1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
J Comp Neurol. 2010 June 1; 518(11): . doi:10.1002/cne.22324.

Connections of the Auditory Brainstem in a Songbird,
Taeniopygia guttata. Il. Projections of Nucleus Angularis and
Nucleus Laminaris to the Superior Olive and Lateral Lemniscal
Nuclei

Nils O.E. Kriitzfeldt, Priscilla Logerot, M. Fabiana Kubke, and J. Martin Wild"
Department of Anatomy, Faculty of Medical and Health Sciences, University of Auckland, PB
92019 Auckland, New Zealand

Abstract

Three nuclei of the lateral lemniscus are present in the zebra finch, ventral (LLV), intermediate
(LLI), and dorsal (LLD). LLV is separate from the superior olive (OS): it lies closer to the spinal
lemniscus and extends much further rostrally around the pontine periphery. LLI extends from a
caudal position ventrolateral to the principal sensory trigeminal nucleus (LLIc) to a rostral position
medial to the ventrolateral parabrachial nucleus (LLIr). LLD consists of posterior (LLDp) and
anterior (LLDa) parts, which are largely coextensive rostrocaudally, although LLDa lies medial to
LLDp. All nuclei are identifiable on the basis of cytochrome oxidase activity. The cochlear
nucleus angularis (NA) and the third-order nucleus laminaris (NL) project on OS predominantly
ipsilaterally, on LLV and LLI predominantly contralaterally, and on LLD contralaterally only. The
NA projections are heavier than those of NL and differ from them primarily in their terminations
within LLD: NA projects to LLDp, whereas NL projects to LLDa. In this the projections are
similar to those in the barn owl (Takahashi and Konishi [1988] J Comp Neurol 274:212-238), in
which time and intensity pathways remain separate as far as the central nucleus of the inferior
colliculus (MLd). In contrast, in the zebra finch, although NA and NL projections remain separate
within LLD, the projections of LLDa and LLDp become intermixed within MLd (Wild et al., J
Comp Neurol, this issue), consistent with the intermixing of the direct NA and NL projections to
MLd (Kritzfeldt et al., J Comp Neurol, this issue). J. Comp. Neurol. 518:2135-2148, 2010.

INDEXING TERMS

cochlear nuclei; dorsal; ventral, and intermediate nuclei of the lateral lemniscus; zebra finch; avian

In the first of this series of articles (Kritzfeldt et al., 2010) we noted the desirability of a
description of the ascending auditory brainstem pathways in a songbird, because although
auditory input is known to be crucial for song learning during development and for the
stability of song production in adulthood, the only accounts of the ascending auditory
projections through the brainstem were in non-songbirds such as pigeons, chickens, and barn
owls, in which vocalizations are unlearned. In the companion article, therefore, we charted
the projections of the cochlear nucleus magnocellularis (NM) to nucleus laminaris (NL) in
the zebra finch, and the projections of NL and the cochlear nucleus angularis (NA) to
nucleus mesencephalicus lateralis, pars dorsalis (MLd), the proposed avian homolog of the
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central nucleus of the mammalian inferior colliculus, and the reptilian torus semicircularis
(Karten, 1967). In the present article we chart the projections of NA and NL to the superior
olive and the nuclei of the lateral lemniscus, a collection of nuclei within the ascending
brainstem auditory pathway that not only also projects on MLd, but has other, more
heterogeneous projections, both ascending and descending (Wild et al., 2009, 2010). Before
proceeding with a description of the results, however, it should be noted that the
terminology for the lateral lemniscal nuclei in birds varies between authors both within the
same species and between different species, which can be quite confusing. In the barn owl,
Takahashi and Konishi (1988) described a lateral lemniscal complex as consisting of four
nuclei: olivaris superior (OS), nucleus lemnisci lateralis, pars ventralis (LLv), nucleus
ventralis lemnisci lateralis, pars anterior (VLVa), and nucleus ventralis lemnisci lateralis,
pars posterior (VLVp). The inclusion of the superior olive in a lateral lemniscal complex,
however, has not been the rule in avian auditory studies (Boord, 1968; Karten and Hodos,
1967; Leibler, 1975; Conlee and Parks, 1986; Arends and Zeigler, 1986; Wild, 1987;
Westerberg and Schwartz, 1995), and although there appears to be no equivalent of the
avian superior olive in the mammalian superior olivary complex, the latter are generally
considered separate from the lemniscal nuclei (e.g., Schwartz, 1992; Webster, 1992; Cant
and Benson, 2003; Schofield, 2005). Furthermore, in birds the names of the lemniscal
nuclei, and/or their abbreviations, are inconsistent and sometimes refer to different nuclei.
For instance, the abbreviation of a ventral nucleus of the lateral lemniscus in pigeons and
chickens is either LV for Boord (1968) or LLv for Karten and Hodos (1967), Leibler (1975),
and Conlee and Parks (1986). But the LLv of Karten and Hodos (1967) turned out not to be
an auditory nucleus at all, but part of the parabrachial complex (Wild et al., 1990), while the
LLv of Leibler (1975) and Conlee and Parks (1986) was shown to receive projections from
the contralateral NA and NL, but in the barn owl bilaterally only from NA (Takahashi and
Konishi, 1988).

