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Abstract

The auditory nerve of birds and mammals exhibits differences and similarities, but given the millions of years since the two classes diverged
from a common ancestor, the similarities are much more impressive than the differences. The avian nerve is simpler than that of mammals,
but share many fundamental features including principles of development, structure, and physiological properties. Moreover, the available
evidence shows that the human auditory nerve follows this same general organizational plan. Equally impressive are reports that homologous
genes in worms, flies, and mice exert the same heredity influences in man. The clear implication is that animal studies will produce knowledge
that has a direct bearing on the human condition.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction function in the terrestrial vertebrates and it appears that the
comparative approach will continue to be produc{®a].

Adaptations for specialized hearing are impressive and This review will compare what is known about the pro-

widespread among vertebrates. As a result, auditory neuro-jection of the auditory nerve onto the brainstem auditory

biology has benefited greatly from the application of a vari- nuclei in birds and mammals with the intent of highlight-

ety of research techniques to understand structure-functioning biologically significant similarities and differences. The

relationships in a range of species. The unigue advantagesuditory nerve conveys environmental acoustic information

that particular species offer have allowed the developmentto the brain by taking the output of the sensory hair cells in

of useful animal models for study of both normal and patho- the inner ear and distributing it to various target neurons in

logic aspects of human hearing. Birds and mammals, boththe cochlear nuclei.

endothermic amniotes, share sophisticated abilities to gen-

erate complex sounds for communication and to use their

hearing as a means to locate and identify potential mates,2 Birds

predators, and prey. Although mammals and birds last

shared a reptilian ancestor more than 200 million years ago |n birds, the auditory nerve enters the lateral aspect of the

[8,34], it has often been informative to examine how similar prain stem and terminates in the cochlear nuclei angularis

auditory problems are solved by representative modern birdsand magnocellularis (chicken and pengujit7,140,151).

and mammals. These research programs often begin by anamdividual fibers are myelinated, their diameter increases

lyzing how a particular feature of an animal’s hearing is in- ith increasing CF up to about 7 kHz in the barn ded],

tegral to its ecology and evolutionary history and then seek and they arise from a population of ganglion cells that is ho-

to understand how derived features of the auditory system mogeneous in Comparison with mammalian Spira| gang“on

serve specific hearing functions. This approach has identi- neurons (chicken[52]; barn owl, [92]). In the absence of

fied important features common to brain development and experimenter-controlled stimulation, single auditory nerve

fibers give rise to irregularly occurring spike discharges.

* Corresponding author. Tek:1-410-955-4543; fax3-1-410-614-4748. All'acoustically responsive fibers exhibit spontaneous spike
E-mail addressdryugo@bme.jhu.edu (D.K. Ryugo). discharges (SR) that range from 0 to 200 spikes per second
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[92,109,181,182]Although different rates of SR have been to form a “major” terminal field, ending as a spray of en
observed among birds (e.g. chickens, starlings, barn owls),passant swellings, and simple and complex swellifi28]{
they appear to have a unimodal SR distribufi®]. One of Fig. 2). There is a systematic relationship between fiber CF
the fundamental features of auditory neurons is their pref- and its terminal field in NA, such that there is a tonotopic
erence for a particular frequency of stimulation, and it may order where high-CF fibers are found dorsal to lower CF
be described by a threshold—tuning curve. A tuning curve fibers (sparrowj89]; barn owl,[93]).

describes the level and frequency coordinates of a neuron’s

response area to tonal stimuli. The tip of the tuning curve 2.1.2. Cellular organization

reveals the single frequency to which the neuron is most The cell types in NA represent a heterogeneous mixture
sensitive, and defines its characteristic frequency (CF).that has been defined as bipolar or multipolar cells on the
Tuning curves tend to be symmetrical, and a fiber's CF is basis of size and dendritic characteristj69,188] Planar
determined by its innervation place in the basilar papilla and stubby cells have dendrites restricted within isofre-
[36]. Low-frequency fibers arise from the apex, and fibers quency planes, whereas radiate cells and bipolar (or vertical)
with increasing CFs arise from correspondingly more basal cells extend their dendrites across the isofrequency planes
regions. Avian primary auditory neurons appear compara- (Fig. 2B from [188]). Cell density was related to the tono-
tively uniform in their morphology and response properties, topic axis of the nucleus, with the high-frequency regions
differing primarily in their CF. The central projections of the nucleus exhibiting the higher density of cell packing.
of auditory nerve fibers also exhibit relatively stereotypic Lower frequency regions had lower cell packing density.
structure (pigeon|17]; barn owl,[29]). Upon entering the  Although the resident cells exhibit varied morphology, their
brain stem, fibers divide to form a thinner lateral branch and response to CF tone stimulation was almost exclusively
a thicker medial branch, and send the resulting branchesthe “transient chopper” pattern with very regular spike dis-
into the two divisions of the avian cochlear nucleus, nucleus charges[197]. These units typically have low SRs, large

angularis and nucleus magnocellulafsy 1). dynamic ranges characterized by progressive increases in
spike discharges with increasing stimulus intensities and

2.1. Nucleus angularis (NA) high-saturation levels, and little or no tendency to respond
in phase to a sinusoifl98,214] These results have led to

2.1.1. Innervation the proposal that NA is specialized to process intensity cues

The lateral branch emerges in the nerve root and projects[198,200,214]
dorsally and rostrally to terminate in the NA. As the lateral
branch proceeds into nucleus angularis, it gives rise to one or2.1.3. Transmitters and receptors
more thin collaterals. These thin collaterals ramify and give  As in other portions of the ascending auditory system
rise to en passant swellings and small boutons in a “minor” in mammals and birds, the AMPA subtype of ionotropic
terminal field near the site of entry of the lateral branch. glutamate receptor mediates rapid synaptic transmis-
The main lateral branch continues rostrally and arborizes sion in nucleus angularis. Rapidly desensitizing AMPA

Dorsal

—— I_’ Lateral

0.5 mm

Fig. 1. Projections of the chick auditory nerve to cochlear nucleus magnocellularis (NM) and cochlear nucleus angularis (NA) as viewed in the frontal
plane. Two fibers are shown but only a single arbor into NA. Upon entering the brain, the main branch gives rise to a lateral branch to NA and a medial
branch to NM. The lateral branch is thinner and terminates as bouton endings. The medial branch is thicker and gives rise to 3—4 collaterals, each tippe

by an endbulb. Modified from Carr and Boudref@9], Wiley—Liss publishers.
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Fig. 2. Projections of the lateral branch of the chick auditory nerve to nucleus angularis (NA) as viewed in the frontal plane. (A) These fibers have
CFs of 7kHz (left) and 5.5kHz (right). These drawings show the rostral (R) and caudal (C) terminal fields. The inset at the upper right illustrates the
tonotopic organization of NA. (B) The collaterals illustrate the bouton endings, en passant swellings, and small complex endings. Modified from Carr
and Boudreay29], Wiley-Liss publishers.

