information to
evaluate mechanical models, or to determine whether the frequency selectivity seen
in electrical measurements of hair cells can be explained by micromechanical tuning.

In this study we performed detailed measurements of the motion of several hair
bundles and their underlying reticular lamina in response to sound stimulation. These
measurements used a computer microvision system developed in our laboratory (chap-
ter 3), which can measure the three-dimensional motion of all structures in the cochlea
with nanometer precision. From these measurements we can compute H,,(f) for com-
parison with models. A preliminary analysis of some of these results was presented

previously (Aranyosi and Freeman, 2000; Freeman et al., 2000).

6.2 Methods

6.2.1 Biological preparation

Adult alligator lizards (20-49 g) are sacrificed by decapitation and pithing. The dorsal
skin and muscle are removed. A scalpel is used to penetrate the posterior semicircular
canal and remove the bone covering the sacculus. The saccular membrane is peeled
away with fine forceps, and the saccular otoconia are removed by gentle suction. A
razor blade shard is used to cut the 8th nerve. Hydraulically actuated forceps mounted
on a micromanipulator are used to lift the cochlea out by the 8th nerve. The cochlea
is transferred (through air in earlier experiments, through saline in later ones) to the
stimulus chamber, which is filled with artificial perilymph. Artificial endolymph is

perfused over the apical surface before the vestibular membrane is removed.

Artificial perilymph contains (in mM): Na™, 168; K+, 3; Ca™2, 2; Mg™2, 1.2; Cl~,
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174.9; SO;2, 2; Hy,PO;, 0.5; D-glucose, 5; Hepes, 5. Artificial endolymph contains
(in mM): Na*, 2; K+, 174; Ca*2, 0.02; C1—, 171.5; SO;2, 2; H,PO;, 0.5; D-glucose,
5; Hepes, 5. Solutions were adjusted to a pH of 7.30, and had an osmolality of 342+8
mmol/kg. Both solutions contained MEM essential and non-essential amino acids,
and were oxygenated immediately before use. In some experiments Liebowitz” L-15
was used in place of artificial perilymph. All chemicals were purchased from Sigma

Chemical Company (St. Louis, MO).

6.2.2 Measurement system
Experiment chamber

The Plexiglas® experiment chamber (figure 4-1) allows the cochlea to be clamped
over a hole separating two fluid spaces. Artificial perilymph is perfused through the
basolateral fluid space and artificial endolymph is perfused through the apical fluid
space. This separation of fluids allows us to simulate the in wvivo cochlear fluid en-
vironment. The clamping ring encircles the neural limbus and triangular limbus to
avoid clamping the basilar membrane or basilar papilla. A piezoelectric disk (Pana-
sonic EFR Series) generates sound waves in the basolateral fluid, and a hydrophone
(Model EPB-126W-100G, Entran Devices, Inc., Fairfield NJ) measures the resulting

pressure. The bottom surface of the chamber is sealed with a glass coverslip.

Video microscopy

The video microscopy system has been described in detail elsewhere (Davis and Free-
man, 1998b; see also chapter 3). The chamber is placed on the stage of a microscope
and viewed using brightfield transmitted light illumination. The specimen is viewed
through a 63x, 0.9 NA water immersion objective, with a transmitted-light condenser
with an NA of 0.8. Images are collected with a 12-bit, 1024x1024 pixel CCD camera
(CADT7-1024A, Dalsa Inc., Waterloo, Ontario)*.

*Early experiments used a 40x, 0.75 NA objective, an 0.6 NA condenser, and a 12-bit, 576x384
pixel CCD camera (CH250A, Photometrix Inc., Tucson, AZ).
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The cochlea is illuminated with a green LED (Nichia, Tokushima, Japan). The
light source is synchronized to the acoustic stimulus, allowing us to stop the apparent
motion of the cochlea at arbitrary stimulus phases. We typically take images at eight
evenly-spaced stimulus phases. This process is repeated at several focal planes to give
us three-dimensional information about the positions of cochlear structures. We apply
a two-point flat fielding technique (Hiraoka et al., 1987; Healey and Kondepudy, 1994)
to the images to correct for spatial inhomogeneities in the imaging system. The
resulting corrected images have pixel values that are proportional to the brightness

of the specimen.

Image analysis

From a series of images of the cochlea at different phases of the sound stimulus, we
can determine the motions of cochlear structures with nanometer accuracy. Mo-
tion measurements are made using computer vision algorithms (Davis and Free-
man, 1998a; Davis and Freeman, 1998b; Timoner and Freeman, 2001) based on ones
originally developed by Horn (Horn, 1986; Horn and Weldon Jr., 1988). These al-
gorithms are based on the assumption that the brightness of a moving object does
not change; only the spatial distribution of brightness changes. By tracking changes
in the spatial distribution of brightness over time, we can measure motions as small
as two nanometers in the plane of focus and 40 nanometers in the axial direction
(see chapter 3).

By computing the displacement of an object between images taken at successive
stimulus phases, we determine the motion of the object at the stimulus frequency and
its harmonics. We make separate measurements of the motion of the tip and base of
each hair bundle. The rotation angle # is determined by subtracting motion of the
tip from that of the base, dividing by the height L of the hair bundle as measured
from the images, inverting the sign! and computing the arctangent. The velocity

U, is determined from the displacement of the base. Both # and U, are taken to

TThe sign is inverted because in the Freeman and Weiss model, positive € is in the direction for
which the base moves more than the tip; see figure 6-1.
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be the component of motion along the axis pointing from the shortest to the tallest
stereocilia. The fundamental components of § and U, are determined from Fourier
transforms, and the transfer function H,(f) = % is computed as the ratio of these
components. This transfer function is the same one used in models of this cochlea.
Fundamental components of motion were used because in response to sinusoidal sound
stimulation, cochlear structures typically moved sinusoidally (see section 6.3.2), both

when observed visually in the microscope and when viewed in images.

6.2.3 Model fits

The best least-squares fit of the Freeman and Weiss model of H,(f) was computed
for each hair bundle measured. This model has two free parameters — L, the length
of the hair bundle, and C,, the rotational compliance of the bundle attachment. The
length of each hair bundle was measured from the images by finding the distance from
the tip of the tallest stereocilim to the base of that stereocilium. Consequently, the
model fits were allowed only a single free parameter, C,. No arbitrary gain adjustment
was allowed. Fits to the same data were also made while allowing both L and C,
to vary. Fits were computed using all measured magnitudes. The phase data were
not used for these fits because phase measurements are more susceptible to noise.
Since several magnitude measurements were also corrupted by noise, additional fits
were computed on selected subsets of the measurements, referred to hereafter as the

filtered data set. Data points were included in the filtered set based on two criteria:

e The peak-to-peak displacement of both the tip and base of the hair bundle in

the direction of bundle sensitivity was at least 50 nm.

e The magnitude of the fundamental component of motion of both the tip and

the base was at least 10 dB larger than that of any higher harmonics.

The rejection of certain data points was based on the observation that sound-induced

motions were typically sinusoidal, but measurement noise due to drift of the tis-

iThe orientation of hair bundles reverses direction along the midline of the cochlea; this reversal
was ignored in determining the direction of positive motion.
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sue or ambient vibrations was not. Drift and ambient noise have a larger effect on
small motions, so the first criterion rejects measurements that are more susceptible to
noise. We have empirically observed sinusoidal motions of the tissue under low-noise
conditions, but drift and ambient noise become aliased to higher harmonics of the
stimulus frequency by our measurement system (section 3.5.1). The second criterion
is designed to reject measurements that are likely to be corrupted by noise. Fits of
the Freeman and Weiss model to the filtered data set were computed twice; once by
fitting only the magnitudes, and once by fitting the real and imaginary components.
Both fits are reported in the results.

The Freeman and Weiss model rather than the Shatz model was used to fit the
data for two reasons. First, the Freeman and Weiss model can be solved at all
relevant frequencies, while the Shatz model cannot. Second, the predictions of the
Freeman and Weiss and the Shatz models are not significantly different; although the
dependence of H,(f) on bundle height at low frequencies differs for the two models,
the differences between the two models can only be compared if the compliance of
hair bundles is known. Since the compliance is a free parameter in the fits, the two

models are essentially equivalent.

