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Learning objectives

1. Vertical sound localization using spectral cues

2. Cancellation of self-generated noise



Vertical sound localization

• Vertical sound localization relies on 
monaural spectral cues.

• Monaural = involving one ear

• Spectral cues are only present for 
complex sounds (i.e. they do not exist 
for pure tone stimuli).

• Complex sounds have energy at 
multiple frequencies across the 
audible sound spectrum.

• Most natural sounds are complex, e.g.
speech, music, animal vocalizations, 
rainfall, leaves rustling in the wind.

Grothe et al., Physiological Reviews, 2010

first notch



Pinna shape the sound spectrum that reaches the 
middle and inner ear.

PNS Fig. 30-1

Fennec fox
https://animalalmanacblog.wordpress.com/2017

/02/12/animal-spotlight-fennec-fox/

Domestic cat
https://www.thehappycatsite.com/how-to-clean-cats-ears/

Elephant
https://commons.wikimedia.org/wiki/File:Angry_elephant_ears.jpg



Pinna shape the sound spectrum that reaches the 
middle and inner ear.

• The shape of the pinna leads to 
frequency-dependent constructive 
and destructive interference for 
complex sounds.

• i.e., certain sound frequencies are 
amplified and others are dampened

• Destructive interference leads to 
spectral notches at specific 
frequencies.

• The sound frequencies where spectral 
notches occur vary as a function of 
sound source elevation.

Oertel and Young, Trends in Neurosciences, 2004

first notch



Head-related transfer functions (HRTFs)

Yin et al., Compr Physiol, 2019



Head-related transfer functions (HRTFs)

Yin et al., Compr Physiol, 2019



The first notch in a spectral cue mostly encodes vertical 
location, but contains some horizontal info

Yin et al., Compr Physiol, 2019
Adapted from Rice et al., Hearing Res, 1992

Contours indicate locations that 
have the same first notch frequency.



Animals can learn to use spectral cues for 
horizontal sound localization

Data from ferrets.
Kacelnik et al., PLoS Bio, 2006



How and where in the brain
are spectral cues detected?



Simulating sounds with a spectral notch

Nelken and Young, J Neurophys, 1994

Broadband noise

Grothe et al., Physiological Reviews, 2010



Neurons in the Dorsal Cochlear Nucleus (DCN) respond to spectral 
notches centered at their best frequency by decreasing firing rate

Davis et al., JARO, 2003

Responses of a cat DCN neuron to broadband 
noise stimuli with a spectral notch at the 
indicated frequency (x-axis). Note the decrease 
in firing when the notch lines up with the 
neuron’s best frequency (BF).
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In the absence of sounds, fusiform cells spontaneously fire.
Black shading = firing rate increased above spontaneous firing rate
Gray shading = firing rate decreased below spontaneous firing rate

spont.
firing rate



Circuitry of the DCN

• Fusiform cells are the principal 
neurons of the DCN.

• Fusiform cells integrate input 
from:

• parallel fibers, which synapse on 
apical dendrites

• auditory nerve fibers, which 
synapse on basal dendrites

• The DCN is important for both:
• Vertical sound localization
• Cancellation of self-generated 

sounds
• Probably other functions too

Oertel and Young, Trends in Neurosciences, 2004

ML = molecular layer
FCL = fusiform cell layer
DL = deep layer

Green = glutamatergic cells
Orange = glycinergic cells
Pink = GABAergic cells



Circuit thought to be involved in detecting 
spectral notches

adapted from Oertel and Young, Trends in Neurosciences, 2004

ML = molecular layer
FCL = fusiform cell layer
DL = deep layer



Circuit thought to be involved in detecting
spectral notches

adapted from Oertel and Young, Trends in Neurosciences, 2004 Nelken and Young, J Neurophys, 1994

Auditory nerve input

= wideband inhibitor
D-stellate cell

= fusiform cell

vertical cell =



Computations underlying spectral notch 
detection

To understand the computations 
underlying spectral notch detection, 
we first need to understand how the 
neurons involved respond to tones
and noise.

A key theme here is that inhibitory 
circuits critically shape how fusiform 
cells respond to sounds. 

Nelken and Young, J Neurophys, 1994



Fusiform cell response to tones

Tone Frequency (kHz)

BF = best frequency
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Vertical cell response to tones
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Comparing fusiform cell and vertical cell responses to 
tones suggests that vertical cells inhibit fusiform cell 
firing at BF

Tone Frequency (kHz)
Young and Davis, 2001

Tone Frequency (kHz)

Fusiform cell Vertical cell



Fusiform cell response to broadband noise (BBN)

Young and Davis, 2001



Vertical cell response to broadband noise (BBN)

Young and Davis, 2001



Comparing fusiform cell and vertical cells 
responses to broadband noise (BBN)

Young and Davis, 2001

Fusiform cell Vertical cell



Computations underlying spectral notch 
detection

Nelken and Young, J Neurophys, 1994

?



