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Tuning of the Active Hair Bundle

Omar Ahmad, Ph.D.
The Rockefeller University 2008

The organs of the inner ear rely upon a population of several thousand
sensory hair cells to amplify and transduce acoustic, seismic, and kinesthetic
signals. Each hair cell detects mechanical disturbances by means of its hair
bundle, a motile organelle consisting of actin-filled, villous projections (called
stereocilia) endowed with assemblies (called adaptation motors) of mechano-
sensitive ion channels and myosin molecules that power both spontaneous
and evoked movements. Active hair-bundle motility serves two functions: it
mechanically amplifies sensory stimuli; and it regulates their transduction
into electrical signals that drive the hair-cell synapse. To characterize these
two functions, we consider here a model of the mechanical and electrical
dynamics of the hair bundle of the bullfrog sacculus. Under simplifying
assumptions, we reduce this model to a two-dimensional dynamical system
resembling the Hill model of a muscle fiber, and outline a procedure for
estimating its parameters from experiment. We delineate the bifurcation
structure of this simplified model, and analyse by perturbation methods its
behavior in various dynamical regimes, notably in the relaxation-oscillation
regime that displays prominently the hair bundle’s active process; and in
the near-Hopf-bifurcation regime at which auditory hair cells are thought to
operate in vivo. We find close similarities between the dynamics of the active
hair bundle and those of simplified models of a spiking neuron. In light of

this analysis, we offer an account of the biophysical mechanisms underlying



the spontaneous oscillations, frequency specificity, nonlinear gain, and self-

tuning predicted for auditory hair bundles poised near a Hopf bifurcation.
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Chapter 1

Introduction

Animal nervous systems use both static tuning and feedback to regulate
the allocation of scarce physiological resources to mechanisms for sensing,
processing, and responding to natural stimuli. A hunting bat, for instance,
adjusts through cortical feedback both the electro-mechanical tuning of its
auditory organ [22] and the emission pattern of its echolocating cries to
match the physical features of its acoustic environment and its prey [18].
The mantid that it hunts, with its single cyclopean ear tuned to the ultra-
sound range of the bat’s vocalizations [20], discerns by audition the stalking

tactics of its pursuer as it times its escape.

Hair cells of the vertebrate inner ear transduce mechanical signals that
vary greatly in their frequency, intensity, and duration. The microbat
cochlea, for instance, detects sounds as high as 100 kHz [16], with a hearing
threshold of -20 dB at mid-range frequencies. At the opposite end of the

frequency range, the sacculus of the white-lipped toad responds to seismic



accelerations as faint as 107%m.s=2 [15].

Despite the breadth of signals detected by the inner ear, data on the de-
velopment, morphology, physiology, and molecular constitution of the hair
bundle point to a core, conserved set of mechanisms operating in this or-
ganelle throughout the organs of the inner ear and across vertebrate species.
This suggests that the same core mechanisms of the hair bundle are appro-
priately tuned in each organ of the inner ear to suit the signals for which
that organ is specialized. For instance, cochlear hair bundles may self-tune
to near an oscillatory instability called a Hopf bifurcation [7, 3], a setting
that would confer the frequency specificity, non-linear gain, and propensity

for spontaneous activity manifested by this organ.

Below, we consider three questions: 1) How do the mechanical, electri-
cal, and biochemical properties of the hair bundle give rise to the nonlinear
oscillations it exhibits in vitro? 2) How do these properties shape the non-
linear response of the hair bundle to mechanical stimulation? 3) Which of
these properties might the hair cell regulate in vivo to adjust the proximity

of its hair bundle’s dynamics to a Hopf bifurcation?

To address these questions, we elaborate a biophysically detailed model
of the hair bundle of the bullfrog sacculus, a system that has been extensively
characterized both experimentally and theoretically. The detailed model in-
corporates assumptions about the mechanics of the stereocilia; the kinetics

of the transduction channels; the mechanics of the adaptation motors; and



the electrophysiology of the hair cell.

Under plausible simplifying assumptions, the detailed model reduces to
a dynamical system with two degrees of freedom, which we call the simplified
model. We consider two mechanistic forms of the simplified model that rep-
resent, variously, the hair bundle’s internal dynamics and its input-output
structure. From this pair of mechanistic forms, we derive a phenomeno-
logical form of the simplified model that resembles the van der Pol-Duffing
equation, and that corresponds to an analysis of the hair bundle into a
passive, linear second-order system coupled through feedback to an active

nonlinear amplifying element.

This phenomenological description yields a biophysical interpretation for
the conditions of a Hopf bifurcation; at a Hopf bifurcation, the active mech-
anism of the hair bundle ensures both that the contractile force triggered by
a weak mechanical disturbance exactly counterbalances the effective viscous
force acting upon the bundle; and that the effective elastic force upon the
bundle is restorative, despite the observed negative stiffness of the nonlinear

elastic elements that gate the bundle’s transduction channels.

In addition, the phenomenological form of the model allows us to explain,
in terms of the interplay of effective viscous, elastic, and inertial forces, the
biophysical mechanisms that give rise to the spontaneous oscillations, fre-
quency specificity, nonlinear gain, and self-tuning hypothesized to occur in

auditory hair bundles.



In section 2 below, we describe in outline a detailed model of the hair
bundle, and explain its reduction to the simplified model that we subse-
quently analyse. In section 3, we characterize the bifurcation structure of the
simplified model, and demonstrate its ressemblance to that of the Fitzhugh-
Nagumo model of a spiking neuron. In section 4, we apply asymptotic and
numerical methods to characterize the self-induced, nonlinear oscillations of
the active hair bundle observed in vitro. In section 5, we study the response
of the stable, active bundle to sinusoidal mechanical forcing. In section 6,
we examine the hypothesis that the auditory hair cell tunes its bundle to a
supercritical Hopf bifurcation by regulating the drag coefficient of the bun-

dle’s adaptation motor. In section 7, we discuss our results.



Chapter 2

A model of the active hair

bundle

2.1 Detailed model and its simplification

The detailed model that we analyse comprises seven coupled ordinary
differential equations describing four aspects of the hair bundle, namely:
i) the mechanics of the stereocilia; ii) the kinetics of the mechanosensitive
transduction channels; iii) the mechanics of the adaptation motor; and iv)
the electro-physiology of the hair cell. In section (1) of the supplementary
material, we discuss at length the variables, parameters, and dynamical
equations of the detailed model, and the procedure by which we simplify
it. Here, we enumerate the detailed model’s key assumptions, and the addi-

tional assumptions required to obtain the simplified form that we analyse.



2.1.1 Assumptions of the detailed model

Stereociliary mechanics: The stereocilia behave as cantilevered beams
immersed in a viscous fluid. The beams pivot about their bases and are
mechanically coupled to one another in parallel [11] . The compliance of
the hair bundle is a nonlinear function of the extension of elastic elements,
called the gating springs [8], that stretch upon deflection of the bundle, and

that set the transduction channels’ propensity to conduct cation.

Transduction-channel kinetics: Each transduction channel possesses two
states, an open state in which it conducts cation, and a closed state in which
it is impermeable. The transition rates between the open and closed states
obey Arrhenius relations [5], for which the activation energies vary linearly

with the stretch imposed upon the gating springs.

Mechanics of the adaptation motor: The adaptation motor consists of
an assembly of myosin molecules that climb and slip along the actin cores of
the stereocilia. The affinity of the adaptation motor for actin decreases with
increasing intracellular Ca®* concentration. The adaptation motor affects
the mechanics of the stereocilia through the stretch that it imposes upon
the gating spring. Its movement within the bundle is constrained both by

an extent spring and a non-linear limiting element [17].



Electrophysiology of the hair cell: The electrical response of the cell
provides feedback by adjusting the Ca?t concentration in the vicinity of
the adaptation motor. The Ca?t current is determined by an electro-
chemical gradient driving the entry of Ca®* into the hair cell, and satisfies
the Goldman-Hodgkin-Katz equation [14]. The flow of K™ ion affects the
driving force for the entry of C'a?* through its influence upon the membrane

potential [2].

2.1.2 Simplification of the detailed model

The detailed model is challenging to investigate both because of techni-
cal limitations in measuring experimentally the many biophysical quantities
that enter into it; and because of the mathematical complexity of analysing
a dynamical system involving many parameters and variables. For these rea-
sons, we seek to approximate it with a simplified model whose parameters
may be measured directly from in vitro experiments, and whose mathe-
matical structure is amenable to phase-plane methods and to perturbation

analysis.

To reduce the detailed model, we introduce six simplifying assumptions:



1. The system operates at low Reynolds number;

2. The dynamics of four rapidly-evolving variables of the detailed model
(related to the dynamics of the channels and motors) may on slow

time-scales be regarded as effectively always at steady-state;

3. The reverse electro-mechanical coupling between the voltage and the

force of the adaptation motor is negligible;

4. The motor drag depends only weakly on the Ca?t concentration;

5. The fraction p, of motors bound to the actin core of the hair bundle
varies linearly with the local C'a®T concentration in the vicinity of the

adaptation motor.

6. The nonlinearity in the motor force that limits adaptation associated
with negative displacements ofthe bundle is absent within the range

of bundle motion considered.

Under assumption (1), we neglect the mass of the hair bundle. Under
assumption (2), we replace the dynamical equations for the rapidly-evolving

variables with algebraic or transcendental equations that describe their de-



pendence at steady state upon the remaining slow variables. Under assump-
tion (3), we neglect the dynamical equation for the voltage when consider-
ing the hair bundle’s mechanical response. Assumptions (4)-(6) simplify the

form of the nonlinearity in the dynamical equation for the adaptation motor.



2.1.3 Mechanistic forms of the simplified model

Extension-resetting form of the simplified model

The preceding six assumptions reduce the detailed model to a simpli-
fied model, illustrated in Figure 2.1. This simplified model consists of two
dimensionless ordinary differential equations that govern a fast activating
variable x representing the (scaled) extension of the gating spring, and a
slow resetting variable X, representing the (scaled) position of the adapta-

tion motor:

d X CI)FN,X (/{ - Elfa) (\I/X - Xa)
Xa (I)FN,Xa ERqg (lI/a - Xa)

v, and ¥, are the x- and X,-nullcline functions, along which the veloc-
ities of x and X, respectively, vanish, and p, is the (quasi) steady-state

open probability of the transduction channels:

s CAEaxFm—en)p) +C) (22)
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Figure 2.1: Mechanistic description of the simplified model
The diagram shows a nonlinear elastic element (labeled transduction
channel) in series with a contractile element (labeled adaptation motor).
The adaptation motor consists of a force-generating element (indicated by
the ”active walker” caricature of a myosin molecule) in parallel with a
Hookean extent spring. In parallel with the adaptation motor and the
transduction channels are the stereociliary pivots of the hair bundle, which
have linear elastic properties. Energy dissipation occurs both through
hydrodynamic drag upon the hair bundle (indicated by the dashpot in
parallel with the pivots) and through internal dissipation by the
adaptation motor, (labeled with a dashpot in parallel with the active
walker). Symbols with arrows indicate forces; the remaining symbols
denote parameters of the model.



(2.4)

The six dimensionless parameters €, 1, 7,4, K, kq, and C' that occur in

(2.1)-(2.3) satisfy the constraints:

O<e , O0<k<l |, O0<ky , O<m , —MN<N , —-00<C<x©

(2.5)

We refer to equations (2.1)-(2.5) as the extension-resetting form (or

(x, Xq)—form) of the simplified model.

It follows from equation (2.1) that at fixed X, the velocity of x is given

by the negative gradient of the elastic potential function U:

dx _ _dU
dt  dx

12



2
U(x, Xa) =ar —Cx+(ﬂ—€ﬁa)XXa+(1+€)X7—(n —ena) (In (1 +e*) —In(2))

(2.7)

where we have chosen by convention the constant term in (2.31) such that

U vanishes at the point (x, Xs) = (0,0).

We can assign physical interpetations to the six parameters (g, 1, 74, &,

Ka, and C) of the simplified model:

€ : The time-scale parameter € corresponds to the ratio of the time-scale
of fast movement of the bundle to the time-scale for the slow move-
ment of the adaptation motor. This ratio varies inversely with the

drag coefficient of the adaptation motor.

1 : The gating nonlinearity parameter n determines the influence upon
x of the non-linearity due to the gating compliance. 7 varies directly
with the stiffness of the gating springs, and inversely with the tempera-

ture. n > 4 corresponds to the regime of negative hair-bundle stiffness.

Na : The motor nonlinearity parameter 7, determines the influence upon
X, of the non-linearities arising from the gating compliance and from

the Ca®t sensitivity of the adaptation motor. It varies directly both

13



with the sensitivity of the motors to Ca?* and with the maximal climb-
ing force of the adaptation motors. The condition 7, = 0 corresponds
to the regime in which the slipping force due to a Ca®*-induced change
in the fraction of motor associated with actin exactly counterbalances
the change in elastic force due to length changes of the nonlinear gat-
ing spring. 1, = —n corresponds to the motors being either inactive
or insensitive to Ca?*. The sum 7 + 7, is the maximal force that can

exerted by the adaptation motor.

: The pivot stiffness coefficient k determines the influence upon the gat-

ing extension x of the motor position X,; x corresponds to the fraction
of the total stiffness of the bundle contributed by the stereociliary piv-

ots.

: The extent-spring stiffness coefficient k, describes elastic elements in-

ternal to the bundle that constrain the movement of the adaptation

motor.

: The scaled static force C is proportional to the difference between the

static force on the stereociliary pivots and the maximal climbing force

of the adaptation motor.

The nullcline functions ¥, and ¥, may be inferred from the force-

14



displacement and current-displacement functions measured under displace-

ment clamp:

1

U Ketamped + Xarer) = (=21
a

FO (Xclamped) (28)

x 1 Inp/I
e St Xie) = o (S 0 (2505 )29

where Fy represents the scaled instantaneous force-displacement function
measured under displacement clamp; X jgmpeq denotes the scaled displace-
ment imposed upon the bundle by the displacement clamp; and X} denotes
the scaled steady-state position of the adaptation motor at rest. The shape
of the nullclines can be shown to yield estimates of the five structural pa-
rameters 1, 1q, K, kg, and C. The remaining time-scale parameter € can be
measured by fitting the temporal trajectories of the force or current mea-

sured under displacement clamp.

Section (2) of the supplementary material discusses in greater depth the

problem of parameter estimation.

