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ABSTRACT OF THE DISSERTATION

The Nonlinear Dynamics of Coupled Hair Bundles

by

Tracy-Ying Zhang
Doctor of Philosophy in Physics
University of California, Los Angeles, 2017

Professor Dolores Bozovic, Chair

The sensitivity of the auditory system depends in part on the active response of hair cells in the
inner ear. Individual hair bundles display frequency selectivity and compressive nonlinearity in
response to stimuli. In many auditory and vestibular end organs, the hair bundles are coupled
by overlying structures. This motivates our study on how coupling affects the hair bundle
sensitivity. We coupled two to four spontaneously oscillating bundles with a microbead, and
applied mechanical stimuli to the group. Under these coupling conditions, innate oscillations
synchronized, and oscillations became more regular. Furthermore, the synchronized bundles
exhibited broad frequency selectivity, over a bandwidth encompassing each bundle’s natural
frequency. The amplitude of the response also showed compressive nonlinearity. On the other

hand, similar experiments performed on bundles coupled under the otolithic membrane showed



completely linear behavior. Our data suggests that coupling plays a role in the dynamics and

sensitivity of a nonlinear system, though the effect depends on the scale of coupling.
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Chapter 1. Introduction

1. Hair cells

Hair cells of the inner ear are the mechanical sensors that detect air- and ground-borne
vibrations and transduce them into electrical signals. A hair cell consists of a cell soma and an
array of columnar structures called the stereovilli, which comprise the hair bundle. The actin-
filled stereovilli are arranged in rows of increasing height and are coupled together by tip links
[1]. The tips of the hair bundles are connected to an overlying membrane, termed the otolithic
membrane in the bullfrog sacculus. An incoming stimulus induces a shearing motion between
the overlying membrane and the tissue in which the cells are embedded, deflecting the bundle
and thus increasing the tension on the tip links. Mechanically sensitive ion channels that are

physically coupled to the tip links open in response and allow the inflow of cations [2].

When stimulated by an incoming signal, the hair bundle oscillates in a viscous fluid environment.
An internal active process, which pumps energy to amplify the sound-induced vibrations, has
been suggested to overcome viscous dissipation [3]. The active process has been
experimentally demonstrated in vitro [4]. Under conditions that mimic the natural environment,
individual hair bundles can exhibit innate oscillations [5] in the absence of any input. This
spontaneous motility has been extensively studied in hair cell bundles of the anuran sacculus
and can be explained by two processes [6]. Opening and closing of the mechanically sensitive
ion channels lead to bistability in the position of the bundle. In addition, an adaptation
mechanism mediated by myosin motors provides a feedback mechanism [1], poising the bundle
in the regime of highest sensitivity. Interplay between these two processes leads to a relaxation
oscillation. Comparisons to the fluctuation-dissipation theory have proven that the observed

spontaneous motility requires an underlying energy-consuming process [7].



2. Coupled system of nonlinear oscillators

In vivo, most hair cell bundles are connected to overlying gelatinous structures. Such is the case
in frog sacculus, where hair bundles are coupled to the otolithic membrane. Since this is a

recurring scheme, how coupling affects the sensitivity of the system merits investigation.

Theoretical studies explored the effects of connecting a number of nonlinear oscillators.
Synchronization of active motility was predicted for systems where the individual oscillators
exhibit identical or similar frequencies [8]. Moreover, synchronization led to more regular

oscillations [9], as well as enhanced sensitivity and frequency tuning [8].

Different phenomena could be expected in a system that shows a broad dispersion of
frequencies among the individual cells. With sufficiently large discrepancies in frequencies of
the constituent oscillators, coupling could lead to amplitude death and render the system
guiescent [10]. The theoretical model predicting amplitude death is consistent with the observed

quiescence of saccular hair bundles, fully coupled by the overlying otolithic membrane [11].

3. Experiment proposal

We wanted to explore coupling in a small system of several hair bundles. The experimental
study is motivated by theoretical work on synchronization [8], except that our system also has
frequency dispersion. The biological preparation we used was the amphibian sacculus, an
organ specializing in detection of low-frequency auditory and vestibular signals [12]. Hair
bundles in this preparation showed random distribution of innate oscillation frequency, ranging
from a few Hz to 60Hz [13]. Therefore, neighboring hair cells can exhibit quite disparate

characteristic frequencies.



We studied how coupling affected the motility of the hair bundles: whether synchronization
would occur, or whether the frequency dispersion would actually lead to suppression of
oscillations. Also of interest was the role of coupling in mechanical sensitivity. Since theoretical
work predicted enhanced sensitivity and frequency tuning, we wanted to examine if this indeed

occurred in our system.



Chapter 2. Experimental Procedures

1. Biological preparation

Animal care and euthanasia protocols were approved by the University of California Los Angles
Chancellor’s Animal Research Committee (protocol number ARC 2006-043-13C), in accordance
with federal and state regulations. American bullfrogs (Rana catesbeiana) were used for all

experiments. Prior to dissection, animals were euthanized while under pentobarbital anesthesia.

We excised the sacculus from inner ear of the bullfrog, and isolated the epithelium containing
the hair-cells. The preparation was mounted in a two-compartment chamber, with the basal side
exposed to artificial perilymph solution (in mM: 110 Na*, 2 K*, 1.5 Ca?*, 113 CI, 3 d-glucose,
1Na* pyruvate, 1 creatine, and 5 HEPES), and the apical side exposed to artificial endolymph
(in mM: 2 Na*, 118 K*, 0.25 Ca?*, 118 CI,, 3 d-glucose, and 5 HEPES). This configuration
(Figure 1A) simulated the natural cellular environment. The pH value and osmolality of both
solutions were kept at 7.3 and 230 mol/kg, respectively. The solutions were oxygenated before

use.

For experiments involving coupling hair cells artificially, the otolithic membrane, which naturally
coupled all hair cells, first needed to be removed. This was done by first digesting the otolithic
membrane with an enzyme (50ug/ml Collagenase), and then gently peeling off the membrane

with an eyelash tool.

For experiments investigating natural coupling by the otolithic membrane, dissection and
mounting procedures were slightly modified to minimize exposure to calcium. The artificial
perilymph solution was replaced with medium-calcium perilymph (250uM Ca?*). This was to
prevent weakening of the link between hair bundle and the otolithic membrane. After mounting,

the otolithic membrane was left intact.



2. Artificial coupling agent

We used 50um polystyrene microspheres, which had the right size to couple 3-4 hair bundles.
The microspheres were first coated with Concanavalin A, a lectin that binds to the glycoprotein
on the hair bundle. The coating process involved mixing microsphere solution (2mg/ml in
deionized water) and Concanavalin A solution (2mg/ml in deionized water), at a ratio of 1:3. The
mixture was then centrifuged and washed out with endolymph. Since Concanavalin A was toxic
to biological issue, the washout was repeated four times. The microspheres were then mixed
with endolymph at the concentration of 400um/ml. We used a pipette to inject 100ul of the
microsphere mixture into the endolymph solution on top of the preparation. The microspheres
would sink onto the preparation, and in a random distribution on top of the hair bundles (Figure

1B).

The microspheres were readily available, and they bound reliably to spontaneously oscillating
hair-bundles. Moreover, their transparency allowed top-down imaging of the hair-bundles
underneath. There were, however, several drawbacks. First, because of the curvature, there
were more degrees of freedom in the coupling, and the binding could not withstand high
amplitude of mechanical stimulus. Lastly, due to the randomness of the deposition method, we

could not target specific bundles.
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Figure 1. Experimental setup.

(A) Preparation mounted on a two-compartment chapter, with artificial endolymph on top, and
artificial perilymph on the bottom. The camera records from a top-down view. (B) A polystyrene
bead coupling several hair bundles, with attachment via the tip of the stereocilia. (C) A glass
probe pushing against the equatorial edge of the bead, providing mechanical drive.

3. Mechanical stimulus

Stimulus was provided by a glass probe mounted on a piezoelectric stimulator, driven by
waveforms sent from a function generator. The optimal probe stiffness varied depending on the
target. To stimulate a single bundle, probe stiffness was selected to be around 100uN/m. For a
group of coupled bundles, the stiffness required was 400uN/m. To stimulate the otolithic

membrane, a probe of stiffness around 600uN/m were used.