A small intermediate nucleus of the lateral lemniscus (LLI) may be present in the barn owl
(Takahashi and Konishi, 1988; Wild et al., 2001), but an LLI was not recognized in the
pigeon (Boord, 1968; Karten and Hodos, 1967; Leibler, 1975) or chicken (Conlee and Parks,
1986). In the chicken, however, Westerberg and Schwarz (1995) defined an LLIp and an
LLIa, which we suggest correspond, respectively, to the VLVp and VVLVa of Leibler (1975).
Only VLVp, however, do we consider to be an intermediate nucleus (LLI), in agreement
with Arends and Zeigler (1986). These authors noted that in pigeon LLI has rostral (LLIr)
and caudal (LLIc) parts, although these are in rostrocaudal continuity. Puelles et al. (2007)
also identify an intermediate nucleus in the chicken (ILL), but in view of the proximity of
this nucleus to the nucleus semilunaris—where the dorsal nucleus is situated in other species
—it may be that this is actually the dorsal nucleus, which would therefore correspond to the
LLD of pigeons (Arends and Zeigler, 1986), at least in part.

The nomenclature for a dorsal nucleus of the lateral lemniscus is particularly confusing. An
LLd in pigeons (Karten and Hodos, 1967) and chickens (Conlee and Parks, 1986) or a DLL
in chickens (Puelles et al., 2007) is situated in the dorsolateral mesencephalic tegmentum,
dorsal to the nucleus semilunaris. Cytoarchitecturally this nucleus is obviously different
from the dorsal nucleus of other avian species; furthermore, neither Leibler (1975) nor Wild
(1995) could find an auditory projection to or from this nucleus in pigeons, although Conlee
and Parks (1986), using the autoradiographic technique, reported that in chickens it received
a small projection from the contralateral NA in three out of eight of their cases receiving
injections of tritiated amino acid. In barn owls, Takahashi and Konishi (1988) did not refer
to a dorsal nucleus, but Wild et al. (2001) suggested that the VLVa and VLVp in the barn
owl should be renamed, in the interests of consistency, LLDa and LLDp, respectively, and
this suggestion seems to have been accepted (Konishi, 2003). In the present article in the
zebra finch, therefore, the lateral lemniscal nuclei are considered to be, after Arends and
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Zeigler (1986): LLV, LLI (with rostral (LLIr) and caudal (LLIc) parts in continuity, and
LLD (consisting of LLDa and LLDp). LLDa and LLDp are absolutely much smaller in the
zebra finch than the comparable nuclei of the barn owl, but appear to be similar to them in
terms of their afferent and efferent connections. Whether they are relatively smaller, e.g.,
with respect to the size of brainstem, awaits careful comparative measurements.

While these attempts to standardize the names of the lateral lemniscal nuclei in birds in
accordance with the mammalian situation might help to reduce confusion, they should not
be regarded as necessarily homologizing the nuclei across the two classes (see Discussion).

MATERIALS AND METHODS

RESULTS

Because our conclusions are based on material used in the companion article (Krutzfeldt et
al., 2010), the methods are identical and need not be repeated here. The results are derived
from the same cases as described in the companion article, plus an additional 15 cases
involving injections of either biotinylated dextran amine (BDA) or cholera toxin B-chain
(CTB) in each of the nuclei of the lateral lemniscus and superior olive in order to provide
retrograde confirmation of afferent origins. Tissue processing, data collection, and image
preparation were the same or similar to those described in the companion article (Kritzfeldt
etal., 2010) and in that of Wild and Farabaugh (1996). The cross-sectional areas of cells
making up OS, LLV, LLI, and LLD were measured in three brains by drawing their outlines
in Nissl counterstained transverse sections using a 40x objective and a camera lucida and
entering the data into ImageJ (http://rsh.info.nih.-gov/ij). Cells were chosen by overlaying
the nucleus with a 1-cm square grid and drawing cells in one of every five randomly chosen
fields in the grid.