Force-displacement form of the simplified model

An alternative formulation of the simplified model takes as variables the

15



fractional active force ¢ of the adaptation motor; and the scaled displace-

ment X of the hair bundle:

exp[—x]

1 + exp[—x] (2.10)

=g 1 —po=

X =g x+ X (2.11)

The change of variables specified by equation (2.10), applied to the dy-
namical equation (2.1), yields the force-displacement form, or ((¢, X )— form)

of the simplified model:

d| ¢ D16 —(k —€ka) (1 —¢) (Hy — X)

X P prin, x k(Hx —X)
(2.12)

where Hy is the ¢-nullcline function, along which the rate of change of the

active force vanishes, and Hx is the X -nullcline function, along which the

velocity of X vanishes:

16



H¢(¢) =df I€—1€I€a |:C+ (T] —€T]a) + (1 +€(1 + fia) — Ii) In |:

| - - zne]
(2.13)

¢
1-9¢

Hx(@) = o [(C4n)+ (-0 |20 ) —no] @1y

¢
1—¢

To arrive at the force-displacement form, consider the relation between
the open probability p, and the activity of the adaptation motor. The mo-
tor is at its most active when p, = 0 (i.e.: the transduction channels are
completely shut), and the Ca?* concentration in the stereocilia drops into
the nanomolar range; the motor falls to its minimal level of activity when
po = 1 (i.e.: the channels are completely open), and the stereocilia are
flooded with Ca®t. In general, the active process contributes a force term
¢, proportional to the fraction p, = 1 — Sp, of myosin motors bound to the

actin cores of the stereocilia:

Dy = (1 - Spo)fm (2.15)

where we have introduced the parameters f,,, S, and C, to represent, re-
spectively, the motor force, the motor sensitivity to Ca?T and the passive

static force:

17



Mo = S fm — 1 (ﬁﬁ§m+q, (2.16)

We normalize the active force ¢, to define the fractional active force ¢:

(Zsu - ¢u,min

=d
/ ¢u,ma:c - ¢u,min

¢ =1-p, (2.17)

¢u,min = df lim ¢u = (1 - S) fm P lim (bu,max = Sfm (218)
X——00 X—00

The force ¢, exerted by the motor at a given value of p, is thus the

maximal active force (1 + 7,) times the fractional active force ¢ = 1 — p,:

Gu=(N+na) (1 —po) = (n+1a) ¢ (2.19)

18



2.1.4 Phenomenological forms of the simplified model

For each of the two mechanistic forms of the model presented above,
we can construct an equivalent phenomenological form involving a single
variable and its rate of change. Our approach will be to define effective
viscous and elastic coefficients corresponding to the decay and oscillation
time-scales arising in the linearized dynamics of the corresponding mech-
anistic form. The phenomenological forms of the model make possible a

simple description of the system’s energetics and feedback structure.
The extension-resetting form of the simplified model, comprising equa-

tions (2.1) - (2.5), is equivalent to a system (viz. (A.66) - (2.23) below)

governed by a single, second-order nonlinear differential equation in y:

d? d
ﬁ + u(x)d%f WX — wWidePo(x) — ekaC =0 (2.20)

where the effective drag coefficient p(x) in the differential equation above is

given by:

p(x) =ar (14 €+ eka) — acpo(x) (1 — po(x)) (2.21)

19



The parameters a., wy, and d, introduced above are related to the pa-

rameters of the extension-resetting form by the equations:

RK
Qe — 77 - €7]a ) Wy — 5 (K/ + fia) ) dK, = p + (;a <Z — Zz> (222)

The six dimensionless parameters (ae, €, Kq, Wy, C, and d,) occurring

in (A.66) - (A.67) satisfy the constraints:

24
—u;” "cas<do(l14+e) , 0<e , 0<hKy , +ERa<wp<Vell+ry)
Ka

(2.23)
We refer to equations (A.66) - (2.23) as the phenomenological form in x

of the simplified model.
To depict the dynamics of the simplified model on the (x, C%) phase

plane, we resolve the second-order equation (A.66) into a pair of first-order

equations involving the variable x and its velocity v:

20



= = (2.24)

The function V¥, corresponds to the v-nulicline function, the locus of
points in the (x,v) state space at which the acceleration of the gating ex-

tension x vanishes.

—w2x 4+ wldpo(x) + eraC
1(x)

Wy (x) =af (2.25)

2.1.5 Force-balance and power-balance relations

The second-order differential equation (A.66) for the dynamics of y, and
hence the equivalent first-order equation (2.24), may be regarded as a force-
balance equation for the gating elements. To make this explicit, we define

effective inertial, viscous, and elastic forces:

21



dv
Finertial =df E ) Fviscous =df _M(X)v ) Felastic =df N(X)‘PU(X)

(2.26)

By equation (2.24), these forces obey the relation:

-Fme'rtial = Fviscous + Felastic (227)

Although, at low Reynolds number, the hair bundle’s mass negligible,
its internal active force ¢, can act as a source of substantial acceleration;
it is acceleration due to this force that gives rise to the term Fj,ertiqr- In
light of this, we can interpret the v-nullcline function ®, as a terminal veloc-
ity function, in the sense that when Fj e 4i; 1S negligible, Fijscous balances
Feastic; and v = U,,. The defining equation (2.26) for Fy;scous corresponds
to a constitutive relation between this force and the velocity v, in which p

occurs as a susceptibility.

dFm'scous

- _ 2.2
0 To (2.28)
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Integration of p with respect to x yields the viscous force-velocity char-

acteristic F,(x) for the lumped resistive elements of the hair bundle:

Fu(x) =af /X n(X)dx" = (14 (14 ka)) (x = X) = e (po(x) — Po(X7))

-
(2.29)

The function F), is the mechanical analog of the current-voltage charac-

teristic describing the resistive elements of an electrical circuit.

Just as we defined an effective drag, so we can define the effective stiff-

ness k. as the susceptibility of the force — Fjq4:i with respect to the variable

X:

dFelastic

o (2.30)

ke =ar —

Integration of F,,. with respect to x yields a potential-energy function

describing the effective elastic energy as a function of the gating extension y:
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1
Uelastic(X) =df —€kaCx + ingz — w,%d,g (In(1+¢€X) —1In(2)) (2.31)

where we have chosen the constant in the above equation such that

Uelastic (0) =0

In sum, the effective drag, stiffness, viscous force, elastic force, elastic
potential, and viscous force-velocity characteristic are interrelated by virtue

of their nonlinear dependence on y:

d?Uelasti dFjasti d d [dF d [dEF,
ke — etastic — _ etastic — 7 W,U —- Jqlv _ viscous Wv
dx? dx dx 0] dy | dx dx dv
(2.32)

Since v is related to the extension and resetting variables x and X,
through the potential function U given by equation (2.31), we can express

the effective forces entirely in terms of xy and Xj:

oUu
Fineria aXa =~ \| 5 ’ Fviscous 7Xa =HKH5— Feasic = \I/v
e %) =~ (50 ) 06X =G+ Faasie) = #OO()

(2.33)
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Accordingly, the force-balance equation (2.27), expressed in terms of x

and X, takes the form:

o) e

Just as we defined phenomenological inertial, viscous, and elastic forces,
so we can define corresponding phenomenological kinetic, viscous, and elastic

power functions associated with the gating extension y:

d 1 d |1 [/0U\?
Prinetic(v) = — | =02 Prinetic(x, Xa) = — | = | — 2.
kznetzc(v) dt |:2U :| ’ kmetzc(Xa ) dt |2 <8X> ( 35)
U\
Pviscous(X; U) - Fviscousv ) Pviscous (X? Xa) :U'(X) a (236)
oUu
Pelastic(X; U) = Felasticv ) Pelastic(Xa Xa) = _Felastica (237)
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Like the phenomenological force functions, the power functions above

satisfy a balance equation:

Pkinetic = Pviscous + Pelastic (238)

The force-balance and power-balance relations derived above prove use-
ful (as accounting devices) in later sections, where we carry out an asymp-
totic analysis of the hair bundle’s spontaneous and stimulated dynamics.
By virtue of the systematic relations (e.g.: equation (2.34)) between the
mechanistic and phenomenological forms of the model, any description of
the system’s dynamics in terms the effective force and power functions above
may readily be translated into a corresponding explanation in terms of the

hair bundle’s biophysical mechanisms.

2.2 Relations between the mechanistic and phe-

nomenological forms
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2.2.1 Extension-resetting form and the phenomenological form

in y

To clarify the relation between the mechanistic and phenomenological
forms of the model, let us consider the linear operator A defined by the

linearization of the dynamical system in equation (2.1):

d d oy,

A = @(I)FNJC X, (I)FN,X _ (I{ - €I€a) Ix ERg — K
d d v
ixPFNX.  ax, PPNX, €Ka gy —EKq

The operator A has eigenvalues:

1
Ay = 3 [TTA + 1/TT124 — 4DetA} (2.40)

where T'rs and Det 4 are, respectively, the trace and determinant of A:

_ o 0v, ov,
Tra=Tralx) = k By —eka(l+ 8)() (2.41)

1+ 5(1 + ’i) - aspo(l - po)
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Detg = Deta(x) = ekak ( ox  Ox ox O

= wg (1 — dﬁpo(X)(l - po(X)))

Thus, in terms of the functions Tr4 and Det 4, equation (A.66) assumes

the form:
d2X—T7“dX—|—/XDet(')d'— EHC—F% =0 (2.43)

It follows that the function —T'r4(x) corresponds to the effective drag
function p(x) associated with the motion of x, while Det4(x) corresponds

to the phenomenological stiffness:

Tra=—p , Deta=ke (2.44)

Det s and T'r 4 are interrelated by the equation:
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Det g = —¢ekq (TTA + H@\Da) — (ekq)? <1 + aqj“) (2.45)
Ix X

Or, more succinctly,

d
a [TTA\IJU] = Dety (2.46)

The functions Det 4 and Tr4 above help us to interpret the parameters

e, w2, and d,. We observe that

koo — k
I S S =
where
ko =ar Dety(0) , koo =df | l‘im Det 4(x) (2.48)
X|—00
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o =df —TTA(O) s Moo =df — lim TTA(X) (2.49)

x|—o00

Thus, a. is linear in the maximal increment of the phenomenological
drag coefficient; w? represents the asymptotic phenomenological stiffness
Det 4; and d, is proportional to the maximal relative increment in the phe-

nomenological stiffness Det 4.

2.2.2 Force-displacement form and the phenomenological form

in ¢

Similar relations obtain between the force-displacement model and a
phenomenological model in the variable ¢. Let B denote the linearized evo-

lution operator for the equations (2.13)-(2.14)

B L@ x %@Hm,x (k — Eﬂa)%Hqs —(k — eRq)

L Q0 %‘Pmu@ K£H¢ —K
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Let Trp and Detp denote, respectively, the trace and determinant of B.
Just as we did above for the gating extension y, we can give a phenomeno-
logical description of the models dynamics in terms of the active force ¢ and

its rate of change (.

— = (2.51)

o =Trp (€~ H(9)) (252

where H; is the (— nullcline function. Detp and T'rp are related to one

another by:

d{b [TrpH¢] = Detp (2.53)

Integration of the state function for ¢ gives a potential function Uy whose

derivative is related to the rate of change of ¢ according to

_ 4y

(= o

(2.54)

31



2.3 Physical interpretation of the phenomenolog-

ical form

The phenomenological form of the model allows us to regard the system

as consisting of a passive linear sub-system involving y coupled through

feedback to an active non-linear sub-system involving the fractional active

force ¢. To demonstrate this, we cast the phenomenological equation in the

form:

d*x dx
7.9 + /’LOOE

p7) + kooX = FPh,active (d)a C)

FPh,active (¢a C) =df _Mfc - kf¢ + Cf

where the effective passive parameters po, and ks are defined by:

fioo = lim p(x) =1+e(1+ra) , koo = lim k(x) = w?

X—00 X—00
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and the effective active parameters ps , ky , and Cy are defined by:

d dk
np=a e =ae , kp=g G whe . Cr=emC (258)

A schematic of the phenomenological form of the model is shown in Fig-

ure 2.2.

The analysis of the simplified model into a linear passive subsystem cou-
pled through feedback to a nonlinear active subsystem brings into relief the
hair bundle’s similarity to both the van der Pol nonlinear electrical oscillator
and the Duffing mechanical oscillator. In van der Pol’s design, a linear RLC
circuit is inductively coupled to an active nonlinear element (such as a vac-
uum tube or tunnel diode) that introduces an effective negative resistance
for weak currents. In Duffing’s apparatus, a horizontal metal rod with lin-
ear elastic properties clamped at both ends is coupled to an electromagnet
that introduces an effective nonlinear stiffness for weak displacements. The
hair-bundle model, as formulated in equation (2.55) can be seen to consist
of an effective passive linear subsystem coupled to an active mechanism that
introduces both effective nonlinear drag (through the term () and effec-

tive nonlinear stiffness (through the term ky¢).
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Effective passive bundle mechanics

-
v I
| - Effective inertia
/ N viscous,eo
1 < F
/ Koo I:iner‘fial ext
/ Felastic,oc
Active feedback
/ C
v — Mg
A — >
/ m ng_gz active
X

Extension of the gating spring

Figure 2.2: Phenomenological form of the simplified model
The phenomenological form of the simplified model can be seen to consist
of a linear passive system (labeled effective passive bundle mechanics)
coupled thorugh feedback to an active nonlinear mechanism (labeled acitve
feedback)
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These analogies to the van der Pol and Duffing oscillators motivate a
physical interpretation for the six parameters ag, €, kg, Wy, C, and d, of the

phenomenological form of the model.

Three of these parameters— namely, the time-scale parameter ¢, the
extent-spring coupling coefficient k,, and the static force parameter C— are
interpreted as in the case of the mechanistic forms. Regarding these pa-
rameters, we see that € and k, together set the effective passive drag tioo,
while the product ex,C constitutes the offset force C'y of the effective active

System.

Below, we consider the remaining three parameters: ae., wy, and dy:

ae : The slipping parameter (or wviscous coupling parameter) o consists
of a weighted difference between the gating nonlinearity parameter n
and motor nonlinearity parameter 7,, and is the coefficient u; of the
effective active term %. It sets the slipping condition at which the
effective viscosity vanishes (i.e.: p = 0), which at fixed x* occurs at

the critical value o sipping:

. do\ ™
Qe slipping = O‘a,slz’pping(x ) = Moo @ (2'59)
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For a: > o slipping, the effective viscosity at the operating point x*

becomes negative, and hence x* becomes unstable.

wy : The natural frequency parameter w, varies as the square-root of both
the time-scale parameter ¢ and the sum of the coupling parameters
Kq + K, and its square corresponds to the stiffness ko, of the effective

passive subsystem.

dy : The buckling parameter (or elastic coupling parameter) d,, also a
weighted difference between the gating and motor nonlinearity pa-
rameters, occurs as the coefficient ky of the force variable ¢, rescaled

by w2. It sets the condition at which the effective stiffness k. vanishes.

d —1
dn,buckling = n,buckling(x*) = - <di> (260)
X=x*

Thus, both the slipping parameter a. and the buckling parameter d,
describe the balance between the gating nonlinearity 1 and the motor non-
linearity 7,, and correspond to couplling coefficients determining the inter-
action between the effective active and passive subsystems that compose the
simplified model. From equations (2.59) - (2.60), the critical slipping and

buckling parameters (at a fixed operating point x*) are related by:
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Ue slipping = Noodn,buckling (2'61)

2.3.1 Pade approximation of the simplified model

To further simplify the model, we use Pade approximation to replace the

transcendental nullcline functions ¥, and V¥, with rational functions.

