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ABSTRACT

Commissural neurons connect the cochlear nucleus
complexes of both ears. Previous studies have sug-
gested that the neurons may be separated into two
anatomical subtypes on the basis of percent apposi-
tion (PA); that is, the percentage of the soma apposed
by synaptic terminals. The present study combined
tract tracing with synaptic immunolabeling to com-
pare the soma area, relative number, and location of
Type I (low PA) and Type II (high PA) commissural
neurons in the ventral cochlear nucleus (VCN) of
rats. Confocal microscopic analysis revealed that 261
of 377 (69%) commissural neurons have medium-
sized somata with Type I axosomatic innervation. The
commissural neurons also showed distinct topograph-
ical distributions. The majority of Type I neurons were
located in the small cell cap of the VCN, which serves
as a nexus for regulatory pathways within the auditory
brainstem. Most Type II neurons were found in the
magnocellular core. This anatomical dichotomy
should broaden current views on the function of the
commissural pathway that stress the fast inhibitory
interactions generated by Type II neurons. The more
prevalent Type I neurons may underlie slow regulato-
ry influences that enhance binaural processing or the
recovery of function after injury.
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INTRODUCTION

Commissural neurons in the cochlear nucleus (CN)
allow direct communications between the cochlear
nuclei (Cant and Gaston 1982). An understanding of
the functional relevance of these projections has been
limited by an incomplete description of the principal
cell types that contribute to the anatomical connec-
tions. Alibardi (1998) classified commissural neurons
in the ventral cochlear nucleus (VCN) by somatic
morphology. The key distinguishing anatomic feature
was percent apposition (PA), which is the percentage
of the soma that is contacted by synaptic terminals
(Cant 1981). Type I neurons have low PA (few
axosomatic terminals), while Type II neurons have
high PA (many axosomatic terminals).

The existence of Types I and II neurons implies
that the commissural pathway may perform multiple
sound-processing roles. This interpretation is sup-
ported by the distinct electrophysiological properties
that have been attributed to VCN multipolar cells
(commissural neurons are a subset of multipolar
cells) with Type I versus Type II morphologies (Smith
and Rhode 1989). The Type II morphology (high PA)
is a definitive anatomical feature of D-stellate multi-
polar neurons (Smith and Rhode 1989; Oertel et al.
1990; Doucet and Ryugo 1997). Tract-tracing studies
have confirmed that these neurons project to the
contralateral cochlear nucleus (Arnott et al. 2004;
Smith et al. 2005; Doucet and Ryugo 2006). Because
Type II (D-stellate) neurons are glycinergic (Went-
hold 1987; Alibardi, 1998; Doucet et al. 1999), they
are thought to be a major source of the short-latency
inhibition that is observed in the cochlear nucleus
after contralateral stimulation (Pfalz 1962; Mast 1970;
Young and Brownell 1976; Babalian et al. 1999;
Needham and Paolini 2003; Shore et al. 2003).
However, the majority of commissural neurons lack

269



270

the anatomical features that are characteristic of the
Type II morphology (Shore et al. 1992; Schofield and
Cant 1996b; Alibardi 1998; Doucet and Ryugo 2006).

In light of Alibardi's findings (1998), we hypothe-
sized that Type I neurons are the dominant source of
VCN commissural projections. The present study
investigated the relative strength of Types I and II
components by identifying commissural neurons with
contralateral cochlear nucleus injections of the retro-
grade tracer Fluorogold (FG). The axosomatic con-
tacts of FG-labeled neurons were visualized by
attaching a fluorescent tag to SV2 (a ubiquitous
synaptic vesicle protein) via immunohistochemistry.
The PA score of a commissural neuron was estimated
by quantifying the percentage of the FG-labeled soma
apposed by SV2-immunofluorescence—a light micro-
scopic definition of PA analogous to the EM metric
defined by Cant (1981). The analysis of 377 commis-
sural neurons revealed 261 (69%) neurons with PA
scores that were indicative of the Type I morphology.
Our findings suggest that the functional role of the
VCN commissural pathway extends beyond the fast
inhibitory influences of the less abundant Type II
projections.

