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ABSTRACT
Certain distinct populations of neurons in the dorsal cochlear nucleus are inhibited by a
neural source that is responsive to a wide range of acoustic frequencies. In this study, we
examined the glycine immunoreactivity of two types of ventral cochlear nucleus neurons
(planar and radiate) in the rat which project to the dorsal cochlear nucleus (DCN) and thus,
might be responsible for this inhibition. Previously, we proposed that planar neurons provided
a tonotopic and narrowly tuned input to the DCN, whereas radiate neurons provided a broadly
tuned input and thus, were strong candidates as the source of broadband inhibition (Doucet
and Ryugo [1997] J. Comp. Neurol. 385:245–264). We tested this idea by combining retrograde
labeling and glycine immunohistochemical protocols. Planar and radiate neurons were first
retrogradely labeled by injecting biotinylated dextran amine into a restricted region of the
dorsal cochlear nucleus. The labeled cells were visualized using streptavidin conjugated to
indocarbocyanine (Cy3), a fluorescent marker. Sections that contained planar or radiate
neurons were then processed for glycine immunocytochemistry using diaminobenzidine as the
chromogen. Immunostaining of planar neurons was light, comparable to that of excitatory
neurons (pyramidal neurons in the DCN), whereas immunostaining of radiate neurons was
dark, comparable to that of glycinergic neurons (cartwheel cells in the dorsal cochlear nucleus
and principal cells in the medial nucleus of the trapezoid body). These results are consistent
with the hypothesis that radiate neurons in the ventral cochlear nucleus subserve the
wideband inhibition observed in the dorsal cochlear nucleus. J. Comp. Neurol. 408:515–531,
1999.
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Auditory nerve fibers innervate the cochlear nucleus in a
highly organized and frequency-specific manner referred
to as tonotopy (Fekete et al., 1984; Liberman, 1991, 1993;
Ryugo and May, 1993). The tonotopic innervation of the
anterior ventral cochlear nucleus (AVCN), posterior ventral cochlear nucleus (PVCN), and dorsal cochlear nucleus
(DCN) results in all three subdivisions being arranged into
a series of isofrequency sheets (Rose et al., 1960; Bourk et
al., 1981; Spirou et al., 1993). This organization is also
characteristic of most local circuits in the cochlear nucleus,
where connections within and between the subdivisions
are confined primarily to corresponding isofrequency
sheets. However, a few studies have suggested that connections between different isofrequency sheets may exist
(Wickesberg and Oertel, 1988; Snyder and Leake, 1988).
Recently, we found that certain classes of neurons in the
ventral cochlear nucleus (VCN) projecting to a DCN isofre-
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quency sheet reside far outside the corresponding VCN
isofrequency sheet (Doucet and Ryugo, 1997). An ‘‘offfrequency’’ projection from the VCN to the DCN is important because it could explain why certain populations of
DCN neurons are inhibited by acoustic energy far outside
their excitatory tuning curves (e.g., Nelken and Young,
1994). This response property of DCN neurons suggests
that the ‘‘off-frequency’’ input from the VCN is inhibitory,
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and we tested this idea by examining the glycine immunoreactivity of VCN neurons that project to the DCN.
Neural circuits intrinsic to the DCN shape the physiological responses to sound of the resident neurons (e.g., Voigt
and Young, 1980; Young et al., 1988). These local circuits,
however, do not account for all of the response properties of
DCN neurons. For example, type II units of the DCN are
relatively unresponsive to broadband stimuli even when
the stimuli contain energy within the excitatory response
area of the neuron (Young and Brownell, 1976). This
property implies that type II units within a given isofrequency sheet are inhibited by a source that receives
auditory nerve input from other isofrequency sheets (Young
et al., 1988). Because this inhibitory source is postulated to
be tuned to a wide range of acoustic frequencies, it has
been referred to as the ‘‘wideband inhibitor’’ (Nelken and
Young, 1994). Wideband inhibition in the DCN is probably
not mediated by the inhibitory interneurons of the DCN
(Osen et al., 1990; Kolston et al., 1992) because their axons
arborize primarily within their respective isofrequency
sheet (Lorente de Nó, 1981; Oertel and Wu, 1989; Berrebi
and Mugnaini, 1990; Manis et al., 1994).
The source of wideband inhibition might reside in the
VCN, because the DCN receives a robust projection from
VCN multipolar neurons (Lorente de Nó, 1981; Adams,
1983; Snyder and Leake, 1988; Doucet and Ryugo, 1997).
An attractive candidate is the physiological class of VCN
units referred to as onset-choppers (Rhode and Smith,
1986). Onset-chopper units are broadly tuned (Rhode and
Smith, 1986; Winter and Palmer, 1995; Jiang et al., 1996;
Palmer et al., 1996) and they appear to send a collateral
axon to the DCN (Smith and Rhode, 1989). They have a
multipolar/stellate cell morphology and their axon terminals contain pleiomorphic synaptic vesicles (Smith and
Rhode, 1989), a synaptic feature usually associated with
an inhibitory neurotransmitter (Uchizono, 1965). These
structural characteristics were observed after using the
difficult procedure of intracellular recording and filling of
single onset-chopper units. As a result, very few onsetchopper units have been labeled; furthermore, because the
reaction product faded as the collateral axon entered the
DCN, the nature of the projections remains unknown.
Recently, we described the projection patterns of two
different populations of VCN multipolar neurons that
innervate the DCN in the rat (Doucet and Ryugo, 1997).
One population was composed of planar neurons, so named
because the dendritic arborizations of their constituents
were constrained to isofrequency planes. This feature is
consistent with the idea that planar neurons are sharply
tuned, and because they also project tonotopically to the
DCN, they probably convey ‘‘on-frequency’’ input to DCN
neurons. The second population was named radiate neurons because the neurons had dendrites that extended
across the VCN isofrequency sheets. Neurons with onsetchopper activity also exhibit this dendritic feature (Smith
and Rhode, 1989). The broad tuning of onset-chopper units
might be related to their dendrites being contacted by
auditory nerve fibers spanning a broad range of characteristic frequencies (Rhode and Smith, 1986; Winter and
Palmer, 1995). In this context, radiate neurons in the rat
may also be broadly tuned, and with their dendritic
morphology and projection pattern, emerge as strong
candidates for the role of wideband inhibitor.
If radiate neurons are inhibitory, they should contain
high concentrations of an inhibitory neurotransmitter
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such as glycine or gamma aminobutyric acid (GABA).
Numerous immunohistochemical studies have described
the types of cochlear nucleus neurons immunostained
using antibodies directed against glycine and/or GABA.
Putative GABAergic neurons of the VCN have small
somata and are primarily distributed around the edge of
the nucleus (Wenthold et al., 1986; Osen et al., 1990;
Kolston et al., 1992; Moore et al., 1996). Because radiate
neurons are large and found within the core of the VCN,
they are unlikely to be GABAergic. On the other hand,
there are large neurons scattered within the core of the
VCN, which are found to be darkly immunostained by
using glycine antibodies (Wenthold et al., 1987; Peyret et
al., 1987; Aoki et al., 1988; Osen et al., 1990; Kolston et al.,
1992). For the present study, our goal was to use a
combined retrograde labeling and immunohistochemical
protocol in order to test the hypothesis that radiate
neurons projecting to the DCN are also enriched with
glycine.