(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate) re- This relatively large region through which AN fibers pass
ceptors have been identified on NA neurons dissociateddoes not have a counterpart in the mammalian brain stem.
from chick embryog150]. AMPA receptors in the chick It does, however, represent a potentially interesting site for
NA are highly permeable to divalent catiof28], and NA making lesions that would selectively denervate NM for be-
neurons in the barn owl strongly express immunoreactivity havioral studies. As the fiber courses caudal-to-rostral above
for the AMPA receptor subunits GluR4 and GIuR2/3 but not the NM, it gives off several branches (three to six in the barn
for GIuR1 [96]. These results are consistent with the gen- owl, [31]). Each collateral branch descends ventrally to form
eral finding, much better characterized in NM (see below), a single endbulb on a NM cell body and the distribution of
that brainstem auditory neurons express AMPA receptors the endings corresponds to the tonotopic organization of the
with very rapid desensitization and deactivation kinetics and nucleus[165,201] Endbulbs are a large calyx-like axoso-
high permeability to C& [139]. There is good evidence matic ending formed by auditory nerve fibers in a wide va-
for a high density of GABAergic axon terminals in the NA riety of terrestrial vertebrates, including turtlgsl], lizards

in barn owl[32] and chicker{38] as well as a small num-  [199], birds[31,78,140] mice[22,102] guinea pigd208],

ber of GABA-positive neurons (barn ow]32]; chicken, cats[103,170,175]Jand humangl]. The endbulb arises from
[123]). Only very rarely are glycine-immunoreactive axon the main axon as several gnarled branches that arborize re-

terminals encountered in NA of the chi¢g9]. peatedly to enclose the postsynaptic cell in a nest of en pas-
sant swellings and terminal boutorigd. 3).

2.2. Nucleus magnocellularis (NM) Anatomical [29,138,142] and electrophysiological ev-
idence [76] suggests that each NM neuron, on average,

2.2.1. Innervation receives two endbulbs, with a range of 1-3 in mature an-

The medial branch of the cochlear nerve continues dor- imals. There are differences in ending characteristics for
sally after emitting the lateral branch that innervates NA and fibers with low CFs (0.25-0.64 kHz) compared to end-
arches across the brain stem to innervate the Rig. (D). ings from higher CF fibers. Cochlear nerve endings in the
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Fig. 3. Comparative view of endbulbs from birds and mammals, including staining method. These large axosomatic endings are formed by auditory nerve
fibers across a wide variety of animals. Their size and numerous synaptic release sites imply a powerful influence upon the postsynaptic neurron, and the
function has been inferred to mediate precise temporal processing. The evolutionary advantages conferred by accurate timing informatiodegre embed
in sound localization acuity and auditory discrimination skills. Chick endbulbs are from Jhaveri and Ma@:@8{, Plenum Press; owl endbulbs are from

Carr and Boudrea(31], Wiley-Liss publishers; mouse endbulbs are from Limb and Ryld@®], Springer publishers; cat endbulbs are from Ryugo

et al. [174], Wiley-Liss publishers, and Sento and Ryud®5], Liss publishers; monkey endbulb is from Ryugo, unpublished data; human endbulb is
from AdamsJ[1], American Medical Association.

lowest-frequency ventrolateral portion of the barn owl NM high-frequency regions phase-lock wiglD] so that if, as is

do not form endbulbs but, rather, branch multiple times to commonly though{207], endbulbs are specializations for
terminate as en passant swellings, terminal boutons, andpreserving timing of auditory signals, they are only needed
lobulated ending$90]. This contrasts with the situation in  for high-frequency signaling in birds. A detailed comparison
mammals (see below) in which even the lowest-CF bushy of synaptic transmission at low-frequency synapses in birds
cells in the AVCN receive endbulbs and with the high-CF (no endbulbs) and mammals (endbulbs) has the potential to
fibers in barn owl, which do not branch but terminate as reveal functional specializations provided by the endbulb.
single endbulbs on NM neurons. Because it is clear that

the low-frequency portions of NM do not, as previously 2.2.2. Cellular organization

thought, receive inputs from the nonauditory macula la- The avian NM contains a population of neurons called
gena[80], it has been of interest to consider the functional bushy cells [30,31,78,187] These cells exhibit large
differences in neurotransmission conferred by the differ- round-to-oval cell bodies with many short somatic spines;
ent ending morphologies. NM neurons in both low- and in hatchling chickens, 40% of NM neurons have a single
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rudimentary dendritg40]. In response to CF tones, NM contain multiple sites of synaptic specialization formed
neurons show “primary-like” poststimulus time histograms directly on the cell body or on the sides of the many so-
(PSTHs) and have irregular spike discharge patterns andmatic spines; in the barn owl, 64% of the synapses are on
high rates of spontaneous activ[82,181,197,214]Impor- spines. Endbulbs exhibit characteristic assemblies of or-
tantly, however, these neurons discharge in a phase-lockedyanelles, including large numbers of small mitochondria,
manner to the auditory stimulus, preserving time cues nec-clathrin-coated endocytic vesicles and membrane-bound

essary for azimuthal location of the sound soJfiE3]. cisterns[29]. Except at multiple punctate synaptic contacts
(which occupy about 15% of the membrane apposition
2.2.3. Fine structure between endbulb and NM cell), the endbulb is separated

The ultrastructure of endbulbs in NM has been studied from the postsynaptic cell by spaces of variable width. The
in the chick[77,138,141,142nd the barn ow[29]. The synaptic specializations are characterized by large (45nm)
endbulbs appear most often as large elongated profiles thatlear round synaptic vesicles and asymmetric membrane
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Fig. 4. TFLZn N-(6-methoxy-8-quinolyl)p-carboxybenzoyl-sulphonamide] labels endbulbs in chick nucleus magnocellularis (NM) at embryonic day
(E)18 and indicates zinc release from the endbulb during depolarization. (A) Endbulbs labeled with HRP (arrow) and counterstained with thionin. (B)
Endbulbs labeled with TFLZn (white arrow), a fluorescent dye specific for vesicularized zinc. Note the same morphology as those endbulbs labeled in
(A). (C) NM labeled with TFLZn 72 h after cochlea ablation, a time at which the cochlear nerve and its endbulbs have degenerated. Note the distinctly
different staining pattern from that shown in (B). (D) TFLZn fluorescence decreases in response to cochlear nerve stimulation and KCI depolarization
Top panel shows average TFLZn fluorescence from eight neurons in a single slice that received 20s of cochlear nerve stimulation (blue diamonds)
and 20 s of depolarization (both indicated by a horizontal bar) with 60 mM KCI (red circles). For comparison, both traces have been normalized to the
same time abscissa. Lower panel shows the average decrease of TFLZn fluorescence in response to cochlear nerve stim6latioa Q.013) and
depolarization with 60 nM KClA{ = 8, P = 0.0007). The graphs demonstrate zinc depletion (or release) from presynaptic endbulbs following activation.

