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Abstract
In most mammals the cochlear nuclear complex (CN) contains a distributed system of granule cells
(GCS), whose parallel fiber axons innervate the dorsal cochlear nucleus (DCN). Like their
counterpart in cerebellum, CN granules are innervated by mossy fibers of various origins. The GCS
is complemented by unipolar brush (UBCs) and Golgi cells, and by stellate and cartwheel cells of
the DCN. This cerebellum-like microcircuit modulates the activity of the DCN’s main projection
neurons, the pyramidal, giant and tuberculoventral neurons, and is thought to improve auditory
performance by integrating acoustic and proprioceptive information. In this paper, we focus on the
UBCs, a chemically heterogeneous neuronal population, using antibodies to calretinin, mGluR1α
epidermal growth factor substrate 8 (Eps8) and the transcription factor Tbr2. Eps8 and Tbr2 labeled
most of the CN’s UBCs, if not the entire population, while calretinin and mGluR1α distinguished
two largely separate subsets with overlapping distributions. By double labeling with antibodies to
Tbr2 and the α6 GABAA-receptor subunit, we found that UBCs populate all regions of the GCS and
occur at remarkably high densities in the DCN and subpeduncular corner, but rarely in the lamina.
Although GCS subregions likely share the same microcircuitry, their dissimilar UBC densities
suggest they may be functionally distinct. UBCs and granules are also present in regions previously
not included in the GCS, namely the rostrodorsal magnocellular portions of VCN, vestibular nerve
root, trapezoid body, spinal tract and sensory and principal nuclei of the trigeminal nerve, and
cerebellar peduncles. The UBC’s dendritic brush receives AMPA- and NMDA-mediated input from
an individual mossy fiber, favoring singularity of input, and its axon most likely forms several mossy
fiber-like endings that target numerous granule cells and other UBCs, as in the cerebellum. The UBCs
therefore, may amplify afferent signals temporally and spatially, synchronizing pools of target
neurons.
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The cochlear nuclear complex (CN) is the primary center of the auditory brainstem and the site
of termination of all spiral ganglion fibers; in addition to the cochlear nerve, it receives afferent
fibers from multiple sources via three routes, the dorsal, intemediate, and ventral acoustic striae,
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which are also channels for its efferent projections. An intriguing aspect of CN organization
in mammals is the highly diverse structure of its nuclear subdivisions, which consists in the
ventral (VCN) and dorsal (DCN) cochlear nuclei and the granule cell system (Ryugo and Parks,
2003).

The mammalian VCN and DCN are reciprocally connected and differ in neuronal organization
and projection patterns (Osen, 1969; Lorente de Nó, 1981; Brawer et al., 1974; Cant, 1992;
Cant and Benson, 2003; Malmierca, 2003; Young and Oertel, 2004). Except for a thin outer
region made up of small neurons, the VCN is a predominantly magnocellular nucleus whose
large neurons form multiple projections that innervate primarily the superior olivary complex
and lateral lemniscal nuclei, and also the inferior colliculus and contralateral CN; in rodents,
the auditory nerve root house a special group of large VCN neurons, whose axons project to
the pontine reticular formation establishing the first link of the acoustic startle reflex (reviewed
by Gómez-Nieto et al., 2007). By contrast, the DCN has a trilaminar structure consisting of: a
molecular layer, which contains scattered small neurons; a layer containing the cell bodies of
large, pyramidal (or fusiform) projection neurons; and a polymorphic layer (or deep region),
which contains the basal dendrites of the pyramidal cells and several types of varysized
neurons, including a small number of giant cells. The main targets of the DCN neurons are the
inferior colliculus and part of the medial geniculate body (Anderson et al., 2006). That VCN
and DCN derive from different rhombomeric regions of the hindbrain’s lower rhombic lip
(Farago et al., 2006) further highlights their different cytoarchitecture. Genes with preferred
expression in the major CN subdivisions have also been identified (Friedland et al., 2006; Saul
et al., 2007).

The mammalian CN also contains bands and clusters of granule cells distributed in both VCN
and DCN divisions and collectively referred to as the “granule cell domain” or “granule cell
system” (GCS) (Mugnaini et al., 1980a,b; Osen and Mugnaini, 1981; Lorente de Nó, 1981;
Hackney et al., 1990). The granule bands are so prominent in many species that they are
considered by some to form a third CN division. Although its presence in cetacea and
anthropoid and human primates is debated (Osen and Jansen, 1965; Moskowitz, 1969;
Strominger, 1978; Moore and Osen, 1979; Moore, 1980, 1987; Webster, 1992), the GCS
represents a substantial CN component in most mammalian species. Because their axons
converge on the molecular layer of the DCN, the granule cells and their afferents are believed
to form a functionally unique system within the CN (Mugnaini et al., 1980b; Dunn et al.,
1996; Oertel and Young, 2004) that is thought to improve auditory performance by integrating
acoustic and proprioceptive information through unknown mechanism/s. Two main types of
local circuit neurons reside within the GCS: an inhibitory cell class similar to the cerebellar
Golgi cells (Mugnaini, 1985; Ferragamo et al., 1998; Alibardi, 2002; Ryugo et al., 2003; Irie
et al., 2006) and a cell class similar to the excitatory cerebellar unipolar brush cell (UBC)
(Mugnaini et al., 1997; Slater et al., 1999; Diño et al., 2000a,b; Nunzi et al., 2000; Ryugo et
al., 2003; Kalinichenko and Okhotin, 2005; Ito, 2006). While differences between Golgi cells
and UBCs remained unclear for some time (Palay and Chan-Palay, 1974; Altman and Bayer,
1977; Mugnaini et al., 1980a), their separate identity was later firmly established in the
cerebellum and the DCN of several mammalian species including primates (Mugnaini and
Floris, 1994; Mugnaini et al., 1994; Rossi et al., 1995; Yan and Garey, 1998; Diño et al.
1999; Spatz, 1999; 2000; 2001; Ryugo et al., 2003; Alibardi, 2004; Sekerková et al., 2004b,
2005; Simpson et al., 2005; Víg et al., 2005; Dugué et al., 2005; Crook et al., 2006; Rodrigo et
al., 2006; Diana et al., 2007; Russo et al., 2007).

It is well established that neuronal systems performing similar computational tasks - e.g. the
main and accessory olfactory bulbs, and the different spinal cord segments - contain similar
microcircuits (Shepherd, 2004). A series of detailed studies using morphological and
immunocytochemical methods (Mugnaini et al., 1980a,b; Wouterlood and Mugnaini, 1984;
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Wouterlood et al., 1984; Blackstad et al., 1984; Mugnaini and Morgan, 1987; Berrebi and
Mugnaini, 1988, 1991, 1993; Berrebi et al., 1990; Floris et al., 1994; Dunn et al., 1996) provided
initial evidence that synaptic relations within the mammalian DCN are analogous to those of
the cerebellar cortex, albeit with significant transformations, such as the absence of climbing
fibers, an aspect also shared by piscine cerebellum-like structures (Mugnaini and Maler,
1993; Montgomery et al., 1985; Bell, 2001, 2002; Campbell et al., 2007). It has also been
argued that the DCN pyramidal neurons might be analogous to the cerebellar eurydendroid
cells of fishes, which in turn have been equated to mammalian cerebellar nuclei neurons drawn
into the cortex. Subsequent electrophysiological and neurochemical investigations in several
laboratories specified the similarities and the differences between CN and cerebellar neurons,
expanding the view that the CN contains a cerebellum-like microcircuit without the climbing
fiber component (Campos et al., 2001; Devor, 2000, 2002; Young and Oertel, 2004; Oertel
and Young, 2004; Shore and Zhou, 2006; Tzounopoulos et al., 2004, 2007); this idea has now
gained wide acceptance.

While many studies have been conducted on cerebellar UBCs, little is know about the UBCs
that populate the CN. In the cerebellum, UBCs are strikingly enriched in regions receiving
vestibular, spinal and trigeminal inputs, while they are rare or absent in areas densely innervated
by the pontine nuclei (Diño et al., 1999). In the cerebellum of mouse, rat and monkey, two
UBC subsets – primarily distinguished by expression of either the calcium binding protein
calretinin (CR) or the metabotropic glutamate receptor mGluR1α (Nunzi et al. 2002, 2003;
Sekerková et al., 2004b; Ilijic et al., 2005; Nunzi et al., 2006) - have distinct, but overlapping,
distributions; and recent studies in the rat cerebellum have shown that the epidermal growth
factor substrate 8 (Eps8) is densely expressed in both UBC subsets, while it is present at lower
density in granule cells (Sekerková et al., 2007).

Although CR-positive (CR+) and mGluR1α-positive (mGluR1α+) UBCs have been noted in
the rodent CN (Floris et al., 1994; Wright et al., 1996; Jaarsma et al., 1998), no detailed map
of UBCs in the CN exists, and it is still not known whether CR and mGluR1α in the CN are
expressed in the same UBC, or whether these neurons co-distribute with granules in the entire
GCS.