Probes were dipped into a Concanavalin A solution (2mg/ml in deionized water) for 30 seconds

before use. To stimulate a coupled group, the probe was pushed against the equatorial edge of



the bead (Figure 1C), providing horizontal stimulus. The underlying hair bundles were deflected

by the imposed movement of the bead.

A different protocol was used to stimulate the otolithic membrane. We used a probe with a
vertical tip to either push on the side of the otolithic membrane, or to embed it partly into the
membrane. For the embedding procedure, we sent a slow sine wave (3Hz) to the probe as it
was lowered onto the membrane, and viewed the bundles underneath the membrane. As soon
as the probe was sufficiently embedded, the bundles showed a movement in response to the

sinusoidal stimulus.

4. Recording Data

Hair bundles were imaged in a top-down configuration with an upright light microscope
(Olympus B51W). The image was further magnified and projected onto a Complementary Metal
Oxide Semiconductor (CMOS) camera. Two camera models were used: Photron SA-1.1, and a

Hamamatsu C-11440.

The choice of camera depended on the trade-off between frame rate, field of view, and
recording length. The Photron camera allowed frame rates of 1000 fps, at a magnification of
500x, and a field of view that encompassed up to 20 hair bundles. However, at the maximal field
of view, the recording length was limited, The Hamamatsu camera did not have a limit on
recording length, but the frame rate depended on the field of view. In order for the field of view
to cover a synchronized group of bundles, the maximal frame rate was 500 fps, and the

magnification could be no greater than 250x.

Therefore, for recordings of spontaneous oscillations, we used the Photron camera with 500x

magnification, and frame rate from 250 to 1000 fps. For recordings of the otolithic membrane,
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we used the Photron camera with 250x magnification, and frame rate of 250 fps. For
experiments that involved longer recordings, such as chaos in the coupled system and

response to stimulus, we used the Hamamatsu camera with 250x magnification and 500 fps.

For artificial coupling, recording was taken at two different focal levels: the tips of the
stereociliary bundles, and the equatorial level of the microsphere. The stereociliary tips were
visible through the coupling agent. For otolithic membrane experiments, recording was also
taken at the focal level of the stereocilia. Bundles were also visible through the otolithic

membrane.

Data was stored as a sequence of images, and later processed with a program in Matlab. In
order to extract positional information, we analyzed the intensity profile of bundles and found the
change from frame to frame. The pixel conversion was 108.9 nm/pixel for 250x magnification,
and 54.45 nm/pixel for 500x magnification. Therefore, capturing the change of a few nm would

require averaging multiple rows of pixels.

5. Data analysis
5.1 Image analysis

Image sequences were analyzed using programs written in Matlab. In gray-scale, each hair-
bundle appeared as a high area of intensity. The position of the hair bundle was defined as the
center of the intensity profile. Thus, by tracking the change in the center position, we could
characterize the hair bundle’s motility. To minimize noise, only parts of the intensity profile
greater than a set threshold were included in the calculation. The best threshold level was

determined empirically, and varied between the minimum and medium of the intensity.



Even at the highest magnification, the position change from frame to frame was below the size
of a single pixel. Therefore, in order to extract the position data, it was necessary to average a

dozen rows of pixels. For noisy recordings, we also smoothed the images with a Gaussian filter.

For synchronization analysis, we tracked the motion of individual hair-bundles and the overlying
microsphere. The latter was tracked at both the equatorial focal level and the stereocilia focal
level. At the equatorial level (Fig 1A), we tracked the edge of the sphere. At the stereocilia level
(Fig 1C), we tracked spots (local imperfections in the polystyrene bead) which provided
sufficient contrast to be tracked. By averaging the motion of several spots, we extracted the

movement of the microsphere.

5.2 Trace processing

The numerical data extracted from the images contain optical noise and sometimes a slow drift,
due to the inevitable sagging of a biological preparation. The latter effect was more pronounced
in long recordings. To eliminate this drift, we used moving average method with a very large bin
(1000 frames) to determine the slow trend, and subtracted it from the trace. This resulted in a
signal with zero offset. To remove the noise, we used a lowpass filter (125Hz to 250Hz cutoff),

also accomplished with a moving average method.



Chapter 3 Synchronization of Spontaneous Moaotility

1. Synchronization

1.1 Group Motility

We observed that when coupled by the overlying bead, spontaneous oscillations can
synchronize. This was confirmed by tracking the movement of hair bundles through the bead
(Figure 2C). Typically, 4 to 6 hair bundles would be positioned underneath the bead. Of those, 3
to 4 hair bundles would be synchronized (Figure 2D). Hair bundles located closer to the center
of the bead tended to be synchronized, while those father outside (edge bundles) were less

likely to. This is indeed consistent with the spherical geometry of the polystyrene bead.

The collective motility of the synchronized bundles was sufficient to move the overlying bead,
giving rise to oscillations up to 80nm in amplitude (Figure 2B). We could track the bead motion
in two focal planes: at the equatorial plane of the bead (Figure 2A), or at the stereocilia plane
(Figure 2C). In the latter case, the bead was not in focus, but local non-uniformities seen as
spots could be readily imaged. By tracking the movement of these spots and averaging them,
we could extract the bead motion in the same recordings in which the bundle motion was

imaged.

Once the bead was removed, the hair bundles were thus de-coupled (Figure 2E). They were still
active, indicating that the coupling process did not cause much damage. As expected for
unencumbered bundles, they all exhibited different and uncorrelated oscillations profiles (Figure

2F).

1.2 Correlation

10



The motion traces of synchronized hair bundles were both phase-locked and in-phase, which
became apparent when the traces were overlaid together (Figure 2H). Every cycle of the
synchronized bundles, as well as the bead, showed large overlaps. We quantified the degree of
synchronization with the cross correlation function. Given time series x(t), and y(t), the cross

correlation function f(t) is defined as

<x(1),y(t+71)>

®) =
/ \/< x(1), x(1) >< y(1),y(7) >

f(t) is normalized to 1. We used the maximum peak in f(t) to determine the cross correlation
coefficient (peak value) as well as the lag (peak location). Two identical traces would therefore

have correlation coefficient of 1 and lag of 0.

We computed the cross correlation coefficient between synchronized bundles and the bead, as
well as between the connected bundles. The table of coefficient values is shown in Figure 2G.
All the values were high, indicating strong correlation. The correlation between any bundle and
bead tended to be higher than between bundles. This was due to additional degrees of freedom
between bundles. We used the correlation between bundle and bead as the measurement
criteria. If the value was greater than 0.5, we characterized the bundle as synchronized. Since
the correlation coefficients of all data sets tended to fall into two clusters: from 0.5 to 0.9, or

below 0.2, we used 0.5 as a robust threshold for synchronization.

The correlation lag between traces were all between 0 to 2ms, which was within the time

resolution of the recording.

11
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Figure 2 Synchronization of spontaneous oscillations.
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(A) Image of a polystyrene sphere at the equatorial plane of focus, obtained in a top-down view.
Scale bar = 10 uym. Inset shows a schematic of the sphere on top of the bundles, in a sideways
view. (B) Motion trace of the microsphere obtained at the equatorial plane. Scale bar x = 400
ms, y = 40 nm. (C) Top-down view of hair bundles, imaged through the overlying polystyrene
sphere. Dashed line marks the projection of the rim of the sphere onto this focal plane. Scale
bar = 10 um. (D) Traces of spontaneous motion of the hair bundles shown in C, denoted by the
corresponding numbers. Bundles 1-3 synchronized their motion to each other, whereas those
near the rim of the bead (bundles 4-6) did not. Scale bar x = 400 ms, y = 50 nm. (E) Top-down
view of the hair bundles, obtained after removal of the bead. Scale bar = 10 ym. (F) Traces of
spontaneous bundle moatility, recorded after bead removal. Scale bar x = 400 ms, y = 50

nm. (G) Table of the normalized correlation coefficients for the bundle oscillations and those of
the bead. Bundles 1-3 were synchronized, and 4—6 were not. (H) Overlaid traces of hair bundle
(1-3) and bead motility, demonstrating phase-locked oscillation. Scale bar x = 100 ms, y = 20
nm.

