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Abstract

Many areas of the central nervous system are organized into clusters of cell groups, with
component cell groups exhibiting diverse but related functions. One such cluster, the superior
olivary complex (SOC), is located in the ventral auditory brainstem in mammals. The SOC is an
obligatory contact point for most projection neurons of the ventral cochlear nucleus and plays
central roles in many aspects of monaural and binaural information processing. Despite their
important interrelated functions, little is known about the embryonic origins of SOC nuclei, due in
part to a paucity of developmental markers to distinguish individual cell groups. In this report, we
present a collection of novel markers for the developing SOC nuclei in mice, including the
transcription factors FoxP1, MafB, and Sox2, and the lineage-marking transgenic line En1-Cre.
We use these definitive markers to examine the rhombic lip and rhombomeric origins of SOC
nuclei and demonstrate that they can serve to uniquely identify SOC nuclei and subnuclei in
newborn pups. The markers are also useful in identifying distinct nuclear domains within the
presumptive SOC as early as embryonic day (E) 14.5, well before morphological distinction of
individual nuclei is evident. These findings indicate that the mediolateral and dorsoventral position
of SOC nuclei characteristic of the adult brainstem is established during early neurogenesis.
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INTRODUCTION

The medulla (myelencephalon) originates from the posterior subdivision of the hindbrain
(rhombencephalon). Rhombomeres are defined by discrete, but transient, segmental
boundaries (generally six rhombomeres (r)-r1-r6 and five pseudorhombomeres- r7-r11)
along the anterior-posterior axis of the hindbrain and give rise to distinct cell lineages for
neurons within the central nervous system and neural crest cells that migrate out of the
neural tube. Taking advantage of the experimental accessibility of the dorsal surface of an
embryo, fate maps of the brainstem have been produced using chick-quail chimeric
transplantation (Tan and LeDouarin 1991; Marin and Puelles, 1995; Cambronero and
Puelles, 2000) and by neuronal labeling in chick with lipophilic dyes (Cramer et al., 2000).
These investigators have been able to determine that the early rostral-caudal arrangement of
rhombomeres is mostly preserved in the adult brainstem, that neurons within individual
nuclei can arise from multiple rhombomeres, and that the medial and lateral regions of a
single rhombomere can give rise to distinct brainstem nuclei. This latter finding suggests
that cell fates are already specified at or soon after the birth of neurons rather than during or
after their migration into the final adult position (Cramer et al., 2000).

Due to the inherent difficulty of accessing mammalian embryos in utero, classical fate
mapping studies are not common. More recent studies take advantage of transgenic lines
that express Cre-recombinase in a rhombomere-specific fashion for r1 through r5 (Branda
and Dymecki, 2004). Arising from these rostral rhombomeres are the nuclei of the auditory
brainstem, including the cochlear nuclei and the nuclei that make up the superior olivary
complex (SOC). The cochlear nuclei are integrative stations and relay centers for all
auditory inputs from the cochlea (Young and Oertel, 2003), and include the dorsal,
anteroventral, and posteroventral cochlear nuclei. The SOC is the earliest site for massive
convergence of binaural information, and functions in both monaural and binaural
information processing. The SOC of mammals consists of multiple, well-circumscribed
nuclei, ranging in number from 6-11 cell groups depending upon species (Warr, 1972). The
nuclei that are consistently found in species ranging in size from rodents to non-human
primates include the lateral (LSO) and medial (MSOQ) superior olives and the medial
(MNTB), ventral (VNTB), and lateral (LNTB) nuclei of the trapezoid body. The superior
paraolivary nucleus (SPON) is typically found in rodents but may have a homologue in
other species called the dorsomedial periolivary nucleus. These cell groups in mouse are
born between embryonic days (E) 9-14, with peak birthdates earliest in the SPON and latest
in the LSO (Taber-Pierce, 1973).

Fate maps of the mammalian cochlear nuclei have defined r2-r5 as their rhombomeric
origins (Farago et al., 2006). Similar fate mapping of the SOC has determined that nuclei
within the complex derive from r3-r5 (Maricich et al., 2009). Clues to SOC formation also
can be gleaned from studies focused upon other neural systems. These additional studies
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revealed that distinct nuclei within the SOC originate within the rhombic lip, which is the
lateral-most region of the developing hindbrain and is identifiable by its expression of the
Wht1 and Atohl genes (Nichols and Bruce, 2006; Fu et al., 2011; Maricich et al., 2009).
SOC nuclei also reportedly derive from regions of the brainstem that express the Wnt3aand
EnI genes (Louvi et al., 2007; Machold and Fishell, 2005). £n1 has classically been used to
label midbrain and r1 lineages (Zervas et al., 2004; Sgaier et al., 2005), but is also expressed
within a specific dorsoventral domain of the spinal cord within the V1 interneurons, where it
helps to define the axon trajectory of Renshaw and 1a inhibitory interneurons (Saueressig et
al., 1999). We determined that a systematic study of SOC origins with appropriate
developmental markers was necessary to piece together these many studies.

SOC cells have a postulated birth location at the rhombic lip, followed by ventral migration
into their final position (Altman and Bayer, 1980). The finding that the LSO and MSO
derive from the Afoh1 lineage (Maricich et al., 2009) supports this notion, but this situation
does not necessarily apply to all SOC nuclei. MNTB cells are postulated to migrate from the
ventral edge of the brainstem into their adult location, but these studies were based upon a
time series of Golgi-stained tissue (Morest, 1969). In essence, very little has been firmly
established with regard to the spatial origins and potential migratory patterns of the
mammalian SOC. The absence of nuclei-specific and cell-specific markers for the
developing central auditory brainstem has severely hampered efforts directed towards
understanding the detailed mechanisms that govern its development and formation. In this
report, we describe four early markers, FoxP1, MafB, Sox2, and Enl1, to facilitate
observation of the presumptive SOC during embryonic development. Using these markers,
we present the early embryonic organization of SOC nuclei prior to their identification as
spatially distinct cell groups.