6.3 Results

6.3.1 Measured hair bundle heights

Figure 6-3 shows the heights of hair bundles measured in this preparation as a function
of distance from the basal end of the cochlea. For many hair bundles near the apical
end, the basal end was not visible in the images, and so the distance had to be
estimated. This process resulted in a consistent underestimate of the distance for
these bundles; the length of the free-standing region of this cochlea as measured in
other studies is between 250 and 300 pm, but our measurements are all below 200 pm.
Nonetheless, there is a clear trend for hair bundle height to increase with distance

from the basal end. The line in figure 6-3 shows hair bundle heights measured from
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transverse sections of fixed tissue (Mulroy, 1974). The measured bundle heights in
this study were consistently larger than those of Mulroy by up to 10 gm, but both

show the same trend with position.
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Figure 6-3: Measured hair bundle heights vs. longitudinal position. Hair bundle heights
were measured from images of the unfixed tissue. Longitudinal positions were sometimes
estimated, since the basal end of the basilar papilla was not always visible. The pluses
show the measured heights of hair bundles oriented primarily in the axial direction of the
microscope, circles show the measured heights of hair bundles oriented primarily in the
plane of focus of the microscope. The dashed line shows the least-squares power-law fit to
the data, L = 5.25d°34, r=0.85 (n=136). The solid line shows measurements of hair bundle
height in fixed tissue (Mulroy, 1974).

6.3.2 Motion of a typical hair bundle

Figure 6-4 shows the displacement of both the tip of one hair bundle and the RL
(base of the hair bundle) in response to a 1687 Hz, 120 dB SPL stimulus®. The
displacements were largely sinusoidal; higher harmonics were more than 20 dB smaller
than the fundamental component. At this frequency, the tip moved less than the RL
and lagged the RL by 0.190 cycles. The difference of tip and RL motion, which is
hair bundle deflection, was slightly larger than motion of the RL, and lagged the RL
by 0.377 cycles.

The measurements of figure 6-4 were typical in that displacement of the tip lagged

that of the RL, and hair bundle deflection lagged both tip and RL displacement.

§This stimulus corresponds to 85-100 dB SPL at the tympanic membrane.
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Figure 6-4: Motion of the tip and RL of one hair bundle (bundle 118) in response to a 1687
Hz, 120 dB SPL stimulus. The RL moved by 0.191 um peak. The tip moved 0.145 pm
peak, and lagged the RL by 0.190 cycles. By subtracting motion of the RL from that of
the tip, we get a measure of hair bundle deflection (labeled ‘Tip—RL’). The hair bundle was
deflected by 0.193 pm peak, and bundle deflection lagged motion of the RL by 0.377 cycles.
This bundle had a height of 22 um, so peak bundle rotation was 0.50°.

Displacement of the tip was typically smaller than or equal to that of the RL, with
the exceptions being at the lowest frequencies. In contrast, hair bundle deflection was
often larger than displacement of the RL, depending on the phase lag from RL to tip

displacement.

Figure 6-5 shows the ratios ?{’ and T‘p RL as a function of frequency for the hair
bundle of figure 6-4. The magnitude of Tlp decreased by about a factor of two between
400 Hz and 4 kHz. At most frequencies, the tip moved less than the RL. The phase
of Tlp showed increasing lag with frequency, with a lag greater than 1/4 cycle at the
highest frequencies. The magnitude of TI%LRL increased by about a factor of three
between 400 Hz and 4 kHz. The phase of Tlp RL showed greater lag than that of %,

approaching a lag of 1/2 cycle at the highest frequencies.

6.3.3 Measurements of the phase of the tip relative to the
phase of the base of the hair bundle

Frishkopf and DeRosier (1983) estimate the characteristic frequency (CF) of the hair
bundle by measuring the difference between the phase of motion of the tip and the

phase of motion at the base of a hair bundle. They choose CF to be the frequency at
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Figure 6-5: Ratio of tip motion and bundle deflection to RL motion vs. frequency, for the

bundle in figure 6-4. The ratio of % motion decreased slightly with frequency, with a phase

that fell with frequency to below —1/4 cycles. The magnitude of % increased slightly

with frequency. Bundle deflection lagged RL motion by more than 1/4 cycles at all but the
lowest frequencies, with a phase that approached —1/2 cycles at high frequencies.

which the tip lags the base by 1/4 cycle. For comparison with their measurements, we
estimated CF using the same technique for 136 hair bundles from four preparations.
For twenty-five of these bundles, the phase lag was less than 1/4 cycle over the entire
frequency range measured, so no CF could be determined by this method. The
estimated CF of the remaining 111 bundles is shown in figure 6-6. The solid line
shows the least-squares power-law fit to the measurements; the dashed line shows
the fit of Frishkopf and DeRosier to their data. Both fits have similar slopes, but
the fit to these data has a larger offset. Most of the estimates of CF fall near the
best-fit line, showing that the estimated CF is inversely correlated to bundle height.
The CF values estimated from our measurements all fell on or above the best-fit line
from the Frishkopf and DeRosier study. The distribution of estimated CF values is
biased toward high frequencies; sixteen bundles had estimated CF values larger than
1.5 times that predicted by the best-fit line, but only two bundles had estimated CF
values less than 0.6 times that predicted by the best fit.

6.3.4 Measurements of H,(f)

The Freeman and Weiss model predicts the micromechanical transfer function H,( f)from

RL motion to hair bundle rotation. We compute H,(f) by measuring U%( f), the ratio
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Figure 6-6: CF estimated from phase measurements. The data points show the frequency
(CF) at which the phase of motion of the tip of the hair bundle lags that of the base of
the bundle by 1/4 cycle. CF is inversely correlated to hair bundle height. The solid line
shows the least-squares power-law fit to these measurements. The dashed line shows the
least-squares power-law fit of Frishkopf and DeRosier to their measurements.

of hair bundle rotation (in radians) to velocity of the RL at the base of the bundle (in
cm/sec). The magnitude of Uib( f) is equal to that of P2=RL divided by Lw, where L
is the hair bundle height and w = 27 f is the angular frequency of the sound stimulus.
The phase of U%( f) leads that of T2=BL by 1/4 cycle. Since the measured motions of
hair bundles were predominantly sinusoidal, calculations of Uib( f) were based on the

fundamental components of Tip—RL and RL motion.

Figure 6-7 shows measurements of U%( f) as a function of frequency for two hair
bundles. The plots on the left are for the same bundle shown in section 6.3.2, those
on the right are for a different bundle. The circles show the measured values of Uib( f)-
The magnitudes were mostly between 0.01 and 0.1, and decreased with frequency
at high frequencies. At low frequencies, magnitudes were constant or increased with
increasing frequency. The phase rolled off from at or above 0 cycles at low frequencies
to —1/4 cycles at high frequencies. The solid lines show the best fit of the model of
Freeman and Weiss (Freeman and Weiss, 1988; Freeman and Weiss, 1990a) to the
magnitudes, and are discussed in section 6.3.5. These plots show data from two hair
bundles for which measurements were available over a wide frequency range, and

represent some of the best fits of the Freeman and Weiss model to the measurements.

Appendices A, B, and C show measured U%( f) values for 136 hair bundles from four
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Figure 6-7: U%( f) vs. frequency for two hair bundles (bundle 118 on the left, 97 on the right).

The top plots show the magnitude of U%( f), the bottom plots show the phase. Circles show
the measured points, solid lines are the best fits of the model of Freeman and Weiss using a
single free parameter. The measured data points generally fall near the best-fit line of the
model. Dotted lines show the model prediction for twice the best-fit specific compliance,
dashed lines show predictions for half the best-fit specific compliance. The parameters C,
and L are those used in the model; L is the hair bundle height as measured from images,
C, is the best-fit rotational specific compliance of the bundle.

preparations. The left-hand plot for each bundle shows the magnitude and phase of all
measured Uib (f) values as a function of frequency. Several of these measurements were
corrupted by measurement noise and drift of the preparation. To reduce the effect
of these artefacts, we created a filtered data set containing only the measurements
that met the two criteria listed in section 6.2.3. These criteria eliminated 494 of
1624 Uib( f) measurements; thirteen because of small magnitudes, 357 because of non-
sinusoidal motions, and 124 due to both criteria. The center and right-hand plots in

the appendices show the filtered subset of Uib( f) measurements.