2. Frequency Effect

2.1 Oscillation Detection

Adjacent hair bundles on the epithelium typically exhibited different oscillation profiles. Some
hair bundles were regular oscillators, with one natural frequency, while others exhibited bursting,
with oscillation profiles characterized by bursts of fast oscillations interspersed with intervals of
guiescence. Therefore, there was usually a dispersion of natural frequencies present in a

synchronized group.

To examine the effect of coupling on oscillation profiles, we needed a standardized
measurement of frequency. One method was to take the Fourier transform of the oscillation
trace, to compute the power spectrum density (PSD). The peak location of the PSD would be
the characteristic frequency. However, we found that the PSD was often noisy, requiring a fitting
algorithm to determine the peak location, and in particularly noisy oscillators, the fits were not

accurate.
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Therefore, we used an oscillation detection algorithm to analyze the oscillation trace. The
algorithm detected rapid transitions in the time series, subject to thresholds on both amplitude
and slope. Each oscillation would have two rapid transitions, corresponding to the channel
opening and channel closing parts of the mechano-transduction cycle. We defined one cycle
period, T, as separation between adjacent channel openings (Figure 3A). The cycle frequency
was defined as 1/T. From a sufficiently long recording (>5s), we could get a robust histogram of
cycle frequencies (Figure 3B). We used kernel density estimation (KDE) to smooth the
histogram into a curve, and defined the peak location of the curve as the characteristic
frequency of the hair bundle. The shape of the curve also gave information about the regularity

of the oscillations, which will be discussed later.

2.2 Frequency convergence

Our results showed that coupling pulled disparate natural frequencies together. Examining the
individual hair bundles in a synchronized group, we found that their frequencies had a very
small spread when synchronized, compared to the frequency dispersion when de-coupled
(Figure 4A). Moreover, the mean group frequency didn’t change much between synchronized

and de-coupled conditions, suggesting that bundles converged to the group mean frequency.

We also observed dependence of the induced frequency shift on the correlation coefficient
between the bundle and the bead (Figure 4B). Within each group of hair bundles, higher
correlation coefficients corresponded to smaller AFreq, indicating that bundles synchronized

more readily when the innate frequencies matched more closely the mean frequency of the

group.
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Figure 3. Extracting the frequency and quality factor from the oscillation trace.

(A) A typical recording of the innate motility exhibited by an oscillating hair bundle. The
superposed square wave trace represents the rapid positive and negative deflections of the
bundle, obtained from the oscillation detection program, described in Methods. The interval
between two positive deflections defines the instantaneous period of the cycle. Scale bar x =
200ms, y=20nm. (B) Histogram of instantaneous frequencies, obtained from the inverse of the
instantaneous period. We used the kernel density estimation (KDE) to smooth the histogram.
The peak location of the curve defines the frequency Fpeak, Of the bundle, and the Q-factor is
defined as Fpea/ FWHM. (C) Histogram of instantaneous frequencies, with the instantaneous
period defined by the interval between two negative deflections. No significant difference was
observed between the two methods.
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Figure 4. Frequency of the coupled system.

(A) Each panel represents a group of coupled hair cell bundles. For each group, the frequency
of bundle oscillations, with and without coupling, is plotted against the correlation coefficient of
the bundle motion with respect to the bead. Under coupled conditions, the bundle frequencies
converge to the mean frequency of the group. (B) Change in the bundle frequency (AFreq),
defined as the absolute difference between the oscillation frequencies under coupled and
uncoupled conditions, versus the correlation coefficient. Each color represents a synchronized
group (n=7) of hair bundles. AFreq shows a decreasing trend with correlation coefficient.

3. Regularity effect

Synchronized oscillations were observed to be more regular than the noisy innate oscillations of
individual hair bundles. To measure the reduction in the variation of the oscillation frequency,
we calculated the quality factors of the instantaneous frequency for all spontaneously oscillating
hair bundles (n = 6), with and without the presence of an overlying bead (2 examples shown

in Figure 5A). Quality factors were found to be consistently higher under coupled conditions,
16



compared to those extracted from the bundles’ innate motility. As a control, the same analysis
was performed for the unsynchronized edge bundles (see, for example, bundles 4-6 in Figure
2). Figure 5C shows the quality factors of spontaneous oscillations of edge bundles, with and
without the presence of an overlying microsphere. For these groups of cells, quality factors of
the individual bundles showed either an increase or a decrease upon the deposition and
removal of the bead, with no overall trend, indicating that the regularity of the innate oscillation

was not affected.

This measurement was performed for six groups of cells with recordings longer than five
seconds. All of the groups showed an improvement in the regularity of spontaneous oscillation
(positive AQ) as a result of synchronization (Figure 5B). In comparison, the unsynchronized
edge bundles showed no trend in AQ (Figure 5D). The synchronized system exhibited an

enhanced regularity of spontaneous oscillation.
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Figure 5. Enhanced regularity of spontaneous oscillations.

(A) Each panel represents a synchronized group of oscillators. For each group, the quality
factor of the oscillations exhibited by hair bundles, when synchronized by the bead and upon its
removal, is plotted against the bundle’s coefficient of correlation with the bead. Synchronization
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increases the regularity of the oscillations. (B) AQ versus the correlation coefficient. AQ, defined
as Qsynchronized-Qunsynchronized, IS Measured for each bundle. Each color represents a synchronized
group (6 groups total), and each point represents a bundle in the group. AQ is always positive,
indicating that the synchronized system exhibits an enhanced regularity of oscillation. (C) Each
panel shows a group of unsynchronized bundles, positioned near the rim of the bead. For each
group, we compare the quality factors of the bundles with and without the bead present. The
quality factor either increases or decreases, showing no consistent trend. (D) AQ, obtained for
groups of unsynchronized bundles near the rims of the beads. AQ was either positive or
negative, showing no consistent trends.

4. Multi-mode phase-locking

In addition to the one-to-one mode-locking behavior, we have also observed multimode-locking
in synchronized bundles. When this high-order synchronization occurred, the faster bundle’s
characteristic frequency would be an integer, N, multiple of the slow bundle. When their traces
were mapped onto each other, N cycles of the faster bundle would correlate with 1 cycle of the
slower bundle (Figure 6AB). We have observed N ranging from 2 to 4. Typically, a synchronized
group would have a mix of one-to-one and multimode-locked hair bundles. The correlation
coefficient of multimode-locked hair bundle was generally lower than for one-to-one phase-

locked bundles.

The mode-locking integer N could be determined by the time evolution of the oscillation phase.

We obtained the phase using Hilbert transform. Let y(t) be the oscillation trace. The complex

Tmag(z)
6 = ﬂma”(m'?m)
form z(t) is defined as z = —Hilbert(y) + iy, where Hilbert(y) is the Hilbert transform of y. The

instantaneous phase 0 is given by

When we compared the unwrapped phase of the hair bundles, the phase of the faster bundle

would grow at a faster rate (Figure 6CD). If we multiplied the unwrapped phase of the slower
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bundle by N, then the two phase trends would align. This was confirmed by vector strength test,

which showed strong correlation between the faster phase and N times the slower phase.

Multimode phase-locking could arise out of weaker coupling strength. This hypothesis was
examined with numerical simulations, which demonstrated the necessary coupling condition for

multimode locking to occur (Figure 7 AB).
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Figure 6. High-order mode-locking.