Adapted from Zirpel and Park®32], Springer publishers.
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specializations. The 34-nm thick postsynaptic densities mGIluRs (which includes two related proteins, mGluRs 1
resemble the simple densities classified as type Il or Il and 5) releases €& from intracellular stores in chick NM
[62]. Morphometric analyses of endbulbs reveal that these neurons by activating phospholipase C, which generatgs IP
endings occupy about 45% of the NM somatic surface in [231]. This mGluR-mediated effect on calcium homeosta-
late-stage chick embryd$42] and about 60% in adult birds  sis develops in parallel with synaptic activity in N[d29]

[138]. and has been shown to be necessary for the survival of
many NM neuron$230,231] It has recently been found that
2.3. Transmitters and receptors zinc is localized in chick cochlear nerve endbulBsy( 4)
and released during nerve stimulation [232]. This zinc in-
2.3.1. lonotropic glutamate receptors hibits MGIURS5 receptors on NM neurons and contributes to

An excitatory amino acid, most likely glutamate, is the the complex, activity-dependent mGluR-mediated calcium
neurotransmitter released from cochlear nerve endings inhomeostasis that is essential for NM neuron maintenance
birds and this substance interacts with several classes ofand survival. Since zinc has also been shown to modulate
glutamate receptor. The glutamate receptors of the chick GABA receptors, NMDA receptors, and glutamate trans-
NM have been studied extensively and it is clear that the porters and is present in the mammalian cochlear nucleus,
ionotropic AMPA receptors mediate most rapid transmission synaptically released zinc from the cochlear nerve may play
at the cochlear nerve-NM synapp#,149,227] Although an important role in the overall functioning of cochlear nu-
there is evidence for some NMDAN{methylp-aspartate) cleus neurons in birds and mammals [232].
receptor-mediated excitatory transmission at the cochlear
nerve-NM synaps225], particularly at early stages of de-
velopment[226], it is very small relative to the AMPA 3. Mammals
receptor-mediated component. Despite efforts to detect func-
tional kainate receptors at this synapse using highly selec- Differences between the organization of the avian basilar
tive drugs, no positive evidence for them has been found. papilla and the mammalian cochlea are further emphasized
Thus, research has focused on understanding the functionaby features of the spiral ganglion neurons, primary neurons
and structural specializations of AMPA receptors that are in mammals, which convey the output of the receptors as
key features in the distinctive response properties of bushyinput to the brain. There are normally two separate popula-
cells in the NM and AVCN. tions of ganglion cell types in adult mammals on the basis of

The AMPA receptors of brainstem auditory neurons show somatic size and staining characteristi@s,124,193,194]
specializations that allow them to produce the large rapid There are large, bipolar, type | cells and small, pseu-
excitatory postsynaptic currents necessary for rapid and pre-domonopolar type Il cellsHig. 5A). These two ganglion cell
cise representation of auditory stimuli (reviewed [207] populations have been shown to maintain separate innerva-
and [139]). Much of the data supporting the existence of tion of the two types of hair cell receptof$3,21,60,87]
“auditory” AMPA receptors has come from studies of the The somata of type | ganglion cells are relatively large, and
chick NM. Functional studies have shown that AMPA recep- are rich in ribosomes and cytoplasmic organelkeg.(5B).
tors of NM neurons have the fastest known desensitization They constitute 90-95% of the population, innervate in-
and deactivation kineticd50] and that they have inwardly  ner hair cells, and have myelinated axons. In contrast,
rectifying current—voltage relationships, high permeability the somata of type Il cells are relatively small and fila-
to divalent cations and high sensitivity to block by polyamine mentous. Type Il ganglion cells constitute the remaining
toxins [136,153,228] Structural studies of these receptors 5-10% of the population, innervate outer hair cells, and are
have shown that they consist largely of GIuUR3 and GluR4 unmyelinated.
subunits expressed in the rapidly desensitizing flop splice The variation in organelle composition can be exploited
variants and that expression of GIuR2, which normally pre- to specifically stain the type Il cell populatidi2,14,67]
vents permeability to divalent cations, is almost completely in order to study the differential maturation of ganglion
abolished during development by both transcriptional and cells (humans|45]; mice, [159]) or the selective effects of

posttranscriptional contro[96,153,196] ototoxic agents on the spiral ganglip42]. For example,
type Il spiral ganglion neurons are selectively stained by
2.3.2. Metabotropic glutamate receptors antibodies directed against the phosphorylated form of the

In addition to its effects on receptors coupled directly to 200 kDa neurofilament suburiit2,14], peripherin, an inter-
ion channels (the ionotropic AMPA, NMDA, and kainate mediate neurofilameri66], or calbindin[189]. These stud-
receptors discussed above), neurotransmitter released fronies have readily confirmed that type Il neurons represent
cochlear nerve terminals also activates receptors that areonly 5-10% of the population and are uniformly distributed
coupled to G-proteins, the metabotropic glutamate receptorsalong Rosenthal’s canal. That is, there is no frequency spe-
(mGIuRs). These receptors are classified into three groups (l,cialization for the distribution of type Il cell bodies.
II, and I11) based on the nature of their intracellular effector ~ There is a relatively wide range in ganglion cell counts
mechanism$41]. Activity-dependent activation of Group |  across different mammalian species. For example, there are
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10 gm

Fig. 5. Light microscopic appearance of mammalian spiral ganglion cells. (A) HRP labelled cells that are representative of the two types. Type | gangl
cells represent 90-95% of the population, have larger cell bodies, and are characterized by a thin peripheral process and thicker centraéggocess. Th
cells innervate a single inner hair cell. Type Il ganglion cells represent 5-10% of the population, have smaller cell bodies, and innervateuteultiple o
hair cells. Adapted from Kiang et dl87], AAAS publishers. (B) The cytoplasm of type | cells is “blotchy” when stained with basophilic dyes, revealing
ribosomes, Nissl bodies, and a pale nucleus. In contrast, the type Il cells are pale, with few ribosomes in their somata but darker stainingrchromatin i
the nuclei. (C) The cytoplasm of type | cells is pale when stained for neurofilaments (protargol) but dark in type Il cells. The data reveal a rdbosome-ri
cell body for type | cells and a filament-rich cell body for type Il cells. Adapted from Berglund and Rji2§oElsevier publishers.

