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Abnormal Dysbindin Expression in Cerebellar Mossy
Fiber Synapses in the mdx Mouse Model of Duchenne
Muscular Dystrophy
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The dystrophin-associated protein complex (DPC), comprising sarcoglycans, dystroglycans, dystrobrevins, and syntrophins, is a com-
ponent of synapses both in muscle and brain. Dysbindin is a novel component of the DPC, which binds to 3-dystrobrevin and may serve
as an adaptor protein that links the DPC to an intracellular signaling cascade. Disruption of the DPC results in muscular dystrophy, and
mutations in the human ortholog of dysbindin have been implicated in the pathogenesis of schizophrenia. In both cases, patients also
present with neurological symptoms reminiscent of cerebellar problems. In the mouse cerebellum, dysbindin immunoreactivity is
expressed at high levels in a subset of mossy fiber synaptic glomeruli in the granular layer. Lower levels of dysbindin immunoreactivity
are also detected in Purkinje cell dendrites. In the cerebellar vermis, dysbindin-immunoreactive glomeruli are restricted to an array of
parasagittal stripes that bears a consistent relationship to Purkinje cell parasagittal band boundaries as defined by the expression of the
respiratory isoenzyme zebrin II/aldolase c. In a mouse model of Duchenne muscular dystrophy, the mdx mutant, in which dystrophin is
not expressed, there is a dramatic increase in the number of dysbindin-immunoreactive glomeruli in the posterior cerebellar vermis.
Moreover, the topography of the terminal fields is disrupted, replacing the stripes by a homogeneous distribution. Abnormal synaptic
organization in the cerebellum may contribute to the neurological problems associated with muscular dystrophy and schizophrenia.
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Introduction

The dystrophin-associated protein complex (DPC) of the neuro-
muscular junction is comprised of three distinct components: the
sarcoglycan, dystroglycan, and cytoplasmic complexes, which in-
clude a- and B-dystrobrevin and the a-, B,-, and B-syntrophins
(for review, see Blake et al., 2002). Biochemical analysis of
postsynaptic density—enriched synaptosomal proteins and im-
munocytochemical localization of several DPC members [e.g.,
dystrophin (Lidov et al., 1990), a-dystrobrevin, 3-dystrobrevin
(Blake et al., 1998, 1999), and utrophin (Knuesel et al., 2000)]
suggests that DPC-like complexes are also present in the brain
(Blake et al., 1999). Several distinct brain DPCs have been tenta-
tively identified based on the selective distributions of dystrophin
binding partners such as B-dystrobrevin and the syntrophins
(Blake et al., 1999). Disruption of the DPC results in muscular
dystrophy and, consistent with a DPC function in the brain, mu-
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tations in dystrophin also cause multiple central neurological
symptoms (Blake and Kroger, 2000; Hinton et al., 2000).

Recently, a novel member of the DPC, the 40 kDa coiled-coil
protein dysbindin, was identified by using a yeast two-hybrid
screen for interacting proteins with 3-dystrobrevin as bait (Ben-
son etal., 2001). It was hypothesized that dysbindin is an adaptor
protein that links the DPC to an intracellular signaling cascade
(Benson et al., 2001). In the brain, dysbindin immunoreactivity is
localized to neurons (Benson et al., 2001). The potential impor-
tance of dysbindin is underlined by the recent demonstration of a
link between mutations in dysbindin and familial schizophrenia
(Straub et al., 2002; Schwab et al., 2003).

The neurological symptoms of patients with both muscular
dystrophy and schizophrenia include ocular control abnormali-
ties characteristic of cerebellar problems [muscular dystrophy
(Liu et al., 2001; Anderson et al., 2002) and schizophrenia (Avila
et al., 2002a,b)]. Therefore, we have studied the distribution of
dysbindin in the normal mouse cerebellum and in the cerebellum
of a murine model of Duchenne muscular dystrophy (the mdx
mouse) in which dystrophin is not expressed. The data reveal a
striking and specific abnormality of the mdx mouse: ectopic dys-
bindin immunoreactivity in mossy fiber afferents of the posterior
cerebellar vermis. This region is important for ocular control,
suggesting that cerebellar abnormalities may contribute to the
neurological symptoms associated with human Duchenne mus-
cular dystrophy, and also explain in part the link between dys-
bindin mutations and schizophrenia.
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Materials and Methods

Animals: perfusion and sectioning. Animal procedures conformed to in-
stitutional regulations and the Guide to the Care and Use of Experimental
Animals from the Canadian Council of Animal Care. Normal adult CD1,
Balb/c, and C57BL/6 mice (20-30 gm; +/+, no strain-specific differ-
ences noted) were obtained from Charles River Laboratories (St. Con-
stant, Quebec, Canada), and C57BL/10ScSn-Dmd™ ¥/} hemizygous male
(mdx/Y) and homozygous female mutant mice (mdx/mdx) were ob-
tained from The Jackson Laboratory (Bar Harbor, ME) and maintained
in the Animal Resource Centre at the University of Calgary. Mice were
deeply anesthetized with an intraperitoneal injection of 100 mg/kg som-
notol. The mice were then killed by transcardiac perfusion with an initial
rinse using ice-cold 0.9% saline followed by either ice-cold Bouin’s fixa-
tive or 4% paraformaldehyde in PBS, pH 7.2 (Sigma, St. Louis, MO). The
brains were removed and immersion-fixed for an additional 24 hr at 4°C.
The cerebella were then cryoprotected through a series of buffered 10%
(2 hr), 20% (2 hr), and 30% (overnight) sucrose solutions, serially sec-
tioned in the transverse plane at 40 um, and mounted on glass slides.