The nullcline functions ¥, and ¥, in the simplified model behave as

linear functions in x at large x:

U, ¥o~x as |x|— o (2.62)

In addition, Taylor expansion of ¥, and ¥, about x = 0 gives, to cubic

order:

B0 = (S0 e o)) o)
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60 = 1 (x4 i + 00 (2:64)

These properties suggest approximating ¥, and W, with rational func-
tions that vary linearly with x as |x| — oo but exhibit a cubic nonlinearity

near x = 0.

To obtain such functions, we construct the Pade approximants for ¥,
and ¥, of order (3,2) expanded about xy = 0. The Pade approximant [1] of
order (n,m) of a function f about x = xo is a rational function R =4 g
(where P is a polynomial of degree n and @ is a polynomial of degree m)
whose Taylor expansion about xo agrees with the Taylor expansion of f
about xo up to order n +m + 1. We denote by N, and N, the Pade ap-

proximants for ¥, and ¥,, respectively.

Under the Pade approximation, the dynamical equations of the simplified

model (i.e.: equation (2.1)) assume the form:

T (H - 5”(1) (NX (X) - Xa) (2'65)

= ekq (Ng (x) — Xa) (2.66)

38



where

Within the physiological range for the bundle’s variables and parameters,
the Pade-approximated nullcline functions N, and N, agree closely with the
transcendental functions ¥, and ¥,. The accuracy of the approximation de-
rives from fact that the Pade approximation places poles at +iv/10, while
the poles of the nullcline functions are at integral multiples of imw. As we will
see in section (3.1), within the range of parameters and variables over which
the Pade approximation is useful —which appears to include the whole phys-
iological range of the system— the problem of determining the fixed points,
eigenvalues, conditions for bifurcation, and normal-form coefficients for the

system reduces to the problem of solving cubic and quadratic equations.

Section (3) of the supplementary material shows plots illustrating the

quality of the Pade approximation.
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2.4 Summary

In sum, we have reduced a detailed mechanistic model of the active hair
bundle to two simplified mechanistic forms variously ressembling the Hill

model of a muscle fiber and the Fitzhugh-Nagumo model of a neuron.

The extension-resetting form describes the dynamics of the hair bundle
in terms of the internal variables x and X,. The force-displacement form,
on the other hand, corresponds to an input-output description of the sys-
tem. Sensory stimulation disturbs the position X of the bundle; this, in
turn, induces a change in the transduction current, a quantity that varies
linearly with the open probability p,, and hence also with ¢. Thus, force-
displacement form, can equally be regarded as a current-displacement input-

output form of the model.

The phenomenological forms ressemble the van der Pol and Duffing os-
cillators. Like the van der Pol and Duffing systems, the phenomenological
forms of the simplified model allow us to regard the hair bundle as com-
prising a passive linear subsystem coupled through feedback to an active

nonlinear subsystem.

In the sequel, we make use of the phenomenological form of the model to

standardize our explanation of the role of various biophysical mechanisms
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at play in the hair bundle. In view of the systematic relations (e.g.: equa-
tion (2.34)) between the phenomenological descriptions and the mechanistic
descriptions from which they derive, the problem of explaining the bundle’s

mechanisms reduces to that of cataloguing its phenomenology.
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Chapter 3

Bifurcation structure of the

simplified model

The simplified hair-bundle model has a bifurcation structure that closely
ressembles that of the Fitzhugh-Nagumo model of a neuron. Like the latter,
the hair-bundle model variously exhibits excitability, bistability, and spon-

taneous oscillations.

Both models consist of nonlinear ordinary differential equations describ-
ing two variables, a fast (activating) and a slow (resetting) variable. The
activating variable in the Fitzhugh-Nagumo model represents the membrane
potential of the neuron and the gating variable for Na™-channel activation,
while the resetting variable represents the gating variables for both the neu-
ron’s KT channels and the inactivating mechanisms of its Na™ channels.

In the simplified hair-bundle model, the gating extension x is the activating
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variable while the motor position X, is the resetting variable.

Inherent to both models are three distinct dynamical regimes: excitabil-
ity, bistability, and spontaneous oscillations. Within the physiological range
of parameters, the hair-bundle model can have either one, two or three fixed
points. In each of these cases, the system can have a either no limit cycles,
a single stable limit cycle, or an unstable limit cycle enclosed by a stable

limit cycle.

In the basin of attraction of a stable fixed point in either model, three
kinds of transients can occur: i) over-damped movements, in which the per-
turbed system decays exponentially back to the fixed point. ii) underdamped
oscillations, in which the perturbed system undergoes nearly harmonic os-
cillations of decaying amplitude as it returns to the fixed point. iii) excitable
dynamics, in which a sufficiently strong perturbation of the bundle produces
a large excursion of the system, with its return to the steady state occurring

through a slow resetting mechanism powered by the active process.

In the single-fixed-point regime, the fixed point can either be globally sta-
ble, in which case the system is excitable; or the fixed point can be unstable,
in which case the system oscillates spontaneously. In the single-fixed-point
excitable regime, both the hair-bundle model and the FitzHugh-Nagumo
model show: i) an absence of all-or-none spikes and of true thresholds; ii)
anodal break excitation, which in the hair bundle corresponds to fast adap-

tation; iii) spike acommodation; and iv) excitation block.
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In the three-fixed-point regime, the system can have zero, one or two
stable fixed points. In the case in which none of the three fixed points is
stable, the system has a single stable limit cycle. In the case of a single
stable fixed point, the system can either be excitable, with a true threshold;
or it can exhibit spontaneous oscillations in which a stable limit cycle is
separated from the stable fixed point by an unstable limit cycle. Finally,
the system in the three-fixed point regime can have zero stable fixed points
and a stable limit cycle; or it can have a single stable fixed point, and be
either excitable or oscillatory; or it can be bistable, in which one of the fixed

points is a saddle node and the other two are stable.

In contrast to the one and three fixed-point cases, which are structurally
stable, the two-fixed-point case always corresponds to the point of a saddle-

node bifurcation in the model.

Figure 3.1 shows phase portraits of the various dynamical regimes the

simplified model can occupy.

Section (5) of the supplementary material considers in depth the ex-
citable regime whose subthreshold behavior is underdamped, This regime
illustrates many of the key features of the active hair bundle’s nonlinear

dynamics.
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Name

Color Definition
x-nullcline Black Xa = Ny(x)
X,-nullcline Red Xo = Nu(x)
v-nullcline Blue % = dg{" % — d()ii“ =0
vg-nullcline Green %Xa = dé\;( “ ‘%
X-nullcline Dashed black dd—)t( = UC%‘ + déi“ =0
u-nullcline Dashed blue o
Forward-time integral curve Orange Forward integration of eqn. (2.1)
Backward-time integral curve Gray Backward integration of eqn. (2.1)

Table 3.1: Legend for phase portraits.

For phase portraits on the (y,v) plane, X, is treated as a function of x and
v through the smooth correspondence: X, (x,v)

=, — (k—¢ekq) tv
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a Single-fixed-point excitable b Bistable

c Weakly nonlinear oscillatory d Strongly nonlinear oscillatory

Xa Xa

Figure 3.1: Dynamical regimes of the hair bundle
Phase portraits in the (y, X,)-plane corresponding to simulation of
equation (2.1), in various dynamical regimes. The legend for this figure is
given in Table 3.1. The parameter values are given in Table 3.2. a)
Single-fixed-point excitable regime; b) Bistable regime; ¢) Weakly
nonlinear oscillatory regime; d) Relaxation oscillation regime; e)
Three-fixed-point excitable regime; f) Three-fixed-point oscillatory regime
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Parameter regime € n Na K Kg C
a. Single-fixed-point excitable 0.05 8 2 05 04 —-4.68
b. Bistable 006 8 -1 05 15 —4
c. Weakly nonlinear oscillatory 01 49 0 05 1 —-245
d. Relaxation oscillation 0.1 8 0 05 03 —4
e. Three-fixed-point excitable regime 0.05 8 -1 0.6 0.7 —4.3
f. Three-fixed-point oscillatory regime 0.05 8 -1 0.5 0.5 —4.5

Table 3.2: Parameter values for Figure 3.1 depicting the model’s dynamical

TEgIMeEs.
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Figure 3.2 illustrates saddle-node, super-critical Hopf, and sub-critical

Hopf bifurcations of fixed points.

a. Saddle-node b. Supercritical Hopf c. Subcritical Hopf

Figure 3.2: Bifurcations of fixed points
a. Saddle-node bifurcation b) supercritical Hopf bifurcation. c.)
Sub-critical Hopf bifurcation.The legend for this figure is given in Table
3.1.

For the Pade-approximated model described above, we can calculate
analytically the entire codimension-1 bifurcation structure (i.e.: the bifur-
cations involving variation of a single parameter) in all parameter regimes.
Specifically, we can calculate the fixed points, eigenvalues, normal-form coef-

ficients, and conditions for bifurcation of the model in all parameter regimes.
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3.1 Bifurcations of fixed points

3.1.1 Calculation of fixed-point coordinates

The system’s fixed points y* satisfy:

Felastic(X*> = 5(H + Kva)X* - 5(77"@1 - na’i)po(x*> - 5"’@10 =0 (3'1)

We can determine the fixed points (x*, Ny, (x*)) of the Pade-approximated

system exactly by the solving the rational equation

Ny(x*) = Na(x™) =0 (3.2)

corresponding to the condition that the velocities of x and X, vanish. Al-
ternatively, we can construct the order (3,2) Pade approximation of Fijgstic

(which we call F; p)
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w2d 50 w?d
Fe,P = —ng + §4KX <1 + 10+X2> + <5ﬁacstatic + 9 K) (33)

and solve for its roots, which satisfy the cubic equation:

1 1
F.o— kox + Exz -1 (w2 —2ky) X* =0 (3.4)
where
1 1 1
F.0 = Fuastic(0) = maC—i—iw,%dH . ko= Det4(0) = wi—zwidﬂ . k= @widﬁ
(3.5)

Thus, the Pade-approximated model admits generically either three fixed
points, corresponding to case of three real roots, or a single fixed point, cor-
responding to the case of a single real root and a pair of complex conjugate

ToOts.
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The eigenvalues Ay and A_ of the Jacobian A are determined by T'r4

and Det 4 according to the equation:

Tra 1
Ay = % £ 5\/Tr% — 4Dets (3.6)

Substituting the approximate solution for a fixed point into equation
(3.6) gives an approximate solution for the eigenvalues of A at the fixed

point x* .

3.1.2 Saddle-node bifurcation

Two kinds of co-dimension-1 bifurcations of a fixed point can occur in the
hair-bundle model (and in two-dimensional dynamical systems generally): a

saddle-node bifurcation and a Hopf bifurcation.

At a saddle-node bifurcation, two fixed points collide and disappear. The
eigenvalues of the jacobian A at each fixed point approach zero, and past
the bifurcation, the fixed point disappears. At the bifurcation point, the

Fj4stic fTunction is non-monotone.

The condition for a repeated root (and hence two fixed points) is that

the discriminant of the cubic equation (3.4) vanish:
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% (—135F§0 (w2 = 2kp)? = 2F. 0 (1 — 90ko (w? — 2k)) + 5kZ(1 — 80ko (w2 — 2k;nl))
(3.7)

This corresponds to the condition for a saddle-node bifurcation in the
model. This condition is cubic in kg, and quadratic in w?, Fe,, and ky;
thus, fixing any three of these parameters, the value of the fourth parameter
at which a saddle-node bifurcation (if it exists) occurs can be determined

analytically by checking for real solutions.

Equivalently, the saddle-node bifurcation occurs in the Pade-approximated
model when a real root of the fixed-point equation (3.4) also satisfies, Detq p =

0:

600 — 30x2 + x%)
—1+w?d ( =0 3.8
TR T 10 + 2)2 (3:8)

whose solutions are the roots of -+ F. p.
dx™ &
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3.1.3 Hopf bifurcation

At a Hopf bifurcation, the matrix A at the fixed point admits a pair of
complex-conjugate eigenvalues whose real parts transition from negative to
zero at the bifurcation. Past the bifurcation, the fixed point becomes un-
stable, and the system tends toward a limit cycle. At the Hopf bifurcation,

the F.stic Curve is monotone.

An approximate analytic condition for a Hopf bifurcation at a fixed point
in the simplified model is that the order-(3,2) Pade-approximated function
Trap of Try vanish at a fixed point, while Det4 remains non-negative.
This occurs when a real solution to the approximate fixed-point equation
(3.4) also satisfies both the equation corresponding to Tr4 p = 0 and the

inequality corresponding to Dety p > 0:

(600 — 30x2 + x*)
24(10 + x2)?

—(1+e+4ekry) + ae )=0 (3.9)

(600 — 30x2 + x%)
24(10 +x%)2 —

—1 4 wld, (3.10)
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3.1.4 Bogdanov-Takens instability

Finally, for the Pade-approximated model, the condition for a codimention-2
Bogdanov-Takens instability, in which a saddle-node and Hopf bifurcation
occur concurrently (i.e.: the bifurcating fixed point has two zero eigenval-
ues), is that a real root of the fixed-point equation (3.4) satisfy both (3.8)
and (3.9), the conditions for a saddle-node and a Hopf bifurcation, respec-

tively.

3.1.5 Physical interpretation of bifurcation conditions

In physical terms, tuning to the critical point of a Hopf bifurcation corre-
sponds to the condition that at the fixed point x*, the effective drag co-
efficient p vanish, while the effective stiffness k. remain positive (i.e.: the

effective elastic force remain restorative):

p(x*)=0 , k(x*)>0 (3.11)

The condition for a saddle-node bifurcation is that

ke(x*) =0 (3.12)
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The condition u(x*) = 0 is equivalent to the critical slipping condition
in equation (2.59) above. Similarly, k.(x*) = 0 is equivalent to the critical

buckling condition in equation (2.60).

d %
- <¢) = feo (3.13)
dX x=x* Qe slipping

Thus, the slipping and buckling conditions give precise biophysical in-

terpretations for the conditions for a Hopf and saddle-node bifurcation.

