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Auditory Pathways
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ABSTRACT

The avian auditory brainstem displays parallel processing, a fundamental feature of
vertebrate sensory systems. Nuclei specialized for temporal processing are largely separate
from those processing other aspects of sound. One possible exception to this parallel organi-
zation is the inhibitory input provided by the superior olivary nucleus (SON) to nucleus
angularis (NA), nucleus magnocellularis (NM), and nucleus laminaris (NL) and contralateral
SON (SONc). We sought to determine whether single SON neurons project to multiple targets
or separate neuronal populations project independently to individual target nuclei. We
introduced two different fluorescent tracer molecules into pairs of target nuclei and quanti-
fied the extent to which retrogradely labeled SON neurons were double labeled. A large
proportion of double-labeled SON somata were observed in all cases in which injections were
made into any pair of ipsilateral targets (NA and NM, NA and NL, or NM and NL),
suggesting that many individual SON neurons project to multiple targets. In contrast, when
injections involved the SONc and any or all of the ipsilateral targets, double labeling was
rare, suggesting that contralateral and ipsilateral targets are innervated by distinct popu-
lations of SON neurons arising largely from regionally segregated areas of SON. Therefore,
at the earliest stages of auditory processing, there is interaction between pathways special-
ized to process temporal cues and those that process other acoustic features. We present a
conceptual model that incorporates these results and suggest that SON circuitry, in part,
functions to offset interaural intensity differences in interaural time difference processing.
J. Comp. Neurol. 481:6-18, 2005. © 2004 Wiley-Liss, Inc.

Indexing terms: binaural; GABA; topography; interaural time disparity; sound localization;
electroporation

A hallmark of sensory processing is the presence of
parallel pathways for computation of various features of
environmental signals. In the avian auditory brainstem,
these pathways originate in auditory nerve axons as they
bifurcate to innervate nucleus magnocellularis (NM) and
nucleus angularis (NA; Boord and Rasmussen, 1963;
Ramon y Cajal, 1908; Parks and Rubel, 1978). This diver-
gence initiates two parallel pathways that ascend the
auditory system. One, originating in nucleus magnocellu-
laris (NM), is clearly specialized for computing temporal
aspects of the signal (Parks and Rubel, 1975; Young and
Rubel, 1983; Sullivan and Konishi, 1984; Koppl, 1997;
Trussell, 1999; Monsivais et al., 2000). The other, origi-
nating in NA, likely processes multiple features of the
signal (Hotta, 1971; Sullivan and Konishi, 1984; Warchol
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and Dallos, 1990; Soares and Carr, 2001; Soares et al.,
2002; Koppl and Carr, 2003). The avian brainstem audi-
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tory system includes two additional nuclei. The first, nu-
cleus laminaris (NL), is the target of bilateral excitatory
input from NM and is devoted to processing interaural
time differences (ITDs; Parks and Rubel, 1975; Rubel and
Parks, 1975; Young and Rubel, 1983; Carr and Konishi,
1990; Pena et al., 1996; Viete et al., 1997). The second, the
superior olivary nucleus (SON), contains predominantly
vy-aminobutyric acid (GABA)ergic neurons and communi-
cates with both ascending pathways (Lachica et al., 1994;
Westerberg and Schwarz, 1995; Yang et al., 1999; Mon-
sivais et al., 2000).

In addition to innervating different target nuclei in the
lateral lemniscus and largely separate regions of the mid-
brain nucleus mesencephalicus lateralis pars dorsalis
(MLd), the outputs of NA and NL both converge on the
SON (Conlee and Parks, 1986; Takahashi and Konishi,
1988). The SON, in turn, projects back ipsilaterally to all
three lower nuclei NA, NM, and NL and to the contralat-
eral SON (SONc; Conlee and Parks, 1986; Monsivais et
al., 2000). Considerable attention has been devoted to the
cellular physiology of the SON projection onto NM and
NL, but little is known about the precise nature of the
anatomical organization of this projection (Funabiki et al.,
1998; Yang et al., 1999; Lu and Trussell, 2000, 2001;
Monsivais et al., 2000; Monsivais and Rubel, 2001). Un-
derstanding this anatomy is critical for predicting its
role(s) in auditory processing. A few of many possible
output patterns to lower order brainstem nuclei are illus-
trated in Figure 1.

This study was initiated to determine the degree of
segregation of ascending pathways as modified by their
connections with SON. Additionally, we assessed the to-
pographic organization of the SON projections back to NM
and NL, where the tonotopic axis has been described in
detail. We used an in vitro retrograde labeling method to
identify populations of SON neurons that project to NA,
NM, and NL, as well as the SONc. The results indicate
that most SON neurons project to two or more ipsilateral
targets: NA and NM, NA and NL, or NM and NL. Addi-
tionally, separate populations of SON neurons innervate
ipsilateral and contralateral targets, suggesting indepen-
dent regulation of ascending and descending inhibition in
the brainstem auditory system.