Cytoarchitectonics

Cochlear nuclei (NA and NM) and NL—A general cytoarchitectural description of
these nuclei is given in the companion article (Kritzfeldt et al., 2010).

Superior olive (OS)—This nucleus is circular or pear-shaped in cross section (Fig. 1A—
D). At caudal pontine levels it is located ventral to the spinal trigeminal nucleus but its
position gradually descends through more rostral levels to occupy a ventrolateral position,
where it is separated from the spinal lemniscus by facial motoneurons and by smaller
neurons comprising the nucleus infra-olivaris superior (10S: Wild, 1993). Other groups of
facial motoneurons lie medial and dorsomedial to OS. OS is largely made up of small-to-
medium sized neurons having a mean cross-sectional area of ~128 pm?; n = 235; Fig. 2),
considerably smaller than any of those found in OS of the barn owl (Carr et al., 1989).

Lateral lemniscal nuclei—The caudal pole of LLV overlaps the rostral pole of OS at the
level of the ventral limit of the ventrolateral para-brachial nucleus (PBvl), but LLV lies
slightly more peripherally than OS, closer to the spinal lemniscus. It also extends much
further rostrally than OS to pass around the ventrolateral periphery of the pons to
approximate the ventral border of LLD (Fig. 1E-H). Its neurons are similar in size to those
of OS (mean = ~2133 pum?; n = 125; Fig. 2) but without the smallest neurons, and somewhat
smaller than LLv neurons in the barn owl (Carr et al., 1989).

LLIc is circular in cross section and lies in the crook of the curved arm of PBvI (Fig. 1E-H).
Its cells are distinctly larger than those of either OS or LLV (mean = ~273 pm?; n = 98; Fig.
2), in fact, as large as the facial motoneurons clearly evident in Fig. 1C. LLIc is a tapered,

caudal extension of LLIr, and is situated immediately ventrolateral to, and separate from, the
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principal sensory trigeminal nucleus (PrV) (Fig. 1A; see also Arends and Zeigler, 1986).
Takahashi and Konishi (1988) describe a lateral part of PrV in the barn owl as “nucleus
paraprincipalis,” but the relation of this nucleus to LLIc is unclear. Dorsomedial to LLIr is a
collection of similar-sized neurons that have been called para-lateral lemniscal (PLL; Fig.
1E) and shown to project to the telencephalic nucleus basorostralis (Bas), as does LLI (Wild
and Farabaugh, 1996). This PLL nucleus should not be confused with a different nucleus
baring the same name in the chick (Puelles et al., 1997).

LLD is cytoarchitecturally more complex than the other lateral lemniscal nuclei and extends
more rostrally and dorsally than both LLV and LLI (Fig. 1I1-L). As in the barn owl, LLD in
zebra finches has two parts, LLDa and LLDp, although the two parts are for the most part
rostrocaudally coextensive, as are the comparable nuclei in the barn owl (Takahshi and
Konishi, 1988). The dorsal border of LLDp lies immediately ventromedial to the ventral tip
of nucleus semilunaris, while its ventral border merges indistinctly with the dorsal border of
LLV. LLDa lies medial to LLDp, such that a part of LLDp lies mostly dorsolateral to LLDa
and another part mostly ventrolateral to LLDa (Fig. 11). The mean areas of cells making up
the two subdivisions of LLD are: ~180 pm?; n = 154 for LLDa and ~186 pm?; n = 155 for
LLDp (Fig. 2). These sizes are somewhat larger than those of the comparable nuclei in the
barn owl (Carr et al., 1989). It is possible that LLDa and LLIr have been conflated in various
previous studies in other species, their being regarded as rostral and caudal extensions of the
same nucleus, usually known as VLV (Karten and Hodos, 1967). But, as we will show,
LLDa is definitely a subnuclear component of a dorsal lemniscal nucleus, hodologically
distinguishable from LLIr. As can be seen in Fig. 1K, LLDa and LLDp are traversed by
horizontal striations (fiber fascicles) of the commissure of Probst, which carries LLD axons
across the midline to LLD and MLd on the contralateral side (see below). LLV and LLD are
traversed from below by fiber fascicles of the lateral lemniscus as they ascend
dorsolaterally, with many fibers also passing both medial and lateral to the nuclei. The
lateral lemniscal nuclei and OS are also identifiable on the basis of cytochrome oxidase
histochemistry (Fig. 1D,H,L).

