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The shapes of the head and ears of mammals are asym-
metrical top-to-bottom and front-to-back. Reflections of
sounds from these structures differ with the angle of
incidence, producing cues for monaural sound localiz-
ation in the spectra of the stimuli at the eardrum. Neu-
rons in the dorsal cochlear nucleus (DCN) respond
specifically to spectral cues and integrate them with
somatosensory, vestibular and higher-level auditory
information through parallel fiber inputs in a cerebel-
lum-like circuit. Synapses between parallel fibers and
their targets show long-term potentiation (LTP) and
long-term depression (LTD), whereas those between
auditory nerve fibers and their targets do not. This
paper discusses the integration of acoustic and the
proprioceptive information in terms of possible compu-
tational roles for the DCN.

Hearing enables vertebrate animals to know what goes on
around them even when they cannot see. Localizing the
position of sound sources is thus an important biological
function of the auditory system. Interaural time and
intensity differences are used by reptiles, birds and
mammals for localizing sounds in the horizontal plane
[1]. However, these cues are not useful for localizing
sounds in the vertical plane (i.e. low—high, front—back) or
when hearing is lost in one ear. For vertical localization,
mammals use spectral cues — modifications in the spectra
that are produced by the interactions of sound with the
external ear, or pinna. These modifications vary as a
function of the direction from which sound emanates, so
that the frequency content of the sound reaching the
eardrum provides a cue for source location [2—4] (Box 1). In
the cat, the dorsal cochlear nucleus (DCN) has been shown
to be important for behavioral processing of spectral
localization cues [5,6]. The cells whose axons convey
signals from the DCN to the inferior colliculus provide a
specific representation of these acoustic cues and integrate
them with somatosensory information about the position
or movement of the ears.

The DCN has a laminar, cerebellum-like organization

The output axons of the DCN originate from fusiform and
giant cells (Figure 1). These cells integrate activity from
two systems of inputs, auditory nerve fibers and parallel
fibers. Auditory nerve fibers bring acoustic information
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from the cochlea to smooth dendrites in the deep layer of
the DCN [7]. Parallel fibers, the unmyelinated axons of
granule cells, contact spines on dendrites of fusiform, giant
and cartwheel cells in the superficial layer of the DCN [8].
Granule cells convey information they receive from wide-
spread areas of the brain that are associated with multiple
sensory modalities. Inputs to the granule cell area arise
from the dorsal column nuclei [9], vestibular afferents [10],
pontine nuclei [11], unmyelinated auditory nerve fibers
[12], the octopus cell area of the ventral cochlear nucleus
(VCN) [13], the inferior colliculus [14] and the auditory
cortex [15].

The superficial layers of the DCN share many features
with the overlying cerebellum (Figure 1); most import-
antly, both structures contain granule cells and associated
interneurons. Cochlear nuclear and cerebellar granule
cells develop from a common population of neurons [16].
Granule cells lie in clusters around the VCN and in the
fusiform cell layer of the DCN [8]. Like the vestibulocere-
bellum, the DCN contains unipolar brush cells [17], Golgi
cells [18] and superficial stellate cells [19].

Cartwheel cells are interneurons that occupy a similar
position in the DCN circuit to that occupied by Purkinje
cells in the cerebellum [20]. The two cells contain many of
the same proteins and are similarly affected by genetic
mutations [21], and both fire complex action potentials
[19,22]. Unlike Purkinje cells, cartwheel cells terminate
locally, contacting other cartwheel, fusiform and giant
cells, and receive no input like that from climbing fibers.
Although cartwheel cells contain GABA and glutamic acid
decarboxylase, they are glycinergic [23].

Largely because of their granule cell systems, the DCN
and the octavolateral nuclei in weakly electric fish are
considered to be ‘cerebellum-like’ nuclei [24,25]. Like
fusiform and giant cells of the DCN, the principal cells of
these nuclei receive granule cell inputs on one set of
dendrites and primary sensory inputs on another.