METHODS

The present report is based on data obtained from
three male Sprague—Dawley rats weighing between
300 and 380 g. All animals were used in accordance
with National Institutes of Health guidelines and the
approval of the Animal Care and Use Committee for
The Johns Hopkins University School of Medicine.

Surgery and tracer injection

Rats were anesthetized with isoflurane followed by
sodium pentobarbital (50 mg/kg, i.p.). The surgical
area was treated with subcutaneous injections of
lidocaine (total volume of 1 ¢cm®). The left CN was
exposed by reflecting overlying muscles, opening the
skull, and partially aspirating the cerebellum.

A glass micropipette (inner tip diameter=40—
50 pm) was positioned in the CN with a stereotaxic
instrument. At several depths along multiple penetra-
tions, a nanoliter injector dispensed 14 nl of FG tracer
(Biotium, Inc., Hayward, CA, USA; 3% solution in
distilled water). The injection strategy was to maxi-
mize the number of labeled commissural neurons in
the right cochlear nucleus by completely filling the
left cochlear nucleus.

The brain cavity was packed with gel foam, the
surgical incision closed with wound clips, and bupre-
norphine was administered as a postoperative analge-
sic (0.05 mg/kg, i.m.). Rats recovered from anesthesia
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in a warm room before being returned to institutional
animal housing facilities.

At least 6 days after surgery, the rats were euthan-
ized with sodium pentobarbital (100 mg/kg) and then
perfused through the heart with fixative (4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4). Brains
were removed, halved at the midline, and cryopro-
tected by placing them in a 30% sucrose solution
(made in phosphate buffer) at 4°C for at least 2 days.

Tissue processing and data analysis

Defining the FG injection site. Tissue containing the left
cochlear nucleus was frozen and cut into 50-pm coronal
sections on a sliding microtome. The sections were
mounted on Superfrost Plus slides (Fisher Scientific),
coverslipped with Vectashield Hardset mounting
medium (Invitrogen-Molecular Probes, Carlsbad, CA,
USA), and stored at 4°C.

The cochlear nucleus was photographed with a
Microfire color digital camera (Optronics; Goleta, CA,
USA) that was coupled to a Nikon E600 microscope.
Background fluorescence was defined by centering the
field-of-view of a X10 objective (NA=0.45) over the tissue
section but outside the injection site. The camera’s
exposure time was adjusted until the median of all pixel
values was just greater than zero. These parameters were
held constant for subsequent photography.

A photomontage of the injection site was acquired
by stitching together multiple fields-of-view. The
images were acquired with software that controlled
the movements of a motorized microscope stage
(Virtual Slice plugin for Neurolucida; Microbright-
field Inc.; Essex, VI, USA). The photomontage was
converted to gray scale and exported to Adobe
Photoshop (version 9). The borders of the cochlear
nucleus were traced, and a threshold criterion (x5
background fluorescence) was used to identify labeled
pixels.

In all three rats, the injection site almost complete-
ly filled the DCN and posterior VCN. The extent of
the AVCN injection varied across rats (Fig. 1). The
injection site also involved fiber tracts surrounding
the cochlear nucleus, which include the inferior
cerebellar peduncle, the trapezoid body, and the
vestibular nerve. Because contralateral projections
into or near these tracts originate exclusively from
commissural neurons, the spread of the injection site
did not generate artifactual labeling in the right
cochlear nucleus.

Immunohistochemistry. The right cochlear nucleus was
embedded in Negh0 (Richard-Allen Scientific;
Kalamazoo, MI, USA), rapidly frozen using
methylbutane cooled to —80°C, and cut into 4-um
coronal sections on a cryostat (Microm HM560M
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FIG. 1. Fluorogold (FG) injection sites. A. Three coronal sections
through the injection site of rat 022306. Percentages refer to the
location of each section along the anterior—posterior axis of the
cochlear nucleus (0% equals the posterior border). A photomontage
of the injection site was converted to a binary image by applying a
threshold procedure. Gray indicates pixels where fluorescence
exceeded threshold. The binary image was then superimposed on

Cryo-star). Thicker tissue sections resulted in poor
antibody penetration.

