UCLA

UCLA Electronic Theses and Dissertations

Title
Mechanical Overstimulation of Hair Bundles: Suppression and Recovery of Active Motility

Permalink
https://escholarship.org/uc/item/7pp6g0a9

Author
KAO, ALBERT

Publication Date
2013

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/7pp6q0q9
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Mechanical Overstimulation of Hair Bundles:
Suppression and Recovery of Active Motility

A dissertation submitted in partial satisfaction
of the requirements for the degree
Doctor of Philosophy in Physics

by

Albert Kao

2013



(© Copyright by
Albert Kao
2013



ABSTRACT OF THE DISSERTATION

Mechanical Overstimulation of Hair Bundles:
Suppression and Recovery of Active Motility

by

Albert Kao
Doctor of Philosophy in Physics
University of California, Los Angeles, 2013

Professor Dolores Bozovic, Chair

Hair cells in the inner ear displayed remarkable sensitivity, frequency-tuning, and
active amplifying characteristics. Spontaneous oscillations of hair cell bundles ob-
served in several species were hypothesized to be a signature of the amplifying
mechanism. Here we brought the system away from its natural state by mechan-
ically overstimulating the hair cell bundle, then observe its recovery. Temporary
suppression of spontaneous oscillations after stimulation indicates that there is a
negative feedback. Characteristics of the recovery showed that there are two feed-
back mechanisms working on two different timescales. The shorter timescale, on
the order of tens of milliseconds, is consistent with the myosin-based adaptation.
The longer timescale, on the order of hundreds of milliseconds, is a feedback mech-
anism correlated to calcium concentration near the transduction complex. Bundle
offset position induced and suppression of active motility are consistent with the
variable gating spring model proposed previously. Chapters 3,4,5 are partially
adapted from article Mechanical Overstimulation of Hair Bundles: Suppression

and Recovery of Active Motility PloS ONE 8(3) (2013)
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CHAPTER 1

Introduction to Hearing

1.1 Overview

Hearing is utterly profound and truly remarkable, stemming from the fact that
we can sense tiny vibrations of atomic dimensions amidst the thermal jittering
of the inner ear. Humans can hear sound as low as 0dB SPL, corresponding
to 0.1 nm of vibration at the basilar membrane [52, 16]. The thermal motion
in the inner ear was also estimated to be on the order of nanometers [11]; to
achieve such remarkable sensitivity, a passive detector is not enough. One way
this dilemma could have been solved by nature is to incorporate an active process
that distinguishes sound signals from the background noise. When the auditory
system is deprived of energy, the sensitivity falls to less than one percent of its
normal value [51, 19], demonstrating the significance of the active process. Overall,
four phenomena observed and characterized have been attributed to the active
process. They are: amplification, frequency tuning, nonlinear compressibility,
and spontaneous otoacoustic emissions, elaborated in Figure 1.1. All of these
phenomena have been observed in many vertebrate species, suggesting that the
active process is not unique to mammals [42], however, in mammals the underlying
mechanism may be different from that of non-mammalian tetrapods [3]. For
mammals, the active process is suppported by the cochlea and the outer hair cell
properties [59]; as for nonmammalian tetrapods, the active process lies in the
hair cell bundle motility [17, 44]. Active hair cell bundle motility is a product of

the interplay between gating of mechanosensitive ion channels and myosin-based



adaptation motors, which will be expained in more details in Chapter 2. In this
study, we observe the modulation and recovery of hair cell bundle motility of the
bullfrog sacculus after applying large amplitude stimulation on the hair bundle.
In other words, we bring a system from its equilibrium to an extreme state then
observe its recovery. The change in hair bundle active motion gives us a glimpse

of how the active process responds to mechanical overstimulation.

1.2 Hair Cell

Hair cells are the sensory receptors of pressure wave signals. They are embedded
in the sensory epithelium of all auditory and vestibular organs. While hair cells
in different species differ in size and shape, many structural and physiological
features are similar. Thus, much can be learned from studying hair cells in one
given species. Here we take a frog saccular hair cell for example: The hair cell
is columnar or flask-shaped, with somatic length 10-20 microns (Figure 1.2). On
the apical side of the hair cell, there are 30-60 microvilii packed tightly in a
hexagonal pattern that protrude outwards, form a hair bundle (Figrue 1.2). These
microvilli, termed strereocilia are circular rods made of actin filaments crosslinked
with proteins, and the cells plasma membrane encloses the structure like gloves
on fingers [30]. The stereocilium height ranges from 3-8 microns, with diameters
around 400 nm. At the insertion point close to the cuticular plate, the stereocilium
tapers to a diameter around 100 nm, and the number of actin filaments decreases
from several hundreds to a few tens at the pivot. This makes the stereocilia a
stiff structure that bends only at its base. In a hair bundle there are 5-10 rows of
stereocilia with similar height, stacked in ascending order. Next to the tallest row
of stereocilia there is a single true cilium, called the kinocilium. The kinociliums

axoneme core consists of an array of paired microtubules [33, 32].

A line drawn from the kinocilium through the center of the hair bundle runs
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Figure 1.1: Characteristics of the ear’s active process (A) An input-output relation for
the mammalian cochlea. Amplification by the active process (red) is 100 times greater
than the passive response (blue). (B) Basilar-membrane response (red) is sharply tuned
to a specific frequency of stimulation than is a passive response driven to the same
peak magnitude by much stronger stimulation (blue). (C) Each time the amplitude of
stimulation is increased 10-fold, the passive response distant from the natural frequency
grows by an identical amount (green arrows). For the natural frequency at which the
active process dominates, however, the maximal response of the basilar membrane in-
creases by a factor of about 2.15 (orange arrowheads). (D) Spontaneous otoacoustic
emission, the unprovoked production of one or more pure tones by the ear in a very
quiet environment. For most species, the emitted sounds differ between individuals.