MATERIALS AND METHODS
In vitro preparation

Twenty-nine white Leghorn chicken embryos, ages em-
bryonic day (E) 1821, were used to provide the final data
reported here. A larger number were used to develop the
methods. At these ages, the chicken auditory system is
known to be mature (Rubel, 1978). All procedures involv-
ing animals in this study followed protocols approved by
University of Washington’s Institutional Animal Care and
Use Committee and conformed to National Institutes of
Health guidelines. An in vitro preparation adapted from
(Hackett et al., 1982) was used to facilitate labeling of
target nuclei. Briefly, embryos were partially extracted
from their shells and rapidly decapitated. The skull was
sectioned at the level of the brainstem and the resulting
tissue was submerged in oxygenated Tyrode’s solution (in
mM: 140 NaCl, 2.9 KCl, 17 NaHCO,, 0.1 MgCl,, 1.8
CaCl,, 120 glucose in dH,0) in a Sylguard-coated Petri
dish at 22°C. The brainstem was carefully dissected away
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Fig. 1. Schematic diagrams outlining some of the many possible
output patterns of the superior olivary nucleus (SON). Populations of
SON neurons are represented as individual somata with projections
emanating from the SON at left. A: A single SON population project-
ing to all of its known brainstem targets black solid lines. NA, nucleus
angularis; NM, nucleus magnocellularis; NL, nucleus laminaris;
SONCc, contralateral SON. B: Three separate populations projecting to
different sets of targets, preserving the parallel pathways established
in the cochlear nuclei: (1) NA, dashed line; (2) NM and NL (“timing
pathway” targets), solid black line; and (3) SONe, solid gray line.
C: An alternative set of three projections targeting (1) monaural
targets in NA and NM (dashed line), (2) the binaural target NL (solid
black line), and (3) SONc (solid gray line).
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from the surrounding tissue, and the cerebellum was re-
moved at the peduncles. With the brainstem dissected free
and maintained with oxygenated Tyrode’s solution, the
locations of NM, NL, and NA could be determined relative
to the visible course of the myelinated auditory nerve over
the surface of the brainstem. This visualization greatly
facilitated targeting of NM, NL, and NA for injection.

In vitro electroporation

Previous studies using traditional retrograde labeling
methods have reported that SON neurons are resistant to
labeling (Correia et al., 1982; von Bartheld and Rubel, 1989).
Our initial experiments using iontophoresis or pressure in-
jections of fluorescently tagged dextrans confirmed these
difficulties. By using these methods, however, we observed
excellent retrograde labeling of the contralateral NM, indi-
cating that the tissue was healthy, but we seldom obtained
satisfactory labeling of SON neurons. We overcame this dif-
ficulty by adapting a labeling method that used dye electro-
poration to augment dye delivery and uptake (Neumann et
al., 1999; Haas et al., 2002). This method greatly enhanced
retrograde labeling of SON neurons.

Tracers were delivered through pulled glass pipettes
(A-M Systems, Carlsbourg, WA) with tip diameters of
5-10 pm. The pipette was advanced into the target nuclei
under visual control using a Leica MZFLIII (Leica, Inc.,
Northvale, NdJ) fluorescent dissecting microscope. Retro-
grade tracer solutions contained 6.25% 3,000 molecular
weight tetramethylrhodamine dextran (RDA; Molecular
Probes, Eugene, OR) or 10% 10,000 molecular weight Al-
exa 488 dextran (Alexa488DA; Molecular Probes) in phos-
phate buffered saline (PBS), pH 7.4 containing 0.4% Tri-
ton X-100. Tracers were applied by pressure pulses of
20-50 msec at ~10 pounds per square inch delivered by a
Picospritzer (General Valve Corporation, E. Hanover, NJ).
Concurrent with or immediately after pressure pulses,
electroporation voltage steps were delivered through an
Electro Square Porator (BTX model ECM 830, San Diego,
CA). Voltage steps were typically three sets of eight-pulse
trains at 50 V and 50-msec duration at 10 Hz. The dye
pipette served as the cathode through a silver wire in-
serted into the pipette and the bath solution was coupled
to the anode. After injection and electroporation, brain-
stems were transferred to a chamber containing continu-
ally oxygenated Tyrode’s solution for 4—6 hours at 22°C
then transferred individually to separate sealed 50-ml
containers of oxygenated Tyrode’s overnight at 4°C . The
tissue was then fixed in 4% paraformaldehyde in PBS for
4-5 hours, followed by several rinses in PBS, then cryo-
protected in a solution of 30% sucrose in PBS overnight.
Brainstems were blocked and embedded in Tissue Tek
OCT (Sakura Finetek, Torrance, CA) at —20°C and sec-
tioned in the coronal plane at 14 pm on a cryostat.

Imaging and reconstruction

Sections were viewed on a Nikon (Melville, NY) EFD-3
fluorescent microscope fitted with filter cubes to isolate
the two fluorophores. In several cases, images were taken
using the opposing filter at singly labeled injection sites to
rule out signal bleed between channels. Monochrome im-
ages were taken of each section containing the SON at
high magnification in each of the two channels with a Spot
1.4.0 camera (Diagnostic Instruments, Sterling Heights,
MI). Additionally, in many cases, a darkfield image was
acquired of each section through SON and the injection
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sites. These images facilitated identification of nuclear
borders and landmarks (see Fig. 3, for example).

After imaging, the neurons labeled with each fluoro-
phore were separately counted in each section through the
SON. The two channels were then merged, and the dy-
namic ranges of pixel values for both channels were nor-
malized to each other in Adobe Photoshop 5.5 (Adobe
Systems, Inc., Seattle, WA). Neurons were identified by
viewing each channel independently and marking cells
that had completely filled somata with labeling levels that
were above background. Neurons meeting these criteria in
both channels were deemed to be double labeled. For prep-
arations involving injections of two separate fluorophores,
the percentage of double-labeled cells reported here is
defined as the number of double-labeled cells expressed as
a percentage of the lower number of labeled cells counted
in either of the two channels. For example, if 50 cells were
double labeled in a population where 100 cells were RDA-
positive and 500 were Alexa488DA-positive, the percent-
age reported would be 50%. By reporting double labeling
in this way, we adjusted for the proportion of the total
population of labeled cells that was available for double
labeling.

Topographic studies

The topographic distributions of SON neurons were
studied for several conditions described in the Results
section. Injection site borders were operationally defined
by the coalesced appearance of nonspecific labeling (i.e.,
labeling not associated with cellular structures) in the
neuropil. Serial images through the entire SON were im-
ported into Freehand (Macromedia, Inc., San Francisco,
CA) graphics software. The coordinate locations of each
SON neuron were then marked within its borders. The
reconstructed SON volume was then divided into eight
divisions by bisecting the three cardinal dimensions of
SON. Cell counts were then made for each octant division,
and distributions of neurons generated by various injec-
tion locations were analyzed.