50,000 in cat$55], 31,400 in humaiil52], 31,250 inrhesus  nerve or ganglion, bundles of thick and thin fibers are ob-
monkeyg55], 31,240 in squirrel monkey[8], 15,800 in rat served in the nerve root and cochlear nuclétig.(6). These
[83], and 12,250 in micg48]. The proportion of 90-95%  fibers can be followed back along the auditory nerve into
type | cells and 5-10% type Il cells, however, is fairly the cochlea where the thick fibers (2u#h in thickness)

constant. are found to arise from type | spiral ganglion neurons and
the thin fibers (0.fwm in thickness) are shown to arise
3.1. Cochleotopy from type Il spiral ganglion neurorjg2,23,87] These fibers

can also be followed centrally into the cochlear nucleus,
When auditory nerve fibers are anterogradely labeled with as was described long ago using the Golgi staining method
horseradish peroxidase following discrete injections into the [103,151] The thick fibers are myelinated, whereas the thin
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These fibers, whether myelinated or unmyelinated, ex-
hibit a cochleotopic projection patterki@. 8). From a dis-
crete location along the cochlear duct, their bifurcations
and trajectories within the nucleus are closely intertwined,
and their distribution is systematically related to their ori-
gin [11,21,22,118] Both types | and Il fibers send one
branch into the anteroventral cochlear nucleus (AVCN), and
a second branch through the posteroventral cochlear nucleus
(PVCN) and into the dorsal cochlear nucleus (DCN). The
projection through the magnocellular CN by types | and Il
fibers is cochleotopic, whereas the projection into the GCD
by type Il fibers is no{11,118]

4. Physiological response properties

In mammals, individual type | auditory nerve fibers may
be defined by three fundamental propertigg: frequency
selectivity,[2] response threshold, afg] spontaneous dis-
charge rate. Frequency selectivity refers to the fiber's ten-
dency to be most sensitive to a single frequency as defined
by a “threshold-tuning curve[49,88] The fiber will re-
spond to any combination of level and frequency that falls
within its curve. The tip of the curve indicates the frequency
to which it is most sensitive, called the CF, and it is also
the fiber's threshold in dB SPL to that frequency. The CF
reflects the longitudinal location of fiber termination along
the organ of Cort[98].

4.1. Tonotopy

The most direct method demonstrating a cochleotopic and
tonotopic projection resulted from the application of single
fiber recording and staining method$8,171,208]In this
way, the very cell that is physiologically characterized is also
the one that is stained. These data reveal that all single-unit
activity recorded from the auditory nerve has been derived
from the myelinated fibers of type | ganglion cells, and that

Fig. 6. Photomicrograph of HRP-labeled auditory nerve fibers in the cat. ; ; ; ;
: . ntially nothing is known t the r n roperti
Most of the fibers are 2-4m thick and represent the central axons of essentially no g IS kKno abou € response properties

type | spiral ganglion cells. An occasional fiber is thin (arrow) and arises of t_he type I gangllon Ce_”$98’99]'_ Gangll_on cells inner-
from the type Il spiral ganglion cell. The thick fibers are myelinated, Vating hair cell receptors in the apical region of the cochlea

whereas the thin ones are not. distribute their axon and terminals in a ventral zone of the
nucleus, whereas ganglion cells innervating progressively
more basal hair cells project to progressively more dorsal
fibers are unmyelinatef¥1,169] The thick fibers give rise  zones of the nucleud={g. 9, top). It should also be noted
to one or several large endings called endbulbs, whereaghat 85% of individually labeled fibers project throughout
both fiber types give rise to short collaterals with many the ventral and dorsal cochlear nucleus; 15% innervate only
en passant swellings and terminal boutoR&gy( 7). The the ventral cochlear nucleyS1]. The significance of these
type | terminals stay within the magnocellular part of the projection differences is not known, nor is there any infor-
cochlear nucleus, where ascending projections of the cen-mation regarding possible differences in cell body morphol-
tral auditory pathways are initiated. The type Il terminals ogy, distribution, or hair cell innervation.
overlap with the terminal zone of the type | fibers in the Upon passing the Schwann-glia border (marking entrance
magnocellular core but also send collaterals and terminalsinto the central nervous system), individual auditory nerve
into the surrounding microneuronal shell that is comprised fibers penetrate a variable distance into the nucleus, de-
of the granule cell domain (GCD) and underlying small pending upon fiber CF, and bifurcate into an ascending
cell cap. branch and a descending branch. The ascending branch has a
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Fig. 7. Drawing tube reconstruction of the central axons of a type | spiral ganglion cell (thick black line) and a type Il ganglion cell (thin retidse). T
axons and their endings were reconstructed through serial sections of the auditory nerve and cochlear nucleus from their origins in the spiral gangli
Although the trajectories of these axons are similar, the terminations of the type Il neurons are distributed in the granule cell domain, yconsistentl
separated from those of type | neurons. Abbreviations: AVCN, anteroventral cochlear nucleus; DCN, dorsal cochlear nucleus; PVCN, posteroventral
cochlear nucleus. Adapted from Brown et 2], Wiley—Liss publishers.

relatively straight trajectory into the AVCN and terminates VCN. It has previously been speculated that this specializa-
as a large, axosomatic ending called the endbulb of Held.tion might be related to the detection of “spectral notches”
The descending branch likewise has a straight trajectoryin head-transfer functions for localizing sounds in space
through the PVCN before entering the DCN. Along the [191].

way, these main branches give rise to short collaterals. The

collaterals ramify further and exhibit en passant swellings 4.2. Spontaneous discharge rate (SR)

and terminal boutons. Fibers of similar CFs disperse to

form a 3-dimensional sheet running through the nucleus, Unlike birds, SR in the mammalian auditory nerve forms
and stacks of these sheets represent the isofrequency cora bimodal distribution where 30-40% of the fibers have SR
tours of the nucleusHg. 9 bottom). The sheets have a <10 spikes/s and 60-70% have SR >30 spikes/s. Threshold
horizontal orientation within the ventral cochlear nucleus is correlated to the amount of spontaneous spike activity
but twist caudally to form parasagittal sheets in the DCN. (SR) that occurs in the absence of experimenter-controlled
These projections underlie the tonotopic organization of stimulation. Low-SR fibers have relatively high thresholds,
the resident neurons of the cochlear nuclgig160,191] whereas high-SR fibers have low thresholds. Across the au-
The data also indicate that although both divisions of the dible frequency range, fibers of similar CFs can vary in SR
cochlear nucleus are tonotopically organized, the DCN hasfrom near 0 to >100 spikes/s. The bimodal SR distribution
more tissue devoted to high frequencies compared to theis present across the entire audible frequency range for the
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Fig. 8. Drawing tube reconstructions of the cochlear nuclei of three separate mice, as viewed in sections collected parallel to the lateraltlseirface of
nucleus. The labeled fibers are a result of HRP injections into apical (top panels), middle (center panels), and basal (bottom panels) turnseaf the coch
The left column illustrates the distribution of type | auditory nerve fibers, whereas the right column shows type Il fibers. The drawings alsohibustrat

type | fibers enter the DCN by passing medial to the granule cell lamina. In contrast, type Il fibers travel directly into the granule cell lamina without
continuing on to the DCN. Abbreviations: AN, auditory nerve; ANN, nucleus of the auditory nerve; ANR, auditory nerve root; AVCN, anteroventral
cochlear nucleus; DCN, dorsal cochlear nucleus; I, II, lll, layers of the DCN; PVCN, posteroventral cochlear nucleus. Adapted from Berglundnand Brow
[11], Elsevier publishers.