(Figure reproduced from [30])



otolithic
membrane

stereocilia

fip links

I

supporting
cell

Figure 1.2: Structure of a vertebrate hair cell. The cylindrical hair cell is joined to the
adjacent supporting cells by a junctional complex around its apical perimeter, termed
tight junction. From the cell’s apical surface extends the hair bundle, the mechani-
cally sensitive organelle. When there exists a pressure wave signal, the mass on top
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the steepest gradient, and this line forms an axis of symmetry of the hair bun-
dle. Between adjacent stereocilia there are lateral links connecting their entire
lengths, so the whole hair bundle moves as one. Near the tip of the stereocilia
there is a find braid connection called the tip link, comprising of cadherin 23 and
protocadherin 15, reviewed in [54]. The tip link is connected in series with the
mechanotransduction complex that transduces mechanical forces into electrical

signals [5].

1.3 Mechanoelectrical Transduction

1.3.1 Transduction in a Nutshell

Mechanical stimulation of a hair bundle elicits an electrical response. This is
achieved via mechanically sensitive channels near the tip of stereocilia called
mechanotransduction (MET) channels. When a hair bundle is deflected, con-
tiguous stereocilia shear against each other and cause the tension of the tip link
to increase, which further pulls the in series MET channel, causing it to open. In a
resting hair cell, the membrane potential is ~-60 mV. The potential difference and
the concentration gradient across the lipid membrane will induce an influx of ions
when MET channels open. This flow of ions, called the transduction current, will
depolarize the cell by tens of millivolts. Approximately 15 percent of the MET
channels are open at rest. Deflection toward the tallest row of stereocilia, defined
as the direction of excitation, opens additional channels. On the other hand, a
deflection toward the shortest row of stereocilia closes the MET channels that are
open and hyperpolarizes the cell. Hair cells respond only to stimulus components
parallel to the hair bundles axis of symmetry. A stimulus perpendicular to the
symmetry axis evokes no response. The MET channel open probability can be

described by a Boltzmann function:



P(X)=(1+exp(—2(X — Xo) /kT)) ™" (1.1)

Where X is the displacement of the hair bundle, and X, is the resting position
of the bundle. z is the channel gating force, k;, is Boltzmann’s constant, and T
is the absolute temperature.Experiments found that displacements less than 100
nm can represent up to 80 percent of the response range. Excitatory deflection
(positive direction) increases channel open probability and leads to depolarization
of the cells membrane potential. This potential change triggers a biochemical
cascade that ultimately causes neurotransmitters release at the base of the soma.
Deflection in the negative direction does the exact opposite, decreases the channel

open probability, hyperpolarizes the cell and inhibits afferent neuron activity.

The integrity of the tip links is vital to the MET channel gating. If the tip links
were broken, for example, by lowering the calcium concentration below 10xM in
the surrounding fluid, the transduction current would diminish, for there is noth-
ing that can pull the MET channels open when the hair bundle is deflected [30].
The exact molecular conformation of the MET channels is still under investigation
[54], but the locations of the channels were measured with fluorescence imaging.
For bullfrog sacculus, the MET channels were found on both ends of the tip links

[18], while in mammals the MET channels were found only at the lower end [9].

1.3.2 Transduction Current

The transduction current mostly consists of K*, the ion that makes up more than
80% of the cations in the endolymph (solution in contact with the apical side of the
epithelium) [30]. MET channels are largely non-selective among alkali cations [38].
However, the permeability test showed that the MET channel is more selective for
divalent ions over monovalent ions, with Ca?* exhibiting the highest permeability

[38]. Ca*" makes up less than one percent of the cations in the endolymph,
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Figure 1.3: Ultrastructure and function of sensory hair bundles. (A) Scanning electron
micrograph (2500X) of two hair bundles in the sensory macula of the bullfrog saccule.
These bundles are about 8 ymm tall and contain 5060 stereocilia. (B) Transmission
electron micrograph (50000X) of the tip of a stereocilium and its adjacent, taller neigh-
bor. Note the fine filamentous tip link extending between the two stereocilia. The tip
link is 150-200 nm in length. (C) Schematic diagram of a hair bundle. In this view
a bundle deflection to the left is consider a negative stimulus that allows transduction
channels to close and a deflection to the right is positive and causes them to open. (D)
Schematic diagram illustrating the gating spring model for transduction. When the
bundle is deflected in the positive direction the tip links stretch, which would in turn

pull directly on the channels and cause them to open. (Figure reproduced from [31])



but unproportionally makes up more than one fifth of the transduction current
[38]. Different calcium levels inside the stereocilia lead to different hair bundle
dynamics. Calcium ions bind to the MET channel immediately after entry, causing
the gating of channel to close [6, 8], and they bind to myosin the motor protein
of the transduction complex, modifying the overall tension pulling on the channel

[15, 28].

1.3.3 Negative Stiffness of the Hair Bundle

The gating of the transduction channel provides the nonlinearity of a hair bun-
dles mechanical behavior. The stiffness of the hair bundle was measured to be
fairly constant for deflection up to 1 micron. However, when a hair bundle is
tested in endolymph, standard saline solution mimicking in vivo conditions, its
displacement-force relation exhibits a nonlinear regime. Over a range of ~50nm
centered at the bundles resting position, the bundle displays negative stiffness
(Figure 1.4). In other words, within a certain range, the stimulated bundle moves
farther than the base of the flexible stimulus fiber used to apply force. Three
characteristics were displayed: First, the range of negative stiffness corresponds
to that of mechanoelectrical transduction, and shifts with mechanosensitivity. Sec-
ond, the negative stiffness diminishes after breaking the tip links. Third, blocking
the transduction channel eliminates the stiffness change. These findings led us to
believe that the negative stiffness regime is associated with the gating of trans-
duction channels [45]. The negative stiffness regime is part of the amplifying
mechanism. Small inputs within that are within the range of negative stiffness

will be amplified, for the bundle movement exceeds the external stimulus.



1.4 Adaptation

1.4.1 Adaptation in a Nutshell

Sensory adaptation is the decay of a sensory response to a sustained stimulus.
Such an effect is common for a system to maintain sensitivity for detecting new
stimuli (Figure 1.5). The decline in the receptor current is the result of reclosure of
transduction channels. Hair cell adaptation has been found to be associated with
a shift in the current-displacement I(X) relation in the direction of the applied
deflection, thus bringing the channel open probability closer to its resting values.
However, adaptation is not complete. The extent of adaptation was 60 - 80 % of
the magnitude of the bundle deflection [55]. In normal conditions, the receptor
current reaches steady state in 150 ms, with a decay time constant of 20-30 ms
when fitted to an exponential function. The sensitivity range of a hair bundle
has a limit of up to ~ 500 nm. If the hair bundle deflection is above 500nm, the

receptor current saturates.