MATERIALS AND METHODS
Surgical preparation
The present report is based on data from five male
Sprague-Dawley rats weighing between 250 and 400 g. All
animals and procedures were used in accordance with the
NIH guidelines and the approval of the Johns Hopkins
Medical School Animal Care and Use Committee. Each rat
was anesthetized with an intraperitoneal injection of
sodium pentobarbital (40 mg/kg) and given an intramuscular injection of atropine sulfate (0.05 mg). When the
animal was areflexic to a paw pinch, the soft tissues
overlying the dorsal aspect of the skull were cut and
reflected, and an opening on one side of the occipital bone
was drilled to expose the posterior aspect of the cerebellar
cortex. A portion of the cerebellum extending from the
vermis towards the flocculus was aspirated so that the
entire DCN could be clearly viewed. An electrode (inside
tip diameter, 20–30µm) filled with a 10% (w/v) solution of
biotinylated dextran amine (BDA, mw 10,000, Molecular
Probes; Eugene, OR) in 0.01 M phosphate buffer (pH 7.4)
was then advanced with a hydraulic microdrive to a depth
of 250µm below the DCN surface. The application of
positive current pulses (5µA, 7 seconds on, and 50% duty
cycle) for 5 minutes was used to inject the BDA solution.
Afterwards, the incision was closed and the animal was
allowed to recover.

Tissue processing
Approximately 24 hours after the injection, animals
were administered a lethal dose of sodium pentobarbital.
When the animal was areflexic to a paw pinch, it was
transcardially perfused with 25 ml of a fixative solution of
0.1 M phosphate-buffered saline (pH 7.4) with 1% sodium
nitrite (a vasodilator) followed immediately by 250 ml of a
solution of 0.1 M phosphate buffer containing 4% paraformaldehyde and 0.5% glutaraldehyde (pH 7.4). The brainstem was then dissected from the skull, postfixed in the
fixative solution for 90 minutes at 21°C, and sectioned in
the coronal plane (50µm thickness) using a Vibratome.
Sections were serially collected in 0.05 M Tris buffer (TB),
pH 7.5, containing 0.85% sodium metabisulfite, treated for
10 minutes at 21°C in TB containing 0.1 M sodium
borohydride, and washed with TB. Sections were then
incubated for 90 minutes at 21°C in TB with the addition of
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10% normal goat serum (NGS) to block nonspecific binding
sites, and placed overnight (4°C) in TB containing the
rabbit anti-glycine antibody (1:1,200, Chemicon; Temecula, CA) and 1% NGS. In some instances, we added 0.1%
Triton X-100 to the primary antibody solution, but because
we could not detect an improvement in staining, this step
was not always included. The Chemicon antibody to glycine has minimal cross-reactivity with other amino acids
as verified in the retina (Kalloniatis and Fletcher, 1993)
and in the superior olivary complex (Spirou and Berrebi,
1997). No immunoreactivity was ever observed in control
sections where the primary antibody was omitted from the
protocol (see Fig. 4), or where the primary antibody was
preadsorbed with antigen (a glycine-glutaraldehydebovine serum albumin (BSA) complex kindly provided by
Dr. Robert Wenthold).
The next day, sections were washed with a solution of
0.05 M Tris buffer, pH 7.5, containing 0.85% NaCl (TBS).
In order to inactivate any peroxidase already present in
the tissue, sections were incubated for 15 minutes (21°C)
in a solution of 0.3% hydrogen peroxide in 0.1 M phosphatebuffered saline (pH 7.4). Sections were then washed again
with TBS and incubated for 3 hours (21°C) in TBS
containing streptavidin conjugated to indocarbocyanine
(Cy3; 1:10,000, Jackson ImmunoResearch Laboratories;
West Grove, PA), peroxidase-conjugated goat anti-rabbit
antibodies (Jackson ImmunoResearch Laboratories, 1:200),
and 1% NGS. Lastly, the sections were washed in TBS,
mounted on slides, air-dried for 15–30 minutes, and coverslipped with Vectashield mounting medium (Vector Laboratories; Burlingame, CA). At this point, neurons filled
with the BDA-streptavidin-Cy3 complex appeared red
when viewed under a fluorescent microscope with a rhodamine barrier filter (see Fig 2).