3-Acetylpyridine injections. Adult Balb/c mice (1 = 6: 20—25 gm) were
given an intraperitoneal injection of 3-acetylpyridine (50 mg/kg, i.p.,
diluted 1:100 in PBS; Sigma) and monitored closely for 3—5 hr after
treatment for respiratory difficulties (control animals, n = 3, were in-
jected intraperitoneally with an equal volume of PBS). Animals were
killed when ataxia became evident (7-11 d) and the cerebella were fixed
and sectioned as described above. Two parallel series of sections were
collected: one was stained for cresyl violet and the other processed for
fluorescence anti-dysbindin/anti-calbindin double immunohistochem-
istry (see below).

Immunohistochemistry. All antibodies were diluted in 10% normal
goat serum in PBS. Mouse monoclonal anti-zebrin II was used directly
from spent hybridoma culture medium diluted 1:1000 (Brochu et al.,
1990); dysbindin was detected by using a rabbit polyclonal antibody
(m10-TRX, 1:500; Benson et al., 2001); mouse monoclonal anti-
synaptophysin (1:100) and goat anti-choline acetyltransferase (1:100)
were purchased from Chemicon (Temecula, CA); mouse monoclonal
anti-calretinin (1:100) was obtained from BD PharMingen (Mississauga,
Ontario, Canada); rabbit polyclonal anti-heat shock protein 25 (anti-
HSP25, 1:500) was purchased from StressGen (Victoria, British Colum-
bia, Canada); mouse monoclonal anti-neuronal nitric oxide synthase
(anti-nNOS, 1:100) and mouse monoclonal anti-actin (antibody C-11,
1:1000) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA); mouse monoclonal anti-calbindin (1:500) was obtained from
Swant (Bellinzona, Switzerland); rabbit polyclonal anti-synaptoporin (1:
500) was purchased from Synaptic Systems (Gottingen, Germany); rab-
bit polyclonal anti-cysteine string protein (1:10,000; Braun and Scheller,
1995) was a gift of Dr. Jan Braun (University of Calgary).

Sections were rinsed three times in PBS for 5 min each, incubated in
30% H, 0, for 10 min at room temperature, and again rinsed three times
in PBS for 5 min. Sections were then blocked in 10% normal goat serum
in PBS for 2 hr at room temperature. After blocking, sections were incu-
bated overnight at room temperature in primary antibodies. After three 5
min rinses in PBS, sections were incubated in either HRP-conjugated
goat anti-rabbit (diluted 1:200) or Vectastain Elite biotinylated rabbit
IgG (1:300; Vector Laboratories, Burlingame, CA) as appropriate. Stain-
ing was visualized by incubation in 0.5 mg/ml diaminobenzidine (Sig-
ma), 0.5 ul/ml 30% H,O, in PBS until the desired color intensity was
achieved. Sections were then dehydrated and mounted in Entellan (EM
Science, Gibbstown, NJ). For double labeling the tissue was incubated in
both primary antibodies overnight at room temperature, rinsed, and
then incubated for 2 hr in a mixture of Alexa-546-conjugated goat anti-
rabbit Ig (Molecular Probes, Eugene, OR) and cyanine 2 (Cy2)-conju-
gated donkey anti-mouse Ig (Jackson ImmunoResearch Laboratories,
West Grove, PA), both diluted 1:1000. After several rinses in PBS, sec-
tions were coverslipped in nonfluorescing mounting medium (Fluorsave
Reagent, Calbiochem, La Jolla, CA).

Photomicrographs were captured either with a PhotoMetrics (Hun-
tington Beach, CA) Quantix digital camera running under V for Win-
dows or a SPOT Cooled Color digital camera (Diagnostic Instruments,
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Sterling Heights, MI). For confocal microscopy, an Olympus (Tokyo,
Japan) Fluoview BX50 microscope was used and Z-stacked images (10
layers, each 2 um in depth) were captured by using Fluoview software.
Montages were assembled in Adobe Photoshop (Adobe Systems, San
Jose, CA). The images were cropped and corrected for brightness and
contrast but not otherwise manipulated.

Western blotting. Western blot analysis of both wild-type and mdx
tissue was performed using a conventional protocol. Cerebellar homog-
enates were separated using PAGE according to Towbin et al. (1979).
Gels were electroblotted onto nitrocellulose membranes and probed with
anti-dysbindin. Antibody binding was detected using electrochemilumi-
nescence (Amersham Biosciences, Baie d’ Urfe, Quebec, Canada) perox-
idase immunochemistry. Equal protein loadings were confirmed by de-
tecting the level of actin on the blot.

Results

Dysbindin expression in the mouse cerebellum

Western blot analysis reveals that dysbindin is expressed at high
levels in the mouse cerebellum (Fig. 1A). Consistent with previ-
ous data from whole brain (Benson et al., 2001), cerebellar dys-
bindin levels estimated from densitometric scans of Western
blots are ninefold higher than those detected in homogenates
from the tibialis anterior muscle. In addition, in about half of the
samples a second, slightly smaller dysbindin-immunoreactive
polypeptide appears on Western blots of cerebellar extracts (see
Fig. 7A for a counterexample); no equivalent was ever detected in
muscle.