(A) Traces of motion for a hair bundle and bead pair, showing 3:1 mode locking. Scale bar x =
200 ms, y = 30 nm. (B) Traces of motion for a bundle and bead pair, with 2:1 mode locking.
Scale bar x =100 ms, y = 30 nm. (C) The unwrapped phase of the pair shown in part A.
Instantaneous phase of the bundle (Pwunaie) increases faster than that of the overlying bead
(Poead). Multiplying Pread by 3 leads to a largely parallel evolution of the phases with time. Scale
bar x = 300 ms, y = 50 rad. (D) The unwrapped phase of the pair shown in part B. Multiplying

21



@ueaq by 2 leads to a largely parallel evolution of the two phases with time. Scale bar x = 200 ms,

y = 20 rad.
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Figure 7. Multi-mode phase-locking by elastic or viscous coupling.
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(A) Multi-mode locking due to elastic coupling (Winding Number = 1.98). The red trace shows
the bead motion, and the blue trace shows the motion of the hair bundle with the weaker
coupling coefficient. The innate frequencies of the three oscillators are Qi = 7Hz, Q, = 17Hz and
Q3 = 25Hz; the coupling strength is K1 = 1000 uN /m, Kz = 1000 uN /m and Kz = 300 uN

/m. (B) Multi-mode locking due to viscous coupling (Winding Number = 2.06). The red trace
shows the bead motion, and the blue trace shows the motion of the hair bundle with the weaker
coupling coefficient. The innate frequencies of the three oscillators are Qi = 7Hz, Q, = 17Hz and
Qs = 25 Hz; the coupling strength is €1 = 40 uN*s/m, & = 40 uN*s/m and &; = 2 uN*s/m. Both
forms of coupling lead to multi-mode phase-locking. (C-D) Winding Number vs. frequency of
one of the oscillators. Both forms of coupling show the devil’s staircase. (C) Ki = K, = 1000 uN
/mand Kz =300 uN /m, Q1 =7 Hz, Q3 =17 Hz. (D) &1 = ¢ = 40 uN*s/m, and & = 5 pN *s/m,

Ql =7 HZ, Qa =17 Hz.

5. Coupling Strength

The coupling between the bead and an underlying bundle can be modeled with viscoelastic

elements, as shown in the schematic (Figure 8A).

The viscoelasticity of the hair bundle (hb) is characterized by a stiffness kj; and viscous
dragéy,. Similarly, the connection between the bead and a hair bundle (through concanavalin A)
is characterized by k and &. With a stimulus imposed on the bead, A is the displacement of the
bead, and x is the displacement of the bundle. If the stimulus is sinusoidal, we can let 4 =

Ao e'“tand x = xye'“t**?be the response of the bead and bundle, respectively.

The force on the hair bundle is

F=mux= &+ kpyx+ E(x — 4) + k(x — 4) (1)

Since the mass of the hair bundle m;,;is negligible, the equation of motion is

EpX+ kppx+ (A — A)+k(x—4)=0 (2)
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With sinusoidal stimulus, this becomes

{ (kpp + k)xgcosp — (&, + Ewxg sing = k4,

(kpp + k)xysing + (&, + Ewxy cosp = wéd, ®3)

With the substitution

Ay = xgcosp —4y A, = —wxpsing Az = kppxgcos @ — wép,xg sin @

By = xgsing B, = wxgcos@p —wldy Bz = kpyxosing + wéy,xy cos @

The solutions are

k = B3A; — A3B;
{ AlBZ - BlAZ (4)

_ B34 — A3By

\E "~ A,B, — ByA,

Therefore, with a sinusoidal stimulus, we can measure the quantities w, Xo, Ao, @, and calculate

k and &.

For this measurement, we sent a stimulus to the bead with a glass capillary probe, which was
attached to the equator of the bead. Artificial endolymph was replaced by perilymph, so that the
bundles were quiescent. We recorded the motion of individual bundles at the stereocilia focal

plane. Spots adjacent to the bundles were also tracked, yielding the motion of the bead.

For the k measurement, the stimulus consisted of a series of sine wave segments, with
frequency ranging from 5Hz to 100Hz. For each sine wave segment, we extracted w, Xo, Ao, and

¢, which yielded a stiffness value for that frequency. The whole frequency sweep yielded a
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distribution (KDE) of stiffness values (Figure 8B). The peak value of the smoothed curve was
taken to be k value for this bundle-bead pair, and the width at half maximum gave the error +/-

Ak. The results for 8 pairs yielded values from 1.5 (+1, - 0.7) to 4.8 (+/- 1.8) mN/m.

The same procedure was used to measure ¢, in the frequency range 550-650Hz. The results for

4 pair yielded values from 1.9 (+0.16, -0.1) to 3.2 (+/- 1.2) uN*s/m.

The average values for the coupling coefficients are k = 2.5+/-1.1mN/m, and ¢ = 2.8+/-

0.7uN*s/m.
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Figure 8. Estimation of coupling strength.

(A) A schematic diagram of the coupling between the bead, the bundle, and the supporting
tissue. (B) A typical distribution of k(w) for a single bundle-bead pair. The kernel density
estimation curve (KDE) provides a peak value, and the width at half maximum gives the error
estimate +/-Ak.
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Chapter 4. Mechano-sensitivity of the coupled system

1. Frequency selectivity

1.1 Background

Hair bundles typically exhibit a tuned response to external stimuli. Prior work [14] [15]
demonstrated frequency selectivity in hair bundles, with sensitivity peaking at the bundle’s
characteristic frequency. The shape of the tuning curve depended on the stimulus amplitude,

with weaker stimulus producing sharper peaks.

Theory on coupled system predicted enhanced mechanical sensitivity [8], provided that the
coupled oscillators were close to identical. Since the amphibian sacculus exhibits frequency
dispersion, we wanted to examine the response characteristics of a coupled system of hair

bundles that exhibit a spread of natural frequencies.

1.2 Protocol for experiments and data analysis

We applied a mechanical stimulus to the coupled system by attaching a glass probe to the
overlying bead. The probe had a stiffness of ~400uN/m. The stimulus consisted of a discrete
frequency sweep (Figure 9A), applied at a constant amplitude. The sine wave segments ranged
from 1Hz to 40Hz, with 10 cycles per segment. There was a 0.5ms interval between the
segments, plus a longer, 2s interval at the beginning and end of the stimulus. The longer
intervals were used to confirm that hair bundles remained synchronized during the recording.
Only datasets with consistent synchronization during these intervals were considered in the

analysis.
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The bundle response to each stimulus wave segment was fitted to a sine wave (Figure 9B-D).
Amplitude and phase were fitting parameters, while frequency was fixed to the stimulus
frequency. The resulting fit provided the phase-locked amplitude. If there was any frequency
selectivity, then phase-locked amplitude as a function of stimulus frequency would show a peak.
Meanwhile, the degree of entrainment could be measured by R? value from the fit statistics. R?

ranged from 0 to 1, and 1 would mean perfect entrainment to the stimulus.

1.3 Results

We found that synchronized hair bundles exhibited frequency selectivity, despite dispersion in
their innate frequencies. The phase-locked amplitude as a function of stimulus frequency
(Figure 10A) showed a broad peak, which encompassed both the natural frequency of the
individual hair bundles, as well as their synchronized frequency. Every hair bundle within the
synchronized group showed frequency selectivity, although the profiles of their tuned response
were not the same. Moreover, hair bundles with natural oscillations that were bi-modal (bursting
cells), showed frequency selectivity curves with two peaks, such as the bundle 2 in Figure 10A.
The broad tuning was observed in all of our datasets (n = 6). The Q-factor of the tuning curve

ranged from 0.3 to 1.5 (Figure 10C).

We also examined entrainment as a function of stimulus frequency (Figure 10B). Entrainment
was higher than 0.5 for most of the stimulus duration, peaking in the same manner as the
phase-locked amplitude. When entrainment was strong, hair bundle response was correlated
with stimulus over each cycle sent (Figure 9C). As the stimulus frequency moved away from
resonance frequency, entrainment became weaker, and hair bundles began to show phase slips

(Figure 9 BD).
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Figure 9. Discrete frequency sweep.

(A) Discrete frequency sweep stimulus waveform. (B) Bundle response to 2Hz segment of the
stimulus. Each color represents a synchronized bundle, while the dashed black lines represents
the sine wave fit. (C) Bundle response to 10 Hz stimulus segment. (D) Bundle response to 20Hz
stimulus segment.

1.4 Comparison with single bundle tuning

Prior measurements had shown that the frequency selectivity of an individual hair bundle
depends on the forcing amplitude, with smaller stimuli producing sharper peaks [14]. A direct
comparison of the sharpness of frequency selectivity for the coupled bundles and individual
ones could not be made, as we did not have an independent measurement of the stimulus force
acting on each hair bundles connected to the bead. However, we could make some

observations on the differences between synchronized bundles and freely oscillating bundles.

