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Cerebellar Synaptic Defects and Abnormal Motor Behavior
in Mice Lacking �- and �-Dystrobrevin
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The dystrobrevins (�DB and �DB) bind directly to dystrophin and are components of a transmembrane dystrophin– glycoprotein
complex (DGC) that links the cytoskeleton to extracellular proteins in many tissues. We show here that �DB, �DB, and dystrophin are all
concentrated at a discrete subset of inhibitory synapses on the somata and dendrites of cerebellar Purkinje cells. Dystrophin is depleted
from these synapses in mice lacking both �DB and �DB, and DBs are depleted from these synapses in mice lacking dystrophin. In
dystrophin mutants and �DB,�DB double mutants, the size and number of GABA receptor clusters are decreased at cerebellar inhibitory
synapses, and sensorimotor behaviors that reflect cerebellar function are perturbed. Synaptic and behavioral abnormalities are minimal
in mice lacking either �DB or �DB. Together, our results show that the DGC is required for proper maturation and function of a subset of
inhibitory synapses, that DB is a key component of this DGC, and that interference with this DGC leads to behavioral abnormalities. We
suggest that motor deficits in muscular dystrophy patients, which are their cardinal symptoms, may reflect not only peripheral derange-
ments but also CNS defects.
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Introduction
The integrity of skeletal muscle fibers is maintained in part by a
multi-molecular, transmembrane protein complex called the
dystrophin– glycoprotein complex (DGC) that links the cytoskel-
eton to the extracellular matrix (Ervasti and Campbell, 1991) (for
review, see Blake et al., 2002). The best studied component of the
DGC is dystrophin itself, a large (�400 kDa) protein associated
with the inner face of the plasma membrane of the muscle cell.
The dystrophin gene is mutated in patients with Duchenne mus-
cular dystrophy, the most common congenital human neuro-
muscular disease (Hoffman et al., 1987). Likewise, mutations in
genes encoding any of 10 other DGC components or DGC-
related genes lead to muscular dystrophies in humans or animal
models [�-, �-, �-, and �-sarcoglycan, �-dystrobrevin (�DB),
laminin �2, and four enzymes that selectively glycosylate dystro-
glycan] (for review, see Dalkilic and Kunkel, 2003; Muntoni et al.,
2004).

Duchenne’s original description of the disease that bears his
name noted that many patients suffer from cognitive impair-
ments as well as muscle disease (Duchenne, 1868). This finding
has been amply confirmed (for review, see Blake and Kroger,
2000; Anderson et al., 2002) and extended to include defects in
the neural retina (Pillers et al., 1993) (for review, see Schmitz and

Drenckhahn, 1997). Likewise, neural defects have been docu-
mented in dystrophin-deficient mutant mice, including behav-
ioral and visual abnormalities and alterations in the structure and
function of inhibitory cerebellar and retinal photoreceptor syn-
apses (Pillers et al., 1995; Knuesel et al., 1999; Anderson et al.,
2003; Green et al., 2004; Vaillend et al., 2004).

How does dystrophin affect neuronal structure and function?
One obvious possibility is that dystrophin acts as part of a DGC in
brain as it does in muscle. Indeed, several DGC proteins are
present in central neurons and appear to interact in a manner
similar to that seen in muscle (Peters et al., 1997; Blake et al.,
1998, 1999; Moukhles and Carbonetto, 2001; Neely et al., 2001;
Zaccaria et al., 2001; Brunig et al., 2002; Levi et al., 2002). How-
ever, cerebral phenotypes of mutants in which the DGC is dis-
rupted primarily reflect abnormalities in non-neuronal cells.
Loss or abnormal glycosylation of brain dystroglycan, a core
component of muscle DGC, results in cerebral malformations
secondary to disruption of the developing pia (Michele et al.,
2002; Moore et al., 2002). Mice lacking the cytoplasmic DGC
component, �-syntrophin, have reduced levels of the water chan-
nel protein aquaporin-4 in perivascular astrocytes, resulting in
impaired ion balance and susceptibility to epilepsy (Amiry-
Moghaddam et al., 2003). Thus, despite growing evidence that
the DGC is important for cerebral development and function,
roles of the neuronal DGC remain unclear.

