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This lecture will describe the following topics:

• Responses to sound frequency
• Vulnerability of neural tuning to cochlear insults
• Responses to sound level: different fibre types
• Timing of neural discharges: adaptation, phase-locking
• Responses to complex sound:  clicks, noise, 2 tones, 

amplitude modulation and speech sounds



Abstract
The auditory nerve is mainly made up of nerve fibres that innervate the inner hair cells in the
cochlea.  Its responses are relatively homogeneous.  Each nerve fibre is sharply tuned for 
frequency (matching the basilar membrane vibration pattern).  This tuning is physiologically 
vulnerable: cochlear insults such as noise exposure, ototoxic drugs and hypoxia lead to the
elevated threshold and broader tuning that is characteristic of sensorineural hearing loss.   
Auditory nerve fibres have spontaneous rates that vary from 0 to more than 120 spikes per 
second.  Fibres with the highest rates of spontaneous activity have the lowest thresholds.  Once
the level of a sound exceeds the fibre’s threshold the discharge rate of the fibre rises above its
spontaneous rate.  Eventually, when the sound is made sufficiently high in level the fibre cannot
fire any faster and reaches saturated discharge rate.    For high spontaneous rate fibres the 
shape the function relating firing rate to sound levels is sigmoidal whereas for medium and low
spontaneous rate fibres it may deviate from this and even be straight over wide ranges of level.  
The range over which a fibre changes its discharge rate to signal sound level changes is called 
the dynamic range.  The dynamic range is narrow for high spontaneous rate fibres and wider for
medium and low spontaneous rate fibres.  When a steady stimulus is turned on the discharge 

Is highest and then adapts to a steady or adapted rate over tens of milliseconds.   On a finer time
scale the exact timing of the spikes in low frequency fibres is locked to the stimulus waveform.  
Such phase-locking is essential for localisation of sound using interaural time differences.  The 
presence of a second tone may suppress the activity to a  simultaneously present tone due to 
interactions between the vibrations in the cochlear: this aids separation of strong components of 
complex sounds.  Speech signals are very complex with many simultaneously present often
harmonically related components.  The spectrum of such sounds is represented across the 
population of auditory nerve fibres possibly in terms of the distribution of mean discharge rate, but 
also in terms of the temporal patterns of activity.
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Sound Frequency: tuning in the 
auditory nerve
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Action potential

Each auditory-nerve
fibre responds only to

a narrow range of 
frequencies

Tuning curve

Evans (1975)



Palmer and Evans (1975)



Audiogram

There are many overlapping single-fibre tuning curves 
in the auditory nerve

Palmer and Evans (1975)



Tuning for sound
frequency is ubiquitous
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Evans (1975)



Auditory-nerve filters (tuning curves) determine the 
perceptual frequency resolution

Evans et al., (1989)



Vulnerability of the Tuning



Evans (1975)

Reduced oxygen:
High threshold
Broad Tuning

Thresholds and tuning
recover when oxygen
returns



Outer Hair Cells

Inner Hair Cells

Harrison and Evans (1975)

Ototoxic drugs also cause threshold loss and broad tuning



Liberman and Dodds

As does noise
exposure



Wightman 



Sound Level





Galambos and Davis (1943)
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At each frequency, 
auditory nerve fibres 

differ in their 
spontaneous rate, 

input/output function
and dynamic range -

these covary.
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Low threshold

High threshold
Low SR

Winter and Palmer 

Guinea pig



Sachs and Abbas (1974)

Cat
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Whitfield (1965)



Because of the
asymmetrical

“V” shape of tuning
curves, activity spreads

to higher
frequencies

Kim and Molnar (1979)
Palmer and Evans



Iso-level response functions
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Timing



When a novel stimulus occurs within a frequency channel
the discharge rate is immediately increased and then falls

(adapts) over a few tens of milliseconds

Kiang et al. (1965)



Delgutte (1984)

Adaptation within a single
frequency channel can reduce
the activity to following signals



/ma/ and /ba/ have the same vowel /a/,
but preceded in /ma/ by low-frequency energy

Delgutte (1984)



When adapting energy is present 
in a frequency channel the high

spike rate at the onset of a signal
is reduced or absent

Delgutte (1984)



This image cannot currently be displayed.

The discharges of cochlear nerve fibres to low-
frequency sounds are not random; 

they occur at particular times (phase locking).

Evans (1975)



Rose et al (1971)



Palmer and Russell (1986)



Palmer and Russell (1986)



Phase-locking in the auditory nerve is species dependent,
but in mammals occurs only up to about 5 kHz

Palmer and Russell (1986)





Palmer and Russell (1986)



Responses to broadband stimuli: 
clicks and noise









Complex Stimuli

1.  Two tones: suppression



Arthur et al (1971)

When two or more frequency components
are simultaneously present, interactions on

the basilar membrane can result in 
suppression of the activity.  

This appears to
be very important for the population

response to high-level speech sounds.



Complex Stimuli

2.  Three tones: amplitude 
modulation





Auditory nerve fibres follow the modulation of signals that fall
within their response areas up to modulation frequencies

determined by their bandwidth.

Palmer (1983)



Palmer (1983)

Transfer function of a single auditory nerve fibre



Palmer and Evans



Complex Stimuli

3.  Speech: vowel sounds



Generation of vowel sounds

Moore



At low sound levels 
steady-state vowels are 
well represented in the 
mean discharge rate.

Sachs and Young, (1979)



At first sight, the fine 
temporal pattern of the 

discharge seems to retain 
information about the 

formants of vowels better 
than just the mean discharge 

rate.

Sachs, Young and Colleagues



Theoretical computations, based 
on optimally weighting the 
different spontaneous rate 

populations, reveal that mean 
rate alone may contain 

sufficient information even at 
high sound levels.

Delgutte, (1996)

*
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Descending pathways to the 
cochlea



Warr (1978), Warr and Guinan (1979)



Spoendlin (1971)



Wiederhold and Kiang (1971)



Function of the descending or centrifugal 
innervation 

• Protection from acoustic trauma
• Involvement in selective attention
• Detection of complex signal in noise
• Control of the mechanical state of  the cochlea