Data collection
We focused our analysis on retrogradely labeled planar
and radiate neurons within the magnocellular core of the
VCN. Other types of VCN neurons that project to the DCN
(e.g., microneurons of the granule cell domain) were not
examined in this study. Each section through the VCN was
viewed using a fluorescent microscope and a collection of
retrogradely labeled planar and radiate neurons were
mapped and photographed. We limited our analysis to
neurons located near the surface of the tissue section
because the glycine immunostaining was restricted to
these regions due to the failure of the antibodies and
reagents to diffuse more than 10µm into the tissue. We
used thick sections rather than thin sections because with
small injection sites, only 5–8 radiate cells were labeled in
each experiment. Since we could not predict where these
radiate neurons would be located, protocols employing
thinner tissue sections were impractical because they
would have resulted in too many sections to be handled
efficiently.
In each animal, one to two radiate neurons and 10–15
planar neurons were mapped and photographed. We analyzed only a subset of the planar neurons near the tissue
surface because the quality of glycine immunostaining
decreased with time spent on classification, mapping, and
photographing. The sections containing the photographed
neurons were removed from the slides, washed with TBS,
and then incubated for 10 minutes (21°C) in 0.05 M Tris
buffer (pH 7.5) containing 0.004% diaminobenzidine (DAB)
and 0.05% hydrogen peroxide. This last step completed the
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immunocytochemical protocol and immunoreactive cells
appeared brown in color when viewed with brightfield
microscopy. After washing the sections with TBS, they
were remounted on slides and coverslipped with Vectashield. The previously photographed cells were identified
using fluorescent landmarks and blood vessels (see Figs.
5–8), the microscope was switched to brightfield illumination, and glycine immunostaining was viewed in the same
focal plane as that of the retrogradely labeled cell.
The double-labeling protocol described above was chosen after evaluating alternative approaches. A doublelabeling method calling for granular reaction product
(DAB) from retrograde transport and diffuse black reaction product (metal-intensified DAB) from immunocytochemical processing was rejected because of the difficulty
in differentiating dark brown from light black. Double
labeling protocols that utilized separate fluorescent markers were abandoned because of the autofluorescence produced by glutaraldehyde in the fixative. Glutaraldehyde
was a necessary component of the fixative because the
Chemicon antibody only recognized glycine cross-linked to
proteins by glutaraldehyde. The background fluorescence,
combined with variable glycine immunostaining in cochlear nucleus neurons (see Results), made identification
of labeled neurons difficult. Fortunately, the background
fluorescence produced by glutaraldehyde was low enough
to enable visualization of BDA-filled neurons using streptavidin conjugated to Cy3. Because protocols combining
fluorescent and brightfield chromophores have been used
successfully for the simultaneous detection of two antigens
within cells (Albanese and Bentivoglio, 1982; Eckenstein
and Sofroniew, 1983), we applied this strategy in this
study.
All photographs were collected using a cooled-CCD color
camera (Hamamatsu C5810), digitized, and altered (if
necessary) using procedures consistent with standard
darkroom techniques (Adobe Photoshop 3.0). Final images
were printed in high-resolution format with a color printer
(Fuji Pictrography 3000).

Optical density measurements
The glycine immunoreactivity of cochlear nucleus neurons was graded from light to dark. In order to evaluate
the immunoreactivity of planar and radiate cells, we
compared the intensity of their immunostaining with a
population of known excitatory neurons (pyramidal cells of
the DCN) and with two populations of known glycinergic
neurons (cartwheel cells of the DCN and principal cells of
the medial nucleus of the trapezoid body (MNTB). To
quantify these comparisons, cells of each class were viewed
at high magnification (⫻63 oil immersion objective) using
brightfield microscopy. A gray scale image of each cell was
then captured using a CCD camera while holding all
image-gathering parameters constant. The cell body was
outlined and the optical density was determined for each
cell (Adobe Photoshop 3.0).

Criteria for data presentation
The five experiments described in this paper were
selected from a larger pool of animals that received
injections of BDA in the DCN. Our selection criterion was
based solely on whether or not the BDA injection site
spread into the intermediate or dorsal acoustic stria. When
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Fig. 1. Typical dorsal cochlear nucleus (DCN) labeling when the
biotinylated dextran amine (BDA) injection site involves the underlying dorsal acoustic stria (DAS). A: Coronal section showing the black
BDA reaction product of the injection site in the dorsomedial pole of
the DCN, where the injection appears to have damaged the axons of
the DAS. The boxed area in A is shown at higher magnification in C.

When there is contamination by axons-of-passage within the DAS,
pyramidal and giant cells located lateral to the injection site are
labeled. The apical dendrites (arrows) of two pyramidal cells are
evident. B: Higher magnification of a labeled pyramidal cell found in
another section of the DCN. D, dorsal; ICP, inferior cerebellar peduncle; M, medial.

the injection site infringed upon either of these dorsal
output tracts, pyramidal and giant cells of the DCN along
with octopus cells of the VCN were labeled (Fig. 1). To
reduce errors due to ‘‘fibers-of-passage,’’ we included cases
only in which the injection site was confined to the DCN.
Thus, we infer that axon terminals arising from cells of the
VCN took up BDA in the DCN, and then transported the
BDA back to the cell body.

ated structures that were filled with BDA fluoresced bright
red (Fig. 2).
In the VCN, there was a thin, red stripe of fluorescent
label that ran across the medial-to-lateral axis of the
nucleus (Fig. 2C). The thickness (50–150µm), orientation,
and three-dimensional organization of the fluorescent

RESULTS
Retrograde labeling and cell classification
In each experiment, the BDA injection site was located
just below the DCN surface, approximately midway along
its dorsomedial-ventrolateral axis. Isofrequency sheets are
organized in the DCN along its long axis, where low
frequency sheets are found in the ventrolateral region and
progressively higher frequency sheets are stacked toward
the dorsomedial tip (Rose et al., 1960; Ryugo et al., 1981;
Kaltenbach and Lazor, 1991; Ryugo and May, 1993). A
typical injection site is displayed (Fig. 2A,B; also Figs. 5
and 6). In all five experiments, the reaction product from
each injection site was localized to a narrow band in the
DCN and did not encroach upon the underlying acoustic
striae (compare Fig. 2B and Fig. 1C). Our methods were
nearly identical to those described in a previous study
(Doucet and Ryugo, 1997), with the major difference being
the use of streptavidin conjugated to Cy3 rather than DAB
to visualize labeled neurons. As a result, cells and associ-