animal (e.g. caf50,88,97] gerbil [183]; guinea pig[208)), 5. Structure-function correlates

and implies a general organizational principle for the

mammalian auditory nerve. Fibers of the different SR 5.1. SR and peripheral correlates

groupings exhibit distinct physiologic features, especially

in terms of their contribution to the dynamic range of Morphologic specializations have been found in the in-
hearing[50,59,179] and representation of speech sounds nervation pattern of inner hair cells with respect to SR fiber
[110,180,212,223]The collective evidence suggests that groupings. High-SR fibers (>18 spikes/s) have thick periph-
different SR groupings of auditory nerve fibers serve sep- eral processes that tend to contact the “pillar” side of the
arate roles in acoustic information processing. It might be inner hair cell, whereas low-SR fibers: 18 spikes/s) have
that the high-SR fibers with their low thresholds prefer to thin peripheral processes that tend to contact the modiolar
function in quiet, whereas low-SR fibers with their high side of the hair cell[98,111] Furthermore, there is SR
thresholds operate better in loud and noisy environments. segregation within the spiral ganglion. Low-SR neurons
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36 kHz

10.2 kHz

2.7 kHz

0.17 kHz

0.25 kHz

1 kHz
’ 0.5 kHz
-

Fig. 9. (Top) Cochleotopic projection of type | auditory nerve fibers into the cochlear nucleus. A systematic projection was noted by the classic Golgi
anatomist4104,151] but intracellular recording and labeling methods directly established the tonotopic organjzatianBottom) This projection was
revealed to reflect the tonotopic organization of cochlear nucleus[&8l|$71] One observation from these data is that the DCN has more tissue devoted

to high frequency information processing than that of the VCN. Abbreviations: ANR, auditory nerve root; AVCN, anteroventral cochlear nucleus; DCN,
dorsal cochlear nucleus; PVCN, posteroventral cochlear nucleus.

tend to be distributed on the side of the scala vestibuli, 5.2. SR and central correlates

whereas high-SR fibers can be found throughout the gan-

glion [82,100] These peripheral differences are maintained There are morphologic correlates that correspond to
by the pattern of central projections, and embedded within groupings of fibers with respect to SR. Compared to fibers
the tonotopic organization. of high SR (>18 spikes/s), fibers of low SR 18 spikes/s)
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Endbulb

AVCN

Endbulb

Fig. 10. Light microscopic reconstructions of intracellularly characterized
and stained type | auditory nerve fibers with terminal endbulbs. The
morphology of each fiber is representative of the class of high-SR (A)
and low-SR (B) groupings. (A) This high-SR fiber (CE 4.7 kHz,
SR = 32 spikes/s) projects topographically through all three divisions of
the cochlear nucleus and exhibits relatively simple branching. (B) The
low-SR fiber (CF= 4.5kHz, SR= 0.3 spikes/s) also projects topograph-
ically through the cochlear nucleus but displays greater axonal arboriza-
tions along its ascending branch within the AVCN. Note especially, the
collaterals arising at the bifurcation and in the vicinity of the endulb.
These collaterals distinguish low-SR fibers from high SR fibers. They
ramify within the small cell cap, a region of small cells that lie beneath
the granule cell domain. Light microscopic, drawing tube reconstruction
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exhibit different innervation characteristics with the IHCs
[99,111] give rise to greater collateral branching in the
AVCN [51], emit collaterals that preferentially innervate
the small cell caj100,177] and manifest striking special-
izations in the large axosomatic endings, the endbulbs of
Held [185] and their synapsg478].

The typical high-SR fiber traverses the nucleus and gives
rise to short collaterals that branch a few times before
terminating Fig. 10A). There was a suggestion that projec-
tions of the different SR groups might be segregated along
a medial-lateral axis within the core of the AVOR4] but
single-unit labeling studies do not unambiguously support or
refute this proposdb1,82,100,208] There are usually one
or two terminal endbulbs at the anterior tip of the ascending
branch, and the remaining terminals appear as en passant
swellings or terminal boutons. It is presumed that these
swellings are sites of synaptic interactions with other neu-
ronal elements in the cochlear nucleus. Approximately 95%
of all terminal endings were small and round, definable as
“bouton-like” [163]. The remaining endings were modified
endbulbs that tended to contact the somata of globular bushy
cells and large endbulbs of Held that contacted the somata
of spherical bushy cells. In contrast to birds, low-frequency
myelinated auditory nerve fibers in mammals give rise
to endbulbs. Furthermore, the endbulbs of low-frequency
fibers tend to be the largest of the entire population of
fibers.

There is a clear SR-related difference in axonal branch-
ing and the number of endings. Low-SR fibers give rise to
greater collateral branching in the AVCN compared to that
of high-SR fiberg51,100,101,208]In cats, the ascending
branch of low-SR fibers give rise to longer collaterals, twice
as many branches (there are approximately 50 branches per
low-SR fiber compared to 25 per high-SR fiber), and twice as
many bouton ending$-(g. 10B). These endings, while more
numerous, are also smaller compared to those of high-SR
fibers[163]. The greater total collateral length is illustrated
by low-SR fibers that have an average of 5 mm of collaterals
per ascending branch compared to 2.8 mm of collaterals per
high-SR fibe[51]. The inference from these observations is
that low-SR fibers contact more neurons distributed over a
wider region of the cochlear nucleus than do high-SR fibers.
If the perception of loudness is proportional to the num-
ber of active neurongl95], then this branching differential
may provide the substrate. The activation of high-threshold,
low-SR fibers by loud sounds would not only increase the
pool of active auditory nerve fibers but also produce a spread
of activity throughout the AVCN. This recruitment would

of endbulbs are presented in higher magnification. These two endbulbs
are representative of their respective spontaneous rate grouping. The
endbulb from the high-SR fiber (A) is less highly branched and has