Serial sections were collected on Superfrost Plus
slides and saved in blocks of 20. Because the thin
sections were fragile, some were irretrievably damaged.
On average, 16 out of every 20 sections were captured.
The tissue was stored with desiccant at —20°C.

The VCN extended across 25—-30 blocks (approxi-
mately 450 captured sections). Eight blocks represent-
ing all regions of the VCN were selected for
immunohistochemical analyses. The PA score was
estimated for all FG-labeled somata that were found
within the first ten sections of every selected block.

After being washed in Tris-buffered saline (TBS,
0.05 M, pH 7.4), selected sections were encircled with
a PAP pen and then incubated for 1 h at 21°C in a
blocking solution (T-TBS: TBS that contains 0.1%
Triton X-100 and 5% normal goat serum, Chemicon,
Temecula, CA, USA). Next, they were placed over-
night in 2 humid chamber at 4°C in T-TBS containing
rabbit anti-FG (1:20,000; Chemicon, catalog no.:
AB153) and mouse anti-SV2 (1:1,000; Developmental
Studies Hybridoma Bank, University of Iowa). The
following day, they were incubated for 1.5 h at 21°C in
T-TBS that contained goat anti-rabbit conjugated to
Alexafluor 594 (1:1000; Invitrogen-Molecular Probes)

the borders of the cochlear nucleus. For one location (60%), both the
binary image and photomontage are shown. Scale bar=500 um. an
auditory nerve; icp inferior cerebellar peduncle; sp5 spinal trigem-
inal tract; tz trapezoid body; vn vestibular nerve. B Distribution of FG
label along the anterior—posterior axis of the injected cochlear
nucleus. Closed circles identify data from images that are shown
above the plot.

and goat anti-mouse conjugated to biotin (1:1000;
Jackson Immunoresearch Laboratories, West Grove,
PA, USA). After several washes in TBS, the slides were
placed in a humid chamber and incubated overnight
at 4°C in T-TBS containing streptavidin conjugated to
Alexafluor 488 (1:10,000; Invitrogen-Molecular
Probes). In the morning, after several washes in
TBS, the slides were air-dried, coverslipped with
Vectashield Hardset mounting medium with DAPI,
and stored at 4°C.

Independent studies have confirmed the specificity
of SV2 immunoreactivity (SV2-ir). The anti-SV2
monoclonal antibody reacts with all known SV2
isoforms but not with other synaptic or neural
proteins (Buckley and Kelly 1985; Bajjalieh et al.
1994; Janz and Sudhof 1999). Immunodetection of
SV2 is a standard method for marking synaptic
terminals in the brain (Nealen 2005; Brooke et al.
2006). It also has been unambiguously associated with
synaptic vesicles in presynaptic terminals by EM
studies of the rat brain (Buckley and Kelly 1985).

The following observations and control procedures
provide further documentation of immunolabeling
specificity. No FG immunoreactivity (FG-ir) was ob-
served in tissue sections obtained from uninjected rat
brains. Intense SV2-ir was observed in the cochlear
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nucleus but not surrounding fiber tracts (Fig. 2). High-
magnification views of the cochlear nucleus revealed
SV2-ir profiles with well-defined borders and morphol-
ogies (Fig. 2A—-G). These patterns of SV2-ir match
labeling patterns previously published using antibodies
directed against other synaptic vesicle proteins such as
synaptophysin (Benson et al. 1997; Muly et al. 2002).
Deletion of primary or secondary antibodies, either
one at a time or in combination, removed the labeling
of the appropriate epitope(s) and produced no
evidence of cross-reactivity.