1.4.2 Myosin 1C as the Adaptation Motor

In order to achieve adaptation, a feedback system that is stable and can be repet-
itively modulated must exist. The model for such mechanism was proposed to
be a myosin-actin complex. The model for such a mechanism is described as the
movement of the gating spring/tip link insertion on the side of the stereocilium
(Figure 1.5). During positive deflections the adaptation process promotes slip-
ping of the tip link insertion along the stereocilium, reducing the stretch of the
tip link, tension on the gating spring and the channel open probability P(X). Dur-
ing negative bundle deflections, the adaptation process involves climbing of the
tip link insertion upward along the strereocilium, restoring transduction channel
open probability and the tension in the gating spring. It was speculated that the

moving element is myosin, moving along the actin skeleton of the stereocilium.



Myol1C was found in the tip of the stereocilia, and was assumed to be the adap-
tation motor [26]. Structural and biochemical experiments estimated the number
of Myol1C molecules to be a few hundred [27]. MyolC structure consists of three
domains: head, neck, and tail. The head is actin binding and ATP consuming,
and responsible for generating the two-step power stroke. The neck region has six
calmodulin binding IQ) domains. Calcium modulates the activity via calmodulin
by stiffening the neck region and controlling the step size [1]. The tail is anionic

and phospholipid binding, which is used for cargo transport [41].

10
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Figure 1.4: Nagative hair bundle stiffness. (A) The mechanical properties of a hair
bundle are assessed by connecting its top to the tip of a glass stimulus fiber. (B) The
displacement-force relation obtained from a spontaneously oscillating hair bundle (blue
points and fitted red curve) differs strikingly from that of a linearly elastic object. The
unrestrained bundle cannot remain in the negative stiffness region (green arrowheads).
(C) The coordinated gating of mechanoelectrical-transduction channels explains the hair
bundles negative stiffness. (first diagram). When a constant force F is applied to the
parallel array of channels, the three gating springs are stretched to an identical extent
(second diagram). As one channel opens, the movement of its gate partially relaxes
the associated gating spring (third diagram). Because the gating springs for the two
remaining channels consequently bear additional tension, either of those channels is

more likely to open as well (fourth diagram). (Figure reproduced from [30])
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Figure 1.5: Properties of adaptation in a hair cell. (A) Transduction current evoked by
deflecting the hair bundle. The current declines in response to a step deflection. (Circle,
Square) Time points at which the I(X) curves in B were acquired. (B) The I(X) relation
shifts in the direction of the applied stimulus. Circles, The peak currents plotted vs.
bundle deflection beginning from a resting bundle position. Squares, An I(X) relation
that was measured near the end of 300-msec, 1.5 um bundle deflection similar to that
shown in A. (C) Magnitude of the I(X) shift as a function of time. The position of
I(X) curves such as those in B were measured at several time points after the onset
of a 1.5 pum deflection. Fitting these data with an exponential function indicated that
the curve shifted with a time constant of 23 msec. Solid arrow indicates magnitude of
the stimulus; dashed arrow shows final magnitude of the I(X) shift. (Figure reproduced
from [31])
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Figure 1.6: (A) The motor model of transducer adaptation. Positive deflection of the
bundle (arrow, inset) initially extends the tip link, increasing the open probability of
the transduction channels. The increased tension and Ca?t influx promote slipping
of the motor complex relative to the actin core. The complex is connected to the
transduction channel and tip link and drags them along (vertical arrow). (B) Detail
of transduction/adaptation complex. The complex is shown in two conditions with
different predicted adaptation rates. (white) All the myosin heads are attached to
the actin; (black) with few myosin heads coupled to actin, the complex generates less
resistance to be pulled by an extended tip link and slips faster. (Figure reproduced from

[22])
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CHAPTER 2

Spontaneous Oscillation of Hair Bundles

2.1 Overview of Active Bundle Motility

The inner ear needs to amplify mechanical signals to achieve sensitivity and fre-
quency tuning. All inner ear organs are immersed in a viscous environment that
dissipates energy, so the amplifier in the inner ear has to provide energy on a
cycle-by-cycle basis to enhance the mechanical input. In mammals, the source of
the cochlear amplifier was not yet been fully determined, but the consensus in the
field is that the outer hair cells perform amplification by cellular length changes
in response to the transmembrane voltage variations [37]. On the other hand, for
species that do not possess outer hair cells, the amplification must come from other
means. The amplifier of nonmammalian tetrapods is active hair bundle motion
as it was observed in several species [23, 45]. This active bundle motion, termed
spontaneous oscillations is the interplay between negative stiffness of the bundle
and the adaptation mechanism. Omne important condition for the spontaneous
oscillations to occur, is that the ionic surroundings in contact with the apical and
basolateral surfaces of the sensory epithelium need to be similar to their physio-
logical levels; i.e. endolymph (high [K*] solution) must be bathe the hair bundle,
while perilymph (high [Na™ | solution) must bathe the hair cell body. Moreover,
spontaneous oscillations have not been observed in isolated hair cells, as there are
no supporting cells in contact to keep normal metabolism. In bullfrog sacculus,
the oscillations displayed in each hair cell has its own characteristic frequency.

The oscillation frequency for frog saccular hair cell bundles ranges between 10-

14
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Figure 2.1: Varieties of spontaneous hair bundle oscillations. (A)-(D) Various sponta-

neous oscillation profiles. Scale bars equal 100 nm and 200 ms respectively.

100Hz, with peak-to-peak amplitude up to 100nm (Figure 2.1). If a bundle is
mechanically stimulated at its characteristic frequency, the hair cell displays its
largest response, supporting the view that hair bundle motility is the amplifier at

the sensory receptor level [24].