Here we have used mice lacking the DGC components �DB
and �DB to reexamine this issue. �DB is a soluble cytoplasmic
protein that binds directly to dystrophin and syntrophin. We
showed previously that mice lacking �DB (adbn�/�) exhibit a
mild muscular dystrophy as well as defects in their neuromuscu-
lar junction (NMJs) and myotendinous junctions (Grady et al.,
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1999, 2000, 2003; Akaaboune et al., 2002). �DB is abundant in
brain (Blake et al., 1996, 1999), but adbn�/� mice showed no
obvious CNS defects. We speculated that this might reflect the
coexpression in brain of a homolog, �DB, which is predomi-
nantly expressed in the nervous system (Peters et al., 1997; Blake
et al., 1998, 1999). We therefore generated �DB mutants
(bdbn�/�) and double mutants lacking both �DB and �DB [dou-
ble knock-outs (DKOs)]. We show here that dystrophin is lost
from a subset of inhibitory synapses in DKO brain and that DKOs
exhibit synaptic and behavioral defects similar, although not
identical, to those seen in dystrophin-deficient (mdx) mice. Our
results provide the first evidence for a role of �DB in any tissue,
the first evidence that DGC components other than dystrophin
affect synaptic structure in the brain, and indirect evidence that
some but not all of the effects of dystrophin on neurons reflect its
association with the DGC.

Materials and Methods
Mice
To generate bdbn�/� mice, embryonic stem cells in which the bdbn gene
had been insertionally mutated (see Fig. 1 A, B) were obtained from Lex-
icon Genetics (Woodlands, TX) [Omnibank sequence tag 109050 (de-
scribed by Zambrowicz et al., 1998)], expanded, and injected into
C57BL/6 mice. Generation of adbn�/� mice was described previously
(Grady et al., 1999). mdx mice (C57BL/10ScSn-Dmd mdx/J) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). All DB mutants
were maintained on a C57BL/6 background. For Southern analysis,
genomic DNA was digested with BamH1 and probed with the fragment
of the bdbn gene shown in Figure 1 B.

Immunochemistry
Antibodies used in this study were as follows. A rabbit polyclonal antibody to
DB was generated in our laboratory to a recombinant fragment of �DB that
is shared by all reported �DB isoforms (Peters et al., 1998; Grady et al., 1999).
We also generated monoclonal antibodies to a recombinant fragment of
�DB; several antibodies were obtained that reacted with �DB, but all of them
also recognized �DB. One antibody, 1E1, of the IgG1 subclass, was used in
this study. Mouse monoclonal anti-dystrophin (DYS2) was obtained from
Novocastra (Newcastle, UK), rabbit polyclonal anti-GABAA�1 receptor
subunit was from Alomone Labs (Jerusalem, Israel), mouse monoclonal
anti-gephyrin (mAb7a) was from Synaptic Systems (Goettingen, Germany),
mouse monoclonal anti-postsynaptic density-95 (PSD-95) was from Affin-
ity BioReagents (Golden, CO), fluorescein- and peroxidase-conjugated goat
anti-mouse IgG1 were from Roche Diagnostics (Indianapolis, IN), Alexa
Fluor 488-conjugated goat anti-mouse IgG2a was from Invitrogen (Carls-
bad, CA), and cyanine 3-conjugated goat anti-rabbit was from Jackson Im-
munoResearch (West Grove, PA).

Immunoblotting was performed as described by Grady et al. (2003).
Aliquots of whole-tissue extracts were resolved on 7.5% SDS-
polyacrylamide gels, incubated with antibody, and detected with a
peroxidase-conjugated secondary antibody.