Synapses in the superficial DCN are adjustable

The strength of synapses between parallel fibers and their
targets in the DCN, but not that of synapses between
auditory nerve fibers and their targets, is modulated by
activity (Figure 2) [26]. In fusiform and cartwheel cells,
pairing of postsynaptic depolarization with stimulation of
the parallel fibers in the molecular layer at high frequency
(100 Hz) increases the amplitude of the synaptic current.
After the high-frequency shocks, short-term potentiation
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Box 1. Spectral cues for localizing sound

When sound impinges on the external ear, it reflects off the irregular
surfaces of the pinna. The reflections produce acoustic resonances
in the cavities of the pinna and interference patterns at the entrance
of the external ear canal [4]. These resonances and interference
patterns differ as a function of the direction of the sound source. By
placing a microphone near the eardrum of a cat, the spectra of
sounds in the ear are compared with the spectra of the same sounds
measured at the same place in the absence of the cat [2,61]. The ratio
of the two spectra, the head-related transfer function, is shown in
Figure | for sound originating at four elevations directly in front of
the cat, as indicated by the different colors. The series of peaks and
valleys at frequencies >5 kHz varies strongly with the direction of the
sound source. For reference, the green curve (for 0° elevation) is
repeated at the other three elevations. Note in particular the notch at
frequencies between 8 and 15 kHz; this notch is a particularly strong
cue for sound localization in cats [62]. It moves from low to high
frequencies as the sound source moves upward in elevation, from
blue to red in Figure I. It also moves consistently as the sound source
moves away from the midline in azimuth (not shown).

The acoustic effects of the external ear depend on the size of the ear
(see Ref. [63] for an interesting analysis of this point). Resonances
and interference effects occur when the dimensions of cavities and
distances between reflective surfaces are larger than one-quarter
of the wavelength of sounds. In the cat ear, this places these effects
at frequencies >7 kHz; in the larger human ear, they are most
prominent at frequencies >3 kHz.
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Figure I. Head-related transfer functions for sounds at four elevations in the
vertical plane. Transfer functions show gain — the dB ratio of the sound at the
eardrum to the free field sound - as a function of frequency. Sound source
directions, with respect to the head of the cat, are shown by the colored lines.

decreases over several minutes, leaving long-term poten-
tiation (LTP). Stimulation at low frequency (1 Hz) pro-
duces long-term depression (LTD) of the synaptic current
in both fusiform and cartwheel cells. Stimulation of
auditory nerve fibers in the deep layer evokes synaptic
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responses in fusiform cells but those synaptic responses
show no plasticity.

Postsynaptic intracellular buffering of Ca®" prevents
LTP and LTD in fusiform and cartwheel cells, indicating
that plasticity is initiated postsynaptically and involves
changes in intracellular Ca®" levels. Postsynaptic changes
in intracellular Ca®* concentration following parallel fiber
stimulation are initiated by activation of neurotransmitter
receptors and are mediated through signaling pathways
that differ in fusiform and cartwheel cells (Table 1) [26].
Although AMPA receptors are activated by parallel fibers
[27], these receptors contain GluR2 subunits on cartwheel
dendrites and apical dendrites of fusiform cells [28] and
therefore are not permeable to Ca®". AMPA receptors
can, however, mediate the entry of Ca®* through voltage-
sensitive Ca®" channels in fusiform and cartwheel cells
[23,29]. NMDA receptors are also activated by parallel
fiber stimulation [27]. Blocking these receptors with
2-amino-5-phosphono valerate (APV) prevents the induc-
tion of LTD in cartwheel cells but only reduces LTP in
cartwheel cells and LTP and LTD in fusiform cells. Meta-
botropic G-protein-coupled glutamate receptors (mglu
receptors) contribute to synaptic transmission in fusiform
and cartwheel cells; Group 3 mglu receptors act presyn-
aptically and Group 1 mglu receptors act postsynaptically
and, in cartwheel cells, also presynaptically [26,30—32].
Although most of the synaptic current evoked by stimulat-
ing the molecular layer in fusiform and cartwheel cells can
be blocked by antagonists of AMPA, NMDA and mglu
receptors, a small current that is evoked by trains of
shocks is insensitive to these blockers, indicating that
additional, unidentified receptors contribute to synaptic
transmission from parallel fibers [26].