For nearly all hair bundles, except some of those in appendix A, Uib( f) falls with

frequency at high frequencies. The high-frequency slope of U%( f) is typically near —20
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dB/decade. The phase of U%( f) approaches —1/4 cycles at high frequencies. In other
words, at high frequencies hair bundle rotation 6 is proportional to the displacement
X} of the base of the bundle.

Hair bundles for which low-frequency measurements of U% (f) were available largely
fell into two categories. In the first category, the magnitude of Uib( f) fell with fre-
quency at all frequencies, and the phase of U%( f) was near —1/4 cycles at all frequen-
cies measured. For these hair bundles, the largest value of U%( f) was typically at the
lowest frequency measured. In the second category, U%( f) was constant or increasing
with frequency at low frequencies, with a phase near or above 0 cycles. For these hair
bundles, the largest value of Uib( f) was typically at a frequency between 500 Hz and
5 kHz.

6.3.5 Model fits of H,(f)

In addition to the measured U%( f) values, figure 6-7 shows fits of the Freeman and
Weiss model to the measurements. These fits were computed by finding the value
of the single free parameter C, that minimizes the difference between the measured
magnitudes and the model predictions in a least-squares sense¥. The solid lines show
the best fit of the model to the data. For the left-hand plot, the model accurately
predicts the phase; for the right-hand plot, the model predicts the phase at high
frequencies, but underestimates phase lag at low frequencies. The dashed line shows
the prediction of the model for twice the best-fit specific compliance. The dotted
line shows the prediction of the model for half the best-fit specific compliance. The
largest differences between the different model predictions are at low frequencies.
The Freeman and Weiss model was fit to measurements of Uib( f) for the 136 hair
bundles described in section 6.3.4. These fits are shown in the appendices. The left-
hand plots show the least-squares fits of the model to all the measured magnitudes.
The center plots show the least-squares fits of the model to the magnitudes of the

filtered subset of data. The right-hand plots show the least-squares fits of the model

YModel fits in which both C, and L were allowed to vary are described in section 6.3.7.
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to the real and imaginary components of the filtered subset of data. In subsequent
figures, analyses of these three fits are shown side-by-side for comparison.

It is important to stress that these fits were found by adjusting only a single
free parameter, the specific compliance C,. There is no overall gain parameter in
the model fits. Doubling or halving the best-fit C, respectively increases (dotted
lines) or decreases (dashed lines) the modeled Uib( f) at low frequencies, while having
very little effect at high frequencies. The high-frequency predictions of the model
are determined primarily by the measured bundle height L, and so are completely
constrained by the model. The best-fit specific compliance and the measured hair

bundle height are listed at the top of each plot in the appendices.

The fits let us divide the hair bundles into three groups. The three appendices
are sorted based on the fit of the Freeman/Weiss model to the real and imaginary
components of the filtered data set. Appendix A contains twenty-four measurements
which were not well fit by the model; the best fits to these measurements had RMS
errors more than 0.5 times the mean Uib( /) magnitude. Fourteen of these 24 came
from the extreme basal end of the papilla in one preparation. The hair bundles in
this group will not be described further in the results section. Appendix B contains
32 measurements which were well fit by the model with the peak frequency of the

fit below 500 Hz. Appendix C contains 80 measurements which were well fit by the
model with the peak frequency of the fit between 500 Hz and 10 kHz.

For the hair bundles in appendices B and C, the measured U%< f) values at high
frequencies typically fall close to the predictions of the Freeman /Weiss model. The one
free parameter in the model, C', has almost no effect on the model predictions at high
frequencies. Thus U%( f) at high frequencies can be predicted from the Freeman/Weiss
model knowing only the hair bundle height L.

For the hair bundles in appendix B, a wide range of C, values resulted in nearly
identical fits to the measurements. These fits typically gave relatively high C', values,
often as high as permitted by the fitting procedure (10'* rad/N). For these bundles,
the Freeman/Weiss model fits were linear with a slope of —20 dB/decade for all

frequencies above 500 Hz.
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For the hair bundles in appendix C, the measurements constrain C, more tightly.
The best fit of the model to these measurements has a peak frequency in the range
0.5-10 kHz. Below this peak frequency, the magnitude of the fit rises with frequency
at 10 dB/decade, while the phase falls from +1/8 cycle to about 0 cycles. Above
the peak frequency, the magnitude of the fit falls at -20 dB/decade, and the phase
approaches -1/4 cycle.

To evaluate the accuracy of the fits, we compared the error in the best fit of the
Freeman /Weiss model to the error in a linear fit to the magnitudes. Figure 6-8 shows
the comparison for the 113 bundles in appendices B and C. The three plots in the
figure correspond to the three fits for each bundle in the appendices. The left-hand
plot shows the error in the fits to all the magnitudes. The center plot shows the error
in the fits to the magnitudes of the filtered data set. The right-hand plot shows the
error in the fits to the real and imaginary components of the filtered data set. In
each case, the error in the fit of the Freeman/Weiss model is comparable to that of a
linear fit, even though the linear fit has two free parameters compared to the one in
the Freeman/Weiss model. The error in the fit of the Freeman/Weiss model is larger
for the right-hand plot, because the error is computed to both real and imaginary

components, while the error in the linear fit is computed using the magnitude.

Dependence of model parameters on bundle height

The parameters C, and L (rotational specific compliance and height of the hair bun-
dle) characterize the model fit. Since L was measured from the images, C, was the
only free parameter in the fit. Figure 6-9 shows the best-fit C', as a function of bundle
height L for the 112 bundles that were well fit by the model. For each symbol, the
horizontal bar marks the best-fit C',, and the vertical bar shows the range of C', values
for which the error in the fit is within 10% of the minimum error. The grey symbols
are for bundles for which the best frequency was below 500 Hz; the black symbols are
for bundles for which the best frequency was between 500 Hz and 10 kHz. For the
right-hand figure, these symbols correspond to the bundles in appendices B and C,

respectively. In general, the bundles in grey are well fit by any specific compliance
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Figure 6-8: RMS errors of fits of the Freeman and Weiss model vs. RMS errors of linear fits.
Circles show the RMS error in the best linear fit vs. the RMS error in the best fit of the
Freeman and Weiss model. For data points above the line, the error in the linear fit is larger;
for data points below the line, the error in the Freeman/Weiss fit is larger. The left-hand
plot shows the errors in the fits to the magnitudes of all measured data. The center plot
shows the errors in the fits to the magnitudes of the filtered data set. The right-hand plot
shows the errors in the fits to the real and imaginary components of the filtered data set.
Nine hair bundles had only one or two data points in the filtered data set; these bundles
are not shown in the center and right-hand plots, since the error in the linear fit for these
bundles is zero.

larger than about 5 x 10® rad/N. The measurements for the bundles in black more
tightly constrain C,. For these bundles, the range of C', values for which the error
is within 10% of the minimum is typically smaller than a factor of two. For most of
these bundles, the best-fit C, is within 10" and 10® rad/N. For a hair bundle width
of 8 um, these values correspond to rotational compliances in the range 1.25 - 102
1.25 - 10" rad/N-m. In the fits to the magnitudes of U%(f) measurements (left and
center plots), C., is inversely correlated to bundle height for the bundles for which C,
is constrained by the data. For the fit to the real and imaginary components of Uib( ),
however, no such trend is evident. The next several figures will show results only for
the bundles plotted in black in this figure.

The fits of the Freeman and Weiss model shown in figure 6-7 have a prominent
peak at a particular frequency f,. Figure 6-10 plots f,, as a function of hair bundle
height for the hair bundles plotted in black in figure 6-9. The peak frequency f, falls
between 500 Hz and 3 kHz for nearly all hair bundles. When the Freeman/Weiss
model is fit to just the magnitudes of the measurements, f, is only loosely correlated

to bundle height. When the model is fit to the real and imaginary components of the
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Figure 6-9: Best-fit C, vs. bundle height. This figure plots the C, value that best fits the
magnitudes of all the measurements (left), the magnitudes of the filtered data set (center),
and the real and imaginary components of the filtered data set (right). The horizontal line
for each data point shows the best-fit C, plotted against measured hair bundle height. The
vertical line shows the range of C, values for which the error in the fit is less than 10% larger
than the best-fit error. Black symbols are for hair bundles for which Uib( f) has a magnitude

peak between 500 Hz and 10 kHz; grey symbols are for hair bundles for which Uib( f) peaks
at a lower frequency. In general, the fits plotted in black have lower best-fit C', values and
smaller ranges than fits plotted in grey.

filtered data set (right-hand plot), f, is inversely correlated to bundle height to the

% power.
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Figure 6-10: Peak frequency of U%( f) vs. bundle height. The arrangement of plots is as
in figure 6-9. Circles show the peak frequency for each hair bundle. The solid lines show
the least-squares power law fit to the data points. On the left, the fit is f, = 4.38 041
(r=-0.30). In the center, the fit is f, = 9.46L7°%2 (r=-0.41). On the right, the fit
is f, = 103L~147 (r=-0.70). The dashed line in each plot shows the fit to the data of
Frishkopf and DeRosier from figure 6-6.