Fig. 2. Focal injection of biotinylated dextran amine (BDA) into the
dorsal cochlear nucleus (DCN) and retrograde labeling observed in the
ventral cochlear neucleus (VCN). In this experiment, BDA labeling
was visualized using streptavidin conjugated to indocarbocyanine
(Cy3), a molecule that fluoresces red. A: Coronal section through the
DCN displaying a BDA injection site centered in the middle of the
DCN. Retrogradely labeled cells of the granule cell domain are seen
ventrolaterally, at the border between the DCN and VCN. B: Magnified view of the injection site. Notice that the injection is confined to
the DCN and the axons of the underlying dorsal acoustic stria (DAS)
are not involved. Furthermore, no pyramidal or giant cells were
observed in this DCN. C: Coronal section through the VCN at the level
of the auditory nerve root (AN). There are labeled cells in the
peripheral shell of the nucleus and in the core of the VCN. The
retrograde labeling in the core is dominated by a fluorescent stripe
composed of cells (green and white arrowheads), their dendrites, and
axons from various sources. A few large retrogradely filled cells (e.g.,
yellow arrowhead) are found outside the stripe and are known as
radiate neurons. D: Magnified view of the radiate neuron. E: Magnified view of cells located inside the fluorescent stripe. The smaller
somata represent planar neurons (green arrowheads) and the large
cell is probably a radiate neuron (white arrowhead). See text for
details of classification procedure. D, dorsal; ICP, inferior cerebellar
peduncle; M, medial.
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Figure 2
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Fig. 3. Distribution of cell body silhouette areas for radiate and
planar neurons. The cells used to form this histogram were taken from
another study (Doucet and Ryugo, 1997) where the dendrites of the
retrogradely labeled cells were reconstructed sufficiently to allow
placement of the neurons into the two classes. Although the two

distributions overlap, notice that planar neurons are never as large as
the largest radiate neurons, and that few radiate neurons are smaller
than the mean cell body area for the planar distribution. These size
properties were used to help identify retrogradely labeled ventral
cochlear nucleus (VCN) neurons.

stripe resemble a typical isofrequency sheet where labeled
cell bodies, axons, and terminals are mostly found (Fig.
2C). This result reveals that the bulk of the connections
between the DCN and VCN are between corresponding
isofrequency sheets. In the regions of the VCN flanking the
auditory nerve root, occasional large BDA-filled neurons
can be found outside the labeled stripe (Fig. 2C). The large
somatic size and radiating dendritic trajectory of such
neurons differ markedly from those of neurons inside the
stripe, and they match the descriptions of radiate neurons
(Doucet and Ryugo, 1997). Radiate neurons can also be
found inside the labeled stripe (Fig. 3B of Doucet and
Ryugo, 1997), but such cases are rare. Labeled neurons
within the stripe typically have dendrites that are confined
to the plane defined by the stripe, and they fit the
descriptive criteria for planar neurons. In addition to their
dendritic orientations, another distinguishing feature between the two classes is cell body size (e.g., compare the
radiate neuron in Fig. 2D with planar neurons [green
arrowheads] in Fig. 2E). On average, the somata of radiate
neurons (silhouette area, 501.3 ⫾ 168.3µm2) are much
larger than those of planar neurons (silhouette area,
262.3 ⫾ 62.7µm2). The distribution of cell body size for the
two classes of neurons is illustrated (Fig. 3). Although the

two distributions overlap, the somata of radiate neurons
reach sizes that are never observed for planar neurons,
whereas radiate neurons are seldom smaller than the
mean size of planar neurons. Analysis of the relative
numbers of labeled neurons revealed that labeled planar
neurons outnumbered labeled radiate neurons by approximately a factor of eight (Doucet and Ryugo, 1997).
Our goal was to determine any difference in glycine
immunoreactivity between planar and radiate neurons.
This objective required us first to classify the retrogradely
labeled VCN neurons into one of these two cell groups and
then to immunostain the tissue for glycine. Due to time
limits imposed by our experimental protocol (see Materials
and Methods), we chose to analyze the immunostaining of
only the most obvious examples of radiate and planar
neurons. Radiate neurons were outside the stripe, had at
least one dendrite oriented in a dorsal-ventral direction,
and had a cell body at least two standard deviations larger
than the mean cell body size of cells inside the stripe. Our
sample of planar neurons was located inside the stripe,
and each had a cell body whose size was below the average
for all cells inside the stripe. In other words, we selected
only the smallest labeled cells within the stripe. We
identified and analyzed at least ten planar neurons from
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Fig. 4. Glycine immunoreactivity observed in the cochlear nucleus
and medial nucleus of the trapezoid body (MNTB). A: Coronal section
through the dorsal cochlear nucleus (DCN) illustrates the immunostaining observable in all layers, and it is most intense in the
superficial layers. Many cells are immunostained to some degree, and
the most darkly labeled neurons (arrows) are presumably cartwheel
cells located near the pial surface. B: The adjacent DCN section served
as a control, in which the primary antibody was omitted from the
immunoprocessing procedure. There is no staining. Primary antibody
omission or antibody preadsorption yielded identical results. C: High
magnification micrograph of unlabeled DCN pyramidal cell (arrow)

and a darkly immunostained cartwheel cell. Pial surface is towards
the top of the panel. D: A section through the anteroventral cochlear
nucleus (AVCN) illustrates two large and darkly stained neurons
(arrows). E: A section through the MNTB shows the intense immunoreactivity of the neurons within this nucleus. Whereas DCN pyramidal cells served as the standard for glycine-immunonegative neurons,
MNTB principal cells and DCN cartwheel cells served as the standards for glycine-immunopositive neurons. Scale bar in D applies to A,
B, and E. D, dorsal; ICP, inferior cerebellar peduncle; M, medial; TB,
trapezoid body.

each experiment, whereas the number of radiate neurons
ranged from five to eight.

consistent with the results of previous studies. There have
been published descriptions of glycine immunostaining
within the cochlear nucleus in a variety of species, including guinea pigs (Wenthold et al., 1987; Saint Marie et al.,
1991; Kolston et al., 1992), rats (Mugnaini, 1985; Peyret et
al., 1987; Aoki et al., 1988; Gates et al., 1996), mice

