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Abstract

It has been widely assumed that the function of the

OHC is to increase the sensitivity and frequency selec-

tivity of the cochlea via a phasic OHC voltage, which

controls the soma length. This action is called the

cochlear amplifier. According to this view the length of

the OHC is assumed to follow the stimulus to the upper

frequency limit of hearing, in a phasic manner (cycle

by cycle), adding power at the signal frequency. We

propose an alternative view that the OHC controls the

dynamic range in a parametric, or tonic manner, via

the cells axial stiffness. In this case the change in gain

seen by the IHC does not require a phasic response at

high frequencies. The OHC could mediate a fast act-

ing gain control, via impedance changes, that follows

the OHC membrane tonic voltage envelope. Given a

level dependent change in dynamic range (i.e., dy-

namic range compression), the tuning and sensitiv-

ity would necessarily change. Our analysis and con-

clusions are based upon a re-interpretation of exist-

ing mammalian outer hair cell (OHC) studies using a

generalized admittance matrix formulation of the OHC,

that relates the plasma membrane voltage and current

to the soma axial force and velocity.
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Traditional view of the OHC’s role
• Power gain based on a phasic cochlear amplifier

– Increased sensitivity

– Increase tuning (i.e., narrow bandwidth)

∗ ∗ T. Gold 1948, Davis 1983 and many followers
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Traditional view of the OHC’s role

• Increased sensitivity

• Increase tuning (i.e., narrow bandwidth)

Alternative view of OHC’s role
• Frequency dependent compression of the dynamic range
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Why is compression necessary?
• Dynamic range of the IHC is less than 63 dB

– Membrane thermal noise voltage of IHC is given by:

–

V min

m =
√

kT/Cm ≈ 20 µV RMS

– The maximum RMS IHC membrane voltage is

–

V max

m = Vstria/2
√

2 ≈ 30 mV RMS

• 30 mV/20 µV ⇒ 63 dB hair cell dynamic range

• 120 dB Acoustic dynamic range is

– ⇒It follows that cochlear compression is essential
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How does cochlear compression work?
• We need an OHC model to answer this.

– The following is a chronological review of OHC models,

– from the Thévenin point of view.
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Thévenin OHC Models 1985

• Simple Electromotility Brownell 1985

• Voltage controlled membrane Area motor:

• Assuming constant cell volume ∆L = 2L
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Thévenin OHC Models 1989

• Nonlinear Capacitance Ashmore 1989

– Area motor and Charge movement are coupled, via

– Voltage dependent (2-state?) membrane molecules

– Dallos 1991,1993, Mountain and Hubbard 1994
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Thévenin OHC Models 1999

• NL Soma Stiffness depends on Vm He and Dallos 1999

∆Kz(Vm)

Kz
≈ 400%

• Every element is voltage dependent!

– ⇒ Area and stiffness motor
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Thévenin OHC Models
• Area and stiffness motor 1999

+

−

Vstria

Cm(Vm)

Fz(Vm)

−

+

L̇s
z(Vm) Cz(Vm)

+

−

Q̇m

Vm
Rm

L̇z(Vm)Cilia displacement: ξ

∣

∣

∣

∆Lz
Lz

∣

∣

∣
= 4%

∣

∣

∣

∆Cm
Cm

∣

∣

∣
= 40%

∣

∣

∣

∆Cz
Cz

∣

∣

∣
= 400%

∣

∣

∣

∆Az
Az

∣

∣

∣
= 2%

• Simplified model: NO area motor 2002
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– The turgor pressure Pt is the mechanical energy source

• The OHC is a voltage dependent spring
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Proposed Model 2002

• Voltage dependence of kz(Vm) and kt(Vm) with Pt constant:
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• Definitions for: [kr, kz, kt], [Fz, Lz], [Ae, Aw], [Pt, V̇t], Tz, R

L̇z(Vm): axial

Kload

Fz: external

Tz: membrane axial tension
Ae,Aw: area of end, wall
Vt: cell volume
Pt: turgor pressure
R: cell radius
Lz: cell length

Load impedance

Cz(Vm)

Cz : kz(Vm), kr(Vm), kt
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Model Results
• Match to Kz(Vm) and ∆Lz(Vm)
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Summary
• Model of a voltage dependent membrane stiffness accounts for all known OHC

properties!

– Relative length change ∆Lz

Lz

≈ 4% 1985

– Relative Capacitance change ∆Cm

Cm

≈ 40% 1989

– Axial stiffness change ∆Kz

Kz

≈ 400% 1999

– The OHC is a voltage controlled stiffness.

• The model OHC has no “area motor”

• The model OHC is not piezoelectric

– The wagging tail ∆Lz(Vm) is not the dog Kz(Vm).

• “Length change, or electromotility, is a simple consequence
of stiffness change.”

– –Dallos & He 2001



–Compression is modulated by OHC stiffness,
via tonic (DC) voltage changes

QUESTIONS?
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Microchamber Experiments

• Method for measuring at high frequencies:

• Based on microchamber “capacitive divider”

• Vm constant as f → ∞
– ∆Lz(Vm), Cm(Vm) and Kz(Vm) are wideband (> 25 kHz)
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Membrane voltage must be lowpass

• If the Davis hair cell model is correct, Vm ∝ 1/f
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Tonic response dominates the phasic

• Since the phasic voltage Vm(f) ∝ 1/f,

– the tonic component [Vm(f < fc) ≈ const.] must dominate at high stimulus
frequencies f >> fc

• The tonic Vm changes with efferent stimulation

– ⇒the tonic component can change the BM sensitivity

• Both arguments lead to the conclusion that:

– ⇒ BM compression is controlled by the tonic component



References

Ashmore, J. (1989). “Transducer motor coupling in cochlear outer hair cells,” in Wilson, J. and Kemp,
D., editors, Cochlear Mechanisms: Structure, Function, and Models, pages 107–113. Plenum, NY.

Brownell, W., Bader, C., Bertran, D., and de Rabaupierre, Y. (1985). “Evoked mechanical responses of
isolated cochlear outer hair cells,” Science 227:194–196.

Dallos, P., Evans, B., and Hallworth, R. (1991). “On the nature of the motor elements in cochlear outer
hair cells,” Nature pages 155–157.

Dallos, P., Hallworth, R., and Evans, B. (1993). “Theory of electrically driven shape changes of cochlear
outer hair cells,” J. of Neurophysiol. 70(1):299–323.

Davis, H. (1983). “An active process in cochlear mechanics,” Hearing Res. 9:1–49.

Gold, T. and Pumphrey, R. (1948). “The cochlea as a frequency analyzer,” Proc. Roy. Soc. B 135:462.

He, D. and Dallos, P. (1999). “Somatic stiffness of cochlear outer hair cells is voltage-dependent,” Proc.
Nat. Acad. Sci. 96(14):8223–8228.

Iwasa, K. and Chadwick, R. (1992). “Elasticity and active force generation of cochlear outer hair cells,”
J. Acoust. Soc. Am. 92(6):3169–3173.

Mountain, D. and Hubbard, A. (1994). “A piezoelectric model of outer hair cell function,” J. Acoust. Soc.
Am. 95(1):350–354.

/home/jba/Work/Cochlea/Doc/aro.02/Talk.tex