Projections of NA—Two injections of BDA in different parts of NA are shown in Fig. 3.
One was centered about half-way down the medial part of the nucleus and the other was
confined to the lateral part. Via somatopetal and somatofugal transport to and from
ganglionic neurons, terminal labeling in the ipsilateral NM was found to result from both
these injections. The medial injection produced terminal labeling in the medial part of
caudal NM (Fig. 3B), consistent with lower frequency representation (Konishi, 1970), while
the lateral injection produced terminal labeling in the most rostral part of NM (not shown),
consistent with higher frequency representation (Konishi, 1970). Figures 4 and 5 show the
ascending projections resulting from each of these injections. Labeled fibers first descended
through the lateral tegmentum in two to three swaths to terminate in the ipsilateral OS.
Medial NA injections produced terminal fields predominantly in the medial part of OS, and
lateral NA injections produced terminal fields predominantly in lateral parts of OS. Similar
but sparser terminal fields were produced in the contralateral OS (Fig. 5) by fibers that
crossed in the ventral tegmentum, dorsal to the ipsilateral OS. Thenceforth, the great
majority of the NA projections were to the contralateral LLV, LLI, and LLD (Fig. 4B-D,F-
H). Terminal labeling in LLV and LLD was heavier than that in LLI. That in LLI was
predominantly in LLIr, with only a few fibers in LLIc; that in LLD appeared to avoid LLDa,
being confined very largely to LLDp (Fig. 4D,H). There were sparse terminations in the
ipsilateral LLV and LLI, but none in the ipsilateral LLD.

Projections of NL—Two typical injections of BDA in NL are shown in Fig. 3, one

located in the middle of the nucleus, the other dorsally or laterally. Both produced retrograde
labeling of NM neurons on both sides of the brain (not shown). Projections to the ipsilateral
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OS (Fig. 41) and to the contralateral LLV, LLI, and LLD (Fig. 4J-L) were sparser than those
of NA to these nuclei, and labeling was sparse to very sparse in the contralateral OS (Fig.
5C) and ipsilateral LLV and LLI. Projections were absent from the ipsilateral LLD. Within
the ipsilateral OS, a topographic organization of the NL projections resulting from injections
in different parts of NL could not be discerned, although, across different cases, the whole of
the nucleus appeared to receive NL projections. Within the contralateral LLD, terminations
were largely confined to LLDa (Figs. 4L, 5D) and could be distinguished from labeled fibers
that traversed this nucleus en route to MLd.

Injections in both NA and NL—Four cases received dual injections, each nucleus
receiving either CTB or BDA. Since label resulting from the NL and NA injections was
colored either black or brown, the pattern of their distinct projections and terminal fields
could be observed in the same sections. As shown for a typical case in Fig. 5D, LLDp was
anterogradely labeled from the NA injections, while LLDa was separately labeled from the
NL injection. Variable degrees of overlap were present in OS and LLV and in LLI the NL
terminations tended to lie medial to those of NA.

Retrograde confirmation of afferent origins—Injections of either BDA or CTB were
made into OS (n =5), LLV (n=5), and LLD (n = 2) (Fig. 6). The OS and LLV injections
retrogradely labeled cells throughout the ipsilateral NL and NA, with smaller numbers in the
contra-lateral NL and NA. No labeled cells were present in NM. The two injections in LLD
were centered on LLDa, with a variable amount of involvement of LLDp. The great
majority of labeled cells from these injections were found in NL contralateral to the
injection (Fig. 6H), with some scattered cells in NA. No labeled cells were present in NL
ipsilateral to the injection and no labeled cells were present in NM.

