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Review Resources

Must-See Websites:

Journey into the world of Hearing

(http://www.cochlea.eu/en/)

Auditory Animations, Univ. of Wisconsin 
(http://www.neurophys.wisc.edu/animations/)

The Cochlea, Fabio Mammano
(http://147.162.36.50/cochlea/index.htm)

HHMI lecture from Jim Hudspeth
(http://media.hhmi.org/hl/97Lect3.html)

Reviews:

Zhao and Müller (2015) Curr Opin Neurobiol, 34:172-179

Fettiplace and Kim (2014) Phys Rev, 94:951-986



Outline

 Introduce cochlear structure and 

function

 Cochlear fluids and endocochlear 

potentials

 Hair cell mechanotransduction

 Passive and active cochlear mechanics

 Prestin and outer hair cell motility



Must code

• Frequency spectrum

• Intensity of sound

• Timing events

spectrum of the sound

produced by the glottis

spectra of the 

sounds coming 

out of the mouth

What does the ear have to do?



Major Divisions of the Ear



External Ear

 Adornment

 Protect eardrum from foreign 

objects

 Cerumen (antimicrobial 

moisturizer) 

 Collect sound 

 Resonator (20 dB gain at 2.5 

kHz, around speech 

frequencies)

 (monaural) Sound localization 

cue in vertical axis as complex 

sounds bounce around pinna 

and cause interference.



Middle Ear

 Ossicular chain (malleus, incus, stapes)

 Impedance match

 Air to water impedance mismatch: 30 dB loss

 Area and Lever ratios (review?): ~29 dB gain



𝑃𝑠𝑡𝑎𝑝𝑒𝑠

𝑃𝑡𝑦𝑚𝑝𝑎𝑛𝑢𝑚
=

𝐴𝑡𝑦𝑚𝑝𝑎𝑛𝑢𝑚

𝐴𝑜𝑣𝑎𝑙 𝑤𝑖𝑛𝑑𝑜𝑤
×

𝐷𝑚𝑎𝑙𝑙𝑒𝑢𝑠

𝐷𝑖𝑛𝑐𝑢𝑠
= 𝟐𝟏 ∗ 𝟏. 𝟑

 Measured gain: ~20 dB at 1 kHz (why different)

 Eustachian tube

 Infant-10° from horizontal; Adult-45°

 Increased rate of otitis media in infants

 Stapedius and Tensor Tympani muscles

 Acoustic reflex and attenuates self-vocalization

 Bell’s palsy, paralyzed stapedius, hyperacusis

 T.Tymp. – function less known.



Inner Ear

Auditory portion of the inner ear is the 

cochlea (Greek, Kokhlias, snail shell)

10. Oval window 11. Round window

12. Scala Vestibuli 13. Scala Tympani

6. Helicotrema (where SV/ST meet)

5. Scala Media, cochlear partition



Cochlear cross-section (mid-modiolar)

1. Cochlear Partition

2. Scala Vestibuli

3. Scala Tympani

4. Spiral Ganglion

5. Auditory Nerve Fibers

Helicotrema



Sensory cells reside in the organ of Corti 

along the reticular lamina

1. Scala media

2. Scala 

vestibuli

3. Scala 

tympani

4. Reissner’s 

membrane

5. Basilar 

membrane

6. Tectorial 

membrane

7. Stria 

Vascularis

8. Auditory 

Nerve

9. Bony Spiral 

Lamina

Reticular

Lamina



Organ of Corti structure hints at a 

division of labor among hair cells

1: Inner hair cell

3,500  in human cochlea

Primarily afferently innerv.

2: Outer hair cells

12,000 in human cochlea

Primarily efferently innerv.

TM: tectorial membrane

BM: basilar membrane

PC: Pillar cells

DC: Dieter’s cells

HeC: Hensen’s cells

DC

TM HeC

BM

PC

How do we know that hair cells are the transducer elements for hearing?

(1) innervated, (2) loss associated with deafness

Inner hair cells are primarily responsible for transmitting sound stimuli 

because these receive 95% of primary afferents and are more tightly 

associated with profound deafness.



Cochlear fluids and the 

endocochlear potential

Perilymph

Endolymph

In mM:

145 Na+

3 K+

130 Cl-

1 Ca2+

In mM:

5 Na+

160 K+

130 Cl-

~ 0.02 Ca2+

-60 mV

+80 mV

0 mV

Driving

Force

For

Potassium



Passive cochlear mechanics

Sound transmission into the 

inner ear sets the cochlear 

partition into motion.  (more 

on this later)

This stimulates the sensory 

hair cells.