Plasticity in fusiform and cartwheel cells requires the
release of Ca®" from intracellular stores [26]. Two families
ofion channels, inositol trisphosphate [Ins(1,4,5)Ps] recep-
tors and ryanodine receptors, regulate release of Ca®"
from intracellular stores. Both are sensitive to Ca®" and
mediate Ca®-induced Ca®" release (CICR) but their dis-
tribution differs in fusiform and cartwheel cells (Table 1).
The activation of these receptors has been shown in other
cells to affect LTP and LTD differentially and to regulate
the spatial distribution of plasticity [33,34]. LTP and LTD
were blocked in fusiform and cartwheel cells when CICR
was prevented [26]. Because intracellular ryanodine reduced
plasticity, both fusiform and cartwheel cells contain ryano-
dine receptors. By contrast, Ins(1,4,5)P3 receptors have been
detected immunohistochemically in the dendrites of cart-
wheel, but not fusiform, cells [35] (Table 1). Vesicles have
been observed in spines of cartwheel cells [36], indicating
that regulation of release from intracellular stores could be
at the level of individual dendritic spines.

DCN neurons convey information related to sound
localization

The responses to sound of the fusiform and giant cells
reflect the summation of multiple excitatory and inhibi-
tory inputs (the two cell types cannot always be clearly
distinguished and will be considered together) [37].
Responses to sound arise mainly through the deep layer;
cartwheel cells, and by inference granule cells, respond
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Figure 1. Superficial layers of the dorsal cochlear nucleus (DCN) form a cerebellum-like structure. Granule cells lie in clusters around the ventral cochlear nucleus (VCN), as
well as in the fusiform cell layer (FCL). As in the cerebellum, granule cells are excited through mossy terminals from unipolar brush cells and from other regions of
the brain. Sources of terminals in the granule cell region are listed at lower left; not all of these have been shown to terminate as mossy fibers. The axons of granule cells
(parallel fibers) contact spiny dendrites of cartwheel cells in the molecular layer (ML). They also contact other inhibitory interneurons, superficial stellate cells and Golgi
cells. Cartwheel cell axons contact fusiform cells, which are themselves contacted by parallel fibers on spiny apical dendrites, and giant cells, which receive little or no
parallel fiber input. Auditory nerve fibers innervate the deep layer (DL), contacting the smooth basal dendrites of fusiform and giant cells, as well as tuberculoventral
neurons. Two groups of cells from the VCN, D- and T-stellate cells, provide auditory inputs to the deep layer. The targets of T-stellate cell axons in the DCN are not known.
Fusiform and giant cells, the principal cells of the DCN, project to the inferior colliculus. Glutamatergic neurons are shown in green and their terminals in black, glycinergic
neurons and their terminals are shown in orange, and GABAergic neurons are shown in pink.

weakly to sound and do not seem to affect the acoustic
responses in DCN [38,39]. Responses to broadband sound
stimuli are most easily understood by considering groups
of cells as tonotopic arrays, as shown schematically in
Figure 3. Each fusiform or giant cell is excited by a small
group of auditory nerve fibers, and perhaps also by
collaterals of T-stellate neurons from the VCN. These
convey their sharp tuning so that the population of fusi-
form and giant cells also forms a tuned and tonotopically-
organized array. The responses of fusiform and/or giant

cells are further shaped by inhibition from tuberculoven-
tral cells of the deep layer of the DCN and D-stellate cells of
the VCN. Tuberculoventral cells are also excited by a small
number of auditory nerve fibers that make them sensitive
to narrowband stimuli [40,41] and they inhibit fusiform
and/or giant cells with similar tuning [42]. As a conse-
quence of the strong inhibition from tuberculoventral cells,
narrowband stimuli, such as tones that have a concen-
tration of energy at one frequency, prevent firing in
fusiform and giant cells, except when the sounds are very