DISCUSSION

In the companion article (Kritzfeldt et al., 2010) we drew attention to a technical problem
that, despite our best efforts to confine the injections to either NA or NL, could have led to a
small contamination of NA efferents by NL injections. This was because some axons of NA
neurons were observed to travel medially as far as the wall of glia that flanks NL on its
lateral side, before turning ventrally through the tegmentum. This meant that such axons
could have taken up the tracer injected into NL, perhaps as a result of damage to those
axons, thereby resulting in transport by NA neurons. That this actually occurred, albeit on a
small scale, was deduced from the fact that a few NA cell bodies were retrogradely labeled
by some of the NL injections. We suggested that, although it was impossible to quantify the
proportion of the projections resulting from this inadvertent uptake, it was likely to be small
and therefore unlikely to account for the very substantial overlap of the NA and NL
projections to MLd that we observed. Since in the present study the same injections were
used to define the NA and NL projections to the OS and the lateral lemniscal nuclei, the
same proviso applies. Again, however, we suggest that the interpretation of the results is
unlikely to be significantly compromised by the small amount of uptake by NA fibers of
passage. Information relevant to this suggestion is presented below.

Superior olive

In the zebra finch we found that, following injections in either NA or NL, anterograde
labeling was found in both the ipsilateral and the contralateral OS, although in each case the
contralateral labeling was less than the ipsilateral labeling. These results differ from those
reported in other species such as pigeons (Leibler, 1975), chickens (Conlee and Parks,
1986), mallards (Arends, 1981), and barn owls (Takahashi and Konishi, 1988), in that,
unlike NA, NL in these species has not been found to project to the contralateral OS. The
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question here, however, is whether the contralateral labeling we observed in the zebra finch
is real, i.e., derives from NL or is a result of uptake by NA fibers of passage (see above), NA
having been shown to project to the contralateral OS (see Results). We suspect the NL
labeling is real 1) because of its consistency across cases having either none or a variable
number of retrogradely labeled cells in NA,; 2) because in some sections from dual injection
cases black BDA (NL) labeling was present in the contralateral OS in the absence of brown
CTB (NA) labeling, even though the black retrogradely labeled cells in NA were located in
the center of the CTB injection in NA,; and 3) retrogradely labeled cells were present in NL
bilaterally following unilateral injections in OS.

The projections of NA and NL to the ipsilateral OS have been described in the chicken
(Conlee and Parks, 1986; see also Burger et al., 2005) and barn owl (Takahashi and Konishi,
1988), such that there is at least partial separation of the terminations from the two nuclei. In
the chicken the NL projections appear to be restricted to dorsal regions of the nucleus,
whereas the NA projections occupy a more ventrolateral position at caudal levels and most
of the nucleus at more rostral levels (Conlee and Parks, 1986). In the barn owl the NA
projections occupy largely dorsolateral and ventromedial regions of the ipsilateral OS,
whereas the NL projections occupy medial to dorsomedial regions. Contralaterally, the NA
projections are much more sparse and diffuse, and therefore could overlap with the
ipsilateral NL projection to some extent (Takahashi and Konishi, 1988). In the zebra finch
we found good evidence of a topographic organization of the NA projections to OS, but not
for the NL projections. Injections in medial NA produced predominantly medial terminal
fields in the ipsilateral OS, while lateral NA injections produced lateral terminal fields. Over
a series of cases the NL projections to OS appeared to cover the whole nucleus, implying
substantial overlap of the NL and NA projections. In the barn owl OS units excited by
stimulation of the ipsilateral ear are tonotopically organized in lateral and posterior parts of
the nucleus, with best frequencies increasing from dorsal to ventral (Moiseff and Konishi,
1983). Binaural units excited by input from either ear are found more medially and centrally
in the nucleus.

Lateral lemniscal nuclei: NA projections

In the zebra finch NA to projects bilaterally to LLV and LLI, with a strong contralateral
predominance, and to LLDp contralaterally only. Similarly in barn owls, NA projects to
LLV bilaterally and to LLDp contralaterally (Takahashi and Konishi, 1988), although, as the
authors point out, the first finding is curiously at variance with that of Moiseff and Konishi
(1983), who found strictly monaural units in LLV. LLDp in the barn owl is said to be the
first binaural site in the pathway that processes differences in intensity of sounds arriving at
the two ears. The excitatory input originates from the contralateral NA and the inhibitory
input from the contralateral LLDp (Manley et al., 1988; Takahashi and Keller, 1992).
Comparable physiological information is not available for the zebra finch, although the
pattern of inputs from NA and the contralateral LLDp seems similar (present results; Wild et
al., 2010). In pigeons and chickens NA projects to LLV contralaterally only, but bilaterally
to a nucleus Leibler (1975) called VLVp and Conlee and Parks (1986) called VLV. As we
point out in the introduction, we consider the nucleus designated by these last two
abbreviations to be equivalent to LLIr in the zebra finch (see also Arends and Zeigler, 1986),
so the results in the zebra finch are probably congruent with those in pigeons and chickens,
at least with respect to LLI. An LLI was not initially recognized in the barn owl (Takahashi
and Konishi, 1988).