Here we used a specific monoclonal antibody to Eps8, alone or in combination with polyclonal
antisera to CR and mGluR1α, to produce a congruent map of CN UBCs. Furthermore, the
distribution of UBCs immunostained by antibodies to Eps8, CR and mGluR1α was verified
with an antiserum to Tbr2, a transcription factor that is expressed by UBCs at early stages of
development and continues to be expressed in the adult, albeit at lower level (Englund et al.,
2006). The UBC map was then compared with that of granule cells labeled by the α6 subunit
of the GABAA receptor, a protein transcribed in just two cell types: the cerebellar granule cells
and the lineage-related cochlear nucleus granule cells (Kato, 1990; Varecka et al., 1994;
Campos et al., 2001).

EXPERIMENTAL PROCEDURES
Animals

Sprague-Dawley rats were purchased from a commercial breeder and processed according to
approved guidelines. All experiments conformed to protocols approved by the Northwestern
University Animal Care and Use Committee. We followed guidelines issued by the National
Institutes of Health and the Society for Neuroscience to minimize the number of animals used
and their suffering.

Diño and Mugnaini Page 3

Neuroscience. Author manuscript; available in PMC 2010 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Antisera and reagents
The sources of antisera and reagents were as follows: rabbit anti-Tbr2, rabbit anti-α6 subunit
of the GABAA receptor, and mouse monoclonal anti-calretinin (Chemicon, Temecula, CA);
mouse anti-Eps8 (BD Bioscences, San José, CA); rabbit anti-CR (SWANT, Bellinzona,
Switzerland); rabbit anti-mGluR1α polyclonal antiserum (produced, characterized and given
to us by Dr. R. Shigemoto, Myodaiji, Okazaki, Japan); biotinylated anti-rabbit and anti-mouse
secondary antibodies (Amersham, Piscataway, NJ); Alexa-tagged anti-mouse and anti-rabbit
antibodies (Molecular Probes, Eugene, OR); Vectastain Elite ABC and SG® peroxidase
substrate kits and Vectashield mounting medium (Vector Laboratories, Burlingame, CA); all
other chemical reagents (Sigma Aldrich, St. Louis, MO).

Fixation and tissue preparation
Twelve adult and six 28-day old rats (N=14) were deeply anesthetized with intraperitoneal
sodium pentobarbital (60mg/kg body weight) and perfused through the ascending aorta with
saline followed by 4% freshly depolymerized paraformaldehyde in 0.1 M phosphate buffer
(PB), pH 7.4. After perfusion, brains were maintained in situ at room temperature for 1 hour,
dissected, and then cryoprotected in 30% sucrose dissolved in phosphate buffered saline (PBS)
at 4°C. Serial sections, 20–30μm thick, were cut in the sagittal, coronal and horizontal planes
on a freezing stage microtome and collected in six sequential bins for immunostaining and
standard Nissl staining.

Immunofluorescence
For immunofluorescence, sections were blocked with 3% NGS/1%BSA/TBS-T followed by
incubation with the primary antibodies: mouse anti-Eps8 (1:1000); mouse anti-calretinin
(1:2500); rabbit anti-mGluR1α (1:1000); rabbit anti-Tbr2 (1:1000), rabbit anti-calretinin
(1:10000) and rabbit anti-α6 (1:1000). Bound primary antibodies were visualized by secondary
antibodies coupled to Alexa 488 or Alexa 568 (Molecular Probes, Eugene, OR). Sections were
mounted with Vectashield (Vector). For all experiments, control sections incubated without
the appropriate primary antibody lacked immunoreaction signal. All single-labeled, double-
labeled, and silver-intensified sections sections processed for brightfield microscopy were
mounted on gelatin-coated slides, dehydrated, and coverslipped.

Immunohistochemistry
Antigen retrieval—To reduce background and enhance staining for Tbr2 and the α6 subunit
of the GABAA receptor, free-floating sections were treated with 1% H2O2 and 10% methanol
for 30 minutes in Tris buffered saline (TBS; 100 mM Tris, 150 mM NaCl; pH 7.4), incubated
in a blocking solution containing 3% normal goat serum (NGS) and 1% bovine serum albumin
(BSA) in TBS with 0.2% Triton X-100 (TBS-T) and subjected to antigen retrieval treatment.
After mounting onto VWR® Superfrost® Plus Micro Slide and drying at 50 °C, sections were
rinsed in PBS, and then autoclaved in 0.01M sodium citrate (pH 6.0) for 20 minutes at 121 °
C. After cooling, sections were rinsed and processed for single-label or double-label
immunohistochemistry as described below.

Single-antigen labeling—Sections were processed for single-label immunohistochemistry
with the Vectastain avidin/biotin peroxidase protocol. Briefly, using a 1% NGS/1% BSA/TBS-
T diluent, primary antibody solutions containing either one of the following specific antibodies
were prepared: Eps8 (diluted 1:2000), Trb2 (1:1000), mGluR1α (1:500), mouse anti-CR
(1:3000), rabbit anti-CR (1:10000), or the α6 subunit of the GABAA receptor (1:1000). Sections
were then blocked as described above and incubated in one of the primary antibody solutions
for 36–48 hours at 4°C, rinsed several times in TBS-T and then incubated for 2 hours at RT
with the appropriate biotinylated secondary antibody, diluted 1:500 in 1% NGS/1% BSA/TBS-
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T. After rinsing in TBS, sections were incubated for 1 hour at RT with avidin/biotin using ABC
Elite kit rinsed again and then and visualized using 0.05% 3,3- diaminobenzidine-HCL (DAB)
and 0.01% H202.

Double-antigen labeling—For two-color brightfield microscopy, free-floating sections
immunoreacted for the first antibody reaction as indicated above were rinsed several times and
incubated in a second primary antibody solution at 4°C for 24–48 hours, rinsed, and then treated
with a solution containing the appropriate biotinylated species-specific secondary antibody
(diluted 1:500) for 2 hours at RT. After rinsing, incubating in ABC elite solution, and then
rinsing again, the peroxidase reaction was visualized using the Vector SG® peroxidase
substrate kit.

Silver intensification of the peroxidase-DAB reaction—Silver intensification of
single-labeled free-floating sections was done according to the procedure described by Quinn
and Graybiel (1996). Briefly, free floating sections, processed using the DAB substrate, were
rinsed three times in water, warmed in a 56–60 °C oven and then incubated for 10–12 minutes
in a 0.5% ammoniacal silver nitrate solution. Following short rinses in water and 1% sodium
thiosulfate, the sections were toned for 2 minutes in 0.2% gold chloride, rinsed, treated with
0.5% oxalic acid for 2 minutes, rinsed again and then treated for 5 minutes with 5% sodium
thiosulfate.

Microscopy and photography
Brightfield and immunofluorescence images of brain stem sections were acquired with a Spot
RT CCD video camera (Diagnostic Instruments, Sterling heights, MI, USA) mounted on a
Nikon Eclipse E800 microscope. Laser scanning confocal images were obtained with a Nikon
PCM 2000 Confocal Microscope System (New York, NY, USA), mounted on the Eclipse
microscope. Images were analyzed individual or in z-stacks of different depths. For
colocalization experiments type DF immersion oil (Fryer, Huntley, IL, USA) was used with
either a 40X plan-fluor lens (numerical aperture 1.3) or a 60X plan-apochromatic lens
(numerical aperture 1.4). To minimize spillover between the channels the images were
sequentially acquired and saved as tiff files with150 pixels/inch resolution. All images were
processed with Adobe Photoshop to adjust brightness/contrast without any other editing.

RESULTS
Cytoarchitecture of the CN

The cytoarchitecture of the rat CN is graphically represented in Fig. 1. Auditory nerve fibers
have been schematically drawn in the sagittal section (Fig. 1D) to illustrate the fact that their
ascending and descending branches respectively innervate anterior (AVCN) and posterior
(PVCN) divisions of the VCN, both of which have a predominantly magnocellular
cytoarchitecture; by contrast, the arching, descending branches innervate the polymorphic
layer of the DCN. In the VCN, the auditory nerve root demarcates the border of AVCN and
PVCN.

The rat CN contains a distributed system of granule cells (GCS) that is readily apparent in Nissl
stained sections (data not shown), as previously described (Mugnaini et al., 1980a,b). CN
regions that are enriched with granule cells are indicated using the terminology listed below,
which corresponds to that adopted in most studies of the mammalian CN (with the exception
that we added the rostrodorsal lip of the subpeduncular corner (see below). (1) The lamina is
located at the border between VCN and DCN; (2) the superficial granular layer (sgl) forms a
discreet sheet covering most of the VCN’s pial surface; (3) the clusters of DCN granule cells
are mostly situated in layer 2 and are also present in the polymorphic layer, with minimal
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involvement of the molecular layer; (4) the subpeduncular corner (spc) is located at the dorsal
edge of the VCN beneath the inferior cerebellar peduncle, and has a floccular lip that extends
laterally into the stem of the flocculus, a rostrodorsal lip that extends along the superior
cerebellar peduncle, and a dorsomedial lip that extends in between the cerebellar peduncles
and the spinal trigeminal tract; (5) the medial sheet (ms) runs along the medial border of the
VCN; (6) the strial corner forms the dorsomedial pole of the DCN above the dorsal acoustic
stria; (7) the granule cell islands are scattered in the root of the VIIIth nerve. Furthermore, the
small cell cap (SCC), which is sandwiched between the superficial granular layer and the
magnocellular portions of AVCN and PVCN, is a discontinuous skein of multipolar small cells
that contains interspersed granule cells - although this region appears less distinct in rat than
in other mammals (Osen, 1969; Moore et al., 1996), we prefer to use the term SCC instead of
“small cell shell”, by which some authors indicate the sum of SCC and SGL (Hurd et al., 2004).
From these locations the thin granule cell axons reach the molecular layer of the DCN, where
they form varicose parallel fibers synapsing with projection neurons and interneurons
(Mugnaini et al., 1980b; Wouterlood and Mugnaini, 1984; Wouterlood et al., 1984).