RESULTS
Evaluation of labeling methods

We tested several dye delivery methods, including pres-
sure alone, iontophoresis alone, and pressure combined
with either iontophoresis or electroporation. Pressure
pulses coupled with electroporation into NA, NM, or NL
typically resulted in hundreds of SON neurons labeled.
This finding is in contrast to pressure (n = 4), ionto-
phoretic (n = 5), or pressure and iontophoretic in combi-
nation (n = 18) approaches that usually yielded retro-
grade labeling in several areas, including the
contralateral NM, but rarely yielded any retrogradely la-
beled somata in SON. These methods did orthogradely
label the axons projecting from NA and NL to SON (data
not shown).

The primary goal of this study was to determine
whether individual SON neurons project to multiple tar-
gets in the auditory brainstem. A potential difficulty with
the method we used is that the two dextrans may be taken
up for retrograde labeling with different efficiency, thus
influencing our quantification of double labeling. There-
fore, to study the efficiency of double labeling, in five
preparations, the two solutions were mixed 1:1 by volume
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Injection site

Fig. 2. Double labeling does not reach 100% when dyes are mixed.
A: An injection of a mixture of tetramethylrhodamine dextran (RDA)
and Alexa488DA that appears yellow due to the near complete over-
lap of dyes. The injection site is centered between nucleus magnocel-
lularis (NM) and nucleus laminaris (NL) and encroaches on both
nuclei. Labeled somata close to the injection site show a bias for either
green (arrows) or red (asterisks) dextrans. B: A section through su-

before injection into target nuclei. Assuming equivalent
efficiency uptake and transport of each label, one would
predict that 100% of retrogradely labeled SON neurons
would be double labeled. Alternatively, if there are differ-
ences in uptake between the dyes, one might expect 100%
of the cells labeled with the less-efficient dye would be
double labeled. Neither of these alternative scenarios
proved true. In most cases, many singly labeled SON
neurons were present. On average 83.4% (see Materials
and Methods section for calculation of percentage double
label) of the neurons in SON that showed any label were
double labeled when a 1:1 mixture of both fluorophores
was injected into a single target location. A representative
case is shown in Figure 2. Figure 2A shows the near
complete overlap of the two labels at the injection site that
covers medial NL and ventral NM. Figure 2B shows the
resulting labeling pattern in the ipsilateral SON. Most
cells are double labeled and appear yellow (Figure 2B,

perior olivary nucleus (SON). Numerous cells are double labeled (ar-
rowheads), appearing yellow or orange. There are also singly labeled
neurons in the field (arrows and asterisks). C,D: Images of the indi-
vidual labels for the merged image shown in B. Orientation bars in
lower left of each panel indicate dorsal (D) and medial (M) directions.
Scale bars = 100 pm in A; 50pm in B-D.

arrowheads). However, several somata only had detect-
able label in either the green (Figure 2B, arrows) or red
(Figure 2B, asterisks) channel. For reference, the images
of each channel alone are presented in Figure 2C,D. In the
five brainstems tested with mixed dye injections, the
range in the proportion of double-labeled SON neurons
was 69.9-98.9%. Across the population there was no sys-
tematic bias in the efficacy of the two labels, all data
appear in Table 1. Because double labeling was not ob-
served in 100% of the somata when the dyes are equally
mixed before injection, the proportion of all neurons ob-
served to be double labeled in subsequent experiments
should be considered conservative.

SON projections to multiple
ipsilateral targets

The principal issue addressed in this report is whether
SON projections to each of its brainstem target nuclei
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TABLE 1. Double Labeling of SON Somata From Multiple Targets'

RDA Alexa488DA # %
Case (target nucleus) (target nucleus) Double Double
NA plus NL
015102C 379 (NL) 249 (NA) 33 13.3
015102A 299 (NA) 102 (NL) 20 19.6
015105E 296 (NA) 102 (NL) 2 2
015101D 280 (NA) 250 (NL) 82 32.8
015103B 103 (NL) 105 (NA) 5 4.9
Average 14.5
NA plus NM/NL
025101C 54 (NA) 261 (NM/NL) 3 5.6
025103C 270 (NA) 120 (NM/NL) 46 38.3
025101B 467 (NM/NL) 157 (NA) 43 27.3
Average 23.7
NA plus NM
015102B 166 (NA) 21 (NM) 4 19.0
025114A 69 (NM) 406 (NA) 8 11.6
025114c 111 (NM) 308 (NA) 15 13.5
Average 14.7
NM plus NL
025108E 153 (NL) 179 (NM) 132 86.3
025113B 120 (NM) 497 (NL) 5 4.2
025113A 78 (NM) 518 (NL) 2 2.6
Average 31.0
Mixed dye controls
025108B 256 (all*) 228 183 80.3
025108A 296 (NM/NL) 387 207 69.9
025104G 196 (all*) 282 187 95.4
025104H 186 (all*) 189 184 98.9
0251041 132 (NM/NL) 133 98 72.4
Average 834

IResults of differential labeling from ipsilateral target nuclei. Each combination cate-
gory of target nuclei is shown in bold at left. The number and letter combinations at left
are designations that identify each preparation. The number of cells labeled by each dye
is shown in the middle columns, and the target nucleus is shown in parentheses. The
percentage of somata that were double labeled (see Materials and Methods section) are
shown at the right with the mean for each group in bold at the end of each section.
Asterisks indicate injection in each of nucleus angularis (NA), nucleus magnocellularis
(NM), and nucleus laminaris (NL).

originate in separate populations of SON neurons with
unique targets or whether a single population provides
input to all targets. To investigate this question, we de-
livered different fluorescent dextrans into pairs of target
nuclei in the brainstem and evaluated the extent to which
SON neurons were labeled with both fluorophores. Double
labeling is an indication that a given neuron projects to
both injection sites.

