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Abstract

The inferior colliculus (IC) receives its major ascending input from the cochlear nuclei, the
superior olivary complex and the nuclei of the lateral lemniscus. In order to better understand the
terminal distribution of the inputs from these sources relative to one another, we made focal
injections of a retrograde tracer, biotinylated dextran amine, in different parts of the IC in 74
gerbils (Meriones unguiculatus). Based on counts of labeled cells in brainstem auditory nuclei, the
cases could be divided into three groups. Group 1 cases had labeled cells in both the cochlear
nuclei and in the lateral and medial superior olivary nuclei. Group 2 cases had labeled cells in the
cochlear nuclei but few or none in the lateral and medial superior olivary nuclei. Both groups had
labeled cells in the nuclei of the lateral lemniscus and the superior paraolivary nucleus. Group 3
cases had few labeled cells in any of the ascending auditory pathways. The group to which a case
belonged was strongly related to the location of the injection site in the IC. The injection sites for
both Groups 1 and 2 were located in the central nucleus, but those for Group 1 tended to be
located laterally relative to those for Group 2, which were located more medially and caudally.
The injection sites for Group 3 cases lay outside the central nucleus of the IC. The two regions of
the central nucleus of the IC, distinguished on the basis of connectivity, are likely to subserve
different functions.
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INTRODUCTION

The inferior colliculus (1C) is the site of convergence of input from almost all auditory areas
in the brainstem and forebrain as well as from some non-auditory areas (Adams, 1979, 1980;
see reviews in Winer and Schreiner, 2005). The IC itself contains a number of
morphologically different neuronal classes (Morest and Oliver, 1984; Oliver, 1984a;
Gonzalez-Hernédndez et al., 1989; Peruzzi et al., 1997, 2000; Oliver et al., 1991, 1994;
Malmierca et al., 1993) and an extensive network of intrinsic and commissural
interconnections (e.g., Saldafia and Merchan, 2005). Anatomical complexity of the IC is
matched by physiological complexity. Diverse unit types have been classified on the basis of
differences in biophysical properties, binaural response properties, frequency/intensity
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response profiles, responses to complex stimuli, and poststimulus activity patterns (e.g,
Semple and Aitkin, 1979; Schreiner and Langner, 1988; Briickner and Rilbsamen, 1995;
Ramachandran et al., 1999; Ramachandran and May, 2002; Peruzzi et al. 2000;
Sivaramakrishnan and Oliver, 2001; Davis, 2002; Hernandez et al., 2005). From the point of
view of relating physiological response properties to neuroanatomical organization, it is
important to understand how the differences in extent of the terminal arborizations from
each source of input are related to the three-dimensional organization of the IC and its well-
known topographic organization with respect to frequency. The extent to which axons from
any of the sources of input to the 1C form synaptic connections with specific neuronal types
will determine their role in shaping the response properties of those types.

In our laboratory, we have been investigating the neuroanatomical organization of the IC of
the Mongolian gerbil (Meriones unguiculatus). The gerbil is widely used in auditory studies,
in large part because, although it is a small mammal, it has well-developed low frequency
hearing (Lay, 1972; Ryan, 1976; Ryan et al., 1982), making it more similar to carnivores
and primates than are rats and mice (cf. Heffner et al., 2001, their Figure 6). Previous
neuroanatomical tracing studies in other species have demonstrated that the terminal fields
of axons arising in the cochlear nucleus, superior olivary complex and nuclei of the lateral
lemniscus are not distributed uniformly throughout the IC and that the terminal zones of the
major inputs do not overlap completely (Roth et al., 1978; Brunso-Bechtold et al., 1981;
Kudo, 1981; Aitkin and Schuck, 1985; Coleman and Clerici, 1987; Maffi and Aitkin, 1987;
Shneiderman and Henkel, 1987; Kelly et al., 1988; Ross and Pollak, 1989; Oliver et al.,
1997; Frisina et al., 1998; Gabriele et al., 2000; Loftus et al., 2004). The auditory pathways
in the gerbil appear grossly similar to those described in other species (Nordeen et al. 1983;
Moore and Kitzes, 1985; Budinger et al. 2000a,b; Bajo and Moore, 2005), but the
organization of the terminations from the cochlear nucleus, superior olivary complex and
other ascending sources within the 1C has not been described in any detail. In this paper, we
report the results of a retrograde tracing study in which injections of a tracer were restricted
to small regions throughout the IC in order to establish the extent of the terminations from
the major brainstem auditory nuclei.

MATERIALS AND METHODS

Brains from 74 female gerbils were used for this study. The gerbils were obtained from
Charles River Laboratories at approximately 8 weeks of age and housed until use in Duke
University animal quarters. Age at the time of the experiment ranged from 8 to 17 weeks
(average, 11 weeks). All procedures using animals were approved by the Duke University
Institutional Animal Care and Use Committee and were in accordance with NIH guidelines.

Experimental procedures

Anesthesia and perfusions—~For the procedures described below, animals were
anesthetized with Nembutal administered intraperitoneally (50—70 mg/kg). When the
animals lost withdrawal reflexes, surgical procedures were performed. After an appropriate
survival period, the animals were again anesthetized with Nembutal (> 70 mg/kg). When
they were completely areflexic and just as breathing ceased, they were perfused
intravascularly with 0.1M phosphate buffer (pH 7.4) followed by buffered 4%
paraformaldehyde. The next day, the brain was removed from the skull and kept overnight
in a buffered 30% sucrose solution. Frozen sections 40 um thick were cut in the transverse
or horizontal plane on a sliding microtome and collected as two sets of sections in serial
order.
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Biotinylated dextran amine (BDA) injections—In each of the gerbils, an incision was
made in the skin over the occipital bone. A small hole (about 2 mm in diameter) was made
in the bone, and a glass pipette with a tip diameter of approximately 15 um was lowered
through the occipital cortex and (usually) the superior colliculus into the inferior colliculus.
A solution of 10% BDA (10,000 MW, Vector Laboratories) in saline was injected
iontophoretically; a current of 4—5 A was pulsed (7 sec on/7 sec off) for 10—20 minutes. In
three of the cases, two or three separate injections were made close to one another (Table 1,
single asterisks). After a survival time usually ranging from 5 to 11 days, animals were
perfused as noted above. (Three animals — case numbers 319, 324 and 325 — survived for
only 3 days.) One series of alternate sections was reacted for the presence of BDA. The
sections were rinsed for 5 minutes in 0.5% triton-X 100 (triton) in 0.1M phosphate buffer
and then incubated in an avidin-biotin solution (1:100 dilution) in 0.5% triton and 0.1M
phosphate buffer (Vector ABC Standard Elite Kit; the biotin is tagged with horseradish
peroxidase) for one hour with agitation. The sections were rinsed three times in phosphate
buffer and then reacted in 0.05% diaminobenzidine in phosphate buffer containing 0.002%
hydrogen peroxide, 0.025% nickel ammonium sulfate and 0.025% cobalt chloride to
visualize the horseradish peroxidase tag (based on Adams, 1981). Each section was mounted
on a slide next to an adjacent cytochrome-oxidase reacted section (see below). The sections
were allowed to dry overnight and were then dehydrated in a series of alcohols, cleared in
xylene, and coverslipped under Permount. (For cases 319 through 391, every section was
reacted for BDA.)