As hypothesized, VCN commissural neurons were
heterogeneous with respect to PA (Fig. 2A-G). Two
observations lend confidence that variations in the
amount of SV2-ir surrounding commissural neurons
reflect the true nature of axosomatic innervation and
not the quality of immunolabeling. First, somata
encircled by SV2-ir (Fig. 2A and E) and those apposed
by little SV2-ir (Fig. 2C, D, and F) were frequently
observed within a few microns of each other (Fig. 2D
and E). Second, the amount of SV2-ir apposed to the
soma was similar for two pieces of the same neuron in
adjacent sections (Fig. 2A vs. B and F vs. G).
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Confocal microscopy. Photomicrographs of immuno-
fluorescent labeling were acquired with a laser scan-
ning confocal microscope (Zeiss LSM 510 Meta). The
DAPI fluorophore was excited with a diode laser
(405 nm). Alexafluor 488 was excited with an argon
laser (laser lines of 458, 477, 488, and 514 nm) and
Alexafluor 594 with a HeNe laser (562 nm). Separate
channels were used to detect the light simultaneously
emitted by each fluorophore. Laser power and emis-
sion filters were adjusted so that the bleed-through
artifact of each emission was undetectable when the
lasers of the other two channels were turned off.

For each section in the selected tissue sample, the
field-of-view of a x20 objective (NA=0.75) was cen-
tered over the cochlear nucleus. The confocal pin-
hole was adjusted to ensure that all emitted light was
detected. Then, with the Zeiss software controlling the
motorized microscope stage, several different fields-of-
view were stitched together to produce a low-magni-
fication photomontage (Fig. 2, sections 1 and 2).

The low-magnification images served two purposes.
First, they marked stage coordinates so that FG-labeled
somata could be quickly centered in the restricted field

FIG. 2. Confocal microscopic images of FG-ir (red), SV2-ir (green),
and DAPI labeling (blue) in the right VCN. Sections 1 and 2. Low-
magnification photomontages of adjacent coronal sections. DAPI
labeling is not shown. Scale bar=200 um. SP5 spinal trigeminal

nucleus. A-G. High-magnification images of representative FG-
labeled neurons from sections 1 and 2. Each image is a single
optical slice (0.7 um) before deconvolution. Scale bar=5 um.
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of a high-powered lens (x63). Second, they facilitated
oftfline comparisons of adjacent tissue sections to
confirm that all labeled somata were analyzed once
and none were analyzed twice (e.g., Fig. 2A and B).
Each labeled soma was photographed using a x63
lens (NA=1.4). The 512x512 pixel images were collect-
ed with an electric zoom of x4 and saved with 12-bit
resolution. Gain and offset were adjusted to optimize
signal-to-noise ratios within each emission channel while
also making sure that all pixel values fell within the
dynamic range of the photodetector. Labeling was
sampled through the depth of each section by making
optical slices with a thickness of 0.7 pm and a separation
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FIG. 3. Image aquisition and processing steps used to measure soma
area and percent apposition. Step 1 A z-stack was captured through
each FG-labeled neuron with a confocal microscope. The image
shows the maximum projection of each channel for three consecutive
optical slices through the nucleus. Scale bar equals 2 um and applies
to top three panels. Step 2 Z-stacks were deconvolved offline. The
improved resolution obtained with deconvolution is observed by
comparing this image with that shown in Step 1 (maximum projection
of the same three optical slices, identical adjustments to brightness,
and contrast applied to both images). Step 3 Gray-scale images of FC-
ir and SV2-ir obtained from Step 2 were exported to Photoshop. Scale
bar equals 2 um and applies to panels in steps 3-7. Step 4 FG-ir: soma

Step 2
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of 0.2 um. The optical slices associated with each labeled
soma will be referred to as a z-stack.