In five preparations, one injection was restricted to NA
and the other was restricted to NL. In all cases, an abun-
dance of double-labeled cells were observed in SON. Fig-
ure 3 shows one case where RDA was injected into NA and
Alexa488DA was injected into the ventromedial NL. Fig-
ure 3A,B shows the injection sites at two different rostro-
caudal levels of these nuclei; Figure 3A is more rostral.
Figure 3C shows the ipsilateral SON, with several double-
labeled cells indicated by arrowheads. The SON in this
embryo had a total of 280 RDA-labeled cells, 250
Alexa488DA-labeled cells, and 82 double-labeled cells;
thus, the percentage of double-labeled cells for this em-
bryo was 33%. The mean for this group was 15%. The data
for all injections involving pairs of ipsilateral targets is
summarized in Table 1.

Figure 4 shows a preparation in which injections cov-
ered most of NA (RDA) and a large extent of the ventral
and caudal portion of NM (Alexa488DA). Some of the
Alexa488DA crossed into the dorsal margin of NL. Figure
4A shows projections of the injection sites at two rostro-
caudal levels. Figure 4B shows a photomicrograph of one
14 pm section of the SON with several double-labeled
neurons (Figure 4B, arrowheads) along with a few RDA
and Alexa488DA singly labeled somata. In this embryo,
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38% of labeled SON somata were double labeled, a similar
value to the case shown in Figure 3. Nucleus angularis
was the target of one of the two injections in five other
cases where the opposing injection involved parts of either
NM alone or both NM and NL. In all cases, double labeling
was observed in SON. The mean proportion of double-
labeled somata was 23.7% for NA plus NM/NL injections
and 14.7% for NA plus NM injections. In three additional
cases, we labeled NM and NL differentially with minimal
overlap. This group included one case with the highest
overall proportion of double-labeled SON cells at 86.3% as
well as two cases with small numbers of double-labeled
cells (see Table 1). The average for this group was 31%.
We did not observe labeled somas in the SONc for any
injection in NM, NL, or NA. These data taken together,
with the caveat from mixed dye injections that double-
labeling percentages are likely to be an underestimate of
the total population of multi-target SON neurons, suggest
that a substantial population of SON neurons projects to
two or more ipsilateral targets in the NA, NM, and NL.

SON’s contralateral projection is
a separate population

The SON is known to project to the SONc and LLv and
bilaterally to the MLd as well as its ipsilateral targets in
the lower nuclei NL, NM, and NA (Conlee and Parks,
1986; Carr et al., 1989; Lachica et al., 1994; Yang et al.,
1999). Because the data presented thus far indicate that
many individual neurons in the SON project to multiple
ipsilateral targets in its descending projection, we sought
to address the question of whether the same population of
SON neurons also projects to contralateral targets in the
SONCc and in higher order nuclei. To address this question,
we made several injections of Alexa488DA in the ipsilat-
eral NM, NA, and NL in the same brains as large injec-
tions of RDA in the contralateral brainstem within or near
the SONc.

In six cases where both the ipsilaterally and contralat-
erally projecting SON neurons were labeled, double label-
ing of SON neurons was exceedingly rare, with a mean
percent double labeling of 1.5%. Table 2 shows the num-
bers of cells labeled with each dye corresponding to con-
tralateral or ipsilateral injection sites. One such case is
illustrated in Figure 5. Figure 5A shows a composite of the
ipsilateral and the contralateral injection fields with the
rostrocaudal dimension projected onto the two dimen-
sional coronal drawing. Figure 5B shows a 14 pum section
through SON with many RDA (Figure 5B, arrows) and
Alexad488DA (Figure 5B, asterisks) -labeled cells but no
double labeling. These SON neurons that project to either
ipsilateral or contralateral targets appear to be intermin-
gled throughout the nucleus (but see following section). In
addition to the paucity of double-labeled SON neurons,
the main fiber tract out of SON (Figure 5B, arrowheads)
also shows no double labeling in the axons. This lack of
double labeling across all six preparations was striking,
considering the high number of neurons that were singly
labeled (n = 1,912).

Topography of SON projections

The above sections establish some degree of unifor-
mity in the output of the SON to its ipsilateral targets
in NM, NA, and NL. A fundamental organizing feature
of auditory systems is tonotopic organization. We
sought to address whether the divergent output of SON
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Fig. 3. Superior olivary nucleus (SON) neurons project to both
nucleus angularis (NA) and nucleus laminaris (NL). A,B: The injec-
tion sites at rostral (A) and caudal (B) levels; nuclear borders are
indicated as dotted lines. The Alexa488DA injection was centered in
the ventromedial NL, and the tetramethylrhodamine dextran injec-

is organized tonotopically. That is, do individual areas
of SON project to restricted frequency regions of NM,
NA, and NL. We exploited the fact that the best fre-
quency of NM and NL neurons can be established pre-
cisely by their position in the nucleus (Rubel and Parks,
1975). Injection borders were recorded as percentiles
between the caudal to rostral poles of the nuclei (the
main tonotopic axis). In eight cases with small injec-
tions that sampled relatively small frequency regions of
the tonotopic axis (mean injection = 22% of the rostro-
caudal extent) in NM (n = 5) or NL (n = 3), we recon-
structed the positions of labeled neurons in the SON in

tion was centered in the dorsal NA. The injection sites do not overlap.
NM, nucleus magnocellularis. C: A section through SON, where sev-
eral double-labeled neurons appear (arrowheads). Singly labeled neu-
rons are also present (arrows and asterisks). D, dorsal; M, medial.
Scale bars = 500 pm in A,B; 100 pwm in C.