larger en passant swellings and terminals. In contrast, the endbulb from
the low-SR fiber (B) is more elaborately branched and has more but
smaller components. These differences are reliably quantified using fractal
analysis.
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be useful because the discharge rate of high-SR fibers is al-These ultrastructural differences were systematically related
ready saturated at moderate sound levels. to fiber SR and are hypothesized to reflect specializations
There is no systematic difference in the average numberthat optimize synaptic transmission.
of terminals generated by the descending branch with re- There are ample reports of postsynaptic changes induced
spect to fiber SR. Low-SR fibers do, however, have a wider by reductions in synaptic input, whether experimentally or
distribution across the frequency axis in the DCN as com- naturally induced (e.g[137,148,155,206,209] Much less
pared to high-SR fiberEl71]. The endings lie within the information is available on changes in the presynaptic end-
deep layers of the DCN, below the pyramidal cell layer, and ings. Nevertheless, the observation that average levels of
terminate primarily within the neuropil. The average termi- spike activity influence endbulb shape implies a kind of
nal field width for low-SR fibers is 236+ 73um, whereas  structural plasticity. It was, therefore, striking that in con-
that for high-SR fibers is 82+ 41 um. The significance of  genitally deaf cats, there was a profound lack of branching
terminal arborization differences between high- and low-SR in the arbors of endbulb${g. 11). This reduced complexity
fibers might be involved in details of isofrequency laminae. in endbulb morphology was quantified using fractal analy-
The relatively short and narrow arborization of high-SR, sis[172]. Moreover, when comparing endbulb morphology
low-threshold fibers could occupy the center of the lamina of “hard-of-hearing” cats, that is, cats with 60—-70dB ele-
and endow those neurons with lower thresholds and sharpewated thresholds, endbulb complexity was intermediate be-
tuning. In contrast, the longer and broader terminal field of tween those of normal hearing cats and completely deaf cats
low-SR fibers could preferentially innervate the “edges” of [174]. The implication is that neural activity exerts a strong
the lamina. This kind of organization might establish a func- influence on endbulb shape.
tional segregation of units having distinct physiological fea-
tures within an isofrequency lamina, as has been proposed inNormal Hearing Cats

the inferior colliculus[161] and auditory cortex184,186]
5.3. Endbulbs of Held e }%\ %
Analysis of endbulbs of Held provided some insights into (D s ) ' 8
Ve ifg &) 0

their role in hearing. Endbulbs are among the largest synap-
tic endings in the brain, emphasizing their significance if
only by size. First, there is a strong influence of SR on
ending morphology Kigs. 10A and B. Endbulbs having
high SR (>18 spikes/s) appear stouter, with thicker but fewer
branches and larger swellings. In contrast, endbulbs with low ,
SR (<18 spikes/s) exhibit a more elaborate arborization and Cats with Elevated Thresholds

are composed of smaller and more numerous swellings. This o

difference can be determined using form factor or fractal ("’/f

analysis, methods that quantify the shape of complex struc-  ,"? ' ?
tures[102,105,172,185]Quantitatively, these data demon- g 3‘%

2‘ 3

strated that endbulbs of low-SR fibers were more complex O
in structure compared to those of high-SR fibers.

Using quantitative measures of endbulb complexity, Nz z’ \Ei?
HRP-labeled pairs of endbulbs that contacted the same cell
were analyzed175]. These data revealed that pairs of end-
bulbs had nearly identical “form factor” values, indicating Completely Deaf Cats
that fibers of the same SR groupings converged upon the
same cell. Thus, SR segregation is maintained by the pat-
tern of auditory nerve input to spherical busy cells of the
cochlear nucleus.

There are activity-related features of synapse morphol-
ogy [178]. Endbulbs of the different SR groups were ex-
amined with an electron microscope. It was observed that
those of high-SR fibers contained larger mitochondria, and
their postsynaptic densities were smalleD@8+0.05um?),
had greater curvature, and were more numerous (mean 0]Fig. 11. Light micrqscopic drawing tube reconstrgctions of endbul'bs
1.720+ 395 per endbulb). In contrast, endbulbs of low-SR collecteq from cats with normal hearing (top), cats with 60-70dB hear{ng
; loss (middle), and completely deaf cats (bottom). Note how branching
fibers were larger (@77 + 0.06um?), had less curvature, complexity is related to hearing sensitivity. Adapted from Ryugo et al.
and were less frequent (mean of 487139 per endbulb). [174], Wiley—Liss publishers.

20 ym
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5.4. Modified endbulbs such as primary-like, chopper, onset, pauser, or build-up.
Intracellular recording and staining methods have demon-
Each auditory nerve fiber gives rise to 1-2 endbulbs of strated that neurons with different firing patterns generally
Held that contact spherical bushy cells. Smaller endbulbs, manifest different morphological features, including but not
called modified endbul€8], are distributed in and around limited to, dendritic appearance, cell body size and shape,
the region of the auditory nerve root and make axosomatic and axonal projections (e.453,157,158,164] Some of
contacts with globular bushy cell51,202—204] Typically, these differences are attributed, at least in part, to the nature
2—-4 modified endbulbs are produced by a single auditory of the neuron’s input from the auditory neri&6,117] but
nerve fiber, and a single globular bushy cell receives up to intrinsic membrane properties assume equal prominence
as many as 50103,162,190] The number of endbulbs and [5,61,107,108,129]
modified endbulbs does not vary with respect to fiber CF or
fiber SR[163]. 6.2. Fine structure