UBC subclasses expressing calretinin and mGluR1α the CN
Initially, we set out to analyze UBCs in the CN with CR and mGluR1α antisera, as these have
been very useful to identify UBCs in the cerebellum (Nunzi et al., 2002, 2003; Sekerková et
al., 2004,2007). In cerebellar sections, CR immunoreaction highlights the somatodendritic
compartment of one subset of UBCs and mGluR1α immunoreaction intensely labels the brush
of a second UBC subset. Although subpopulations of mossy fibers and inhibitory granular
layer interneurons also express CR and Purkinje cells and their dendrites are mGluR1α, these
additional immunoreactivities do not interfere with UBC identification in the cerebellum.

Unlike the cerebellum, however, concomitant intense staining of other CR+ and mGluR1α+

cellular elements in the CN made it cumbersome to clearly visualize UBCs (panels A–D of
Fig. 2). Primary cochlear fibers and many types of neurons are CR+, and fiber networks and
different types of neurons, including cartwheel, pyramidal, and giant cells, are mGluR1α+ as
described elsewhere (Arai et al., 1991;Rogers and Résibois, 1992;Lohman and Friauf,
1996;Wright et al., 1996; Petralia et al., 1996; Bilak and Morest, 1998;Korada and Schwarzt,
2000;Pór et al., 2005). CR+ UBCs, therefore, could only be identified when their cell body,
dendritic stem and brush all lay within the plane of the section (arrows in panels A–D of Fig.
2). Similarly, intensely mGluR1α+ (middle panels of rows A–D of Fig. 2) neuropil structures
could be identified as UBC brushes, because they were sometimes observed in connection to
their stem dendrites and parent cell bodies; this required high power lenses and was only
possible in optimally stained sections (Figs. 3C F G and H, and 5 F J and K).

Nevertheless, using double-labeling and laser scanning confocal immunofluorescence
microscopy we determined that UBCs expressing either CR or mGluR1α were present in every
region of the GCS, albeit at varying densities (DCN, Fig. 2A; superficial granular layer, Fig.
2B; lamina, Fig. 2C; subpeduncular corner, Fig. 2D).

Two-color confocal microscopy also uncovered a complex situation that is partly different
from that observed in the cerebellum: while the majority of UBCs in the CN expressed either
mGluR1α or CR (Figs. 3E and F), some of them were double-labeled (Fig. 3G, 5J and K).
These double-labeled cells represented a small minority, perhaps less than 10%, still to be
precisely assessed with quantitative methods; they were spotted more frequently among fiber
bundles at the borders of the CN and in the SGL than in other CN regions.
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Eps8 and Tbr2 cell-class markers for UBCs
To more readily identify CN UBCs, we then turned to antisera against the actin-binding protein
Eps8 and the transcription factor Tbr2 (Fig. 3 and 4), both of which stain fewer cellular elements
than CR and mGluR1α (Englund et al., 2006;Sekerková et al., 2007). In the cerebellum of adult
rats, Eps8 is expressed intensely in UBCs and weakly in granule cells (Offenhauser et. al.,
2006;Sekerková et al., 2007); and immunostaining for Tbr2 is present primarily in the UBC
nuclei (Englund et al., 2006; and our Fig. 4G) - although a very weak segnal also occurs in the
nuclei of molecular layer granules that have failed to migrate into the granular layer (data not
shown). Likewise, in the CN of adult rats Tbr2 labeling is confined to the nuclei of UBCs (Fig.
3H–J, 4H and 5G).

Dual-label immunofluorescence and laser scanning confocal microscopy were used to assess
which of the two main UBC subsets in the CN share the Eps8 epitope. Out of fifty mGluR1α-
expressing and fifty CR-expressing UBCs selected at random from different regions of the CN,
all were Eps8+. Individual representative cells are shown in Fig. 3A and 3C. In analogy with
the cerebellar cortex, all regions of the CN additionally contained substantial proportions of
Eps8+/CR33 UBCs (Fig. 3B) and Eps8+/mGluR1α− UBCs (Figs. 3D). The data indicated that
Eps8 epitope colocalized with both CR and mGluR1α in most if not all UBCs and, therefore,
is a valid UBC population marker.

To determine whether Tbr2, like Eps8, is a population marker for CR and mGluR1α UBC
subclasses in the CN, sections were stained with Tbr2/CR and Tbr2/mGluR1α antibody pairs
(Fig. 4). Because antisera to Tbr2 and mGluR1α are both rabbit polyclonals, we used sequential
two-color immunoreactions and brightfield immunocytochemistry. As for Eps8, fifty randomly
chosen CR-expressing UBCs from different CN regions were Tbr2+ and another fifty
mGluR1α-expressing UBCs were Tbr2+. As shown in Fig. 3H–J, the corresponding individual
sections contained not only Tbr2+/mGluR1α+ or Trb2+/CR+ UBC (red and black asterisks),
but also Tbr2+/mgluR1α− or Tbr2+/CR− UBCs (white asterisk).

The map of UBCs in the CN
Immunostaining with antibodies against the two cell population markers, Eps8 and Tbr2
applied either individually or -more effectively-together, turned out to be a superior means to
map UBCs at low magnification in brightfield microscopy (Fig. 4). Panel A–B of Fig. 4 serve
to compare the patterns of immunostaining in lobule VII vs. lobule X of the cerebellar vermis
known to contain low and high densities of UBCs, respectively, while panels C–F show the
different densities of UBCs in different regions of the CN. The high density of UBCs in layer
2 and the polymorph layer of the DCN (Fig. 4D) paralleled that in lobule X. UBCs also occurred
at high density in portions of the main body of the subpeduncular corner (not shown, but see
Figs. 2D and 6F), and at moderate densities in all other regions of the GCS - including the
medial sheet (Fig. 4C), the superficial granular layer (Fig. 4C and F) and the lips of the
subpeduncular corner (data not shown) - with the exception of the lamina, in which they
occurred only rarely (Fig. 4E). The vestibular nerve root (Suppl. Fig. 1D) and parts of the
magnocellular regions of the VCN, particularly the rostrodorsal portions of AVCN and PVCN
(Figs. 4C and 6G) also contained UBCs identified by Eps8 and/or Tbr2 immunoreactivity.

The varying densities of UBCs in regions of the CN were also readily apparent in sections
immunostained with Eps8 antiserum using a DAB protocol followed by silver intensification
(Suppl. Fig. 1). Silver intensification contrasted the substantial intermingling of UBCs with
the spherical bushy cells in the AVCN against the very sparse UBC population of the ventral
PVCN, as best appreciated in horizontal sections (Suppl. Fig. 1B and C). The various staining
protocols corroborated the notion that at high antisera dilution (〉1:3000) the UBCs are the only
intensely Eps8+ neuronal cells in both cerebellar cortex and CN (deep blue stain in Fig. 4,
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panels A–D); granule cells were immunostained, but barely above background, while their
parallel fiber axons were moderately Eps8+ in the molecular layer of both cerebellum (labeled
ml in Fig. 4, panels A and B) and CN (layer 1 in Fig. 4D). We also saw Eps8+ small axon
terminals of presumed extrinsic origin/s in the cerebellar nuclei (data not shown) and the CN
(Fig. 4, bottom of panel C), but this is outside the scope of the present study.

Taken together, the data are compatible with the notion that Eps8 and Tbr2 antisera provide
largely similar immunostaining patterns in the cerebellum and the CN and are reliable markers
for UBCs, particularly when used with double labeling protocols.

Ectopic UBCs
UBC-like cells were also found in areas that are situated outside the widely accepted CN
borders and included the trapezoid body, the trigeminal tract, the spinal and principal trigeminal
sensory nuclei, the cerebellar peduncles, the vestibular nuclei and the pedunculopontine region.
These cells, which we interpreted as”ectopic” UBCs on the basis of their distinctive
immunostaining by Eps8 (with or without silver intesification) and Tbr2, or by combined Eps8/
Tbr2 labeling, will be considered further in a separate section dedicated to re-consideration of
the CN granule cell domain (see below).