For immunohistochemistry, tissue was frozen in liquid nitrogen-
cooled isopentane and sectioned in a cryostat at 5–10 �m. Sections were
stained with primary antibody for 2 h, rinsed, incubated 1 h with second-
ary antibody, mounted using 0.1% p-phenylenediamine in glycerol/PBS,
and viewed with a microscope equipped for epifluorescence microscopy
(Axioskop; Zeiss, Oberkochen, Germany) or with a confocal microscope
(Olympus Optical, Melville, NY) (see Figs. 3G, 5A). In most cases, un-
fixed tissue was used; for GABAA receptor staining, sections were fixed in
2% paraformaldehyde/PBS before staining. Longitudinal sections of
muscle were prepared and stained as described by Grady et al. (2000,
2003).

For analysis of GABAA receptor clusters, whole-field digital micro-
graphs of control, DKO, and mdx cerebellar sections, stained simulta-
neously, were taken at equivalent locations and exposure times using a
63� oil objective (Zeiss). A total of 21–25 micrographs from two mice
per genotype were obtained. Images were imported into Photoshop 6.0

(Adobe Systems, San Jose, CA). Using the Levels command, intensity
values of synaptic puncta for each micrograph were maintained while
background intensity was adjusted to black. Puncta were then counted
and sized using automated analysis functions (MetaMorph; Universal
Imaging Corporation, Downington, PA). Statistical analysis was done
using unpaired t test.

In situ hybridization
Riboprobes specific for �DB and �DB were synthesized and labeled with
digoxigenin by standard protocols and hybridized overnight to 20 �m
cryostat sections. Sections were washed 3 h in 0.2� SSC at 65°C, incu-
bated with alkaline phosphatase-conjugated anti-digoxigenin antibody,
and detected using nitroblue-tetrazolium-chloride/5-bromo-4-chlor-
indolyl-phosphate solution (Roche Diagnostics). Nuclei were stained be-
fore mounting with 4�,6�-diamidino-2-phenylindole (Invitrogen).

Behavioral testing
Control (C57BL/6) and mutant mice were age (range of 3–9 months) and
sex matched, housed in standard cages, and maintained ad libitum on
food and water and a 12 h light/dark cycle. C57BL/6 served as control for
mdx mice because previous work has shown no significant differences
between C57BL/6 and C57BL/10 in a large battery of behavioral and
motor analyses (Rafael et al., 2000).

Forelimb grip strength
Forelimb grip strength was evaluated using a grip strength meter (Stoelting,
Wood Dale, IL) as described by Connolly et al. (2001). The procedure in-
volved teaching a mouse to grab a “grasping trapeze” (a force transducer
connected to a peak amplifier) when pulled by the tail. A peak pull force was
measured when the pulling force overcame the mouse’s grip strength. Our
protocol involved 3 d of habituation in which each mouse was given a num-
ber of trials until it performed five “solid” pulls. Testing involved two five-
trial sessions, with each session being conducted on consecutive days. The
dependent variable was mean pulling force (grams), which was computed
across the total 10 trials of testing for each animal.

Sensorimotor tests
Sensorimotor tests were conducted as described previously (Wozniak et
al., 2004).

Platform test. Each mouse was timed for how long it remained on an
elevated, circular platform (1.0 cm thick; 3.0 cm in diameter) with
rounded edges. A maximum score of 60 s was assigned if the mouse
remained on the platform for the entire test trial or if it could climb down
on a very thin pole that supported the platform without falling.

Inverted screen test. Each mouse was placed in the middle of wire mesh
grid (16 squares per 10 cm) that was inverted to 180°. A mouse was timed
for how long it remained upside down on the screen, with a maximum
score of 60 s being given if the animal did not fall. Two trials were
administered for each test with 2 h intervening between trials, and means
were calculated across the trials for each mouse.

