


THRESHOLDS FOR SOUND DISCRIMINATION

Amplitude discrimination Frequency discrimination

‘ 200% change in amplitude ‘ 2% change in frequency

‘ 100% change in amplitude ‘ 1% change in frequency

Q 50% change in amplitude ‘ 0.5% change in frequency

‘ 20% change in amplitude Q 0.2% change in frequency

‘ 10% change in amplitude ‘ 0.1% change in frequency
An increment of 20 decibels (20 dB), which represents a A semitone, or single note on the piano, represents a
tenfold increase in amplitude (900% change), makes a frequency change of about 6%.

sound about twice as loud.
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Basilar-membrane response
(logarithmic scale)

Basilar-membrane response
(logarithmic scale)
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THE ACTIVE PROCESS OF HAIR CELLS
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Kinocilium e

. F=Kg(Xg-X)
Photodiode
Stereocilia 5
[1 0 120 um
Stimulus fiber ‘ ‘
of stiffness Kgp i






Pusher lawn mower

[5N
Work done on
mower by operator

1om

Power lawn mower



At any time,
Fexternal + FinerTiAL + Forag + FerasTic + Factive =0

d2X dX
Factive = - Ksr(Xg - X) - (Myg + Msp)-55 - Enp + Esp) 7 ot - KneX

Over an average cycle,

Wexrernal + WiverraL + Woraa + Wetastc + WacTive =0

Wactive = - Ksp§ (Xg - X)-dX - (g + isﬁﬁﬁ 9%.ax



Fiber-base motion
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Work done
on bundle

by drag ~ ©
(-39 zJ)

|

WacTive = - WpraG - WeiseR

Wacrive = +79 2J

Work done
on bundle
by fiber
(-40 zJ)
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Phase-locked response (nm)
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Sound Pressure Level (dB)

After Ruggero, Rich, Recio, Narayan, and Robles (1997)



Bifurcation




Equation for a generic Hopf bifurcation:

¢ P N
dt-(u+|u)o)z |z|z

z, displacement (complex variable: z=x+iy)
wy, Natural (characteristic) frequency
i, control parameter



Equation for a generic Hopf bifurcation:
% = (u+img)z- [Pz

Simplified term:

E=u.=f: — z=eMt

dt

n<o, \

u=>0, J




Equation for a generic Hopf bifurcation:

P e P P
dt-(p+|mo)z |zlcz

Simplified term:

A2 _jgz —» z=eiont

dt

I O 0
VRVETEY,




Equation for a generic Hopf bifurcation:

A i 7z
dt-(p+|mo)z |zlcz

Simplified term:

%:(;.Himo)z —— z=g(utiog)t
u<0, \ e
u=>0, e /N /
N \/




During stimulation with a force Fe'®:

dz _
dt ~

For a phase-locked response of the form z=Re!(®!+9),

F2 = RO-(21)R* + [12 + (0 - 0)2]R?

(1 +iwg)z - |2|°Z + Fe'®*

soluble cubic equation
yields F2 in terms of R2
At or near bifurcation, | = 0; at or near resonance, ® = 0q:
F2~R6
R~F1/3
The system's mechanical sensitivity (S) is

_B_go2n
S—F~F



Equation for a generic Hopf bifurcation with stimulation by a force Fe'®:

%tz: = (U +i0g)z - [2[°Z + Fe'®
z, displacement (complex variable: z=x+iy)
g, natural (characteristic) frequency

i, control parameter

In the absence of stimulation,
u<o,

z=0, a quiescent system
u>0,
z=0 is unstable
z=re't = It [cos(mpt) +i-sin(wgt)],

Response, R

During stimulation near bifurcation (i = 0) and near resonance (® = oy):

R=F13 amplification with compressive nonlinearity

Force, F




HUMAN SPONTANEOUS OTOACOUSTIC EMISSIONS (SOAES)
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Constant force (dimensionless)

Monostable
regime

Bistable
regime

" Line of saddle- Line of Hopf

node bifurcations bifurcations
iR

Total elastic load (dimensionless)

Constant force

Constant force

(dimensionless)

(dimensionless)

o
o

1.0

0.51

1
e
.
o

1

o

L L] L T L] Ll

1 2 3
Total elastic load (dimensionless)




Force (pN)
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Hair-bundle
displacement

Transduction
current

Stimulus
force

Fast "adaptation”
(Ca?*-dependent
channel reclosure;
T=1 ms)

120 nm
110 pA
Slow adaptation
(t=20-30 ms)
50 ms
[
ISO pN
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Positive phase of
sinusodial stimulation

XX <_

Negative ptheo\ %ependent
sinusodial stimulation channel reclosure




POSSIBLE SITES OF Ca2+— DEPENDENT
CHANNEL RECLOSURE (FAST ADAPTATION) L. .o\ .

substeps in myosin-1c

h Relaxation or tensioning
\/ of connections between
\ insertional plague and
= =7 myosin-1c, including
myosin heads or necks
RS

Direct reclosure of
channel by binding
energy of Ca?*

Relaxation or tensioning
of a link between channel
and cytoskeleton

Alteration of the structure

or packing of actin ~——__
monomers



[Ca ~ 50 nM = 0.05 uM
througt wout tereociliary tip

A4l

From the change in intracellular Ca* concentration,

AG = kTIn([Caﬁ]. ) = kTIn(m) ~302zJ =7kT



Displacement response
with channel gating

Displacement response
of passive hair bundle

Stimulus force
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After Retzius, 1884



~8 mm
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Cochlea \
Ossicles of middle ear:
malleus (hammer) Scalee (chambers) of inner ear:
incus (anvil) scala vestibuli
// stapes (stirrup) / scala tympani
Tympanum < C 7
(eardrum) / | —

Oval window Cochlear partition
Round window (including basilar membrane)







100 Hz

(0.1 kHz)
' —
1,000 Hz
(1 kHz)
10,000 Hz
(10 kHz)
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Complex
sound
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Scala vestibuli
(perilymph)

.. Stria
vascularis

Scala media
(endolymph)

Spiral
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Scala tympani
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Acoustic stimulation f
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THE COCHLEAR TRAVELING WAVE

A

+0.3nmat 0 dB
+3 nm at 60 dB
t +30 nm at 120 dB

Deflected basiliar membrane

at one particular instant ~_

Envelope of movement _—"
through a complete cycle

Direction of propagation
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THE COCHLEAR TRAVELING WAVE
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COCHLEAR TONOTOPIC MAPS

Human basilar membrane: 33 mm

20,000 Hz
(20 kHz)

Base

T

20,000 Hz
(20 kHz)

2000 Hz
H
(2 kHz) 20(1 &

__.J{L
T

2000 Hz
(2 kHz)

Y

20 Hz

Apex

200 Hz

Chinchilla's basilar membrane: 20 mm






Organ of Corti




Tectorial membrane

Inner
hair cell >

Endolymph

Perilymph



From J. Ashmore and M. Holley



Mechanical stimulation
of hair bundle

Entry of cations through
transduction channels

~

I

=
Amplification
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Mechanical stimulation
of hair bundle

Entry of cations through
transduction channels

. . >
Amplification
of mechanical
stimulus
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Region of
inactivation
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Sensitivity (mm-s--Pa1)
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Frictional Ioss/

Active amplification /



TUNING OF A CRITICAL OSCILLATOR

Response
amplitude

0 500 1000 1500 2000
Frequency (Hz)
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