3.1.6 Bifurcations of limit cycles

Just as the system’s fixed points appear, disappear, and change stability
as parameters of the system are varied, so too do its limit cycles. We have
already seen the birth of limit cycles by a super-critical Hopf bifurcation.
Here we describe two other mechanisms by which limit cycles change; the
saddle-homoclinic bifurcation and the fold bifurcation. Figure 3.3 shows ex-

amples of each of these bifurcations.
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a. Fold b. Saddle homoclinic

pre

Figure 3.3: Bifurcations of limit cycles
a.) Fold bifurcation b) Big-saddle homoclinic bifurcation. The legend for
this figure is given in Table 3.1.
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3.1.7 Homoclinic bifurcation

At a saddle homoclinic bifurcation, a homoclinic orbit emanating from a
saddle node gives rise to a limit cycle as a parameter of the system is tuned.
Close to the big-saddle homoclinic bifurcation seen in simulations of the hair-
bundle model, the period of the limit cycle is dominated by the time spent
by the system near the saddle node; accordingly the unstable eigenvalue of

the saddle node gives a reasonable estimate of the frequency of oscillation.

Fold bifurcation

In the fold bifurcation, a pair of limit cycles —one stable and one unstable—
appear, with the stable limit cycle surrounding the unstable one. The
Poincare section of the saddle homoclinic orbit undergoes a saddle-node
bifurcation. As the bifurcation parameter is tuned, the unstable limit cycle
shrinks until it coallesces with the stable fixed point it encloses. This fixed
point undergoes a subcritical Hopf bifurcation, losing its stability, and the

system jumps abruptly to a finite amplitude limit-cycle oscillation.
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Chapter 4

Spontaneous oscillations of

the hair bundle

The saccular hair-bundle operates at low Reynold’s number. For objects of
its size, viscosity overwhelms inertia, precluding even damped oscillations in
the absence of an active mechanism. The hair bundle’s active process coun-
teracts both the viscous damping of the bundle due to hydrodynamic drag
and the molecular friction due to interactions between the motors and the
actin cores. If sufficiently powerful, the active process can overcome linear
damping altogether; the hair bundle will begin to oscillate spontaneously,

and its fixed point will become unstable to small perturbations.
In this section, we study by asymptotic methods the dynamics of the

hair bundle in the weakly nonlinear and strongly nonlinear single-fixed-point

regimes. For simplicity of exposition, we confine our analysis to the case in
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Figure 4.1: Nonlinear oscillations of the hair bundle
Trajectories and phase portrait for the simplified model in the weakly
nonlinear (a,b) and strongly nonlinear (c,d) oscillatory regimes. a), b)

Weakly nonlinear oscillations. Shown in black is the numerical solution to
equation (2.1), for the parameter regime: (¢ = 0.1, n = 4.84374,

Ne = 0.087394, k = 0.5, kK, = 1 C'= —2.4). Shown in purple, the
multiple-scales solution (given by equation (4.34)) for the same parameter
values and initial conditions. The ellipse in blue in b) depicts the
approximate limit cycle described by equation (4.36). ¢), d) Strongly
nonlinear oscillations. Trajectory (c) and phase portrait (d) for the
simplified model undergoing relaxation oscillations. Parameter values for
the relaxation oscillation parameter regime: (¢ = 0.01, n =8, 7, =0,

k = 0.5, kg = 0.5, C' = —6). Shown in orange in figure d), the integral
curve calculated by numerical simulation of the simplified model; In blue,
the approximation to the integral curves calculated by boundary-layer
methods. The blue curves joining in D to A, B to C correspond to the
outer solution given by equation (4.57). The blue curves joining A to B, C
to D correspond to approximate solutions given by the inner equation

(4.91). The portion of the orange curve emanating from near the origin
corresponds to the transient approad to the limit cycle. Boundary-layer
calculations in the oscillatory regime yields Tap = Top = 6.7,

Tpa =Tgc = 127.9, and an estimated amplitude A = 4.2.



which the open probability p} at the fixed point x* is 1/2, corresponding to

x* = 0. More precisely, we assume that:

O = Nka — KNa w,%d,i

= 4.1
2K, 2ek,, (4.1)

Under this assumption, the phenomenological equation (2.55) reduces

to:

2

d d d 1
o (L4 (e(1+ ra) 2 +wx = acd(1 - @)= — wid, <¢ - 2) (4.2)

In the weakly nonlinear oscillatory regime in the vicinity of a Hopf bi-
furcation, the method of multiple scales yields an approximate analytic de-
scription of both the rapid sinusoidal dynamics of the phase and the slow
monotonic dynamics of the amplitude of the bundle’s trajectory. In the
strongly nonlinear oscillatory regime boundary-layer analysis gives a uni-

form approximation to the bundle’s limit cycle.
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4.1 Weakly nonlinear regime

4.1.1 Heuristic analysis

The weakly nonlinear regime is characterized by a small effective damping
term. Taylor expansion of the phenomenological equation about x* = 0

yields as an approximate description the van der Pol-Duffing equation:

e d
ﬁ + (1o + pax®] X

o Hhox + knuX® +O(X*) =0 (4.3)

B - Qe 1 du e
po =a w(0) =1+e+eka — - Hnl = 52 =0 =d 74 (4.4)
d 1d%k w2d
ko =ke(0) =wi(l— =), ku= §W;|x=0 e (4.5)

As in the van der Pol equation, the nonlinear dissipation coefficient pg +
pnrx? depends quadratically on y. It will assume negative values (arising
from the injection of energy by the active process) provided pg is negative,
and will assume positive values for sufficiently large excursions in x, provided
n is positive. As in the Duffing equation, the elastic force —kox — kx>
has both a linear and cubic dependence on the state variable y, and will be

restorative near the fixed point provided kg is positive.
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Thus, assuming pu,; and kg positive, the system passes through a su-
percritcal Hopf bifurcation as the parameter g is varied. For pg > 0, the
system is linearly damped. At pug = 0, the system is poised at the super-
critical Hopf bifurcation; the eigenvalues of the linearized system are purely
imaginary. For pg < 0, the linear term in %’t‘ is explosive; the growth of
bundle’s amplitude of movement is restricted by the nonlinear dissipative

term unlxg‘%; and, since the effective elastic force is restorative, the system

oscillates spontaneously.

Three time-scales appear in the oscillatory regime past the supercritical
Hopf bifurcation: i) a fast time-scale of oscillation O(k, v 2) on which the
system undergoes nearly sinusoidal oscillations; ii) a slow time-scale O(p 1)
on which the amplitude of oscillation approaches the limit-cycle amplitude.
iii) an ultra-slow time-scale on which the phase shift varies due to the non-

linear elastic term.

Near the Hopf bifurcation the dynamics of the phase and of the amplitude
are approximately independent of one another. A clear indication that this
is the case appears in the analytic solution to the transient dynamics of the
under-damped (i.e.: po > 0) van der Pol-Duffing system, linearized about

the fixed point x* = 0:

x(t) = x(0) exp [—;uot] cos ((ko - (”20)2> Yy ¢0> (4.6)
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We observe, in equation (4.6), that the amplitude |A| of the damped

oscillations decays on a time-scale O(ug), independent of the parameter ko:

141 = X(0) expl o] (17)

1/2

and, provided po < k; ’°, the phase varies with a frequency O(V/ko), ap-

proximately independent of the parameter pyg.

By analogy to the linearized dynamics, we expect that in the oscillatory
regime near the Hopf bifurcation, the rapid phase dynamics will proceed

nearly sinusoidally, with the frequency ~ /ko:

X ~ 4] cos(v/kot) (4.8)

The growth or decay of the amplitude |A| will take place on the slow

/2 < 1. Since the viscous

time-scale set by pg, where, by assumption, Moké
terms in po and g, control the dynamics of |A|, we expect the equation

describing the evolution of |A| to imply:
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d\fl| - ~_(an> 31 413
Bty ~ A= () 2214l (4.9)

where 3 is a function of the parameter ug that vanishes as pg tends to zero
(corresponding to the contraction and disappearance of the limit cycle as
o — 07) and |A| is the amplitude of oscillation normalized to the ampli-

tude of the limit cycle.

Al = BlA] (4.10)
lim =0 (4.11)
Ho—0

To determine 3, observe that the limit-cycle amplitude |A|, , is reached

when the explosive linear term balances the non-linear dissipative term:

(4.12)

3
s.8.

— ol ’fl

~ p 3 ’jl

S.S.

whence:
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3 ‘A ~ | RO (4.13)

5. fint
Choosing
g=, K (4.14)
Hnl
scales A to the limit-cycle amplitude:
x5 1A Got)| cos(VVkot) (4.15)

Finally, in view of the relation (4.9), whose corresponding ordinary dif-
ferential equation has an analytic solution, we expect the trajectory of x to

satisfy:

1
— e —5 ot
X ~ al <P (~310t) cos(v/kot) (4.16)
Hnd \/eXp (—pot) — 1+ py°
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4.1.2 Multiple-scales analysis

The multiple-scales procedure renders explicit the hypothesis that the
dynamics in the weakly nonlinear regime are determined through effectively
independent processes unfolding concurrently on several time-scales. the
procedures replaces the single time variable ¢ in an ordinary differential
equation with separate time variables t1, t9, etc. that are treated as inde-
pendent of one another. Correspondingly, the original ordinary differential
equation in t is replaced by a partial differential equation in the variables
t1, ta, etc. Perturbation of this partial differential equation generates a hi-
erarchy of equations whose solutions, when subject to the requirement that
secular terms (i.e.: terms diverging in time) vanish, together provide a uni-

form approximation to the original dynamical equation.

Motivated by the heuristic analysis in section (4.1.1) above, we intro-
duce the perturbation parameter €,; a time variable ¢, corresponding to ¢
rescaled by the period & Y2 6f the limit cycle; and appropriate rescalings

of the system’s parameters:

Ep =df —H0 _ (;U/f - ae,slipping) (417)
nl 1253
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tp =df V kot (4.18)

= — 5 n = 5 kn = — 419
or= kT T 1)

Having introduced a rescaling of the parameters and of the independent
variable, we seek, next, a rescaling of y that casts the dynamical equations

into the scaled form:

d’x dx
WQP + Xp = €p fp (Xp7 Cltj) (4'20)
p
dx dx
Ip <X7 dtp> =dqf —Hnip(l+ X?,)# + EnipXp (4.21)
p p

where ¢, and f, satisfy the scaling assumptions characteristic of the

weakly nonlinear regime:

&<l fp=0(1) (4.22)
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To this end, we define the rescaled extension variable x:

Xp =df % (4.23)

in terms of the variable x and an unspecified amplitude factor 8 = ((ep)
whose asymptotic dependence upon ¢, we determine by dominant balance.

Since the limit cycle vanishes as €, — 0, we require, minimally, that:

E11510 Bep) =0 (4.24)

Substituting (4.23) into (4.20) gives:

B =ell? (4.25)

With 3 now specified, we posit the perturbation expansion:

Xp = Xp,0 + EpXp,1 + 0(5;2;) (4.26)
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and introduce the slow time-scale 7):

Tp =df é‘pt (4.27)

We are now in a position to apply the multiple scales procedure; we
assume that the variables x;,, Xp,0, Xp,1, --- are functions of both ¢ and 7,;
accordingly, we replace the ordinary derivatives in the dynamical equation

with partial derivatives in the variables ¢ and 7,:

— == te— (4.28)

With these substitutions, we obtain a hierarchy of perturbation equa-
tions whose solutions give estimates of the phase and amplitude dynamics.

The O(1) and O(gp) perturbation equations are:

8Xp70
ot

+ Xpo =0 (4.29)
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0? 1 /0
Xp.l + Xp1 = _2(’“)77' ( ?;70) + fp(xp0) (4.30)
P

Solving the O(1) equation for x, o gives:

Xp0 = A(Tp) €1‘P< \/>t> + A" (7 e:):p( z\/>t) (4.31)

Substituting this solution for y, o into the O(e,) equation, and enforcing
the requirement that secular terms vanish, yields a differential equation in

the complex amplitude function A(7,), of modulus p and argument 6:

dA 1 3 Ll
— A+ (is AP2A 4.32
dr, 2 +<12k”l )‘ i (4.32)
A = p(ry) explf(7y)] (433)

The dynamical equation for p derived from the amplitude equation (4.32)
can be solved analytically, by noting that the equation for Qp% is a logistic
equation. The corresponding solution in terms of x vindicates the heuristic

analysis that led to equation (4.16), and is given by:
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cos (Mt + gbo) (4.34)

_ 1/2 — Lt
a2 oo
it Vexp (—pot) — 1+ py

where pg and ¢g set, respectively, the initial amplitude and phase of the

system according to:

(x(0),v(0)) = (po cos(¢o), po sin(¢o)) (4.35)

We see from this solution that the limit cycle in the (x,v)-plane is an

ellipse described by:

X ol —] =1 (4.36)

21/ —Hopy, 21/ —kopop,;

or, equivalently, by the total-energy equation:

1 1 _
§k0Xl2.s. + 5”12,5, = —2k:0,u0,unll (4.37)
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Figure 4.1 shows that the perturbative solutions given by (4.34)-(4.36)
are in close agreement with the solution calculated by numerical integration
of equation (2.1). As discussed in the section (4) of the supplementary
material, for the choice of parameters that puts the operating point at y =
0 as in this example, the multiple scales solution agrees exactly with the

normal form approximation.

4.2 Strongly nonlinear regime

Saccular hair bundles whose active movements have been characterized
i vitro appear to operate far from the Hopf bifurcation; they typically ex-
hibit relaxation oscillations characteristic of a strong nonlinearity. Presently,
we derive from the simplified model, using boundary-layer analysis, an ex-

planation for the biophysical mechanisms underlying these oscillations.

We again assume for simplicity (as in equation (4.1) above) that the dy-
namical equation is symmetric about an unstable fixed point at y = 0. We
make the additional simplifying assumption regarding the motor nonliearity

parameter 7,, that:
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Na =0 (4.38)

This condition (or, equivalently, the condition ¢y mez = Sfm = 1) cor-
responds to the circumstance in which the change in the elastic force upon
the adaptation complex due to gating of the transduction channels is just
balanced by the C'a?*-induced change, opposite in sign, in the climbing force

generated by the adaptation motors.