2.2 Extracellullar Calcium affects Oscillatory Motion

Increasing the extracellular calcium concentration in contact with the apical sur-
face makes spontaneous oscillations of the hair bundles faster and smaller until
they are suppressed; lowering the extracellular calcium concentration with calcium
chelators gives the opposite effect. For each cycle of the spontaneous oscillation
there are two kinds of movements that work on different time scales. One is a
movement that represents relaxation, working on the order of tens to hundreds
of milliseconds. The other kind is a rapid stroke which is only a few to a few
tens of milliseconds (Figure 2.1). For every half cycle, a fast stroke is followed by
the slower relaxation in the same direction. The relaxation motion is due to the

myosin motor complex movement along the actin filaments, and the rapid stroke

15



is related to the transduction channel opening or closing [30]. Calcium ions medi-
ate both processes by modulating activity of the adaptation motor and changing
the ion channel open probability [14]. Under normal condition, higher calcium
concentration in the endolymph increases the rate of channel opening and clos-
ing, making the overall spontaneous oscillation frequency higher. Moreover, the
adaptation rate is faster with high calcium concentration. In in vitro experiments
Myosin 1C was found to climb at up to three times faster in high calcium than
in low calcium solutions [27]. With control of the calcium near the transduction
complex one can control the bundle movement. Transepithelial currents applied
to the sacculus can modulate hair bundle active motion [7]. Calcium is driven
in and out of the stereocilia by the voltage signal. The phase difference of the
signal and the bundle motion depends on the bundle parameters, but the signal
and motion are always phase-locked for stimulus near the characteristic frequency
(Figure 2.4). If the extracellular calcium concentration was raised above 1mM or

lowered below 100uM, the spontaneous oscillations diminish.

2.3 Regulation of Calcium in Stereocilia

From Figure 2.2 and 2.3 we see that Ca’" concentration near the transduction
complex plays an important role in hair bundle motility. Calcium not only mod-
ulates the Myosin 1C power stroke cycle, but also induces MET channel closure.
Almost every aspect of the spontaneous oscillations are affected by calcium [30].
There are four main regulatory mechanisms that maintain stereociliary calcium
homeostasis: Ca?* diffusion; Ca?* extrusion by PMCA pumps, Ca?" binding to
fixed buffers; Ca?" binding to mobile buffers. Precise parameters are not easily
accessible, and the measurements of the mechanisms were done on enzyme-treated
isolated hair cells that had no supporting cells. Nonetheless, the parameters shed

light on the dominant calcium regulatory activities inside the hair cell. The esti-

16
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Figure 2.2: Effect of extracellular Ca?* concentration on spontaneous hair bundle oscil-
lation. (A) The increased Ca* concentration offset the bundle and decreased the rms
magnitude of the movement. The frequency of oscillation also rose, primarily by short-
ening of the positive phase of motion. The 1 sec iontophoretic pulse is indicated below
(B) Although the largest Ca?* ejections suppressed rhythmic hair bundle activity, fast,
erratic movements remained. (C) Ca?* expelled by a ramp of iontophoretic current
initially accelerated and eventually suppressed spontaneous bundle oscillation. (D) An
0.7-sec iontophoretic pulse of ATP decreased the local Ca?t concentration around a hair
bundle, causing a net movement of 5 nm and prolonging the positive phase of oscillation.
(E) A greater reduction of the Ca?* concentration. F, Even greater reduction of the

Ca?" concentration suppressed the oscillation. (figure reproduced from [48])
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Figure 2.3: Spontaneous oscillations exhibited by a hair bundle under various calcium
concentrations. Increasing levels of calcium were introduced into the endolymph, indi-
cated to the right of the traces. The oscillation amplitude decreased and the frequency
increased with higher calcium concentrations. Horizontal and vertical scale bars equal

0.2 s and 200 nm respectively.
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mated free calcium concentration after bundle deflection is on the order of 1uM
near the transduction complex [27, 10]. Near the bottom of the stereocilia, the
calcium signal is only above the noise level, and the rise to its peak value comes
10ms after that of the top of the stereocilia, indicating mobile and fixed buffers
plays a huge role in spatially restricting the spread of Ca®™ [39]. Plasma mem-
brane Ca?* ATPase molecules provide the only known Ca?* extrusion mechanism
in the hair bundle. The pumps reduce the Ca?* concentration below that of the
soma with a peak current of 1pA during bundle deflection [39]. Without any of the
mechanisms mentioned above, free calcium data cannot be sufficiently explained.
Taking all information into account, the calcium concentration near the transduc-
tion channels close to the adaptation motors was estimated to double after bundle
deflection, on the order of micromolars [27]. After transduction channel closure,
buffers and diffusion will succinctly bring the calcium level back to steady state
within 100ms. At the base of the stereocilium, the calcium level barely changes

with stimulation.

2.4 Hopf Bifurcation

The four characteristics of hearing, which were introduced in Figure 1.1, were dis-
covered independently, however, there may be a common underlying mechanism
[40]. A simple mathematical model can display all four features if the system
operates near a particular type of instability called a Hopf bifurcation. Hopf bi-
furcation is not the only model that can describe all four phenomena, but it should
be the most simple one. A bifurcation is said to occur when a small change in the
value of one parameter, the control parameter, causes a qualitative change in the
systems behavior. At the critical point of a Hopf bifurcation a tiny change in the
control parameter shifts a system between two regimes. On one side of the bifurca-

tion the system is unstable, it oscillates spontaneously without any input. On the
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Figure 2.4: Response of active hair bundles to stimulation by sinusoidal transepithelial
current. (A) Before stimulation, a hair bundle oscillated spontaneously at 35 Hz. Dur-
ing negative stimulation at 1 Hz, the bundle displayed faster and smaller oscillations
with occasional omissions; the positive stimulus phase slowed and eventually blocked
oscillatory movements. Similar responses occurred during stimulation at 10 Hz. At
30 Hz, slightly below the natural frequency of the cell, the response comprised phase-
locked movements adorned with complex spikes. At 100 and 300 Hz, the response was
essentially out of phase with the stimulus. During a 300-Hz stimulation, spontaneous
bundle oscillations resumed, superimposed on the rapid, phase-locked response. (B)
The hair bundle of a second cell oscillated spontaneously at 8 Hz. Although electrical
stimulation evoked responses similar to those in A, the transition from the low- to the
intermediatefrequency regime of responsiveness occurred at a frequency 10 Hz. (figure

reproduced from [7])
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other side the system can amplify its input while remaining stable. [30]. Analysis
indicates that a system operating on the stable side of a Hopf bifurcation exhibits
the first three characteristics of the ears active process: amplification, frequency
selectivity, and compressive nonlinearity. The spontaneous otoacoustic emission
emerges on the unstable side of the Hopf bifurcation, where limit-cycle oscillations
exist. For optimal sensitivity, the ear must poise itself close to the critical point.
Negative feedback of a signal representing excitability can achieve this condition.
In our following studies, we perturb the hair bundle away from its sensitive regime,
namely the regime where it displays spontaneous oscillations. After releasing from
its perturbed state, which does not oscillate, the hair bundle will the slowly re-
cover back to oscillating. The time course for the bundle to return to an oscillatory
state represents the time for negative feedback. With the time scale determined,
we can better figure out which of the adaptation mechanisms are responsible for
the feedback after mechanical overstimulation. Thorough discussions about the