NL projections

In the zebra finch NL projects to the contralateral LLV, LLIr (with only a very sparse
projection to LLIc in one case), and LLDa. In one other case we found a sparse projection to

J Comp Neurol. Author manuscript; available in PMC 2013 December 13.



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

1duasnuey Joyiny vd-HIN

Kritzfeldt et al.

Page 7

the ipsilateral LLV as well. Similarly in pigeons (Leibler, 1975) and chickens (Conlee and
Parks, 1986), NL projects to the equivalent of the zebra finch LLV (LLv) contralaterally and
to the equivalent of LLI (Leibler’s VLVp and Conlee and Parks’ VLV). In the barn owl,
however, NL does not project to LLV, a finding which is congruent with the apparent lack
of binaural units in the nucleus (Moiseff and Konishi, 1983; see above). As in zebra finches,
however, NL in barn owls projects to LLDa, which is large enough in that species to permit
a mapping of different frequencies (Takahashi and Konishi, 1988). Whether LLDa in the
zebra finch is part of a pathway that registers interaural time differences, as LLDa does in
the barn owl (Konishi, 2003), is presently unknown. Like LLDp, it receives a projection
from its contralateral counterpart and it projects to the contralateral MLd (Wild et al., 2010).

Dual NA and NL injections

The main purpose of these combined injection cases was 1) to assess the amount of overlap
of the projections to MLd in the same sections (see companion article, Kriitzfeldt et al.,
2010), and 2) to distinguish between the NA and NL projections to LLD. In this they were
successful in showing that NA projects to LLDp, while NL projects to LLDa, an important
distinction that supports the comparison of LLD in zebra finches and barn owls, despite the
obvious difference in nuclear size between the two species. A similar pattern of NA and NL
projections to LLD may have been shown by Leibler (1975) in pigeons. He found NL to
project specifically on a ventral part of his VL Va, which possibly corresponds to LLDa in
the zebra finch, and NA to project predominantly on a dorsal part of his VLVa, which may
correspond to the dorsal part of LLDp in the zebra finch. Therefore, Leibler may have been
the first to define NL and NA inputs to separate LLD sub-nuclei. If correct, the findings of
separate NL and NA inputs to LLD are congruent across three species: barn owls, pigeons,
and zebra finches. Whether these inputs process time and intensity parameters in the last two
species, as they have been shown to do in barn owls, remains to be investigated.

Comparison with mammals

Takahashi and Konishi (1988) compared their findings with respect to the lateral lemniscal
nuclei in barn owls with those in cats, the species for which there was at that time the most
information. Since then there has been a host of studies in a variety of species dealing with
the projections of the cochlear nuclei to one or more of the superior olivary nuclei and/or the
three lateral lemniscal nuclei (e.g., Friauf and Ostwald, 1988; Kuwabara et al., 1991; Smith
etal., 1991, 1993; Huffman and Covey, 1995; Schofield, 1995; Schofield and Cant, 1997;
Adams, 1997; Glendenning and Hutson, 1998; Thompson and Schofield, 2000; Doucet and
Ryugo, 2003), findings from these and other studies having been extensively reviewed
(Schwartz 1992; Helfert and Aschoff, 1997; Oertel and Wickesberg, 2002; Cant and Benson,
2003; Schofield, 2005; Benson and Cant, 2008).

The avian superior olive has no known equivalent in the superior olivary complex of
mammals, Boord’s (1968) suggestion that it corresponds with the LSO of mammals
notwithstanding (Takahashi and Konishi, 1988). OS receives bilateral inputs from NA and,
in the zebra finch, bilateral inputs from NL, but information as to whether OS cells are
monaural or binaural is available only for the barn owl: 72% of cells were monaural (“OE,”
indicating a response only to ipsilateral stimulation) and 23% binaural (“EE,” excited by
stimulation of either ear) (Moiseff and Konishi, 1983).