Measuring soma area and percent apposition. Each z-stack
was deconvolved using the 3D-blind deconvolution
algorithm (Autodeblur Gold CWF vX1.3.3; Media
Cybernetics; Silver Spring, MD, USA). Deconvolution
enhanced the accuracy of PA scores by increasing the
effective resolution of spatial coordinates (Fig. 3).
Three consecutive optical slices containing the
nucleus of the cell body were cropped from the z-
stack and merged. The procedures for deriving
soma area (SA) and PA from the merged image
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area was measured after tracing the perimeter of the cell body. SV2-ir:
a threshold was used to distinguish between regions that were
immunolabeled (black pixels) and those that were not (gray pixels).
Step 5 FG-ir: the perimeter of the soma was measured after first erasing
pieces within dendrites. Step 6 FG-ir: a search region (white pixels)
was created that was 350 nm wide when measured perpendicular to
each point along the perimeter. SV2-ir within the search region was
defined as being apposed to the soma. Step 7 Pieces of the perimeter
that were NOT apposed by SV2-ir were erased so that we could
measure the apposed perimeter (black lines in search region). At the
top of the figure, the search region and apposed perimeter are
overlayed on the image from Step 2.
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are illustrated in Figure 3. As previously observed in
the cerebellum (Buckley and Kelly 1985), weak SV2-
ir was detected inside the soma of most CN
neurons. A threshold procedure was used to distin-
guish SV2-ir signal from background. The threshold
for each neuron was set just above the maximum
fluorescence within the soma, ignoring isolated and
very bright pixels caused by nonspecific adhesion of
the fluorophore.

Cluster analysis. Commissural neurons may be divided
into two subpopulations based on correlations
between SA and PA scores (Fig. 4). The k-means
clustering algorithm (implemented as the kmeans
function in MATLAB) provided an objective method
for classifying these morphological features.
Although the number of clusters (k) is only
constrained by sample size, two clusters were used
to test the generalization of Alibardi's (1998) Type I
versus Type II classification scheme to the present
dataset.

oType |
o Type Il

800 All Rats

600 —

Soma Area (pmz)
N
]
|
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A detailed description of the mathematical calcula-
tions performed by the kmeans function may be
obtained directly from MATLAB documentation. Brief-
ly, SA and PA scores were normalized to the largest value
in each data set to remove differences in scale. Neurons
were randomly assigned to one of the two clusters. The
center of each cluster was defined by computing the
mean SA and PA score for all neurons in the cluster.
Euclidian distances were compared between individual
neurons and the two cluster centers. Neurons were
reassigned to the nearest cluster and the measures
repeated until there were no further reassignments.

RESULTS

The SA and PA scores of commissural neurons were
highly variable (Figs. 2 and 4). Somata could be very
small (Fig. 2C, filled arrowhead in Fig. 4) or giant-sized
(Fig. 2E, open arrowhead in Fig. 4). Some somata were
covered with synaptic terminals and yielded PA scores
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FIG. 4. Scatterplots of Percent Apposition and SA for the complete sample of VCN commissural neurons. Data from individual rats are presented
in the right panels. Each symbol represents one neuron. Arrows identify two neurons with SA scores greater than 900 um?. These outliers are
plotted at the upper axis limit. Closed and open arrowheads in the left scatterplot identify the neurons in Figure 2C and E, respectively.
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greater than 90% (Fig. 2E). Others received few
synaptic terminals and produced scores less than 25%
(Fig. 2C). Between these extremes, SA and PA scores
formed continuous distributions.

The statistical patterns of morphological features in
the present study were consistent with previous SA
measures (Shore etal. 1992). They departed from EM-
based descriptions of axosomatic innervation (Alibardi
1998) that suggest a sharp dichotomy between the low
PA Type I neurons (20-40%) and the high PA Type II
neurons (65—-85%). Sample size may contribute to this
difference. The present LM analysis was applied to 377
commissural neurons, while the EM analysis of Alibardi
was limited to 70 neurons.

Classification of commissural neurons

The present distribution of PA scores (Fig. 5A) shows
a bimodal polarity that is reminiscent of the dual
categorization proposed by Alibardi (1998). Partition
of the dataset was motivated further by a shared
association between PA and SA scores. Specifically,
neurons with low PA scores tended to have low SA
scores (Fig. 4).