Table 1. Excitatory synapses that feed into cartwheel and fusiform cells differ®

Feature Parallel fiber to Parallel fiber to fusiform  Auditory nerve to Refs
cartwheel dendrite apical dendrite fusiform basal dendrite
Plasticity LTP, LTD LTP, LTD No LTP, no LTD [26]
AMPA receptors Subunits GluR1, GIuR2, GIuR3 GluR2, GIuR3 GIuR2, GIuR3, GluR4 [28,65-67]
NMDA receptors  Subunits NR1 NR1, NR2 NR1, NR2 [65-67]
Effects of blocker (APV) | LTP, no LTD, | EPSC | LTP, | LTD, | EPSC | EPSC [26,68]
mglu receptors Receptor  Postsynaptic  Group 1 (mglula) Group 1 Group 1 (mglula) [26,31,32,65,66]
Presynaptic Groups 1 and 3 Group 3 [26,32,65,66]
Effects of blocker of | LTP, | LTD | LTP, | LTD [26]
Group 1, 2 and 3 mglu
receptors (Ly341495)
Ca?*-induced Receptor IP3R, RyR RyR [26,35]
Ca?" release Effects of blockers No LTP, no LTD No LTP, no LTD [26]
(caffeine and
thapsigargin)

®Abbreviations: APV, 2-amino-5-phosphonovalerate; EPSC, excitatory postsynaptic current; GluR, ionotropic AMPA-subtype glutamate receptor subunit; IP3R, inositol
(1,4,5)-trisphosphate receptor; LTD, long-term depression; LTP, long-term potentiation; mglu receptor, metabotropic glutamate receptor; NR, NMDA-subtype glutamate
receptor subunit; RyR, ryanodine receptor; |, decreased.
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Figure 2. Long-term potentiation (LTP) and long-term depression (LTD) can be evoked at parallel fiber synapses but not at auditory nerve synapses. Excitatory postsynaptic
currents (EPSCs) were recorded under voltage-clamp from the cell bodies of fusiform cells (top) or cartwheel cells (bottom). The recording arrangements are shown in the
insets. Each plot shows EPSC amplitudes monitored at 0.1 Hz in a single cell. At the points marked HFS, a train of high-frequency shocks at 100 Hz for 1 s was applied twice
while the cell was depolarized to —30 mV. At the points marked LFS, fibers were stimulated at low frequency (1 Hz for 5 min), also while the cell was depolarized. Upper
panels: stimulating auditory nerve fiber inputs to fusiform cells with HFS or LFS resulted in no short-term or long-term changes in EPSCs. When the stimulating electrodes
were moved to the molecular layer to stimulate parallel fiber inputs to the same cell, however, the amplitude of EPSCs was altered for a period of hours. HFS evoked LTP
and LFS evoked LTD. Lower panels: similar experiments in cartwheel cells that receive only parallel fiber inputs reveal that HFS and LFS evoke LTP and LTD, respectively.
We thank K. Fujino for contributing previously unpublished data in the lower panels of this figure. Upper panels are reproduced, with permission, from Ref. [26]

© (2003) National Academy of Sciences, USA.

soft. The inhibition from tuberculoventral cells is itself
shut down by inhibition from D-stellate cells in the
presence of broadband sounds such as noise or cafeteria
babble that have energy widely spread across frequency.
D-stellate cells receive input from auditory nerve fibers
that are tuned to a wide range of frequencies, making them
sensitive to broadband sounds [43,44]; they strongly
inhibit tuberculoventral cells [45]. Under such conditions,
fusiform and/or giant cells are excited by their auditory
nerve fiber inputs without also being inhibited. Fusiform
and giant cells thus generally respond to broadband, but
not to narrowband, stimuli. In the presence of spectral
notches, when tuberculoventral cells tuned to notch
frequencies are not excited, weak inhibition reveals a
direct connection between D-stellate and fusiform and/or
giant cells [46]. The confluence of these two inhibitory
circuits on fusiform and giant cells thus allows the
principal cells to detect sounds with peaks in their spectra
and sounds with notches in their spectra, both through
inhibition.

