
Cochlear anatomy, function and 
pathology II

Professor Dave Furness
Keele University

d.n.furness@keele.ac.uk

mailto:d.n.furness@keele.ac.uk


Aims and objectives of this 
lecture

• Focus (2) on the biophysics of the cochlea, 
the dual roles of hair cells, and their 
innervation:
– Cochlear frequency selectivity
– The cochlear amplifier
– Neurotransmission and innervation of the 

hair cells
– Spiral ganglion and the structure of the 

auditory nerve



Frequency analysis in the cochlea
• Sound sets up a travelling wave along the 

basilar membrane
• The peak of motion determines the frequency 

selectivity (tuning) of the cochlea at that point
• The peak moves further along as frequency 

gets lower



Active mechanisms

• Basilar membrane motion in a dead cochlea does 
not account for the very sharp tuning of a live 
mammalian cochlea

• Measurements by Rhode and others showed that 
an active intact cochlea had very sharp tuning, by 
looking at basilar membrane motion and auditory 
nerve fibre tuning

• Cochlear sensitivity and frequency selectivity are 
highly dependent on this active process



The gain and tuning of the cochlear 
amplifier at the basilar membrane

From: Robles and Ruggero, Physiological Reviews 81, No. 3, 2001
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Why do we use decibels? The ear is 
capable of hearing a very large range 
of sounds: the ratio of the sound 
pressure that causes permanent damage 
from short exposure to the limit that 
(undamaged) ears can hear is more 
than a million. To deal with such a 
range, logarithmic units are useful: the 
log of a million is 6, so this ratio 
represents a difference of 120 dB.



Examples of environmental 
noise in decibels

Environmental Noise
Weakest sound heard 0dB

Whisper Quiet Library at 6' 30dB
Normal conversation at 3' 60-65dB

Telephone dial tone 80dB
City Traffic (inside car) 85dB

Train whistle at 500', Truck Traffic 90dB
Jackhammer at 50' 95dB

Subway train at 200' 95dB
Level at which sustained exposure may 

result in hearing loss
90 - 95dB
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To achieve detection over this 
dynamic range, the cochlear 
amplifier acts in a compressive, 
non-linear manner.



Examples of environmental 
noise in decibels

Environmental Noise
Even short term exposure can cause 

permanent damage - Loudest 

recommended exposure WITH hearing 

protection

140dB

Jet engine at 100' 140dB
12 Gauge Shotgun Blast 165dB
Death of hearing tissue 180dB
Loudest sound possible 194dB



Dual roles of hair cells

• The first suggestions that the cochlea 
contained an amplifier came in the 1940’s 
by Gold

• It was also suspected since the first 
descriptions of the innervation of the 
cochlea by Spoendlin in the late 1960’s that 
inner and outer hair cells have different 
functions



How is the exquisite frequency 
selectivity achieved?

• In the late 1970’s and early 1980’s the dual role of 
hair cells was becoming more apparent

• A number of critical discoveries and experiments 
were made to enhance that understanding
– Otoacoustic emissions
– Structural and compositional studies of hair 

cells
– Discovery of outer hair cell motility
– Selective ablation of outer hair cells



Otoacoustic emissions – evidence 
for the cochlear amplifier

• The cochlea generates sounds as a by-product of 
the cochlear amplifier – first described by David 
Kemp (UCL)

• Spontaneous emissions occur and can be heard as 
objective tinnitus – sometimes audible to other 
people

• Sound-evoked emissions or ‘echoes’ can also be 
produced

• Both can be measured using sensitive 
microphones inserted into the ear canal



Transient evoked otoacoustic emissions
A diagnostic objective test for hearing function



Organ of Corti
• Organ of Corti consists of a sensory epithelium with 

two types of hair cells and supporting cells

Nerve
fibres

Stria
vascularis

tectorial 
membrane

From Furness and Hackney, Scott-Brown’s Otorhinolaryngology: Head and Neck Surgery 7



Homeostatic mechanisms generate a battery called the 
endocochlear (endolymphatic) potential which drives the 
sensitive transduction process

80 mV

0 mV



Transduction by inner hair cells
• The driving voltage of endocochlear potential and cell 

membrane potential rapidly depolarises the cell which produces 
neurotransmitter from the base

stimulus

response

+80 mV

-70 mV



IHC molecular architecture

Furness DN and Hackney CM (2007) Molecular organization of receptors and the organ of Corti.  In: The senses: a 
comprehensive reference, Elsevier.



IHCs are the main output stage 
of the cochlea



Transduction by the outer hair cells

• Like IHCs, OHCs 
perform 
mechanotransduction

• However, their afferent 
synaptic structure is less 
clear, vesicles are more 
poorly defined.