The k-means clustering algorithm was used to
classify commissural neurons on the basis of their PA
and SA scores. Two partitions were used in the
analysis, following the convention established by
Alibardi’s Types I and II categories. The outcome of
the classification is shown in Figure 4. In keeping with
Alibardi’s terminology, the low PA—low SA cluster was
designated Type I. These neurons exhibited a mean
PA score of 29% (£13.6%, SD) and a mean SA score
of 191 pm? (74 pm?® SD). The high PA-high SA
cluster was designated Type II. These neurons pro-
duced a mean PA score of 81% (+11%) and a mean
SA score of 419 pm? (£162 pm?).

The anatomical properties of the statistically derived
clusters agree with previously published descriptions.
The mean PA scores for Types I and II clusters closely
match those reported in the Alibardi study (see arrows
in Fig. 5A). The SA scores of D-stellate or Type II
commissural neurons also have been published (Dou-
cet and Ryugo 2006). Although their sample of D-
stellate or Type II commissural neurons was obtained
with different methods, the anatomical variation
reported by Doucet and Ryugo (418+140 pm®, N=50)
is virtually identical to the distribution of SA scores
within the Type II cluster (see arrow in Fig. 5B).

Relative number of Types | and Il neurons

The sample of commissural neurons showed a pre-
ponderance of the Type I morphology (261/377
neurons, 69%). The Type I bias was observed in the
combined data of all three rats and in the individual
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FIG. 5. Distributions of Percent Apposition and Soma Area for
Types | and Il neurons; A Histogram of PA scores. Closed arrows
display the mean for the present sample of Type | (29+14% (SD)) and
Type Il neurons (81+11%). Asterisks and bars show the mean + SD
for Alibardi’s (1998) sample of Types | (31%=10%) and Il (76% +9%)
neurons. B Histogram of SA scores; the histogram does not include
two neurons with an SA greater than 900 um?. Closed arrow displays
the mean for the present sample of Type Il neurons (419162 um?).
Asterisk and bars shows the mean + SD for Doucet and Ryugo’s
(2006) sample of D-stellate or Type Il multipolar neurons (418+
140 pm?).
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data of each rat (71% for rat 110705, 74% for rat
022306, and 58% for rat 090806). These findings were
unexpected given previous descriptions (Alibardi
1998) that have reported an equally strong, but
opposite Type II bias (47/70 neurons, 67%).

The disagreement between the two characteriza-
tions is almost certainly due to differences in sampling
methods. The EM analyses of Alibardi (1998) re-
quired very thin sections (70 nm), making it imprac-
tical to examine all labeled commissural neurons in a
chosen volume of tissue. Instead, representative
sections were selected for complete analyses. Results
may be skewed toward large cell bodies because
discrete thin sections are more likely to miss small
Type I somata than large Type II somata.

Topographical variations between Types | and I
neurons

The VCN can be partitioned into a cytoarchitecturally
distinct magnocellular core and a small cell cap. The
magnocellular core contains the major classes of
projection neurons. The small cell cap surrounds, or
caps, the magnocellular core (Osen 1969). A growing

oType |
eType Il
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body of evidence suggests that the two subdivisions
are not only structurally unique but also may subserve
different auditory functions (Liberman 1991; Ghoshal
and Kim 1997). The topographical distribution of
Types I and II neurons within the VCN, therefore,
provides important insights into the potential process-
ing role of commissural projections.

One-half of the Type I neurons in the present study
(181/261 neurons, 50%) were confined to a thin, 35-
pm shell within the small cell cap (Fig. 6). Type II
neurons were rarely found there (4/116 neurons,
3%) and instead were scattered throughout the
magnocellular core. The narrow demarcation of the
shell area represents a conservative estimate of the ill-
defined border between the magnocellular core and
the small cell cap (Fig. 7). If the boundary of the shell
region is doubled to 70 um, Type I neurons continue
to outnumber Type II neurons by a 9:1 margin.