29



First, the frequency selectivity of an individual bundle always peaked at its characteristic

frequency, whereas that was not the case for synchronized bundles, since the frequency of
other bundles under the bead also played a role. Secondly, a larger stimulus amplitude was
required to invoke entrainment in the synchronized group. Amplitudes below 20nm provided

poor entrainment.
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Figure 10. Frequency selectivity of synchronized bundles.
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(A) Phaselocked amplitude versus stimulus frequency. Each colored line represents one
synchronized bundle. The solid colored boxes represent the characteristic frequencies of the
individual bundles (measured under de-coupled condition). The width of the box represents the
FWHM of the oscillation frequency. Hollow colored boxes represent the synchronized frequency.
(B) Entrainment of bundle 1 as a function of stimulus frequency. (C) Q factor distribution of
frequency selectivity curve for synchronized bundles, collected from 6 datasets.

2. Compressive nonlinearity

2.1 Background

Hearing exhibits a remarkably wide dynamical range. For example, in humans, it can
encompass 120 dB of signal amplitudes. Compressive nonlinearity throughout the auditory
pathway is key to sustaining this feature. On the hair-cell level, compressive nonlinearity also
manifests itself in the hair bundle’s response to mechanical stimuli. Work by [7] demonstrated
this behavior. When the hair bundle was subject to increasing stimulus amplitudes, applied near
its natural frequency, there was a region of stimulus amplitude where the bundle response was

nonlinear. This feature disappeared when stimulus frequency moved far away from resonance.

Since the nonlinear response was frequency dependent, it could be affected by the frequency
dispersion of the synchronized system. We wanted to test if nonlinearity was indeed retained by

the coupled system, and whether the effect was different from the single hair bundle.
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Figure 11. Amplitude ramp sine stimulus.

(A) Sine stimulus with ramping amplitude, from Onm to 90nm. (B) Bundle response in a time
window. The width of the window is 15 sinewave cycles, and the mean stimulus amplitude in the
window is 2.2nm. Each color represents a synchronized bundle, while the dashed black lines
represents the sine wave fit. (C) Bundle response in a time window, with mean stimulus
amplitude = 12nm. (D) Bundle response in a time window, with mean stimulus amplitude =
24nm.

2.2 Experiment and data analysis protocol

We used a probe to apply stimuli to the bead, which would move in response, together with the
synchronized bundles. The probe stiffness was 400uN/m. The stimulus consisted of a sine wave
at a fixed frequency, with a linearly ramped amplitude (Figure 11A). Over the course of one

minute, the sine wave amplitude increased from Onm to 90nm. There were 2 second intervals of
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no drive, at the beginning and end of the stimulus train, which were used to measure
spontaneous synchronization. Only datasets with consistent synchronization during these

intervals were considered.

To examine the changes in the response amplitude, we divided the stimulus train into moving

time windows. Each window spanned 15 cycles of the sine wave, and each subsequent window
was moved forward by one cycle. Thus, the windows had significant overlap. Since the stimulus
amplitude was linearly increasing, we used the mean amplitude in the window to be the window

amplitude (Figure 11 B-D).

34



Phaselocked amplitude (nm)

0 T T v - 130
€
&5 1
=
x4 g ’%m ]
%15 4
20t zw
&5
0 2 40 23] €0 100
1 C
09 N ——
08 _pmm=t €
,-
10F 07 /’ s
06 U R
i B
o 05 1 .
< t
5 @ 04 I} -
’ -
03 ’
’ .
02},
0 A
T 01 2 w0 o 100
Stimulus amplitude (nm)
*r »
» kY 4
% = 4
2
- 'E:o ]
%Iﬁ -gls 1
B £
10 = |
s . |
A S V- R %% ®» ® ® ® @ m ® %
i) Stmutus amplitude (am)
1" B . . T
s 'S 'Y
osf J
°
08k @ P
o7} . 4
i
2 o8} 4
z L 3
osf 4
°©
04 ® Acve
A naxtve
0af
o\b i s 'S 1
3 £ 10 0 © w
AH)

35



Figure 12. Compressive nonlinearity of synchronized bundles.

(A) Phaselocked amplitude as a function of stimulus amplitude. Stimulus frequency = 5Hz (on
resonance). Each colored line represents a synchronized bundle, while the shaded region
represents the error bar. (B) Fitting amplitude growth to a power-law. Data taken from bundle 1
in (A). (C) Entrainment as a function of stimulus amplitude. Data taken from bundle 1 in (A). (D)
Phaselocked amplitude as a function of stimulus amplitude, where stimulus frequency = 9Hz (off
resonance). (E) Phaselocked amplitude versus stimulus amplitude. Stimulus frequency = 5Hz,
and the hair cells are inactive. (F) Power-law coefficient as a function of Af (defined as stimulus
frequency minus resonance frequency). Yellow dots are data taken from 5 synchronized groups,
with active cells. Red triangles are data from control experiments, with synchronized inactive
cells.

We also performed control experiments, where 50uM gentamicin was infused into the

endolymph bath. Gentamicin blocks the transduction channels in the stereocilia, effectively
halting the active process. In the presence of gentamicin, hair bundles did not oscillate. We
applied the same mechanical stimulus to synchronized, inactive bundles, and recorded the

response amplitudes.

2.3. Results

When subject to on-resonance stimuli, synchronized bundles displayed a compressive
nonlinearity (Figure 12A). Entrainment was observed already at stimulus amplitudes of 2nm,
and bundle response remained nonlinear until the maximal stimulus amplitudes probed (90nm).
Entrainment was stronger for one-to-one mode-locked bundles than for multimode-locked
bundles. This likely reflected the fact that the same stimulus was off-resonance for the bundles
that displayed high-order mode-locking. Typically, entrainment grew rapidly below 20nm
stimulus amplitude, and then gradually approached 1 (Figure 12C). When stimulus occurred a

few Hz off-resonance, bundle responses were still nonlinear (Figure 12D).
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The nonlinear trend could be fitted with a power law. For on-resonance stimulus, the power law
coefficient was about 0.3 (Figure 12B). As stimulus moved off-resonance, the power-law also

changed to become more linear, and the coefficient gradually approached 1 (Figure 12F).

In comparison, synchronized hair bundles in control experiments displayed completely linear
response to on-resonance stimuli. This indicated that nonlinearity was a product of the active
process, and not a passive effect. When we fitted the response curve to a power law, the

coefficient was always 1, whether stimulus was on resonance or off-resonance (Figure 12F).

2.4. Comparison to single hair bundles

The synchronized bundles behaved similarly to single bundles in a number of ways. First, with
on-resonance stimulus, entrainment could be invoked by very small stimulus amplitudes (about
2nm). Secondly, phase-locked amplitude growth displayed compressive nonlinearity, which was
most prominent in on-resonance stimulus, and less so off-resonance. Lastly, the power law

coefficient for on-resonance stimulus was 0.3, which was similar to the value obtained in [7].

Our experiments could not probe the high amplitude regime, where nonlinearity typically
disappeared above 150nm stimulus amplitude for individual hair bundles. The experimental
limitation was due to the coupling between the bead and bundles, which could be compromised

by strong forcing of the bead.
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Chapter 5. Coupling by the Otolithic Membrane

1. Motivation

Hair bundles in the bullfrog sacculus are naturally coupled by the otolithic membrane, a mass of
extracellular tissue that provides both coupling and loading. The membrane is about 25-30um
thick, and it is attached to the epithelium by a network of filaments [16]. The membrane couples
around 2500 hair bundles (Figure 13A). Prior work showed that a patch of membrane is of
comparable stiffness to the hair bundle [17]. The membrane was shown to provide strong
coupling, leading to a coherent response across significant portions of the sacculus [11].
Individual hair bundles are embedded in a fluid sac on the underside of the otolithic membrane,

and attached to the wall of the sac.

When naturally coupled by the otolithic membrane, hair bundles do not spontaneously oscillate.
Nevertheless, it is an active system [18], and we are interested in how the active process is
manifested in terms of the mechanical response. Prior worked showed very broad frequency
tuning [18]. We build upon this work to further explore the nonlinearity of the otolithic membrane
system. We also want to compare the result to the coupled system of 3 to 4 bundles (via the

microsphere).

2. Method

2.1 Biological preparation

The dissection protocol was altered so that the preparation was immersed in NMDG-based
saline solution, to avoid exposure to high calcium concentration that characterizes ordinary

perilymph. Based on empirical evidence, calcium ions tended to weaken the fiber connection
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between the otolithic membrane and the apical surface of the epithelium. Therefore, we avoided

exposing the sacculus to high calcium during the dissection process.

