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Outline

 Passive and active cochlear mechanics

 Prestin and outer hair cell motility



Tonotopicity

 A place code is a general principle of many sensory systems 
(somatotopic, retinotopic, others?)

 Damage (hair cell loss) at particular locations along the cochlea
is correlated with hearing loss at a particular frequency. 

 The place code in the cochlea is “tonotopic”, each sound 
frequency stimulating a particular location best.

 Cochlear place is “tuned” to particular frequencies.

 But how is this frequency “tuning” established?



Era of the “traveling wave” begins

1 kHz

Georg von Békésy (1899-1972)

Awarded a Nobel prize in 1961 for 

studies on cochlear mechanics.  

See “Experiments in hearing” 

compiled by Glen Weaver.



“in situ” measurements

• Improve 

visualization with 

silver grains and 

strobe illumination

• Measure amp. of 

motion for constant 

input pressure at 

various frequencies.



Tonotopic Distribution of 

Frequency

4 kHz

1 kHz

250 Hz

Passive mechanics largely 

due to gradual changes in the 

stiffness of the basilar 

membrane.

Base: thick and narrow

Apex: thin and wide

The cochlea is a frequency analyzer, breaking complex waves 

into frequency components.

Tonos = tone; Topia = place

Tonotopic = frequency place code



A (Nonlinear) Amplifier in the Ear

Gain = Amplitude of basilar membrane

Amplitude of stapes motion

Use laser to measure membrane at one 

tonotopic position.

Compare with stapes motion to get gain.

Vary frequency of sound stimulus while 

keeping input (stapes motion) constant.

Passive mechanics gives the “dead or 

high level shape” (like with Békésy).

Something else happens at low sound 

levels in an alive animal (like with 

psychoacoustics).

Cochlear mechanics is highly nonlinear.



Nonlinear Cochlear Mechanics:  
Distortion Product Otoacoustic Emissions

Distortion is a key feature of 

nonlinear systems.  All combinations 

are generated (n*f1 ± m*f2) but cubic 

(2f1 – f2) is largest.

Distortion products can also be 

measured directly on the basilar 

membrane!  Therefore, it cannot be 

some strange effect of the speakers, 

microphones, or middle ear.

Acoustic

Basilar membrane



An OHC Based (Nonlinear) Amplifier

Loss of OHCs makes gain 

look like a “dead” cochlea 

(passive mechanics alone)

This is one of the most 

common causes of hearing 

deficits from NIHL, ARHL, 

and drug-induced ototoxicity.

Bill Brownell causes a 

paradigm shift in auditory 

physiology when he 

describes OHC 

electromotility



OHC motility is a major contributor to 

the cochlear amplifer

 Loss of OHCs 

 gain looks like a passive 
(dead) cochlea.

 nonlinearities (DPOAEs) lost.

 Bill Brownell causes a 
paradigm shift in 1980’s when 
he describes OHC motility 
(Scanning Electron 
Microscopy, 1984; Science, 
1985)

 Change in voltage across the 
OHC membrane induces 
change in OHC length.

+50 mV -150 mV

Holley and Ashmore, 1988



OHC somatic motility

• Constant volume (not 

osmotic effect).



OHC Motor Units

Motor unit must be: 

• in the membrane, 

• tied to the cytoskeleton,

• capable of generating large forces, 

• able to sense  membrane voltage.

Freeze fracture electron microscopy 

shows densely packed particles, up 

to 3,000 per mm2….or about 

300,000 to 6,000,000 particles per 

cell.

To sense membrane voltage, some part of the motor must be charged.  

When 6 million charges move in concert, they produce a measurable effect.  

We can relate this movement of charge with current and ultimately 

capacitance.



OHC Motility and Gating Charge

extracellular

intracellular

+

extracellular

intracellular

+

Depolarization

Assume the “motor” is a membrane 

protein with some charged amino acids on 

a transmembrane domain.



OHC motor’s charge as a nonlinear 

capacitor?

 How can we measure the voltage dependence of this motor 
more easily? 

 Capacitance is defined as C = dQ/dV.

 We typically ignore charges in a membrane (small contribution; 
few move together).

 But if there are 300,000 to 6,000,000 charges all moving in 
concert, we must go back to C = dQ/dV.

 We often describe this gating current as a nonlinear 
capacitance.  
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Plot the shape

of the derivative.



OHC Nonlinear Capacitance

Block dominant ionic currents (K+, Ca2+).  

Voltage-clamp.

Measure membrane capacitance (like in exocytosis).  But now the change 

in capacitance is because of charged particles in the membrane, not fusion.

(A) results from a mouse OHC.  

(B) Cm-Vm curves in an OHC compared with IHC.  

IHC

OHC1

OHC2

OHC3



The Prevailing View of the Cochlear Amplifier: 

Positive Feedback from OHC Motility



Finding the OHC motor molecule

Assumptions:

Abundant in OHC v IHC

Transmembrane

Electromechanical 

Method:

Create cDNA pools

(1) OHC

(2) IHC

Make probes from

OHC-IHC pool.

1300 fragments probed

108 sequenced

32 unique

New molecule “Prestin”

fit assumptions.

SLC26A5

Prestin



Prestin is capable of motility and NLC
Motility in TSA201 cells

NLC in HEK293 cells

prestin

Mutant and Non-transfected controls



But membranes act as low-pass filters!  

(RC time constant)

 The cochlear amplifier of 
bats must work up to at 
least 100 kHz.

 The corner frequency for 
the hair cell at least  10 
kHz (Johnson, 
…Fettiplace 2011 for 
latest)

 Impedance is important –
not just corner frequency

 Models show that at high 
frequencies (>10kHz) 
basolateral voltages are 
high enough to predict 
realistic gains

The apparent electrical filtering 

of the hair cell receptor potential



Frequency limit: Motor is not limiting

Motor machinery is capable

of high-frequency movement



Open Questions

 What is the molecular composition of the 

transduction channel?

 Fettiplace: The channel conductance changes

systematically along the cochlea. How?

 Is the channel directly coupled to tip-links or is it 

gated by membrane stretch? Does membrane 

composition alter transduction properties?

 When tip-links regenerate, do the proteins treadmill 

as connected side-links or form at stereocilium tip?  

Are they composed of the same proteins?



Open questions

 Membrane capacitance in OHCs is sensitive to lipid 

composition.  How does motility change when lipids 

are altered?  Does this affect the frequency 

response?  What if you used other manipulations 

other than changing cholesterol (epicholesterol)?

 When Prestin is lost (Knockout), lipid composition 

changes.  What affect does this have on other 

membrane properties in OHCs?

 Many more…



Supplementary Information