Peroxidase immunohistochemistry with anti-dysbindin
heavily deposits peroxidase reaction product in punctate patches
in the granular layer of the adult mouse cerebellum (Fig.
1B,C,D). In addition, dysbindin-like immunoreactivity is seen at
lower levels in Purkinje cell somata (Fig. 1B, arrowhead) and
dendrites (Fig. 1 B, arrow) in the molecular layer. The intensity of
Purkinje cell immunoreactivity varies significantly between lob-
ules (Fig. 1, compare B and D). It is unclear whether differential
immunoreactivity in the granular and Purkinje cell layers is at-
tributable to differences in the level of expression or if it reflects
the accessibility of the dysbindin epitope. Seen at high magnifi-
cation, the granular layer staining is associated with mossy fiber
synaptic glomeruli, a complex synaptic structure comprising a
large mossy fiber presynaptic terminal, several postsynaptic gran-
ule cell dendrites, and inhibitory inputs from Golgi interneurons
(Fig. 1E). To confirm that dysbindin immunoreactivity in the
granular layer is associated with synapses, sections were double-
immunofluorescence-stained for dysbindin and synaptophysin
(Fig. 1 F). Most mammalian CNS synapses are enriched in the 38
kDa synaptic vesicle protein synaptophysin (Wiedenmann and
Franke, 1985; Leclerc et al., 1989; Fykse et al., 1993). In the gran-
ular layer of the cerebellum, strong synaptophysin immunoreac-
tivity is detected in mossy fiber synaptic glomeruli (Fig. 1F,
green). Dysbindin—synaptophysin double immunofluorescence
staining confirms that all glomeruli immunoreactive for dys-
bindin also express synaptophysin (Fig. 1F, arrows), but dys-
bindin immunoreactivity is not detected in all synaptophysin-
immunoreactive glomeruli (Fig. 1 F, arrowheads).

Granular layer heterogeneity

Because dysbindin expression is restricted to a subset of mossy
fiber glomeruli, we undertook a systematic analysis of their to-
pography. Patterns of gene expression, afferent connectivity and
cerebellar mutations affecting neonate and adult mice reveal a set
of boundaries that divides the cerebellum into four transverse
zones: the anterior zone (AZ; ~lobules I-V), the central zone (CZ;
~lobules VI and VII), the posterior zone (PZ; ~lobules VIII and
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Figure 1.

Sillitoe et al. « Dyshindin Expression in Mouse Cerebellum

A, Western blot analysis of dyshindin in the cerebella of adult mice. Anti-dysbindin staining of an extract from adult mouse tibialis anterior (M) reveals a single immunoreactive band

at an apparent molecular weight of 50 kDa. An anti-dyshindin immunoreactive protein running at the same apparent molecular weight is detected in the cerebellum (Ch) at levels ninefold higher
than those found in muscle. In addition, a second, weaker, lower apparent molecular weight band is seen irregularly in the cerebellar extract, that is never detected in muscle. 8, Immunoperoxidase
staining of a transverse section through the hemispheres with anti-dysbindin shows dysbindinimmunoreactivity in the somata (arrowhead) and dendrites (arrow) of Purkinje cells. gl, Granular layer;
ml, molecular layer, pcl, Purkinje cell layer. G, Transverse section through the posterior lobe vermis (lobules VIII-X) immunoperoxidase stained with anti-dysbindin. Reaction product is deposited
uniformly in the molecular layer (ml) and as clusters of immunoreactive punctae in the granular layer. There is no staining of the white-matter tracts (wm). D, Inmunoperoxidase staining of a
transverse section through lobule IX of the cerebellar vermis with anti-dysbindin shows heterogeneous dyshindin immunoreactivity in the granular layer, with a cluster of immunoreactive mossy
fiber terminals flanked by regions of granular layer with little or no reaction product. Staining is weakin the Purkinje cell layer and molecular layer. £, Dyshindinimmunoreactivity in the granular layer
is associated with large mossy fiber synaptic glomeruli. Occasionally, axon-like processes are observed (arrowhead), terminating in prominent synaptic rosettes. f, Double immunofluorescence
staining of lobule IX for synaptophysin (green) and dyshindin (red) shows that dysbindin co-localizes with a subset of synaptophysin immunoreactive terminals (orange) in the granular layer

(synaptophysin-positive/dysbindin-negative synapses are green). Scale bars: 4, 8, D, 100 pm; G, 500 um; £, 10 om; £, 50 um.

1X), and the nodular zone (NZ; ~lobules IX- X) (Hawkes and Eisen-
man, 1997; Ozol et al., 1999; for review, see Armstrong and Hawkes,
2000). The distribution of dysbindin-immunoreactive mossy fiber
terminals is different between each transverse zone. When viewed
in transverse sections, dysbindin-immunoreactive synaptic glo-
meruli in the AZ (Fig. 2A) and the NZ (Fig. 2C) form a symmet-
rical array of parasagittal clusters. Similar clusters are not evident
in the granular layer of the CZ (Fig. 2 B), where glomeruli are sparse,
or of the PZ, where glomeruli are plentiful but distributed homoge-
neously (not shown). In the AZ, dysbindin-immunoreactive glo-
meruli are scattered thinly throughout and are clustered into at
least five parasagittal stripes interrupted by stripes in which anti-
dysbindin labeled glomeruli are sparse (Figs. 2A, 34, 7E). A long
thin stripe of glomeruli straddles the anatomical midline of the
cerebellum and can be traced through all five lobules of the AZ.
Two additional stripes lie on either side of the midline: one cen-
tered ~500 wm from the midline, and another more lateral, with
its medial edge ~750 wm from the midline and extending to the
lateral edges of the anterior vermis. Moving caudally into the CZ
(Fig. 2 B), few dysbindin-immunoreactive glomeruli are present
in lobules VI and VII. Numerous weakly immunoreactive glo-
meruli are found in the PZ, but it is not until the ventral aspect of
lobule VIII (PZ/NZ boundary) that poorly defined stripes are
seen again. As in the AZ, at least five stripes can be identified in
the NZ (Figs. 2C, 3B). A dense cluster of glomeruli straddles the
midline of lobules VIIT and IX and extends caudally to the dorsal

aspect of lobule X. Approximately 650 wm lateral to the midline
are two symmetrical immunoreactive clusters. More laterally
still, with medial edges roughly 1 mm from the midline, is a third
pair of ill-defined clusters that extend to the edges of the lobule.
In the posterolateral fissure between lobules IX and X (the
boundary between the PZ and the NZ) the pattern again changes.
In the NZ the midline is mostly immunonegative, with a pair of
broad reactive bands astride the midline. More laterally, many
glomeruli are stained but no clusters can be defined.

