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In order to study any brain system, one should consider what the system does and 
then how the components of the system are designed and how they might work 
together.  The challenge in studying the brain is that there are many components and 
many functions.  So we start simply and work from there.  So I want to review some 
of what is required, what is in the signals, and how the brain handles them.
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Hearing range for a variety of vertebrates.  Humans are pretty average in their 
hearing—remarkably sensitive, but so are other animals.  Researchers work with 
mice, but note that they don’t have very good low frequency hearing, and as we’ll 
see, most speech is operational within low frequencies.
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Recall that sound is simply vibrations in air, and that all sounds can be broken down 
into their fundamental frequency components.  Although with perfect hearing, we 
hear from 20-20,000 Hz.  My guess is that very few of us can hear the upper end of 
the frequeny spectrum.   I’ve included a standard piano keyboard with middle C 
labeled in red.  Middle C is 256-258 Hz, depending upon who tunes the piano.  The 
lowest note is 31 Hz and the highest is 4,186 Hz.

Different sounds are composed of different frequencies.  Words are simply different 
sounds strung together to form a communication signal.  
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Sound has what we perceive as loudness.  The physical attribute of loudness is 
sound pressure or energy.  Because we have a dynamic range of nearly 7 orders of 
magnitude, we need special circuits to allow neurons to adjust so that they can 
maintain their activities levels in the face of such changes in loudness.  And 
importantly, loud sound is like radiation or ultraviolet light—a little bit won’t hurt 
but a lot will be very damaging.  Furthermore, noise is accumulative such that 
eventually, excessive exposure to noise will kill sensory receptors.
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The third attribute of sound is time.  Sound has time of onset, time of offset, 
duration, and rhythm.  We see rhythm expressed as prosody or accent in speech or 
melody in music.  Timing in speech is why speech with a foreign accent is often 
difficult to understand.
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The physical components of sound are somehow combined by the CNS to form a 
conscious percept.  First, sound must be detected.  Once detected, several reflexes 
are automatically initiated.  The sound is located—and this function requires 2 ears 
and knowledge of head position.  The eyes move toward the sound, and if possible, 
vision and hearing are used to identify the sound.  Identification requires learning 
and memory—is the sound made by a friend or a foe?  Thus, we see that 
comprehension of any sound pretty much utilizes the entire brain.
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Understanding how the brain processes sound can be attacked by modeling the 
system in terms of it components, what it does, and how it does it.  All known 
information about sound enters the brain by way of the auditory nerve.  If we 
understand how different ANFs are connected to the different populations of 
cochlear nucleus neurons, we can begin to see how information is parsed.

The cochlear nucleus is important because it gives rise to all ascending auditory 
pathways.  Thus, the CN is the gateway to the central auditory system.  The initial 
way in which auditory information is distributed to the different cell populations in 
the CN is proposed to give us clues to what and how sound is processed.  What are 
the cell types?  What are their response properties to well characterized auditory 
stimuli?  Where in the brain are these signals sent?
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Here is a simplified diagram of the output from a single IHC.  Note that there are 
roughly 15-20 fibers originating from a sensory receptor.  In cats, there are 50,000 
ANFs per ear; in humans, 30,000 ANFs.  This arrangement  yields a high resolution 
input to the brain.  So lets examine more about the targets of these fibers.
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This histology slide of a cat cochlea (right) illustrates the sensory receptors, the 
auditory nerve, and its target the cochlear nucleus.  The orientation of the cut is 
illustrated by the pink line in the drawing of the cat head (left).  We want to learn 
about the relationship between these structures so we can begin to understand how 
the system is constructed and how the pieces work together.  
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First, let’s examine the nature of the incoming signals.  In a general way, the 
response by auditory nerve fibers to a standard tone is qualitatively the same.  We 
can illustrate this concept by constructing what is known as a poststimulus time 
histogram.  On top is the “dot raster” where each row shows when in time an action 
potential occurs during a stimulus interval.  The stimulus is a 50 ms tone burst.  A 
“trigger” is established that marks when an action potential exceeds a set voltage 
level (red line).  When the level is reached, a pulse is recorded.  The time axis is 
divided into 2 msec bins and the time of occurrence of APs is “added” to a bin.  The 
result is an instantaneous probability plot of when APs occur after the stimulus 
onset.  The pattern is called primary, because the ANF is the first carrier of the 
signal into the brain.
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This photograph shows a side view of the cat cochlear nucleus.  The cochlear 
nucleus is the target of the auditory nerve.  The cerebellum and cerebral cortex have 
been removed.  Abreviations: AN, auditory nerve; DCN, dorsal cochlear nucleus; 
IC, inferior colliculus; LL, lateral lemniscus; MCP, middle cerebellar peduncle; 
VCN, ventral cochlear nucleus; VN, vestibular nerve; 5N, trigeminal nerve; 7N, 
facial nerve.
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Here we have a slide that you’ve seen before—a general outline, in 2 dimensions, of 
AN input to the nucleus.  This image was generated without any knowledge of AN
physiology.
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On the basis of combined anatomy and physiology, we have these 2 dimensional 
maps of the cochlear nucleus, but now we have frequency.  But these maps are still 
only 2 dimensional and we can’t really appreciate how the fibers twist and turn 
during their trajectory.  

