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Type I and type II spiral ganglion neurons 
(auditory nerve)

Spoendlin 1979

Muniak et al. 2016 

Two types of auditory nerve fibers: 
• I-myelinated; ~90%; form synapses 

with IHCs; extensive projections to 
CN

• II-unmyelinated; ~5-10%; form 
synapses with OHCs; limited 
projections



Auditory nerve projections to CN are 
tonotopically organized

Muniak et al. 2016 Auditory nerve fibers bifurcate and 
send tonotopic projections to dorsal 
(DCN) and ventral (VCN) cochlear 
nucleus. The nerve projects anteriorly 
and posteriorly in VCN.

These projections form synapses with 
several CN principal neuron types, 
which we will cover later.

How do you think these data were 
obtained (experiments)?

3-D Frequency Map of Mouse CN



Auditory nerve 
physiological 

responses to simple 
sounds



Thresholds and frequency tuning 
(place coding)

Adapted from Palmer and Evans 1975

Base

From Pickles (2008)
Why there is a big onset response followed by 
a smaller sustained response?



Subtypes of type I fibers: Thresholds 
and spontaneous activity 

Auditory nerve fibers with high spontaneous activity have low 
thresholds.

Low spontaneous activity fibers have high thresholds.

Bharadwaj et al. 2014



Rate coding: firing rate vs. stimulus level

Auditory nerve fibers increase 
firing rate with increasing 
sound levels up to a saturation
point.

Low spontaneous activity fibers 
have higher saturation points 
(and higher thresholds) than high 
spontaneous fibers..

Bharadwaj et al. 2014



Temporal coding: phase locking and the 
volley theory

Phase locking Volleying

Auditory nerve fibers respond at 
a particular phase of a tone 
stimulus, but ensembles are 
required to respond on each 
phase of a stimulus.
.



How does the auditory nerve 
encode complex sounds that 

change in frequency and intensity 
over time?



A short lesson about complex 
sounds such as speech

Time waveform
(amplitude modulation)

Spectrogram
(spectrotemporal
modulation)



A short lesson about complex sounds 
such as speech



Speech coding in the auditory nerve

14

The auditory nerve must convey the 
fluctuations in amplitude and 
frequency in a sound over time from 
the cochlea to the brain.

How does it represent this complex 
information?

Rate coding plus place coding: auditory 
nerve fibers with best frequencies 
closest to the speech formant will 
respond at the highest rates.

Again, you need ensembles of fibers to 
represent the signal well. Single fibers 
can’t do it.

Speech

ANF

Speech (higher
time res)

ANF (higher
time res)

Representation 
of vowel 
formantsYoung 2008

Five women played basketball



Ascending central auditory system 
has a lot of jobs!

System tasks:
• Receives frequency, timing, intensity 

cues from auditory nerve
• Requires coordinated effort of many 

structures & neuron types to transform 
these cues into perceptions 
– Detect a sound
– Where is the sound coming from?
– What is the source of the sound?
– What does the sound mean?
– Separate simultaneous sound 

streams in an acoustic scene 
(cocktail party)

Kubke and Wild 2018

Brainstem

Midbrain

Cortex



Cochlear 
nucleus: 
First stage in 
central auditory 
processing



Early studies of auditory brainstem structure 
were performed by Spanish neuroscientists

Santiago Ramon y Cajal



…including cochlear nucleus



Auditory nerve input to cochlear nucleus

First place in brain that processes
acoustic information (not just a relay)

Multiple jobs:

• Encoding cues used for sound 
localization (timing and intensity cues, 
monaural/spectral cues)

• Encoding spectrotemporal cues in 
complex sounds such as vocalizations

• Coordinating input from other senses 
and from higher-order auditory regions

Muniak et al. 2016 



How does 
cochlear 
nucleus do all 
of these jobs?



Specialized cell types: 
ventral cochlear nucleus

Diverse types of neurons in 
different subregions are 
optimized to encode different 
acoustic cues:

• Bushy cells: timing, 
intensity

• Multipolar/stellate: 
spectral shape

• Octopus cells: broadband 
onsets

Adapted from Osen, 1969

Spherical bushy cell

Globular bushy cell

Octopus cell

Multipolar cell



Auditory nerve endbulb of Held/
bushy cell interface

Glutamatergic cells receiving ~1-20 
auditory nerve inputs.

Endbulbs: specialized axosomatic
auditory nerve synapses with many 
release sites for high-fidelity 
transmission of information.

Dendrites of other bushy cells form 
synapses with endbulbs, forming nests 
of cells—for what?

Lauer et al. 2013, PLOS ONE

Lauer & Xu-Friedman labs



Bushy cell responses

Pri-N
Pri

Blackburn and Sachs 1990 

Responses to tones are similar to 
auditory nerve responses.

Primary-like=spherical bushy cells 
(low frequency) 
Primary-like with notch=globular 
bushy cells (high frequency)

Responses shaped by inhibitory 
input from ~5 sources (most from 
DCN, VCN), cholinergic inputs from 
multiple sources; maybe also 
serotonergic, noradrenergic inputs

Excitatory
Inhibitory

Lauer et al., 2013



Bushy cells are very good at encoding 
temporal cues

Lauer Lab

Young and Oertel

Bushy cells are very good at encoding 
temporal information.