D-stellate cell response to broadband noise (BBN)

Young and Davis, 2001
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Doucet et al., J Comp Neuro, 1999

Black cells = D-stellate
Grey cells = T-stellate



Comparing fusiform cell, vertical cell, and D-stellate cell 
responses to broadband noise (BBN) suggests that fusiform cell 
response to BBN is driven by D-stellate inhibition of vertical cells.

Young and Davis, 2001

Fusiform cell Vertical cell D-stellate cell



How do these response properties drive the fusiform 
cell response to broadband noise with a notch?

Nelken and Young, J Neurophys, 1994

BBN

Young and Davis, 2001

Vertical cell
inhibition

D-stellate
inhibition



How do these response properties drive the fusiform 
cell response to broadband noise with a notch?

Young and Davis, 2001

excitation

inhibition



How do these response properties drive the fusiform 
cell response to broadband noise with a notch?

Young and Davis, 2001



How do these response properties drive the fusiform 
cell response to broadband noise with a notch?

Young and Davis, 2001



Summary of part 1

• Fusiform cells detect the spectral notches created by pinna interactions 
with sounds.

• Fusiform cells encode notches by decreasing their firing rate.
• Inhibition from vertical cells and D-stellate cells are essential for this computation.
• As a population, fusiform cells presumably encode vertical locations in space.

• Fusiform cells also decrease their firing rate in response to spectral peaks.
• This is due to vertical cell inhibition of fusiform cells.
• This may be important for detecting the narrow spectral peaks present in speech 

cues.

• Overall, fusiform cells signal important sound features by decreasing their 
firing rate below spontaneous levels.



Learning objectives

1. Vertical sound localization using spectral cues

2. Cancellation of self-generated noise



How do DCN molecular layer circuits 
contribute to auditory processing?

Oertel and Young, Trends in Neurosciences, 2004

ML = molecular layer
FCL = fusiform cell layer
DL = deep layer

Green = glutamatergic cells
Orange = glycinergic cells
Pink = GABAergic cells



Hints to molecular layer function come from 
observation that the DCN is a cerebellum-like structure

Circuit diagram of a
cerebellum-like structure

Sawtell and Bell, 2013



Hints to molecular layer function come from 
observation that the DCN is a cerebellum-like structure

Circuit diagram of a
cerebellum-like structure

Sawtell and Bell, 2013

Input from auditory nerve

Fusiform cells

Cartwheel cells
(inhibitory)

Granule cellsSpinal trigeminal nucleus
Other somatosensory and

proprioceptive inputs
from brainstem nuclei

Inferior colliculus
Auditory cortex



Comparison of some cerebellum-like structures

Bell et al., Annu Rev Neurosci, 2013



Self-generated signals can interfere with desired sensory 
input: weakly electric (mormyrid) fish as a model

https://sawtell-lab.neuroscience.columbia.edu/content/gallery



The electrosensory lobe (ELL) in weakly 
electric fish cancels self-generated signals

Longtin, eLife Insight, 2019

STDP = spike timing
dependent plasticity



Parallel fiber synapses onto fusiform cells and cartwheel 
cells undergo spike-timing dependent plasticity

STDP in fusiform cells



Parallel fiber synapses onto fusiform and cartwheel cells 
undergo spike-timing dependent plasticity (STDP)

STDP in cartwheel cells



Cancellation of self-generated sounds in the DCN



Experimental approach

Singla et al., Nat Neurosci, 2017






The sound generated by a lick

Singla et al., Nat Neurosci, 2017



Self-generated licking sounds produce larger 
changes in firing in VCN compared to DCN

VCN

DCN

Singla et al., Nat Neurosci, 2017



DCN units respond to a “lick mimic” sound

VCN

DCN

Singla et al., Nat Neurosci, 2017



DCN units can respond to external sounds 
during licking

Singla et al., Nat Neurosci, 2017



Licking drives activity in cartwheel cells in 
deafened mice

Singla et al., Nat Neurosci, 2017



Inhibiting Sp5 increases responses of DCN 
units during licking

Singla et al., Nat Neurosci, 2017

Sp5 = spinal trigeminal nucleus



The DCN “learns” to respond less to a noise 
presented during licking

Singla et al., Nat Neurosci, 2017



Summary

• Fusiform cells are the principal 
neurons of the DCN.

• Fusiform cells integrate input 
from:

• parallel fibers, which synapse on 
apical dendrites

• auditory nerve fibers, which 
synapse on basal dendrites

• The DCN is important for both:
• Vertical sound localization
• Cancellation of self-generated 

sounds
• Probably other functions too

Oertel and Young, Trends in Neurosciences, 2004

ML = molecular layer
FCL = fusiform cell layer
DL = deep layer

Green = glutamatergic cells
Orange = glycinergic cells
Pink = GABAergic cells
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