METHODS

Animals

Mice were maintained at West Virginia University in compliance with local IACUC and
federal OLAW regulations on a 12-hour light/dark cycle. En1-Cre (courtesy of Dr. Mark
Lewandoski), HoxB1-ires-Cre (courtesy of Dr. Mario Cappechi), Egr-2-Cre (courtesy of Dr.
Patrick Charnay via Dr. Susan Dymecki), Wnt1-Cre (Jackson Laboratory), Rosa26R
(Jackson Laboratory), RosaEGFP (Jackson Laboratory), Rosa-tdTomato (Ai9; Jackson
Laboratory), FVB/NJ (Jackson Laboratory), and CD1 (Charles River) animals were used in
this study.

Pregnant mice were sacrificed on the appropriate gestational day with midnight of timed
mating considered EO. Embryos were collected, staged by size and morphology, and
decapitated. Brains were either left in the head with their skulls split (for cryostat sectioning)
or completely removed from the skull (for microtome sectioning). Samples were immersion
fixed in a 4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS) solution (pH 7.4)
overnight at 4°C. Postnatal mice were sacrificed by CO, gas and decapitated, and brains
were immersion fixed as described above.
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Nissl Staining

Brains were cryoprotected in 30% sucrose/PBS solution, sectioned at 16 um from caudal to
rostral medulla, and dry-mounted onto slides. Sections were defatted by placing them into
1:1 alcohol/chloroform overnight and then rehydrated. Sections were then stained in 1%
cresyl violet solution for 5-10 minutes, dehydrated in 95% ethanol and coverslipped.

In situ hybridization

The Engrailed-1 (Enl) plasmid for preparing RNA probes was kindly provided by Dr. Mark
Lewandoski. Antisense and sense RNA probes were prepared and labeled with digoxigenin
according to the manufacturer's protocol (Roche Applied Science, Indianapolis, IN).
Digoxigenin-labeled riboprobes were purified by nucleotide removal kit (Qiagen, Valencia,
CA) and diluted in hybridization buffer. At least four immersion-fixed CD1 brains from
each of the following ages E11.5, E12.5, E13.5 and E14.5 were used in at least 3
hybridization studies (=12 at each age). Whole-mount /n s/tu hybridization was performed
as reported previously (Cygan et al., 1997). Briefly, brains were incubated with proteinase
K, washed with glycine and refixed with a solution of 0.2% glutaraldehyde and 4%
paraformaldehyde in PBS. Tissue was then placed into hybridization buffer at 63°C for 2
hours before incubation of brains with RNA probes at 65°C overnight. Brains were washed
with a sodium citrate solution at 70°C, followed by incubation with RNase A (Sigma-
Aldrich, St. Louis, MO) and RNase T1 (Sigma-Aldrich, St. Louis, MO), then further washed
with sodium citrate at 65°C. Samples were blocked with lamb serum for 2 hrs and then
incubated with an anti-digoxigenin antibody conjugated with alkaline phosphatase overnight
at 4°C (1:4,000, Roche Applied Science). Incubation with BM purple (Roche Applied
Science) was used to visualize the marker RNA. Digoxigenin-labeled sense RNA was used
as a negative control. Samples were photographed using a stereomicroscope (MZFLIII,
Leica) and a MicroFire digital camera (Optronics) and PictureFrame image capture software
(Optronics).

Immunochemistry

Immersion fixed heads (n=4 at each age) were cryoprotected in 30% sucrose in PBS and
oriented in TBS tissue freezing medium, and stored at —80°C until sectioned in the coronal
plane at 16 pm on a cryostat or on a freezing microtome at 40 um. Antigen retrieval was
performed by incubating cryostat sections on slides in 0.1M Tris HCL, pH 9.5 in a
microwave for 2 minutes or by incubating microtome sections in 10mM citric acid, pH 6.0
for 30 minutes at 95°C. In order to block nonspecific labeling, some sections were incubated
in PBS containing 0.6% H,0, and 5% methanol for 1 hour at RT. Samples were then
washed in PBS and blocked in PBS containing at least 5% heat-inactivated normal serum
and 0.1% Triton X-100 at RT for 2 hours. Primary antibodies were diluted in PBS
containing 4% serum and 0.1% Triton X-100. Samples were incubated overnight in the
primary antibody solution at 4°C. The antibodies used in this study were: GFP (1:1000,
Molecular Probes), MafB (1:2,000, SC-10022, Santa Cruz Biotechnology), Sox2 (1:1,000,
Chemicon AB5603), Calbindin-D-28k (CaBP) (1:2,000, Swant CB38A) and FoxP1 (1:2000,
Abcam 16645). Slides or wells were rinsed with PBS and incubated with the appropriate
biotinylated (Vector, Laboratories, Burlingame, CA) or fluorescence-conjugated
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(Invitrogen) secondary antibodies in the same vehicle as the primary antibody. Biotin-
labeled tissue was then rinsed with PBS and incubated with elite ABC reagent (Vector
Laboratories), as described by the manufacturer. Immunoreactivity was visualized with
0.05% 3,3-diaminobenzidine (DAB) and photographed on an upright microscope (AX70,
Olympus) with a MicroFire digital camera and PictureFrame image capture software
(Optronics). Fluorescently labeled tissue was imaged on a Zeiss 510 Meta confocal
microscope with a 10X (NAO.75) at 2.5um or less Z-step size. Primary antibody was omitted
in control tissue; no immunoreactivity was detected in these samples.