Cytochrome oxidase (CO) histochemistry—In all but the first 16 cases in the series
(Table 1), cytochrome oxidase histochemistry was performed on one series of alternate
sections. On the day that they were cut, the sections were rinsed in phosphate buffer and
incubated in the following solution at room temperature with agitation: 50 mg
diaminobenzidine (DAB) in 75 ml distilled water, 25 ml 0.4M phosphate buffer (added after
the DAB dissolved), 25 mg cytochrome C from horse heart (Sigma #C7752); 4 gm sucrose
(based on Wong-Riley, 1979). Incubation time under these conditions was usually about
four hours but could range from 2 hours to more than six hours. Sections were checked
periodically; when the white and gray matter in the brainstem were judged to be well-
differentiated, the sections were rinsed in buffer and mounted on glass slides next to an
adjacent section that had been reacted for the presence of BDA.

Data analysis

Microscopy and photography—Sections were analyzed on Zeiss AxioSkop 2
compound microscopes equipped with either plan-neofluar or plan-apochromat objectives.
Digital images were acquired with a Zeiss AxioCam HRc camera attached to the microscope
and driven by Zeiss AxioVision software. After they were obtained, images were imported
into Adobe Photoshop CS running on Apple Macintosh G5 computers, where all additional
manipulations were carried out. Selection tools in Photoshop were used to illustrate
differences in staining intensity in various parts of the IC; the use of such tools is described
in the appropriate figure legends. Unless otherwise specified (and with the exception of
obvious symbols and labels), no manipulations were performed that affected subsets of
pixels in the images.

Characterization of injection sites—We identified the center of the injection sites on
the CO-reacted sections as described in detail in the Results section and did not attempt to
estimate the precise boundaries of the effective area of uptake of the tracer. (See Warr et al.,
1981, for a discussion of the problems inherent in identifying the area of tracer uptake in
histological material.) In cases 319 through 391, no sections were reacted for CO, and the
location of the center of each injection site was estimated based on the location of the
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densest deposit of label in the BDA-reacted sections. The locations in these cases must be
considered more approximate and subject to error than those in the other 58 cases. Most of
the brains in the series were cut in the horizontal plane. The locations of the centers of the
injection sites were determined for each case and then mapped onto the corresponding
section in our three-dimensional atlas of the gerbil IC (Cant and Benson, 2005). Using the
atlas coordinates, we could then map the locations of the injection sites on other planes of
section.

Cell counts and localization of labeled neurons—Labeled neurons were counted in
every BDA-reacted section through the cochlear nuclei, the lateral and medial superior
olivary nuclei, the superior paraolivary nucleus, the dorsal and ventral nuclei of the lateral
lemniscus and the auditory cortex. (In most of the cases, only every other section was
reacted for BDA; in those in which every section was reacted for BDA, counts were made
on every section, but the results were divided by 2 to make them more comparable to the
other cases.) The labeled cells were viewed and counted through a 20X plan-neofluar
objective (N.A. 0.50) and 10X eyepieces for a final magnification of 200X. Counts were
made by a single observer. All of the labeled cells in two of the cases (411 and 425) were
counted twice at different times. The results of the second counts differed from those of the
first by less than 5% in both cases. Because a number of uncontrollable variables could have
influenced the number of labeled cells in any given case, no attempt was made to apply
correction factors to the raw data. In addition to the counts made at the microscope, the
locations of all labeled cells in every BDA-reacted section through the contralateral cochlear
nucleus were mapped onto digital photographs of the nucleus in 33 of the cases. Other
nuclei with labeled cells were photographed or mapped for illustrative purposes in a few of
the cases.

The tracer BDA is transported from the site of uptake in both the retrograde and anterograde
directions. Here, we present only the results of the retrograde transport. Projections from the
IC to the medial geniculate nucleus that were labeled anterogradely will form the subject of
a separate report.

Definition and distribution of injection sites

Our goal was to make small injections that sampled restricted regions throughout the inferior
colliculus. Seven of the injection sites are illustrated in Figure 1. In the BDA-reacted
sections (left column), the area of the injection site was usually so densely encrusted with
the reaction product that anatomical detail was completely obscured. The area of densest
deposit was surrounded by regions where labeled cells and axons could be visualized. These
often extended long distances from the injection site in patterns related to the intrinsic
organization of the IC, making it impossible to draw a boundary delimiting an effective
injection site based on the appearance of labeled elements.

For present purposes, it was most important to accurately locate the center of each site. For
this, the CO-reacted sections were ideal because passage of current resulted in a depletion of
CO in the neuronal elements at the location of the pipette tip (the presumed center of the
injection site), leaving a small “white” spot (Fig. 1, right column, arrows). In most of the
cases (e.g., Fig. 1, cases 411, 425, 427), the spot was small (200 to 300 um in diameter) and
appeared in only two or three CO-reacted sections, indicating that it was approximately
spherical in shape. In a few other cases (marked by double asterisks in Table 1; e.g., Fig. 1,
cases 441, 450, 462), the spot extended for as many as 10 or 15 consecutive CO sections
along the axis of the pipette track, probably due to brain movement with respect to the
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pipette during the injection. These sites were therefore larger and more columnar in shape
than those in the other cases, but even so, only part of the IC appeared to be involved in the
injection. In three cases (marked by single asterisks in Table 1; e.g., Fig. 1, case 454), we
attempted to make three injections relatively close to one another in the ventral IC. In these
cases, we detected a white spot associated with each injection. Only a few of the cases had
injection sites that appeared substantially smaller than those illustrated in Figure 1.