three dimensions from their coordinates in serial sec-
tions. To perform this analysis, we then segmented the
volume of the SON by bisecting each cardinal dimension
(i.e., rostrocaudal, dorsoventral, mediolateral) of the
SON, yielding eight segments that we will refer to as
octants. If there were a tonotopic relationship between
the position of SON neurons and their projections to
NM, we would expect that injection of different charac-
teristic frequency regions of NM would yield labeled
neurons that predominantly grouped in different oc-
tants of SON. Neuron number was pooled in each octant
and their distributions were analyzed.
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Fig. 4. Superior olivary nucleus (SON) neurons project to both
nucleus angularis (NA) and nucleus magnocellularis (NM). A: Sche-
matic positions of the injections along the caudal (foreground) to
rostral (background) extent of the NM injection. The Alexa488DA
injection also includes a small amount of dorsal nucleus laminaris
(NL) neuropil. B: Many double-labeled SON neurons (arrowheads) as
well as somata singly labeled (arrows and asterisks). L, lateral; M,
medial; C, caudal; R, rostral. Scale bar = 100 pm in B.

Figure 6A,B schematically shows two such injections
and the resulting distributions of retrogradely labeled
SON neurons. The case on the left shows a caudal injec-
tion that covers the 30-50th percentile of the tonotopic
axis of NM, illustrated by the red zone of the vertical bar
representing the full rostrocaudal extent of NM in the
middle of Figure 6A. This area is predicted to represent
best frequencies of roughly 0.5 to 1.5 kHz (Rubel and
Parks, 1975). The SON somata distribution is shown in
the two pie plots (Figure 6B, left) that represent the cau-
dal and rostral octants. Somata are observed in all volume
segments of the nucleus, but are especially prevalent in
both of the dorsomedial octants. By comparison, the case
shown at the right illustrates the results of a rostral
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TABLE 2. Contralateral Projection From SON Is Derived
From a Separate Population of Neurons®

Number of neurons

Alexa488DA
RDA contra ipsi
Case targets targets Double labeled
025103d* 247 171 0
025104f* 207 111 3
025107d* 50 146 1
025107e 45 136 0
025109d 131 510 2
025101e* 96 70 2
Totals 776 1144 8 (mean = 1.5%)*

Data represent neuron counts for six preparations where contralateral and ipsilateral
targets were injected with different dextrans. The number of double-labeled somata for
each brain is shown in the right column. Asterisks indicate cases where contralateral
injections included contralateral superior olivary nucleus. RDA, tetramethylrhodamine
dextran; Alexad88DA, Alexa 488 conjugated dextran; SON, superior olivary nucleus.
2See Materials and Methods Section.

injection in NM, which covers the 73-97th percentile of
the rostrocaudal axis in NM and represents best frequen-
cies of approximately 2.5 to 4.0 kHz (Rubel and Parks,
1975). This injection yielded octant counts that are sur-
prisingly similar to those observed for the caudal injection
shown to the left with the highest somata counts again in
the dorsomedial octants. All five NM injections and three
NL injections resulted in similar distributions of labeled
somata. Thus, we did not identify a clear tonotopic orga-
nization in the SON. To validate that our injections, in
fact, were restricted to a particular frequency range, we
compared retrograde labeling in the well-characterized
topographic projection from NM to the contralateral NL.
For each of the four NL injections analyzed in this way, we
observed tonotopically restricted retrograde labeling of
somata in the contralateral NM. However, in each case,
the labeling represented a slightly larger frequency range
than that which was predicted from the borders of the
injection sites. Two cases are shown in Figure 6C. Both
injections labeled tonotopically restricted zones in NL.
The resulting retrograde labeling yielded slightly larger
but circumscribed labeling in the contralateral NM. The
range of the tonotopic axis labeled in the four NMs repre-
sented 126-233% of the tonotopic axis predicted from the
corresponding NL injections. These data suggest that our
method of evaluating the topographic borders of our injec-
tions was to some extent conservative.

Because we did not observe any apparent tonotopic pat-
terning in SON, we then asked whether our injections in
the functionally distinct NA yielded topographically dis-
tinct labeling patterns in SON when compared with the
injections in NM and NL described above. SON somata
labeled from three NA injections also tended to occupy the
dorsal half of SON with the highest proportion of neurons
in the two dorsomedial octants (data not shown). The
same patterns were present in two preparations where the
topography of NA plus NM or NA plus NL injections was
compared within the same animal. Thus, we did not reveal
topographically distinct regions of SON from ipsilateral
injections with respect to target nuclei or tonotopy within
those nuclei.

Finally, we considered the possibility of differential to-
pography between the separate populations of SON neu-
rons that innervate either ipsilateral or contralateral tar-
gets. In all of the three cases analyzed, injections to
contralateral targets yielded a pattern of somata position
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A Ipsilateral vs. Contralateral Injections

Fig. 5. Separate populations of superior olivary nucleus (SON)
neurons project to ipsilateral and contralateral targets. A: A sche-
matic of the brainstem with the injection sites indicated. Ipsilateral
injections were primarily in nucleus angularis (NA) and nucleus lami-
naris (NL), but include lateral nucleus magnocellularis (NM). Con-
tralateral injections include the rostral contralateral SON and sur-
rounding tissue. B: Many singly labeled positive neurons (arrows and
asterisks) but no double-labeled somata. Arrowheads show the many
singly labeled fibers in the major fiber tract of the SON. Scale bar =
100 pm in B.

strikingly different than the ipsilaterally labeled neurons.
Neurons labeled from the ipsilateral targets yielded the
same pattern as those presented above. Somata were dis-
tributed throughout the nucleus but with the population
most concentrated in the dorsomedial octant volumes of
SON. In contrast, the contralateral injections also labeled
neurons throughout the nucleus, but somata occurred
most frequently in the ventrolateral octants of SON. The
data from these three cases were pooled and are presented
in Figure 7. In Figure 7A, we show the average neuron
percentage counts from ipsilateral (Figure 7A, green circle
at left) and contralateral (Figure 7A, red circle at right)
injections for each octant. These data indicate that SON is
topographically organized, at least in part, according to