Diversity of morphological phenotypes of CN UBCs
Throughout the CN, the UBCs showed a range of morphological variations (Figs. 4 and 5). In
the majority of UBCs, the dendrite measured 5–20 μm in length and its stem terminated with
a brush 8–10 μm long and 7–12 μm wide. The dendrite had a straight course (Fig. 5B) or was
curved (Fig. 3E), sharply bent (Fig. 5E) or twisted (Fig. 5J). Other UBCs had a brush at the
end of a stunted dendrite (Fig. 5A and K) or they lacked a dendritic stem altogether, but had a
brush or multiple dendrioles arising directly from the cell body (Fig. 5A and H). A rare UBC
had a dendrite dividing in two branches each provided with a brush (Fig. 5I); and pairs of UBCs
whose brushes occupied the same glomerulus were also encountered (Fig. 5C and L; see also
Ryugo et al., 2003). Many of the UBCs whose cell bodies were situated between nerve fiber
bundles emitted a dendrite that exceeded the usual length and measured up to 35–50 μm (Fig.
5J); and in the DCN molecular layer we observed UBCs whose dendrite showed a long, curved
dendrite ending with a brush in the pyramidal cell layer (data not illustrated). Overall, the most
unusual forms of UBCs were encountered in regions known to contain rare granule cells. Many
of the UBCs situated in the superficial granular layer and the DCN showed thick, globular
brushes presumably made up of many dendrioles (Fig. 3A, D and E), while the large majority
of UBCs situated in the auditory and vestibular nerve roots, the medial sheet and the
subpeduncular corner were provided with thinner and elongated (4 μm × 20 μm) or irregularly
shaped brushes, likely consisting of fewer and/or longer dendrioles (Figs. 3C, F; 5G and J).
Occasionally, the brushes had a particularly dense appearance (Figs. 3F and 5K) and some of
them belonged to UBCs that expressed both CR and mGluR1α also in their perikarya (Fig.
5K).

In general, when compared to those in the neighboring granular layer of the cerebellar flocculus,
UBC brushes in the CN appeared less uniform and their stem dendrites could be followed less
frequently to the parent cell body because of their tortuous course. Nevertheless, the phenotypic
variation of the UBCs ranged similarly in the two hindbrain regions.

Laser scanning confocal immunofluorescence microscopy of the brushes of CN UBCs also
revealed Eps8 enriched postsynaptic foci that varied considerably in shape and size in (Figs.
3–5) Similar Eps8 “hotspots” have been shown previously to be in register with the actin-rich
postsynaptic apparatus of cerebellar UBCs (Sekerková et al., 2007). Because dense CR
immunostaining of the cytosol obfuscated details of postsynaptic specializations in CR+ UBCs,
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these Eps8-enriched foci were more readily visualized in Eps8/mGluR1α (Fig. 5F) and Eps8/
Tbr2 immunostained sections (Fig. 4H). The Eps8-enriched foci appeared either as large
entities (elongated or ring-like structures in Figs. 3C, 5D and F), or as multiple small, variously
fragmented patches (Figs. 4H, 5A–B and E). UBCs from each of the different CN regions
contained one or the other, or even both, the main forms of Eps8 foci.

The granule cell domain of the CN revisited in relation to UBCs
Because cochlear granules are difficult to identify unequivocally when they occur at low
density in the tissue (Mugnaini et al., 1980b), we took advantage of the fact expression of the
GABAA α6 subunit is restricted to granule cells of both cerebellum and cochlear nucleus
(Kato, 1990; Laurie et al., 1992; Varecka et al., 1994; Bahn et al., 1997; Campos et al.,
2001), to produce a detailed map of α6-stained granule cells in the CN and to revisit the GCS
of the CN (Suppl. Fig. 2).

To ascertain whether ectopic UBCs occurred in combination to granule cells and evaluate the
relative densities of granule cells and UBCs, we first double labeled sections with antisera to
α6, as a marker for granule cells, and to Eps8, as a marker for UBCs, and established that UBCs
are α6-immunonegative (Fig. 6A and B).

After antigen retrieval, which turned out necessary for robust immunostaining, α6 antiserum
intensely stained the tips of granule cell dendrites in the glomeruli of the cerebellum (Fig. 6B)
and the CN (Suppl. Fig. 2B); it also delicately outlined the plasmamembrane of the granule
cell bodies (Figs. 6B and Suppl. Fig. 2), thus revealing both postsynaptic and extrasynaptic
membrane regions as reported (Nusser et al., 1996). As expected, we observed granule cells
in all the regions of the CN previously attributed to the GCS (Fig. 6 and Suppl. Fig. 2). The
highest densities of granule cells were present in the lamina and superficial granular layer,
followed by layer 2 and polymorphic layer of the DCN and the subpeduncular corner, with
lower densities in the medial sheet the strial corner and the cochlear nerve root. Additionally,
we observed α6+, “ectopic” granular neurons scattered in the magnocellular regions of the
VCN, especially the rostrodorsal portions of the AVCN and PVCN (Figs. 6E–G and Suppl.
Fig. 2), the vestibular nerve root (not shown), the lateral part of the ventral acoustic stria (or
trapezoid body) (Fig. 6E), the spinal trigeminal tract and the spinal and principal trigeminal
nucleus (Suppl. Fig. 2A and E), the inferior and medial cerebellar peduncles (Suppl. Fig. 2D
and E), the ventral spinocerebellar tract (Suppl. Fig. 2A), the vestibular nuclei and the Y and
X nuclei (not shown). In some of the sections, strings of granule cells provided continuity
between these regions and the granules cells of the medial sheet, the lips of the subpeduncular
corner and the strial corner (Suppl. Fig. 2A, D and E).

We then turned to double-immunostaining with antisera to Tbr2 and α6, which provide
contrasting staining of cellular nucleus and somatodendritic plasmamembrane, respectively.
Dual-labeling faithfully reproduced the densities of granule cells and UBCs observed after
individual immnostaining. UBCs accompanied granule cells in both the established subregions
of the GCS and the “ectopic sites” (Fig. 6). Furthermore, we firmly established that the DCN
has the highest ratio of UBC/granule cells and the lamina the lowest (compare panels D and
G of Fig. 6). Given the restricted expression of the α6 subunit and Tbr2, we presumed that the
α6+cells and the Trb2+ cells outside the established GCS are indeed “ectopic” granules and
UBCs. Immunostaining also suggests that ectopic α6+ granules possess dendrites that differ
from those of canonical granules, in so far as they are longer and more often branched and are
provided with short appendages that bear some resemblance to spines (Suppl. Fig. 2B and C).
Thus, the variabilities of dendritic configurations in CN granule cells and UBCs may be in
register.
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DISCUSSION
This immunocytochemical study establishes the UBCs as a major neuronal cell class in the
primary auditory center of the rat brainstem, explores the degrees of chemical and
morphological similarities between CN and cerebellar UBCs, provides the first congruent map
of CN UBCs, and highlights their uneven density in the nuclear subdivisions. Furthermore, the
study demonstrates that CN UBCs accompany granule cells, albeit with varying ratios, and
provides a more accurate map of CN granule cells than previously obtained. The morphological
and chemical phenotypes of CN UBCs were analyzed using antisera to four different cell
markers previously shown to label UBCs in the cerebellar cortex: Eps8 Tbr2 mGluR1α and
CR (Nunzi et al., 2002; Englund, 2006; Sekerková et al., 2007), and the topographic relations
between UBCs and granule cells were established by double-labeling with Trb2 and the α6
subunit of the GABAA receptor.

Chemical phenotypes of UBCs in the CN
Our data demonstrate that the transcription factor Tbr2 and the actin-binding protein Eps8,
which have complementary nuclear and cytoplasmic localizations, are valid markers for the
UBC population of the rat CN. Expression of Tbr2 can already be detected in both granule cell
and UBCs lineages at early developmental stages (Englund et al., 2006), but is maintained in
adult rats in the UBC population; on the other hand, expression of Eps8 accompanies
maturation of postsynaptic specializations in both granule cells and UBCs (Diño and Mugnaini,
unpublished observations), and is conveniently much stronger in the latter (Sekerková et al.,
2007; and the present study). Although it is still not proven that every mature UBC expresses
both Eps8 and Trb2, our study provides the first demonstration that the majority, if not all, of
the Eps8+ or Tbr2+ cells are either CR+/mGluR1α− or mGluR1α+/CR−, indicating that CN
UBCs display heterogeneous chemical phenotypes as do cerebellar UBCs in mouse (Nunzi et
al., 2002), rat (Sekerková et al., 2004), and Rhesus monkey (Nunzi et al., 2006). Furthermore,
evidence from laser scanning confocal immunofluorescence microscopy indicates that a small
proportion of CN UBCs display both CR and mGluR1α immunoreactivities, an observation
that is in sharp contrast to the separation of the CR and mGluR1α phenotypes in the
vestibulocerebellum of adult mice and rats (Nunzi et al., 2002; Sekerková et al., 2004).