The locations of the centers of the injection sites are illustrated in the horizontal plane in
Figure 2. The injection sites were located throughout the central core of the IC and, to a
lesser extent, in surrounding border areas. For the most part, the injections appeared to
provide a fairly thorough sampling of most of the IC. They were distributed relatively
evenly in the dorsal to ventral, rostral to caudal and medial to lateral dimensions. Two areas
that were probably not sampled adequately were the caudal part of the dorsal (or caudal)
cortex and a ventrolateral area that included part of the central nucleus (Fig. 2).

The extent of projections from each major brainstem nucleus depended on the location of
the injection site in the IC

In almost all cases, the contrast between labeled cells and the surrounding tissue was high
(Fig. 3) so that it was relatively straightforward to obtain reliable cell counts (Table 1). The
total number of labeled cells varied considerably. As expected, the cases with the largest
numbers of labeled cells were cases in which the injection appeared to spread over a greater
than usual number of sections or in which we intentionally made multiple injections. Twelve
of the cases had fewer than 200 labeled cells. These cases included all of those in which the
injection site appeared to be smaller than usual.

The total number of labeled cells in the cochlear nuclei correlated fairly well with the total
number of labeled cells in the ascending pathways, but the total number of labeled cells in
the superior olivary complex did not (Table 1). Based on differences in the proportions of
labeled cells located in the cochlear nuclei and in the main nuclei of the superior olivary
complex, we assigned each case to one of three groups. Group 1 contains those cases (n=28)
in which 15% or more of the labeled cells in the brainstem were located in the cochlear
nuclei and 5% or more were located in the MSO and LSO. Group 2 contains those cases
(n=29) in which 15% or more of the labeled cells were located in the cochlear nuclei but less
than 5% were located in the MSO and LSO. Group 3 (n=17) contains those cases in which
less than 15% of the labeled cells were located in the cochlear nuclei and less than 5% were
located in the MSO and LSO. (Creation of a logical fourth group, one in which less than
15% of the labeled cells were located in the cochlear nuclei and 5% or more were located in
the LSO and MSO, was not justified by the data. The one case, 426, that would have barely
met these criteria was placed into Group 3.)

Data from Table 1 for the cases that fell into Groups 1 and 2 are converted to percentages in
Figure 4. Although the criteria separating the groups were set subjectively, almost all of the
cases fell clearly into one group or another, and, in most cases, the criteria set a quite low
limit. In Group 1, labeled cells in the cochlear nuclei ranged from 17.5% to 54% (average =
34.4%) and in the MSO and LSO, from 5.8% to 50% (average = 21.8%). In Group 2, labeled
cells located in the cochlear nuclei ranged from 15.3% to 60.8% (average = 39.2%) and in
the MSO and LSO, from 0 to 4% (average = 1.4%). There were only four cases in Group 1
in which less than 10% of the labeled cells were located in the LSO and MSO and only four
cases in Group 2 in which more than 3% of the cells were located in those nuclei. In Group
3, labeled cells located in the cochlear nuclei ranged from 0 to 13.2% (average = 6.2%) and
in the LSO and MSO, from 0 to 5.0% (average =1.0%).
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To a certain extent, the total number of labeled cells in the brainstem auditory nuclei was
related to the group into which the case fell (Table 1). All but one of the cases in Group 3
had fewer than 200 labeled cells in the brainstem auditory nuclei, although some of these
cases had a large number of labeled cells in the auditory cortex. Group 1 cases tended to
have higher numbers of labeled cells than did Group 2 cases, but there was considerable
overlap. Cases with the highest numbers of labeled cells in the ascending pathways were
distributed throughout the core of the IC and did not appear to favor any particular region
(i.e., dorsal vs. ventral or rostral vs. caudal).

The most obvious variable related to whether a case was assigned to Group 1, 2 or 3 was the
location of the center of its injection site in the IC (Figs. 5 and 6). Cases in both Group 1
(blue dots) and in Group 2 (red dots) were distributed throughout the dorsal to ventral extent
of the central IC. However, the Group 1 cases tended to be distributed more laterally relative
to the Group 2 cases, which tended to be located more medially and caudally. There was
little overlap between the areas occupied by the centers of the injection sites in the two
groups. The segregation of the injection sites for cases in Group 1 vs. those in Group 2 is
especially obvious when the injection sites are plotted in the sagittal plane (Fig. 6). The
injection sites for the Group 3 cases (green dots) generally lay around the margins of the IC
in the dorsal, caudal and external cortices.

Topographic organization of the projections to the IC

In all but one of the cases in Groups 1 and 2, labeled cells were located in all three main
divisions of the cochlear nucleus (i.e., the AVCN, PVCN and DCN) (Table 1; Fig. 7). Based
on the location of labeled cells along the topographic axis in both the DCN and the AVCN,
we could assign each of the cases to a “frequency” range based on the known tonotopic
organization of the cochlear nuclei in the gerbil (e.g., Ryan et al., 1982;Hancock and Voigt,
2002). Cases with a pattern of distribution like that in case 425 or 462 (Fig. 7) were assigned
to the low frequency range. In such cases, labeled cells were loosely distributed throughout
the ventral AVCN and PVCN (see also Fig. 3A and 3C, case 427) and in the lateral and
ventral DCN. In the AVCN, the labeled cells were scattered among unlabeled spherical
bushy cells, which do not project to the IC. Cases with a pattern like that of case 411 were
assigned to the middle frequency range. In these cases, the labeled cells were tightly
clustered, forming dense bands through the middle of all three parts of the cochlear nucleus.
Cases with a pattern like that of case 441 were assigned to the high frequency range. In these
cases, labeled cells in the DCN were located in the most dorsomedial part of the nucleus and
labeled cells in the AVCN and PVCN formed a continuous cluster dorsal to the entry zone
of the cochlear nerve. The results (Table 1) are compatible with the known topographic
organization of the IC (e.g., Ryan et al., 1982;Briickner and Rilbsamen, 1995). As expected,
the injection sites that resulted in labeled cells in the low-frequency parts of the cochlear
nuclei were located in the dorslateral aspect of the IC. In addition, almost all of the cases
with injection sites in the most rostral part of the I1C fell into the low-frequency range. As the
locations of the injection sites in the IC moved from dorsolateral to ventromedial positions,
the locations of the labeled cells in the cochlear nuclei shifted to regions known to represent
higher frequencies. This sorting of the cases by putative frequency ranges allowed us to
detect differences in the ascending projections related to the position of the injection sites
along the tonotopic axis of the IC.