In mammals the ventral nucleus of the lateral lemniscus (VNLL) receives its ascending input
predominantly from the contralateral ventral cochlear nucleus, with additional inputs from
the OS complex (reviewed in Benson and Cant, 2008). Dorsal and ventral parts of VNLL
have been recognized in some species, with some cell-type specific projections from the
VCN to VNLLv. VNLL provides a major brainstem input to the 1Cc (Helfert and Aschoff,
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1997). This projection is ipsilateral and probably inhibitory, VNLL cells being either
GABAergic and/or glycinergic (reviewed in Schofield, 2005). VNLL has generally been
considered a monaural nucleus, especially in bats (Casseday and Covey, 1995), but this is
clearly not the case in all mammals (Batra and Fitzpatrick, 2002). Functionally, VNLL is
concerned with the analysis of temporal aspects of auditory stimuli, and is possibly involved
in auditory pattern recognition (see Schofield, 2005).

In the zebra finch LLV receives its cochlear nuclear projection predominantly from the
contralateral NA, with additional inputs from NL and OS, and hence is likely to be a
binaural nucleus, the finding of only “EO” cells in LLv by Moiseff and Konishi (1983)
notwithstanding (see Takahashi and Konishi, 1988). Different parts of LLV have not been
recognized in birds. Some evidence exists for glycinergic cells in the LLV of chickens, but
their projections are unknown (Westerberg and Schwarz, 1995). Most cells in LLV of barn
owl are GABAergic (Carr et al., 1989) and possibly in pigeons as well (Domenici et al.,
1988; Veenman and Reiner, 1994). Like VNLL in mammals, LLV in birds is also a major
source of brainstem projections to the ICc (MLd) (Wild et al., 2010). In pigeons LLV also
provides a projection that bypasses the midbrain to terminate directly in the nucleus
ovoidalis (Ov) of the auditory thalamus, from where information is probably relayed to a
broad band or low-frequency region of the auditory “cortex” (Wild, 1987; Wild et al., 1993).
A direct LLV projection to Ov is also present in the zebra finch (Wild et al., 2009). Because
auditory pattern recognition is a requirement for song perception, it is possible that LLV is
also involved in this function in songbirds.

An intermediate nucleus of the lateral lemniscus (INLL) is not recognized in all mammalian
species, bats being an exception. It is considered a monaural nucleus, with inputs from the
contralateral VCN and ipsilateral MNTB (Oertel and Wickesberg, 2002). As for the other
two lateral lemniscal nuclei, its outputs are to the inferior colliculus. In contrast, in birds LLI
not only receives inputs from the contralateral NL and NA, but also bilateral inputs from OS
and is, therefore, likely to be part of the binaural system. Moreover, LLI does not project on
the inferior colliculus, but in all avian species studied projects on a telencephalic nucleus
known as basorostralis (Bas), located laterally adjacent to the lateral striatum (Arends and
Zeigler, 1986; Hall et al., 1993; Wild and Farabaugh, 1996; Wild et al., 1997, 2001). LLI
provides a short latency auditory projection to Bas (Delius et al., 1979) and in the barn owl it
provides for a tonotopic organization of Bas (Wild et al., 2001).

The dorsal nucleus of the lateral lemniscus (DNLL) in mammals is a single nucleus that is
considered part of the binaural system (Schofield, 2005). It is reciprocally connected across
the midline, via GABAergic neurons, with its contralateral counterpart and it projects
bilaterally to the ICc (Pollak et al., 2003; Schofield, 2005). In birds two parts of LLD are
present, an anterior part receiving input mainly from the contralateral NL and a posterior
part mainly from the contralateral NA (Wild, 1987; Muller, 1987; Takahashi and Konishi,
1988; present results). Consequently, in barn owls “EE” cells sensitive to interaural phase
differences were found in LLDa, whereas “EI” cells sensitive to interaural level differences
were found in LLDp (Moiseff and Konishi, 1983; Manley et al., 1988; Mogdans and
Knudsen, 1994). In barn owls, chickens, and pigeons, LLD neurons are GABAergic and
inhibitory (Miller, 1987; Domenici et al., 1988; Carr et al., 1989; Takahashi and Keller,
1992; Veenman and Reiner, 1994) and in the zebra finch both LLDa and LLDp are
connected with their contralateral counterparts via the commissure of Probst (Wild et al.,
2010), as is LLDp in the barn owl (Takahashi and Keller, 1992; Takahashi et al., 1995).
Furthermore, both parts also project to MLd, but in the zebra finch the projection of LLDa is
entirely contralateral and that of LLDp almost entirely contralateral (Wild et al., 2010). In
zebra finches both LLD nuclei also project directly on the auditory thalamus, although less
densely than LLV (Wild et al., 2010).
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One of the reasons for conducting the present studies was to define the ascending pathways
that could mediate the auditory feedback that is important in the control of song learning and
production. Similar concerns have been the focus of studies in bats that have attempted to
determine the location of the audio-vocal interface important in echolocation (Metzner,
1993, 1996). In birds, however, there is as yet no evidence that an audio-vocal interface that
might be involved in vocal control is present at brainstem levels. Rather, such an interface in
songbirds is generally thought to occur at telencephalic levels (Janata and Margolish, 1999;
Coleman and Mooney, 2004; Coleman et al., 2007).
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Figure 1.