Since we know the location of each hair bundle, we can also look at the distri-

bution of peak frequency along the length of the papilla. This distribution is shown
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in figure 6-11. For all three types of fits, peak frequency is inversely correlated to
distance from the basal end of the papilla. This correlation is strongest for the fits
in the right-hand plot. The dashed line in each plot shows a predicted frequency-to-
place map based on neural measurements (Holton and Weiss, 1983a), assuming that
distance across the nerve maps directly to distance along the papilla. Most of the

best frequencies seen in this study fall below this prediction.
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Figure 6-11: Peak frequency of U%( f) vs. longitudinal position d. The arrangement of plots
is as in figure 6-9. Circles show the peak frequency for each hair bundle. The solid lines show
the least-squares power law fit to the data points. On the left, the fit is f, = 7.63d 041
(r=-0.60). In the center, the fit is f, = 6.25d7%3% (1=-0.49). On the right, the fit is
fp = 15.9d7%63 (+1=-0.67). The dashed lines show a frequency-to-place map predicted from
the neural data of Holton and Weiss (1983a). Nearly all of the best frequencies in this study
fall below the prediction from neural neural measurements.

Figure 6-12 shows the peak frequency of f, vs. the best-fit C, for the same hair
bundles as in the previous figures. The data are widely scattered. Although there
is a trend for best frequency to be inversely correlated to best-fit compliance, the
correlation is not strong.

The frequency selectivity of a resonant system is often represented by the quality
factor Q. Figure 6-13 shows the Qi0qg as measured from the best fit of the Freeman
and Weiss model as a function of hair bundle height. The Q19qp values are all between
0.1 and 0.4. These Qoqp values are all lower than those of the electrical responses of
hair cells (Holton and Weiss, 1983b; Holton and Weiss, 1983a) or the neural responses
of auditory nerve fibers (Weiss et al., 1976), which range from 0.5 to 5. For all three
types of fits, Qoqp is correlated with hair bundle height.
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Figure 6-12: Peak frequency of Uib( f) vs. C,. The arrangement of plots is as in figure 6-9.
Circles show the peak frequency for each hair bundle. The solid lines show the least-squares
power law fit to the data points. On the left, the fit is f, = 24.7C; %1% (r=-0.38). In
the center, the fit is f, = 36.5C; %1% (r=—0.35). On the right, the fit is f, = 1690C; %42
(r=—0.44). Peak frequency is weakly correlated to C.,.

6.3.6 Analysis of a ‘golden’ experiment

One experiment, conducted on October 18, 2001, yielded a large number of low-
frequency measurements with little noise. These measurements (bundles 113-136 in
appendix C) were fit quite well by the Freeman/Weiss model. The best-fit C, values
were tightly constrained by the low-frequency measurements; C, was 6.6-10742.1-107
rad/N (n=21). Figure 6-14 shows the peak frequency for these hair bundles as a
function of both bundle height and distance from the basal end, as determined by
the fits to both real and imaginary components of the filtered data set. Both curves
show similar trends to those seen in figures 6-10 and 6-11, but with significantly less
scatter. These plots show that the trends seen in the combined data set are also

evident in results from individual experiments.

6.3.7 Two-parameter fits

Measurements of hair bundle height allow us to fit the Freeman and Weiss model
to our measurements using only a single free parameter. We can also evaluate the
model by allowing flap height to be a free parameter, and comparing the measured
and fit heights. Figure 6-15 plots the best-fit flap height vs. the measured bundle

height. For many hair bundles, the best fit was relatively insensitive to the flap
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Figure 6-13: Qpqg of model fits vs. hair bundle height. Q;oqg Was measured from the
least-squares fit of the Freeman and Weiss model to the measured U%( f). The values fall
between 0 and 0.5 for nearly all hair bundles measured. The arrangement of plots is as
in figure 6-9. Circles show Qqgqpfor each hair bundle. Lines show the least-squares linear fit
to the data points. On the left, the fit is Qioqp= 6.0-1073L +0.10 (r=0.74). In the center,
the fit is Qioap= 5.5-1073L+0.13 (r=0.70). On the right, the fit is Qipqp= 2.5-1073L+0.17
(r=0.39).

height. Figure 6-15 shows only the bundles for which the range of bundle heights
over which the error was within 10% of the minimum was less than 4 gum. In the
left-hand plot, 38 hair bundles satisfied this criterion. In the center and right-hand
plots, 55 hair bundles satisfied the criterion. For all three types of fits, best-fit flap
height is loosely correlated to measured bundle height. For the fits to the real and
imaginary components of the filtered data set, the best-fit line has a slope near 1 and
an offset near zero. For the other two types of fits, the slope is lower and the offset is

larger.

The best-fit bundle heights from the two-parameter fits in figure 6-15 are not well
correlated to the measured bundle heights, although they were tightly constrained
for a fixed C,. With two-parameter fits, it is possible to have a situation where each
parameter is tightly constrained when the other is fixed, but the two parameters
can covary without significantly increasing the error of the fit. To investigate this
possibility, we plotted the error in the two-parameter fit for a range of L and C', values
for each bundle. Figure 6-16 shows a contour plot of this error for one hair bundle.
Contour plots for other hair bundles were similar in appearance — simultaneously

increasing L and decreasing C', had little effect on the error in the fit. When either
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Figure 6-14: Peak frequency of U%( f)for a ‘golden’ experiment. The left-hand graph plots
the peak frequency of the best fit of the Freeman/Weiss model as a function of measured
hair bundle height. The solid line is the least-squares power law fit to the data points,
fp=1.15-10°L7230 (r=—-0.92). The dotted line is the least-squares fit from the right-hand
plot of figure 6-10. The right-hand graph plots the peak frequency as a function of distance
from the basal end. The solid line is the least-squares power law fit, f, = 482504983
(r=—0.92). The dashed and dotted lines are repeated from the right-hand plot of figure 6-11.
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Figure 6-15: Comparison of measured and fit bundle heights. The best-fit flap height of the
Freeman and Weiss model is plotted vs. measured hair bundle height. The arrangement of
plots is as in figure 6-9. For each symbol, the horizontal line indicates the flap height of
the best least-squares fit when both flap height L and compliance C', are allowed to vary.
The vertical line indicates the range of flap heights for which the error in the fit is within
10% of the minimum error. Only hair bundles for which this range was less than 4 um
are included in this plot. This restriction gave 38 hair bundles for the left-hand plot, and
55 hair bundles for both the center and right-hand plots. Although there is a significant
amount of scatter to the data, the best-fit flap height is correlated to the measured bundle
height in all three fits. Lines show the least-squares linear fit to the data points. On the
left, Fit Height = 0.51 Measured Height +15.8 (r=0.43). In the center, Fit Height = 0.42
Measured Height +19.8 (r=0.26). On the right, Fit Height = 1.05 Measured Height +1.9
(r=0.56). The best-fit height was weakly correlated to the measured height.

158



C, (rad/N)

L or C, is specified, the other parameter is tightly constrained. However, when
neither is constrained there is a large range of parameter values for which the error is
within 10% of the minimum. Thus small measurement errors can cause large changes
in the best-fit parameter values for the two-parameter fits. Figure 6-17 shows the
measured Uib( f) values for bundle 128, along with model predictions for the four
locations shown in figure 6-16. Note that the predictions all have nearly the same
best frequency and phase, and differ only slightly in magnitude at high frequencies.

The error in each fit was similar.