To relate the topography of the dysbindin-immunoreactive
mossy fiber terminal fields to the better-understood Purkinje cell
compartmentation, we have compared the stripes of dysbindin
immunoreactive mossy fiber synaptic glomeruli to the parasagit-
tal stripes of Purkinje cells, as revealed by two adult stripe mark-
ers, zebrin II/aldolase C (Brochu et al., 1990; Ahn et al., 1994) and
HSP25 (Armstrong et al., 2000). In the AZ and PZ, zebrin II is
expressed in a specific population of Purkinje cells that form a
parasagittal array of stripes (P ") interrupted by a second popu-
lation of Purkinje cells that are immunonegative for zebrin II
(P7) (for review, see Armstrong and Hawkes, 2000). Sections
double-immunofluorescence-stained for zebrin Il and dysbindin
reveal that dysbindin-immunoreactive glomerular clusters align
with the zebrin II-immunoreactive stripes in the AZ (Fig. 4A),
although the P1 " and P2 ™ zebrin II stripes are consistently nar-
rower than the underlying mossy fiber clusters (Fig. 4A). The PZ
has zebrin II (+/—) stripes of roughly equal widths (e.g., lobule
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Figure2. Transverse sections through the vermis immunoperoxidase stained for dysbindin
show numerous mossy fiber synaptic glomeruliin the granular layer of lobule Il ( 4), few present
in lobule VI (B), and heavy labeling in lobule X (). In the AZ and the NZ, dysbindin-
immunoreactive glomeruli are distributed heterogeneously to form clusters (numbered 1-3:
numbering is specific to individual transverse zones, and there is no reason to assume that
stripes are contiguous across transverse zone boundaries). In (, the white brackets outline
cluster 1in ventral lobule IX and dorsal lobule X. pcl, Purkinje cell layer. Scale bar, 250 pm.

VIII; Eisenman and Hawkes, 1993), but no reproducible striped
pattern was detected for dysbindin; rather, dysbindin-
immunoreactive terminals are distributed homogeneously
throughout the granular layer. In the CZ and NZ, all Purkinje
cells are anti-zebrin II-immunoreactive, but Purkinje cell stripes
can be revealed by the constitutive expression of HSP25 (Arm-
strong et al, 2000). In the NZ, the stripes of dysbindin-
immunoreactive mossy fiber glomeruli are centered on the
stripes of Purkinje cells that express HSP25 (but again, the glo-
merular stripes are consistently wider than the Purkinje cell
stripes) (Fig. 4B).
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Figure3. A, Dyshindinimmunoreactive profilesin the granular layer of the AZ (lobules II-V)
terminate in parasagittal stripes. Inmunolabeled mossy fiber glomeruliin the granular layer of
the AZ (lobules II-V) were plotted from every second 40 .m section through the vermis (for
additional details, see Ozol et al., 1999). The region flattened in this way is indicated on the
diagrammatic sagittal view (Roman numerals refer to lobules). The flattened view reveals that
the glomerular clusters seen in transverse sections form long parasagittal stripes, one at the
midline (1), and two bilaterally: the first (2) centered ~500 rum from the midline, the other (3)
with its medial edge ~750 wm from the midline and extending laterally to the edge of the
vermis. B, Mossy fiber glomerular clusters in the granular layer of the NZ (lobules IX-X) form
long parasagittal stripesin lobule IX, one at the midline (1), and two bilaterally: one (2) centered
~500 wm from the midline, the other (3) with its medial edge ~750 wm from the midline
and extending laterally to the edge of the vermis. In the dorsal aspect of lobule X, the pattern
changes to one in which the midline stripe has few immunoreactive glomeruli, there is a prom-
inent band laterally on either side (1); more laterally no clear compartmentation is evident. The
scales are in millimeters.

Granular layer heterogeneity: dysbindin immunoreactivity is
associated with synapses on unipolar brush cells

Previous studies of mossy fiber chemical heterogeneity in the
cerebellum suggest two plausible identities for some of the
dysbindin-immunoreactive glomeruli: the mossy fiber projec-
tions immunoreactive for choline acetyltransferase (ChAT) (Bar-
mack et al., 1992a,b,c), and those that terminate on unipolar
brush cells (for review, see Jaarsma et al., 1997; Mugnaini et al.,
1997; Dino et al., 2000).
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Figure 4.

Parasagittal clusters of dysbindin-immunoreactive mossy fiber terminals bear a consistent relationship to the overlying Purkinje cell compartmentation. 4, Double-

immunofluorescence staining with anti-dysbindin (red) and anti-zebrin Il (green) in the lobule V of the cerebellar vermis. The Purkinje cell stripes P1 ™ and P2 * are labeled: the midline cluster of
dysbindin-immunoreactive terminals (1) in the granular layer is centered beneath P1 ™ and the first lateral cluster (2) beneath P2 *. B Because both anti-dysbindin and anti-HSP25 were raised in
rabbit, serial 40 m transverse sections through the NZ (lobules IX and X) were each immunostained with a single antibody and the digital images overlaid (dysbindin, red; HSP25, green). The
midline HSP25-immunoreactive stripe is shown (for details of constitutive HSP25 expression in the mouse NZ, see Armstrong etal., 2000): the medial dysbindin-immunoreactive mossy fiber terminal
field stripe (1) underlies the HSP25-immunoreactive stripe, but extends beyond it laterally to either side. Scale bars: 4, 250 m; 8, 100 um.