X-gal Staining

For ROSA26R tissue staining, brains were removed from skulls prior to fixation and stained
for B-galactosidase. Samples were fixed in 4% paraformaldehyde solution in PBS for 0.5-4
hrs at RT, rinsed with PBS and incubated with X-gal staining solution (5 mM Potassium
Ferricyanide, 5 mM Potassium Ferrocyanide, 5 mM Magnesium chloride, 1 mg/mL X-gal in
PBS) at 4-22°C.

Marker Quantification

Coronal slices were sectioned at 100 pm thickness from the brainstem of postnatal day (P) 0
pups of the genotype En1-Cre; Rosa-tdTomato. Sections were reacted with anti-FoxP1
(1:2000, Abcam 16645) and anti-MafB (1:2,000, SC-10022, Santa Cruz Biotechnology) and
appropriate, fluorescently labeled, secondary antibodies. Fluorescently labeled SOC (n=3)
from two animals were imaged on a Zeiss 510 Meta confocal microscope. Z-stack
projections were converted to TIFF images using Image J software 1.46r (National Institutes
of Health, Bethesda, MD) and fluorescently labeled cells in each nucleus were counted using
the Cell Counter plugin module within Image J.

Image Analysis

RESULTS

Images were stored as TIFF or JPEG files and examined with Adobe Photoshop (Adobe
Systems, San Jose, CA), where brightness, contrast, and color balance were optimized
uniformly and backgrounds of MafB in situ hybridizations were made uniformly black.
Composite figures were prepared and final images were saved from Adobe Illustrator.

Rhombomeric origins of the superior olivary complex (SOC)

In an effort to explore the rhombomeric origins of the SOC using developmental markers,
we employed the Egr2-Cre and Hoxb1-ires-Cre lines, which had been used previously to
perform fate mapping of the developing auditory brainstem (Farago et al., 2005; Maricich et
al., 2009). Parasagittal sections through the brainstem of Egr2-Cre; Rosa26R lacZ-reporter
(Voiculescu et al., 2001; Soriano, 1999) animals were stained for f-galactosidase expression
and revealed two distinct regions of labeling, corresponding to r3 and r5 (Fig. 1A). Based on
morphology and location, we were able to identify the ventrally located, darkly labeled cells
within the r5 region as MNTB (arrow in Figure 1A and compare to 1C,D). Similar
parasagittal sections in animals carrying the Hoxb1-ires-Cre; RosaEGFP reporter (Arenkiel
et al., 2003; Mao et al., 2001) were reacted with an anti-GFP antibody and showed Cre
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expression that was most prevalent in r4 (Fig. 1B). A small number of cells in the region of
the MNTB showed Cre-mediated GFP expression in the Hoxb1-ires-Cre line (arrow in Fig.
1B). The location of SOC labeling was confirmed on adjacent sections stained with anti-
calbindin (CaBP) and anti-Sox2 antibodies (Fig. 1C,D). Both proteins are expressed in cell
bodies within the MNTB (arrow in Fig. 1C,D). Here we show for the first time that Sox2 is
expressed in the embryonic and postnatal MNTB (Fig. 1D), as well as the VNTB and LNTB
(Supplemental Fig. S1). Examination of coronal sections from the Egr2-Cre and Hoxb1-ires-
Cre animals confirmed that more SOC cells derive from the Egr2-Cre lineage than the
Hoxb1-ires-Cre lineage (Supplemental Fig. S2A,B compared to S2D), consistent with the
findings of Maricich et al. (2009). To confirm the identities of distinct SOC nuclei in these
coronal sections, we took advantage of antibodies against calbindin and the transcription
factor, MafB (Fig. S2C, E, and F). Calbindin immunoreactivity labels cell bodies within the
MNTB, but is also found in MNTB processes that extend into the LSO, MSO, and SPON
(Supplemental Fig. S2C, E and Friauf, 1993). In addition to labeling the ventral cochlear
nucleus (Farago et al., 2005; Howell et al., 2007), MafB expression is observed in the
ventral brainstem in the region of the presumptive SOC (Supplemental Fig. S3) and the
developing and mature LSO and MSO, with sparse labeling in the LNTB and SPON
(Supplemental Figs. S2F and S4).

Rhombic lip and dorsoventral origins of the SOC

The rhombic lip in the mouse is defined by specific expression of growth and transcription
factors, including Wnt1 and Atohl (Mathl) (reviewed by Dun, 2012). Previous work on the
origins of the mouse SOC suggested that the VNTB and LNTB derived from a Wnt1-
positive lineage, along with a portion of the LSO (Fu et al., 2011) and that the MSO and
LSO derive from an AtohI-positive lineage (Maricich et al., 2009). Given that the
expression domains of these two genes in the rhombic lip appear to overlap (Landsberg et
al., 2005; see review by Dun, 2012), it would appear that these two findings are conflicting,
especially if Wnt1and Afohl expression occurs in the same cells. To clarify this
discrepancy, we studied the cell lineages in Wnt1-Cre; Rosa26R adult animals (Fig. 2A-C).
We analyzed sections in the coronal plane to discern SOC nuclei unambiguously.
Comparable to previous findings (Landsberg et al., 2005; Fu et al., 2011), we observed
strong labeling in the brainstem outside of the auditory region, including the pontine nuclei
and inferior olivary complex, along with several other nuclei (Fig. 2A,B). Xgal-positive
labeling within the SOC appeared in the LSO and MSO (Fig. 2C), with little, if any, labeling
in the LNTB and VNTB, contrary to what was seen in Fu et al. (2011). Our Wnt1-Cre
results are therefore in agreement with the labeling of the LSO and MSO in Atoh1-Cre
animals (Maricich et al., 2009) and indicate that only a portion of the SOC derives from the
rhombic lip.