Strong nonlinearity refers to any condition in which the highest-order
derivative (in the case at hand, the acceleration term in y) is multiplied
by a small parameter. Consider, for instance, €, = ;—’:ZO introduced in the
multiple-scales analysis above. If € 2 < 1, then the change of time variable
t, = é shows that this condition gives rise to a strong nonlinearity. Be-
low, on the observation that the time-scale parameter ¢ is a natural small

parameter of the simplified model, we consider another strongly nonlinear

regime, characterized by the assumption:

e<1 (4.39)

Accordingly, the asymptotic relations for the boundary-layer analysis

presented in this section hold in the limit € — 0.
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In the strongly nonlinear regime, the system can undergo relaxation os-
cillations, in which its trajectory alternates between slow outer phases of
motion (scaled to be of duration ~ O(1)) and fast inner phases of motion
(of duration ~ O(e)). Between the outer and inner phases, the system passes

through a transition phase of intermediate duration ~ O(£%/3).

To carry out the boundary-layer analysis, we introduce for each of the
outer, transition, and inner layers, appropriate time-scales on which to ex-
amine the dynamics. From a consideration of the dominant balance among
the elastic, viscous, and inertial forces, we obtain approximations for the
dynamics in each layer that match asymptotically the approximations con-
structed for adjacent layers. Piecing together the approximations for the
limit cycle’s succession of layers yields a uniform approximation to the sys-

tem’s course through the state space.

We define the outer time variable 7, the transition time variable ¢;. and

the inner time variable ¢;, by:

T=g et , tp=qe P, tm=t=clt (4.40)

With respect to the outer time variable 7, which will serve as the ref-

74



erence (i.e.: O(1)) time variable for the boundary-layer analysis, the phe-

nomenological equation assumes the form:

d?>x 17 dx 1
é‘ﬁ"‘ 1+E(1+I€a)—1 E"‘(K—FHQ)X—?]IQQ (po_2>:() (441)
or, separated into effective active and passive terms:
d*x dx do 1
1 1 o) = DY =—n | — a - = 4.42
ng2+[ +E( +H)]dT+(/€+H)X 77|:d7_+/‘5 <¢ 2>:| ( )

We see from equation (4.41) that the acceleration term is multiplied by

the small parameter €, and so the system is, indeed, strongly nonlinear.
The points A, B, C, and D delimiting the inner, transition, and outer

layers of the trajectory are illustrated in Figure 4.1, and their coordinates

are given by:
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A =g (xa,Xaa),B =a¢ (xB,XaB),C =a4r (Xc»Xac), D = (XD, XuD)

(4.43)

CZI;( (xa) =0, d;;’( (xa) >0 (4.44)

df; (xc) =0, d;;f;x (xe) <0 (4.45)
x>0 , ¥ (xB)=Xaa , Xa=Xaua (4.46)
xp <0 , VU(xp)=Xiwc , Xup=Xuc (4.47)

The dependence of these coordinates upon the parameters can readily be

determined analytically under the Pade approximation.

4.2.1 Outer phase ~ O(1)

During the slow outer phase, of duration ~ O(1), the effective viscous
and elastic forces balance one another and the acceleration of x is negligi-
ble. More precisely, if we rescale the effective forces as well as the v-nullcline

function:

76



-1 —1
finertial =df € Finertial ) fviscous =df € Fiscous ) felastic

wv = felastic _ &
1 €

then the dominant-balance relations for the outer layer are:

finertial < fviscous ~ felastic ~ 1

:df Ei

1
Felastic

(4.48)

(4.49)

(4.50)

To obtain the outer approximation, let us perturb the force-balance equa-

tion (4.41) in e. To accomplish this, we first introduce perturbation expan-

sions for the state variables y and X,:

X = X0 +ex1+ O(e?)

Xa = X(z,O +ex1 + O(€2>
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The drag coefficient i, the v—nullcline function ¥,,, and the elastic force

felastic, Will then have the corresponding perturbation expansions:

p(x) = o+ ¢ ju + O(%) (4.53)
Uy(x) = Wuo+e Uy + O(e?) (4.54)
felastic(X) = felastic,O +e felastic,l + 0(52) (455)

where we have used tildes, where necessary, to distinguish terms in the per-

turbation expansions from constants defined previously.

Substituting the expansions (4.51)-(4.53) into the dynamical equation
(4.41), we see that, to leading order, the system crawls in the outer layer
at approximately the (y— dependent) ”terminal velocity” described by the

leading-order term of the rescaled v—nullcline 1, o:

. d
NO% = felastic,O (456)
T

or, equivalently,
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d
dLTO = Yu,0(X0) (4.57)

Integrating the outer equation (4.57) by separation of variables gives the

durations Tpa and Tc of the outer portions of the limit cycle:

Xc 1 XA 1
T C:/dx’ T A:/dx’ 458
B0 = | 5] A= | 5ol (4.38)
XB XD

Tpa and Tpe are, respectively, the duration of the relaxed (or down)

and excited (or up) phases of the relaxation oscillations.

An approximation consistent with the preceding analysis emerges if we
instead carry out the boundary-layer calculations with respect to the state
variables x and X,. Rescaling to the outer time variable 7 the dynamical

equation (2.1) for the extension-resetting form, we obtain:

dx
e = (k —ekq) (¥y — Xa) (4.59)
dX,
= hq \I’a _Xa 4.
0 (Vo X,) (460)
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Perturbing these equations in € gives to leading order:

Xa,() = \Px,O(XO) (461)

indicating that the system’s trajectory in the (x, X,) phase plane approxi-
mately follows the y nullcline. The velocity of X, in the outer layer is given

by:

dXap
dr

= Rgq (\Ija,O - \I’X70) (4.62)

The durations Tp4 and Tgc of the relaxed and excited phases of oscil-

lation are thus:

XB

1 aw O(X/) ’
Tpc = — / X dx 4.63
T W) (4.63)
C
i | av, o (y)
X /
Tp = / X0 gy 4.64
DA [ o) dy (4.64)

XD
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Finally, replacing ¥, o with its Pade approximation N, gives estimates to

these integrals that can be computed analytically.
As the system approaches the turning points of the function ¥, (namely

the points A and ('), the approximate velocity dd% diverges, marking the

breakdown of the outer approximation.

4.2.2 Transition phase ~ O(c?/?)

During the transition phases of the limit cycle, which correspond to lay-
ers encompassing the turning points A and C, the effective inertial, viscous,

and elastic forces are all of comparable magnitude:

Felastic ~ Fm’scous ~ Linertial (4'65)

The A — B and C — D transitions, as viewed from the O(1) time-scale
of the outer approximation, appear discontinuous and instantaneous, as sig-

nalled by the divergence of the ”terminal velocity” ¥, at the turning points.

To refine our account of the dynamics in the transition layers, we seek
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an appropriate rescaling of the time and state variables that corresponds to
the distinguished limit in which the transition solution matches asymptot-
ically both the inner and outer solutions. To determine the properties of
this limit, we first consider the A — B transition, and apply a perturba-
tion expansion in the unspecified functions v; and v, of the small parameter
€, and a rescaling of time by the unspecified function v, of €. The precise

dependence of vy, 15, and 4, upon € we determine next by dominant balance:

X:XA+V1X1+O(V%) ) Xa:XaA+V2Xa1+O(V22) y ot = vl
(4.66)

Within the transition layer,

d’x  d*(vix) dxa dp d(vix1)
T TR — ~\ N elastic = 1
dt2 d(l/trt)z y M dt <dX‘XA) 1X1d(l/trt1) ) fl t O( )
(4.67)
Thus,

82



2
L R W (4.68)

Vi Vir

from which it follows that

vn=ec | = g2/3 (4.69)

Near the turning points A and C, ‘% depends quadratically upon x:

(C%( = (¥y (x — xa) — Xaa) ~ (x — xa)° (4.70)

Thus, equation (4.70), along with the perturbation (4.66), gives:

_1\ dx1 ( K ) <1 )
1 " 2.2
EVV. = -N v o X, 4.71
( 1Y9 ) anl X \I’X (X ) 2 (XO) 1 X1 2 1 ( )

The matching conditions, and dominant balance, mandate a rescaling of
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the state variables such that all terms in equation (4.71) are O(1):

51/11/2_1 = 1/12 =1y (4.72)

whence,

v =e3 |y =e2 (4.73)

With the expansion parameters v; amd v» in hand, we see that to order
0(62/3) in the perturbation parameter €, the integral curve in the (y, X,)
phase plane is governed by the Ricatti equation (4.71) that admits a general
analytic solution in terms of Airy functions. The particular solution to the
Riccati equation that applies to the present case must satisfy the matching
requirement that the asymptotic dynamics of the outer and inner solutions

agree.

To determine this particular solution, let us first rescale equation (4.71)

and the related equation for the integral curve in the vicinity of C":
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dyr dyr 2

77 = 2 v — —
drL yr +xr din Yr — TR (4.74)
where
Xa
L =df oL YL =df JSL (4.75)
1 1 1 1
VoL, =df ———72 » VyL =df , Yar =dr , Yyr =aqf
(a3p) T (@) (akor)'™ T (anvy)
(4.76)
—K ]. " K ]_ "
o=y o =g gNxa) L=y 5 br= 5N (xe)
(4.77)

To solve the above Riccati equations, we consider the related Airy equa-

tion:

d2u
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Focusing first on the dynamics near A, let us note that the Riccati equa-

tion in yy, is satisfied by:

~ 1ldu

- - 4.79
yL= - (4.79)

Equation (4.78) solves in terms of a linear combination of the Airy func-
tions A and Bi, the linearly independent solutions of this differential equa-
tion. Thus, the corresponding Riccati equation (4.74) in yz admits as its

general solution:

Ai' (z) + C1Bi’ (x)
Ai(x) + C1Bi (x)

yr (zr) = (4.80)

The constant C is determined by the asymptotic matching condition:

lim yr, (zg) ~ z'/? (4.81)

T, —00
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This fixes C; = 0. The solution is thus:

yr (vr) = — (4.82)

where Ai (x) has the integral representation:
1 [ 3
0

The solution to the equation (4.74) in y;, given above has the property

that it diverges as xy, approaches the the first negative root ag of Ai. The

location of this root thus determines the O(£%/3) correction to the change

in X, as the integral curve sweeps from the left to the right branch of the

x-nullcline.

By symmetry, it follows that

Yr (TR) = ——7—~ (4.84)
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solves the Riccati equation for yg given in (4.74), which describes the sys-

tem’s trajectory in the turning regime near C.

Integration of the transition-layer equation (4.57), (again by separation
of variables) gives the durations Typ and T¢p of the outer portions of the

limit cycle:

Xaa+e?Bagyer,
T = L dx! (4.85)
L @)
Xac—e?3a0tsr
Top = L dx!  (4.86)
e = (mai (=55) + x2)

where «aq is the first negative root of the Airy function As.

4.2.3 Inner phase ~ O(e¢)

During the fast inner phase, the viscous drag coefficient p(x) plummets,
becoming negative, and the effective inertial and viscous forces balance,

while the effective elastic force is negligible:
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Finertial ~ Fviscous 5 Felastic < Fviscous (487)

The dissipation coefficient u becomes negative and large, and the veloc-

ity v grows explosively:

dv
e = 4.
7 R (4.88)

Since the acceleration % is related to the slope g—; of the integral curve

in the (x,v) plane by:

dv dv
E - va - Felastic — MU (489)

we obtain, upon neglecting Fj,stic in the above approximate equation:

wo_ (4.90)
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Integrating (4.90) with respect to x gives the velocity v explicitly as a

function of y:

X
Uupstroke(X) = _/ :U'(X/)dX, = (1+5+55a)(X_Xinit)+[ O(X) - po(Xinit)]"‘vinit

Xinit
(4.91)

where the constants are determined by matching at t — —oo with the tran-

sition layer.

In the (x, X,) phase plane the inner portion of the integral curve follows:

K — €Kq

Xa(x) ~ Uy (x) = — /Xu(x')dx’ (4.92)

Having constructed an asymptotic approximation to the limit cycle of
system, we can deduce estimates of both the period and amplitude of the
limit cycle as a function of the parameters of the system. The estimates are

accurate to O(2/3)

1
T=Tap+Tpc+Tcp+Tpa , A= 3 (xc — xA) (4.93)
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4.2.4 Electrically-evoked otoacoustic emissions

Sinusoidal electrical stimulation produces three distinct patterns of mechan-
ical response [2] (Figure 4.2). At driving frequencies below the intrinsic fre-
quency of the oscillating bundle, the bundle’s movement exhibits bursts of
rapid oscillations separated by periods of quiescence. At driving frequencies
near the intrinsic frequency of oscillation, the bundle’s movement shows a
biphasic response. At frequencies above the intrinsic frequency, the bundle’s
movement is sinusoidal and phase-locked to the stimulus. In experimental
studies, phase-locking is lost at very high frequencies; the phase-locked state
is destroyed by noise when the response amplitude falls below the amplitude

of intrinsic fluctuations in the bundle’s dynamics.
The electrically evoked oscillations of the hair bundle can be explained

under the hypothesis that the motor nonlinearity parameter is a linear func-

tion of the cell’s membrane potential V,:

Na = Na,0 + &V (4.94)

Simulations incorporating this hypothesis agree qualitatively with ex-

perimental data on the response of the hair bundle to sinusoidal electrical
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Infra-resonant electrical stimulation: X dynamics
Infra- Resonant electrical Stimulation: Xa dynamics
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Figure 4.2: Response of the oscillating hair bundle to sinusoidal electrical
stimulation
a), b) Infra-resonant stimulation; ¢,d) resonant stimulation; e),f)
supra-resonant stimulation. The red curve shows the electrical stimulus
Vim, where 1y = 1q(Vin) = 14,0 + V.
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stimulation.
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Chapter 5

The hair bundle’s response

to mechanical stimulation

In this section, we examine the response of the active hair bundle to si-
nusoidal mechanical stimulation. In particular, we investigate the frequency
specificity and nonlinear gain that may underlie mechanical amplification

by auditory organs.

5.1 Response to weak forcing

If the hair bundle is initially prepared away from its steady state and
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then released; or if, as we consider in this section, it is acted upon by a
weak sinusoidal mechanical force, its behavior, to linear order in the state
variables, can be studied by Laplace transformation of its dynamical equa-
tions. Laplace transformation yields complex transfer functions that can be
interpreted as the system’s gain, giving the ratio of system’s output to its
input as a function of the frequency with which it is forced. More precisely,
if I';, denotes the complex transfer function of a system L, the sinusoidal re-
sponse A(t) of the system to a forcing F cos(wt) of amplitude F' and driving

frequency w is given by:

A(t) = [TL|F coslwt + ¢p(w)] , ¢(w) = arctan [Im[I‘L]]

Re|T'1] (5.1)

We derive by Laplace transformation of equation (2.55), the complex

transfer functions Uigad, I b, Tamp,and T py:

1 d 1
Lioad =df di) r

. Ty = (spyp+k , =
2 Spe + Fi yo =ar (spytky) wmp =4 7T, T
(5.2)
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dop =Tp0x , 0xX =Tioaa (=00 + F) (5.3)

1
52 —sTra + Dety

11Ph = 11amprload = (5.4)

Block diagrams depicting the linear response properties of the passive

and active subsystems of the hair bundle are given in Figure 5.1.