Glycine immunostaining
The pattern of glycine immunoreactivity we observed in
the cochlear nucleus and superior olivary complex was
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(Wickesberg et al., 1991), cats (Osen et al., 1990), and
baboons (Moore et al., 1996). As these studies reported, the
majority of the immunostained cells and structures were
found in the middle and superficial layers of the DCN (Fig.
4A). In the DCN, the most darkly stained neurons were
small to medium-sized cells (presumably cartwheel cells)
distributed within 200µm of the pial surface (Fig. 4A, C).
DCN pyramidal neurons were occasionally immunostained, but their staining intensity tended to be comparable to background levels (Fig. 4C). In the VCN, the most
intense immunoreactivity was found in a handful of large
cells scattered throughout the magnocellular core (Fig. 4D)
and in smaller cells situated along the border of the
nucleus. Sparse labeling was observed in the octopus cell
area of the PVCN and in the granule cell domain. Within
the superior olivary complex, neurons of the MNTB stood
out as some of the most intensely immunoreactive neurons
in the brainstem (Fig. 4E). Previous glycine immunocytochemical studies had likewise noted the dark staining of
MNTB neurons (Wenthold et. al., 1987; Helfert et al., 1989;
Spirou and Berrebi, 1997), consistent with their known
glycinergic projection to the lateral superior olive (Moore
and Caspary, 1983; Bledsoe et al., 1990). Control sections
that were processed with the primary antibody either
preadsorbed or deleted had no staining (e.g., Fig. 4B).
Retrogradely labeled radiate neurons exhibited intense
glycine immunoreactivity after completion of the immunohistochemical protocol. Typical examples from different
experiments are illustrated (Figs. 5 and 6). The top two
panels of each figure show sections through the DCN
containing the injection site. In both cases, the injection
site is confined to the DCN and does not damage the
underlying axons in the dorsal output tracts. A neuron in
the PCVN is shown (Fig. 5) that exhibits all three features
which identify radiate neurons: (1) it is located far outside
the stripe of retrograde labeling, (2) its cell body is larger
than all neurons found within the labeled stripes throughout the VCN, and (3) one prominent dendrite (arrows in
Fig. 5C) runs dorsally, perpendicular to the plane of VCN
isofrequency sheets. When the same field is viewed by
brightfield illumination in order to examine glycine immunoreactivity, many neurons are observed to be immunostained (Fig. 5D). The retrogradely labeled radiate neuron,
however, is clearly the most prominent neuron in the field
by virtue of its large somatic size and intensity of staining.
An example of an intensely stained radiate cell in the
AVCN is illustrated in Figure 6.
Although 5–8 retrogradely labeled VCN neurons were
classified as radiate neurons in each rat, only one or two of
these were located within regions of the tissue containing
immunoreactivity. Consequently, a total of seven radiate
neurons were evaluated from the five experiments, and
although the population was small, we found that all were
darkly immunostained for glycine.
In contrast to radiate neurons, the staining of planar
neurons was light and frequently comparable to background levels (Figs. 7 and 8). A typical planar neuron was
located within the narrow fluorescent stripe, had a mediumsized cell body, and displayed at least one prominent
dendrite that ran within the stripe. The low staining level
of planar neurons could not be attributed to incomplete
penetration of antibody reagents because we purposely
photographed and evaluated planar neurons that were
located on the surface of the tissue sections. All planar

J.R. DOUCET ET AL.
neurons included in our analysis had darkly stained
neurons located nearby and within the same focal plane
(asterisks in Figs. 6D and 7D). For each of the five rats,
between 10 and 15 planar neurons were photographed and
evaluated for the intensity of their immunoreactivity, and
all planar neurons were either unstained or lightly stained.
An important characteristic of the glycine immunocytochemistry was that the darkness of staining was distributed along a graded continuum from light to dark (Figs.
4–8). Because large numbers of neurons were variably
immunoreactive, it is clear that ‘‘glycinergic’’ neurons were
not the only cells stained by the immunohistochemical
protocol. This result is consistent with the findings of prior
studies but raises an important question with respect to
our goals, namely, how do we interpret the immunostaining of planar and radiate neurons in order to draw
conclusions about whether or not they are glycinergic?
Glycinergic neurons were distinguishable by the intensity of their immunoreactivity. Glycinergic neurons reportedly contain a 10- to 100-fold higher concentration of
glycine than nonglycinergic neurons (Ottersen et al., 1990);
thus, glycinergic neurons are expected to be much more
darkly stained than other cells. Such a distinction was
observed in our data by comparing the immunostaining of
DCN cartwheel cells (Fig. 4A, C) and MNTB principal
neurons (Fig. 4E) to that of DCN pyramidal cells (Fig. 4C).
Cartwheel cells and MNTB principal neurons are glycinergic; thus, their immunostaining should reflect neurotransmitter pools of glycine. In contrast, pyramidal cells are
projection neurons that exert excitatory influences in the
inferior colliculus (Semple and Aitkin, 1980; Oliver, 1984),
and they have been used to characterize immunostaining
expected for metabolic pools of glycine (Osen et al., 1990;
Kolston et al., 1992; Moore et al., 1996). By comparing the
immunostaining of planar and radiate cells with these
other cell populations, we sought to infer the role played by
glycine in these two classes of VCN neurons.
The immunostaining intensities of radiate and planar
neurons along with members of the ‘‘reference’’ cell populations described above were quantified and compared using
measurements of optical density. These comparisons were
made for three animals where sections through the DCN
(n ⫽ 3) and superior olive (n ⫽ 1) were immunoreacted
along with VCN sections containing planar and radiate
neurons. The distributions of optical densities for the