In addition to testing the Wnt1-Cre SOC lineage, we also analyzed the En1-Cre line for SOC
lineage (Zervas et al., 2004; Sgaier et al., 2005), based on published images suggesting that
one or more SOC nuclei might be lineage-labeled in this transgenic line (Fig. 2M in
Machold and Fishell, 2005). In parasagittal sections from En1-Cre; Rosa26R samples at P3,
the superior and inferior colliculi, the cerebellum, and the r1 hindbrain showed prominent
Xgal labeling as expected (Fig. 2D). In addition to En1-Cre expression in these rostral
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regions, Xgal staining was observed diffusely in the reticular formation throughout the
medulla and extending into the spinal cord, where £n1 expression is found in V1
interneurons (Saueressig et al., 1999). Prominent En1-Cre expression is also observed in the
ventral brainstem in a band consistent with the position of the MNTB (arrow in Fig. 2D).
Coronal sections through this region at P10 showed prominent dorsal labeling, while only
distinct nuclei along the ventral edge of the brainstem were stained with Xgal (Fig. 2E).
Based on location and morphology, these ventral nuclei are likely the MNTB, VNTB, and
LNTB (Fig. 2F). Marker analysis using the En1-Cre; RosaEGFP reporter strain (Mao et al.,
2001) confirmed that the MNTB, VNTB, and LNTB are lineage-labeled by the En1-Cre line
(Fig. 3A,B). The location of SOC labeling was confirmed on adjacent sections stained with
anti-Sox2 (arrow in Fig. 3C) and anti-CaBP (Fig. 3D) antibodies. In addition, we observed
En1-Cre-expressing cells surrounding the LSO (arrowheads in Fig. 3B), where the lateral
olivocochlear shell neurons reside (reviewed by Brown, 2011).

Enl1-Cre as a marker for embryonic SOC development

As a novel embryonic marker for a subpopulation of SOC nuclei, we postulated that the
En1-Cre line could be useful in determining the origins of the SOC. Toward this goal, we
analyzed the onset of £n1 expression in the ventral brainstem. /n situ hybridization with an
En1 antisense riboprobe detected £71 expression beginning at E12.5 and continuing at 13.5
in a region that co-localizes with the presumptive SOC (Supplemental Fig. S5). Next, the
Xgal-labeling pattern was examined on coronal sections from En1-Cre; Rosa26R embryos at
E12.5-E18.5 and pups at P10 (Fig. 4 and data not shown). Cresyl violet-stained sections
from E13.5-E17.5 and adult animals were analyzed for SOC morphology by comparison
(Fig. 4). Enl-lineage-labeled SOC cells are first distinguishable at E13.5 (Fig. 4B), as no
Xgal-positive cells are present at the ventral edge of the auditory brainstem at E12.5 (data
not shown). This area of staining colocalizes with the cluster of darkly Nissl-positive cells in
the ventral brainstem that we identify as the presumptive SOC (pSOC) through lineage
tracing (Fig. 4). These En1-Cre lineage-labeled cells at E13.5 appear soon after the
completion of MNTB neurogenesis at E12 (Taber-Pierce, 1973). The one-day delay between
EnI mRNA expression at E12.5 (Supplemental Fig. S5) and the Xgal labeling of the ventral
brainstem at E13.5 likely represents an inherent delay in Cre recombination and subsequent
accumulation of B-galactosidase to enable detection.

The pSOC is uniform in its oblong appearance by Nissl-staining at E15.5 (Fig. 4A), but
Enl-expressing SOC cells appear in a “swoosh-shaped” cluster within the pSOC. This En1-
Cre subdomain of the pSOC is present from E14.5 to E16.5 (Fig. 4D), suggesting that
specification is already taking place within the pSOC with regard to orientation of SOC
nuclei. By E17.5, the MNTB is distinguishable from the lateral cells within the pSOC
(arrows in Fig. 4E,F), as we reported previously (Hoffpauir et al., 2010). These images
suggest that cells migrate medially out of the pSOC region to establish the spatial domain of
the adult MNTB. By P10, En1-Cre clearly distinguishes cells within the MNTB, VNTB, and
LNTB (Fig. 4H).
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Developmental markers for SOC nuclei

We next investigated whether the markers identified in this study could be used to
successfully distinguish cells that will populate the individual SOC nuclei at birth, when the
nuclear organization becomes adult-like. As shown above (Figs. 1-3 and S1-S4), we
discovered markers for the LSO and MSO (MafB) and the MNTB, VNTB, and LNTB (Enl-
Cre and Sox2). The only major nucleus not identified by these markers is the SPON, a
GABAergic nucleus located in the dorsal SOC between the MNTB and LSO (Kulesza and
Berrebi, 2000). Based on RNA labeling patterns observed in the Allen Developing Mouse
Brain Atlas (http://developingmouse.brain-map.org), we determined that the forkhead
transcription factor, FoxPI (Ferland et al., 2003), shows distinct labeling within the
embryonic SOC. Antibodies targeted against FoxP1 mark early and localized expression in
the presumptive SOC, starting as early as E14.5 (Supplemental Fig. S6). The FoxP1
expression pattern appears to resolve by PO into labeling within the MNTB, SPON, and
LNTB, along with modest labeling outside these nuclei (Fig. 5A). When combined with the
labeling patterns at PO for En1-Cre; Rosa-tdTomato (Fig. 5B), MafB (Fig. 5C) and Sox2
(Fig. 5D), a complete picture of labeling for SOC nuclei can be discerned. We quantified the
labeling pattern at PO for FoxP1-, En1-Cre-, and MafB-positive cells, along with double-
and triple-labeled cells (Fig. 5F). Sox2 was omitted from this analysis given its overlap in
expression with the En1-Cre line and the fact that the immunoreactivity of Sox2 in the SOC
is unreliable prior to E16.5 (data not shown), rendering this marker ineffective for earlier
embryonic studies.