Developmental studies also point to differences between the two UBC populations. Recently,
knowledge concerning the axial origins and lineage and sublineage relationships of the
component neurons and afferent pathways in cerebellum and CN has been augmented by novel
molecular strategies (Fünfschilling and Reichardt, 2002; Zervas et al., 2004; Machold and
Fishell, 2005; Wang et al., 2005; Englund et al., 2006; Farago et al., 2006; Hoshino, 2006;
Joyner and Zervas, 2006; Morales and Hatten, 2006; Howell et al., 2007; Pasqualetti et al.,
2007; Salero and Hatten, 2007). There is now agreement that the cerebellum derives from the
rhombomere 1 territory of the rostral (or anterior) rhombic lip, while the cochlear nuclei may
derive from the rhombomeres 2–5 territory of the caudal (or posterior) rhombic lip and adjacent
dorsal neuroepithelium (Ivanova and Yuasa, 1998; Farago et al., 2006; Morales and Hatten,
2006; Saul et al., 2007). A model generated by intersectional and subtractive genetic fate maps
suggests that large neurons of the AVCN arise from progenitors in rhombomeres 2–3, those
of the PVCN from rhombomere 4, and DCN neurons from rhombomeres 4–5 (Farago et al.,
2006). On the other hand, authors agree that cerebellar granule cells and CN granule cells
originate from contiguous precursors pools in the rostral and caudal rhombic lip (Machold and
Fishell, 2005; Wang et al., 2005; Englund et al., 2006; Farago et al., 2006; Morales and Hatten,
2006), the rhombomere 1 for cerebellar granules and the rhombomeres 2–5 for CN granules
(Farago et al., 2006). As Englund et al. (2006) indicated that cerebellar UBCs also arise from
the rostral rhombic lip as do cerebellar granules, co-distribution of UBCs and granule cells in
the CN may suggest that the CN UBCs also arise from rhombomeres 2–5. Neurons providing
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many of the fiber systems innervating cerebellum and cochlear nuclei also derive from the
rhombic lip region, but the specific points of origin of the precursors are debated (Zervas et
al., 2004; Machold and Fishell, 2005; Wang et al., 2005; Englund et al., 2006; Farago et al.,
2006; Morales and Hatten, 2006). The “ectopic“ UBCs described in the present study
presumably mark the developmental routes of the fiber pathways projecting to the CN.

The presence of three sets of UBCs in the CN re-emphasizes the need to discover the factors
that determine sublineage differentiation within this highly specialized cell population. Given
the apparent generality of Tbr2 expression in the UBC population, are the different UBC
subsets determined by additional transcription factors acting on a single pool of committed
precursors, by topographic or time-dependent differences in the proliferative matrix, or
epigenetically by the afferents/target relations established early during development? The
possible involvement of differential time-related factors is supported by the study of Sekerková
et al., (2004b), which showed that the peak times of prenatal production of the two cerebellar
UBCs subsets in the rat are slightly different and both occur after generation of Purkinje cells
and cerebellar nuclei neurons; however, analogous information on CN UBCs is lacking.

Morphological phenotypes of UBCs in the CN
We found that the morphological phenotype of UBCs in the CN shows notable variations. The
range of forms in the CN is similar to that in the cerebellum, while the proportion of unusually
shaped UBCs is higher in CN. Variations in cell shape in the CN appeared to be related to
variations in cellular and fiber densities; indeed, many UBCs present a typical shape in the
superficial granular layer and the DCN, both of which are regions of high cellular density,
while variant forms occur frequently in the VCN, the medial sheet and the eight nerve roots,
i.e, regions with an abundance of nerve fibers. Some of these variants resemble neurons
described by others as shrub cells (Brawer et al., 1974), mitt cells (Hutson and Morest, 1996;
Hurd et al., 1999; Josephson and Morest, 2003), and chestnut cells (Weedman et al., 1996;
Alibardi, 2004, 2006). It is possible that such neurons are, in fact, forms of UBCs, rather than
specific cell classes as it has been proposed elsewhere. Direct proof of this tentative
interpretation will obviously require detailed light and electron microscopic analysis of a large
sample of variant cell forms using appropriate combinations of cell markers and tract-tracing
methods.

Distribution of UBCs and granule cells in the CN
The congruent maps of CR-expressing and mGluR1α-expressing UBCs demonstrate that the
two UBC subsets have overlapping distributions in the CN. In the absence of precise differential
cell counts for the two major UBC subsets, there are three findings concerning the map of CN
UBCs that appear most noteworthy, namely: a) the high density of UBCs in the DCN and
subpeduncular corner; b) the extremely low density of UBCs in the lamina, compared to other
regions of the GCS; and c) the presence of UBCs in magnocellular parts of the VCN and in
territories contiguous with the CN.

Because the cerebellar UBCs lie nearly exclusively within the granular layer at varying UBC/
granule cell ratios among the different lobules, we expected in the CN UBCs would likewise
co-distribute with granule cells at varying UBC/granule cell ratios across the different regions
of the GCS. Yet, the high densities of UBCs in layer 2 and deep region of the DCN and the
subpeduncular corner were a remarkable finding, as they closely approached UBC densities
in the caudal cerebellum, which processes sensory signals concerning the head position in space
and regulates vestibulo-ocular reflexes (Diño et al., 2001; Sekerková et al., 2005). As indicated
for the DCN and the lamina, strikingly diverse granule cell/UBC ratios exist across the GCS.
Furthermore, the rarity of UBCs in the lamina, with its compact cellular structure and well-
known density of granule cells, requires a hypothesis, if not an explanation. Could it be that
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mossy fibers innervating the lamina are repulsive to UBCs? In support of this hypothesis there
are several observations of repulsive effects during development of the cerebellar system (de
Diego et al., 2002). Moreover, a study on the distribution of cerebellar UBCs in different
mammals had shown that these neurons occur only rarely in regions of the granular layer that
are densely innervated by mossy fiber terminals of the basilar pontine afferents, even where
these regions abut portions of the granular layer that are enriched with UBCs, as in the flocculus/
paraflocculus complex (Diño et al., 1999). We found it interesting, therefore, that UBCs are
most numerous in the DCN, which is the part of the CN that does not receive pontine afferents
(Ohlrogge et al., 2001); and pontine afferents, instead, form clusters in other regions of the
GCS including the subpeduncular corner (Ohlrogge et al., 2001), which also has areas with
high and low densities of UBCs (Figs. 1D and 6F).

At the outset of our analysis, insufficient knowledge about the extent of distribution of granule
cells hampered an explanation of the occurrence of UBCs in the VCN and the vestibular nerve
root, as well as in other territories contiguous with the CN. These UBCs were denoted as
“ectopic” to separate them from those in established subregions of the GCS. As previously
reported, the nucleus of CN granule cells is less distinctly spherical and lighter than that of
cerebellar granules, it often has a deep indentation, and may be easily confused with that of
astrocytes even in well stained Nissl sections (Mugnaini et al., 1980b). It was therefore
necessary to specifically label CN granule cells with a bona fide cell population marker. We
confirmed that granule cells distributed throughout the CN’s GCS express the rare GABAA
α6 subunit, as do cerebellar granules, and utilized this marker in combination with Tbr2 as a
non-interfering stainer of the UBC nucleus. It should be recalled that in spite of the shared
expression of α6, as well as other markers such as of the zinc finger protein zic (Aruga et al.,
1994), and certain electrical signatures (Rusznak et al., 1997), CN granules differ from
cerebellar granules in other respects: their dendrites do not always form typical digitiform claws
at their tips, a properties that they seem to express only when they cluster at high density; they
lack the GABAA δ subunit, which is thought to confer onto neurons the property of tonic
inhibition (Rossi and Hamann, 1998; Campos et al., et al., 2001; Wei et al., 2003; Peng et al.,
2004; Balakrishnan and Trussel, 2007); they show a strong inhibitory response to glycine
(Balakrishnan and Trussel, 2007) and have specific pharmacological properties (Boehm et al.,
2006). Thus, it is understood that neither the UBCs nor the granule cells of the CN are identical
to those in the cerebellar folia that have been studied so far.

Our maps demonstrate that both granule cells and UBCs regularly occur beyond the strict
borders of the CN and that the GCS may be more extended than previously thought. Taken
together, the data indicate that the maps of UBCs and granule cells produced by the present
immunocytochemical investigation are likely to be in register. Because electrical activity plays
an important role in neuronal proliferation, migration and differentiation (Spitzer, 2006), one
may tentatively propose that afferent innervation influences the extension of granule cell and
UBCs domains beyond the traditionally recognized domains. As considered below, this
hypothesis is supported by data from the literature.

Mossy endings in the GCS
Studies from different laboratories over the last ten years have shown that the distributed GCS
contains numerous complex synaptic fields, or glomeruli, consisting of pre- and post-synaptic
neuronal processes surrounded by a wrap of astrocytic lamellae. These arrays are centered on
a large axon terminal resembling a cerebellar mossy fiber rossette; this contains round synaptic
vesicles and is surrounded by dendrites of granule cells and UBCs, which in turn are contacted
by axonal boutons of intrinsic Golgi cell-like interneurons and perhaps also of other inhibitory
neurons different from Golgi cells, that modulate the output of granule cells and UBCs. The
fibers providing the central innervation of these neuropil arrays have been termed “cochlear
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mossy fibers”, because they form glomeruli similar to those in the cerebellar granular layer,
albeit often smaller and/or less globose. Given that during cerebellar development the
formation of full-fledged rosettes is attained only after convergence of a large number of
granule cell and/or UBC dendrites in the glomerulus (Mugnaini and Forströnen, 1967; Altman
and Bayer, 1996; Morin et al., 2001), the size difference of GCS and cerebellar glomeruli might
be attributed to the relative densities of granule cells. The matter is further complicated by the
termination in the CN’s GCS of afferents that form not only large endings but also small endings
of the en passant and terminal varieties. How does one define, therefore, the afferent systems
in territories -like those pertaining to the GCS- that contain compact bands, clustered, or even
scattered, granule cells and UBCs? Moreover, do allor only part of the GCS afferents target
both granule cells and UBCs?