DISCUSSION

The present study was designed to test the hypothesis
that Type I neurons form the largest component of

FIG. 6. Topographical distribution of Types | and Il neurons; the drawings represent eight coronal sections through the VCN and display data
from all three rats (0% equals posterior border of the cochlear nucleus). Each symbol represents one soma. Scale bar=200 um. GCD granule cell

domain.
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FIG. 7. Photomicrographs of the small cell cap in the rat VCN.
Each panel displays Nissl-stained neurons in different regions of the
posterior VCN (locations are indicated in a low-magnification
drawing taken from Fig. 6A). In each panel, a 35-um scale bar marks
the shell region containing high numbers of Type | neurons (gray

the VCN commissure. This hypothesis was supported
by results showing two Type I neurons for every Type
II neuron in the commissure. It was also shown that
the two classes of commissural neurons reside in
different regions of the VCN. Most Type I neurons are
located in the small cell cap, while Type II neurons
are found almost exclusively in the magnocellular
core. These observations call into question existing
interpretations of commissural function that empha-
size Type II projections from the magnocellular core.
Our new perspectives on the neuronal composition of
the commissure are summarized by the conceptual
model in Figure 8.

Typel

621 neurons

Left Right
CN CN

o Type |l

279 neurons

FIG. 8. Conceptual model of the VCN commissural pathway.
Arrows indicate the relative strength and bidirectional nature of
Types | and Il projections. Anatomical illustrations depict differences
in the soma size and axosomatic terminals of the two neural
populations. The estimated number of each type is shown for one
VCN, assuming that each VCN contains 900 commissural neurons.

highlight in inset). A The border of the granule cell domain (GCD). B
The free surface of the cochlear nucleus; C the vestibular nerve (vn);
arrowheads point to small neurons that are found throughout the
small cell cap.

These findings build upon previous descriptions of
commissural neurons that have focused on soma size
or axosomatic innervation. Shore and colleagues
(1992) were the first to suggest a heterogeneous source
for the commissural pathway to account for the
variability that they observed in soma size. More recent
surveys have demonstrated a preponderance of small
and medium somata among commissural neurons and
traced the smaller neurons to the small cell cap
(Schofield and Cant 1996b; Doucet and Ryugo 2006).
Alibardi (1998) subsequently introduced percent ap-
position as a method for separating commissural
neurons into Types I and II morphologies. By combin-
ing these two morphological dimensions (i.e., SA and
PA) into one system of classification, the present study
offers a more rigorous definition of the neuronal types
that contribute to the commissure, the relative number
of each type, and their diverse topographical distribu-
tions within the VCN.

Our conclusions with respect to the relative num-
ber of Types I and II commissural neurons assume
that they are retrogradely labeled in the same
proportions as exist in vivo. Anterograde labeling
suggests that commissural neurons have large and
overlapping terminal fields (Shore et al. 1992; Scho-
field and Cant 1996a), making it unlikely that large
injections favor labeling one type of neuron (Fig. 1).
The most localized injection in the present study
(Fig. 1, 110705) labeled the smallest number of
commissural neurons but still yielded a Type I bias
(Fig. 4).
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Although the present study is based on consider-
ably more commissural neurons than previous
descriptions, the total volume of analyzed tissue
represents less than 15% of the VCN. By contrast,
Doucet and Ryugo (2006) sampled SA for commissur-
al neurons obtained from over 50% of the VCN.
Despite the considerable differences in the complete-
ness of the samples, the resulting distributions are
nearly identical. In the present study, SA scores
ranged from 50 to 980 pm? (median=225 pm?). In
the Doucet and Ryugo study, they ranged from 49 to
838 um® (median=218 pm?). The close agreement
between the independent datasets justifies the sam-
pling strategy that was pursued in the present study.