In the colocalization experiments, we found that four nuclei were nearly homogenous in
their labeling pattern, with the MNTB showing En1-Cre and FoxP1 double-labeling at
93.4% £1.7%, the SPON being FoxP1-positive in 87.3% *4.1% of labeled cells, MafB
labeling the MSO in 94.6% %3.5% of labeled cells (though at lower intensity levels than
seen in the LSO), and the VNTB showing En1-Cre labeling in 80.6% +6.5% of labeled cells
(Fig. 5F). Conversely, the LSO and LNTB are comprised of several different labeled cell
groups, with the LSO showing three different groups of cells each at greater than 10% of
labeled cells. The LNTB is represented by four cell groups that meet the >10% labeling
criterion. Interestingly, the LNTB labeling pattern for FoxP1 and MafB shows two
longitudinally distinct groups running the length of the LNTB (Fig. 5E and see Fig. 6).

Embryonic organization of the presumptive SOC

The early labeling patterns of the En1-Cre lineage, along with anti-FoxP1 and anti-MafB
immunoreactivity, provide a means to determine the spatial organization of the SOC during
embryonic ages. We crossed En1-Cre-positive males to Rosa-tdTomato females and
observed expression of the reporter allele. Cre-positive embryos and pups were selected for
analysis of immunofluorescence at ages ranging from E14.5 to PO (Figure 6). At PO, distinct
nuclei within the SOC are observed both by Nissl-staining (data not shown) and
fluorescence labeling (Fig. 5). As in Fig. 5, we observed strong co-localization between
Enl-Cre and FoxP1 labeled cells in the MNTB (nearly all cells in Fig. 6D,G exhibit co-
localization). The majority of LSO cells are distinctly labeled by MafB expression (blue
cells in Fig. 6E). However, within the LSO we found a cluster of cells that are co-labeled
with En1-Cre and FoxP1, which could represent intrinsic lateral olivocochlear neurons
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(Brown, 2011; arrows in Fig. 6E). Similarly, the clusters of MafB-positive and FoxP1-
positive cells in the LNTB (Fig. 5E) also appear to be labeled by En1-Cre (white vs. yellow
arrowheads in Fig. 6E). Overall, the combined labeling pattern of these three markers can be
utilized to identify individual SOC nuclei at birth (summarized in Fig. 5F).

Earlier embryonic ages presage the adult pattern by demonstrating populations of uniquely
labeled cell groups within the presumptive SOC (Fig. 6A-C). The organization of labeled
cell groups roughly approximates that of the adult SOC, even as early as E14.5 (Fig. 6A). At
this early age, MafB-positive cells (presumptive LSO and MSO precursors) are located
lateral to FoxP1-only labeled cells (presumptive SPON), which are themselves dorsolateral
to FoxP1+En1-Cre double positive cells (presumptive MNTB). The only groups not
regionally distinct at this age are the En1-Cre-positive cells (VNTB/LNTB), which are
indistinguishable from presumptive MNTB cells. By E16.5, En1-Cre-positive cells elongate
along the medial-lateral axis, and their pattern reveals a more defined separation of cell
groups, as was seen in the swoosh pattern of Xgal labeling (Fig. 4). Between E16.5-E17.5, a
medial cell group becomes spatially distinct (Fig. 6B,C), consistent with its emergence along
the medial-lateral axis of Nissl-stained and En1-Cre-positive Xgal-stained cells during the
same time frame (Fig. 4). Taken together, these findings indicate that the nuclear
regionalization of the adult SOC is substantially complete by E14.5.

DISCUSSION

The coalescence of neurons and glia into a circumscribed and functionally specialized
nuclear organization is one of the defining characteristics of the vertebrate CNS. Indeed, our
nomenclature of brain anatomy relies on these structural boundaries, and yet little is known
regarding the mechanisms that promote nuclear formation. In this report, we demonstrate
that nucleogenesis occurs early for the developing auditory brainstem, and that the general
orientation of SOC nuclei within the complex is patterned by marker expression well before
morphogenetic boundaries are established. In the process of performing these studies, we
have identified several novel markers for developing SOC nuclei that can aid future studies
of cell specification and migration into the mature nuclear organization of the SOC. Through
a combinatorial labeling strategy (Figs. 5 and 6 and Supplemental Table 1), we can identify
cells that constitute the SOC nuclei at embryonic and perinatal ages, well before separation
into clearly defined nuclear boundaries occurs. Furthermore, our studies offer an updated
interpretation of data regarding the early origins for the SOC.

Lineage relationships of SOC nuclei

The embryonic origins of the SOC have been investigated for many years, but the findings
have been less than definitive. Our investigations confirm many aspects of previous studies
but refute certain findings regarding the origins of SOC nuclei. Although the SOC lies in the
ventral brainstem, many investigators proposed that its origin arises via migration from the
alar plate-derived rhombic lip, similar to migratory origins for the pontine and inferior
olivary nuclei (reviewed by Kuhlenbeck, 1975). Along this line of reasoning, Altman and
Bayer (1980) proposed the rhombic lip as the origin of SOC nuclei, followed by migration
into the ventral brainstem. Our data indicate that the SOC nuclei may have multiple origins.
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As was previously observed (Fu et al., 2011; Nichols and Bruce, 2006), medial nuclei of the
SOC do not arise from the Wnt1-positive rhombic lip lineage (Fig. 2C). We did observe
labeling in Wnt1-Cre; Rosa26R animals in the region of the LSO and MSO (Fig. 2C). Fu et
al. (2011) interpreted the SOC labeling that they observed in the parasagittal plane as
marking the LSO, MVPO and LVPO (VNTB and LNTB, respectively). However, in coronal
sections these latter two nuclei do not appear to be labeled (Fig. 2C), which is evident when
compared with labeling of the VNTB and LNTB in the En1-Cre line (Fig. 2E,F). Our
interpretation of these findings is that LSO and MSO derive from rhombic lip origins, while
the MNTB, VNTB, LNTB, and SPON are most likely basal plate derivatives. We cannot,
however, rule out the possibility that the Wnt1-Cre is activated outside of the lower rhombic
lip, and that this secondary expression domain is the origin for LSO and MSO. The fact that
the Atoh1-Cre lineage also labels LSO and MSO (Maricich et al., 2009) is suggestive that
these two nuclei are likely rhombic lip derivatives.