Some units show better phase locking than 
auditory nerve fibers.

Critical for localizing sounds in the horizontal 
plane via inputs to medial and lateral superior 
olive.



Endbulbs change a lot in response to 
reduced acoustic input

Early experiments showed that the size 
and complexity of endbulb synapses are 
reduced with congenital deafness. 
Structural features of the synapses are 
abnormal (Ryugo Lab)). 

Normal Hearing Cats

Deaf White Cats

Ryugo lab



Endbulb synapses can be rescued by early 
age electrical stimulation

Ryugo lab 2005

Deaf cats show abnormal endbulb 
ultrastructure: long, flat postsynaptic 
densities.

For a long time, it was assumed that 
plasticity in these synapses only occurs  
when deafness occurs before hearing 
onset.

Cochlear implantation in juveniles 
restores normal morphology to these 
synapses.

The rescue is not successful in older 
implanted cats.



Early-age environmental noise exposure 
induces plasticity in endbulbs of held

Ngodup et al. 2015, PNAS (Xu-Friedman and Lauer labs)

Early age exposure to 1 week ~85 dB SPL 
background noise facilitates endbulb synapses 
and improves the fidelity of action potential firing 
by increasing the number of release sites in 
juveniles and young adults. 

These changes are recoverable with return to 
quiet.

May cause tinnitus (Dent lab).

Facilitation of
EPSCs

More reliable spiking 
with high frequency 

stimulation

Larger synapses and more release sites
VGLUT1



T stellate cells (type I multipolar, planar, 
chopper)

Oertel et al. 2011

Chanda and Xu-Friedman 2010

Glutamatergic.

“T” because axons pass through the 
trapezoid body.

Most inputs are on the (multiple) 
dendrites..



T stellates-responses and non-
AN sources of inputs

Oertel et al. 2011

T stellates show tonic (chopping) 
responses to tones. Narrow 
frequency tuning.

They receive inputs from many 
sources..



T stellates specialize in coding the spectral 
shapes of sounds such as speech

T stellates encode spectral 
features of sound very well.

This depends on input from low 
SR auditory nerve fibers at 
higher sound levels. Why?

Eric Young



D Stellate cells: Inhibitory interneurons

D (dorsally projecting) stellates are 
inhibitory (glycinergic) interneurons that 
show transient responses to the onset 
of tones. 

Broad tuning. Many axosomatic and 
axodendritic inputs.

Source of broadband inhibition within 
VCN and DCN..Inhibit bushy and T 
stellate cells in VCN.

Lauer lab

Smith and Rhode 1989



Stellate cell projections within CN

Malmierca 2013, based on work by Ryugo

Integration between VCN and DCN.

T (planar) stellates project to DCN in a 
frequency-specific manner. 

D stellates (radiate) have more diffuse 
terminal fields. 



Octopus cells

Blackburn and Sachs 1990 

Lauer lab

Octopus cells (excitatory) receive 
auditory nerve inputs via small 
bouton terminals covering almost 
their entire soma and dendrites.

They fire at the onset of 
broadband sounds, requiring many 
simultaneously active auditory nerve 
inputs. 

Occasional inputs from other 
octopus cells or inhibitory sources 
(rare) are observed...



Arrangement of octopus cell inputs 
compensates for cochlear delay

McGinley et al. 2012

Octopus cells receive high frequencies on their dendrites and low frequencies 
on their soma, which compensates for the traveling wave delay (reversing high 
to low stimulation). 



Intro to Dorsal Cochlear Nucleus 
to compare/contrast with VCN 

(more in Roberts lecture)!

5/25/22 35



5/25/22 36

Laminar organization of DCN 
compared to VCN

Osen



Cerebellum-like circuit in DCN

Oertel & Young

Lots of input from other areas, some of it non-auditory.

Laminar structure resembles cerebellum.

What does this suggest about DCN’s role in hearing?

DCN Cerebellum



DCN cell layers and types

Layer 1-Molecular (Superficial)
• Granule cell axons and small stellate 

interneurons
• Cartwheel cell and pyramidal/fusiform 

cell dendrites 

Layer 2-Pyramidal (Fusiform)
• Pyramidal cell bodies-most numerous 

principal cells
• Cartwheel cells
• Granule cells

Layer 3&4-Deep 
• Auditory nerve fiber axons (tonotopic)
• Giant cells (2nd principal cell type)
• Vertical/tuberculoventral cells

From Osen 1990



Response types and role of inhibition

There are many response 
types in DCN-complex 
circuitry.

Note: DCN neurons do not all 
respond to sound, do not 
normally show much 
spontaneous activity.



Responses depend on stimulus level

Godfrey et al. 1975



DCN may tell your brain what sounds 
to pay attention to

Hernandez-Peon et al (1956)



Brainstorming questions:

1) With so many different neuron types 
in the cochlear nucleus, how does this 
information get re-assembled into an 
interpretable experience of sound?

2) How might different types of hearing 
loss affect the information flow between 
the ear and brain (noise, age, 
hereditary)? How might the effects be 
different in VCN vs. DCN?