Functional considerations

The functional diversity of Types I and II commissural
projections may be demonstrated by differences in
their respective neurotransmitter systems. Type II
neurons deliver glycinergic inhibition to the contra-
lateral cochlear nucleus. Type I neurons almost
certainly do not. Confirming prior work by Wenthold
(1987), Alibardi (1998) reported that 45/106 (42%)
commissural neurons were immunopositive for gly-
cine. The remaining neurons (58%) were immuno-
negative for both glycine and GABA. If one assumes
that Type II neurons are glycinergic and Type I
neurons are nonglycinergic or nonGABAergic, the
resulting Type I majority approaches the projection
ratios that were observed in the present study (Fig. 8).
Alibardi advanced his interpretation by directly link-
ing neurochemistry to the ultrastructure of Types I
and II neurons. However, he also described counter-
examples of the basic pattern, such as a glycinergic
Type I projection. Larger surveys are needed to
determine the prevalence of these less common
neural populations.

Type Il neurons may underlie fast inhibitory interactions
between the cochlear nuclei. Glycinergic inhibition is
observed in the cochlear nucleus a few milliseconds
after contralateral stimulation (Pfalz 1962; Mast 1970;
Young and Brownell 1976; Evans and Zhao 1993; Joris
and Smith 1998; Babalian et al. 1999, 2002; Shore
et al. 2003; Needham and Paolini 2003; Davis 2005;
Ingham et al. 2006). Type II neurons are one source
of this shortlatency binaural interaction (Needham
and Paolini 2003; Arnott et al. 2004; Smith et al. 2005;
Needham and Paolini 2006). This robust physiological
phenomenon has encouraged conceptual inter-
pretations of commissural communication that are
dominated by Type II glycinergic inhibition.
Notwithstanding the rare glycinergic exception, Type
I neurons are neither glycinergic nor GABAergic
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(Alibardi 1998). Instead, Type I neurons may contribute
to the short-latency excitation that is elicited by contra-
lateral stimulation (Mast 1973; Young and Brownell
1976; Shore et al. 2003; Davis 2005; Needham and
Paolini 2003; Ingham et al. 2006). Such effects are
observed less frequently and are of smaller magnitude
when compared with Type II inhibition. Consequently,
Type I neurons do not appear to play a major role in fast
interactions between the cochlear nuclei.

Type | commissural neurons may underlie slow regulatory
interactions between the cochlear nuclei. Unilateral
damage to the peripheral auditory system induces
bilateral changes in the anatomical and physiological
characteristics of cochlear nucleus neurons
(Potashner et al. 1997; Suneja et al. 1998; Muly et al.
2002, 2004; Sumner et al. 2005; Rubio 2006). This
plasticity may be induced by ossicular chain
disruption, cochlea and auditory nerve ablation, or
intense sound exposure. Although the VCN
commissure has been implicated as the pathway
mediating these adjustments, the fast inhibitory
responses of Type II neurons are a poor substrate
for long-term compensation. In light of our current
findings, Type I neurons offer a more plausible
mechanism for slow regulatory interactions between
the cochlear nuclei.

The topography of Type I commissural neurons
supports this hypothesized role. The small cell cap is
emerging as a nexus of auditory brainstem regulatory
pathways. Neurons that reside there are components
of circuits that control the middle ear reflex (Billig et
al. 2007) and cochlear output (Ye et al. 2000). The
small cell cap is the preferred target of the collateral
projections of medial olivocochlear neurons (Liber-
man and Brown 1986; Brown et al. 1988; Benson et al.
1996), whose principal role is to modulate cochlear
gain via their innervation of outer hair cells. Collec-
tively, these connections implicate Type I commissural
neurons as a principal component in a neural circuit
that can regulate binaural sensitivity at the early stages
of central auditory processing. Dynamic range adjust-
ments directed by Type I projections would comple-
ment a similar binaural balancing that is achieved in
the cochlea through the action of lateral olivoco-
chlear inputs (Darrow et al. 2006). These slow
regulatory interactions may optimize the processes
that govern binaural directional hearing and effective
listening in background noise.

In summary, our anatomical measures indicate that
Type I projections from the small cell cap constitute at
least two-thirds of the VCN commissure. These find-
ings extend current views of commissure function that
emphasize the fast, inhibitory influences of the Type
IT component. The parallel projections of the larger
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Type I component may underlie slow, regulatory
influences that enhance binaural processing or the
recovery of function after injury.
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