Motor coordination and balance
Motor coordination and balance were evaluated using the rotorod (Rota-
mex-5; Columbus Instruments, Columbus, OH) test, which involved
three conditions: a stationary rod (60 s maximum); a rotating rod with a
constant speed (5 rpm for 60 s maximum); and a rod that had an accel-
erating rotational speed (5–20 rpm over 0 –180 s). The present protocol
differed somewhat from our previously published methodology (Ho et
al., 2000) in that it was designed to minimize learning. This included
three training sessions, each session being separated by 4 d. Each session
included one trial on the stationary rod, two trials on the constant-speed
rotorod, and two trials on the accelerating rotorod. Time spent on the
rod in each condition was used as the dependent variable.

Statistical analyses
ANOVA models were used to analyze the behavioral data. Typically, the
statistical models included one between-subjects variable (genotype) and
sometimes one within-subjects (repeated measures) variable, such as
trials. When ANOVAs with repeated measures were conducted, the
Huynh–Feldt adjustment of � levels was used for all within-subjects
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effects containing more than two levels to protect against violations of the
sphericity/compound symmetry assumptions underlying this ANOVA
model. Bonferroni’s correction was used to maintain � levels at 0.05
when multiple comparisons were made.

Electroretinograms
Control (C57BL/6; n � 7) and DKO (n � 5) mice, aged 7–10 months,
were dark adapted overnight. Flash electroretinograms (ERGs) were re-
corded from ketamine/xylazine-anesthetized mice as described by Ohle-
miller et al. (2000). Responses to five flashes from a Grass Instruments
(Quincy, MA) PS33-Plus xenon white light flash source (integrated in-
tensity of 2.3 cd/s/m 2 at the eye), separated by 10 s, were bandpass filtered
(0.1–1000 Hz), digitized at 3 kHz, and averaged. Amplitude and latency
(time-to-peak) of both a-wave and b-wave were measured and analyzed
by unpaired t test.

Results
Generation of DB mutant mice
We previously generated adbn�/� mice and showed that they
were viable and fertile but had mild muscular dystrophy as well as
defects in their neuromuscular and myotendinous junctions
(Grady et al., 1999, 2000, 2003). To generate bdbn�/� mice, we
used embryonic stem cells bearing a mutational insert between
exons 3 and 4 (Fig. 1A,B). These exons are upstream of all four
known sites of alternative splicing (Loh et al., 1998), and the
insert contains sequences that promote aberrant splicing and that
terminate translation and transcription of the mutated gene
(Zambrowicz et al., 1998). Accordingly, the insert would be ex-
pected to block expression of all �DB isoforms. The location of
the mutagenic insert was confirmed by Southern blot analysis
(Fig. 1C). Immunoblotting of tissue extracts from bdbn�/� liver,
kidney, and brain, using a monoclonal antibody that recognizes
both �DB and �DB (1E1; see Materials and Methods) revealed
complete loss of �DB with no obvious compensatory increase in
�DB (Fig. 1D and data not shown). In addition, reverse

transcription-PCR, using an upstream primer in exon 3 and a
downstream primer in exon 4, generated no wild-type product
from bdbn�/� brain, whereas abundant product was obtained
from control brain (data not shown). Thus, we conclude that the
allele was a functional null.

Heterozygous (bdbn�/�) mice appeared normal, and ho-
mozygous (bdbn�/�) mice were produced in expected numbers.
The bdbn�/� mice were viable, fertile, and outwardly normal,
consistent with results reported for an independently generated
�DB mutant allele (Loh et al., 2001). The adbn�/� and bdbn�/�

mice were crossed to generate adbn�/�, bdbn�/� and then
adbn�/�,bdbn�/� DKOs. DKOs were produced in expected
numbers from matings of adbn�/�,bdbn�/�, adbn�/�,bdbn�/�,
or adbn�/�,bdbn�/� animals. Like adbn�/� and bdbn�/� mice,
DKOs were viable, fertile, and overtly normal in appearance.