Inputs from the ipsilateral cochlear nuclei—The majority of inputs from the cochlear
nuclei arise contralaterally, but there is also a small contribution from the ipsilateral cochlear
nuclei. In 13 of the Group 1 cases and in 5 of the Group 2 cases, the labeled cells in the
ipsilateral cochlear nuclei accounted for 5% or more of the total number of labeled cells in
the brainstem nuclei (Fig. 4). Twelve of these were cases assigned to the low frequency
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range; three were assigned to the middle frequency range; and the remaining three
overlapped the middle frequency range. None of the 13 cases assigned to the high frequency
range had more than 2% of the labeled cells in the ipsilateral cochlear nuclei, and 10 of them
had 1% or less.

Projections from the superior olivary complex—In all of the Group 1 cases, the
locations of labeled cells along the topographic axes of the MSO and LSO were compatible
with the frequency ranges to which the cases were assigned based on the locations of labeled
cells in the cochlear nuclei (Table 1; Fig. 8A). Cases that were assigned to the high
frequency range had relatively few or no labeled cells located in the MSO. Cases assigned to
the low frequency range had labeled cells located almost entirely in the lateral limb of the
LSO. Those assigned to the middle frequency range had labeled cells located in both the
lateral and medial limbs with a bias toward the medial limb, and those assigned to the high
frequency range had labeled cells located almost exclusively in the medial limb. In almost
all of the Group 1 cases, labeled cells were located in the LSO on both sides of the brainstem
(Table 1). In some cases more cells were located ipsilaterally and in others, more were
located contralaterally. Contralateral vs. ipsilateral dominance in the LSO appeared to
depend only weakly, if at all, on the frequency range to which the case was assigned.

Inputs from the superior paraolivary nucleus and the nuclei of the lateral
lemniscus—When the total numbers of labeled cells in the superior paraolivary nucleus
(SPN), the ipsilateral ventral nucleus of the lateral lemniscus (VNLL) and both the
ipsilateral and contralateral dorsal nuclei of the lateral lemniscus (DNLL) were summed and
the contribution of each of these sources to the total was then calculated, differences related
to frequency representation became apparent for cases in both Group 1 and 2 (Fig. 8B, C).
The average percentage contributed by the VNLL in the different frequency ranges was as
follows: Group 1: L, 50.6%; L + M + H, 62.5%; H, 73.6%. Group 2: L, 56.5%; M and M +
H, 68.1%; H, 73.8%. The percentage contributed by SPN tracked with that contributed by
the VNLL (i.e., it increased in the higher frequency range), whereas the percentage
contributed by the DNLL was higher for the low frequency cases. In terms of absolute
numbers of labeled neurons, the differences appeared to be due to a disproportionate
increase (with respect to the total number of labeled cells in the case) in the number of
labeled cells in the VNLL in the high frequency cases. The absolute numbers of labeled cells
in the DNLL tended to vary proportionately with the total number of labeled cells in the
case, independent of the location of the injection site.

A working definition of the central nucleus of the gerbil IC in CO-reacted sections

Gonzalez-Lima and Jones (1994), using quantitative techniques, demonstrated that CO
activity in the gerbil IC is higher in the central nucleus than in the surrounding dorsal and
external cortices, but they did not provide a method for defining the boundaries between the
subdivisions. Indeed, there are no abrupt changes in activity in any part of the I1C that would
signal the presence of internal boundaries (e.g., Fig. 5); rather CO activity within the IC is
graded (see below) so that that any dividing line between “high” and “low” activity is
arbitrary. Using the results of the retrograde experiments as a guide, we attempted to define
a border between areas of higher and lower CO activity such that the area of higher activity
was at least roughly congruent with the area that gives rise to retrogradely labeled cells in
the cochlear nuclei (i.e., an area encompassing the injection sites for the cases in Groups 1
and 2 but not those in Group 3). Our rationale was that the area of distribution of cochlear
nuclear projections affords a good approximation of the area of the central nucleus of the IC
(see Discussion). Important considerations were that the definition be straightforward to
apply and that it yield consistent results among observers and across cases. Although there
was no guarantee a priori that these conditions could be met, we propose below an empirical

J Comp Neurol. Author manuscript; available in PMC 2008 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cant and Benson

Page 8

working definition of the central nucleus of the IC in CO-reacted material that meets them
reasonably well.

The highest CO activity in the gerbil IC is always concentrated in a central region that
extends from dorsolateral to ventromedial in transverse sections (Fig. 9A) and from
rostrolateral to caudomedial in horizontal sections (Fig. 9B). The area of highest activity is
surrounded by areas of progressively decreasing (although still relatively high) activity (Fig.
9A.b-g and B.b-g). The decrease is gradual except at the ventromedial margin of the IC (Fig.
9A.a, arrow; 9A.h, open arrow), where the change is abrupt (and, for that reason, obvious to
the human eye). We found that the conditions stated above could be met by setting a
threshold on digital images of the midbrain that included gray values darker than but not
including those exhibited by the superior colliculus. In practice, for any given series of
sections, one image of the tectum that included the SC was chosen and a threshold was set
just at the point at which the cellular layers of the SC began to appear (compare Fig. 9A.d to
9A.e and 9B.e to 9B.f). The resulting threshold was then used on all images in the set. The
procedure has the advantage of being simple, reproducible, and independent of the overall
staining intensity in the tissue or the exact range of pixel values in the digital image. It yields
consistent results both across cases and across observers.

Our working definition of the CNIC, then, is as follows: the central nucleus of the gerbil IC
in CO-reacted sections is equivalent to the part of the IC that exhibits CO activity higher
than in any part of the superior colliculus. (We exclude from this definition some small,
isolated patches of high CO activity in the IC that are clearly located in the external cortex;
Fig. 9B.f.; cf. Chernock et al., 2004.) The CNIC defined in this way is represented as shown
in Figure 9B.h and Figure 10; areas of higher CO activity (i.e., the CNIC) are shown in gray,
surrounded by areas of lower activity in white. As desired, the central area is at least roughly
congruent with the area in which our injections yielded labeled cells in the cochlear nuclei
(i.e., Groups 1 and 2; Fig. 10) but excludes the areas where they did not (i.e., Group 3).
Although there are subtle differences in patterns of CO activity within the central nucleus,
we could not distinguish areas that gave rise to Group 1 cases from those that gave rise to
Group 2 cases using any simple criteria.