Hopf bifurcation feedback and hearing can be found in [20, 12].
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Figure 2.5: Properties and Consequences of the Hopf Bifurcation (A) The real part of
the solution for the simplified equation with only the initial term on the right displays
exponential decay for negative values of the control parameter m or exponential growth
for positive values. (B) Including only the second term on the right leads to solutions
that are sine and cosine waves at the natural frequency pg.(C) Combination of the ini-
tial two terms produces oscillatory solutions that decline or grow exponentially. (D)
For positive values of the control parameter, the complete equation yields spontaneous
limit-cycle oscillation at the natural frequency po. This unforced activity may underlie
spontaneous otoacoustic emission. (E) A system driven with stimuli of realtive ampli-
tudes 1, 10, and 100 units (top to bottom). The system undergoes a Hopf bifurcation.
(F) When the dynamical system operates far from the bifurcation, its passive responses
at the natural frequency are nearly linear reflections of the three stimuli. (G) When
functioning near the Hopf bifurcation and stimulated at the natural frequency, the same
system displays profound amplification. (H) Even at the bifurcation, the systems tun-
ing is evident from the weak amplification of stimuli whose frequency differs from the

natural frequency pg. (Figure reproduced from [30])
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CHAPTER 3

Methods

3.1 Biological Preparation

Experiments were performed on in vitro preparations of the sacculus, excised from
the inner ear of the North American bullfrog (Rana catesbeiana). Dissections
were carried out in artificial perilymph to extract the saccular macula. After
extraction of the sensory epithelium, it was then mounted in a two-compartment
chamber, with hair cells exposed to artificial perilymph and endolymph on the
basal and apical sides respectively. The solutions were made to mimic the ionic
conditions in the sacculus; for perilymph, it contained (in mM) 110 Na*, 2 K¥,
1.5 Ca?*, 113 Cl—, 3 d-glucose, 1 sodium pyruvate, 1 creatine, 5 HEPES; and for
endolymph: 2 Na®, 118 K*, 0.25 Ca?*, 118 Cl—, 3 d-glucose, 5 HEPES. Both
solutions, with pH 7.3 and osmolarity 230 mmol/kg, were oxygenated for ~ 10
minutes prior to use. The overlying otolithic membrane was removed from the
epithelium with an eyelash tool following a 7-8 minute enzymatic dissociation
with 15ug/mL Collagenase IV (Sigma Aldrich). Active spontaneous oscillation
was observed in hair bundles after decoupling from the membrane, and could be

maintained for several hours post dissection.

3.2 Detection of Hair Bundle Motility

Preparations were imaged in an upright optical microscope (Olympus B51X) with

a water immersion objective (20X, 0.95 N.A.) and illuminated with a X-Cite
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120W halogenide lamp. Images were further magnified to ~400X and projected
onto a high-speed Complementary Metal Oxide Semiconductor (CMOS) camera
(Photron FASTCAM SA1.1). The motion of the hair bundles was tracked with
software written in MATLAB (The MathWorks). A horizontal line scan was taken
through the image in each frame, and a Gaussian distribution is fit to the intensity
profile of the bundle to extract the center position. To improve the signal-to-noise
ratio, 11-15 vertically adjacent pixel rows, chosen such that the brightest pixel is
at the center, were tracked and averaged. Time-dependent traces of the movement
were then obtained by plotting the extracted center position of the bundle for each

frame of the record. The noise levels in these recordings were ~3-5 nm.

3.3 Mechanical Overstimulation

We applied prolonged mechanical overstimulation to bring the cell away from its
equilibrium state. Glass fibers were pulled with a micropipette puller (P97, Sutter
Instruments), with an additional rod ~2-3 pm in diameter fabricated at a 90
degree angle using a home-built puller. The fibers were mounted on a piezoelectric
stimulator (P-150 Piezo Jena) and positioned in the vicinity of the hair bundle
with micro-manipulators. Step signals were generated with a function generator
(Tektronix; model AFG 3022), low-pass filtered with an eight-pole Bessel filter
at 100 Hz (Krohn Hite; model 3382), and sent to the piezoelectric amplifier.
CMOS camera recording was synchronized with cessation of stimulus. Deflection
imposed on the bundles was measured from the video recordings by subtracting
the bundle position under deflection from the original position. Only records
where no adhesion was observed between the probe and the bundle were included

in the analysis.
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Figure 3.1: Example of hair bundle position analysis. A glass probe was used to deflect
a hair bundle. Bundle displacement was determined by fitting a Gaussian function to
the light intensity profile of the pixel row at the bundle tip, indicated by a red line, and

find its center. Red line is 1 pum in width, also serves as a scale bar.

3.4 External Calcium Concentration and Extrusion Block-

ers

Mechanical deflection was applied and a fixed amplitude and duration, under dif-
ferent ionic conditions. Between recordings, calcium was added into a measured
quantity of endolymph bathing the apical surface of the preparation, with me-
chanical over-stimulation repeated at each of the enhanced levels of calcium in the
medium. For measurements at reduced calcium concentrations, the endolymph
in the top compartment was fully replaced, with the fluid exchange performed
using a peristaltic pump. Equivalents of 1mL volumes of the top solution were

exchanged.