Fig. 5. Glycine immunoreactivity observed in a retrogradely labeled radiate neuron in the posterior ventral cochlear nucleus (PVCN).
Biotinylated dextran amine (BDA)-labeled structures appear white in
the photomicrographs produced using fluorescent microscopy (A– C,
and E). A and B: In this animal, the BDA injection site is illustrated in
two sections through the dorsal cochlear nucleus (DCN). Notice that
the reaction product is confined to the DCN and does not extend into
the underlying dorsal acoustic stria (DAS). C: Coronal section through
the PVCN containing a retrogradely labeled radiate neuron located
outside the labeled isofrequency stripe. Arrowheads highlight a prominent dendrite of this radiate cell running dorsally. Asterisks are
adjacent to nearby blood vessels evident in C–F. D: Brightfield
photomontage of glycine immunostaining in the same field and focal
plane viewed in C. Although many PVCN neurons are immunostained,
note that the radiate cell is the largest and one of the most darkly
immunostained neurons in the field. The bottom two panels display
the retrograde labeling (E) and the glycine immunoreactivity (F) of the
radiate neuron at high magnification. Scale bars in left panels apply
across respective horizontal rows. ICP, inferior cerebellar peduncle; V,
descending tract of the trigeminal nerve.
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Figure 5

Fig. 6. Glycine immunoreactivity observed in a retrogradely labeled radiate neuron in the anteroventral cochlear nucleus (AVCN). A
and B: Biotinylated dextran amine (BDA) injection site observed in
two sections illustrating that the injection site is confined to the dorsal
cochlear nucleus (DCN) and does not extend into the underlying dorsal
acoustic stria (DAS). C: Coronal section through the AVCN showing a
retrogradely labeled radiate neuron (arrow) with at least two thick
dendrites, with the ventrally directed dendrite extending across

isofrequency sheets. D: Brightfield photomontage reveals the same
field and focal plane following glycine immunostaining. The arrow
points to the retrogradely labeled radiate cell which is one of the most
darkly immunostained neurons in the field. The bottom two panels
display the retrograde labeling (E) and the glycine immunoreactivity
(F) of the radiate neuron at higher magnification. Asterisks denote
small blood vessels seen in E and F. Scale bars in left panels apply
across respective horizontal rows. ICP, inferior cerebellar peduncle.
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Fig. 7. Retrogradely labeled planar neurons typically do not stain
with antibodies directed against glycine. A: Fluorescent micrograph of
a coronal section through the posterior ventral cochlear nucleus
(PVCN) containing several biotinylated dextran amine (BDA)-filled
planar neurons within the labeled stripe. A planar neuron (arrow) is
readily apparent and one of its dendrites can be followed away from
the cell body within the stripe. B: Brightfield photomontage of glycine
immunostaining in the same field of view and same focal plane as in A.

The arrow indicates the spot occupied by the unlabeled planar cell.
The retrogradely labeled planar cell (C) and its glycine immunonegativity (D) are displayed at higher magnification. Asterisks denote two
glycine-immunoreactive cells seen in C and D. Even though these two
nearby cells are darkly immunostained, the immunoreactivity of the
planar neuron (arrow in both C and D) is indistinguishable from
background. Scale bars in A and C apply to respective horizontal rows.
D, dorsal; M, medial.

neuron populations in three different animals are illustrated, in which a value of 255 represents black and zero
signifies white (Fig. 9). Optical density values within each
animal were pooled across tissue sections because nearly
identical distributions were found for MNTB principal
neurons and DCN pyramidal cells collected from different
sections. Consistent with the examples of each population
shown in Figure 4, the average staining intensity observed
for DCN cartwheel cells and MNTB principal neurons
(glycinergic cells) was significantly greater than for DCN
pyramidal cells (nonglycinergic cells). Likewise, radiate

neurons were always more darkly stained than any member of the class of planar neurons. Most importantly, the
immunostaining of radiate neurons was comparable to that
seen for cartwheel cells and MNTB principal neurons, whereas
the range of immunoreactivity observed for planar cells overlapped with that of DCN pyramidal cells.

DISCUSSION
The central finding of this study is that two distinct
populations of multipolar neurons, each of which project to
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Fig. 8. Retrogradely labeled planar neurons can be lightly stained
when processed with antibodies directed against glycine. A: Fluorescent micrograph of a coronal section through a retrogradely labeled
stripe in the anteroventral cochlear nucleus (AVCN). Two planar
neurons within the stripe are indicated by arrows. B: Brightfield
photograph of glycine immunostaining in the same field of view and
same focal plane as in A. Light glycine immunoreactivity is observed in

one planar neuron and no reactivity is observed in the other. The
retrogradely labeled (C) and glycine-processed (D) planar neurons are
shown at higher magnification, illustrating the slight variability in
immunostaining. Asterisks indicate a glycine-positive neuron (D)
whose silhouette can be seen in the fluorescent micrograph (C)
following immunohistochemical processing. Scale bars in A and C
apply to respective horizontal rows. D, dorsal; M, medial.

the DCN, exhibit separate immunoreactive properties
with respect to the glycine antibody. Planar neurons
exhibit light glycine immunostaining, similar to that observed in pyramidal cells in the DCN. Because pyramidal
neurons exert excitatory influences at their target projection sites (Semple and Aitkin, 1980), the low levels of
glycine immunoreactivity in these neurons probably reflect metabolic pools of the amino acid (Osen et al., 1990).
In contrast, radiate neurons are darkly immunostained for
glycine, and the intensity of their immunoreactivity is
similar to that of DCN cartwheel cells and MNTB principal neurons. Cartwheel cells and MNTB principal neurons

are known to be glycinergic (Moore and Caspary, 1983;
Wenthold et al., 1987; Bledsoe et al., 1990; Davis and
Young, 1997) and so the glycine enrichment of radiate
neurons is consistent with the idea that they use glycine as
their neurotransmitter and provide an inhibitory projection from the VCN to the DCN.
Our interpretation of the pattern of retrograde labeling
in the VCN is that planar and radiate neurons form
terminal arborizations within the DCN injection site.
Although the injection sites were near the dorsal and
intermediate acoustic striae, neurons that do not terminate within the injection site but that are known to send