A  Tonotopically restricted injections

Brain B
rostral injection

Brain A
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Fig. 6. Topography of superior olivary nucleus (SON) is not orga-
nized strictly according to best frequency. A: Schematic projections of
two preparations with injections that span restricted best frequency
domains in nucleus magnocellularis (NM). Brain A shows a caudal
injection red, whereas brain B shows a rostral injection green. The
vertical bars in the middle of the panel provide a comparison of the
injection sites along the tonotopic axis. B: The percentage distribution
of neurons counted in the eight approximately equal volume segments
(octants) of the SON. Neurons are distributed throughout the SON in
both cases. However, for both the low frequency (red circles) and high
frequency (green circles) injections, SON somata are concentrated in
the dorsomedial segments. The octant with the highest proportion of
neurons is the same in both cases and is marked in bold and by
asterisks. C: Tonotopically restricted injections in nucleus laminaris
(NL) result in tonotopically restricted labeling in the contralateral
NM. The schematic brain panel at left illustrates the experiment. The
vertical bars to the right show the results of two experiments. In both
cases, there was perfectly tonotopic, although expanded, retrograde
labeling of contralateral NM neurons.

the origin of its contralateral and ipsilateral projections. A
Chi-squared analysis showed the differential distributions
of labeled somata as a function of ipsilateral or contralat-
eral injection of tracer to be statistically significant, P =
0.001. Figure 7B shows a schematic drawing of the SON
projections that incorporates the results presented in this
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Fig. 7. Superior olivary nucleus (SON) topography is organized
according to postsynaptic targets. A: Average percentage distribu-
tions from three preparations where the contralateral and ipsilateral
targets were labeled with different fluorophores. The data from the
rostral and caudal octants are combined for clarity. The green circle at
left shows the distribution of neurons labeled from ipsilateral injec-
tions. Consistent with the data shown in Figure 6, retrogradely la-
beled SON neurons were most frequent in the dorsomedial SON
marked in bold. The red circle at the right shows the pooled distribu-
tion resulting from three contralateral injections. Neurons are again
widely distributed in SON but concentrated in the ventrolateral SON
(marked in bold). A Chi-square analysis showed the differential dis-
tributions of somata to be statistically significant, P = 0.001. D,
dorsal; M, medial. B: A schematic summary of all results, including
the projection pattern and topographic organization of SON. Ipsilat-
eral projections arise from the dorsomedial SON (green lines) and
independent contralateral projections (red line) project from the ven-
trolateral SON to the contralateral SON (SONc). NA, nucleus angu-
laris; NM, nucleus magnocellularis; NL, nucleus laminaris.

report. The ipsilateral projection (Figure 7B, green) orig-
inates primarily in the dorsomedial SON with single neu-
rons innervating multiple targets in NA, NM, and NL. The
contralateral projection (Figure 7B, red) originates from a
separate population of neurons that reside predominantly
in the ventrolateral SON.

DISCUSSION

These data support two main conclusions. First, the
topography of the SON is organized according to function-
ally distinct output projections (ipsilateral and contralat-
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eral) that arise from separate populations of neurons.
Second, SON neurons provide divergent feedback to mul-
tiple targets in the ipsilateral brainstem, often innervat-
ing multiple anatomically and functionally distinct tar-
gets and displaying no obvious tonotopy. In this section,
we briefly expand upon these findings and present a con-
ceptual model of inhibitory function in ITD processing
that incorporates these results.

Topography

Injections into tonotopically restricted regions of NM or
NL yielded no distinct patterning of labeled somata in
SON. In contrast, reliable tonotopic labeling in the con-
tralateral NM was seen after tonotopically restricted NL
injections. Although some expansion along the frequency
axis in NM relative to the NL injection sites suggests that
our methods may not resolve a coarsely organized tono-
topy in the SON projection, it is reasonable to conclude
that this efferent projection must be quite diffuse com-
pared with other known projections to NM, NA, or NL.
Moiseff and Konishi, (1983) reported a rough dorsal to
ventral tonotopic gradient in electrophysiological re-
sponses in SON of the barn owl, but no data were pre-
sented. Therefore, a viable hypothesis at this time is that
tonotopically organized input axons activate inhibitory
feedback that operates broadly across the frequency axes
of the ipsilateral target nuclei.

This finding is in contrast to the precise tonotopy shown
in other avian brainstem connections as well as in most
mammalian auditory pathways. This arrangement is sur-
prising in light of the elegant tonotopic architecture of
neurons in one of SONs primary targets, NL (Smith and
Rubel, 1979). On the other hand, if one of the primary
functions of the ipsilateral SON recurrent circuitry is to
adjust ongoing or spontaneous firing rates such that a
signal will have maximal influence, then a broadly dis-
persed nontonotopic input would be advantageous. This
function would be most important in conditions of high
noise levels where sounds would activate large areas of
the cochlea even when the background noise has a limited
bandwidth.

Separation of ipsilateral and
contralateral projections

Preparations in which ipsilateral and contralateral tar-
gets were differentially labeled yielded exceedingly small
numbers of double-labeled neurons in SON. The presence
of two separate SON outputs is supported by the differen-
tial topographic distributions of ipsilaterally and con-
tralaterally labeled somata. It remains unresolved
whether this contralateral output is solely GABAergic.
However, (Lachica et al., 1994) reported that more than
70% of SON neurons were immunoreactive for GABA.
Moreover, while the contralateral SON projection is bi-
ased toward the ventrolateral region of SON, no such bias
was seen in studies of GABA immunoreactivity within the
nucleus. Because we often labeled hundreds of contralat-
erally projecting neurons, it is likely that this projection is
at least in part GABAergic.