Spectral notches are important sources of acoustic
information about the location of sounds (Box 1). In con-
trast with most neurons in the VCN, which sum linearly
the acoustic energy that they detect near their best
frequencies, the fusiform and giant cells of the DCN sum
acoustic energy non-linearly and thus behave as feature
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detectors [47]. The representation of spectral notches is
qualitatively similar in VCN and DCN outputs. In both
there is a dip in response rate when the notch is centered at
the frequency to which the neuron is most sensitive [47].
The representations differ in that responses of fusiform
cells are driven below the spontaneous firing rate by
inhibition and in that, like their targets in the inferior
colliculus [48], they have a specific response to the upper-
frequency edge of the notch (L.A.J. Reiss and E.D. Young,
unpublished) that is implicated in spectral sound localiz-
ation [49]. Behavioral studies of animals in which output
from the DCN to the inferior colliculus was severed
support the conclusion that the DCN is required for
orienting to sounds [5,6]. The DCN is not necessary for
discriminating sounds from two different locations
[50], which is not surprising because spectral cues for
sound localization are contained in both DCN and VCN
output neurons.

The superficial layers of the DCN provide fusiform and
giant cells with multimodal inputs that are relevant to
sound localization. As expected from what is known about
the circuitry, somatosensory stimuli excite fusiform cells
directly through the parallel fibers and inhibit them
through cartwheel cells (Figures 1 and 3) [51]. In cats,
stretching of the muscles attached to the pinna provide
the strongest somatosensory stimuli to DCN neurons,
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Figure 3. The neuronal circuits of the dorsal cochlear nucleus (DCN) can be considered
of granule cells, course dorsoventrally (from left to right in the figure) in the molecular

as interacting arrays with orthogonal systems of inputs. Parallel fibers, the axons
layer (ML), exciting cartwheel cells and the apical dendrites of fusiform cells. The

cartwheel cells form a network that is interconnected by weak excitation and inhibition and that inhibits the fusiform and giant cells in the fusiform cell layer (FCL) [23,64].
Auditory nerve fibers course caudorostrally in the deep layer (DL), exciting the basal dendrites of fusiform cells, giant cells and tuberculoventral cells. Fibers that encode
low frequencies innervate ventral regions and those that encode high frequencies innervate dorsal regions, giving the DCN a tonotopic organization (from left to right in
the figure). The deep layer also receives inhibition from D-stellate cells of the ventral cochlear nucleus (VCN) [45,46]. Glutamatergic, excitatory arrays are indicated in green
and glycinergic arrays are indicated in orange; plastic synaptic connections are shown as dashed lines and stable connections as solid lines.

producing responses in DCN as large as those produced by
sound stimuli [52]. Stimulation of the skin and hair on and
near the pinna, by contrast, are ineffective as is stimu-
lation of other parts of the body. Such stimulation produces
evoked potentials in DCN but does not by itself activate
DCN cells. Thus, the DCN shares a general characteristic
of cerebellum-like nuclei: information from many sources
is present in the parallel fibers, much of which is not
effective in activating output cells. The information
carried by vestibular and other inputs is not known, but
it presumably provides information about the position and
movements of the head.

A cerebellum-like function for the DCN?
A general feature of the cerebellum and cerebellar-like
circuits associated with the eighth cranial nerve is that
information conveyed by parallel fibers is used to achieve
some aspect of sensorimotor coordination [53]. Often, this
involves predicting the consequences of sensory events.
Examples of cerebellar computations include correcting
the gain of the vestibulo-ocular reflex [54] and producing
an eyeblink reflex to avoid an unconditioned stimulus [55].
Essential to these calculations is adjusting the gain of the
synapses made by parallel fibers on Purkinje cells, to select
the appropriate signals from the mixture of inputs carried
by the parallel fibers.