GLYCINERGIC PROJECTIONS FROM VCN TO DCN
their axons through the dorsal output tracts were never
labeled (octopus cells; pyramidal and giant cells outside
the injection site). Thus, we are confident that these tracts
were not involved in the injection site and that labeling
was not a result of uptake by ‘‘fibers-of-passage’’.
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Many different types of neurons were immunostained
with the glycine immunocytochemical protocol used in this
study, although at very different levels of intensity. This
pattern of glycine immunoreactivity has been observed
previously using a variety of glycine antibodies, histochemical protocols, and species (Wenthold et al., 1987; Osen et
al., 1990; Kolston et al., 1992; Moore et al., 1996). The
modest immunostaining of neurons known to be excitatory
is attributable to glycine being involved in cellular functions common to all neurons (e.g., protein synthesis), not to
its role in neurotransmission. The presence or absence of
glycine immunoreactivity in a particular cell class cannot
by itself be used to determine function, but the relative
intensity of immunoreactivity may be used to distinguish
glycinergic and nonglycinergic neurons (Osen et al., 1990).
We used the same strategy in our study where DCN
cartwheel cells and MNTB principal neurons (glycinergic)
were far more darkly stained than DCN pyramidal cells
(nonglycinergic). The light immunostaining of planar neurons, comparable to DCN pyramidal and giant cells, makes
it unlikely that they use glycine as their neurotransmitter.
In contrast, the dark immunostaining of radiate neurons,
comparable to DCN cartwheel cells and MNTB principal
neurons, implies that they do use glycine as a neurotransmitter and that they inhibit their postsynaptic targets.

Radiate and commissural neurons
Striking morphological similarities have been noted
with respect to radiate and commissural neurons (Schofield
and Cant, 1996; Doucet and Ryugo, 1997). Commissural
neurons are a population of large VCN multipolar neurons
that project to the contralateral cochlear nucleus (Cant
and Gaston, 1982; Schofield and Cant, 1996). Like radiate
neurons, commissural neurons exhibit intense glycine
immunoreactivity (Wenthold, 1987). The shared morphological and neurochemical characteristics of radiate and
commissural neurons required verification that the retrograde labeling observed in the VCN was not contaminated
by labeling ‘‘fibers-of-passage.’’ The reason for this concern
is that our injection sites were near the dorsal output
tracts that run just ventral to the DCN, and the axons of
VCN commissural neurons are thought to travel out of the
nucleus via these pathways (Cant and Gaston, 1982; Osen,
et al., 1990). However, our injection sites did not infringe
upon these output tracts.
One hypothesis that could account for the shared morphological and neurochemical features of radiate and commissural neurons is that these two populations are in fact the
same neurons. A population of VCN multipolar cells inner-

Fig. 9. A–C: Optical density measurements obtained from neurons
processed by antibodies directed against glycine. Optical density is the
average gray scale value of pixels located inside the cell body, and
represents a measure of the intensity of the immunoreactivity of a
particular neuron. A density value of zero indicates white (no label)
and a value of 255 indicates black (intense label). In these three
panels, the optical density of planar and radiate neurons from three
experiments is compared with ‘‘unlabeled’’ dorsal cochlear nucleus
(DCN) pyramidal cells and ‘‘labeled’’ DCN cartwheel cells and medial
nucleus of the trapezoid body (MNTB) principal neurons. In each
experiment, at least thirty-five neurons of each type were used to form
the distribution of cartwheel cells, pyramidal cells, and MNTB neurons. Note that in each experiment, the optical density of radiate cells
overlaps with that of cartwheel and MNTB neurons (glycinergic
neurons), whereas the optical density of planar neurons resembles
that of DCN pyramidal cells (nonglycinergic neurons).
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vating both the DCN and the contralateral cochlear nucleus
may represent a general mammalian characteristic. In our
previous study, we noted that radiate neurons appear to
correspond to D-stellate neurons in mice (Oertel et al.,
1990) and to onset-chopper units in cats (Smith and
Rhode, 1989). D-stellate cells and onset-chopper units are
large VCN multipolar neurons that innervate the DCN,
but their targets outside the cochlear nucleus are unknown. Resembling commissural neurons, they project
their main axons out of the cochlear nucleus via the dorsal
output tracts. Onset-chopper units are probably inhibitory
(Smith and Rhode, 1989), while both physiological and
pharmocological evidence suggests that D-stellate neurons
are glycinergic (Ferragamo et al., 1998). However, prior to
this study, the contralateral cochlear nucleus was the only
known target of the large VCN multipolar neurons enriched in glycine (Wenthold, 1987). At present, it appears
that one target of radiate neurons (and also D-stellate cells
and onset-chopper units) outside the cochlear nucleus is
the contralateral cochlear nucleus.

Functional considerations
The functional anatomy of planar and radiate neurons
along with the topography of their projections to the DCN
is summarized in schematic form (Fig. 10). Planar neurons, with their restricted dendritic domains, are probably
narrowly tuned and send a tonotopic projection to the
DCN. They are presumably excitatory because their neurotransmitter is unlikely to be glycine (this study) or GABA
(Mugnaini, 1985; Wenthold et al., 1986; Adams and Mugnaini, 1987; Osen et al., 1990; Kolston et al., 1992). Cell
types analogous to planar neurons in cats (sustainedchopper units; Smith and Rhode, 1989) and mice
(T-stellate neurons; Oertel et al., 1990) also appear to be
excitatory. Sustained-chopper units project to the DCN
and their terminal swellings contain round vesicles (Smith
and Rhode, 1989), a shape usually associated with an
excitatory neurotransmitter (Uchizono, 1965). In slice
preparations of the mouse cochlear nucleus, when small
quantities of glutamate were used to excite VCN neurons,
short-latency excitatory postsynaptic potentials (EPSPs)
were recorded in giant, pyramidal, and vertical cells of the
DCN (Zhang and Oertel, 1993a,b, 1994). These EPSPs
could be evoked at several VCN sites that collectively
formed a narrow stripe resembling an isofrequency sheet.
This pattern implicated T-stellate cells as the source of the
EPSPs. The apparently narrowly tuned, tonotopic, and
excitatory projection from the VCN to the DCN seems
curious because this projection appears to reiterate the
input from auditory nerve fibers. One difference is that
sustained choppers encode stimulus intensity much more
precisely than do auditory nerve fibers (Young et al., 1988;
Shofner and Dye, 1989). Perhaps this more accurate
intensity information is required by the neural circuits in
the DCN in order to produce the exquisite sensitivity of
DCN projection neurons to spectral patterns (Nelken and
Young, 1994).
Radiate neurons in the VCN appear to provide a source
of glycinergic inhibition to their postsynaptic targets in the
DCN. An inhibitory projection from the VCN to the DCN
has been suggested by a number of prior studies. For
example, in an experiment where the cochlear nerve was
sectioned and allowed to degenerate, DCN neurons were
inhibited when electrical shocks were applied to the VCN
(Evans and Nelson, 1973b). Following lidocaine (a sodium