General hair cell structure

IHC OHC



The hair bundle 

moves as a unit

Chick Tall Hair Cell

Water-jet Stimulation

500 Hz

15º displacement

Stroboscopic Lamp



Transduction methods

Probe

Patch

Pipette

Semi-intact preparations are used for 

whole-cell patch-clamp studies.

Hair bundles stimulated with stiff 

probes or water-jets.

Voltage-clamp:

• Constrain voltage

• Measure current

• Used to determine voltage 

dependence

Current-clamp:

• Inject current

• Measure voltage 

• Used to measure action potentials 

and receptor potentials



Transduction:  Asymmetric, Saturating, 

Highly sensitive receptor potential

Kros et al., 1992

Neonatal mouse OHC; water-jet stimulation; whole-cell voltage-clamp

• Positive movements = inward (depolarizing) currents

• Some current at rest (5-10%)…some channels open at rest

• Xfer function steepest for small deflections

• From parallel experiments in bullfrog:  threshold for detectable change in 

receptor potential is ~1 pm.  That corresponds to a ½ inch movement of the tip 

of the Eiffel Tower.



Transduction: Directional

Shotwell et al.,

1981



Transduction: Fast Gating

Bullfrog sacculus

Voltage-clamp

Activation latency: 25 ms

2 orders of magnitude smaller than 

latency in photoreceptors.  Excludes 

involvement of 2nd messengers.  

More like mechanotransduction

channels.
Corey and Hudspeth, 1983



Specializations at Hair Bundle Tip

Kachar et al., 2000

Freeze

Etch

EM

Surface

Rendering

50 nm



Tip-links are sensitive to Ca2+ chelators.

Tip-links regenerate!



Transduction channels are specifically 

associated with the shorter rows of stereocilia

Beurg et al., 2009



Adaptation in transducer currents

 fast

 slow

Transducer currents adapt on two time scales (but can vary w/hair cell type).

•  fast ~ 0.1-1 ms

•  slow ~ 10-100 ms



Adaptation of transducer currents

No desensitization.

Maximal currents reached 

after an adapting step.



Adaptation Models

(fast, <1ms)(slow, ~ 20 ms)

Schwander et al., JCB, 2010

Fast adaptation: due to a Ca2+ dependent channel closure ( ~ 0.1 ms)

Slow adaptation: depends on mysoin, ATP, and Ca2+ ( ~ 10 ms)

Motor models of slow adaptation include myosin-dependent

climbing/slipping of the upper tip-link density.  Tension established

by this process sets the resting open state of MET channels (Po ~ 0.1)



Molecular composition of the 

mechanotransduction apparatus

• Tip-link = Cadherin23 and 
protocadherin15 

• Both form dimers to give 
helical structure

• Mutations in CDH23 and 
PCDH15 lead to deafness and 
tip-link loss

• Binding of may be Ca2+ 
dependent (explains why 
BAPTA breaks links)

• Combined structure would be 
VERY stiff



What gates the MET channel?

Two hypothetical 

mechanisms have 

been proposed.

What is the elastic 

element?

And how is it tied to 

channel gating?



What is the molecular nature of 

the transduction channel?

The transduction channel is a nonspecific, 

large pore channel.

Knockout mice indicate that TMC1/2, 

LHFPL5, and TMIE are candidate subunits.

Definitive evidence in heterologous 

expression will be difficult to obtain.

200 nm



Supplementary Information



Hair Cell Receptor Potential Shaped by Transduction 

Current and Basolateral Conductances

The receptor potential is governed by a 

variety of ion channel conductances, 

many of which are illustrated here.

• Mechanoelectrical transduction 

initiates a change in receptor potential.

• Basolateral condutances set the 

resting potential, shape the receptor 

potential, and govern synaptic 

transmission.



A model of K+ flux and electrogenics

in stria vascularis and endolymph

Cl

Marginal Cell R.P. is about +90 mV!

The high K+ in intermediate cells and extremely low K+ in intrastrial 

space gives rise to the +90 mV E.P.



Electrocochleaography

Cochlear microphonic



Auditory Brainstem Response (ABR)



What are the single-channel properties of 

the transduction channel?

Crawford et al., 1991

• Pre-incubate with BAPTA.  

Often, single channel events 

could be seen.

• Open probability increased 

when stimulated (positive 

displacement).

• Single channel conductance is 

about 100 pS.

• Knowing the maximum 

conductance of an intact hair 

cell gives about 1-2 channels 

per stereocilium.