The Pade approximation to the simplified model allows for an analytic

solution to the complex transfer functions above.

We analyse four properties related to the complex transfer function: 1)
the quality factor Q; 2) the mazimal gain |Tpqz| and 3 )frequency at max-
imal gain (or best frequency) wp, and the gain-bandwidth product (GBP).

For the transfer function I' pj,, these are defined as:
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a. Closed-loop description with input Fext, output X, and feedback signal ¢sp

Fext 1 6X
() —
@ Lioas = m
o 6q)fb
I, = Fﬁ—i’

b. Open-loop amplfier-load description with input Fext and output 6%

Fext 1 6X

1 -
—— Tow=5—7— Iamp =

S*+s k., 14+ 0ad '

Figure 5.1: Linear response of the simplified model
a. Feedback description of the simplified model. b. Equivalent cascade
circuit for the linearized feedback system.
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L phmaz| = , GBPpp = ———— (5.6)

To illustrate the analysis of these linear response properties, consider
the problem of characterizing the hair bundle’s frequency specificity. The
hair bundle may be said to exhibit frequency specificity to weak forcing if
its stable fixed points have eigenvalues with non-zero imaginary parts. The
condition ensuring this (i.e.: the condition that the eigenvalues have an os-

cillatory component) is:

p? < 4k, (5.7)
or, equivalently,
1
Qprn > B (5.8)

Because it gives analytic estimates of u and ke, the Pade approximation al-
lows us to demarcate the region of frequency specificity for which condition

(5.8) obtains.

Near a Hopf bifurcation, the bundle’s response depends nonlinearly upon
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the stimulus amplitude. Consider again the van der Pol-Duffing oscillator
at the operating point x* = 0 and suppose pg small but positive. In this
case, for weak forcing (i.e.: for forcing amplitudes ~ O(uougll)), the nonlin-
ear response function may be calculated by the Poincare-Lindstedt method,
which amounts to the assumption that most of the energy of the forced sys-
tem’s response will be concentrated at the driving frequency rather than at

its harmonics. By this method, the complex transfer function is found to be:

Ph = ‘Ph’ exp[iwh] (59)

where

2
1 U W
= , 1y = arctan [] (5.10)
(W} —w?)” + ujw? Fi = w?

o = |5

F

3 1
ky = kn(A) =4 ko + anzz‘ﬁ o = pn(A) =g po + Z,UnlAZ (5.11)

As a function of the forcing amplitude and frequency, we define response

properties analogous to the linear response properties given above:
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vk e
Qh = AR y  Wmaz,h = kh —th (512)
n 2
2 1 1
[Cimazpl” = — oy o GBPpn= (5.13)
2
ACEEY b (b = )
The relative sensitivity to forcing is given by the equation:
FdA F dr
1 —h (5.14)

Adr T, dr

Thus, the nonlinear response in the weak forcing regime resembles in
form the linear response; at fixed forcing amplitude, the response function
is of the same form to as a linear response function; the effective stiffness
kp, and drag pp that enter the response function depend upon the squared
amplitude of the response. The Poincare-Lindstedt method provides an ap-

proximation to the dependence upon the forcing amplitude.

100



0.8
|Al

0.6

0.4

0.2

0.0 4
0.0 0.2 0.4 0.6 0.8 1.0 o

0.7F

0.6

Al

Figure 5.2: Nonlinear response to weak forcing
a. Response amplitude as a function of frequency in the parameter regime:
(e=011,1=49,1,=0,k=05,Kk,=1,C =—-245). As Fyy is
increased from 0.005 to 0.03, the gain and quality factor of the response
decreases. b. Response amplitude at fixed forcing amplitude for various
values of € in the parameter regime: (F.p; = 1073, n =4.9, 7, =0, k = 0.5,
ke =1, C = —2.45). As ¢ is lowered from 0.15 to 0.11, the peak response at
constant forcing amplitude increases, and the natural frequency diminishes
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5.2 Full nonlinear response

For strong stimuli, the Taylor approximation above leads to inaccurate
results, since it fails to capture adequately saturation of the hair bundle’s
active response. However, we can apply the Poincare-Lindstedt method di-
rectly to the Pade-approximated model; analysis of the resulting amplitude-
forcing relations for strong reduces to solving cubic and quadratic equations.
As shown in Figure 5.3, the approximate nonlinear response function agrees

well with the nonlinear response calculated by numerical simulation.

How does the active process affect the compressive nonlinearity seen in
the hair bundle’s response to sinusoidal mechanical stimulation? To examine
this issue, we consider the dynamics of the system under the locked-motor

condition in which all motion of the X, variable is abolished. The force-

balance relation for this regime involves viscous, elastic, and external forces:

0= Fviscous + Felastic + Femt (515)

where
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Figure 5.3: Nonlinear response to weak and strong forcing
The points indicate values computed by numerical integration of the
dynamical equations. The solid line indicates the nonlinear response
function calculate by the Poincare Lindstedt method from the
Pade-approximated model.
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d .
Friscous = _d%f( v Pelastic = _X+77p0+(c_Xa,locked) s Fegt = Gicos [Wt]+G2 sm[wt]

(5.16)

Both simulation and analytic calculations show that tthe nonlinear gat-
ing compliance term 7 p, is sufficient to produce a prominent compressive

nonlinearity, even in the absence of an active process.
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Figure 5.4: Nonlinear response compression of the hair bundle’s dynamics
in the locked-motor regime.
Log response (a, b) and sensitivity (c,d) as a function of logarithm of the
stimulus amplitude F¢,; and stimulus frequency w. The motor-locked
model, with parameter Cjyereq chosen so that the p,(xs.s.) = 1/2. As the
parameter 7 sweeps between 0.5 and 3.9, the system’s response becomes
increasingly nonlinear. a) The amplitude response curves (a,c) show, at
fixed frequency (w = 0.1), the response and sensitivity of the system as a
function of stimulus amplitude, for varying values of the non-linearity
parameter 1 and the operating point p,(x). The frequency response curves
show, at fixed stimulus amplitude (Fe,; = 0.01), calculate the response and
sensitivity of the system as a functliof of stimulus frequency, for varying
values of the non-linearity parameter 7 and the operating point p,(x).



Chapter 6

Control of the hair bundle’s

tuning

6.1 Tuning to a Hopf bifurcation through regula-

tion of the motor drag

In the previous section, we explored the biophysical mechanisms under-
lying the hair bundle’s response to sinusoidal mechanical stimulation. We
characterized how the gain, natural frequency, and quality factor varies with
the system’s proximity to a Hopf bifurcation. In this section, we consider
the hypothesis that the hair bundle’s proximity to the Hopf bifurcation is
regulated in vivo by adjustment of the drag coefficient A\, of the hair bun-

dle’s adaptation motor.
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The drag coefficient A, enters into a single dimensionless parameter of

the model, namely the time-scale parameter ¢, with which it varies inversely:

o | =

In view of this relation, we study the problem of tuning ¢ in the simplified
model. Figure 6.1 shows the dependence of the quality factor (at best linear
frequency) and the maximal gain (at best linear frequency) ofnthe forcing
amplitude and the parameter €.

Below, we discuss four observations supporting the hypothesis that reg-

ulation of A adjusts the tuning of the hair bundle in vivo.

1. The operating point is independent of €.

The motor drag parameter ), is the only biophysical parameter entering
into the simplified model to leave the location of the system’s fixed points
unperturbed; all other biophysical parameters enter as factors into the di-
mensionless structural parameters (namely 7, 14, K, kq, and C') that set the
operating point. That the fixed points are independent of e follows at once
by inspection of the fixed-point equation (3.1), from whose right-hand side

€ may be removed by division.
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Figure 6.1: Nonlinear response to weak forcing as a function of the time-scale
parameter €
a. Quality factor at best linear frequency as the stimulus amplitude F is
varied from 1 1073 to 1.5 1073, At fixed ¢, the quality factor diminishes for
increasing F. b. Maximal gain at best linear frequency. At fixed ¢, the
maximal gain diminishes for increasing F. Parameter regime: (n = 4.9,
Ne=0,k=05Kk,=1,C=-245)
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2. The stability of the cubic term in the amplitude equation near the

Hopf bifurcation depends only weakly on e

For the case of a bundle whose operating point is at x* = 0, the sign o,

of the cubic term in the amplitude equation for y, is given by:

‘ d2po]
Oc =qf Sign | (N —enNg) —5 6.2
= s (= en) (6:2)

If o, is positive, the cubic term in the amplitude equation will be stabi-

lizing.

So long as the critical value €gpping at which the drag coefficient van-
ishes is far from e4,;, at which 0. changes sign, tuning to the Hopf bifurcation
will leave unchanged the direction of the Hopf bifurcation (that is, will not

change whether the bifurcation is supercritical or subcritical):

Ui 1l — Q¢ slipping
Esub = — » Eslipping — (63)
Na Ta

3. Under weak restrictions on the form of the feedback, slow feedback
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of the system’s activity upon the parameter € tunes the simplified model ro-

bustly to the Hopf bifurcation.

A feedback mechanism in e, insofar as it involves the activity of the
hair bundle’s variables (e.g.: x or ¢), need depend only minimally, if at all,
upon the bundle’s structural parameters. Thus, the same tuning mechanism
could be used by hair cells ranging widely in the values of their structural

parameters.

Moreover, simulations show that feedback schemes in & tune the bundle
to the Hopf bifurcation even under circumstances in which the assumptions
of the simplified model fail. For instance, If inertial effects are signifiant,
tuning in € nevertheless succeeds in bringing to the system to a Hopf bifur-

cation.

4. In vitro data are consistent with the hypothesis that the motor-drag

parameter constitutes the hair bundle’s control parameter.

Pharmacologic experiments on oscillating hair bundles suggest that as
the phosphorylation state of the myosin motor is raised the frequency of
oscillation diminishes and the amplitude of oscillation is increased [14]. Sim-
ulations and analysis shows that these effects can be explained by the hy-
pothesis that phosphorylation of the adaptation motor increases the drag

parameter A,.
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On the basis of these observations, we propose that hair cell regulates
biochemically the parameter A, to adjust the bundle’s proximity to the Hopf

bifurcation.
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Chapter 7

Discussion

Tuning in the organs of the inner ear arises from three kinds of mechanism:
i) mechanical and electrical processes internal to the hair cell; ii) static or
slowly-varying mechanisms of supporting mechanical systems that constrain
the motion of the hair-cell soma and the hair bundle; and iii) neural mech-
anisms that relay signals to the brain, and that provide feedback from the

brain to the periphery.

Coupling between active hair-bundle motility and the electro-mechanical
processes of the hair-cell soma is likely to influence the tuning of some hair
cells. In outer hair cells of the cochlea, for instance, the interaction between
the active hair bundle and the prestin-mediated electromotile mechanism is
likely to underlie mechanical amplification by of acoustic signals. The elec-
trical resonance observed in the hair cells of some reptiles and amphibians
filters the mechano-electrical signal transduced by the hair bundle, and may

also influence the bundle’s mechanics [10, 9, 12, 6].
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Static features of the inner ear contribute to tuning by helping to fo-
cus the flow of stimulus energy upon the sensory epithelium. Both the
hydrodynamic properties of the fluid that fills the bony chambers of the
inner ear, and the geometry of the chambers themselves, shape the mechan-
ical responses of the ear’s sensory epithelia. The geometry of mammalian
semi-circular canals, for instance, appears to be near optimal, given the me-
chanical constraints on the materials of the organ [19]. Similarly, the spiral
geometry of the cochlea may enhance mechanical amplification in this organ
by favoring the concentration of cochlear travelling-wave energy toward the

outer cochlear wall [13] .

The tissues and acellular structures of that support hair cells play a
prominent role in tuning the inner-ear organs. In the cochlea, hair cells
rest upon Deiter cells and proteinaceous matter that constitutes the basi-
lar membrane. Mechanical stimulation by the middle ear engenders a the
travelling-wave upon the cochlear partition whose dynamics are set by the
mechanics of the fluid and the tissue of the basilar membrane. Longitudinal
variation in the stiffness of the basilar membrane is among the principal

determinants of tuning in the cochlea. [21].

The acellular structures that overlie the hair bundle, such as the tectorial
membrane in the cochlea and the otolithic membrane in the sacculus, alter
the mechanics of the hair bundle, by imposing upon it an inertial load and

possibly a static tensile force.
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Finally, the afferent fibers that contact the hair cells themselves are
tuned; in the cochlea, afferent fibers vary in their thresholds and dynamic
range. Efferent innervation modulates the electrical activity of both afferent

fibers and hair cells.

The analysis presented in this paper has a number of limitations. First,
it neglects interactions between the hair bundle and the tuning mechanisms
just described, namely those of the hair-cell soma, the supporting mechan-
ical structures, and the neural mechanisms of the inner ear. Second, the
adiabatic-elimination assumption at the heart of the procedure leading to
the simplified model is invalid for hair bundles responding to signals of fre-
quencies greater than ~1kHz, a mid-range frequency for many auditory or-
gans. As the stimulus period approaches the time-scale for the opening and
closing of the mechano-sensitive channels, the channel population can no
longer be approximated as being in thermodynamic equilibrium, and hence
the open probability p, enters as an additional degree of freedom. It is both
an experimental and theoretical open problem to characterize the hair bun-

dle’s response to high-frequency signals.

Two additional features of inner-ear organs complicate the tuning prob-
lem. First, many auditory organs and possibly other inner-ear organs have
distinct sub-populations of hair cells specialized either for the transduction
of sound or for its amplification [4]. This division of labor is likely to be

associated with differences in tuning mechanism. Second, the coding scheme
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employed by the inner-ear organs depends upon the activity of the entire
population of hair cells. This means that the effectiveness of an individual

hair cell’s tuning depends upon the tuning of the other hair cells in the organ.