Figure 6-16: The error in a
two-parameter fit as a function
i ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ of L and C,. This plot shows
the best-fit values of L and C,
(marked by the x), and contours
at every 10% increase in error up
0} , to twice the minimum error. At
a given L or C}, the other param-
eter is tightly constrained. How-
ever, the two parameters can co-
vary without significantly increas-
ing the error in the fit. The x
marks the parameters that best
fit the data for a two-parameter
fit. The square marks the best fit
5 10 15 20 25 3 8 40 45 50 5 when the bundle height is speci-
Bundle Height L (um) fied. The circles mark two sets of
parameters for which the model fit

is shown in figure 6-17.

6.4 Discussion

6.4.1 Estimates of hair bundle height

As shown in figure 6-3, the height of hair bundles varies systematically along the
length of the cochlea. However, our estimates were consistently larger than previous
estimates made from fixed tissue. There are three potential causes of this discrepancy.

First, the optical point spread function of the microscope tends to blur structures in
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Bl 128, P27/ 190410107 radll, L=26 um Figure 6-17: Model fits for four values of L and C,
i for one hair bundle. The solid line shows the best
one-parameter fit of the model using the measured
hair bundle height. The short-dashed line shows the
best fit of the model when both L and C, are allowed
to vary. The long-dashed and dotted lines show the
180 e best fit of the model with L equal to 15 and 30 pum,
] I respectively. Note that all fits have nearly the same
L peak frequency and nearly the same phase. The mag-
[ nitudes of the fits differ at high frequencies by less
oo ] B than a factor of two. The error in each fit was within
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the axial direction, so that objects appear taller than their true height. If this were
the reason for the overestimate, we would expect hair bundles oriented in the direc-
tion of the microscope axis to appear consistently taller than hair bundles oriented
longitudinally. However, we do not see such a trend, so optical blurring is unlikely
to be the reason for the difference. A more likely reason is that fixation tends to
cause tissues to shrink, so estimates of bundle height from fixed tissue are consis-
tently smaller. Another possible reason is that we measure hair bundle heights from
the lowest point at which individual stereocilia can be recognized. This point is likely
to be inside the cell, so the height of the stereocilia outside the cell in fixed tissue is

smaller.

Fits of the Freeman and Weiss model to the measured Uib( f) values used the
measured hair bundle height to constrain the model to having a single free parameter.
However, it is not necessarily clear that the measured bundle height is the best value to
use for fitting. For most hair bundles, the model fits at high frequencies — which are
determined entirely by L — are quite good, suggesting that using the measured height
is appropriate. For some measurements, however, the model fits would be improved by
choosing a different value for hair bundle height. In particular, for some hair bundles
the absolute value of the fit at high frequencies — which is determined entirely by
L — does not match the measurements, although the slopes are similar. There is

some evidence that the presence of multiple hair bundles in close proximity can be
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represented in the model as a change in the effective height of the flap (Freeman,
unpublished). Model fits that allow L to vary result in best-fit values of L that can
be quite different from the measured values. However, the measurements do not
sufficiently constrain such two-parameter fits, so a large range of L values generate
similarly good fits. Consequently, we reported C, values from the one-parameter
fits using the measured hair bundle height. To a first approximation, any difference
between the measured hair bundle height and the effective height can be compensated

by a change in C,.

6.4.2 Hair bundle deflections are comparable to those pre-

dicted from in vivo measurements

Although we cannot directly assess the magnitude of hair bundle rotation in vivo, we
can make predictions based on electrical recordings from hair cells. Measurements of
electrical responses of free-standing hair cells (Holton and Weiss, 1983b) show that the
response magnitude saturates near 80 dB SPL at the tympanic membrane. In turtle
cochlear hair cells, bundle rotations of about 0.1° saturate the electrical responses of
the cells (Crawford and Fettiplace, 1985). In our measurements, sound pressures of
120 dB SPL in fluid (which correspond to 84-100 dB SPL at the eardrum, as shown
in figure 1-5) cause hair bundle deflections close to 0.5° peak. Assuming that alligator
lizard cochlear hair bundles and frog saccular hair bundles are similarly sensitive to
rotation (Pickles, 1993), our measurements of hair bundle deflection suggest that
electrical responses of hair cells should saturate at sound pressures of 70-86 dB SPL.
Thus the observed hair bundle deflections are roughly comparable to those expected

m VIo.

6.4.3 Comparison to previous measurements

Frishkopf and DeRosier estimate the peak frequency of hair bundle motion by mea-
suring the difference between the phase of displacement of the tip and the base of

a hair bundle. Displacement of the tip is the sum of hair bundle deflection and
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displacement of the base; the second term biases the phase difference toward zero.
Consequently, this method results in an estimate of the peak frequency that is too
high. In figure 6-5, the phase of % is —0.25 cycles at about 2 kHz; for the same hair
bundle, the peak of Uib( f) in figure 6-7 is below 1 kHz. Thus the best frequency found
by fitting the Freeman and Weiss model is typically lower than that predicted by the
phase-difference method, as shown in figure 6-10.

The peak frequency estimated from our measurements using this phase-difference
method is at or above that measured by Frishkopf and DeRosier for all the hair
bundles in our study. There are two likely reasons for this discrepancy. First, as
stated above, the phase-difference method overestimates the peak frequency. This
overestimate is likely to be larger for shorter hair bundles, because the basilar papilla
moves more at the basal end at high frequencies (see chapter 4). Second, the cochleae
in our study were typically more organized in appearance than in previous studies
(Frishkopf, personal communication), suggesting that our preparations suffered less
damage during extraction. Since one effect of hair bundle damage is an increase
in compliance (Flock, 1982; Flock and Strelioff, 1984; Saunders et al., 1986; Canlon
et al., 1987; Szymko et al., 1995; Chan et al., 1998; Duncan and Saunders, 2000), hair

bundles that have suffered less damage will have higher peak frequencies.

6.4.4 Reliability of fits

Three types of fits of the Freeman and Weiss model to the data were performed.
Fits of the model to all measured magnitudes are likely to be corrupted by noisy
measurements, and therefore are probably not reliable. Filtering the data set to
remove such measurements reduces the effect of noise. However, fits to the magnitudes
of this filtered data set are extremely sensitive to measurement errors; particularly in
the high-frequency region, large changes in C', are necessary to make small changes
in the magnitude of the fit. Fits to the real and imaginary components are less
susceptible to minor variations in the measurements. For this reason we believe that
the fits to the real and imaginary components of the filtered data set are the most

reliable.
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The Freeman and Weiss model has a third parameter, M., the mass per unit
length of the flap. We set this parameter to zero in fitting our measurements. To
verify the accuracy of this assumption, we need to estimate M, for a hair bundle. The
tallest stereocilia we measured were about 34 pum long, and the shortest stereocilia in
those bundles were less than half that height. Thus the cross-sectional area of these
bundles is less than 200 pum?. If the hair bundles have the density of water (1000
kg/m?3), M, would be 2 - 1077 kg/m. Figure 6-2 shows that an M, value five times
larger than this has a negligible effect on the predictions of the model. In other words,
the mass of entrained fluid greatly exceeds that of the hair bundle. For this reason,
we ignored the effect of hair bundle mass in our calculations.

When the hair bundle height L is fixed in the model, the measured Uib( f) val-
ues generally tightly constrain C,. Similarly, when C, is fixed, the measurements
tightly constrain L. However, when both parameters are allowed to vary, a wide
range of parameter values provide similarly good fits to the measurements. Within
this range, increasing L while decreasing C', has little effect on the peak frequency.
Although increasing L lowers the model prediction at high frequencies, decreasing C',
partially compensates for this lowering (see figure 6-2). Consequently, measurements
of Uib( f) by themselves do not provide sufficient information to tightly constrain the

parameters of the Freeman and Weiss model.

6.4.5 Comparison of measured Uib( f) to model predictions

The fits of the Freeman and Weiss model to our measurements are surprisingly accu-
rate given the simplicity of the model. At high frequencies, the measured U% (f) almost
always decreased with frequency with a slope near —20 dB/decade. The model accu-
rately predicts not only the slope but also the magnitude of U%( f) at high frequencies,
even though the only free parameter, C,, has no effect on the model fit in this fre-
quency range. In other words, with no degrees of freedom in this frequency range
— not even a gain parameter — the model fit both the magnitude and phase of
the measured Uib( f). This result confirms one of the basic tenets of the Freeman and

Weiss model, that free-standing hair bundles are sensitive to RL displacement at high
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frequencies.

