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Learning objectives

1. The importance of sound localization
a. The general problem
b. Horizontal sound localization

2. Interaural Time Difference (ITD) detection
a. Encoding of timing information by bushy cells
b. Binaural coincidence detection by MSO neurons

3. Interaural Level Differences (ILD) detection
a. Binaural difference detection by LSO neurons



Sound localization

• Unlike the visual and somatosensory systems, the auditory periphery 
does not directly encode spatial information.

• Instead, spatial information must be extracted from the timing, 
intensity, and spectral content of sounds.



Sound localization is important for survival

https://youtu.be/dP15zlyra3c

https://youtu.be/dP15zlyra3c


Sound localization is important for:

• Finding prey
• The red fox often hunts using only auditory cues.
• Insectivorous bats use sonar to find prey.
• Barn owls hunt at night using auditory cues.

• Detecting and avoiding threats
• Animals often detect threats first with auditory cues, second with visual cues.
• Think of a time you’ve been startled. It’s hard to be startled if you hear a threat 

approaching.
• Following speech in noisy environments

• The cocktail party problem.
• Navigation

• Many bat species use echolocation to navigate through complex environments.



Three coordinates are needed to locate an 
object relative to a starting point in 3-D space

• Horizontal position = azimuth
• Vertical position = elevation
• Distance



Three coordinates are needed to locate an 
object relative to a starting point in 3-D space

• Two brainstem nuclei are specialized for detecting azimuth:
• Medial Superior Olive (MSO)
• Lateral Superior Olive (LSO)

• Elevation is detected by:
• Dorsal Cochlear Nucleus (DCN)

• Distance perception is complex. It relies on a combination of cues, including:
• sound intensity
• direct signal strength relative to reverberation strength (works best indoors)
• spectral cues (high frequencies attenuate faster than low frequencies as a function of 

distance)
• There are several others. For more, see Kolarik et al., Atten Percept Psychophys, 2016. 

(https://doi.org/10.3758/s1341)

https://doi.org/10.3758/s1341


Learning objectives

1. The importance of sound localization
a. The general problem
b. Horizontal sound localization

2. Interaural Time Difference (ITD) detection
a. Encoding of timing information by bushy cells
b. Binaural coincidence detection by MSO neurons

3. Interaural Level Differences (ILD) detection
a. Binaural difference detection by LSO neurons



Horizontal sound localization

• Horizontal sound localization 
relies mostly on binaural
cues.

• Binaural = involving two ears

• Duplex theory of sound 
localization

• Rayleigh (1907)
• Low frequency sounds are 

localized using ITDs
• High frequency sounds are 

localized using ILDs

Grothe et al., Physiological Reviews, 2010



Lord Rayleigh 1907 
(John William Strutt, 3rd Baron Rayleigh)
Lord Rayleigh O.M. Pres. R.S. (1907) XII. On our perception of sound direction,
The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science, 
13:74, 214-32, DOI: 10.1080/14786440709463595



Rayleigh 1907 (continued)



Rayleigh 1907 (continued)



Examples of sound wavelengths

• Average width of human head = 0.14-0.17 meters (5.7-6.6 inches)

• Middle C on a piano (C4) = 261.6 Hz
• Wavelength of middle C at sea level = 1.31 meters (4.3 feet)

• C7 on a piano (3 octaves above middle C) = 2093 Hz
• Wavelength of C7 at sea level = 0.16 meters (6.5 inches)



Rayleigh 1907 (continued)



Learning objectives

1. The importance of sound localization
a. The general problem
b. Horizontal sound localization

2. Interaural Time Difference (ITD) detection
a. Encoding of timing information by bushy cells
b. Binaural coincidence detection by MSO neurons

3. Interaural Level Differences (ILD) detection
a. Binaural difference detection by LSO neurons



Phase locking

http://acousticslab.org/psychoacoustics/PMFiles/Module03b.htm



For sounds < ~1 - 2 kHz, type I SGNs phase lock to the 
sound frequency

Phase locking of 
an auditory 
nerve fiber to a 
400 Hz tone






The cochlear nucleus contains a variety of cell types.