We pulled away the otoconial mass from the top of the otolithic membrane, which was otherwise
left undisturbed. The preparation was mounted in a two-compartment chamber, with perilymph

on the bottom, and endolymph on top, following previously established procedures.

2.2 Mechanical stimulus

A stiff glass probe (~600um/N) was used to provide mechanical stimulus to the otolithic
membrane. Two protocols were used to attach the probe to the membrane, approaching it either
from the side edge, or from the top. The edge attachment involved pushing a vertical probe tip
against the edge of the membrane, providing a horizontal stimulus. The top attachment involved
lowering a slightly slanted probe tip (30 degrees from vertical) to the top of the membrane, and
embedding it in the tissue (Figure 13B). Empirical evidence suggested that the embedding
method provided more long-range stimulus, affecting hair bundles located farther away from the

probe tip. Therefore, we chose this method for most of the measurements.

To ensure best attachment, we sent a 3Hz sinewave through the probe while lowering it
gradually with a micro-manipulator. The camera was focused on the stereocilia level below the
membrane. As soon as bundles began visibly moving with the sine stimulus, the probe was

assumed to have reached optimal position.
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Figure 13. Otolithic membrane experiment.

(A) Top down view of the otolithic membrane and the hair bundles underneath. (B) Method of
attaching probe to the top of the membrane and sending a horizontal stimulus.

2.3 Control experiment

Any mechanical sensing property measure should reflect the hair bundle’s active process. To
separate these effect from the passive properties of the structure, we performed control
experiments with gentamicin. In these experiments, gentamicin solution was added to the
endolymph bath surrounding the hair bundles. Gentamicin is an aminoglycoside which interferes

with mechano-transduction channels. At 50uM concentration, it completely stops hair bundle
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oscillations, indicating the cessation of the active process. This is effect is reversible, as

oscillations return after a wash-out with regular endolymph.

After all measurements were complete, we peeled off the otolithic membrane with an eyelash
tool, and observed the state of the hair bundles. If there were 70% or more hair bundles
spontaneously oscillating, we considered that to be a verification that the hair bundles were

active underneath the otolithic membrane during the experiment.

3. Frequency selectivity

Since the smaller coupled system exhibited frequency selectivity, we wanted to test if this
property is retained in a large coupled array. Prior work [18] showed some hints of tuning, but it
was very broad. We tested for frequency selectivity with a discrete frequency sweep stimulus,
consisting of sine waves of frequencies from 1Hz to 40Hz (Figure 14A), which covers most of
the hair bundles’ natural frequencies. The frequency segments were ordered randomly, and
there were 25 cycles per segment. We measured the response of bundles at various distances

from the probe location.

Hair bundles within 50um from the probe tip showed movement driven by the stimulus (Fig 15B).
Farther away, the amplitude of the response dropped off precipitously. We measured the phase-
locked amplitude of the bundle response, determined by fitting the evoked movement to a sine

wave of the stimulus frequency. Amplitude and phase were the fitting parameters.

There was no discernable trend of frequency selectivity for any of the coupled hair bundles. We
averaged the phase-locked amplitude of 8 bundles near the probe tip (<25um) and 8 bundles
farther away (between 25um and 50um). Both showed a linearly declining trend (Figure 13B,

indicating that the coupled system acted mostly as a passive filter).
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Figure 14. Test for frequency tuning.
(A) Stimulus waveform is a discrete frequency sweep, with randomized frequency segments. (B)
Phaselocked amplitude versus stimulus amplitude, averaged for 8 bundles near the probe

location, and 8 bundles farther away. (C) Trances of bundle response to stimulus, for 8 bundles
near the probe location.

The result contrasts with the smaller coupled system, which showed a tuned response. Since
the otolithic membrane couples many more bundles, with a much larger frequency dispersion, it
is possible that the loss of tuning is due to dispersion. Further theoretical work is needed to
demonstrate the size of the coupled ensemble at which the transition between tuned and not

tuned response occurs.
42



4. Nonlinearity

We further examined whether the compressive nonlinearity, exhibited by individual bundles and
small systems of coupled bundles, is retained in preparations in which few thousand bundles
are coupled by the otolithic membrane. We applied a discrete amplitude sweep (Figure 15A),
with sine waves at 33Hz, with 33 cycles per amplitude segment. The order of the applied
amplitudes was randomized to prevent cumulative effects of adaptation, and the amplitude

ranged from 10nm to 150nm.

Bundles within 50um of the probe tip showed entrainment to the stimulus (Figure 15C). We
measured the phase-locked amplitude in each discrete stimulus train, by fitting the response
trace to a sine wave at the stimulus frequency. If there was any nonlinearity in the response, it

would be observed in the phase-locked amplitude versus stimulus amplitude plot.

The result from our measurement was linear (Figure 15B), for both bundles near the probe tip
and bundles farther away. This was a surprising result, and contrasted with our findings on the
smaller coupled system, where coupled bundles exhibited compressive nonlinearity near
resonance frequency. Since 33Hz is in the middle of hair bundle’s frequency range, the stimulus
was selected to be near the characteristic frequency of a significant fraction of the bundles.

Nevertheless, no nonlinearity was ever observed.

Even though the amplitude trend looked linear, the active process in the coupled bundles could
still have some effect on their mechanical response. To observe if there is indeed any effect, we
stopped the active process by adding 50uM gentamicin to the endolymph solution. After
allowing 3 minutes for the gentamicin to perfuse, we repeated the same stimulus on the otolithic
membrane, and once again measured the phase-locked amplitude of the underlying hair

bundles.
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There was no measurable difference between hair bundle response with or without gentamicin
(Figure 16). This indicated that the lack of nonlinear dynamics in this coupled occurred despite
the presence of active process. The disappearance of nonlinearity could be due to coupling a

dispersive array of oscillators, or it could be due to loading by the otolithic membrane.

We note that in the natural environment, the sacculus contains an additional mass load,
consisting of the otoconia that lie atop the membrane. Future work would entail exploring the

possible role of mass in restoring a nonlinear response of the coupled system.
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Figure 15. Test for nonlinearity.

(A) Discrete amplitude sweep stimulus waveform. Each segment is a sine wave stimulus at
33Hz, with 33cycles. (B) Phase-locked amplitude versus stimulus amplitude, for hair bundles
near the probe tip (<25um) and farther away (between 25um and 50um). (C) The response of
20 hair bundles to the stimulus, all of which located within 50pum of probe tip.
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Comparison between bundle response with and without gentamicin. Each panel shows the
phase-locked amplitude versus stimulus frequency for one hair bundles, with the endolymph
and gentamicin results overlaid.
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Chapter 6. Chaos in a Coupled System

1.Motivation

The hair bundle exhibits spontaneous oscillation, which shows some periodicity, but is not
entirely regular. The distribution of local periods has a spread, and empirical observations have
shown that a bundle’s oscillation profile can change over time. Prior work [19] has suggested
that bundle oscillations are modulated by a time varying parameter. If this control parameter is
also a dynamic variable, the system can exhibit quasiperiodic behavior [20]. In a particular
parameter regime, a system described by three or more dynamic variables could become

chaotic.

Demonstrating the level of chaos in the bundle dynamics would shed light on what modulating
processes are at play. Prior work [21] has shown that an individual hair bundle oscillation is
chaotic. A theoretical model furthermore showed that chaos might be correlated with the
system’s sensitivity to external stimuli [22]. According to the model, a bundle would exhibit
higher sensitivity when weakly chaotic than in a purely deterministic limit-cycle regime. Since
the coupled system had more degrees of freedom, we wanted to see how the level of chaos

changes with coupling, and whether that change also leads to higher or lower sensitivity.

2. Poincare Map

Poincare map provides a qualitative measure of whether a system is deterministic or chaotic.
For an oscillatory system, the map would plot the time interval between two events, against a
previous time interval. If the system has one frequency and is completely regular, the map

would consist of a point. If the oscillations are modulated by another oscillating process
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(quasiperiodic), then the map would show a ring. The quasi-periodic transition is one of the well

known routes to chaos. When the system reaches the chaotic regime, it exhibits a cloud.