DISCUSSION

The main results of the study can be summarized with reference to Figure 10. The central
nucleus of the IC (CNIC), defined based on its relatively high oxidative capacity, is made up
of two parts with different sets of inputs. The more lateral and rostral parts of the CNIC
receive inputs from the cochlear nuclei, the main nuclei of the superior olivary complex
(LSO and MSO) and the nuclei of the lateral lemniscus, whereas the more medial and caudal
parts receive inputs from the cochlear nuclei and the nuclei of the lateral lemniscus but not
from the LSO or MSO. Anterograde tracing studies of inputs to the 1C should help to more
precisely delineate the boundaries between the two regions.

Patterns of labeling in the brainstem depend on the size of the injection site

The injection sites in our study were not so large that the entire topographic axis of the
CNIC was involved but they were not so small that only one or two brainstem nuclei were
labeled as in some earlier studies. Large or multiple injections of retrograde tracers into the
CNIC vyield consistent results in a variety of species (reviewed by Cant, 2005). In the only
previous retrograde tracing study in the gerbil, large tracer injections into the CNIC resulted
in labeled cells located in the same brainstem auditory nuclei observed in our cases
(Nordeen et al., 1983), although our more focal injections allowed us to see the two distinct
patterns of projections to the CNIC (Group 1 vs. Group 2) and to evaluate the topographic
organization of the projections in more detail. On the other hand, in retrograde tracing
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studies in which very small tracer injections were employed (Roth et al., 1978; Brunso-
Bechtold, 1981; Aitkin and Schuck, 1985; Maffi and Aitkin, 1987; Ross et al., 1988; Ross
and Pollak, 1989), the extent of labeling in individual brainstem auditory nuclei was highly
variable. In many cases only a few auditory nuclei contained most, if not all, of the labeled
cells, and many different combinations of labeled nuclei were reported.

Not surprisingly, in most cases in which only a few sources of inputs were labeled, the total
number of labeled cells in the ascending pathways was quite low. For example, in 5 out of
10 cases reported by Brunso-Bechtold et al. (1981), fewer than 250 labeled cells were
counted in all of the brainstem nuclei. For the most part, similarly low numbers were
reported in the other studies. In contrast, in our study, only nine of the 57 cases in Groups 1
and 2 had fewer than 250 labeled cells in the brainstem auditory nuclei (Table 1), but even
in most of those cases, the labeled cells were distributed throughout the brainstem (except
for the definitive absence of cells in the MSO and LSO in Group 2 cases). Because the total
number of cells that project to the CNIC from the brainstem is probably significantly larger
in the cat than in the gerbil (counts by Adams, 1979, compared to those by Nordeen et al.,
1983), it is reasonable to assume that relative to those in the studies cited above, our
injections were larger and consequently revealed only two patterns of projections rather than
many.

Compartmentalization of inputs within the CNIC

Almost all authors who have investigated the connectivity of the CNIC have concluded that,
within the order imposed by the well-established topographic mapping of inputs related to
frequency representation, there is additional order imposed by differential distribution of
terminations from the main sources of ascending input (Roth et al., 1978; Brunso-Bechtold,
1981; Kudo, 1981; Henkel and Spangler, 1983; Oliver, 1984b; 1987; Aitkin and Schuck,
1985; Maffi and Aitkin, 1987; Shneiderman and Henkel, 1987; Frisina et al., 1988; Kudo
and Nakamura, 1988; Ross et al., 1988; Shneiderman et al., 1988; Ross and Pollak, 1989;
Oliver et al., 1997; Gabriel et al., 2000; Loftus et al., 2004). Comparisons of the results of
anterograde tracing studies in the cat that demonstrate the termination zones of the superior
olivary nuclei (Henkel and Spangler, 1983; Shneiderman and Henkel, 1987) vs. those of the
cochlear nuclei (Oliver, 1984b, 1987) support the conclusion that the former are more
restricted in extent. A direct demonstration of the difference in the area innervated by the
contralateral LSO vs. that innervated by the contralateral dorsal cochlear nucleus was
provided by Oliver et al. (1997), who used double-labeling techniques to demonstrate that
the inputs from these two sources overlap only in the ventrolateral part of the CNIC.
Presumably, injection of retrograde tracers into the area of overlap would give rise to cases
like those in our Group 1, whereas injections confined to the area that receives inputs only
from the DCN would give rise to cases like those in Group 2.

By definition, all of the cases in our study in Group 1 had significant numbers of labeled
cells in the main nuclei of the superior olivary complex, although labeled cells in the MSO
were a small proportion of the total in the Group 1 cases assigned to the high frequency
range. As in the cat (Henkel and Spangler, 1983; Loftus et al., 2004), the MSO does not
appear to project to the ventromedial, high frequency part of the CNIC. The laterality of
projections from the LSO appears to vary among species. In the cat, ipsilateral projections
from the LSO tend to arise predominantly from the lateral limb whereas contralateral
projections arise from the medial limb (Glendenning and Masterton, 1983). In the ferret,
more cells in both limbs of the LSO project to the contralateral 1C than to the ipsilateral IC
(Henkel and Brunso-Bechtold, 1993; Moore et al., 1995). In the gerbil, we found that
projections to each IC appear to arise thoughout both limbs of the LSO and that either the
ipsilateral or contralateral LSO can dominate in terms of the numbers of cells that are
labeled.
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Double-labeling experiments in the cat provide direct evidence for compartmentalization of
inputs within the area that receives olivary inputs. Shneiderman and Henkel (1987)
demonstrated that inputs arising from the the ipsilateral and contralateral LSO remain
partially separate, forming interdigitating layers of terminals. Segregation of inputs from the
ipsilateral and contrateral lateral superior olivary nuclei was confirmed by Loftus et al.
(2004), who further demonstrated that the inputs from the ipsilateral MSO appear to overlap
mainly with those from the ipsilateral LSO. Among our Group 1 cases, the proportion of
labeled cells in the MSO and LSO vs. the cochlear nuclei varied with the rostral to caudal
location of the injection sites. The injection sites for the eight cases in which the percentage
of labeled cells in the SOC was higher than in the cochlear nuclei (Table 1) were located in
the rostral half of the IC (Fig. 5, cases 419, 420, 425, 427, 430, 475, 509, 545). All but one
of these cases (545) was assigned to the low frequency range. A similar dominance of inputs
from the MSO and LSO in the rostral IC was noted by Brunso-Bechtold et al. (1981) in the
cat.