These considerations lead to a fundamental problem about the tuning
of the inner ear: How could local feedback mechanisms, such as those of
the active process, tune hair cells effectively, when the condition for optimal
tuning of each hair cell is both causally (i.e.: through mechanical coupling
of hair cells) and functionally (i.e.: through the population coding scheme)
contingent upon the tuning properties of the entire population of hair cells
in the organ? Are global mechanisms, such as neurally-mediated coupling
through efferent feedback, essential for effective tuning in the inner ear, or
could such tuning occur purely through self-organization of the sensory ep-

ithelium?
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Appendix A

Model Formulation

In section (A.1) of this supplement to ”Tuning of the Active Hair Bundle,”
we present a detailed model of the saccular hair bundle and simplify this
model to arrive at a pair of nonlinear dynamical equations in the gating
extension x and the position X, of the adaptation motor. In section (A.2),
we describe how to estimate from data the parameters of the simplified
model. In section (A.3), we discuss the accuracy of the Pade approximation
to the simplified model. In section (B.1), we apply the method of normal
forms to calculate the dynamics of the hair bundle in the near-bifurcation
regime. In section (?7?), explore the dynamics of the saccular hair bundle in

the excitable regime.
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A.1 Model formulation

A.1.1 Detailed model

Force-balance equation for the hair bundle:

d’x dx
MHB 5 + /\HBE + ksp(r —x5p) + Nasy kas(Y0 — Ta + T — pod) = FEat
(A1)
Kinetic equation for gating of the transduction channel:
dp
dto = kc—o(1 = po) — ko—cpo (A.2)

Force-balance equation for the adaptation complex:

dx
Aa dita‘i‘prmfm_NGSHGS('}’l'—.%’a—i'l‘C—pod)—|—/§Esxa+ Fim =0 (A.3)

Kinetic equations for interaction of the adaptation motor with Ca®t and

with actin.

dpy.o
dt

= km a1 Pb,Ca + km21 Pu0 — (km,1a ¢+ Em.12) Poo (A.4)
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dpu,O

ke k12 06,0 + km,32 Du,ca — (km,23 ¢ + km,21) Duo (A.5)
dpy,c
T’ta = km,14cpvo + km34Puca — (kmat + kma3) Pb.ca (A.6)

Current-balance equation for the hair cell:

Y, = _NGSQHBPO(Vm - EHB) - gbaso(vm - Ebaso) (A7)

Kinetic coefficient for the open-to-closed transition of the transduction

channel:

AE%_,B—F(SI{GS’}/CZ (w— xf“)
kT

kO—>C’ = kOHC(I',Z'a) =df Ktrans €Xp | —

Kinetic coefficient for the closed-to open transition of the transduction

channel:

AE(@)HB +(1—=9) rkgsvd (x — %‘1)
kpT

kc—o = kc-o ($a$a) =df Rtrans €Xp | —

(A.9)
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Limiting force on the motor:

Fliy, = Ugexp (Za(la - xa)) (A.lO)

Stereociliary mechanics

Equation (A.1) describes the balance of forces acting upon the hair bundle
[14]. Mechanically, the hair bundle behaves as a damped, cantilevered beam
with non-linear elastic properties. myp denotes the mass of the bundle and
A p its drag coefficient. The stereociliary pivots have a combined stiffness
ksp; rgp denotes the rest position assumed by the bundle upon severing
its gating springs; Ngg is the number of gating springs, each of which has a
stiffness kgg. The geometric gain factor  relates displacements along the
bundles axis of excitability to displacements in the direction of movement
of the adaptation motor [?]; thus, the displacement = of the bundle along
its axis of excitability corresponds to a displacement vyx in the direction of
stretch of the gating springs and of motion of the adaptation complex. The
gating length d is the distance by which a gating spring shortens upon the

opening of its associated transduction channel [5].

The mean slackening of the gating springs due to opening of the trans-

duction channels is thus —p,d, and the extension of the hair bundles gating
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springs is given by (yx — x4, — pod) . By virtue of their mechanically parallel
configuration, the gating springs of the hair bundle exert upon it a combined

force Nasvy(yx — x4 — pod).

An experimental probe or a sensory stimulus subjects the bundle to an
external force F,,;. Balancing against F.; are the inertial force of the bundle
X

MHB CCI;T%C ; the hydrodynamic drag force Agp Cfl—

; that resists its motion; and

two elastic forces acting in parallel: i) the linear restoring force kgp(z—zsp)
due to the elasticity of the stereociliary pivots; and ii) the non-linear force
Ngsvy(yx — x4 —pod) contributed by the parallel array of gating springs that

couple to the bundles mechanosensitive transduction channels [14].

Transduction-channel kinetics

Equation (A.2) describes the kinetics of the open probability of the trans-
duction channels. The kinetic coefficients ko_,c and kc_.0, as described by
equations (A.8) and (A.9), are postulated to be Arrhenius relations [5, ?],

whose form is:

AE‘“") (A.11)

ka—b = Ktrans exXp ( kT

where AG,_.; is the energy change associated with surmounting the energy

barrier separating a from b.
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We assume that the transduction channel has two states, open and
closed, separated by a transition state at which the channel gate, whose
swing has length d, is open by the amount §d, where § lies between 0 and
1[5]. We denote the energies associated with these states as E%, Eg, and
E%, respectively, and assume them to vary quadratically in the stretch of

the gating spring. Accordingly, the energy differences vary linearly:

AEc_.p =g 0 ks d <:c - “;) +AE (A.12)
B!, = (Y- EY) (A.13)

AEo_p =g (1—0) kgsyd <a: - ”fy“) +AEY (A.14)
AEY = (BY - ED) (A.15)
AEc_.o=AEgs+ EY o (A.16)

The total energy difference AFEp_.c between the open and closed states
is thus the sum of the intrinsic energy difference Egao with the gating en-

ergy difference AFgg.

AEY_ o = (BS - EY) (A17)
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4
AEgs =g kasyd (z — 7) (A.18)

Extension of the gating spring changes linearly the relative energy dif-

ference between the metastable states of the transduction channel.

Mechanics of the adaptation motor

The motion of the adaptation complex is governed by the balance of forces
described in equation (A.3). We adopt the convention [14] that downward
displacements of the adaptation complex correspond to positive changes in

4. The viscous force A, déi“ upon the adaptation complex, whose drag co-

efficient we denote by JA,, is balanced against both elastic forces and an
active climbing force exerted by the adaptation motor. Three elastic forces
act upon the adaptation motor: i) a restoring force kggx, due to an extent
spring of stiffness kg that lies in parallel with the gating spring array; i7)
the non-linear elastic force Ngg(yx — x4 — pod) due to the gating-spring ar-
ray; and i) the term Uzexp(Z,(l, — x,4)) corresponding to the force felt by
the adaptation motor from a limiting element at the upper boundary of the
hair bundle that strongly impedes its ascent above the height [,. In addi-
tion to these passive forces, the energy-consuming myosin-based adaptation
motor exerts a force py N,y fm. This climbing force is the product of three
factors: i) the force per motor f,,; ii) the number of adaptation motors N,;

iii) and the fraction p, of motors bound to the actin cores of the stereocilia.
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Electro-physiology of the hair cell

Equation (A.7) describes the balance of currents for the hair cell[2]. The
total current spent in capacitative charging of the membrane must match
the currents flowing into the cell across conductive paths through mem-
brane. Four currents flow into the cell: i) the transduction current Iyp =
apo(V — Egp); ii) current through the voltage-dependent Ca?* channels
at the hair-cell synapses; iii) synaptic current through Ca?*-dependent K
channels; and iv) the hair cells leak current. For simplicity, we model the

basal currents ii)-iv) collectively as a simple voltage-dependent current.

The concentration ¢ of Ca?t in the vicinity of the adaptation motor
affects both the climbing force exerted by the motors upon the adapta-
tion complex and the drag associated with the adaptation complex. This
concentration is determined by the instantaneous Ca?* current I, whose
magnitude is approximately linear in the product of the open probability

Do, and the voltage V.

To derive this dependence of ¢ upon p, and V,,, we consider the effects
of three mechanisms that determine the Ca?* dynamics in the hair bundle
[?]: 1) influx into the cell; 2) diffusion away from the transduction complex;

and 3) buffering of Ca* in the vicinity of the complex.

On the assumption that 1) the current flowing through the channel

123



rapidly reaches steady state; and that 2) buffering does not substantially
influence ¢, so that a force-flux relation determines the local Ca®>* concen-
tration [?], the time constant for the decay in the Ca** concentration due

to diffusion in the vicinity of the motor is approximately:

2, (50.1079m)%
Tediff & Dza = G q0-T0,aeT 1077 (A.19)

The time-scale for decay of the Ca?4 concentration is thus Tediff = 1us.
This time-scale is fast relative to that of signals detected by the sacculus,

indeed even relative to the time-scales of high-frequency acoustic stimuli.

The likelihood for a C'a?* ion to bind to a buffer molecule before first dif-
fusing away from the adaptation complex depends upon the concentration c
of Ca®*t, and the amount of buffer near the transduction channel. The mean
time-to-capture of a Ca®* ion by buffer is such that the root mean-square
distance that the molecule moves is greater than the linear extent of the

adaptation complex. The mean-time-to-capture of Ca?* by buffer is given

by:

1
Touf fer =d fk: (A.20)

on,buf fer [B]
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where Koy, puffer is the rate constant for binding of Ca’** to buffer, and
[B] is the concentration of Ca?™ buffer in the hair bundle. The root-mean-

squared distance that Ca®t diffuses over the duration 7, ffer 18t

Yrms ~ /Dca Touffer = v/ (6.10710m25=1) (1076 5) ~ 20nm  (A.21)

It follows that it is highly probable for a Ca?T ion in the vicinity of the
adaptation complex to diffuse away from the complex before it encounters a
buffer molecule. Accordingly, the effect of buffer upon ¢ may be neglected,
and integration of the diffusion equation yields ¢ [?], on the assumption that

Ca?* diffuses into a hemisphere centered about the channel pore:

c= b / J¥dr (A.22)

J is the Ca®t flux and 7, is the radial distance from the pore of the
transduction channel that represents the linear extent of the adaptation
complex. The assumption here is that the Ca?t flux changes slowly rela-

tive to the time-scale for diffusion away from the adaptation complex. The
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relation between the flux J and the Ca?t current into the hair cell is:

ICa
= — A2
J o F (A.23)
This implies that:
1
c= Ca (A.24)

We assume that the Ca?t current I, satisfies the Goldman-Hodgkin-
Katz equation [14]. P, is the permeability of the channel times the area
across which flux into the bundle occurs, e is the unit electrical charge, z¢q
is the valence of Ca®t, and Dg, is the diffusion coefficient of Ca®T in water.
Thus, at low membrane potentials, we see that I5,, and hence ¢, is propor-

tional to both the external Ca?* concentration, and the open probability p,.

kT
ezca’

IV, < then c is also approximately linear in the electrical potential

Vin:

c=a [C’a2+]ewt Po (Vi — Eca) (A.25)

Pry 1
o=y
4 27 Dogrm (kBT /ezca)

(A.26)
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Equations (A.4)-(A.6) describe the kinetics of the adaptation motors
interactions with Ca?* and with the actin cores of the stereocilia. These
equations assume that the myosin motors are in one of four possible states:
1) dissociated from the actin core but unbound to Ca** (Myp); 2) associ-
ated with the actin core and unbound to Ca?* (M; c,); 3) associated with
the actin core and bound to Ca*" (M, c,); 4) dissociated from the actin
core and bound to Ca?T ( M,.cq). The fractions of motors in each of these

states are, respectively: py.0, Pp,0, Pb,Ca> and Py Ca-

Let N,, represent the total number of myosin motors in the hair bun-
dle. We assume NV, to be constant, so that a conservation relation obtains
among the dynamical variables describing the fraction p; of motors in each

of the four possible states:

Pu,c = 1-— (pu,O +pb,0 +pb,Ca) (A27)

A.1.2 Simplified model

In this section, we address the problem of simplifying the detailed model
presented above, in order to facilitate both comparison with experiment ad
mathematical analysis. To this end, we make use of two procedures: 1) adi-

abatic elimination of the fast variables of the system; and 2) scaling of the
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dynamical equations. Adiabatic elimination reduces the number of dynami-
cal equations and eliminates four parameters, namely the time-scales of the
fast variables. Scaling further reduces the number of parameters by group-
ing them into combinations that consistently recur throughout the analysis

of the dynamical equations.

Adiabatic Elimination

Adiabatic elimination is a perturbative approach that involves distinguish-
ing rapidly-evolving from slowly evolving variables, and then assuming that
on slow time-scales, the dynamics of the rapidly-evolving variables are al-
ways approximately at steady-state. By this assumption, the dynamical
equations for the rapidly-evolving variables may be replaced with equations
that describe their dependence at steady-state upon the slow variables. In
the model of the hair bundle presented above, we adiabiatically eliminate
four of the seven dynamical variables, namely p,, pu0, Pb,0, and pp cq. This

leaves us with a dynamical system involving three variables: x, x,, and V.

Transitions between the open and closed configurations of the channel
occur rapidly relative to the time-scales of motion of the bundle and of its
adaptation motor. On these slower time-scales, the transduction channels
are approximately in thermodynamic equilibrium, varying quasi-statically

with x and xz,.

If the inertial force of the bundle is small compared to the viscous and
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elastic forces acting upon the bundle, we can approximate the force-balance

equation with a first-order differential equation.