• They do not appear to 
produce signals at 
normal stimulus levels in 
auditory nerve fibres

stimulus



OHC molecular 
architecture

Furness DN and Hackney CM (2007) Molecular organization of receptors and the organ of Corti.  In: The senses: a 
comprehensive reference, Elsevier.



Transduction to motion - the outer hair cells 
supply the amplification

• OHC movie – contracting and elongating

stimulus

response



Selective ablation of OHCs using kanamycin 
eliminates the sharp tuning
(according to some reports)



OHCs amplify BM motion 
which stimulates the IHCs



OHC contractility

• Discovered by Brownell and colleagues
• Can be driven at high frequency
• Mechanism is not a typical actin-myosin 

contractility but is based on a high density 
of the protein prestin in the OHC lateral 
wall



Prestin
• Prestin (SLC26A5) is a member of an anion transporter family 

with quasi-piezoelectric mechanical activity
• Simulations suggest prestin’s transmembrane core region is 

organized in a 7þ7 inverted repeat architecture
• A central cavity contains the substrate-binding site located in the 

anion permeation pathway
• Anion binding to this site controls the electromotile activity of 

prestin
• A charge driven conformational change in prestin expands and 

contracts the plasma membrane
• This is converted into contraction and elongation of the hair cell 

through the cortical cytoskeletal network

Gorbunov et al (2014) Nature Commun. DOI: 10.1038/ncomms4622



Organisation of the OHC lateral wall

Plasma
membrane

Sub-membrane 
cisternae

Furness DN and Hackney CM (2007) Molecular organization of receptors and the 
organ of Corti.  In: The senses: a comprehensive reference, Elsevier.



Prestin – an electromotile protein

Gorbunov et al (2014) Nature Commun. 
DOI: 10.1038/ncomms4622
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The spiral ganglion

• Spirals around the cochlea in 
Rosenthal’s canal

• Contains two types of neurone

SG



Type I spiral ganglion neurone

• Type I spiral ganglion neurones are 
myelinated and project to cochlear nuclei

• Contribute 85 – 95% of afferent nerve fibres
• Peripheral process innervates IHC
• 10 – 20 neurones innervate each IHC
• Central process innervates spherical-bushy 

cell
• These cells convey the primary response of 

the cochlea to the auditory pathway



Type I spiral ganglion neurone



Type II spiral ganglion neurone
• Type II spiral ganglion neurones are unmyelinated and also 

project to cochlear nuclei
• Contribute 5 - 15% of afferent nerve fibres
• Peripheral process innervates 10 – 20 OHCs and can form 

reciprocal synapses at the hair cell base
• Central process innervates cells in the cochlear nuclei
• These cells contribute to efferent control of the cochlear 

amplifier necessary for 
– speech discrimination in noise
– sound localization
– protection from noise-induced hearing loss



Auditory nerve

Osen KK, Furness DN, Hackney CM. (2011) The border between the central and the peripheral nervous system in the 
cat cochlear nerve: a light and scanning electron microscopical study. Hearing Research 277(1-2):44-53.



The afferent auditory nerve fibres connect 
to spherical bushy cells

From Furness and Hackney, Scott-Brown’s Otorhinolaryngology: Head and Neck Surgery 7



Afferent type I auditory nerve fibre responses –
tuning curves show narrow frequency selectivity

From: Evans, E.F. The cochlear nerve and cochlear nucleus.” In Handbook of 
Sensory Physiology. 1975

Single spike (action 
potential)



Frequency tuning curves – BM vs auditory 
nerve fibres

From: Robles and Ruggero, Physiological Reviews 81, No. 3, 2001



Auditory frequency selectivity
• Auditory nerve fibres are tuned to different 

frequencies representing the tonotopic axis of the 
cochlea

From: Evans, E.F. The cochlear nerve and cochlear nucleus.” In Handbook of 
Sensory Physiology. 1975



Place vs temporal coding
• Low frequencies are detected near the apical region, high 

frequencies near the base
• Nerve fibres respond to a particular frequency depending 

on the point along the spiral where they arise
• The brain thus receives all the information about frequency 

content of the sound in the cochlear nerve according to its 
place of origin

• The nerve also codes for frequency to some degree by the 
correlation between spike generation and phase of the 
acoustic stimulus (phase locking).

• This temporal coding occurs up to 5 kHz but cannot cope 
with frequencies above that, so both place and temporal 
coding are used

• Spike rate also codes for intensity (level)



Summary
• We have now shown that biophysical 

properties of the cochlea form the basis of 
frequency analysis

• The dual role of  hair cells allows for sensory 
detection (IHCs) and amplification (OHCs) 
that greatly improves cochlear frequency 
selectivity and sensitivity

• The cochlear nerve preserves the tonotopicity
and frequency selectivity of the cochlea in its 
physiological responses