Incomplete overlap of inputs from brainstem sources led Oliver to propose the concept of
‘synaptic domains,” according to which the layers in the CNIC devoted to a particular
frequency are made up of a mosaic of regions receiving subsets of the inputs to that layer
(e.g., Oliver, 2005). Very small injections of retrograde tracers (see previous section) into
the CNIC might sample individual domains, but medium-sized injections, such as the ones
in our study would be more likely to sample multiple domains. Accordingly, our study does
not provide evidence for segregation of inputs from the ipsilateral and contralateral LSO or
from those sources and the ipsilateral MSO (except for the exclusion of MSO inputs from
the high frequency region). However, our anterograde studies in the gerbil indicate that, as
in the cat, inputs from the olivary nuclei overlap only partially in the CNIC (Benson and
Cant, unpublished results).

Definition of the central nucleus of the IC (CNIC) in the gerbil

The mammalian IC is commonly divided into a central nucleus bordered by lateral (or
external) and dorsal cortices (reviewed by Oliver, 2005). Anatomically, the central nucleus
of the inferior colliculus is defined by the presence of layers formed by the oriented
dendrites of neurons and the afferent axonal plexuses that lie parallel to them, often referred
to as fibrodendritic laminae (cat: Morest and Oliver, 1984; Oliver and Morest, 1984; rat:
Faye-Lund and Osen, 1985; Malmierca et al., 1993; mouse: Meininger et al., 1986).
However, specialized techniques are necessary to visualize the layers, and consequently,
they cannot be used as a guide for delineating the CNIC in routine histological material. The
importance of precision in defining boundaries of subdivisions in different parts of the IC
(or in any part of the brain) lies in the need for a common language when comparing the
results of different studies. Difficulties inherent in establishing a consistent definition of IC
subdivisions in experimental material are discussed in detail by Oliver (2005); we limit the
following discussion to a consideration of definitions of the CNIC in the gerbil.

Presumably, the gerbil CNIC can be defined based on a layered organization of its neurons
and axons as in other species (op cit.). However, the extent and orientation of the putative
fibrodendritic laminae in the gerbil have not been determined, and a variety of different (and
not always clearly specified) criteria have been used to delineate its CNIC (Ryan et al.,
1982, 1992; Nordeen et al., 1983; Moore and Kitzes, 1985; Gonzalez-Lima and Jones, 1994;
Budinger et al., 2000; Bajo and Moore, 2005). Considerable variability in the shape and size
of the “CNIC” in the studies cited makes comparisons among them tentative and highlights
the need for a consistent definition. We sought to address the problem by developing an
easily applied and objective criterion for defining the CNIC based on differential
cytochrome oxidase activity in the IC. CO histochemistry provides a simple and reliable
counterstain that differentiates brainstem nuclei based on oxidative capacity (e.g., Hevner et

J Comp Neurol. Author manuscript; available in PMC 2008 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cant and Benson

Page 11

al., 1995). In the CNIC, CO activity is higher than in other subdivisions (Gonzalez-Lima and
Jones, 1994), but the boundaries are not clear-cut. To develop our definition, we first
equated the CNIC with the part of the IC that receives ascending lemniscal inputs (cf.
Oliver, 2005) and then asked whether we could define an area of ‘high” CO activity that was
congruent with the lemniscal projection zone. The definition presented in the results based
on a comparison with CO activity levels in the superior colliculus meets this objective
reasonably well (Fig. 10).

Some depictions of the CNIC in the gerbil appear to encompass more of the IC than does the
CNIC defined by us and some appear to encompass less. Two extremes in terms of the
apparent volume of the IC included in the central nucleus are illustrated by Moore and
Kitzes (1985) and Budinger et al. (2000). Moore and Kitzes (1985) based their definition on
Berman's analysis of the cat IC (Berman, 1968) and note that their CNIC includes some of
the area included in the dorsal cortex of the cat by Morest and Oliver (1984). Based on their
definition, they concluded that the projections from the contralateral cochlear nucleus
terminated mainly in the lateral two-thirds of the CNIC and were largely excluded from the
medial part. Our definition is not compatible with theirs as we assumed that the area of
termination of the contralateral cochlear nuclei and the CNIC are approximately co-
extensive, as in the cat (Osen, 1972; Oliver, 1984b, 1987). However, we note that the shape
and extent of the area containing terminal degeneration resulting from destruction of the
contralateral cochlear nucleus in their study conforms very closely to the shape and extent of
the CNIC as we defined it (comparison of their Figs. 3 and 4 to our Fig. 10). In contrast to
the depiction by Moore and Kitzes (1985), the CNIC delineated by Budinger et al. (2000) in
one ‘rather rostral level’ through the IC is much smaller and appears to be restricted to its
ventromedial part (although they note that the size of the CNIC increases at more caudal
levels). It is likely that the CNIC as illustrated by them would exclude at least part of the low
frequency representation in the IC.

The CNIC depicted by Bajo and Moore (2005) most closely resembles in shape and extent
that defined by us, with the important exception that it does not appear to extend as far
rostrally or laterally as does the region of high CO activity that would be included in our
definition. In apparent agreement with Bajo and Moore, Gonzalez-Lima and Jones (1994)
considered the rostral part of the CO-dense region to belong partially to the external cortex
of the IC rather than to the central nucleus (their Fig. 10). In our studies, tracer injections in
the most rostral and lateral part of the IC resulted in substantial labeling in the MSO and
LSO and in the ipsilateral and contralateral cochlear nuclei (e.g. cases 425, 427, 430), and
for that reason, we propose that it should be considered a part of the central nucleus rather
than a part of the external cortex.

We refer to our definition of the CNIC as a working definition because it remains to be
determined how such a definition is related to the laminar organization of I1C cells and their
inputs. At any rate, delineation of the area receiving the bulk of lemniscal afferent fibers
provides a starting point for comparisons among studies in the gerbil. Whether similar
gradients in CO activity can be related to IC subdivisions in other species remains to be
determined.