5.5. Bouton endings It has long been known that auditory nerve fibers gave
rise to fundamentally two kinds of endings: large calycine
The overwhelming majority of auditory nerve fiber end- endings and small bouton endin§&0,103,151] Because
ings is represented by boutons. These small endings arehe calycine endings are among the largest in the brain, they
roundish and represent approximately 95% of the total. engender considerable interest. They are typified by multi-
These occasionally contact cell bodies but usually terminate ple, punctate individual synaptic contacts, associated large,
in the neuropil. Most of these boutons are distributed within round synaptic vesicles (50—60 nm in diameter), coverings
the VCN, with an average of 13.4% going to the DCN. by astrocytic processes, and extracellular spaces between
the ending and postsynaptic cell bofyl,63,72,95,205]
Intra-axonal labeling and degeneration studies reveal that
6. Cochlear nucleus both large and small endings share these cytologic features,
emphasizing the idea that synapses of primary auditory fibers
The cochlear nucleus is the sole target of the axon termi- are identical[28,51,203] Perhaps the most characteristic
nals of the spiral ganglion. It is located along the dorsolateral feature of primary synapses is the small, dome-shaped mem-
convexity of the pontine-medullary junction, lying beneath brane specializations that mark the pre- and postsynaptic
the flocculus and paraflocculus of the cerebellum. The au- membraneKig. 12). These postsynaptic specializations flat-
ditory nerve enters the cochlear nucleus from below. On ten and hypertrophy in synapses of congenitally deaf adult
the basis of cytoarchitectonic features, the cochlear nucleuscats[154,172,174] How these structural alterations affect
can be divided into two main divisions—dorsal and ventral synaptic transmission remains to be determined.
[20,103,133,151]The DCN is characterized by a distinct
layering pattern, closely resembling the cortical appearance6.3. Receptors and transmitters
of the cerebellunj103,121] The VCN is not layered.
The auditory system has demanding functions with re-
6.1. Magnocellular core spect to processing sound for localization, identification,
and communication. Key to these functions is the ability to
There are many organizational features that can be usedeceive and transmit faithfully rapid changes in the acoustic
to distinguish cell types within the cochlear nucleus, in- signal. The large endbulbs of Held reflect one specialization
cluding but not limited to electrophysiological properties, for securetransmission130,146,168]Jand the amino acid
dendritic morphology, or somatic staining characteristics glutamate is the most likely candidate that facilitatagid
(e.q.[20,133,147,191,224] The different cell populations  transmissionf57,119,150] One difficulty in the identifica-
tend to be grouped together (e[80,103,133). The larger tion of glutamate atheauditory nerve neurotransmitter is its
neurons reside in the magnocellular part of the nucleus andubiquitous distribution in tissue and the inability to measure
form the foundation for the ascending auditory pathways. its release during synaptic activity. Consequently, research
That is, these cells send their axons to higher centers in theefforts have been directed towards the study of pharmaco-
auditory brain stem. Most of the different neuron popula- logic agonists and antagonists of glutamate, the analysis of
tions in the magnocellular core are contacted by individual glutamate receptor subunits, and/or the role of glutamate
auditory nerve fibers. These cells, along with the incoming transporters. As in birds, the bulk of available evidence im-
auditory nerve fibers, are arranged in isofrequency contoursplicates glutamate as the neurotransmitter for the auditory
and have identical CFs. They can, however, exhibit different nerve. Quantitative immunogold staining methods revealed
thresholds and temporal patterns in their spike discharges.significantly greater labeling over primary endings com-
That is, when presented with short tone bursts at CF, the pared to nonprimary endings (containing flat or pleomorphic
PSTH can display reliable but distinctly different patterns vesicles) and glig64]. Furthermore, immunogold staining
[16,18,147,156] These PSTHs are named by their shapes, was significantly lower in primary terminals that had been
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Fig. 12. Electron micrographs through pieces of endbulbs from a normal hearing cat (top) and congenitally deaf white cat (bottom). Endbulbs are filled
with clear, round synaptic vesicles. (Top) In the normal hearing cat, a typical synapse (arrowheads) is punctate and characterized by a saityatic conve
that bulges into the ending. There is a clear asymmetric postsynaptic membrane thickening and an adjacent intercellular cistern (small #mmys). (Bo

In the congenitally deaf white cat, a typical synapse is flattened and expanded in area when compared to that of normal cats, and the intercellular
cisternae disappear. Reconstructions of postsynaptic densities through serial sections reveal that these specializations in congeaitalbanieah c

average, be enlarged by more than double. Adapted from Ryugo [@f7al, Wiley—Liss publishers.

depleted of glutamate by potassium-induced depolarization.put[119]. The GIuR2 subunits, which exhibit slower AMPA
The production and/or utilization of glutamate is mediated kinetics, are associated with parallel fiber inputs in the DCN
by aspartate aminotransferase. The soluble cytoplasmic[56]. Primary endings are also associated with delta recep-
fraction of this amino acid has been immunolocalized to tors but it is not known if delta receptors form functional
endings of auditory nerve fibelf,166] The presence of  receptors.
glutamate and one of its metabolic precursors in the presy- NMDA receptors are characterized by a voltage-dependent
naptic endings is complemented by glutamate receptorscalcium channel. It is thought that depolarization via the
in cochlear nucleus neurons (e[d43,144,167,213,21Y] AMPA receptors is required for the NMDA receptor to
These receptors include ionotropic receptors that are formedopen. The calcium-permeability of NMDA is presumed to
by several subunits surrounding a central ion channel, andform the basis of the long-term effects underlying learn-
metabotropic receptors that associate with G-proteins anding and memory. There are a number of NMDA receptors,
tend to mediate long-term responses. including NR1 (with eight splice variants), NR2A-D, and
The ionotropic receptors include AMPA, kainate, delta, NR3. Receptors are composed of NR1 plus one or more
and NMDA types. AMPA receptors mediate the fast exci- variants of NR2 which determine their physiological prop-
tatory transmission and consist of four subunits, GluR1-4 erties. NR1 has a widespread distribution in the cochlear
with flip, flop, and other splice variants. Primary endings nucleus[15,143] NR2A and NR2C are found in the su-
in the cochlear nucleus oppose AMPA receptors composedperficial granule cell layer of the ventral cochlear nucleus
mainly of GIUR3 and GluR4143,167,213]The GluR4 sub- and in medium sized neurons of the deeper layers of the
units gate rapidly and are specialized for auditory nerve in- DCN. NR2A is in the large neurons of the rostral AVCN
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and NR2B is in pyramidal cells of the DCN. There is that demonstrate detailed cellular similarities between the
pharmacologic evidence that reveals an early presence ofDCN, a cerebellar folium, and the fish electrosensory lat-
NMDA receptors in the developing auditory system that di- eral line lobe[6,103,114,120,121,122The main inputs to
minishes shortly after weanin®4,73] Such data indicate  these cerebellar-like structures are provided by afferents ter-
that NMDA receptors may play a role in the development minating on the basal dendrites of the principal cells, and
of the non-NMDA receptors. granule cell axons through the superficial layer of the DCN
Metabotropic glutamate receptors are thought of as sin- as parallel fibers to terminate on the apical dendrites of the
gle molecules coupled to G-proteins. The G-proteins are principal cells. Both inputs are excitatory and run orthogo-
linked to intracellular transduction pathways that may un- nally to one another. In the auditory system, they run longi-
derlie plasticity. There are three types of metabotropic re- tudinally along the surface of the DCN, perpendicular to the
ceptors based on their pharmacologic properties and secondsofrequency contours where they form excitatory synapses
messenger cascad@®f6]. In the cochlear nucleus, immuno- with the apical dendrites of pyramidal and cartwheel cells
cytochemical staining demonstrates labeling of mGwR1 [47,121,173,218]In this way, granule cells exert their in-
and mGIuR5[143], which are involved in the initiation  fluence upon pyramidal neurons that provide the main out-
of the phosphoinositol transduction pathwidp7]. These put for the nucleu§44,106,222] Manipulations of the pinna
metabotropic receptors are distributed in the perisynaptic proprioceptors, or electrical stimulation of cervical nerves
membrane that flanks the postsynaptic membrane densityC1-C3, have strong effects on the neural activity of DCN
[128,145] units, producing a reliable pattern of inhibition and exci-
Transmitter released from auditory nerve endings must betation [43,44,81] In fact, only stimuli that activated pinna
rapidly removed from the synaptic cleft so that the postsy- muscle receptors (stretch or vibration of the muscles) were
naptic cell is prepared for the next transmission. The removal effective in activating DCN units. Light touch was ineffec-
and inactivation of neurotransmitter is accomplished by a tive in driving DCN units. These results are consistent with
highly efficient system of uptake and transporter molecules the hypothesis that the DCN has a role in coordinating pinna
that surround glutamatergic synap$e4.0,46] It has been orientation to sound, or in correcting the effects of pinna
speculated that glial processes and neuronal membranes linmovements on sound localization cues.
ing the intercellular cisternae between primary endings and The projections of the DCN terminate in the inferior
cochlear nucleus neurons might house the relevant trans-colliculus [132,134,176,191]a prominent midbrain struc-
porter molecule§154]. Regulation of residual transmitter ture involved in sensory-motor function85], stimulus
by glial transporters has been suggested as a means to corsubtraction for signal-to-noise enhancemé§sit, process-
trol synaptic strengtj210]. A preference for transporter ing of acoustic motion192,211] and acoustic plasticity
molecules to be distributed along the membranes lining these[79,104,220] Thus, there is ample evidence that connects
perisynaptic cisternae could provide important insights into GCD circuits with the integration of highly diverse infor-