Transverse sections through the adult mouse cerebellum were
double-immunofluorescence-stained for dysbindin and ChAT
(Fig. 5A). Large ChAT-immunoreactive mossy fiber rosettes in
the granule cell layer are restricted primarily, but not exclusively,
to the NZ (Fig. 5A). A similar distribution was described previ-
ously in rabbits (Barmack et al., 1992a,b, ¢). Double immunoflu-
orescence with anti-dysbindin and anti-ChAT localizes ChAT im-
munoreactive glomeruli to the same stripes as those revealed by
using anti-dysbindin (Fig. 5A). However, within the individual clus-
ters few of the glomeruli in any one section are double-labeled, sug-
gesting that dysbindin and ChAT are primarily expressed by distinct
glomerular subsets with a common topography.

Unipolar brush cells can be identified by using anti-calretinin
immunocytochemistry (Dino et al., 1999) (Fig. 5B). Based on the
expression of calretinin and the morphology of the immunore-
active neurons, parasagittal stripes of unipolar brush cells can be
identified in lobules IX and X of the mouse cerebellum, with the
same topography as the anti-dysbindin immunoreactive termi-
nals: dysbindin—calretinin double immunofluorescence con-
firms that almost all dysbindin-immunoreactive glomeruli are
associated with calretinin-immunoreactive unipolar brush cells,
and within a stripe of calretinin-immunoreactive profiles,
>90% were double-labeled with anti-dysbindin (Fig. 5C). The
dendritic brushes of unipolar brush cells (Fig. 5D, arrow) were
frequently seen to associate intimately with dysbindin immuno-
reactive glomeruli (Fig. 5D, asterisk), with the dendritic tree of
the unipolar brush cell wrapped around a strongly dysbindin-
immunoreactive glomerulus. Indeed, it is possible that some ter-
minals immunoreactive for both antigens are internal mossy fi-
bers originating from unipolar brush cells (Nunzi and Mugnaini,
2000; Nunzi et al., 2002); however, the somata of unipolar brush
cells never express dysbindin.

Finally, nNOS histochemistry has revealed a complex hetero-
geneity in the granular layer (Yan et al., 1993; Hawkes and
Turner, 1994; Schilling et al., 1994; for review, see Oberdick et al.,
1998), and nNOS has been shown to be a part of the DPC cyto-
plasmic complex in muscle through its binding to syntrophin

(Brenman et al., 1995).Therefore, dysbindin—-nNOS double im-
munofluorescence was used to compare the two distributions. In
the granular layer, nNOS immunoreactivity reveals a complex
mosaic of high-, low-, and non-reactive patches (Fig. 5E).
Dysbindin-immunoreactive glomerular clusters and patches of
nNOS expression tend to be complementary, such that high lev-
els of dysbindin immunoreactivity are typically in patches of low
nNOS expression. However, the topography is not clear-cut, and
dysbindin-immunoreactive terminals are often seen within the
high-nNOS patches (Fig. 5E-G).

Dysbindin immunoreactivity in Purkinje cell dendrites does
not require climbing fiber input

In addition to strong dysbindin immunoreactivity in a subset of
mossy fiber synaptic glomeruli, the Purkinje cell somata are usu-
ally lightly stained with anti-dysbindin and weak, patchy staining
of the cerebellar molecular layer, in particular on the primary
shafts of Purkinje cell dendrites, is also seen in most regions of the
cerebellar cortex (Fig. 6A). Little or no reaction product was
deposited in the secondary dendrites or dendritic spines. If dys-
bindin is associated with synapses on Purkinje cells then, based
onitslocalization to the smooth primary dendrites, it seems likely
that either it is located presynaptically in the climbing fiber ter-
minals or postsynaptically in the dendritic shafts. To differentiate
between these possibilities, a single dose of 3-acetylpyridine was
used to cause the degeneration of the inferior olivary complex,
and thus the climbing fiber afferent projection [rat (Desclin and
Colin, 1980) and mouse (Armstrong et al., 2001)]. Between 7 and
11 d after treatment, mice developed ataxic limb movements,
and histological examination of cresyl violet—stained sections re-
vealed that most neurons in the inferior olives had degenerated
(Fig. 6 B,C). In contrast, dysbindin immunoreactivity in Purkinje
cell dendrites was unchanged by climbing fiber deafferentation
(Fig. 6 D), suggesting that dysbindin is postsynaptic (associated
with Purkinje cell dendrites) rather than presynaptic in the
climbing fiber terminals. In rats, climbing fiber deafferentation
after the administration of 3-acetylpyridine was followed by the
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clearing of climbing fiber debris from the molecular layer within
3 d of treatment (Desclin, 1976). Therefore, in our model, the
persistence of dysbindin immunoreactivity in climbing fiber ter-
minal debris can be ruled out because mice were allowed to sur-
vive for at least 7 d after treatment.