channel blocker) injections into the VCN, the inhibition of
type IV units in the DCN is weakened (Shofner and Young,
1987). Multipolar neurons similar to radiate neurons in
the mouse (D-stellate) and cat (onset-chopper) that project
to the DCN appear to be inhibitory (Smith and Rhode,
1989, Oertel et al., 1990; Ferragamo et al., 1998). We have
shown that glycinergic radiate neurons distributed over a
broad frequency region in the VCN target a narrow
frequency region in the DCN. This topography for the
inhibitory input is supported by experiments in the mouse
cochlear nucleus. When glutamate was used to excite VCN
neurons in the slice preparation, both short-latency EPSPs
and inhibitory postsynaptic potentials (IPSPs) were recorded from giant and pyramidal cells in the DCN (Zhang
and Oertel, 1993a, 1994). The VCN sites of glutamate
application that evoked EPSPs tended to form a stripe
resembling an isofrequency sheet, whereas the IPSPs in
some cells were elicited from sites almost anywhere along
the dorsal-ventral (i.e., frequency) axis of the VCN (Zhang
and Oertel, 1993a, 1994). This result is what one would
predict based on the functional sign of radiate neurons,
their dendritic orientation, and the topography of their
projections to the DCN (Fig. 10).
We suggested in a previous study that radiate neurons
may function as a broadly tuned source of inhibition to
their target neurons in the DCN (Doucet and Ryugo, 1997).
In the present study, we strengthened this hypothesis by
demonstrating that radiate neurons are enriched in glycine. Broadband inhibition in the DCN has been suggested
as a possible role for D-stellate cells in mice (Oertel et al.,
1990) and onset-chopper units in cats and guinea pigs
(Nelken and Young, 1994; Winter and Palmer, 1995). The
most straightforward example of broadband inhibition in
the DCN is the type II unit, excited by pure tones near its
characteristic frequency (CF) but virtually unresponsive
to broadband noise (Evans and Nelson, 1973a; Young and
Brownell, 1976). A broadly tuned inhibitory input (called
the ‘‘wideband inhibitor’’) has also been hypothesized to
target type IV units in order to explain their weak
responses (relative to auditory nerve fibers) to broadband
noise (Nelken and Young, 1994). Although most studies of
DCN physiology have been performed in the cat, Type II
and Type IV units are also found in guinea pigs (Stabler et
al., 1996) and gerbils (Davis et al., 1996), suggesting that
common neural mechanisms underlie their responses to
sound. The shared features of D-stellate cells, onsetchoppers, and radiate neurons support the idea that the
DCN receives a glycinergic projection from radiate neurons of the VCN, and that these neurons represent the
structural correlate of onset-chopper units, which provide
the physiologically defined wideband inhibition in the
DCN.
The ‘‘off-frequency’’ or wideband inhibition schematized
in Figure 10 may play a key role in the functional
properties of the DCN. The DCN projection neurons (type
IV units) are sensitive to narrowband spectral features
such as peaks or valleys of energy in a broadband stimulus
that contains energy at their CF (Spirou and Young, 1991;
Nelken and Young, 1994). This property suggests that
DCN projection neurons might be ‘‘spectral contrast detectors,’’ thereby identifying to higher auditory centers those
frequency regions that contain features important for
sound identification or localization (Nelken and Young,
1994). Spectral contrast is detected by comparing the
amount of stimulus energy lying in a narrow frequency

GLYCINERGIC PROJECTIONS FROM VCN TO DCN

529

Fig. 10. Schematic diagram summarizing the morphology, neurochemistry, innervation, and action in the dorsal cochlear nucleus
(DCN) of planar and radiate neurons. On the left side of the figure, the
tonotopic innervation of the ventral cochlear nucleus (VCN) by
auditory nerve fibers is depicted. The tonotopic innervation of the
DCN by the auditory nerve is not shown in order to keep the
illustration simple, and the DCN has been rotated so that its frequency axis is parallel to that of the VCN. Planar neurons (gray) have
dendrites that are oriented parallel to the isofrequency sheets formed
by auditory nerve fibers and project tonotopically to the DCN. Radiate

neurons (black) have dendrites that are oriented orthogonal to VCN
isofrequency sheets. The innervation by both planar and radiate
neurons of only one DCN isofrequency sheet is schematized, but we
expect that this general pattern is maintained for all regions of the
DCN. Each DCN isofrequency sheet is hypothesized to receive excitatory projections from similarly tuned planar neurons, and inhibitory
projections from surrounding frequency regions through the action of
radiate neurons. This innervation pattern suggests a circuit designed
to enhance the responses of DCN neurons to spectral contrast.

band to the average level of the stimulus energy in
surrounding frequency regions. Information regarding the
average level of the stimulus over a broad spectral region
could be provided by radiate neurons. Because radiate
neurons are inhibitory, they might serve to desensitize
their DCN target neurons to flat spectra such as broadband noise, thereby helping to conserve the dynamic
ranges of DCN neurons and facilitating their response to
peaks and notches of spectral energy near their CFs. This
scheme represents a simplified version of DCN circuitry,

but the properties of radiate neurons and their innervation
of the DCN support the idea that this nucleus is designed
to detect spectral contrast.
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