For one set of experiments, we blocked the calcium extrusion pumps with
carboxyeosin diacetate succinimidyl ester (CEDA; Sigma Aldrich). The reagent
was dissolved in dimethyl sulfate oxide (DMSO), then diluted to concentrations of
1-10 M in endolymph. The final concentration of DMSO is 0.2% in endolymph.
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CHAPTER 4

Results

4.1 Fitting the Data

Recordings from 57 saccular hair cell bundles (N = 34 frogs) that exhibited ro-
bust spontaneous oscillations are used for analysis. Large deflection of hair bun-
dles greater than 1 pm in the positive direction consistently led to a temporary
suppression of the spontaneous oscillations following the stimulus (Figure 4.1).
Additionally, bundles showed an offset in their position that decreased with time.
To minimize the effects of cell rundown, we only included those hair cells in the
analysis that showed robust bundle oscillations of more than 4Hz prior to the first
stimulus protocol. In addition, the spontaneous bundle motility had to recover
to more than 3Hz, or the hair bundle is determined to be too weak for additional

recordings.

Several parameters were extracted from the time-dependent traces z(t) (Figure
4.1). First, the trace was bandpass-filtered (0.5-150Hz), and candidate oscillations
were identified as large (> 10 nm) hair bundle movements toward the kinocilium.
Next, the maximum slopes leading to and following after each candidate oscillation
were calculated. If the absolute value of both slopes exceeded 1 nm/ms (|dx/dt| >

1 nm/ms), the excursion was considered an oscillation of the bundle.

To extract the characteristic times of the recovery of the bundle in the closed-

channel position, the identified oscillations were removed from the trace, and the
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remaining data were fitted to the function:

X(t) :C’+A1exp<

) +A2€Xp( ) ,with 71 > 1 (41)

T1 T2

Besides providing the two time constants (71, 72), the fitted function was used
to calculate the time of recovery to the steady state (Ts; the first moment d.X/dt >
—0.02 nm/ms after cessation of the stimulus), and the initial offset in the bundle
position after stimulation (the bundle’s postion at the end of the recording, X
= Xy—0 — Xi—1, where T is the duration of the record). Based on the detected
oscillations, we define 7|, as the starting time of the first oscillation, with X, =

x(T,) — Xi—r being the corresponding position of the bundle.

4.2 Suppression of Spontaneous Oscillation

In approximately 100 cells studied, deflections above ~1 pym and longer than 0.1
seconds consistently led to a suppression of spontaneous oscillation, with the bun-
dles rendered quiescent following cessation of the stimulus. The quiescent states
typically lasted between hundred milliseconds and few seconds. Immediately post
stimulus, the bundles displayed an initial offset in the positive direction. A subse-
quent slow movement in the negative direction was a consistently observed feature.

As the offset in the average position was reduced, spontaneous oscillation resumed.

We note that hydrodynamic drag cannot account for the slow movement in
the negative direction observed during the quiescent state. Based on estimates
of a hair bundle’s stiffness and viscous drag coefficient [48], the return to original
position upon release from 1 pym deflection should occur with sub-ms delay. We
verified this by imposing brief pulse-like stimuli (Figure 4.2). Offset in the bundle
position, induced quiescence, and the gradual recovery were only observed after

prolonged exposure to a stimulus.
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Figure 4.1: The gray/black curve shows the position of the bundle, with motion towards
the kinocilium being positive. An automatic routine detected bundle oscillations (gray)
from which the onset time of the first oscillation Tq was determined. A sum of two
exponentials (see Eq. 4.1) was fitted to the bundle’s position in the closed state (black),
thus ignoring the oscillations. From the fit (red: X () = —23.4 + 37.4 x exp (5755) +
227.1 x exp (5z5) ;72 = 0.97), the time to reach steady state Tss was calculated as the
time for which its derivative first reached —0.02 nm/ms. It was also used to calculate
the bundle’s total offset Xo, defined as the difference between the position at t=0 and

the end of the recording. The stimulus was a one-second DC offset in positive direction.
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Figure 4.2: Hydrodynamic drag is not the cause of delayed recovery. A spontaneously
oscillating hair bundle was mechanically stimulated every 500 ms with a large (1um),
and brief (5-ms) pulse (asterisks). Recovery from such transient, large offsets is fast,
indicating that hydrodynamic effects play only a marginal role in the observed slow
recovery that follows longer stimulations. In the analysis of all data, the first 5 ms

following each stimulus are excluded, to further minimize the hydrodynamic effects.
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Figure 4.3: 7 values of the recovery. The slow component of the bundle movement
following a prolonged deflection was fitted with the sum of two exponentials (Student’s t-
test, p<0.001), yielding two time constants 71 and 72, with 71 > 72 . For 282 recordings
(of N = 411), a good fit was obtained. The two time constants are represented in the

histogram by different shadings of gray.
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4.3 Multiple Timescales of the Recovery

The result that the relaxation of hair bundles is best described by the sum of two
exponentials suggests that the adaptation following a prolonged excursion involves
at least two processes that operate on different time scales. However, the two time
constants show an average correlation coefficient of 0.47, which tells us that the
two mechanisms affect each other. The spread of two tau values are shown in
Figure 4.3, with different stimulus duration and stimulus amplitude combined.
The shorter of the time constants was in the range ~20-50 ms, consistent with
myosin-motor dynamics. The second time constant was significantly slower ~0.5-
1s. 7 =784+402 ms and 7, = 58 + 42 ms, respectively. A fraction of the traces
displayed a continuous and almost linear drift, yielding constants longer than the
duration of the measurement. The latter were not included in the plots as the fits

were under-constrained.

4.3.1 Recovery of Bundle Position

Immediately following cessation of the stimulus, the average bundle position was
at an offset with respect to its resting position. We calculated this offset (Xy) from
the fitted function (Eq. 4.1) for all available traces. A significant range in X, was
observed across cells (~100-600 nm). The size of X, was positively correlated
with the duration of the imposed deflection (Fig. 4.4) at shorter step durations
(T< 5 s). More variation in the offset was observed at longer deflections, with

some cells showing plateaus or non-monotonic dependence on stimulus duration.