Dysbindin expression in the cerebellum of mdx mice

In brain, dysbindin is associated with the dystrobrevins as part of
a dystrophin-associated protein complex (Blake et al., 1999).
Therefore, we have looked at cerebellar dysbindin expression in a
mouse model for Duchenne muscular dystrophy, the mdx mu-
tant, in which dystrophin is absent. It has been shown previously
that in mdx muscle, dysbindin immunoreactivity is increased at
the sarcolemma (Benson et al., 2001). To determine whether the
same is true in the cerebellum, Western blots of cerebella extracts
from mdx (mdx/mdx female and mdx/Y male) mice and +/+
littermates were probed with anti-dysbindin. No consistent up-
regulation of dysbindin expression was identified (Fig. 74, inset).
However, when transverse sections of normal (+/+) and mdx
mice were immunostained with anti-dysbindin and compared, a
striking difference was observed: in lobules IX-X (NZ) of mdx
mice, many more glomeruli are immunoreactive, and the
parasagittally oriented clusters of dysbindin-immunoreactive
glomeruli are replaced by a homogenous pattern in which low
density stripes in the granular layer of the +/+ mouse (Fig. 7A,C)
are filled with immunoreactive glomeruli in mdx (Fig. 7B,D).
Relative numbers of mossy fiber glomeruli were estimated from
serial sections through the dorsal aspect of the lobule IX of the
vermis, immunoperoxidase-stained for anti-dysbindin (three
+/+ controls and three mdx/mdx mutants; dysbindin immuno-
reactive glomeruli from three 40 um thick transverse sections
were counted per individual; 1.25 mm of granular layer was
counted on either side of the midline. The numbers are not ste-
reologically corrected. There is a more than threefold increase in
dysbindin-immunoreactive glomeruli in the lobule IX of mdx
(333 = 20.8 glomeruli per millimeter width per section in mdx;
96 £ 8.8in +/+;p < 3.5 X 10 %% ANOVA). Histograms gen-
erated by counting profiles immunoreactive for dysbindin in
matched sections from mdx and +/+ mice confirm the differ-
ences in staining pattern: in mdx, not only are the spaces between
clusters now densely filled with stained glomeruli but in addition,
the regions in +/+ animals that are relatively highly reactive are
also more densely populated with reactive terminals in mdx cer-
ebella (Fig. 7E). Similar increases in dysbindin-immunoreactive

<«

Figure5. Heterogeneity of the granularlayer. 4, transverse section through lobule X double-
immunofluorescence-labeled for dysbindin (red) and ChAT (green). The first lateral cluster is
shown (see Figs. 2, 3B). Double-labeled profiles are rare, implying that mossy fiber terminals
immunoreactive for ChAT constitute a separate population from those that stain with anti-
dysbindin. B, Calretinin immunoreactivity reveals parasagittally oriented clusters of unipolar
brush cells. A high-power view of a single unipolar brush cell is shown in the inset. ¢, High-
magnification view of the granular layer showing profiles immunoreactive for calretinin alone,
and for both calretinin and dysbindin. D, Confocal image of a single unipolar brush cell suggests
that profiles immunoreactive for calretinin alone are primarily unipolar brush cell somata, and
profiles immunoreactive for both calretinin and dysbindin are primarily unipolar brush cell
dendrites (arrow) associated tightly with mossy fiber terminals (asterisk). £, F, G, Transverse
sections through the vermis double-immunofluorescence-stained for nNOS (green) and dys-
bindin (red). The expression patterns of dysbindin and nNOS are primarily complementary.
nNOS immunoreactivity in lobule IV is homogeneous in the molecular layer but highly hetero-
geneous in the granular layer, in which it is preferentially found in the deeper half, closer to the
white matter, in which it is restricted to a complex array of patches. In contrast, dysbindin
immunoreactivity is heaviest nearer the Purkinje cell layer. Scale bars: 4, 50 wm; B, 250 wm
(inset, 50 pem); G 50 wm; D, 10 m; £, 250 wm; F, 100 wm; G, 50 pem.
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Figure 6. A, Dyshindin immunoreactivity is associated with Purkinje cell dendrites. Trans-
verse section through the cerebellar vermis immunoperoxidase stained with anti-dysbindin.
Reaction product is deposited in mossy fiber synaptic glomeruli in the granular layer, lightly in
the Purkinje cell somata in the Purkinje cell layer, and intensely as punctae along the Purkinje
cell primary dendritic shafts and their initial branch points in the molecular layer (arrow). There
is little or noimmunoreactivity in the secondary and tertiary dendrites or the dendritic spines. B,
(, Climbing fiber afferents are not necessary to maintain dyshindin expression in the molecular
layer. Cresyl violet—stained sections through the medulla oblongata of control mice ( B) show-
ing the inferior olivary complex (I0C) and a 3-acetylpyridine-treated animal (C) 11 d after
injection showing the almost complete ablation of the inferior olivary complex. D, Confocal
microscopic analysis of a section from a 3-acetylpyridine-treated mouse double-
immunofluorescence-stained for the Purkinje-cell-specific protein calbindin (green) and dys-
bindin (red). Purkinje cell bodies and primary dendrites remain immunoreactive for both anti-
gens (arrow), despite the ablation of climbing fiber innervation. Scale bars: 4, 100 pm; B, C (in
(), 250 pm; D, 20 pum.

terminals were not observed in other regions of the vermis, or in
the hemispheres (data not shown).

The loss of well-defined stripes of dysbindin-immunoreactive
mossy fiber terminals in the NZ of mdx mice does not extend to
other aspects of cerebellar compartmentation. First, the expres-
sion of zebrin IT in mdx mice is entirely normal (compare Figs. 8 A
and 8 B). Thus, the absence of dystrophin from the Purkinje cell
dendrites does not affect the development of Purkinje cell com-
partmentation, and the ectopic dysbindin expression by mossy
fiber glomeruli is not secondary to abnormal Purkinje cell com-
partmentation. The same is true for nNOS expression (data not
shown). Secondly, the distribution of calretinin immunoreactiv-
ity is unchanged (compare Figs. 8C and 8 D): parasagittal clusters
of calretinin immunoreactive unipolar brush cells are clear in the
mdx cerebellum, although glomeruli enriched with dysbindin are
homogeneously distributed (and dysbindin-immunoreactive
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projections by far outnumber the available unipolar brush cell
targets in mdx). Thus, ectopic dysbindin expression in mossy
fiber glomeruli is not secondary to ectopia of the unipolar brush
cells. To address the question of whether the additional anti-
dysbindin immunoreactive mossy fiber terminals in mdx reflect a
general increase in the number of synapses, we have used perox-
idase immunocytochemistry to compare several other proteins
associated with mossy fiber presynaptic terminals: ChAT (Bar-
mack etal., 1992a,b,c) (Fig. 8 E,F); synaptophysin (Wiedenmann
and Franke, 1985; Leclerc et al., 1989; Fykse et al., 1993) (Fig.
8G,H); synaptoporin (Fykse et al., 1993) (Fig. 81,]); and cysteine
string protein (Braun and Scheller, 1995; Kohan et al., 1995) (Fig.
8K,L). In no case was a significant difference observed between
+/+ and mdx cerebella (n = 3).