Figure 2. Localization of DB in skeletal muscle and hippocampus. Sections of wild-type (wt),
adbn�/�, bdbn�/�, and DKO tissue were stained with an antibody that recognizes both �DB
and �DB. A–D, In skeletal muscle, �DB is associated with the sarcolemma of muscle fibers; its
levels are markedly increased at neuromuscular junctions. Synaptic sites (arrows) were identi-
fied by counterstaining with �-bungarotoxin (data not shown). No immunoreactivity is present
in adbn�/� muscle, whereas bdbn�/� muscle is indistinguishable from that of controls, indi-
cating that all DB in this tissue is �DB. E–H, In hippocampus, �DB is present in small puncta in
the neuropil and in the walls of blood vessels (arrows). I, Higher magnification of �DB staining
in bdbn�/� hippocampus. Scale bars: (in D) A–D, 20 �m; (in H ) E–H, 10 �m; I, 10 �m.

Figure 1. Generation of bdbn�/� mice. A, Organization of the mouse bdbn gene, based on
Loh et al. (1998). Exons are numbered 1–18, and the four subject to alternative splicing are
indicated by * (Peters et al., 1997; Blake et al., 1998). UTR, Untranslated region. B, Location of
gene trap vector that disrupted the bdbn gene. BamH1 sites and probe used for Southern blot
analysis are indicated. C, Southern blot analysis of BamH1-digested genomic DNA from
bdbn�/� mice and littermates. A �5.0 kb fragment present in the wild-type (�/�) allele is
replaced by a �4.0 kb fragment in the mutant allele. D, Immunoblots of protein extracts from
liver and kidney of bdbn�/� and bdbn�/� mice using an antibody that recognizes both �DB
(�) and �DB (�). The �70 kDa �DB band is completely absent from mutants, but the level of
the �80 kDa �DB band is unchanged.
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Localization of DB in muscle
and forebrain
Antibodies to DB that we generated, pur-
chased, or obtained from colleagues either
recognized both �DB and �DB or failed
to stain brain tissue satisfactorily, as
judged by persistence of staining in mu-
tants (data not shown). We therefore de-
termined localization of the two orthologs
by immunostaining tissue sections from
wild-type, adbn�/�, bdbn�/�, and DKO
mice with antisera that recognized both
�DB and �DB and comparing the result-
ant staining patterns. Consistent with pre-
vious reports, DB was detected along the
surface of skeletal muscle fibers, with in-
creased levels at the neuromuscular junc-
tions (Blake et al., 1996; Peters et al., 1998;
Grady et al., 1999, 2000). No immunore-
activity persisted in adbn�/� muscle,
whereas bdbn�/� muscle did not differ de-
tectably from controls. We conclude that
all DB present in muscle fibers is �DB, a
finding consistent with other reports (Pe-
ters et al., 1997; Blake et al., 1998). Neither
was DB was detected in the vasculature
(Fig. 2A–D and data not shown).

In contrast, both �DB and �DB were
present in the forebrain (cerebral cortex
and hippocampus) (Fig. 2E–I and data
not shown). Three types of staining were
observed in wild-type brain. First, small,
densely packed DB-positive puncta were
present throughout most of the neuropil
(gray matter) but were absent from my-
elinated (white matter) tracts. Second, DB
was present in the walls of cerebral blood
vessels (in contrast to its absence from
vasculature in muscle). Third, DB was
present along pial surfaces surrounding
the brain. In adbn�/� brain, no punctate
staining was observed, and staining of
blood vessels and pia was greatly reduced.
Staining of puncta, blood vessels, and pia
in bdbn�/� brain was similar to that in
controls. No DB immunoreactivity was
detectable in sections from DKO brain.
Together, these results indicate that the
small puncta contain �DB but not �DB,
whereas blood vessels and pia contain
both �DB and �DB. Furthermore, it
seems likely that levels of �DB are higher
than levels of �DB in vessels and pia. We
cannot completely rule out an alternative
possibility, that loss of �DB in bdbn�/�

mice led to a compensatory increase in �DB levels, but immuno-
blotting of bdbn�/� tissue provided no evidence for such com-
pensation (Fig. 1D) (Loh et al., 2001).