Our most surprising result is that single SON neurons
commonly project to multiple, functionally distinct ipsilat-
eral targets. Hence, functionally distinct parallel path-
ways established by NM and NA are bound together in the
brainstem by common inhibitory feedback projections.
Previous studies in both barn owl and chicken reported
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that the NL projection to SON is biased toward the dorsal
SON (Conlee and Parks, 1986; Takahashi and Konishi,
1988), while the NA innervates primarily the ventral
SON. Taken together with the current results, these data
suggest that the SON is organized according to two func-
tional zones; a dorsomedial region provides feedback inhi-
bition to multiple ipsilateral targets, and a ventrolateral
zone projects to contralateral targets. A rationale for this
division of output projections is suggested below.

Functional significance

Previous studies have led to two main conclusions about
the SON’s role in auditory function. First, several previous
studies have suggested that inhibitory input to both NM
and NL in the “timing pathway” serves to increase the
acuity of temporal integration by minimizing temporal
summation on the plasma membrane. The shortening of
the membrane time constant is achieved by a depolarizing
GABAergic conductance that activates low voltage acti-
vated potassium (K"} +,,) conductances. Large K1 y,4 con-
ductances are a common feature of neurons specialized for
encoding temporal features of sounds, and a protein sub-
unit of these channel types Kv1.1 is highly expressed in
NM and NL neurons (Lu et al., 2004). Thus, inhibitory
input likely results in improved coincidence detection in
NL and phase-locking to the stimulus waveform in both
NM and NL (Reyes et al., 1996; Funabiki et al., 1998;
Yang et al., 1999; Monsivais et al., 2000).

The coupling of the GABAergic input to the K' A
conductance as well as the prominent asynchronous re-
lease observed at these synapses (Lu and Trussell, 2000;
Monsivais and Rubel, 2001), results in temporally ex-
panded inhibitory events. The long kinetics suggest that
the inhibition in the avian auditory brainstem operates on
a time scale relevant only to general changes in sound
level and will not provide transient or cycle-by-cycle feed-
back. Therefore, the convergence of direct and indirect (by
means of NM) inputs to NL from SON predicted by diver-
gent axon collaterals observed in this study will have little
differential influence on temporal aspects of inhibitory
input.

A second proposed role for the inhibitory feedback is the
suppression of discharges in its targets over a broad range
of sound intensities. This role would result in an expan-
sion of the dynamic range of neurons in these nuclei. This
proposed “gain control” mechanism acting on NM and NL
neurons has been suggested to preserve ITD coding over a
broad range of intensities in NL (Pena et al., 1996; Fun-
abiki et al., 1998; Yang et al., 1999; Lu and Trussell,
2000). The role of inhibition in NA has not been directly
tested. However, the diversity of physiological response
types observed in NA provides ample substrate for inhi-
bition to influence both basic response characteristics and
rate-level functions (Hotta, 1971; Sachs and Sinnott, 1978;
Sullivan and Konishi, 1984; Warchol and Dallos, 1990;
Soares et al., 2002; Képpl and Carr, 2003).

From the present study, a new perspective on inhibition
in the auditory brainstem emerges, consisting of two sep-
arate inhibitory feedback loops, each providing general-
ized and divergent inhibition of the major auditory centers
in the ipsilateral brainstem. These parallel feedback cir-
cuits are then coupled by an independent reciprocal inhi-
bition. The importance of the data presented here is two-
fold. First, the merging of parallel pathways ipsilaterally
provides the circuitry for the SON to regulate its impact
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on both monaural cochlear nuclei in the absence of direct
projections from NM. In other words, the circuitry allows
for the inhibitory input to NM to be regulated by “proxy”
through the coupled parallel reciprocal feedback between
NA and SON. Second, a separate contralateral pathway
originates from a region of SON that receives input pri-
marily from the monaural NA. This arrangement may
allow each SON to influence the other proportionally to
the input strength at each ear, without the confounding
influence of binaural inputs from NL. Taken together,
these data on SON circuitry necessitate a revised view of
inhibitory function in binaural processing and suggest
that the robust reciprocal connections between the SONs
contribute to ITD processing in NL.

Our rationale for this view relies on three well-
documented features of the avian auditory system. First,
whereas binaural coincidence results in maximal firing
rates in NL, these neurons respond well to monaural
stimuli in a level-dependent manner in both barn owl and
chicken (Overholt et al., 1992; Joseph and Hyson, 1993,;
Pena et al., 1996). Second, NM neurons, the sole excitatory
input to NL, show up to a fivefold increase in firing rate
over an intensity range of only approximately 20 dB (Sa-
chs and Sinnott, 1978; Warchol and Dallos, 1990). Third,
the air-filled canal that couples the middle ears of birds
expands the range of ITDs at low frequencies beyond that
which is predicted by the distance between the two ears
and also induces de facto interaural intensity differences
(IIDs) by biasing the tympanic membranes (Coles et al.,
1980; Hill et al., 1980; Rosowski and Saunders, 1980;
Calford and Piddington, 1988; Hyson et al., 1994). By
using cochlear microphonic recordings, Hyson et al. (1994)
showed that IID in chicks changed systematically with
sound source location. These changes are robust and sim-
ilar across frequency. These IIDs may be as large as 610
dB and, thus, could result in large differences in firing
rates between the two NMs. This bilateral asymmetry in
firing rates generates a computational challenge for NL;
put simply, an NL neuron must have a mechanism to
distinguish between an intense monaural input and ide-
ally timed binaural inputs.