Several considerations engender considerable difficulties in classifying the GCS innervation
and define its origins. First, while some of the fibers with small boutons may belong to branches
of genuine mossy fibers that fail to develop typical rosettes or innervate a variety of neurons,
others presumably belong to the - sometimes overlooked - modulatory aminergic and
cholinergic pathways (Yao et al., 1996; Moore, 1988; Yao and Godfrey, 1999; Behrens et al.,
2002) analogous to the non-laminar afferents innervating the cerebellar cortex (Voogd et al.,
1996). Second, Morest and coworkers (Morest, 1997; Hutson and Morest, 1996; Hurd et al.,
1999) have drawn attention to the presence of a different synaptic array in the CN neuropil,
the “synaptic nest”, which is unrelated to granule cells and may contain a large axon terminal.
Third, α6+ granule cells situated outside clusters of like cells do not have typical dendritic
claws, as shown in Fig. 6 and Suppl. Fig. 2C, and conceivably receive afferent boutons on their
stem dendrites. Fourth, it may be difficult to establish the specific location of neurons giving
rise to GCS afferents (Alibardi, 2003b), because of methodological pitfalls, such as labeling
of fibers of passage, anterograde or retrograde filling of recurrent axon collaterals,
transneuronal transport, and anectodal or equivocal images of degenerating neuronal profiles
after long postlesion intervals (Kane, 1977). Fifth, the sample size of synaptic connectivity in
several studies is limited, because reliable ultrastructural information requires labor-intensive
analysis by serial section electron microscopy, which is severely hampered by time and cost
considerations. Sixth, electron microscopic analysis of GCS afferents may be confounded by
variations in their internal structure or questionable tissue preservation.

In their review on the neuronal microcircuits of the DCN, Dunn et al. (1996) subdivided the
large, mossy terminals synapsing with granule cells in the guinea pig DCN into four main
categories, on the basis of four variables of their internal structure: size and density of small
clear synaptic vesicles, smallest mitochondrial diameter, and frequency of large dense core
vesicles. Dunn et al. (1996) proposed that “the heterogeneity of mossy fiber rosettes in the CN
indicates that they originate from different neuronal pools”, based on observations that
individual neuronal types are usually homogeneous with respect to their axonal organelles
(Peters et al., 1991). Indeed, we now know that inputs to the GCS of CN originate from
numerous auditory as well as non-auditory sources (Ryugo et al., 2003a,b; Alibardi, Zhan and
Ryugo, 2007); while some of the inputs represent bona fide mossy fiber pathways, including
auditory neurons still to be specified, lateral reticular nucleus, spinal trigeminal nucleus, pons
nuclei, cuneate nucleus and cervical ganglion, others remain of uncertain nature, as considered
below.

Sources and distribution of GCS afferents
The non-auditory projecting structures include: trigeminal and cervical dorsal root ganglia
(Pfaller and Arvidsson, 1988; Shore et al., 2000; Zhan et al., 2006); spinal trigeminal nucleus
(Itoh et al., 1987; Wolff and Kunzle, 1997; Li and Mizuno, 1997; Haenggeli et al., 2005; Shore,
2005; Shore and Zhou, 2006); cuneate nucleus (Itoh et al., 1987; Weinberg and Rustioni,
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1987; Wright and Ryugo, 1996; Wolff and Kunzle, 1997; Shore and Zhou, 2006); basilar
pontine nuclei (Ohlrogge et al., 2001); lateral reticular nucleus (Zhan and Ryugo, 2007); and
primary and secondary vestibular fibers (Burian and Gstoettner, 1988; Kevetter and Perachio,
1989; Bukowska, 2002; Newlands and Perachio, 2003). GCS afferents from auditory centers
include: collaterals of the cholinergic neurons (McDonald and Rasmussen, 1971; Vetter et al.,
1993); the superior olivary complex (Kane 1977; Shore and Moore, 1998); inferior colliculus
(Saldaña, 1993; Caicedo and Herbert, 1993; Malmierca et al., 1996; Alibardi, 2004); collaterals
of DCN pyramidal cell axons (Smith and Rhode, 1985; Alibardi, 2004); and ipsilateral VCN
and commissural CN neurons (Shore and Moore, 1998;Alibardi, 2004; 2006). And these lists
might still be incomplete.

In an extensive series of studies, Alibardi (2004, 2006) circumvented some of the caveats of
hodological neuroanatomy by making very large WGA-HRP injections in the ipsilateral
AVCN, contralateral CN, and contralateral inferior colliculus and analyzing over three
thousands mossy endings in the rat CN, even though this carried the risk of labeling axons of
passage and recurrent collaterals of projection neurons. Although Alibardi mainly analyzed
individual sections, he succeeded in identifying labeled mossy endings from all three sources
that formed synaptic junctions with both granule cells and UBCs. Furthermore, while the
majority of the labeled mossy endings contained round synaptic vesicles indicative of
excitatory projections, he made the intriguing observation that a small percentage of the labeled
mossy endings contained pleomorphic and/or flattened vesicles usually associated with GABA
and/or glycine neurotransmission. The cerebellar counterpart of these inhibitory terminals
would be the small percentage of mossy fibers originating from inhibitory projections neurons
of the cerebellar nuclei (Batini et al., 1992; Mugnaini, 2000).

Another important issue is whether different afferent systems innervate the GCS in its entirety
or are restricted to particular subregions. Light microscopic studies have shown that projections
from cortex, sensory trigeminal nuclei and cuneate nucleus target the entire GCS, while other
projections terminate in more restricted portions of the GCS. Remarkably, the pontine nuclei
distribute largely over superficial granular layer, lamina, medial sheet and subpeduncular
corner, but strikingly avoid the DCN, in partial contrast to the wider bouton-type termination
of the direct pathway from the auditory cortex; this suggests a differential role for the cortico-
nuclear and cortico-ponto-nuclear fibers. Direct afferents from the C2 spinal ganglion cluster
mostly in the subpeduncular corner; and UBCs and granule cell islands in the auditory and
vestibular nerve root are likely to receive afferents from restricted sources.

Studies in the cat have shown that the rostrodorsal portion of the VCN, that presumably
correspond to the VCN region that in the rat contains UBCs and granule cells, receives many
different types of non-cochlear afferents (Cant and Morest, 1978), one or more of which could
be the source of mossy fibers targeting UBCs and granules interspersed among the bushy cells
characterizing for this CN division; moreover, the ventral portion of the PVCN, which receives
fewer non-cochlear projections, contains only rare UBCs. Osen et al. (1984) suggested that
VCN granule cells are innervated by cholinergic afferents. The low density of UBCs in the
SCC appeared roughly in register with the known presence of scattered granule cells in this
narrow and non-distinct region of the rat VCN, which is also known to receive non-cochlear
afferents (Mugnaini et al., 1980b; Osen et al., 1984). The occurrence of UBCs and granules in
the auditory nerve root (see also Hutson and Morest, 1996) may also be in line with the
observation of non-cochlear afferents among the primary auditory fibers and, similarly, their
unexpected occurrence in the vestibular nerve root could be related to putative non-cochlear
afferents that exist in kitten and were shown to pierce the vestibular nerve root (Cant and
Morest, 1978). On the other hand, it is intriguing to speculate that UBCs and granules of the
vestibular nerve root, in spite of their location, actually belong to the GCS of the CN and receive
vestibular information that is transmitted to neurons of the DCN by granule cell axons. If so,
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one should find labeled granule cells in the vestibular nerve root that are retrogradely labeled
by tracer injection in the DCN. This hypothesis is compatible with the study of Zhao et al.
(1995), who found presumptive granule and others small cells in the cat vestibular nerve root
after tracer injections into “marginal shell regions” of the AVCN; it is likely that their tracer
injections labeled granule cell axons coursing towards the DCN. Moreover, McCue and Guinan
(1994), Burian and Gstoettner (1988) and Kevetter and Perachio (1989) described a vestibular
saccular fiber in the cat that arborized in the ventromedial CN.