Functional organization of the IC

Based on our results and those of other neuroanatomical studies cited above, it is clear that
brainstem projections to the anatomically defined CNIC are not organized homogeneously.
Imposed on the topographic organization related to frequency representation, there is a
second order division into a part that receives input from the main nuclei of the superior
olivary complex and a part that does not. Further compartmentalization of inputs within the
part that receives inputs from the MSO and LSO adds a third level of complexity.
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Physiological responses of neurons located in distinct parts of the CNIC would be expected
to reflect the differences in connectivity when tested with the appropriate stimuli. Indeed,
systematic variations in response parameters such as threshold, latency, and best modulation
frequency are mapped in the CNIC in dimensions “‘orthogonal’ to the frequency dimension
(reviewed by Ehret, 1997). In addition, physiological studies in several species have
demonstrated spatial clustering of units with similar binaural response properties (cat: Roth
et al., 1978; Semple and Aitkin, 1979; Schreiner and Langner, 1988; gerbil: Briickner and
Riibsamen, 1995; mustache bat: Wenstrup et al., 1986). There is some tendency for the
binaural response properties to vary with frequency, but even within a given frequency
representation, there is at least partial segregation of units with different properties. How
these variations in physiological response properties are related to differences in
connectivity within the CNIC remains to be determined in most cases. In experiments in the
mustache bat that addressed the question directly, Ross and Pollak (1989) demonstrated that
units with distinct binaural properties received distinct combinations of inputs from subsets
of brainstem auditory nuclei. Comparable anatomical/physiological correlations have not
been done in other species.

Some physiological studies have emphasized the importance of convergence of multiple
inputs in shaping the responses of IC cells (e.g., Kuwada et al., 1997; McAlpine et al., 1998;
Park, 1998; Spitzer and Semple, 1998; Pollak et al., 2002), whereas others have noted that
many units display responses apparently shaped by a dominant input from only one of the
major sources of input (e.g., Ramachandran et al., 1999; Ramachandran and May, 2002;
Davis, 2002). Neuroanatomical results are not incompatible with either view. The CNIC can
be considered to be a site of convergence of multiple ascending auditory pathways, but there
is also evidence for specificity in the termination patterns of each pathway. The extent to
which individual sources of input to the IC terminate on specific populations of neurons is
almost unexplored, and understanding the synaptic organization underlying physiological
differences presents a major challenge for future studies.
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Figure 1.

Digital photographs of adjacent horizontal sections through the center of the injection site in
the right IC in seven cases. Left column: BDA-reacted sections. Right column: CO-reacted
sections. The number on the left is the case number for each pair of sections. (The sections
shown for case 454 illustrate one of the three injections made in this case.) The number on
the right is the number of the comparable section in our atlas of the gerbil IC (Cant and
Benson, 2005). Level H1160 is the most dorsal level represented; level H280 is the most
ventral. Long thin arrows on each CO-reacted section indicate the CO-depleted spot that
marks the location of the pipette tip during the injection. Short thin arrow on the CO-reacted
section for case 441 indicates an elongation of the pale region that was probably due to
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relative brain movement during the injection. The reaction product often built up to such an
extent that the tissue became brittle and tore during handling, resulting in cracks like those
visible in some of the sections. (The cracks were not a result of the injection itself as they
were not present in the CO-reacted sections.) The shape of the CO-reacted section for case
450 was distorted during histological processing (short, thick arrow). For all sections, rostral
is toward the top of the figure and lateral is to the right; the midline is at the left side of each
panel. Scale bar is equal to approximately 1 mm for all panels.
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Figure 2.

Distribution of injection sites in the IC. Each panel depicts a horizontal section from our
atlas of the gerbil IC (Cant and Benson, 2005). The sections are arranged in rows with the
most dorsal section at the top left and the most ventral section at the bottom right. The top
number to the upper left of each panel identifies the level of the section in the atlas. All
injection sites that were localized to the atlas section depicted and also all of those that were
localized to the atlas section dorsal to the one depicted (number in parentheses) are indicated
by circles. (On section H120, injection sites from both the adjacent dorsal section and the
adjacent ventral section are plotted.) For all sections, rostral is toward the top of the figure
and lateral is to the left. A thin line (e.g., arrow on section H1400) indicates the rostral
boundary of the IC. The case number (stripped of its prefix) is indicated inside each circle.
For cases in which more than one injection was made (453, 454 and 455) a circle is included
for the site of each injection that was located within the IC. X, regions that were not well-
sampled in this study.
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Figure 3.

Digital photographs of horizontal sections through the left (contralateral) cochlear nucleus
(A) and both sides of the superior olivary complex (B) from case 427 with higher
magnification views of the contralateral AVCN (C), the ipsilateral MSO (D), the
contralateral LSO (E) and the ipsilateral LSO (F) from the same sections. Labeled neurons
(C-F, arrows) stand out darkly against the pale, unstained background. The rostral direction
is toward the top of the figure; lateral is toward the left in panel A. Scale on panel B =1.0
mm and also applies to panel A. Scale on panel C =200 um and also applies to panels D-F.

J Comp Neurol. Author manuscript; available in PMC 2008 October 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Cant and Benson

Page 22

Group 1

% Labeled cells in ascending pathways

% Labeled cells in ascending pathways

Figure 4.

Bar graphs of data from Table 1 plotted as percentages (case numbers are indicated below
each bar). Each bar is divided into three parts to show the percent of the total number of
cells in brainstem sources (cochlear nuclei, SOC and nuclei of the lateral lemniscus) that
were located in the cochlear nuclei (dark gray), in the LSO or MSO (white), and in the
superior paraolivary nucleus or nuclei of the lateral lemniscus (light gray). The black line
across the dark gray part of each bar divides the contribution from the cochlear nuclei into
ipsilateral (below the line) and contralateral (above the line). (For the few cases for which
there is no line, all of the labeled cells were located contralaterally.) The cases are divided
into groups based on the criteria outlined in the text. The cases are sorted from left to right
according to the total number of labeled cells for each group. X, no data are available for the
ipsilateral ventral cochlear nucleus in case 427 as it was damaged during processing.
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Figure 5.

CO-reacted transverse sections through the right IC (atlas sections from Cant and Benson,
2005). The location of the centers of the injection sites for Group 1 cases are indicated in
blue; those for Group 2 cases are indicated in red; and those for Group 3 cases are indicated
in green. Each panel shows all of the cases that were localized to the section shown (number
at the top right of each panel) and also those localized to the section caudal to the one shown
(number in parentheses). Dorsal is toward the top of the figure; lateral is toward the right.
Scale bar = 1.0 mm for all panels.
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s1520

Figure 6.
CO-reacted parasagittal sections through the right IC (atlas sections from Cant and Benson,

2005). Description as for Figure 7 except that on each panel all of the cases localized both to
the section shown (number at top of panel) and also to the two atlas sections medial to it are

illustrated. Scale bar = 1.0 mm for all panels.
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Figure 7.