In Figure 8, we present a conceptual model focusing on
a systems level mechanism of binaural intensity compen-
sation that incorporates the known circuitry of the SON.
Recent computational modeling of this system supports
this view (Dasika, 2003). The reader will note that the
temporal and/or gain control contribution of the SON to
response properties of NA and NL neurons, although fun-
damental aspects of the SON output, are not included in
the presentation of this model to highlight specifically the
SONSs’ influence on input biases to NL.

Each panel of Figure 8 represents a single NL and its
bilateral inputs from the two NMs. Notice that the left NM
projects with similar axon lengths on the “ipsilateral” side,
whereas the length of the right NM axon increases from
top to bottom resulting in the well-known delay line
present in the chicken (Young and Rubel, 1983; Overholt
et al., 1992). Figure 8A shows expected neuronal re-
sponses to the idealized conditions in which sounds gen-
erate no differences in input strength, just ITDs. This
finding is represented by the speaker positioned on the
midline, the only actual location for which there are no
input level biases. Because there are no IIDs and, thus, no
imbalance in input strength to NL, the circuitry involving
SON is equally stimulated on both sides of the brain and
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the reciprocal connection between the SONs is mutually
canceled, leaving only equivalent bilateral feedback inhi-
bition and a fully modulated change in firing rate with
ITD.

Figure 8B illustrates an intensity imbalanced input rep-
resented by a lateralized speaker in the absence of SON
circuitry. The lateralized sound source causes a shift in
ITD, but also generates an IID through interaural cou-
pling. The relatively high activity in the left NM compared
with the NM on the right causes its input to dominate at
NL. All NL neurons increase their firing rates relative to
the strong monaural input to the left ear regardless of the
binaural timing characteristics of the signal. In the re-
sponse shown to the right of Figure 8B, the dynamic range
of NL neurons becomes compressed and the relative
change in firing rate from best to worst ITD is reduced. In
other words, in the absence of compensation for binaural
intensity differences, the influence of the ITD on the firing
in NL is reduced because the system is asymmetrically
driven by a binaural intensity difference.

Figure 8C shows the same sound presentation, but with
the SON circuit intact. The increased intensity to the left
ear has several effects on firing in the two NMs: (1) it
tends to drive higher firing rates in the left NM relative to
its contralateral counterpart; (2) it recruits a strong inhi-
bition from the left SON back to the ipsilateral NM, re-
ducing its firing rate; and (3) the ipsilateral (left) SON
suppresses the SONc, resulting in a disinhibition of the
contralateral (right) NM. This coupling of the SONs
causes an increased firing rate in the contralateral NM,
while simultaneously decreasing the ipsilateral NM firing
rate. In this way, shifts in IID will be dynamically coun-
terbalanced by this circuit as sound sources shift position.
In summary, we propose that the binaural coupling of the

Fig. 8. Conceptual model of superior olivary nucleus (SON) func-
tion in binaural processing. Each panel at left shows schematic brain-
stem circuits, including a single nucleus laminaris (NL), as well as its
inputs from both nucleus magnocellulari (NMs), and SONs. The NM
input from the left innervates all NL neurons with the same delay,
whereas the input from the right NM innervates NL with increasing
delays from top to bottom. Input strength to each nucleus is repre-
sented by line weight, with heavy lines indicating strong input. Ex-
citatory inputs are shown with arrowheads and inhibitory inputs are
shown with T-bars. At right, each panel shows the expected response
of a representative NL neuron at that neuron’s best delay in black. In
each case, the neurons’ best interaural time difference (ITD) is cen-
tered on the X axis. A: The circuit’s response to a midline sound
presentation. In this case, NL neurons are presented with matched
inputs from either side that only differ in arrival time according to the
delay line on the right, and the NL neuron response is modulated over
its full dynamic range as ITD varies. B: A sound source that is shifted
toward the left ear with the SON circuitry disconnected. In this case,
the NM at left is driven to higher firing rates than the right NM. This
finding results in strong input to all NL cells that is unrelated to the
relative timing between the two ears. A smaller modulation in firing
rate results from coincident input from the contralateral ear at the
best ITD. The original ITD plot is shown with gray dotted lines.
C: The same stimulus conditions as those in B, but with the SON
circuitry intact. This inhibition reduces the input strength to NL from
the ipsilateral ear. At the same time, the ipsilateral SON inhibits its
contralateral counterpart, which in turn releases the contralateral
NM from inhibition. In this way, the intensity bias at the tympanic
membranes is offset by the inhibition of the left NM and disinhibition
of the right NM. As a result of the cancellation of intensity differences
in the circuit, the only input cue to NL that varies with sound source
location is ITD.
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SON circuitry is ideally suited to eliminate confounding of
ITD cues by counterbalancing IIDs and, thus, preserve
spatial coding in NL.

Comparison to mammals

The feedback of the SON to cochlear nuclei (CN) bears
intriguing similarities to the circuitry of some periolivary
nuclei in mammals. All subdivisions of the mammalian
CN receive glycinergic and GABAergic input from perio-
livary regions, in particular, the contralateral ventral nu-
cleus of the trapezoid body, the ipsilateral medial nucleus
of the trapezoid body, and lateral nucleus of the trapezoid
body (Adams, 1983; Spangler et al., 1987; Schofield, 1994;
Warr and Beck, 1996; Ostapoff et al., 1997). Physiological
studies have demonstrated inhibitory modification of re-
sponses in several classes of mammalian CN neurons
(Caspary et al., 1994; Ebert and Ostwald, 1995a,b; Backoff
et al., 1999; Kopp-Scheinpflug et al., 2002). Additionally,
the nature of the feedback suggests that olivary projec-
tions to the CN may have a similar role to that proposed
for SON in binaural processing (Schofield, 1994). The sim-
ilarities between avian and mammalian circuitry and the
simplicity of this circuit in birds make the avian system an
attractive model for further investigation of inhibitory
feedback in vertebrate auditory systems.
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