It is intriguing that the LSO and MSO appear to be labeled consistently by Wnt1-Cre (Fig.
2), Atoh1-Cre (Maricich et al., 2009), and MafB (Fig. 5 and Supplemental Fig. 4). A similar
overlap in expression of these three markers is seen in the ventral cochlear nucleus (Howell
etal., 2007; Farago et al., 2005; Maricich et al. 2009; Fu et al. 2011; Landsberg et al. 2005;
Wang et al., 2005). The overlap of WntIand Afohl expression in the rhombic lip
(Landsberg et al. 2005; reviewed by Dun, 2012) might suggest a hierarchical relationship,
with high levels of Wnit1 inducing Afohl expression. We speculate that MafB might either
respond directly to the Wntl signal or be induced secondarily by active expression of Atohl
within the SOC and ventral cochlear nucleus. Such a regulatory hierarchy might help to
explain the concurrent expression domains for these three genes.

The identification of labeling in the MNTB, VNTB, and LNTB by the En1-Cre lineage is
novel, though careful observation of the results from Machold and Fishell (2005; see their
Fig. 2M) indicates that they too labeled the MNTB, VNTB, and LNTB in their lineage
preparations without mention of SOC structures. Expression of En1-Cre in the auditory
brainstem appears by E13.5 and persists due to the lineage labeling in this assay. However,
the En1-Cre labeling pattern at P10 and P21 very closely matches the £7Z mRNA
expression pattern seen at P4, P7, and P14 in the Allen Developing Mouse Brain Atlas,
suggesting that the early expression pattern of £n1 in the auditory brainstem is maintained
into postnatal ages. The distinct pattern of dorsolateral labeling of the SOC with Wnt1-Cre
and medioventral labeling of the SOC with En1-Cre is reminiscent of complementary
labeling patterns for these two genes during Drosophila segmentation and vertebrate
midbrain-hindbrain and limb patterning (Ingham et al., 1988; Ye et al., 2001; Kimmel et al.,
2000).

Enl1-Cre appears to be activated in the auditory brainstem in a pattern that is similar to its
dorsoventral expression domain in V1 interneurons of the spinal cord (Figs. 2D, 4B and
Supplemental Fig. S5). Intriguingly, both the V1 interneurons and the trapezoid body nuclei
exhibit glycine and GABA expression (see review by Goulding, 2009), suggesting that Enl
activity may aid in defining inhibitory neuronal fate and/or synaptic connection patterns
(Saueressig et al., 1999). In fact, the distinct domains of FoxP1-positive versus MafB-
positive cells within the En1-Cre-expressing LNTB (see Figs. 5 and 6) fit nicely with the
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domains of expression for glycine and GABA within subdivisions of the adult cat LNTB
(Spirou and Berrebi, 1996; 1997). Based on expression patterns within these subdivisions,
we can speculate that MafB-positive cells in the pvLNTB would give rise to glycinergic
LNTB neurons and FoxP1-positive cells in the mLNTB would give rise to LNTB neurons
that are both glycinergic and GABAergic. Lineage-labeling studies would be needed with
these markers to confirm this speculation.

Our work demonstrates a strong labeling of SOC nuclei from the Egr2-Cre lineage, and
weaker cell contributions found in the Hoxb1-ires-Cre lineage (Fig. 1 and Supplemental Fig.
S2). These results suggest that all SOC nuclei derive primarily from the r5 (and possibly r3)
lineage, in agreement with the findings Maricich et al. (2009). However, the sparse labeling
of the MNTB (Fig. 1) and more lateral SOC nuclei (Supplemental Fig. S2) in the Hoxb1-
ires-Cre line suggests that the r4 lineage makes a minor contribution to SOC formation.

Embryonic organization of SOC nuclei

Previous studies on nucleogenesis have focused on groupings of neuronal cells into
relatively uniform nuclei, including the mouse pontine nucleus and chick oculomotor
complex (Nishida et al., 2011; Hasan et al., 2010). In contrast, organization of the
functionally grouped, presumptive SOC requires positional alignment of at least six
independent nuclei along the dorsoventral and mediolateral dimensions. In addition, these
nuclei display distinct morphological changes along the rostrocaudal extent of the auditory
brainstem (Kulesza et al., 2002). Therefore, the identification of cell-specific and region-
specific SOC markers in this study is crucial for distinguishing among the multiple cell
types within the pSOC at embryonic ages. A significant advantage of the markers selected
for this study is that none appears to require terminal differentiation of the cells for labeling,
which allows for early embryonic tracking of cells. As demonstrated in Fig. 6, FoxP1,
MafB, and En1-Cre labeled cells are distinct as early as E14.5, and their relative position
within the pSOC cluster at this age matches that seen in neonatal and postnatal samples.