PNS Fig. 31-4

• Each cell type has a specific 
morphology, physiology, and 
functional role.

• AVCN
• Globular bushy cells
• Spherical bushy cells
• Stellate cells

• PVCN
• Octopus cells

• DCN
• Fusiform cells
• Cartwheel cells
• Granule cells



Bushy cells phase lock to sounds more precisely than the 
auditory nerve fibers that provide input to bushy cells.

• Single unit, in vivo recordings 
from cat:

• auditory nerve fibers (AN) 
• axons of bushy cells (TB, axons 

located in the trapezoid body)

• Responses were elicited by 
playing tone bursts

• Both auditory nerve fibers and 
bushy cell axons phase lock to 
the sound frequency.

• Bushy cells phase lock more 
precisely than the auditory 
nerve fibers that provide their 
input.

• Synchrony = phase locking

Joris et al., J Neurophysiology, 1994



Bushy cells phase lock to sounds more precisely than the 
auditory nerve fibers that provide input to bushy cells.

• These plots are called 
peristimulus time histograms 
(PSTHs).

• Sharper peaks in PSTHs indicate 
better phase locking.

• Note that phase locking 
degrades above ~1.5 kHz.

Joris et al., J Neurophysiology, 1994



How can bushy cells encode timing more precisely than their inputs?

• Bushy cells integrate input from 
multiple auditory nerve fibers

• Spherical bushy cells receive input 
from 2 – 4 fibers

• Globular bushy cells receive input 
from ~9 – 70 fibers

• Auditory nerve fibers form LARGE, 
specialized synapses onto the cell 
bodies of spherical bushy cells. 
These synapses are called 
endbulbs of Held.

Ryugo and Sento, J Comp Neurol, 1991

Two endbulbs of Held converging on a spherical bushy cell 
in cat AVCN. Scale bar = 10 µm.



How can bushy cells encode timing more precisely than their inputs?

• Monaural coincidence 
detection model

• Cell only fires when multiple 
inputs arrive within a short 
time window.

Joris, Neuroscience, 2008



How can bushy cells encode timing more precisely than their inputs?

• Monaural coincidence 
detection model

• Cell only fires when multiple 
inputs arrive within a short 
time window.

• Increasing the number of 
inputs increases the temporal 
precision.

Xu-Friedman and Regehr, J Neurophys, 2005

Simulating few inputs

Simulating 4x as many inputs
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3. Interaural Level Differences (ILD) detection
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Interaural time difference detection

• ITDs can be detected for sound 
frequencies < 2 kHz.

• The speed of sound at sea level 
and 20°C is 343 m/s.

• For a typical human head, the 
maximum ITD (sound source 
located directly to the left or 
right) is only ~600 µs.

• Humans can perceive a change in 
ITD of as little as 10 µs.

• Consider that an action potential 
typically lasts ~ 1 ms. ITD 
detection is an amazing feat!

Grothe et al., Physiological Reviews, 2010



Neurons in the Medial Superior Olive (MSO) 
receive binaural inputs

Kandler et al., Nat Neurosci, 2009



Neurons in the Medial Superior Olive (MSO) 
receive binaural inputs

Roberts et al., Neuron, 2013

Auditory
Nerve

Auditory
Nerve

Spherical bushy cell

Globular bushy cell



Neurons in the Medial Superior Olive (MSO) detect ITDs

adapted from Yin and Chan, J Neurophys, 1990



MSO neurons act as binaural coincidence detectors

• MSO neurons receive binaural, excitatory inputs from ~4 – 8 spherical 
bushy cells.

• The intrinsic physiology of MSO neurons is optimized for ultrafast 
computations.

• Membrane time constant typically < 2 ms
• Input resistance typically < 10 MΩ

• Inputs must arrive within a brief time window in order to drive an 
MSO neuron to fire.