In the electrosensory lateral-line lobe of weakly electric
fish, information carried in parallel fibers is used to predict
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and cancel self-generated electric fields [56]. In that sys-
tem, parallel fibers carry information about motor com-
mands in addition to proprioceptive and descending
electrosensory signals, which reach the apical dendrites
of principal cells and inhibitory interneurons in a circuit
similar to that described in Figure 1. The basal dendrites of
principal cells receive sensory information from the
electroreceptors. The electroreceptors are driven by large
electric fields produced by the swimming and respiratory
movements of the animal. By adjusting the gain of parallel
fiber synapses, the responses to self-generated fields are
cancelled in the principal cells, so that only electrical
signals from external sources, which are not predictable
from the parallel fiber activity, are transmitted.

In the electric fish, the cancellation occurs by creation of
a ‘negative image’ of the excitation applied to the cell by the
electroreceptor axons [57]. As currently understood, the
negative image is constructed by decreasing the gain of
parallel fiber synapses that are active immediately before
invasion of the dendritic tree by a postsynaptic spike [58],
an anti-Hebbian mechanism that decreases the excitatory
input to the cell at a time when parallel fiber inputs predict
an electrosensory event. A potentiation of parallel fiber
synapses occurs when the synapses are active in the
absence of postsynaptic activity; this balances the depres-
sion and provides the background of excitatory input
needed by the anti-Hebbian mechanism. Computer simu-
lations show that this learning rule accounts for much of
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the plasticity observed in the electrosensory nucleus [59].
LTD and LTP in the DCN could reflect the same sort of
spike-timing-dependent plasticity, but that remains to be
demonstrated.

Unlike the cerebellum, cerebellar-like structures lack
climbing fiber inputs. Climbing fiber spikes enable plas-
ticity in the cerebellum. In the electrosensory system, the
plasticity seems to be continuous, in that the system
constantly constructs negative images of any ongoing
electroreceptor activity that is correlated with parallel
fiber activity.

How could a similar computation be useful in the DCN?
This review summarizes evidence in support of the hypo-
thesis that the DCN corrects spectral cues for the position
of the head and pinnae. The hypothesis is not easy to test,
however, because the DCN represents spectral cues tono-
topically and not in terms of space, so it is not clear how
such a correction would occur. It is possible that the
granule cell system could modulate the sensitivity of
DCN cells across the tonotopic array to optimize the use
of spectral cues as the pinna moves or in response to
variations in the signal-to-noise ratio in different fre-
quency bands. However, such a calculation does not fit the
current rubric of plasticity in cerebellar-like nuclei.

Several alternative hypotheses parallel more closely
what is known from electric fish. One is that the DCN
cancels neural activity associated with self-generated noise.
Noise is produced when an animal moves or, especially,
when the pinna moves. The noise could be predicted by
inputs from motor nuclei and from vestibular and pro-
prioceptive inputs. A second hypothesis that is more
closely related to sound localization is suggested by the
dramatic changes in external-ear transfer function that
occur when the ears move [60]. While the pinna is moving,
the sound at the eardrum from a fixed source in the
environment is substantially amplitude-modulated by
the changing direction of the ears. Somatosensory inputs
could be important in smoothing or suppressing the
responses to these modulations, which provide no useful
information to the animal and could confuse sound
localization. Both self-noise cancellation and movement
suppression could be accomplished by autonomous mech-
anisms similar to those hypothesized for the electro-
sensory system.

The evidence surveyed here shows that the mammalian
DCN has much in common with the cerebellum-like nuclei
in the fish electrosensory system. Most important of the
shared characteristics are the convergence of auditory
and non-auditory signals in fusiform and giant cells, and
the demonstration of LTP and LTD in the parallel fiber
synapses. Exactly how the DCN uses non-auditory infor-
mation to improve auditory performance is, however,
not yet clear.
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