For 32 hair bundles, the slope of Uib( f) was —20 dB/decade at low frequencies
as well as high frequencies. The Freeman and Weiss model fit these measurements
quite well for any value of C, larger than about 10® rad/N. It is likely that these hair
bundles were damaged by the dissection. Extensive damage can break the stereocilia

rootlets, which would tend to make the hair bundles extremely compliant.

For 80 hair bundles, the best fit of the Freeman and Weiss model had a peak
between 500 Hz and 10 kHz, with a positive slope vs. frequency for frequencies below
the peak. The measured Uib( f) magnitudes often showed the same trend, although
relatively few reliable measurements were obtained below the peak frequencies of the
fits. The measured U%( f) phases were in good agreement with the model for these hair

bundles. In particular, Uib( f) had a phase at or above zero cycles at low frequencies.

The consistent increase in phase lag with frequency seen in both the measurements
and the models highlights the different mechanical processes at work at low and high
frequencies. At high frequencies, both measured and modeled phase were near —i
cycle. This phase lag is consistent with the idea that at high frequencies, inertial
properties of the fluid minimize motion of the hair bundle, so # is proportional to
reticular lamina displacement (Freeman and Weiss, 1990b). At low frequencies, both
the measured and modeled phase were at or above 0 cycles. This phase lead is
consistent with the idea that at low frequencies, hair bundle deflection is driven by

boundary-layer effects which depend on both the velocity and acceleration of the

reticular lamina (Freeman and Weiss, 1990c).

The model typically provided better fits to the magnitudes of U%( f) at high fre-
quencies than at low frequencies. Because the bases and tips of hair bundles typ-
ically moved in phase at low frequencies, measurements of hair bundle rotation at
low frequencies involved small differences of large motions. Consequently the low-
frequency measurements contained a significant amount of noise, as can be seen by
comparing measurements made at closely-spaced frequencies. The lack of reliable
low-frequency measurements means that other models could provide good fits to the

measured U%( f). In particular, the magnitudes — but not the phases — are well-fit
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by modeling U%( f) as a low-pass filter with two free parameters, the DC gain and the
cutoff frequency. However, such a model is a “black box”, in that it has no direct
physical basis. In comparison, the Freeman and Weiss model fits the data using a
physically-based model with only a single free parameter. These features make the
Freeman and Weiss model the most parsimonious interpretation of the data.

The best fits of the Freeman and Weiss model to our measurements provide es-
timates of C, that range over a factor of five, from roughly 2 - 107 to 108. This
large range of compliances is hard to reconcile with the fact that the bases of all free-
standing hair bundles in this cochlea look remarkably similar. Some of this variability
is probably due to errors in measuring hair bundle height, since the best-fit C', varies
with hair bundle height for a given set of measurements (figure 6-16). However, it
is likely that some hair bundles suffered more damage than others during dissection.
Since damage to hair bundles increases their compliance, the in vivo compliance of
the bundles is thus more likely to match the lower end of the range measured in this

study, and to be constant across the papilla.

6.4.6 Dependence of best frequency on best-fit model param-

eters

For the hair bundles for which the model fits had peak frequencies above 500 Hz, the
peak frequency of the fit was inversely correlated to the measured bundle height. This
correlation is clearly seen in figure 6-10, even though there is significant scatter in the
data. The correlation is even more evident in the data of figure 6-14; the relationship
between f, and L for this one preparation was similar to the relationship for the
pooled data, but with significantly less scatter. The best-fit lines in these plots show
that f, is inversely proportional to L raised to the % to g power. Hair bundle heights
vary by about a factor of three in the free-standing region of this cochlea, while best
frequencies of neural recordings from this region vary by about a factor of 4.5. Thus

the prediction f, o L~% is more likely representative of the in vivo relation.

In this study, no strong dependence of f,, on the best-fit compliance C, was seen.
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However, the lowest f, values were never associated with the lowest C, values; the
lower-left corners of the plots in figure 6-12 are devoid of data points. This is not
surprising, since all else being equal, higher C, values lead to lower f, values in the
model. The weak correlation of f, with C, suggests that frequency selectivity in the
free-standing region of this cochlea is determined by changes in hair bundle height

rather than changes in the compliance of the attachment.

6.4.7 The mechanical frequency selectivity of hair bundles
matches that of hair cell receptor potentials at high

levels, but not low levels

Measurements of U%( f) in this study demonstrate that free-standing hair bundles are
mechanically resonant. However, this mechanical resonance alone does not account
for the frequency selectivity of hair cells and auditory nerve fibers in this region of the
cochlea. In this study, f, of the model fits ranged from about 0.5-3.5 kHz. Tuning
curves measured in the auditory nerve of this lizard range from 1-4.5 kHz for fibers
innervating the free-standing region. In addition, by assuming distance along the
auditory nerve maps to distance along the basilar papilla, we derive a frequency-to-
place map (figure 6-11) that predicts f, values higher than measured. However, the
neural tuning curves were measured near threshold, while our measurements were
made at high levels. Measurements of the electrical responses of hair cells show that
the peak frequency of the AC (but not DC) component of the receptor potential
decreases as the stimulus level increases (Holton and Weiss, 1983a). This decrease
can be as large as an octave. Such a shift is consistent with the lower f, values in our
study.

The Qio4p values of the fits in this study are lower than those reported by Weiss
et al (1976) and Holton and Weiss (1983), who measured Qioqp values of 0.5 to
3 from hair cells in the free-standing region and auditory nerve fibers innervating
this region. However, the sharpness of tuning decreases as level increases (Holton

and Weiss, 1983b), so the Qioqp values measured in response to high-level stimuli
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are comparable to those seen in this study. The nonlinear mechanism that causes
sharpness of tuning to change with stimulus level is unknown.

Saturation of the transduction channels reduces the sharpness of tuning at high
levels, but does not account for the broadening of tuning curves measured below sat-
uration, nor for the shift in f, with level. In the Freeman and Weiss model, sharpness
of tuning can be increased either by increasing L and decreasing C,, or by assuming
that the hair bundle itself has mass. Neither of these mechanisms depends on stim-
ulus intensity, so the parameters that describe hair bundle motion at high intensities
are equally applicable at low intensities. Manley and Koppl have provided some evi-
dence of an active mechanism in the gecko cochlea (Manley and Képpl, 1998; Manley
et al., 2001), and suggest that this mechanism is bundle motility. Adding active bun-
dle motility to the Freeman and Weiss model may increase the sharpness of tuning
in response to low-level stimuli, and may also cause f, to shift to higher frequencies
at low levels. However, there is currently no direct evidence for the presence of an
active mechanism in the alligator lizard cochlea.

In summary, we have demonstrated that free-standing hair bundles have a passive
mechanical resonance that determines the best frequency of the hair cell. The motion
of hair bundles is well fit by the model of Freeman and Weiss, providing experimental
verification of this model. The resonant frequency is determined by the interaction
of the hair bundle compliance with the mass of the fluid entrained to move with the
bundle; this mass varies with the height of the bundle. The mechanical resonances
are highly damped by fluid viscosity, so the sharpness of tuning measured at the level
of hair bundle deflection is lower than that measured at the level of hair cell electrical
responses. The mechanism by which sharpness of tuning is increased at low levels

has not been established.
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Appendix A

U%( f) of hair bundles that were not
well fit by the Freeman/Weiss

model

The 24 hair bundles in this appendix had Uib( f) values that were not well-fit by the
Freeman/Weiss model. The best fit to the magnitudes of the filtered data set (center
plots) had RMS errors more than 20 times larger than the mean magnitude of Uib( f)-
Of these hair bundles, fourteen (bundles 4649, 51, 81, 83, 85-89, 100, 101) came from
the extreme basal end of the papilla in one experiment. The three plots for each hair
bundle show different subsets of the data and different fits of the model. In each plot,
the solid line shows the best fit, the dotted line shows the model prediction for twice
the best-fit compliance, and the dashed line shows the model prediction for half the
best-fit compliance. The left-hand plots show all the measured U%( f) values (circles),
with the best fit of the magnitudes. The center plots show the subset of Uib( f) values
for which the magnitude of the fundamental component of motion was larger than
100 nm, and the magnitudes of higher harmonics were at least 20 dB smaller; the fits
in these plots were made to the magnitudes only. The right-hand plots show the same

data as the center plots, but with fits to both the real and imaginary components

ofUib(f).
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Figure A-1: Bundle 24
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Figure A-4: Bundle 47
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Figure A-13: Bundle 81
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Figure A-17: Bundle 87
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Figure A-19: Bundle 89
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Bundle 125, Cz=3.86517e+09 rad/N, L=16 um
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Appendix B