Discussion

The parasagittal mossy fiber terminal fields revealed by anti-
dysbindin staining are consistent with much that is known about
cerebellar anatomy. The striped organization of the cerebellum is
best understood from the perspective of Purkinje cell heteroge-
neity (Herrup and Kuemerle, 1997; Oberdick et al., 1998; Arm-
strong and Hawkes, 2000), but the granular layer of the cerebel-
lum is also both anatomically and biochemically heterogeneous
(for review, see Ozol and Hawkes, 1997). For example, granular
layer heterogeneity is revealed in the expression patterns of ace-
tylcholinesterase (Marani and Voogd, 1977; Boegman et al.,
1988), cytochrome oxidase (Hess and Voogd 1986; Leclerc et al.,
1990), and nNOS (Yan et al., 1993; Hawkes and Turner, 1994;
Schilling et al., 1994). Similarly, granular layer heterogeneity is
also seen in the distribution of unipolar brush cells (Mugnaini
and Floris, 1994). Most pertinently here, several mossy fiber af-
ferent projections terminate in parasagittal stripes [e.g., cholin-
ergic terminals originating from the medial vestibular nucleus
(Barmack et al., 1992a,b; Jaarsma et al., 1997), spinocerebellar
mossy fibers (Gravel and Hawkes, 1990; Ji and Hawkes, 1994),
and cuneocerebellar mossy fibers (Ji and Hawkes, 1994; Serapide
etal.,, 1994)]. Thus, the restriction of dysbindin immunoreactiv-
ity to a subset of synaptic glomeruli implies an association with
one specific mossy fiber pathway or more. The arrangement of
dysbindin-immunoreactive terminals in the AZ is different from
both the spinocerebellar and cuneocerebellar projections [mouse
(Akintunde and Eisenman, 1994) and rat (Ji and Hawkes, 1994;
for review, see Ozol and Hawkes, 1997)], both of which terminate
in stripes but with a different topographical relationship to the
overlying Purkinje cell layer.

The distribution of dysbindin-immunoreactive mossy fiber
glomeruli in the NZ of the vermis resembles both ChAT immu-
noreactivity and the distribution of unipolar brush cells (Dino et
al,, 1999). The distribution of dysbindin immunoreactivity in
other areas of the brain also resembles that of ChAT (e.g., the
dorsal cochlear nucleus and the hippocampus; Benson et al.,
2001). It has been shown that unipolar brush cells are targets of
ChAT-immunoreactive mossy fiber terminals (Jaarsma et al.,
1996, 1997). However, anti-dysbindin and anti-ChAT immuno-
reactivities do not colocalize to the same glomeruli, suggesting
that at least two mossy fiber afferent systems converge on the
excitatory unipolar brush cell pathway in the NZ. The data are
supported by previous work that showed ChAT-positive mossy
fibers in the rat cerebellum account for only 20% of the afferent
input to calretinin-immunoreactive unipolar brush cells
(Jaarsma et al., 1996). It seems plausible then that dysbindin-
immunoreactive mossy fibers partially account for the remaining
80% and innervate a subset of unipolar brush cells that are not
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Figure 7.  Dysbindin expression is abnormal in mossy fiber synaptic glomeruli of the mdx
mouse cerebellum. 4, B, Immunoperoxidase-stained transverse sections through lobule IX of
the control (4, +/+) and dystrophic (8, mdx) mice. The dashed line indicates the midline. The
1and 2 clusters of dyshindin-immunoreactive glomeruli are labeled in A. The same clusters are
difficult to discern in the mdx mouse ( B) because the intervening granular layer now has nu-
merous immunoreactive profiles (B). 4, inset, Western blot analysis comparing dysbindin ex-
pression in protein extracts from the cerebella of mdx mice versus wild-type littermates. In both
the +/+ and mdyx, a prominent band was detected at ~50 kDa: densitometric scanning
revealed no significant difference between the two (the lower-molecular-weight antigen seen
in Fig. 1 was not detected in this sample). G, D, The regions of granular layer outlined by the
rectangles in A and B, showing ectopic dysbindin immunoreactivity in the mdx mouse. £, His-
tograms illustrating the number of glomeruli in six individuals: three mdx and three +/+
(control littermates). The bins represent the mean == SEnumbers of dysbindin immunoreactive
profiles from three 40 um transverse sections from each individual, taken from ventral lobule IX
immunoperoxidase stained with anti-dysbindin. The scale is in millimeters. There is a more
than threefold increase in the number of immunoreactive glomeruliin mdx. Furthermore,
in +/+, at least five parasagittal clusters are evident (1, at the midline; 2 and 3, laterally
to either side), whereas in mdy, distinct clusters are obscured. Scale bars: 4, B (in B), 250
um; G D (inD), 50 wm.