Association of DB with a subset of cerebellar
inhibitory synapses
In cerebellar cortex as in cerebral cortex, �DB was present in small
puncta and both �DB and �DB were present in blood vessels and pia

(Fig. 3A–D and data not shown). In addition, however, a second,
distinct set of DB-positive puncta was present in cerebellum but not
cortex. These structures were readily distinguishable from the
smaller puncta by both size (generally �0.7 �m compared with
�1.5 �m in diameter) and brightness. They were confined to the
molecular and Purkinje cell layers and appeared to localize to the
somata and dendrites of Purkinje cells (Fig. 3E,F). They were com-
pletely absent from DKO mice and their intensity was greatly

Figure 3. Localization of DB in cerebellum. A–D, Sections of wild-type (wt), adbn�/�, bdbn�/�, and DKO cerebellum were
stained with an antibody that recognizes both �DB and �DB. Small puncta in the molecular layer (ml) contain �DB but not �DB.
Walls of blood vessels (bv) and large puncta along Purkinje cell bodies (P) and dendrites (arrowheads) contain both �DB and �DB.
Inset in C shows the large puncta in bdbn�/� tissue in another section. E, F, Large and small puncta in wild-type tissue at higher
magnification. G–I, Sections of wild-type (G), adbn�/� (H ), and bdbn�/� (I ) cerebellum costained with antibodies to gephyrin
(G), a component of inhibitory synapses, or PSD-95 (H, I ), a component of excitatory synapses. Large DB-positive puncta (arrows)
colocalize with gephyrin but not PSD-95. Few small DB-positive puncta colocalize with either gephyrin or PSD-95. Scale bars: (in D)
A–D, 25 �m, E, 7 �m, F, 4 �m; (in I�) G, 14 �m, H, 10 �m, I, 5 �m.
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reduced in sections from bdbn�/� mice, but they remained promi-
nent in sections from adbn�/� mice. [In fact, the large puncta were
more prominent in adbn�/� than in control sections because of the
absence of the smaller puncta in the latter (Fig. 3, compare A, B)].
Thus, the larger, Purkinje cell-associated puncta contain both �DB

and �DB. Levels of �DB appear to be higher than those of �DB,
although, as above, we cannot rule out the possibility that loss of
�DB led to a compensatory increase in �DB.

The size and distribution of the large �DB-rich puncta in
cerebellum suggested that they were synapses. To test this idea,
we costained sections for DB plus gephyrin and PSD-95, which
mark inhibitory and excitatory postsynaptic membranes, respec-
tively. All large, �DB-rich puncta associated with Purkinje cell
dendrites but not somata and were also gephyrin-rich, whereas
few if any were PSD-95 positive (Fig. 3G,H). Thus, �DB associ-
ated with Purkinje cell dendrites localizes to inhibitory synapses.

The �DB associated with inhibitory synapses on Purkinje cells
might be present in presynaptic or postsynaptic elements. To
distinguish these possibilities, we performed in situ hybridization
with a probe specific for �DB (Fig. 4B). Purkinje cells expressed
�DB, supporting the idea that �DB is a postsynaptic component.
The presynaptic elements at such synapses are formed by inter-
neurons of the molecular layer: basket and stellate cells (Palay and
Chan-Palay, 1974). We detected no �DB RNA in such cells but
cannot exclude the possibility that �DB is present at low levels
presynaptically as well as postsynaptically.