As a measure of the dynamics of recovery, we determined the time required by
the bundles to regain their steady-state positions. From the fitted function, this
time (7%, see Materials and Methods) is taken as the time when the derivative
of bundle motion first reaches —0.02 nm/ms. Figure 4.5 (A) shows the contour

plot of the derivative of hair cell motion for a series of recordings taken after step
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Figure 4.4: Offset after overstuimulation. (A) Xo (defined as X(end)-X(0), where X(t)
is the sum of two exponentials fitted to the recording) as a function of stimulus duration
for 17 different cells. Cell are represented by separate symbols. Results are shown for all

the traces which yielded a good fit. (B) Same as (A), but using a logarithmic abscissa.

stimuli of fixed amplitude and varying duration. The plot demonstrates that the
return to the steady-state position decreased with decreasing stimulus duration
and increased when the stimulus was prolonged. Varying the threshold for Ty, did
not qualitatively affect its dependence on stimulus duration. Similar results were
observed for 16 other hair cells (Figures 4.5 (B),(C)): for short stimulus durations,
T rises sharply, with a subsequent leveling off when stimulus durations exceed

~ 5 seconds.

4.3.2 Recovery of Spontaneous Oscillations

All of the tested cells showed robust spontaneous bundle oscillations prior to
stimulation. After the imposed deflection, the period over which the hair cells were
quiescent varied systematically with the duration of the presented stimulus. As an
example, Figure 4.6 (A) shows a series of traces from a single hair cell, obtained

following deflections of different duration. As the length of the stimulus increased,
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Figure 4.5: The time for the bundle to return to its steady-state position depends on
stimulus duration. For a series of traces from a single cell, each recording was fitted
with a sum of two exponentials. The derivatives of these fitted functions are represented
in the form of a contour plot with slopes given in the legend (A). Rows give different
stimulus durations, with the recording order from top to bottom. We arbitrarily chose
0.02 nm/ms as the threshold for steady-state, the similarity between different contours
indicate that the results do not critically depend on the criterion value. (B) The time to
reach steady-state (Tss) as a function of stimulus duration for 14 different cells. These
cells each had recordings for at least 4 different stimulus durations. Cells are represented
by separate lines/symbols. The thick gray line corresponds to the cell shown in (A).

(C) Same as (B), but using a logarithmic abscissa.
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the time at which the bundle resumed spontaneous oscillation (77,) also increased.
Note that subsequently decreasing the stimulus duration showed the opposite
trend, indicating reversibility of the effect. While recovery was incomplete, with
slower oscillations in subsequent recordings, the dependence of T}, on stimulus
duration (red line in Figure 4.6 (B)) remained robust. Figures 4.6 (B)(C) show
the dependence of T}, on the length of the imposed deflection for the 20 hair cells
on which different stimulus durations were tested. A monotonic increase in the
duration of the quiescent interval was observed, with a sharp rise from 0.1 to ~ 5
seconds of stimulus, and a more gradual increase with longer applied steps. Data
could not be reliably obtained for durations above ~ 50 s, as damage was accrued.
In conjunction with 7}, we also extracted the offset in the bundle’s position at the
time of first oscillation (X,). This parameter was likewise affected by stimulus

duration, with a more sensitive dependence at short deflections (Fig. 4.7).

We also quantified the dependence of quiescent interval on the magnitude of the
stimulus. For 5 cells (82 recordings) a five-second stimulus was applied at various
amplitudes (300-2100 nm) and the time to the first oscillation was determined.
No systematic dependence of T}, was observed over this range of amplitudes (Fig.

4.8).

4.4 Role of Ca?" in the Dynamics of Recovery

As prior work has shown that calcium plays a modulatory role in active hair bundle
motility, we explored its effects on the duration of the quiescent interval induced
by prolonged deflection. Figure 4.9 displays examples of measurements in which
the hair bundle was deflected for a fixed interval of time (5 seconds), under condi-
tions of varying calcium concentration in the surrounding medium. Decreasing the
external calcium concentration led to slower spontaneous oscillations, consistent

with prior results in the field. The quiescent interval (7,) induced by the deflection
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Figure 4.6: The time of the occurrence of the first bundle oscillation depends on stim-
ulus duration. (A) Waterfall plot of a series of traces recorded from a single cell. Each
trace was recorded following a stimulus of different duration (indicated on the right, in
seconds), with the recording order from top to bottom. The thick red line connects the
start of the first bundle oscillation Tq in each trace. (B) Tq as a function of stimulus
duration, for 20 cells for which recordings at a minimum of two different stimulus du-
rations were available. Cells are represented by different symbols. The thick gray line
corresponds to the cell shown in (A). (C) Same as (B), but plotted on a logarithmic

abscissa
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Figure 4.7: Offset in the position of the hair bundle position does not determine its
dynamic state. For a series of traces obtained from a single cell, the bundle’s position,
with respect to that at the end of the recording is represented in the form of a contour
plot (A). Different rows correspond to different stimulus durations, with the recording
order displayed from top to bottom. (B) Xq as a function of stimulus duration was
obtained for 17 different cells for which recordings at a minimum of two different stimulus
durations were available. Cells are represented by a different symbols. The thick gray
line corresponds to the cell shown in (A). (C) Same as (B), but plotted on a logarithmic

abscissa.
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was shorter, recovering more rapidly post stimulus cessation (Figure 4.10). Re-
turn to the original ionic conditions raised the frequency of oscillation; complete
recovery of original oscillation was, however, seldom observed. Overstimulation
in the presence of higher calcium concentration was detrimental to the hair cells,
with increased variability and only a partial recovery upon return to baseline cal-
cium conditions. We hence focus on effects of decreasing the external calcium

concentration.