The timing of neurogenesis for the SOC nuclei has been established in rodent embryos
(Taber-Pierce 1973; Altman and Bayer, 1980; Kudo et al., 2000). Neurons of the mouse
SOC are born between E9 and E14, with the progressive order of peak birthdates beginning
with SPON, then MSO, MNTB and finally LSO (Taber-Pierce, 1973). Comparative
neurogenesis in the rat SOC begins at E12 and ends around E16 (Altman and Bayer, 1980;
Cant, 1998; Kudo et al., 2000). By E14.5 in the mouse, neurogenesis in the SOC is nearly
complete (Taber-Pierce, 1973). These early birthdates of SOC neurons largely precede the
onset for our markers. Therefore, it is difficult to determine where cells are born, because
early-born cells would have ample time to migrate into their final position in the
presumptive SOC along the ventral brainstem. The best indicator for the origins of the
MNTB, VNTB, and LNTB comes from the expression of £7Z mRNA at E12.5 in the ventral
brainstem (Supplemental Fig. S5). The En1-Cre lineage distinctly labels these three nuclei,
and the X-gal-positive cells are present along the ventral edge in the region of the
presumptive SOC as early as E13.5 (Fig. 4). Given that neurons in these three nuclei are
predominantly born between E11 and E12 (Taber-Pierce, 1973), it is possible that they are
born /n situ or migrate only a very short distance from their germinal zone. If true, then we
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would anticipate that neurons of the MNTB, VNTB, LNTB, and possibly SPON, would be
derived from a region of the brainstem marked by a ventral domain of NgnZ expression in
the E11.5 rostral brainstem (see Landsberg et al., 2005). Further studies using an Ngn1-Cre
line would be needed to confirm this speculation and to determine whether the lineage of
these cell groups is distinct from that of the LSO and MSO.

At E14.5, the presumptive SOC shows no morphologically distinct features in Nissl-stained
sections (Fig. 4), though the location of distinct markers clearly indicates that regional
boundaries are established at this early age (Fig. 6). Nissl-stained sections, En1-Cre lineage
labeling, and FoxP1 reactivity studies (Figs. 4, 5, and Supplemental Fig. 6) demonstrate that
a transition in SOC organization begins to occur around E16.5, whereby distinct nuclei
begin to coalesce into their adult locations. The most dramatic of these migrations appears to
be the future MNTB, which emerges medially from the other SOC nuclei between E16.5
and E17.5 (Figs. 4 and 6). This observation is consistent with our previous finding that
E17.5 marks the earliest age at which the MNTB is distinguishable for physiological studies
(Hoffpauir et al., 2010). The migration of MNTB cells appears to take place along the
mediolateral plane, with MNTB cells arriving in their medial adult location from the
presumptive SOC domain that is present more laterally at earlier ages. An alternative
interpretation of these data would be that the MNTB maintains its initial position and that
the lateral nuclei in the SOC migrate laterally as the brain grows. Neither of these
alternatives involves a dorsoventral movement of cells, and thus is in contrast to the
proposed dorsoventral migration of MNTB cells occurring from the outer limiting
membrane (the ventral brainstem surface) in the developing opossum (Morest, 1969). Using
molecular markers (FoxP1+En1-Cre), we observe MNTB cells throughout late
embryogenesis in the ventral brainstem, but clearly distinct from the ventral surface (see
Figs. 4-6). Therefore, it seems that either the mouse MNTB cells behave differently from
those of the opossum, or that the cells identified by Morest using Golgi stain represented
non-MNTB neurons. Given his description of nuclear movement within the cell and end feet
attachment to the outer limiting membrane, it is possible that the cells described as MNTB
cells were instead neuronal stem cells. Taken together, the early organization of nuclei that
we demonstrate here and the collection of cellular markers provide a basis to probe further
into the earliest origins and migration patterns for the nuclei of the SOC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lineage labeling of the auditory brainstem in parasagittal sections of mouse hindbrain by

Egr2-Cre; ROSA26R (A) and Hoxb1-ires-Cre; RosaEGFP (B-D). A) The region of the
auditory brainstem, including the medial nucleus of the trapezoid body (MNTB, arrow), is
strongly labeled by Xgal in the Egr2-Cre; ROSA26R line. The MNTB appears to be
primarily within the r5 (caudal) rhombomere-labeling region. B) Activation of the GFP
reporter by Hoxb1-Cre occurs primarily in a wedge of cells descending from r4. Modest
labeling occurs in r3 and r5 domains, including light labeling in the MNTB region (arrow).
C) A section proximal to panel B reacted with anti-CaBP antibody in the Hoxb1-ires-Cre;
RosaEGFP line to reveal the MNTB (arrow). D) A section proximal to those in B and C
reacted with anti-Sox2 antibody in the Hoxb1-ires-Cre; RosaEGFP line shows the specificity
for Sox2 in the MNTB (arrow). Scale bar in A is 200 um and applies to panels A-D.
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Figure2.
Lineage labeling with Wnt1-Cre and En1-Cre using Rosa26R reporter expression. A-F) Cre-

mediated 3-galactosidase expression in coronal (A-C, E, and F) or parasagittal (D) sections.
Whntl-Cre lineage (A-C) and En1-Cre lineage (D-F) marked by Xgal labeling. A) Wnt1-Cre
marks P45 pontine and reticulotegmental nuclei, in addition to dorsal structures. B) Wnt1-
Cre strongly labels the lateral reticular nuclei and weakly labels the inferior olive. C)
Labeling within the SOC marks cells within the LSO and MSO (dotted ovals). The
unlabeled MNTB is shown for orientation. D) En1-Cre lineage-labeled cells are found in the
P3 superior and inferior colliculi, the cerebellum, r1-derived hindbrain, and spinal cord, as
well as the ventral auditory brainstem, including the MNTB (arrow). E) Xgal-labeled
coronal section through the P10 brainstem shows distinct labeling within the SOC. F) Boxed
area from panel E shows Xgal labeling of the MNTB, VNTB, and LNTB. Scale bars in A,
B, D, and E are 500 pm. Scale bars in C and F are 200 um. Abbreviations: Cb- cerebellum;
IC- inferior colliculus; LNTB- lateral nucleus of the trapezoid body; LSO- lateral superior
olive; LRt- lateral reticular nucleus; MNTB- medial nucleus of the trapezoid body; MSO-
medial superior olive; PN- pontine nucleus; r1- rhombomere 1 lineage; RtTg-
reticulotegmental nucleus; SC- superior colliculus; VNTB- ventral nucleus of the trapezoid
body.
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Figure 3.
Enl-Cre drives RosaEGFP reporter expression in the postnatal SOC in coronal sections at