A. Drawings of evenly spaced horizontal sections through the contralateral cochlear nucleus
in four cases. (The injection sites are illustrated in Figure 1.) From top to bottom in each
column, the sections are arranged from dorsal to ventral and are located at comparable levels
through the nucleus for each case (see Panel B). For each horizontal section, lateral is
toward the top of the figure and rostral is toward the right. Sections in each series are
separated by 280 um. Each dot represents at least one labeled cell. Arrows indicate
concentrations of labeled cells in the AVCN in each case. Dashed lines on the most ventral
sections indicate cut nerve edges or damage to the sections during removal of the brain from
the skull. B. Evenly spaced transverse sections through the cochlear nucleus to illustrate the
location of the horizontal sections in Panel A. The section on the left is the most caudal in
the series; the section on the right is the most rostral. For each section, dorsal is toward the
top of the figure and lateral is toward the left. Sections are separated by 360 pm. (In order to
make the cochlear nuclear complex stand out, the opacity of surrounding structures was
decreased digitally.) Lines running behind the sections indicate the approximate locations of
the horizontal sections in Panel A, with the top line at the level of the most dorsal sections
and the bottom line at the level of the most ventral sections in the horizontal series. Scale =
1.0 mm for all sections.
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Figure 8.

Bar graphs illustrating the distribution of labeled cells in the SOC (A) and nuclei of the
lateral lemniscus (B, C). Data from Table 1 are re-plotted as percentages. The cases are
sorted according to the frequency range to which they were assigned as described in the text.
A. Distribution of labeled cells in the LSO and MSO in Group 1 cases. Each bar is divided
into parts to show the percentage of the total number of labeled neurons in the main nuclei
of the SOC that were located in the ipsilateral MSO (dark gray), the lateral limb of the LSO
(white), and the medial limb of the LSO (light gray). The white and light gray portions of
the bars are each further divided into two parts to represent the contribution of the ipsilateral
LSO (i, portion below the dividing line) and contralateral LSO (c, portion above the line).
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(For cases where the contribution of the lateral or medial limb was tiny, the laterality is not
indicated but can be obtained from Table 1.) B, C. Distribution of labeled cells in the nuclei
of the lateral lemniscus and superior paraolivary nucleus in both Group 1 (panel B) and
Group 2 (panel C) cases. Each bar is divided into three parts to show the percent of the total
number of labeled cells in the superior paraolivary nucleus and the nuclei of the lateral
lemniscus that were located in the ipsilateral ventral nucleus of the lateral lemniscus (dark
gray), in the ipsilateral superior paraolivary nucleus (white), and in the dorsal nuclei of the
lateral lemniscus on both sides (light gray).
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Figure 9.

Results of setting progressively more inclusive thresholds on digital images of CO-reacted
sections through the IC. A.a, Digital image of a transverse section through the midbrain
approximately half-way through the rostral to caudal extent of the IC. B.a, Digital image of
a horizontal section through the midbrain approximately half-way through the dorsal to
ventral extent of the IC. Regions of high CO activity appear dark in these grayscale images,
whereas regions with little or no CO activity (e.g. fiber tracts) appear pale. The differences
in CO activity translate into differences in grayscale values of the pixels in digital images of
the tissue; the higher the activity, the darker (on a scale of 0 to 256 with 0 equal to 100%
black) are the pixels in the image. A.b-g. The threshold function in Adobe Photoshop was
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applied to the image in panel A.a at progressively more inclusive values and the locations of
the pixels that were included in the threshold are indicated by the gray fill. A.b, Location of
all pixels with a value from 130—135. (There were no pixels with a value less than 130 in
this image.) A.c, Location of all pixels with a value from 130 to 145. A.d, 130 to 155. A.e,
130 to 165. Arrow indicates pixels beginning to appear in the caudal-most SC. A.f, 130 to
175. Arrow indicates the growth of the area of inclusion in the SC. A.g, 130 to 185. A.h, A
higher magnification view of the right IC. In this image, the location of pixels with values
from 155 to 165 is shown in gray; areas with pixels darker than 155 or lighter than 165
remain white. (The pixels shown in gray are those that were added to the central patch going
from panel A.d to panel A.e.) The open arrow indicates the location of the sharp boundary at
the ventromedial margin of the IC. The filled arrows indicate the medial and lateral fuzzy
borders of the dense patch shown in panel A.e (which included all of these pixels). The
borders lie between a central area with very few lighter pixels and surrounding areas with
almost no darker pixels. B.b-g. The threshold function in Adobe Photoshop was applied to
the horizontal image in panel B.a as described for the transverse images. B.b, Location of all
pixels with a value from 120 to 140. B.c, 120 to 150. B.d, 120 to 160. B.e, 120 to 170. Large
arrow indicates the appearance of the darkest pixels in the SC (in the intermediate layer).
B.f, 120 to 180. Large arrow as in panel B.e. Small double arrows indicate patches of dark
pixels (high CO activity) in the external cortex of the IC. B.g 120 to 190. B.h, Higher
magnification view of the right IC with the threshold set at 170 (as in panel B.e). The gray
fill indicates the central CO-rich region of the IC. It is this region that we have defined as the
central nucleus (see text). The sections illustrated are at levels T960 (A) and H1160 (B) of
our gerbil atlas (Cant and Benson, 2005). For the transverse section, the dorsal direction is
toward the top of the figure. For the horizontal section, the rostral direction is toward the top
of the figure.
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Figure 10.

Distribution of injection sites with respect to the location of the central nucleus of the IC (as
defined in the text). Transverse sections through the IC are the same as those illustrated in
Figure 5. The large central patch of gray fill represents all pixels in the image that were
captured by a threshold set just at the point at which pixels in the superior colliculus began
to be included (see text). The centers of the injection sites for 71 of the cases are indicated
by dots. Black dots: Injection sites for Group 1 cases, in which > 15% of labeled cells in the
ascending pathways were located in the cochlear nuclei and > 5% were located in the LSO
and MSO. White dots: Injection sites for Group 2 cases, in which > 15% of labeled cells in
the ascending pathways were located in the cochlear nuclei but < 5% were located in the
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LSO and MSO. X, Injection sites for Group 3 cases, in which few labeled cells were found
in the cochlear nuclei or in the superior olivary complex.
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