Figure 17 shows the result from one set of coupled bundles. The intervals |, are the cycle
periods. There were four bundles in this group, where bundle 1-3 were synchronized one-to-one
under the bead, and bundle 4 was multimode-locked. The Poincare map under coupled and de-
coupled conditions are overlaid together. Under both conditions, the map shows a cloud of
points, which is consistent with the oscillations being chaotic. We note however, that stochastic
noise likewise leads to scatter, and that additional tests of chaos need to be performed. Though
some groups of bundles exhibited slightly smaller clouds under coupled than de-coupled

conditions, we could not make a definitive comparison.
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Figure 17. Poincare map of bundle trajectories.

Poincare map for coupled and de-coupled bundles. Each subplot shows a single bundle in the
same group, under both coupled and de-coupled conditions. I, are the intervals (periods) of
oscillations, normalized by multiplication with the characteristic frequency. l,.1 are the previous
periods.

3. Quasiperiodic transition

Poincare maps of spontaneous oscillations could not be used to distinguish chaos from noise.
To mitigate this problem, we imposed a mechanical stimulus to the coupled system. The
stimulus imposed was a sine wave with ramped amplitude, applied at the resonance frequency
of the group of hair bundles (Figure 18A). Over one minute, the stimulus amplitude increased

from Onm to 90nm. We examined three time windows representing the early, middle, and late
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stimulus stages (Figure 18 B-D). Each window was 10 seconds long, and the mean stimulus

amplitude in the window was 7.5nm, 45nm, and 82.5nm, respectively.

The Poincare map in these time windows gave clue to the evolution of the bundle’s dynamical
state. When stimulus was small, the Poincare map showed a ring structure (Figure 18B), which
is one of the hallmarks of quasiperiodicity. This transition occurred when the bundle’s oscillation
was modulated by a periodic drive (the stimulus). As stimulus grew stronger, bundles became
more entrained, and the quasiperiodic behavior disappeared. Consequently, the ring in the
Poincare map collapsed into clusters (Figure 18C). In late stage of stimulus, bundles became
completely entrained, and the Poincare map was reduced to small clusters (Figure 18D). Due to
the presence of the multimode-locked bundle, there was more than one cluster. Even after
bundles had become completely entrained to the stimulus (at 5Hz), the influence of the

multimode bundle (at 18Hz) was still apparent.

Quasiperiodic route to chaos is characterized by a phenomenon known as torus breakdown.
This effect could be observed by testing the invertibility of the angle map [21]. The angle map
was obtained by selecting an arbitrary origin in the Poincare map, and then measuring the angle
of every point on the trajectory, with respect to the x axis. The resulting map from the early
stage of stimulus is shown in Figure 19. Since the map was not invertible, this indicated that the

guasiperiodic transition was chaaotic.

In some of the cases tested, the quasiperiodic behavior was observed to persist up to very high
stimulus amplitude. An example is shown in Figure 20D, where the ring structure in bundle 3
remained even after complete entrainment. This indicated that coupled systems had a broader

range of complex dynamics than that of a single bundle.
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Figure 18. Quasiperiodic transition of bundle trajectories.

(A) Stimulus waveform consisting of sine wave at 5Hz, with amplitude increasing from Onm to
90nm over one minute. (B)-(D) are select time windows that represent early, middle, and late
stages of stimulus. Window size = 10 seconds, and mean stimulus in window = 7.5nm, 45nm,
and 82.5nm, respectively. Each colored scatter plot is the Poincare map of one synchronized
bundle.

50



7 - 7
o o
6 & o
[} @ , o
o % 28
5 o o 5 e PN
[+ o
o o
08 © . o
E 4 5 E 4 ® _p_; ©
3 c o oo :
@ 3 fs] 3 § -
g; o @ C oo
o o @ o
o o Clog
o
2p . &% ® 2 A o0
o - o o
o [ole < o]
1 %‘(b o 1 . Ty
[+] q—." [e] O
. 20 0@
ol o ol %
1] 1 2 3 4 L] 6 7 1] 1 2 3 4 5 [ 7 7
8, (rad) &, (rad)

Figure 19. Angle map from the early stage of stimulus.

(A)-(C) Each panel is the angle map of one synchronized bundle, derived from panel (A) in

Figure 19. © was measured from an arbitrarily chosen origin and x-axis in the original Poincare
map.
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Figure 20. Quasiperiodic transition, case Il.

(A) Stimulus waveform consisting of sine wave at 6Hz, with amplitude increasing from Onm to
90nm over one minute. (B)-(D) are select time windows that represent early, middle, and late
stages of stimulus. Window size = 10 seconds, and mean stimulus in window = 7.5nm, 45nm,
and 82.5nm, respectively. Each colored scatter plot is the Poincare map of one synchronized
bundle.

3. Kolmogorov Entropy

Poincare map provided a qualitative measurement of chaos. For a quantitative measurement,

we used the Kolmogorov entropy method.

For this method, we first needed to reconstruct a higher dimensional phase space. The
measured oscillation trace x(t) was a one-dimensional time series. We used a procedure
described in [20] to reconstruct the higher dimensional phase space that the trajectory occupied.
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We picked a time shift parameter, 1, and mapped x(t) onto x(t+71), x(t+271), x(t+371), and x(t+471)
(Figure 21A). Thus, every point in x(t) is mapped onto a point in 5-dimensional space, with

coordinates given by [x(t), x(t+T1), x(t+271), x(t+371), x(t+471)].

The time shift parameter T was chosen so that the projections onto each dimension would have
minimal correlation with each other. This was determined from the autocorrelation function of

X(t), where 1 was defined as the first zero crossing of the autocorrelation function [Figure 21B].
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Figure 21. The Shannon entropy of bundle trajectories.

(A) Phase space reconstruction by time shift. The oscillation trace x(t) is shifted by 7, 21, 31, and
471. Each point in x(t) is thus mapped onto a point in 5-dimensional space, with coordinates given
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by [x(t), x(t+T1), x(t+271), x(t+37), x(t+471)]. (B) Autocorrelation function of x(t). The location of the
first zero crossing is chosen to be the time shift parameter 1. (C) The time evolution of Shannon
entropy for a synchronized group. Each colored line represents S, for one synchronized bundle.
The dashed line represents the linear fit of the initial increase. The slope of the fit gives the
Kolmogorov entropy. (D) Shannon entropy for the same group of bundles as in (C), while they
oscillated freely. Each colored line represents a de-coupled bundle.

In the reconstructed phase space, we could track the time evolution of the bundle’s trajectory.
We divided the phase space into 5-dimensional hypercubes, and tracked the trajectory of points
starting from one hypercube. As time progressed, the points would spread over other
hypercubes. The rate of this growth can be measured by Kolmogorov entropy. The Kolmogorov

entropy is defined as

N-1

R

K= Yl i 77 ) 001 =50
n=

where ¢ refers to the size of the hypercube (each box has side length € on each dimension), T

refers to the time step, and S, refers to the Shannon entropy, which is defined as

Sy =— Z Prob,, In{Prob,)
Di

The sum is computed over a particular path of hypercubes, referred to as Pi. The path consists
of a trajectory through n hypercubes. Hence, the trajectory would have to be in the 1%
hypercube at time t=0, in the 2" hypercube at time t = T, and in the nth hypercube at time t+(n-
1)*T. The probabilities in the sum are associated with this trajectory. Since the choice of the
path is arbitrary, we also want to average many different paths to obtain the best estimate of the

Shannon entropy.

Although we couldn’t observe the limits T—0 and N—«, we found that T = 2ms and N = 200

steps were sufficient for asymptotic trends to emerge in the Shannon entropy. Moreover, we
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found that too finely divided hypercubes (very small €) led to very sparse point distribution,
making computations inefficient. Therefore, we divided the phase space empirically so that
many of the hypercubes were well-occupied (containing 50 points or more). This corresponded
to 4 divisions per dimension, or 4° hypercubes in total. We also randomly chose 50 paths, and

averaged the Shannon entropy value over these paths.

We examined the time evolution of Shannon entropy in order to determine Kolmogorov entropy.
Figure 21C shows data from one synchronized group, plotting each bundle’s Shannon entropy
change over time. Figure 21D shows the Shannon entropy of these bundles when they were
oscillating freely. Typically, S»increased with time for approximately 150ms, before reaching a
plateau. After plateauing, further slight changes in S, likely reflected the measurement noise in
the experimental recordings. The slope of the initial increase of S, gave an estimate of the

Kolmogorov entropy, which we determined by fitting a line (Figure 21C).