So we decided to make a 3D map of the cochlear nucleus.



Tonotopy movie

CF yellow:  27 kHz

CF pink:     48.5 kHz

This map now allows us to add information to the general model—
expression of transmitters, distribution of receptors and/or ion channels, 
physiological properties, cell types, synapse types—these can now all be 
entered into this model.
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Let’s consider where endings are distributed.  And we’ll start with one of the largest 
endings in the brain—the endbulb of Held

Endbulbs got their name from their discover, Hans Held, published in 1893.  The 
original observations were made using the Golgi method in kittens.  For most of 
their history, they were described as large, spoon-shaped swellings. Much of what 
we knew about the shape of cells, dendrites and axon endings in the auditory 
system came from Golgi stains, which, incidentally, primarily worked in young 
animals before the onset of myelination.  Because most of the electrophysiology 
was performed in adult animals, it seemed pertinent to verify that the Golgi 
method in young animals represented the form of neurons from which recordings 
were made.

next slide

When we filled auditory nerve fibers using HRP, we were surprised and puzzled by 
their appearance (Ryugo and Fekete 1982).  We eventually resolved the issue by 
demonstrating that the spoon-shape reflected an immature form, and that endbulbs
morphed into these elaborate beauties that you see here.
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When we filled auditory nerve fibers using HRP, we were surprised and puzzled by 
their appearance (Ryugo and Fekete 1982).  Was HRP only staining the “skeleton” 
of the endbulb, whereas the Golgi stain was completely filling the cytoplasm?
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We eventually resolved the issue by demonstrating that the spoon-shape reflected an 
immature form, and that the endbulbs such as that shown on the right was an adult 
form.
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Why study endbulbs?

Endbulbs are large, axosomatic endings that arise from the myelinated auditory 
nerve fibers.  They have been found in all land vertebrates examined to date.  The 
size and evolutionary conservation are indicative of their biological importance.  
Perhaps most practically, they are easy to identify because of their size and shape.  
They form numerous synapses, suggesting a failsafe connection such that every 
action potential arriving at the terminal is conveyed to the next cell with high 
fidelity.  A reliable synapse ensures that neural activity and acoustic events are 
coupled in time.



19

When an extracellular electrode records in the AVCN, many times a small positive
deflection is recorded before the appearance of the action potential.  This deflection 
was termed the “prepotential” because it always preceded the action potential (the 
downward potential).  The half msec delay between the prepotential and the spike 
was interpreted as the synaptic delay, the amount of time required for the released 
neurotransmitter to diffuse across the synaptic cleft, bind to the postsynaptic 
receptors, and initiate the action potential.  The remarkable pairing of the two events 
implied to the physiologists of the time that the endbulb synapse was fail-safe—
100% reliable.