Granule cells and UBCs were also observed along fiber tracts known to carry somatosensory
and descending afferent fibers to the CN, namely the ventral, intermediate and dorsal acoustic
striae, the inferior and medial cerebellar peduncle and the spinal trigeminal tract, and also
within the spinal trigeminal nucleus, the vestibular nuclei, and the cell groups of the vestibular
region denoted Y and X. It should be noted that the subpeduncular corner is a region of high
density of both granules and UBCs and forms a sizeable entity with its main body and extentions
- the floccular lip, the dorsomedial lip, and the previously undescribed dorsorostral lip, that
branch further along and into the medial cerebellar peduncle, the ventral spinocerebellar tract
and the lateral pedunculopontine nucleus. It appears that the wider subpeduncular corner
corresponds to the area termed “paracochlear glial substance” in the atlases of Paxinos and
Watson (1998) and Paxinos et al. (1999) and, more appropriately, “ CNspr” (for Cochlear
Nuclei, subpeduncular granular region) in the atlas of Swanson (1992). This wide territory
contains various fiber systems, which may provide adequate inputs for ectopic CN and
cerebellar neurons. Indeed, ectopic Purkinje cells, granule cells and UBCs that remain trapped
in the white matter because of incomplete or faulty migration can nevertheless survive well
into adulthood and form synaptic junctions (De Camilli et al., 1984; Ibrahim et al., 2000;
Sekerková et al., 2004a; Ilijic et al., 2005). We found it notheworthy that in our α6/
mGluR1α labeled section series Purkinje cells were rarely encountered in the subpeduncular
corner and its extended lips (unpublished observations), which suggested that its granule cells
and UBCs belong to the CN. Mapping the axonal projection/s of granules in the lips of the
subpeduncular corner and/or their expression of the GABAA δ subunit may be necessary,
however, to firmly establish to what extent cerebellar and cochlear granule cell systems are
separate anatomical entities.

The questions of the termination in the GCS of fibers from the spiral ganglion and the auditory
cortex are still open, in spite of repeated investigations. Remarkably, several studies indicate
that primary cochlear afferents do not form synapses with granule cells (Merzenich et al.,
1973; Rouiller et al., 1986; Malmierca, 2003) and UBCs in spite of their close spatial relations.
This is in contrast to the vestibular system, which shows a dense, direct projection from the
Scarpa’s ganglion to the granular layer of vermal lobules IX and X (Korte and Mugnaini,
1979; Barmack et al., 1993; Diño et al., 2001; Newlands and Perachio, 2003; Sekerková et al.,
2005). Primary cochlear afferents, which are numerous, relatively thick and tonotopically
arranged, densely innervate both the magnocellular portions of AVCN and PVCN and the small
cell cap (Osen, 1970; Merchan et al., 1985, 1986). There is no report, so far, of an input to
granule cells or UBCs from specifically labeled type I primary fibers (Fekete et al., 1984;
Benson and Brown, 2004), even though the threshold for c-fos activation in granule cells is
lower than that for other CN neurons (Yang et al., 2005). By contrast, there is some uncertainty
about the targets of type II cochlear afferents, which are few and thin and project more diffusely
than type I fibers. Type II fibers have en passant and terminal swellings, some of which are
not synaptic, while others form synaptic junctions predominantly innervating stellate cells in
the SCC and the lamina and large cells in the VCN. Scattered thin fibers labeled from the
preriphery were seen by light microscopy meandering in the superficial granular layer and
forming varisized varicosities along their course, with the largest approaching 8 μm in diameter
(Shore and Moore, 1998). Two studies are in agreement that presumed type II fibers do not
form synaptic junctions with granule cells, although they may have physical contact them
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(Hurd et al., 1999; Benson and Brown, 2004). There is an isolated report of a single, small
terminal of a type II fiber nested among small dendritic profiles, whose identification as granule
cell dendrites is unconvincing (Berglund et al., 1996). In another report, putative type II fibers
were seen in contact with “mitt cells” (probably a form of UBCs, see above) but without
synaptic apposition (Hurd et al., 1999). Although the weight of the evidence is certainly that
primary auditory fibers do not synapse with either granule cells or UBCs, further studies using
dual-label protocols are warranted to increase the sample size of the boutons of type II fibers
and their potential target cells.

There is agreement that the direct projection to the GCS from the auditory cortex to the GCS
is excitatory, albeit there are questions about its extent and exclusive orgin from the primary
area in different species (Feliciano, 1995; Feliciano et al., 1995; Weedman and Ryugo,
1996a,b; Schofield and Coomes, 2005). The cortical fibers form asymmetric synaptic junctions
with granule cells but the contacts occur at the periphery - rather than the center - of bona
fide glomeruli (Meltzer and Ryugo, 2006), while the projection from the auditory regions of
the pontine nuclei was in the form of mossy terminals. Cognitive processing could thus directly
modulate granule cell firing, perhaps making them more responsive to mossy fiber inputs. This
kind of synaptic interaction, which as far as we know is absent in cerebellum, sharply
distinguishes the microcircuit of the GCS in the CN from that in the cerebellar granular layer.
Nevertheless, the paucity of data makes it still an open question whether the direct cortical
projection also impinges upon UBCs and gives raise to at least a small numbe of CN mossy
fibers.

Thus, in spite of the continuity of the territories that make up the GCS, clear examples have
been provided for different patterns of innervation of granule cell areas, ranging from
widespread projections to differential terminations and clustering of afferents. In analogy with
the cerebellar cortex (Diño et al., 1999), pontine mossy fibers synapse with granule cells in the
glomeruli of the GCS, with the exception of the DCN, but seem to avoid UBCs, perhaps as the
result of repulsive factors as suggested.

In sum, our immunocytochemical study, in conjunction with published hodological data,
demonstrates co-distribution of granule cells and UBCs in most regions of the CN and strongly
suggests that both of these two types of excitatory interneurons are targeted by most of the
projections to the GCS, with the likely exception of the pontine afferents, the type II primary
cochlear fibers and perhaps also other inputs yet to be analyzed in sufficient detail.

Comparative anatomical considerations
As pointed out by Farago et al., (2006) the separate embryonic origins of the granule cell
systems of the CN and the cerebellum along the rostrocaudal axis of the rhombencephalon
favors their separate derivation through “evolutionary convergence upon a primary
organization that is likely advantageous for accomplishing similar computations, albeit to
different specific ends”. Indeed, the GCS of the CN is extraordinarily developed in certain
mammals without concomitant, corresponding enlargement of the vestibulocerebellum
(Merzenich et al., 1973). Data from the literature indicate that the GCS is a conserved feature
of the mammalian CN, albeit with prominent variations in volume relative to other CN divisions
and deployment of the granule neurons. Possible concomitant variations in the maps of the
UBCs – as well as their putative forms termed shrub, mitt and chestnut cells – may be obtainable
using the cell population markers adopted in this study. It is already known that UBCs occur
in the CN of several mammalian species in addition to rat and mouse - Mugnaini and Floris,
1994; Idrizbegovic et al., 2001; chincilla – Hutson and Morest, 1996; guinea pig – Winsky and
Jacobowitz, 1995, Caicedo et al., 1996; Alibardi, 2003b; ferret –Fuentes-Santamaria et al.,
2005; cat – Brawer et al., 1974; common marmoset and vervet monkeys -Spatz, 1999, 2000;
human - Spatz, 2001). Given the substantial phylogenetic diversity in the organization of the
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auditory brainstem, comparative maps of the distribution of granule cells, UBCs and their
mossy fiber afferents are likely to reveal interspecies differences that may clarify the division
of the cell population in subsets expressing different chemical and morphological phenotypes.

In particular, the lamination of the DCN and the structure of the GCS present conspicuous
diversity in primates, with a tendency for the granule cells to condense beneath the ependyma
at the surface of the molecular layer (Moore and Osen, 1979; Moore, 1980; Heiman-Patterson
and Strominger, 1985). While the adult human CN contains scattered granule cells and UBCs
(Heiman-Patterson and Strominger, 1985; Spatz, 2001), the granular layer is prominent in the
fetus and rapidly decreases in the infant; this process of cell elimination could possibly be
involved in engendering changes of the major cell types in the DCN that have been reported
previously (Moore, 1980; Heiman-Patterson and Strominger, 1985; Terr and Edgerton, 1985;
Adams, 1986), but are still to be clarified. Renewed comparative investigations may therefore
help elucidate the precise mechanisms by which optimal auditory performance is attained
across species.

Concluding remarks
In conclusion, the CN contains UBCs, most, if not all, of which are Eps8+ and Trb2+. They
are distributed in all regions of the GCS and are especially numerous in the DCN and the
subpeduncular corner. The CN UBCs form two main chemically distinct subsets, one
expressing mGluR1α and the other CR, which share the same morphological features. In view
of the profound similarities between cerebellar and CN UBCs, we presume that all UBC axons
form an intrinsic system of mossy fibers synapsing with granule cells and other UBCs, although
the existence of other targets cannot be ruled out. Notably, Doucet and Ryugo (1997) and
Alibardi (2004) retrogradely labeled UBCs in DCN and VCN after tracer injections in the
DCN, and it is likely that CN’s UBCs act both locally and at a distance. UBCs are likely to
share with granule cells most of the inputs to the GCS. Because of their strong, AMPA- and
NMDA-mediated synaptic linkage to individual mossy fibers (Rossi et al., 1995; Nunzi et al.,
2001), the UBCs would engender temporal expansion of “private line”connections for separate
afferent channels leading into the DCN. As the brush is usually innervated by an individual
mossy fiber terminal, by synchronizing the firing of numerous granule cells and amplifying
the functional impact of an individual input, an enrichment of UBCs would effectively regulate
the activity of stellate, cartwheel, pyramidal and tuberculoventral cells, integrating frequency
related auditory input carried by descending branches of primary cochlear fibers with
somatosensory information from head and neck and auditory information processed by other
neurons in VCN, upper brainstem auditory centers, and the cerebral cortex.