synaptic function. mation. It is perplexing, however, that primates, especially
humans, exhibit less highly organized granule cell regions
6.4. Microcneuronal shell [115,116] One could speculate that granule cell organiza-

tion is related to the presence of a mobile pinna, but then

Surrounding the magnocellular core of the cochlear nu- where do burrow-dwelling mountain beavers fit into this
cleus is a thin shell of microneurofi21,122,133,215]The scheme, with their hypertrophied GGD12]? Clearly, there
outermost shell is represented by the GCD, a superficial layerremains much to be learned about the microneuronal shell
of predominantly granule cells. The GCD forms a thin rind of the cochlear nucleus.
over the dorsal and lateral surface of the ventral cochlear nu-  Situated immediately subjacent to the GCD lies what has
cleus, extending over the rostral pole backward to separatebeen called the peripheral cap of small c§ll33]. This pe-
the VCN from the DCN. Within the GCD are also Golgi ripheral margin contains small and medium-sized stellate
cells, unipolar brush cells, mitt cells, and chestnut cells. The cells with either spiny and smooth dendrites, Golgi cells,
unmyelinated type Il auditory nerve fibers, which carry in- and granule cell§27]. This region receives strong input
formation from the outer hair cells of the cochlea, terminate from low-SR type | auditory nerve fibef§1,100] as well
among the granule celld1,22] but the myelinated type |  as from collaterals of the medial olivocochlear efferdiiis
fibers do nof23,51] The GCD does receive nonauditory in- High-SR fibers do not project into the small cell d400].
puts, including projections from the somatosensory cuneateThe innervation of the small cell cap by low-SR fibers arises
nucleug[216,219] the trigeminal nuclef74], the vestibular from thin collaterals off the parent branch. These collaterals
system[25,26,84] and pontine nucldiL31]. Many of the in- can extend some distance beyond the endbulb to innervate
puts are in the form of mossy fiber endiff§s,122,131,219] the rostal extension of the small cell cap or arborize into the
and at least some are immunoreactive to the neurotransmitdateral margins of the cap. These highly ramified arboriza-
ter, glutamatg219]. tions account for the greater collateral lengths and branching

The GCD receives highly diverse inputs, and in turn, exhibited in the AVCN by the low-SR auditory nerve fibers
projects into the DCN. There have been ample observations(seeFig. 10B).
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The cells of the small cell region have low spontaneous
discharge rates, and when driven by sound, exhibited wide
dynamic range and pause-build and onset patt§s8
The resident neurons reflect some of the physiologic char-
acteristics of the low-SR fiber inputs, and those with wide
dynamic ranges may be well suited to encode stimulus in-
tensity. Moreover, the cap region projects to the superior
olivary complex, including the medial olivocochlear efferent
neurong221], suggesting that it forms an important part of
the medial olivocochlear efferent circuit to outer hair cells.

7. Summary

Analysis of auditory nerve fibers in birds and mammals
reveals striking similarities and differences. In view of the
200 million years since these two classes diverged from their
common ancestor, the similarities in auditory nerve char-
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immunoreactivity in cochlear nucleus of the guinea pig, Proc. Natl.
Acad. Sci. U.S.A. 78 (1981) 6553-6557.

[3] B.M. Alving, W.M. Cowan, Some quantitative observations on the
cochlear division of the eighth nerve in the squirrel monk&gikniri
sciureu$, Brain Res. 25 (1971) 229-239.

[4] R.D. Bacsik, N.L. Strominger, The cytoarchitecture of the human
anteroventral cochlear nucleus, J. Comp. Neurol. 147 (1973) 281—
289.

[5] R. Bal, D. Qertel, Potassium currents in octopus cells of the mam-
malian cochlear nucleus, J. Neurophysiol. 86 (2001) 2299-2311.

[6] C.C. Bell, D. Bodznick, J. Montgomery, J. Bastian, The genera-
tion and subtraction of sensory expectations within cerebellum-like
structures, Brain Behav. Evol. 50 (1997) 17-31.

[7] T.E. Benson, M.C. Brown, Synapses formed by olivocochlear axon
branches in the mouse cochlear nucleus, J. Comp. Neurol. 295
(1990) 52-70.

[8] M.J. Benton, Vertebrate Paleontology, second ed., Chapman and
Hall, London, 1997.

[9] D.E. Bergles, J.S. Diamond, C.E. Jahr, Clearance of glutamate inside
the synapse and beyond, Curr. Opin. Neurobiol. 9 (1999) 293-
298.

acteristics are remarkable. The avian nerve is simpler than [10] D.E. Bergles, J.A. Dzubay, C.E. Jahr, Glutamate transporter cur-

that of the mammal, but many fundamental principles of

neural development, structure and function are shared. Per-

rents in bergmann glial cells follow the time course of extrasy-
naptic glutamate, Proc. Natl. Acad. Sci. U.S.A. 94 (1997) 14821
14825.

haps because of the greater simplicity of the avian system, [11] A.M. Berglund, M.C. Brown, Central trajectories of type-Il spiral

their study has brought many insights into the hearing of the
mammals.

In humans, as in other mammals, there are two types of [12]

ganglion cells[12,37,125,135] On the basis of cochlear
nucleus cytoarchitecturg,116] and neuronal morphology
[1], there is a strong suggestion that humans follow the
general mammalian plan. In addition to morphology, the
biochemistry, pharmacology, and genetics are similar. One

of the impressive observations in the last decade is the simi-
larity of animal genes across species, and that, for example,
homologous genes in fruit flies and mice can produce hear-
ing disorders that are found in humans. Thus, despite the

relative dearth of data on the human auditory nerve, the
collective results of animal studies demonstrate that we
can learn much about the human condition by studying
the auditory nerves of birds and mammals.
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