At steady state, p, satisfies the Boltzmann relation:

1
Do = PolTyxq) = — — — (A.28)
1+ exp[ 2 mmdk(;fr Zetre3))

At steady-state, with Ca?T concentration ¢, the fraction p; of motors

bound to the stereocilia is:

k
Lk (A.29)
14 (e 4 s 4 e

32 k43

Py =

To simplify still further, we suppose that:

(A.30)

This implies that
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—
—~
??“W

=

N

??“k‘

=

N

= | ~—
o

PR e 1+El,% +32’,§7;1)c (4.31)
Thus, at low values of ¢, p, will be linear in c:
P~ 1— (Z;l + :;;) c (A.32)
Substituting
c=« [C’azﬂempo (Vi — Eup) (A.33)
gives
py=1—Sp, (A.34)
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where S, the motor sensitivity, is defined as:

S =df (7 + 7)0& [Ca2+] ext (Vm — Eca) (A.35)

Under these approximations, we can express force-balance equation for

the motor as:

dx,

<)‘a+(1_spo))‘m) dt

+ (1_Spo)Nmfm_NG’S’£GS<7x_xa+xc_pod)+K/ES (xa - xES)+E =0
(A.36)

To put the model in a form amenable to perturbation analysis, we ren-
der the dynamical equations dimensionless. We choose scales such that the
nonlinear open probability p, is a function of the scaled extension y of the
gating spring, and has no explicit parameter dependence. This corresponds
to choosing an offset constant for y such that p, is centered about zero; and
choosing a length scale for y such that the standard deviation of probability-

T

. . dpo i
density function i 1S U5
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Dynamical equation for the scaled extension y of the gating spring:

d
T = G (X Xas) = £Ga (X Xays: Vins) (A.37)

Dynamical equation for the scaled position X, of the adaptation motor:

dXa s
dts

=e,Gq (XvXa,s’Vm,s) (A38)

Dynamical equation for the scaled membrane potential V,,:

AV, s
dts

= —evGv (X, Vin,s) (A.39)

State-function for x:

KNGS,
78]9 (X) - (1 - KNGS,S) Xa,s - CHB + Fext,s

(A.40)

Gup (X Xa,s) =af —x +
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State-function for Xj:

1
Ga (X,Xa,s; Vm,s) =df m [X — (1 — Sfm”g)po — KES,s UXa,s — C’a + Fl,s]
(A.41)
State-function for V,,:
GV (X? Vm,s) :df gHB,spO (Vm,s - EHB7,5) + (Vm,s - 1) (A42)
Open probability:
=po(x) = S (A.43)
Po = Po \X) =df 1+ exp[—x] .
Motor senstivity:
S=5 (Vm,s) =df So + sV, (A.44)
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Limiting force:

-Fl,s = -Fl,s (Xa,s) =df Ua,s exp [Zl,s (ls - Xa,s)]

l

= s Z = _
o YzaO b —df (¢m0)71

r o Fe:pt _ fm
ext,s —df O Fma 'QZ}:E ) fm,s =df NGSHGSd
U,
U, =

* ~ 4 Nggrasd

Scaled motor drag parameters:

)\ao,s =
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(A.46)

(A.47)

(A.48)

(A.49)

(A.50)



A.1.3 Scaled model

Equations
dx
E = (Iﬁ; - 5"4!(1) (\I’X(X) - Xa,s) (A'Sl)
dXgs
= =ceka (Va(x) — Xas) (A.52)
dts ’
W 00) =ap ——— (= (L +e)x + (= ena) po(x) = C) (A.53)
1
Vo (X) =ar — (x + Mapo(x)) (A.54)
(00 = (A.55)
P = T ean( ) |
O0<e , O0<k<l |, O0<ky , O<m , —N<N, , —-00<C<x
(A.56)
Variables
X = X5 — Xas (A.57)
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Auxiliary Parameters

\ Aa A\ ANHB kT
= s , = — s g =
“* T Yty BB = iy KGsd?
KK -1
C,=k|Xgps — a4 E,
P K ( SP,s (H i /fa> 0,3)
Ey n x fm rsp
E = — — — R = s X = —
05 = kpT " 2 vx, fm.s Yra¥Xa 5P Vx
Scales
Vi = Naskasy? + ksp 5 Vra = Naskas
by = AHB . kT B kT
YT e T kasyd T kasd
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(A.60)

(A.61)

(A.62)

(A.63)

(A.64)

(A.65)



Second-order equation

d? d
2( + M(X)l + w2x — widepo(x) — eraC =0 (A.66)
dt? dt,
p(x) =ar (1+ ¢+ eka) = aepo(x) (1 = po(x)) (A.67)

RK
Qe =df 1 = €Ma > Wk =df m o dy =—df K +(I:J <Z B Z/a>
a a

(A.63)

2
dy
—u;’; <o <dg(l4e) , 0<e , 0<kg , +Ekg<wg<Ve(l+kag)
(A.69)
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A.2 Parameter Estimation

The nullcline functions ¥, and ¥, may be inferred from the force-displacement

and current-displacement functions measured under displacement clamp:

1

v, (Xclamped + X;,ref) = m
a

o (Xclamped) (A70)

. 1 I15/Imax

where Fy represents the scaled instantaneous force-displacement function
measured under displacement clamp; X jqmpea denotes the scaled displace-
ment imposed upon the bundle by the displacement clamp; X denotes the

scaled steady-state position of the adaptation motor at rest.

Below, we describe how to estimate the parameters required to scale
the simplified model; and some approaches for estimating the time-scale

parameter €.

A.2.1 Estimating the passive parameters

In this section, we consider the estimation of the parameters kgs , kKsp,
d, Ey, Ngs, x¢, and xgp. We denote with a hat the experimentally-derived
estimators of the these quantities; thus, for instance, Kgp denotes an esti-

mator of kgp. Also we use the symbol =.4 to signify the relation being an
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estimator of: thus A =.5 B means A is an estimator of B.

The instantaneous stiffness Kpypgie of the hair bundle is given by:

kagd?

kpT

Kbundie = Koundie (T, ) =ar Nastasy?[(1— Po(l—po)]| +ksp (A.72)

The maximum value Kpundie,mar Of the stiffness is:

Kbundle.max =df Neskasy? + Ksp (A.73)

We can estimate Nggrgsy? by measuring the bundle stiffness upon dis-
rupting the tip-links. The difference in stiffness between the intact bundle

and the disrupted bundle in the linear regime is Nggragsy?.

We define the relative bundle stiffness as:

Nes (kas v d)?

k‘BT po(l - po) (A74)

A"{bundle =df Kbundle,max — Kbundle =
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The open probability p, is a cumulative distribution function whose
2
derivative is po(1 — p,). Thus, scaling Akpynare by % yields the

probability distribution Arpynde,s:

A"’fbundle

Ngs (kgs v d)?
kT

AKpundie,s =df ( ) = po (1 — po) (A.75)

Thus, the empirical normalization factor for Axp,nqgie gives an estimate
of the stiffness scale for the system. The Akpyndie,s probability distribution

has the property that its peak is:

. 1 Ngs (kgs v d)?

= A.
wn,peak A /{ZBT ( 76)

The distribution Akpyndie,s also has the property that, if the displace-

kT
KkGsvd’

ment is scaled to its width varies inversely with its peak height.

Noting that:
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e d 1 2
22 (= ay=" ATT
/_OOX dx <1+exp(—x)> X=3 (A.77)

we obtain an exact relation between width and the peak height of Akpundie,s:

s
width) x (peak) = —= =~ 0.45345 A.78
(width) x (peak) = 7 (A7)

The geometric gain factor v has been estimated from electron-microscopic
measurements of hair-bundle morphology. The temperature T is set exper-
imentally, and kg, the Boltzmann constant is a universal constant. Ngg is

the number of stereocilia.

The instantaneous current-displacement function provides an indepen-

dent estimate of the probability density function Akpynaze,s, since:

I
po= 18 (A.79)
IHB,max

The relation between the width and peak of the distribution thus yields

an independent estimate of the length-scale.
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In sum, the estimators for the passive parameters of the hair bundle that

can be extracted from the instantaneous force-displacement curves are:

Fomax —ost KNGS-+RSP I tlw Vo oh = thiT
max —es P K,pea. es 4 k‘BT ) z,c es NGSK/GS’Yd
(A.80)
~ ~ “ ~ 7ﬁ.kf,])eak@&2 h
iNGs =df (Fmax — ksp) , Ngs =q 4———"= (A.81)
N RNGS 5 KNGS
RGs =df =5 » Ye=df & (A.82)
GsY Ngsz

A.2.2 Estimating the drag coefficient \yp

An analysis of the dynamics of the hair bundle yields an estimate of the

drag coefficient Agp.

Suppose we sever the gating springs so that all of the elastic properties
of the bundle are due to the stereociliary pivots. The force-balance equation

for the stereocilia under this condition reduces to:
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dx KSP KSP
or_ _nhsp, ., fsp Fuy A.83
7t )\HBJU + oD rsp + Fegt ( )

The time-scale estimated from this experiment for relaxation of the bun-

dle to steady-state following a mechanical perturbation is thus:

AHB
wt,severed —est (A84)
RsSp

It follows that A;rp may be estimated by:

N I3
AHB =df T 5P (A.85)
t,severed

We can thus construct an estimate of ;:

0 ;\HB
=g ———————— A .86
& ¥ KNGS + ksp ( )
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The preceding analysis has outlined a procedure for obtaining experimentally-
derived estimates of all parameters required to scale the dynamical equa-
tions. In light of this, we may deal exclusively with scaled quantities in the
analysis that follows. Accordingly, we omit the subscript indicating that the
quantities are scaled; unless otherwise noted, all quantities are assumed to

be scaled as described above.

A.2.3 Estimating the time-scale parameter ¢

Suppose we block the channels with amiloride so that p, = 0.

X
Cil—t =G (X — X4, Xo) (A.87)
dx
E = GHB,blocked - 5Ga,blocked (Xv Xa) (A88)
Xq
B = cGu (0. X0) (A.589)

where
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Gaplocked (X — Xa, Xa) =af (X — Xo —kpsoX,) —Co+ F]  (A.90)

GuBpiocked (X — Xa, Xa) =df —(Xs—Xa)—[(1 — knas) Xo + Cup) (A91)

We now have a linear dynamical system:

0X -1 K 0X
4 - Nes (A.92)

dt 0X, e —e(14knNGso) 0X,

The eigenvalues of the system are:

(=14 e+erngso) £ \/(1 —€— S&ESU)Q +4e (1 + kngs + KESO)
(A.93)

Apiocked =

DN |

If £ is small, then a series expansion in € about 0 to linear order yields:
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Abtocked = =1 — kngse + O 7] (A.94)

This gives an estimate of ¢:

~ -1
[\blocked =df <¢t,b1l£cked> (A95)
t

A.2.4 Relations between the observable and internal vari-

ables

The phenomenological equation for the the hair bundle’s displacement is

d?X dX
W = A.
di2 + ux dt +e fX,elastzc 0 ( 97)
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— = (k= era) (Ny(X) + x = X) (A.98)

where

1+ kg
11—k

1x () =g 1+ & + ke — (77 e >pa(x)(1 Cp) (A99)

fX,elastic(Xa X) =df (/‘0 + Ha))( - [(1 + Ka)n - (1 - H)na]po(X) - (1 + ’ia)c
(A.101)

Thus, the variable X and u are related to the variable y and v by the
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equations:

1

X(6v) =X+ Ty = ——
a

v (A.102)

aX
u(x,v) = T +era(Vy — X + x) (A.103)

For small amplitudes of movement, this coordinate transformation is ap-

proximately linear:

60X ox
=M (A.104)
U v
where
av 1
1+ == —
M = ax et (A.105)
dv, _ AWy g4 1
dx dx K—ERa

We note that Iyp/Ine: = po = (1 + exp[x])~! is in one-to-one corre-
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spondence with the variable x. Thus,

X—m( Po ) (A.106)

1_po

L dpo

B po(l - po) dt (A‘107)

For given parameter values, we can use the Pade approximation to the
coordinate-transformation equations to infer the position and velocity of the
gating extension y from the position X and velocity u = % of the bundle
beyond the linear response range.

In sum, from the dynamics X and u, the dynamics of x and v can be
inferred; conversely, from the dynamics of y and v the dynamics of the X

and u can be inferred. Since X, = X — x, the dynhamics of any two of the

variables x, v, X, and u suffice to determine the dynamics of X and dflga
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4+ f\\
Det[M]=0

De[|M]=0

Figure A.1: Coordinate transformations in the excitable regime
a. Dynamics of the x inferred from the dynamics of X and u = % In solid
black, the solution derived analytically from the Pade-approximated
model, given the trajectories of X and u. The horizontal lines show the
values of y at which the coordinate transformation is not locally invertible
(i.e.: Det(M) = 0); at these lines, the Pade-approximated solution for x
jumps from one cubic branch to another. b. y of X and u = % c.vasa
function of X and u. d) X as a function of x and v. e) u as a function of x

and CC%‘ in the excitable uniigédamped parameter regime



A.3 Accuracy of the Pade approximation

Figure (A.2) shows that the error introduced by the Pade approximation
remains small within the physiological range of the state variables, though
a systematic discrepancy in the derivatives of the nullcline functions arises as
|x| — oo0. Nevertheless, within the physiological range, the Pade-approximated

model affords an excellent approximation of the simplified model.
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Figure A.2: Accuracy of the Pade approrimation

-0.011

-0.021-

-0.031

-0.04

-0.07

Error associated with the order- (3,2) Pade approximation about zero of
various functions of x: a) ®,; b) ®4; ¢) Dety; and d) Tr4. The parameter
values for the error calculations illustrated here are: (¢ = 0.05, n = 8,

Na =2, k = 0.5, kg = 0.4, Csyaric = —4.68)



Appendix B

Bifurcation Structure

B.1 Normal-form approximation to the near-bifurcation

dynamics

In this section, we undertake a perturbation analysis of the weakly nonlinear

oscillations of the simplified model, using the method of normal forms.

Let A denote the matrix of eigenvalues of the simplified model, and let
r1 , ro denote the associated eigen-variables. We introduce the complex

variable w

w =qf V (7“1 + iT’Q) (B.l)
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where v is some function of u that tends to 0 as p tends to 0. We then
construct a near-identity transformation of the variables w; to the variables

Uq:

N N
w; = u; + Z Z VIR Ty (ua s - o) (B.2)
j=1k=1

Consider a perturbation expansion in v and p of the dynamical equation

for the variables:

5 = Ubo+ vUly + pUsy + v*Usg + pvUsy + 1* Uy (B.3)

We assume that the T;; have the form:

2

Tjk =ar Y _ ajruius ! (B.4)
=0

Finally, we set the coefficients a i, of the transformation such that, wher-

ever possible, the non-linear terms are assigned a coefficient of zero in the
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dynamical equation.
Figure B.1 shows predictions of the normal form approximations near a

saddle-node bifurcation; and a supercritical Hopf bifurcation.

a. Fixed points near a saddle-node bifurcation b. Limit-cycle amplitude near a supercritical Hopf bifurcation

IXll.s.
1.0¢
0.8+
0.6+

0.4+

0.2

Figure B.1: Predictions of saddle-node and Hopf normal-form approxima-
tions
a.) Fixed points as a function of the parameter C, predicted by the
saddle-node normal-form equation (purple) and the Pade approximation
(blue). The remaining parameters have the values ¢ = 0.05, n = 8, n, = 0,
k = 0.6, and Kk, = 0.7 b.) Limit-cycle amplitude as a function of the
parameter ¢, as predicted by the normal-form equation (purple), and
calculated numerically (blue points). the remaining parameters have the
values: (n = 4.84374, n, = 0.087394, k = 0.5, ko =1 C = —2.4)
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B.1.1 Saddle-node normal form

The topological normal form for the dynamics in the vicinity of a saddle-node
bifurcation can readily be calculated for the various bifurcation parameters;

For instance, for the static force parameter C' the normal form is:

ClX . 1 2 82170 2
E = ERgq (C Ccmt) + iw d,ﬂ aXQ (X Xcrzt) (BS)

B.1.2 Hopf normal form

Under the condition that the operating point is x = 0, the topological
normal form at a Hopf bifurcation gives identical results to the multiple-

scales solution below,

dz Mo . Hnl
i (? +ivko)z — ?|z|2z (B.6)
where
z=ret (B.7)
B B l+e— Kall\ .
x =rcos(d) , X,=-— < p— ) rcos(f) — \/e(m + Ko — T) sin(6)
(B.8)
1o = —Tra(0) = 1+e+6ma—% - % . ko= Dets(0) = w?(1-2
(B.9)
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