This reliable transmission of activity from one neuron to the next seemed to ensure 
that neural events would be tightly coupled to acoustic events.  Such coupling is 
absolutely necessary in order to understand the significance of any sound—the 
presence of food, the presence of danger, the call of a mate, etc.
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More recently, it has been proposed that these synapses aren’t all that reliable.  In
this figure, the researchers indicate what they call prepotentials and spikes, where 
prepotentials occur without spikes (green arrowheads).  One problem is that when 
you don’t see something (e.g., the spike), is it because it isn’t there or because you 
can’t detect it.  The conundrum remains.



This figures shows the variety of endings emitted by ANFs.  What is important is 
that the different endings are differentially associated with different neuronal types.  
Note the boutons, medium sized complex of boutons, and the large arborizations of 
endbulbs.
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These photomicrographs illustrate the variety.
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Electrophysiologists sought to determine the nature of signal transmission through 
the nucleus.  Recall that the ANF gives rise to a primary PSTH.  Those PSTHs 
recorded from the VCN were different—signals were transformed.
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In fact, if you record extracellular response properties in the VCN, a host of 
different PSTHs can be observed.  The dilemma is when do variations in PSTH 
form morph from variations on a theme into a new theme?

The challenge is to determine if different PSTH types are specifically associated 
with a single population of neuron types as defined by some other identifiable 
feature, such as dendritic morphology, neurotransmitter, axon projection, etc.
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A photograph of the cells in the AVCN suggests a somewhat homogeneous 
population of neurons—of course, we only see what is stained.  Using a basic dye 
such as cresyl violet or toluidine blue, we see ribosomes and chromatin.  No 
dendrites, no axons, no transmitter type, etc.
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Using the Golgi stain, however, reveals a bit more—the dendrites and cell bodies.  
The field of neurons are mostly of the spherical bushy cell type.

The Golgi stain itself is a mystery.  It has been used for over a century and how it 
works is still poorly understood.
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There are also type I and Type II stellate cells.  Type I stellate cells receive few 
axosomatic endings and project their axons to the contralateral IC;  They exhibit 
what is called sustained “chopper” PSTH pattern.  In contrast, the type II stellate 
cells receive many axosomatic endings and project to the contralateral CN.  They 
exhibit what is called the transient “chopper” PSTH pattern.  Both stellate types 
project to the ipsilateral DCN.
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The first attempt to get directly at the issue was conducted in Bill Rhode’s lab in 
Wisconsin.  His method was to use HRP filled pipettes, isolate and record from a 
single cell, and then advance the electrode until a negative resting potential was 
encountered, and to then inject the HRP into the structure.  The hope was that the 
recorded cells were the same as the injected cells.  Was this hope justified?

There were issues—the HRP-filled bushy cells were much more complex in 
structure than the Golgi-stained bushy cells.  



Another issue arose because spherical bushy cells, who received 1-2 endbulbs, 
exhibited vastly different distribution of spontaneous discharge rates.  Where ANFs 
had bimodal distribution of SR, PP1 units (those with the largest prepotentials) that 
were assumed to receive endbulbs had mostly high SR.

Did this mean that low and high SR ANFs converged onto the same spherical bushy 
cell?  Would it make sense to segregate high and low SR fibers on the IHCs only to 
mix the information at the next synapse?
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We wanted to address this problem.  First, we examined the morphology of 
endbulbs from fibers of different SR groups.  Note that the endbulbs differ in 
form—the low SR fiber is much more complex and delicate in its form when 
compared to that of high SR fibers.

We figured that if converging endbulbs had the same basic morphology, there would 
be a maintenance of SR segregation, whereas if they exhibited different 
morphology, there would be an argument for convergence.



We stained ANFs and examined the morphology of converging pairs.  In general, 
endbulb pairs appeared similar, not only by sight but also by fractal analysis.  We 
concluded that endbulbs maintained segregation with respect to SR but could not 
explain the change in population SR distribution.
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Here are data from globular bushy cells.
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The Jeffress model drove the field in terms of coicidence detection and the 
conceptualization of how it worked.  We know now that it is much more complex 
for mammals than what this model presents—it works for birds—but it is useful as a 
way to think about the problem.
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AVCN projections to LSO
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Calyceal endings in the MNTB



56



57



58



59