We compared K-entropy obtained this way for synchronized versus de-coupled bundles. The
results reflected a complex effect. Within the same group of bundles, K-entropy was higher for
some bundles while coupled, but lower for others. We speculate that details of the coupling
conditions likely impacted the degrees of freedom exhibited by the system, and hence the

chaoticity of the dynamics exhibited by the bundles.
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Chapter 7. Other Coupling Techniques

1. Melted PLGA microsphere

1.1 Protocol

Melting the microsphere into a flat shape held the advantage that more of the hair bundles could
be coupled, and it would allow for variation in the strength of coupling, by using different sizes of

the artificial structures.

For starting material, we used microspheres made of Poly(lactide-co-glycolide), or PLGA, which
is a biodegradable polymer. The thermal property of PLGA depends on the lactide:glycolide
ratio. The variety we used had 25% glycolide, with a melting point of 170°C. Flat films
measuring 50um across were obtained from 30um microspheres; 80um films could be obtained

from 50pum spheres.

To melt the microspheres, we first mixed it in deionized water at a concentration of 2mg/ml. Thin
Teflon strips measuring 0.5cmX2cmX1mm were set on a hotplate, and the hotplate itself was
positioned under a dissection microscope to enable visual confirmation of melting. Droplets of
microsphere-water mixture were deposited onto the Teflon strips with a pipette. As water
evaporated, the microspheres melted onto the Teflon strips. The melted films were detached
from the Teflon strip with a scalpel. Next, a single Teflon strip was set vertically in a 1ml
Eppendorf tube, with deionized water filling the tube. We sonicated the tube for 2 minutes, and

discarded the Teflon, leaving the melted spheres in the tube.

The melted spheres were also coated with Concanavalin A and deposited onto the bundles with
a pipette. They bound to bundles effectively, with less degree of freedom in the coupling. They

were also less easily displaced by mechanical stimulus, allowing stimulus to reach greater
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amplitudes. Moreover, the variability in size, depending on starting size of the round sphere,

made it possible to couple more than 4 bundles.

1.2 Effectiveness

Melting 30um sized PLGA spheres produced roughly 45um films (Figure 23A). They could also

couple 2-4 bundles, similar to the 50um polystyrene beads.

Melting 50um sized PLGA spheres produced larger films, roughly 80um in diameters. They
could cover as many as 20 bundles underneath, though not all of them would be synchronized.
We observed one case of 4 bundles synchronized one-to-one, with two more exhibiting
multimode synchronization (Figure 23B). Hence, for melted polylactide beads constitute an

effective potential way to scale up the coupled system in future studies.

Figure 22. Melted PLGA beads.

(A) A 45pm-sized film, resulting from melting a 30um bead. (B) A 80um-sized film, resulting
from melting a 50pm bead. (C) Bundles coupled by the 80um film. Each colored trace
represents one bundles. Solid arrows indicate those synchronized one-to-one, while dashed
arrows indicate the multimode-locked bundles.
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2. Novel glass probes

Glass probes with low stiffness (<200uN/m) could also be used to couple hair bundles, without
suppressing the innate oscillations. The biggest advantage in using glass probes was the ability
to target specific hair bundles, as the probe was mounted on a movable plate. This section

describes several glass probe shapes tested for future applications.

A. Twice-bent probes. These probes were bent with a microforge at such angles so that the tip
section was horizontal. They could thus be lowered onto the preparation, and attached to two
bundles simultaneously. They thus provided a very effective means of coupling two bundles; the

method however could not be readily scaled up.

B. Spiral probes. These probes were bent so that the tip produced a horizontal spiral. The tip
could be attached on the top of bundles, and couple bundles in a circle. The advantage of the
approach in that it could yield a number of connected bundles. Attachment to the bundles was

difficult to control, however, and visibility through the probe was poor.

C. Microsphere melted onto a probe. During the procedure used to melt PLGA microspheres, a
probe with a horizontal end could be lowered onto the Teflon strip and pushed against a melting
microsphere. The probe tip would be embedded into the melted film, and be able to lift the film
off the Teflon strip after the heat was reduced. The probe-film configuration was stable, and
could be used as a coupling agent. The advantage of the technique is that would allow placing
the melted bead onto selected bundles, with a probe already attached. The biggest drawback,
however, was the probe stiffness. In order to hold the melted film at a set angle, the probe had

to be sufficiently stiff, too stiff to couple bundles without suppressing oscillations.

The techniques explored all had advantages and drawbacks, and could be explored in future

studies of coupling effects on hair bundle dynamics.
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Chapter 8. Conclusion

1. Spontaneous motility

Our results demonstrate synchronization between spontaneously oscillating hair cell bundles of
the inner ear. These experiments confirm theoretical predictions for synchronization under
coupled conditions [8], in a biological preparation that maintains the functional integrity of the
hair cells. Coherent active motility of the bundles was clearly sufficient to drive the oscillations of
the overlying bead in a viscous fluid environment. Synchronization was observed in the systems
studied, despite significant dispersion of the characteristic frequencies of the constituent

oscillators.

Hair bundles oscillated more regularly when coupled to the overlying bead. The quality factors
of the coupled bundles were ~1.2—1.8x larger than those of the individual bundles. Slightly
higher enhancement (2x) was observed in the system where one hair bundle was coupled to its
cyber clone [9]. The theoretical model for a coupled system of 2x2 identical oscillators showed a
4-5x increase in the quality factor under conditions of strong coupling [8]. The enhancement was

therefore higher than what was observed in our hybrid preparations.

We ascribe the discrepancy to the frequency dispersion of the biological system. In both of the
prior studies, the coupled bundles were chosen to exhibit identical innate frequencies, whereas
the saccular epithelium displays broad frequency dispersion. The enhancement of the quality
factor, present despite dispersion in the frequencies of constituent oscillators, indicates the

importance of coupling in shaping the frequency tuning of the whole system.
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2. Driven response

Synchronized hair bundles displayed frequency tuning, which was similar to the behavior of
individual hair bundles [14]. Although theory predicted enhanced frequency tuning [8], the tuning
curved we observed was broad, encompassing the natural frequencies of all bundles
synchronized. This effect is likely also due to the dispersion of innate frequencies observed in

saccular hair bundles.

We also observed compressive nonlinearity in synchronized hair bundles. This behavior was
similar to individual hair bundles [7], where the response was nonlinear for stimulus near
resonance, and less so off-resonance. Despite the presence of innate frequency dispersion,
which complicated the picture of resonance frequency, compressive nonlinearity was retained.
The shape of the power-law for on-resonance frequency was also similar to the value obtained

in individual hair bundles [7].

We also explored quasiperiodic behavior in the driven response. Synchronized hair bundles
typically displayed quasiperiodicity at low stimulus amplitudes, where entrainment was low. This
was similar to single bundles [21]. We also demonstrated that chaos could arise from these
guasiperiodic transitions. However, unlike single bundles, synchronized bundles could sustain
guasiperiodic behavior even with very high entrainment. Moreover, multiple clusters could be
present in the bundle’s Poincare map, indicating the influence of multi-mode synchronization
between bundles. Since chaos could have beneficial effect on mechanical sensitivity [22], our

results indicate another potential relationship between coupling and sensitivity.

3. Different scales of coupled systems
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Comparing the driven response in the small coupled system (bead) and the large array (with
otolithic membrane), we observed significant differences. The large system did not show any
indication of frequency tuning. Moreover, its mechanical response appeared to be completely
linear. Loading by the otolithic membrane, as well as the very broad frequency dispersion in the
large array of cells, likely account for these phenomena. Concurrent theoretical work is
exploring numerical models of the data. Future work could shed more like on the intermediate

regime between the small and large system.

Our findings indicate that coupling between hair bundles leads to a rich array of phenomena,
affecting the sensitivity, nonlinearity, frequency selectivity, and dynamics of the system. As
auditory and vestibular systems in nature exhibit various degrees of coupling, understanding its

effects on detection is an important step in accounting for this rich diversity of structures.
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