Caudal (A-D), middle (E-H), and rostral (I-L) levels through the superior olive (OS) and
lateral lemniscal nuclei (LLV, LLlIc, LLIr, LLDa, and LLDp). AE,I: Schematic outlines of
the Nissl-counterstained sections shown in B,F,J. The boxed areas in B,F,J are shown at
higher power in C,G,K. D,H,L: Sections at similar levels as C,G,K but have been reacted for
cytochrome oxidase. BCA: ascending part of the brachium conjunctivum; FLM: medial
longitudinal fasciculus; LLD: dorsal nucleus of the lateral lemniscus; LLIc and LLIr:
intermediate nucleus of the lateral lemniscus, caudal and rostral parts; LLV: ventral nucleus
of the lateral lemniscus; 10S: nucleus infra-olivaris superior; NVI: abducent nerve; NVII:
facial nerve; VIld and VIlv: dorsal and ventral facial motor nuclei; OS: superior olive; PBvI:
parabrachial nucleus, ventrolateral part; PLL: para-lateral lemniscal nucleus; PM: medial
pontine nucleus; RPgc: pontine reticular nucleus, gigantocellular part; 111: oculomotor
nucleus; VI: abducens nucleus. Scale bars = 1 mm for the upper two rows and 400 pm for
the lower two rows.
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Figure 3.

A,D: Schematics showing the location of the centers of injections in NA and NL shown in
B,E, respectively. B,C: Injections of BDA in the medial and lateral parts of NA, respectively
(B is counterstained). E,F: Injections of BDA in the middle and lateral (dorsal) parts of NL,
respectively (E is counterstained). Asterisks mark the approximate center of each injection.
Scale bars = 1 mm for the schematics and 250 pm for the photomicrographs.
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Figure 4.

A-D: Fiber and terminal labeling in the left (ipsilateral) OS (A) and right (contralateral)
LLV (B), LLIr (C), and LLDp (D) following an injection of BDA into medial NA shown in
Fig. 3A,B. E-H: Fiber and terminal labeling in the left (ipsilateral) OS (E) and right
(contralateral) LLV (F), LLIr (G), and LLDp (H) following an injection of BDA into lateral
NA shown in Fig. 3C. I-L: Fiber and terminal labeling in the left (ipsilateral) OS (I) and
right (contralateral) LLV (J), LLIr (K), and LLDa (L) following an injection of BDA into
mid-NL shown in Fig. 3E. Scale bars = 200 pm for A-K; 400 pm for D,H,L.
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A—C: Fiber and terminal labeling in the contralateral OS following injections of BDA into
medial NA, lateral NA, and mid-NL, respectively. D: Brown (CTB) labeling in LLV and
LLDp and black (BDA) labeling in LLDa, following injections of CTB and BDA in the
contralateral NA and NL of the same case, respectively. Black label was produced with
heavy metal (CoCl,) intensification of the DAB reaction product, while brown label was
produced without such intensification (see Materials and Methods in Kriitzfeldt et al., 2010).
Scale bars = 200 pm for A-C; 125 pm for D.
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Figure®6.

A—C: An injection of CTB in the left OS (A) produces retrogradely labeled cells
predominantly in the right NA and NL at rostral (B) and more caudal (C) levels. E-G: An
injection of BDA in the left LLV (E) produces retrogradely labeled cells predominantly in
the right NA and NL at rostral (F) and more caudal (G) levels. D,H: An injection of CTB
centered on the left LLDa, with some involvement of LLDp (D), produces retrogradely
labeled cells predominantly in the right NL (H), with a few in the right NA (not shown).
Scale bars = 100 um; 250 pm for all others.
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