U%( f) of hair bundles that were well
fit by the Freeman/Weiss model
with a peak frequency below 500

Hz

The 32 hair bundles in this appendix had Uib( f) values that were well-fit by the
Freeman/Weiss model. The peak frequency of the fit to the real and imaginary
components of the filtered data set (right-hand plots) fell below 500 Hz. The three
plots for each hair bundle show different subsets of the data and different fits of the
model. In each plot, the solid line shows the best fit, the dotted line shows the
model prediction for twice the best-fit compliance, and the dashed line shows the
model prediction for half the best-fit compliance. The left-hand plots show all the
measured Uib( f) values (circles), with the best fit of the magnitudes. The center
plots show the subset of Uib( f) values for which the magnitude of the fundamental
component of motion was larger than 100 nm, and the magnitudes of higher harmonics
were at least 20 dB smaller; the fits in these plots were made to the magnitudes only.
The right-hand plots show the same data as the center plots, but with fits to both

the real and imaginary components of U%( f)-

179



Bundle 1, Cz=1.1842e+07 rad/N, L=35 um Bundle 1, Cz=1.2424e+07 rad/N, L=35 um Bundle 1, Cz=1.25396e+08 rad/N, L=35 um

| s MR | | s MR | | s MR |

B3 B3 R
S o ° ]
o o o
g g g 1
o o o 1
o o o 4
= = =
Fel Eel Eel i
=} =) =)
8 8 8
Q Q Q
2 2 2
Fo.01 = Fo0.01 — = Fo0.01 —
T — 5 T — Y T — T
1000 10000 1000 10000 1000 10000
| s MR | | s MR | | s MR |
g 057 r g 057 r g 057 r
° 1 I ° 1 r °© 1 I
[0} - [0} B - [0} 4 -
@ @ @
£ 0 - £ 0 - £ 0 -
o o o ~—
2 I o 1 I S g e o L
S S 3 T -
s A 3 s 3 A 3
< < <
F 05 = 05— = F 05—
T — T T — T T — T
1000 10000 1000 10000 1000 10000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
Figure B-1: Bundle 1
Bundle 3, Cz=1e+14 rad/N, L=24 um Bundle 3, Cz=6.95819e+06 rad/N, L=24 um Bundle 3, Cz=1e+14 rad/N, L=24 um
| s MR | M| s MR | | s MR |
3 E 3 L 3 E L
o ] o [ o ] o
[ ] @ [ @ ] [
o o o
g 1 g [ g 1 i
o 1 o i o 1 I
< 4 < L < 4 o L
= = = o
Q Q Q
=} 1 =} r =} 1 ° I
8 8 E o
2 2 2
Fo0.01 — —- Fo. —- Fo0.01 — —-
T — 5" T — T
1000 10000 10000 1000 10000
| s MR | | s MR |
g 05 2 g 05
° 1 I ° 1 r ° 1 I
> > >
o 1 r o 1 i o 1 r
[0} 4 - [0} - [o) 4 -
[z} [z} [z}
© © ©
£ °7 ° C& £ 07 ° O
s == w [ 3 [ 3 ] = [
3 4 Oo T F 3 3 3 4 T -
s A 3 s 3 s A 3
< < <
05— = 05— = F 05— =
T — T T — T T — T
1000 10000 1000 10000 1000 10000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
Figure B-2: Bundle 3
Bundle 8, Cz=1e+14 rad/N, L=34 um Bundle 8, Cz=1e+14 rad/N, L=34 um Bundle 8, Cz=1.99585e+08 rad/N, L=34 um
M M| Ll M| S ! M|
£ £ E £ { o
o o 1 o ] o
@ @ ] @ ] [
o o o
g g 1 g 1 [
j=} j=} 1 j=} 1 i
o o 4 o 4 -
= = =
el el J e 4 -
=} =} =}
E E E
L5} [5) [5)
=2 =2 =2
oot LB | T T T T T T o0t = LB | T T T T T T o001 = LB | T T T T TTT -
1000 10000 1000 101 1000 10000
| s MR | | s MR | | s MR |
% 05 r % 0577 r % 05 r
< ] L < ] L < ] -
e C) C)
> > >
o 1 r o 1 i o 1 r
[ 4 - [ 4 - [ 4 -
@ @ @
£ 0o o - £ 07 - £ 07 -
-] 1 °oo i -] 1 o i -] 1 i
=) =) =)
E 4 0 0O U°°o°' E g [ T U°°o°' E 4 ° T U°°o°'
N r R [ R r
F-05— - F-05— = F-05— -
T — T — T —
1000 10000 1000 10000 1000 10000
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure B-3: Bundle 8
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Bundle 15, Cz=1.83464e+07 rad/N, L=33.6 um
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Bundle 15, Cz=2.77294e+08 rad/N, L=33.6 um
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Bundle 18, Cz=7.66095e+07 rad/N, L=32.3 um
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Bundle 18, Cz=1.05695e+08 rad/N, L=32.3 um
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Bundle 27, Cz=2.1528e+07 rad/N, L=30.1 um
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Bundle 27, Cz=1.17626e+08 rad/N, L=30.1 um
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Figure B-27: Bundle 64
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Appendix C

U%( f) of hair bundles that were well
fit by the Freeman/Weiss model

with a peak frequency between 500
Hz and 10 kHz

The 80 hair bundles in this appendix had Uib( f) values that were well-fit by the
Freeman/Weiss model. The peak frequency of the fit to the real and imaginary
components of the filtered data set (right-hand plots) fell between 500 Hz and 10
kHz. The three plots for each hair bundle show different subsets of the data and
different fits of the model. In each plot, the solid line shows the best fit, the dotted
line shows the model prediction for twice the best-fit compliance, and the dashed
line shows the model prediction for half the best-fit compliance. The left-hand plots
show all the measured Uib( f) values (circles), with the best fit of the magnitudes.
The center plots show the subset of Uib( f) values for which the magnitude of the
fundamental component of motion was larger than 100 nm, and the magnitudes of
higher harmonics were at least 20 dB smaller; the fits in these plots were made to the
magnitudes only. The right-hand plots show the same data as the center plots, but

with fits to both the real and imaginary components of Uib( f).
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Bundle 2, Cz=1e+14 rad/N, L=24 um
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Figure C-1: Bundle 2
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Bundle 2, Cz=4.27775e+07 rad/N, L=24 um
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Bundle 6, Cz=8.0214e+07 rad/N, L=16 um
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Figure C-4: Bundle 6

Bundle 7, Cz=1.78758e+07 rad/N, L=27 um
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Figure C-6: Bundle 10
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Figure C-7: Bundle 11
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Bundle 22, Cz=4.14309e+07 rad/N, L=24.4 um

Theta/Ub Mag (rad-s/cm)

o
2
L
I

1000 10000

o
o

o
|

Theta/Ub Phase (cycles)

I
o
o
L
I

1000 10000
Frequency (Hz)

Figure C-11: Bundle 22
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Figure C-14: Bundle 29
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Figure C-15: Bundle 30
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Bundle 31, Cz=3.16002e+07 rad/N, L=32 um
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Bundle 34, Cz=1e+14 rad/N, L=30.2 um
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Figure C-19: Bundle 34
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Bundle 34, Cz=6.48323e+07 rad/N, L=30.2 um
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Bundles55, Cz=2.04635e+08 rad/N, L=32.5 um
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Figure C-22: Bundle 55
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Figure C-23: Bundle 56

Bundle 58, Cz=1e+14 rad/N, L=32.1 um
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Bundle 55, Cz=4.3164e+07 rad/N, L=32.5 um
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Bundle 59, Cz=1e+14 rad/N, L=32.9 um
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Figure C-25: Bundle 59
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Figure C-26: Bundle 62

Bundle 63, Cz=1e+14 rad/N, L=26.5 um
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Figure C-27: Bundle 63
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Bundle 59, Cz=9.05021e+06 rad/N, L=32.9 um
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Bundle 65, Cz=4.00572e+08 rad/N, L=27.3 um
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Figure C-28: Bundle 65