Figure8.  Many aspects of cerebellar patterning are unaffected in the mdx mouse. 4, G £, G,
I, K, +/+;B D, F,H,J,L, mdx.A, B, Transverse sections through lobule Il (AZ) immunofluores-
cence stained for zebrin 1. TheP1 " and P2 ™ stripes are distinctin both. C, D, Transverse section
through lobule IX immunofluorescence stained for calretinin. Roughly equal numbers of reac-
tive profiles (predominantly unipolar brush cells) are stained in both. £, F, Transverse section
through lobule IX immunoperoxidase-stained for ChAT. The number of mossy fiber glomeruli
immunoreactive for ChATin mdx mice s unchanged. Three proteins associated with mossy fiber
presynaptic terminals were also compared in immunoperoxidase-stained transverse sections
through lobule IX: synaptophysin (G, H), synaptoporin (/, /), and cysteine string protein (K, L).
No systematic differences were seen between +/-+ and mdx. Scale bars: 4, B (in B), 500 m;
G D(inD), 250 wm; £, F(in ), 100 m; 6L (in H), 50 pem.

associated with any cholinergic pathways (e.g., the metabotropic
glutamate receptor 1 e—immunoreactive subset of unipolar brush
cells; Nunzi et al., 2002).

Dysbindin binds both a- and B-dystrobrevins; in muscle it
physically interacts with dystrobrevin as part of a complex with
dystrophin (Benson et al., 2001). B-Dystrobrevin is also associ-
ated with synapse-enriched fractions from the brain (Blake et al.,
1999), and in the cerebellum, B-dystrobrevin immunoreactivity
is found in granule cells (i.e., the postsynaptic site in the mossy
fiber synaptic glomeruli) and in Purkinje cells. Therefore, it
seems likely that in the cerebellum in vivo, dysbindin binds to
B-dystrobrevin in both mossy fiber and climbing fiber synapses.
It is unclear whether dysbindin in the cerebellum is presynaptic
or postsynaptic. In fact, as is the case for other putative members
of the DPC, dysbindin appears to be presynaptic (or transsynap-
tic) in some locations; for example mossy fiber glomeruli termi-
nals in the granular layer (as reported for dystrophin in the retina,
in which it is associated with the presynaptic membrane of the
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outer plexiform layer; Ueda et al., 1995), and postsynaptic at
others (for example, in climbing fiber synapses on Purkinje cell
primary dendrites, as reported for dystrophin at the neuromus-
cular junction) (for review, see Blake et al., 2002).

Abnormal anti-dysbindin immunostaining in mdx may re-
flect either mossy fiber sprouting, ectopic dysbindin expression
by other mossy fibers, or the unmasking of normally concealed
epitopes. Mossy fiber compartmentation is established early in
development through the direct interaction between afferent
growth cones and embryonic Purkinje cell clusters (for review,
see Sotelo and Wassef, 1991), and it is refractory to manipulation
in the adult. For example, when the spinocerebellar tracts were
lesioned, the afferent topography of the neighboring cuneocer-
ebellar projections was unaffected, suggesting that sprouting
and/or competitive interactions for neighboring target space do
not play a significant role in the maintenance of normal topog-
raphy (Ji and Hawkes, 1995). Abnormal topography is seen in
some mouse mutants in which Purkinje cells are affected (Sotelo
and Wassef, 1991), but there is no evidence that the topography
of the target tissue in mdx is abnormal (zebrin II, nNOS, and
calretinin are all distributed normally).

In muscle, the absence of dystrophin in mdx tissue results in
the upregulation of dysbindin expression (Benson et al., 2001).
The situation may be similar in the cerebellum. Counts of glo-
meruli immunoreactive for dysbindin in the granular layer of
mdx mice reveal many additional dysbindin-immunoreactive
terminals. Therefore, dysbindin immunoreactivity in mossy fiber
glomeruli that are normally unreactive seems a more plausible
explanation. It is unclear why no upregulation was detected by
Western blotting. Perhaps the robust increases seen by immuno-
cytochemistry in the NZ are too small a fraction of the total
dysbindin, taking into account other cerebellar regions plus the
Purkinje cell-associated antigen, which are unchanged in mdx.
Alternatively, more dysbindin-immunoreactive mossy fiber ter-
minals may be stained because epitopes on the dysbindin protein
that are normally masked in the DPC are unmasked in mdx be-
cause of the lack of dystrophin; this would also be consistent with
the absence of changes in other mossy fiber synaptic proteins
(Fig. 8). Whatever the explanation (sprouting, ectopic expression
or structural abnormalities in a particular family of DPCs) the
finding of abnormalities in the posterior cerebellar vermis in mdx
may help to explain some of the neurological deficits in muscular
dystrophy and schizophrenia. Approximately one-third of chil-
dren diagnosed with Duchenne muscular dystrophy show signs
of dyslexia and mild mental retardation (for review, see Blake and
Kroger, 2000). First, deficits in verbal working memory, a sub-
stantial component of the cognitive impairment in Duchenne
muscular dystrophy (Hinton et al., 2000), are believed to have
cerebellar involvement (Desmond et al., 1997). Second, it is be-
coming well accepted that the reading deficits in dyslexia are
accompanied by general impairments in the ability to perform
automatic motor tasks that are thought to depend on the cerebel-
lum. Third, the mossy fiber projections to the NZ, the region
abnormal in mdx, is associated with the regulation of eye move-
ments (for review, see Lewis and Zee, 1993; Raymond et al., 1996;
Raymond, 1998); saccadic eye movements are selectively im-
paired in muscular dystrophy (for review, see Lui et al., 2001;
Anderson etal., 2002). The same is true in schizophrenia (Avila et
al., 2002a,b). Given recent evidence of linkages between single-
nucleotide polymorphisms in the 6p22.3 region of the human
ortholog of mouse dysbindin and inherited schizophrenia
(Straub et al., 2002) and of structural abnormalities in the cere-
bellar vermis of schizophrenia patients (Ichimiya et al., 2001;
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Okugawa etal., 2002), we speculate that abnormalities in cerebel-
lar afferent pathways may contribute to the cognitive and eye
movement control deficits in patients with muscular dystrophy
and schizophrenia.
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