We propose therefore, that the UBC is a neuron type of primary importance in the microcircuits
of the CN of all the mammals that possess a well-developed GCS, as it is in the
vestibulocerebellum. Further elucidation of its intrinsic properties and synaptic connections
could be helpful towards a full understanding of the functional ranges of the eight cranial nerve,
the CN, and its many afferents, and perhaps also contribute to improvements of brain stem
auditory prostheses.
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List of abbreviations used in the main text

Anr auditory nerve root

AVCN anteroventral cochlear nucleus

BSA bovine serum albumin

CN coclear nuclear complex

CR calretinin

DAB 3,3-diaminobenzidine hydrochloride

DCN dorsal cochlear nucleus

Eps8 epidermal growth factor substrate 8

GABAA gamma-aminobutyric acid receptor A

GCS granule cell system

mGluR1α metabotropic glutamate receptor 1α

NGS normal goat serum

PB phosphate buffer

PBS phosphate buffered saline

PVCN posteroventral cochlear nucleus

SCC small cell cap

Tbr2 T-box gene Tbr2

Tris hydroxymethyl aminomethane

TBS Tris-bufferes saline

TBS-T Tris-buffered saline with added Triton-X100

VCN ventral cochlear nucleus

UBC unipolar brush cell

vnr vestibular nerve root
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Fig. 1. Schematic diagram shows the rat CN in coronal (A–C), sagittal (D) and horizontal (E)
sections
Auditory nerve root (anr); anteroventral cochlear nucleus (AVCN); cochlear nerve root with
tonotopically arranged branching fibers (cnr); flocculus (Fl); inferior cerebellar peduncle (icp);
lamina (lam); medial sheet (ms); middle cerebellar peduncle (mcp); spinal tract (sp5);
posteroventral cochlear nucleus (PVCN); superficial granular layer (sgl); strial corner (str.
cor.); supeduncular corner (spc); trapezoid body (tz); vestibular nerve root (vnr); arrows
indicate dorsal, ventral, medial and lateral axes.
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Fig. 2. Two-color immunofluorescence micrographs from CN sections stained with antisera to
calretinin (CR) and mGluR1α
A variety of immunoreactive neuronal cells and fibers are present throughout the CN and partly
obfuscate immunostained UBCs, which are present at higher densities in DCN and spc than in
sgl and lamina. Arrows indicate CR+ UBCs and crossed arrows mGluR1α+ UBCs; arrowheads
point to putative brushes of mGluR1α+ UBCs. Row A: Midportion of the DCN in sagittal
section. Row B: Portion of the superficial granular layer (sgl) overlaying the AVCN. Row C:
Lateral portion of the lamina (lam) flanked by PVCN and DCN. Row D: Subpeduncolar corner
(spc) above the AVCN. Magnification bar = 20 μm.
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Fig. 3. Laser scanning confocal immunofluorescence micrographs (rows A–G) and brightfield, two-
color immunoreaction (panels H–J) demonstrate chemical heterogeneity of UBCs from various
regions of the CN. Color channels are indicated in the individual panels
Row A: Eps8+/CR+ UBC from DCN. Row B: Eps8+/CR− UBC from DCN. Row C: Eps8+/
mGluR1α+ UBC from spc. Row D: Eps8+/mGluR1α− UBC from DCN. Row E: CR+/
mGluR1α− UBC from border of DCN and sgl. Row F: CR−/mGluR1α+ UBC from PVCN.
Row G: UBC immunopositive for both CR and mGluR1α, from anr. Panel H: Tbr2+/
mGluR1α+ UBC from tz. Panel I: Cluster of three Tbr2+/mGluR1α− UBCs from the DCN.
Panel J: Two UBCs, one of which is Tbr2+/CR+ and the other Tbr2+/CR− from sp5. Asterisks
in panels H–J indicate Tbr2-immunoreactive UBC nuclei. Magnification bars = 10 μm.
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Fig. 4. Two-color brightfield micrographs (panels A–F) from sections immunostained with antisera
to Eps8 (blue) and Tbr2 (brown) show varying densities of UBCs in folia of lobules VII (CB-VII)
and X (CB-X) of the cerebellar cortex and in regions of the CN. Panels G and H (two-color
immunofluorescence) show individual UBCs from cerebellum CB) and DCN and illustrate
cytoplasmic staining by Eps8 antiserum (red) and nuclear staining by Tbr2 antiserum (green)
A and B: Even at this low magnification it is evident that the granular layers (gcl) of the two
lobules contain different densities of intensely Eps8+ neuropil structures and Tbr2+ nuclei,
identified at higher magnification as brushes and nuclei of UBCs, respectively (see panel G).
Granule cell glomeruli and molecular layer (ml) parallel fibers are weakly Eps8
immunoreative; the Purkinje cell layer (pcl) is unstained. C: This coronal section of the AVCN
demonstrates higher density of UBCs in the medial sheet (ms) than in the superficial granular
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layer (sgl) and the magnocellular AVCN; moreover, the density of UBCs is higher in rostral
than ventral parts of AVCN. D: Detail from a coronal section tilted 90° shows high density of
UBCs in layer 2 and the polymorphic layer 3 of the DCN, while granule cell glomeruli and
molecular layer 1 parallel fibers are weakly Eps8+. E: The lamina (lam) shows moderate Eps8
staining of granule cells and glomeruli, while numerous UBCs are present in the adjacent DCN
and one UBC (arrow) is present in the magnocellular PVCN. F: Two UBCs (arrows) and several
granule cells (arrowhead) in the superficial granular layer of AVCN. G and H: UBCs in the
granular layer of the cerebellum (CB) and DCN. Magnification bars A–F = 20 μm; G, H = 10
μm.
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Fig. 5. Morphological UBC variants in the CN demonstrated by laser confocal immunofluorescence
(panels A, B, D, E, H, K, L, and J) and brightfield microscopy (panels C and I)
A: The bulbous brush of this UBC arises directly from the cell body and contains multiple,
fragmented Eps8+ foci. B: The elongated brush of this UBC arises from a short and straight
dendritic stem and contains variously shaped Eps8+ foci. C: Two UBCs, double-labeled with
Eps8 and Tbr2, contribute brushes to the same glomerulus. D: UBC brush with large, ring-like
Eps8+ focus. E: UBC with sharply bent dendritic stem. F: Detail of an UBC brush (identified
by peripheral staining with mGluR1α) that contains two large Eps8+ foci. G: This CR+/
Tbr2+ UBC shows a loose array of brush dendrioles. H: This UBC, stained with Eps8, emanates
dendrioles from different parts of the cell body (compare with panel A). I: This UBC, stained

Diño and Mugnaini Page 33

Neuroscience. Author manuscript; available in PMC 2010 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with a silver-enhanced Eps8/DAB protocol, shows two brushes formed by branches of a long
dendritic stem. J: CR+/mGluR1α+ UBC emits an unusually long dendrite that forms a small,
elongated brush. Row K: This UBC has a very short dendrite and a large, compact brush; dual
immunostaining of both cell body and brush indicates mixed, CR+/mGluR1α+ phenotype. Row
L: The brushes of two CR+/mGluR1α− UBCs merge into the same glomerular array.
Magnification bars = 5 μm.
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Fig. 6. Double-labeling with antisera to either Eps8 or Tbr2 and the α6 subunit of the GABAA
receptor with immunofluorescence (panel B) and brightfield microscopy (all other panels) proves
that UBCs and granule cells are codistributed within the CN and in neighboring territories. In the
brightfield micrographs UBC nuclei are stained red/brown, while the cytoplasm is unstained; by
contrast, the cell bodies and glomerular dendrites of granule cells appear as pale blue ringlets with
a clear nucleus and deeper blue neuropil areas, respectively
A: Detail from the transition between the cerebellar flocculus and paraflocculus shows high
densities of UBC and granule cell immunoreactivities. B: This standard immunofluorescence
micrograph shows that the cerebellar UBC (asterisk over the nucleus) labeled by the UBC cell
class marker Eps8 lacks α6 immunoreactivity; granule cell bodies (white rectangles) show
weak α6 immunoreactivity along the plasma membrane, but their dendritic tips in the glomeruli
(arrows) are intensely stained. C: Detail from the cochlear nerve root showing several granule
cells (arrowheads) and the nuclei of two UBCs (arrows); D: The DCN contains high densities
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of UBCs and granule cells in layer 2 and the polymorphic layer 3, but not in the molecular
layer 1. E: UBCs and granule cells are present in the medial sheet (ms), superficial granular
layer (sgl), and subpeduncular corner (spc), and also in the trapezoid body (tb), and the
magnocellular AVCN. F: In the subpeduncular corner the density of granule cells is
homogenously high, while UBCs are clustered in the area indicated by arrow 1, and sparse in
the area labeled by arrow 2. Scattered granule cells and UBCs are present in the magnocellular
AVCN. G: The lamina contains numerous granule cells, but rare UBCs. Scattered granule cells
and UBCs are present in the magnocellular PVCN. Magnification bars A, C–G= 50 μm; B=
10 μm.
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