Bundle 66, Cz=1.28022e+07 rad/N, L=27.3 um
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Figure C-29: Bundle 66

Bundle 67, Cz=1e+14 rad/N, L=26.2 um
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Figure C-30: Bundle 67
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Bundle 65, Cz=4.99955e+07 rad/N, L=27.3 um
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Figure C-31: Bundle 68

Bundle 69, Cz=1e+14 rad/N, L=27.3 um
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Figure C-32: Bundle 69

Bundle 70, Cz=1e+14 rad/N, L=27 um
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Figure C-33: Bundle 70
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Bundle 68, Cz=3.95692e+07 rad/N, L=27.4 um
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BundleP72, Cz=3.60303e+08 rad/N, L=24.2 um
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Figure C-34: Bundle 72

Bundle 73, Cz=1e+14 rad/N, L=26.7 um
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Figure C-35: Bundle 73

Bundle 74, Cz=1e+14 rad/N, L=22.3 um
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Figure C-36: Bundle 74
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BundleP72, Cz=8.41561e+07 rad/N, L=24.2 um
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Bundle 75, Cz=1e+14 rad/N, L=26.5 um
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Figure C-37: Bundle 75
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Figure C-38: Bundle 77
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Figure C-39: Bundle 78
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Bundle 75, Cz=4.49247e+07 rad/N, L=26.5 um
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Bundle 79, Cz=1e+14 rad/N, L=26.5 um
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Figure C-40: Bundle 79

Bundle 80, Cz=2.14964e+09 rad/N, L=24.8 um
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Figure C-41: Bundle 80
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Figure C-42: Bundle 82
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Bundle 79, Cz=2.7065e+07 rad/N, L=26.5 um
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Bun@, Cz=2.10498e+09 rad/N, L=16.2 um
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Figure C-43: Bundle 84

Bundle 94, Cz=7.99361e+09 rad/N, L=23.4 um
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Figure C-44: Bundle 94
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Figure C-45: Bundle 95
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Bundle 96, Cz=3.34528e+07 rad/N, L=22.2 um
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Figure C-46: Bundle 96

Bundle 97, Cz=3.8362e+07 rad/N, L=19.6 um
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Figure C-47: Bundle 97
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Figure C-48: Bundle 98
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Bundle 99, Cz=2.45396e+07 rad/N, L=21.5 um
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Figure C-49: Bundle 99

Bundle 102, Cz=9.62879e+06 rad/N, L=27.1 um
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Figure C-50: Bundle 102

Bundle 103, Cz=4.39476e+07 rad/N, L=22.7 um
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Figure C-51: Bundle 103
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Bundle 99, Cz=3.5414e+07 rad/N, L=21.5 um
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Bundle 104, Cz=4.19728e+07 rad/N, L=25.4 um Bundle 104, Cz=2.35308e+07 rad/N, L=25.4 um Bundle 104, Cz=4.7416e+07 rad/N, L=25.4 um
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Figure C-52: Bundle 104
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Figure C-53: Bundle 105
Bundle 107, Cz=3.96484e+07 rad/N, L=30.6 um Bundle 107, Cz=1e+14 rad/N, L=30.6 um Bundle 107, Cz=3.24322e+07 rad/N, L=30.6 um
) eyl s MR | M| s MR | = s s MR |
g ' E S :
K 2 1 ° [ K [
° ° ] [ ° [
g g 1 i g i
j=} j=} 1 i j=} i
o o 4 - o -
= = =
el el p L el L
=] =] =]
E E E
[5) [5) [5)
< < <
oot LB | T T T LA | o001 = LB | T T T llllll_ oot LB | T T T llllll_
1 oloo 1 0?00 1 oloo 1 0?00 1 oloo 1 0?00
% 0.5 r % 0.5 r % 0.5 r
< ] L < ] L < ] L
S 3] 3]
> > >
S 1 i o 1 i o 1 i
[ 4 - [ 4 - [ 4 -
17} a a
& o o & oq © o & o0 o
o o o
o 1 i e 1 o ° i o 1 [
=) 4 L =) 4 L 2 J L
8 8 8
@ 1 F @ 1 F @ 1 F
= K= K=
'__0'5_ LB | T T T llllll_ '__0'5_ LB | T T T llllll_ '__0'5_ LB | T T T llllll_
1000 10000 1000 10000 1000 10000
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure C-54: Bundle 107
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Bundle 108, Cz=2.47861e+07 rad/N, L=31.1 um
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Figure C-55: Bundle 108

Bundle 109, Cz=2.95533e+07 rad/N, L=29.8 um
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Figure C-56: Bundle 109

Bundle 110, Cz=1e+14 rad/N, L=31.9 um
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Figure C-57: Bundle 110
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Bundle 108, Cz=2.86517e+07 rad/N, L=31.1 um
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Bundle 111, Cz=2.08921e+07 rad/N, L=30.8 um
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Figure C-58: Bundle 111

Bundle 112, Cz=2.83951e+07 rad/N, L=27.9 um
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Figure C-59: Bundle 112

Bundle 113, Cz=6.89081e+07 rad/N, L=16 um
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Figure C-60: Bundle 113
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Bundle 111, Cz=2.69839e+07 rad/N, L=30.8 um
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Bundle 114, Cz=8.73266e+07 rad/N, L=21 um
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Figure C-61: Bundle 114

Bundle 116, Cz=3.2206e+07 rad/N, L=17 um

Theta/Ub Mag (rad-s/cm)

o
=4
L

o
1

Theta/Ub Phase (cycles)

|
Ied
o
L
I

1000 10000
Frequency (Hz)

Figure C-62: Bundle 116

Bundle 117, Cz=8.82038e+07 rad/N, L=16 um
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Figure C-63: Bundle 117
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Bundle 114, Cz=8.90898e+07 rad/N, L=21 um
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Bundle 118, Cz=8.67177e+07 rad/N, L=22 um
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Figure C-64: Bundle 118

Bundle 119, Cz=1.23406e+08 rad/N, L=15 um
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Figure C-65: Bundle 119

Bundle 120, Cz=4.55122e+07 rad/N, L=14 um
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Figure C-66: Bundle 120
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Bundle 118, Cz=7.70703e+07 rad/N, L=22 um
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Bundle 122, Cz=4.32936e+07 rad/N, L=18 um Bundle 122, Cz=4.5376e+07 rad/N, L=18 um Bundle 122, Cz=4.65241e+07 rad/N, L=18 um
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Figure C-67: Bundle 122
Bundle 123, Cz=1.38891e+09 rad/N, L=18 um Bundle 123, Cz=1.03396e+08 rad/N, L=18 um Bundle 123, Cz=5.48108e+07 rad/N, L=18 um
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Bundle 126, Cz=5.61415e+07 rad/N, L=22 um
|

Theta/Ub Mag (rad-s/cm)

o
o

1000 10000

o
o
J
1

Theta/Ub Phase (cycles)

1000 10000
Frequency (Hz)

Bundle 127, Cz=9.82579e+07 rad/N, L=19 um
|

Theta/Ub Mag (rad-s/cm)

o
2
L
I

1000 10000

o
o
|

°
L4 .°

Theta/Ub Phase (cycles)

I
o
o
L
I

1000 10000
Frequency (Hz)

Buhdle 128, Cz=7.53187e+07 rad/N, L=26 um
|

Theta/Ub Mag (rad-s/cm)

o

1000 10000

Theta/Ub Phase (cycles)

1000 10000
Frequency (Hz)

Bundle 126, Cz=5.80822e+07 rad/N, L=22 um

Theta/Ub Mag (rad-s/cm)

o
o

1000 10000

o
o
J
1

Theta/Ub Phase (cycles)

1000 10000
Frequency (Hz)
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Bundle 127, Cz=8.77641e+07 rad/N, L=19 um
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Buhdle 128, Cz=6.69571e+08 rad/N, L=26 um
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Figure C-72: Bundle 128
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Bundle 126, Cz=5.38874e+07 rad/N, L=22 um
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Bur&dle 129, Cz=9.83562e+07 rad/N, L=25.3 um
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Bundle 131, Cz=9.37489e+07 rad/N, L=21 um
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Bundle 132, Cz=8.9805e+07 rad/N, L=21 um
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Bundle 133, Cz=1e+14 rad/N, L=29 um
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Bundle 132, Cz=9.63133e+07 rad/N, L=21 um
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