An in vitro coincidence detection experiment

• acute brainstem slices 
from P21-35 gerbils

• 37°C
• ECl = -85 mV



An in vitro coincidence detection experiment






An in vitro coincidence detection experiment






As a population, how do MSO neurons 
encode the full range of azimuths?



The Jeffress model for ITD detection

• In 1948, Lloyd Jeffress 
proposed a delay line model 
for ITD detection.

Jeffress, J Comp Physiol Psychol. 1948



The Jeffress model for ITD detection

http://www.neurophys.wisc.edu/yin/jeffress.asf



The Jeffress model for ITD detection

• The Jeffress model 
appears to be true for 
birds.

• But it does NOT 
explain ITD detection 
in mammals.

• The tympanic ear 
evolved separately in 
birds and mammals. 
Thus, ITD detection 
evolved separately too.

Grothe et al., Physiological Reviews, 2010



Evidence for Jeffress model in barn owl

NM = nucleus magnocellularis, analogous to bushy cells in CN
NL = nucleus laminaris, analogous to MSO



Evidence for Jeffress model in barn owl

Recordings from NM axons made at increasing depths in NL

Ipsilateral NM fibers Contralateral NM fibers

NM = nucleus magnocellularis, analogous to bushy cells
NL = nucleus laminaris, analogous to MSO



If not the Jeffress model, how is ITD detection 
organized in mammals?

• Ongoing work suggests that there are 
several specializations in the 
mammalian auditory brainstem that 
lead to differential spatial tuning 
across the population of MSO 
neurons.

• Differences in axonal conduction 
velocities along bushy cell axons. These 
are probably due to differences in axon 
diameter and myelination.

• Differences in the intrinsic physiology of 
individual MSO neurons.

• Differences in the morphology of 
individual MSO neurons.

Jeffress, J Comp Physiol Psychol. 1948
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Interaural level difference detection

• ILDs can be detected for sound 
frequencies above ~2 kHz.

• ILDs exist because the head casts an 
acoustic shadow for high frequency 
sounds.

• Wavelengths of low frequency sounds are 
long enough that the head does not 
effectively block their transmission.

• Humans can distinguish ILDs that 
differ by as little as 1 dB.

• Mammals that lack low frequency 
hearing (most mammals with small 
head sizes, e.g. mice and rats), rely on 
ILDs for azimuthal sound localization.

Grothe et al., Physiological Reviews, 2010



Neurons in the Lateral Superior Olive receive 
binaural inputs

• LSO neurons receive 
excitatory input from 
spherical bushy cells in the 
ipsilateral AVCN.

• LSO neurons receive 
inhibitory input from a 
pathway that passes through 
globular bushy cells in the 
contralateral AVCN and 
MNTB neurons in the 
ipsilateral trapezoid body.

Brughera et al., BioRxiv, 2020

AN = auditory nerve
SBC/GBC = spherical/globular bushy cell
MNTB = Medial Nucleus of the Trapezoid Body



Neurons in the Lateral Superior Olive receive 
binaural inputs

• LSO neurons receive 
excitatory input from 
spherical bushy cells in the 
ipsilateral AVCN.

• LSO neurons receive 
inhibitory input from a 
pathway that passes through 
globular bushy cells in the 
contralateral AVCN and 
MNTB neurons in the 
ipsilateral trapezoid body.

Kandler et al., Nat Neurosci, 2009

MNTB = Medial Nucleus of the Trapezoid Body



LSO neurons act as difference detectors

Tollin and Yin, J Neurosci, 2002

300 ms tones presented through
ear tubes to anesthetized cats



LSO neurons act as difference detectors

Tollin and Yin, J Neurosci, 2002



LSO neurons act as difference detectors

Tollin and Yin, J Neurosci, 2002



LSO neurons act as difference detectors

Tollin and Yin, J Neurosci, 2002



Compare ITD and ILD functions

Tollin and Yin, J Neurosci, 2002adapted from Yin and Chan, J Neurophys, 1990
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