Figure 4.10 shows the intervals of induced quiescence (7},) versus calcium con-
centration in the surrounding medium for multiple cells. Data are included only
if obtained from hair bundles that displayed eventual recovery to the oscillatory
state. T; values and hard to quantify for high calcium data, which can be seen in
Figure 4.9. T}, has a clearer relation on extracellular calcium for calcium concen-
tration lower than 250uM. As another measure of the effect of calcium, additional
experiments were done in the presence of carboxyeosin diacetate (CEDA) in the
external medium, as shown in Figure 4.11. CEDA blocks the calcium extrusion
pumps that are involved in maintaining the calcium concentration within the
stereocilia. Inhibition of the extrusion pumps intensified the effects of overstim-
ulation, prolonging the suppression of oscillation post stimulus. The effect was
however convolved with irreversible rundown of the active bundle motility in the

presence of the blocker.
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Figure 4.8: (A) Hair bundle motion recoverd after stimuli of fixed duration (5 seconds),
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which the bundle regains its steady state position is affected only weakly by the imposed
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Figure 4.9: Hair bundle motion for a single hair cell was recorded under different con-
centrations of calcium in the surrounding endolymph solution. Duration of the imposed
deflection was kept constant at 5 seconds for all of the recordings. From these two sets
of recordings we can see that the adaptation and recovery of hair bundle position is

faster in lower calcium solutions.
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Figure 4.10: Hair bundle motion for a multiple hair cells were recorded under different
concentrations of calcium in the surrounding endolymph solution. Duration of the
imposed deflection was kept constant at 5 seconds for all of the recordings. Tq (A) and

Tss (B) were determined for 15 cells.
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Figure 4.11: Top two traces represent hair bundle motion recorded post 5 second stim-
ulation. Bottom two traces were recorded under the same conditions with addition of
1 uM CEDA, a known blocker of calcium extrusion pumps. We consistently observed

an increase in the time of recovery Tq with the addition of CEDA into the solution.
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CHAPTER 5

Conclusion

To assess the effects of overstimulation on the dynamic state of a hair bundle,
we imposed prolonged high-amplitude deflections and measured the subsequent
recovery. Our measurements revealed two main effects, an induced offset in the
resting position of the bundle and temporary suppression of the innate oscillation.
Both effects could persist for seconds after the stimulus and showed a dependence

on the stimulus duration.

Relaxation of the hair bundle to its equilibrium position following cessation
of the stimulus exhibited a complex temporal profile. Fitting the data with two
exponentials allowed us to extract the timescales characterizing the motion with no
a priori assumptions as to the biochemical identity of the adaptation mechanisms.
The excellent fit of this function to the data implies the existence of two processes

that operate on very different time scales.

Multiple adaptation mechanisms have been demonstrated in hair cells of the
inner ear. Myosin motors enable a tension-sensitive adaptation, by climbing and
slipping along the actin core of the stereocilia [22]. The shorter time constant
that we observed (7, = 58 £ 42 ms; Fig. 3) is consistent with that expected for
myosin-based adaptation in the bullfrog sacculus. The initial slope of the recovery,
however, indicates climbing speeds significantly higher than those previously re-
ported for myosin 1C [48]. The initial recovery therefore may reflect signatures of
a fast adaptation process [6], also mediated by the myosin motors [26] or caused by

an additional relaxation element [7]. For the longer time constant (73= 784 £ 402
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ms; Figure 4.3), we recently proposed the existence of a variable gating spring
with a calcium-dependent stiffness [53]. This element was hypothesized to exhibit
dynamics that are slow with respect to the myosin-based adaptation. The slow
dynamics of recovery measured in these experiments are consistent with those of
the variable gating spring proposed in the model. Across the recordings, the two
time constants were correlated (correlation coefficient = 0.47), indicating that the

two mechanisms are not independent.

As the slower adaptation mechanism was affected by calcium, its time constant
may reflect the relatively slow dynamics of calcium pumps within the stereocilia
[58]. During stimulus presentation, the transduction channels are kept in a pref-
erentially open state for a prolonged period of time, during which calcium could
accumulate within the stereocilia. After cessation of the stimulus, the slow extru-
sion of calcium by these pumps would gradually restore the concentration to the
internal resting level. The accumulated internal calcium could also affect myosin-
based adaptation, an internal relaxation element, and opening probability of the

ion channels, thus affecting the faster time scale as well.

Apart from the observed relaxation of the hair bundle’s position, the second
striking effect of high-amplitude mechanical deflection was to induce a temporary
crossover from the oscillatory to the quiescent state. Theoretical models of hair
bundle motility have proposed that it can exhibit a stable limit-cycle oscillation,
or operate in a regime where it amplifies but remains quiescent in the absence of
input [20]. The bifurcation between these regimes is under control of an internal
parameter, which has been proposed to be modulated by a feedback mechanism.
In a recent study, we modeled hair bundle dynamics as a system poised near a
subcritical Hopf bifurcation [56], with bistable switching between oscillation and
quiescent state. A feedback equation on the control parameter maintains it near
the bifurcation in the oscillatory regime. In the model, a strong stimulus can shift

the control parameter across the bifurcation point, which leads to suppression
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of spontaneous oscillation. The feedback equation then describes the subsequent
recovery of the control parameter to its original value, returning the bundle to its

oscillatory state.

The time required for recovery to the oscillatory state (7;) was observed to be
sensitively dependent on the duration of the applied stimulus (Figure 4.6). This
finding is consistent with the proposed notion of dynamic feedback on the control
parameter. As longer stimuli would lead to further detuning of the parameter,
the system would exhibit a slower subsequent recovery. Stimulus duration also
affects the offset in the bundle position (Figure 4.4), which constitutes one of the
candidates of the control parameters. Offset alone, however, does not explain
all of the experimental observations. First, variation in the stimulus amplitude,
which results in varying initial offsets, has little effect on the timing of the re-
covery of bundle oscillations (7,; Figure 4.7). Second, variation in the external
calcium concentration (Figure 4.10) or the application of calcium pump blockers
(Figure 4.11) exert an effect on 7T}, without significantly changing the dynamics
of position recovery. The data indicate that in addition to the induced offset,
calcium plays a direct role in modulating the dynamic state of the hair bundle.
Extensive literature exists on the importance of calcium feedback in the dynamics

of individual hair cells. Our experiments are consistent with this prevailing view.

The current study sheds light on how the hair bundle recover to its opti-
mal performance after mechanical overstimulation. The myosin-based adaptation
mechanism was pushed to the limit, revealing a less robust and slower feedback
mechanism working on the order of seconds. It is possible to attribute the slow
recovery motion purely to frictional forces between stereocilia or adhesive stere-
ociliary proteins [35, 34]. However, for such explanations to work on the correct
timescale, special conditions have to be met. In mammals, acoustic overstimula-
tion was found to increase calcium concentration in hair cells [25], suggesting a

universal feedback mechanism with PMCA pump /variable gating spring playing a
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central role. A peripheral gain control which adapts to the incoming signal could
enhance the robustness of the hair cell sensitivity and protect it against accrued

damage.
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