P21. A) Anti-GFP antibody shows En1-Cre lineage-labeling the MNTB, LNTB and VNTB.
The unlabeled LSO and SPON are shown for orientation. B) A more caudal section from the
same animal shows GFP labeling of the MNTB and cells peripheral to the LSO
(arrowheads). C) Anti-Sox2 immunoreactivity is detected in the MNTB (arrow) on a
proximal section to that in panel B, but does not label the cells surrounding the LSO. D)
Anti-CaBP antibody in a section proximal to panels B and C labels the MNTB and its
projections to the LSO, MSO, and SPON for positional reference. Scale in A is 200 um and
applies to panels A-D.
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Figure4.
Enl-Cre lineage in Xgal-labeled coronal sections can be used to track formation of the SOC.

A, C, E, G) Nissl-stained sections of auditory brainstem. B, D, F, H) En1-Cre; Rosa26R
sections labeled with Xgal. A) At E13.5, darkly Nissl-stained cluster along the ventral edge
of the brainstem marks the presumptive SOC (pSOC). B) Xgal-labeling first appears in the
ventral brainstem at E13.5 in a region consistent with the presumptive SOC (pSOC). C) At
E15.5, Nissl staining shows a uniform oblong cluster within the region of the pSOC (arrow).
D) At E15.5, En1-Cre lineage cells in the pSOC exhibit a characteristic swoosh shape,
which labels a subpopulation of the pSOC. E) By E17.5, a Nissl-stained cell group (arrow)
appears medial to the main portion of the pSOC. F) By E17.5, the medially displaced cells
are Xgal-labeled and in a region that is likely to become the future MNTB (arrow). G) The
adult SOC with nuclei distinguished in Nissl-stained section. H) By P10, thin (16 pm), Xgal-
labeled sections clearly identify MNTB, VNTB, and LNTB as the domains of En1-Cre
expression. Note Xgal-labeled cells dorsally as in Fig. 2. Dashed lines indicate the midline.
Scale bar in A is 200 pm and applies to A, C, and E. Scale in B is 200 pm and applies to B,
D, and F. Scale bars in G and H are 200 um. Abbreviations: D- dorsal; L- lateral; LNTB-
lateral nucleus of the trapezoid body; LSO- lateral superior olive; MNTB- medial nucleus of
the trapezoid body; MSO- medial superior olive; pSOC- presumptive superior olivary
complex; SPON-superior paraolivary nucleus; VNTB- ventral nucleus of the trapezoid body.
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Figureb.
Developmental markers for SOC nuclei. A) Brainstem section from a PO animal stained with

anti-FoxP1 antibody strongly labels cells within the LNTB, SPON, and MNTB, along with
sporadic labeling in the VNTB and LSO. B) Labeling in Enl1-Cre; Rosa-tdTomato PO pups
shows strong expression in the LNTB, VNTB, and MNTB. C) Labeling at PO with anti-
MafB antibody shows strong expression in the LSO, with weaker labeling in the MSO and
LNTB. D) Labeling at PO with anti-Sox2 antibody shows expression in LNTB, VNTB, and
MNTB, along with weaker expression elsewhere in the SOC. E) Co-labeling of FoxP1
(green) and MafB (blue) in the LNTB shows two distinct longitudinal columns (arrowheads
for FoxP1 vs. arrows for MafB). F) Quantification of labeled cells within each nucleus of the
SOC at PO for combinatorial En1-Cre, FoxP1, and MafB expression, along with double-
labeled cells of each class. Triple-labeled cells represented fewer than 1% of labeled cells in
any given nucleus. Dashed lines indicate the midline. The scale bar in A is 200 um and
applies to A-D. The scale bar in E is 50 pm.
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Figure®6.
Nuclear identities within the presumptive SOC (pSOC) are established at early embryonic

ages. A-D) Coronal sections through the auditory brainstem were labeled with anti-FoxP1
(green) and anti-MafB (blue) antibodies and visualized using En1-Cre; Rosa-tdTomato
reporter expression (red). A) Although the pSOC shows no visible distinction of nuclei at
E14.5 (see Fig. 4), uniquely labeled cells are regionally distributed within the complex, with
MafB-positive cells (future LSO and MSO) located laterally, FoxP1-positive cells (future
SPON) located dorsally, and FoxP1+En1-Cre double-labeled cells (future MNTB) located
medially and ventrally. B) By E16.5, the pSOC has elongated along the mediolateral axis
and shows more distinct clusters of uniquely labeled cells in medial, central, and lateral
regions. C) At E17.5, a cluster of cells positive for both FoxP1 and En1-Cre can be seen at
the medial edge of the complex (arrowhead), where they are organizing into the mature
MNTB. D) By PO, the adult-like structure of SOC nuclei is apparent in triple-labeled
sections. The weakly labeled MSO is encircled in this panel and panels E and F as
orientation to other cell groups; see Fig. 5 for individual nuclear labeling patterns at PO.
Although there is some co-labeling within select nuclei, especially in the LSO (arrows in
panel E) and LNTB, the general pattern for labeling is as follows- LSO is strongly MafB-
positive with a central band of En1-Cre+FoxP1 double-labeled cells (arrows in panel E);
LNTB is En1-Cre-positive with parts also being MafB-positive (white arrowheads in panel
E) and FoxP1-positive (yellow arrowheads in panel E); MSO is weakly MafB-positive
(encircled in panels D-F); SPON is FoxP1-positive (panel F); VNTB is En1-Cre-positive
(panel F); and MNTB is FoxP1- and En1-Cre-positive (panel G). Scale bar in A is 200 um
and applies to A-D. Dashed white lines indicate the midline.
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