We also asked whether the small, �DB-rich puncta in cerebel-
lum were associated with synapses. In fact, none of these puncta
colocalized with gephyrin and few with PSD-95 (Fig. 3H, I).
Thus, the small, �DB puncta may not be synaptic. To determine
their cellular source, we performed in situ hybridization with a
probe specific for �DB (Fig. 4A). Although low levels of �DB
RNA were present in Purkinje cells, the most prominent deposits

of �DB RNA appeared to be within Berg-
mann glial cell bodies located between
Purkinje cells (Palay and Chan-Palay,
1974). Processes of Bergmann glial cells
form specialized envelopes around nerve
terminals on Purkinje cells, in which they
appear to modulate synaptic transmission
(Grosche et al., 2002; Huang and Bordey,
2004). We therefore speculate that the
small �DB-positive structures in the mo-
lecular layer represent sites of interaction
between glial cells and surrounding
neurons.

Our findings that �DB is present in as-
trocytes and radial glia are consistent with
those of Blake et al. (1999). Their bio-
chemical data, showing concentration of
�DB in postsynaptic densities, is also con-
sistent with our immunohistochemical
finding that this isoform is concentrated
at inhibitory synaptic sites. Conversely,
their report of broadly distributed �DB-
like immunoreactivity in neuronal so-
mata and processes is inconsistent with
our results. Our confidence in the distri-
bution we report stems from the finding
that immunoreactivity is absent from mu-
tant tissue.

Interdependence of DB and
dystrophin colocalization
Knuesel et al. (1999) showed previously
that dystrophin is associated with a subset
of inhibitory synapses in cerebellum. We
asked whether the same synapses were DB

Figure 4. Localization of �DB and �DB RNA in cerebellum. In situ hybridization to sections
of wild-type cerebellum with probes specific for �DB (A) or �DB (B). A� and B� show high-
magnification views of areas in A and B. �DB RNA is present at highest levels in Bergmann glial
somata, which flank Purkinje cell (P) somata. �DB RNA is present at highest levels in Purkinje
cell bodies. Two Purkinje cell somata are outlined by dotted lines. Scale bar: A, B, 20 �m; A�, B�,
10 �m.

Figure 5. Localization of DB in dystrophin mutants and of dystrophin in DB mutants. A, Wild-type cerebellum stained with
antibodies to dystrophin (DYS; A) and DB (A�). Large DB-positive puncta on Purkinje cell bodies and their dendrites in the molecular
layer (ml) are also dystrophin positive. Both proteins are also present in blood vessels. B, Large DB-positive puncta are lost, but
small puncta persist in dystrophin mutant (mdx) molecular layer. C, Large dystrophin-positive puncta are lost in DB mutant (DKO)
molecular layer. D, Wild-type hippocampus stained with antibodies to dystrophin (D) and DB (D�). Large dystrophin-positive
puncta, located primarily in the pyramidal cell soma layer (p), are DB negative. Small DB-positive puncta distribute primarily to
dendritic layers (d). Insets show puncta at higher magnification. E, F, In hippocampus, distribution of DB is unaffected by loss of
dystrophin, and distribution of dystrophin is unaffected by loss of DB. Scale bars: (in C) A, 20 �m, B, C, 40 �m; (in F ) D–F, 30 �m.
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positive. Indeed, DB and dystrophin completely colocalized to
large synapses on Purkinje cells (Fig. 5A). This colocalization
included clusters associated with Purkinje cell bodies as well as
their dendrites.

To ask whether the localization of dystrophin and DB was
interdependent, we used mdx and DKO mutants. Loss of dystro-
phin, in mdx mice, led to loss of DB immunoreactivity from large
puncta (Fig. 5B). Likewise, loss of DB, in DKO mice, led to loss of
dystrophin from large puncta (Fig. 5C). Therefore, DB and dys-
trophin not only colocalize within Purkinje cells but also depend
on each other for maintaining that localization. The smaller,
�DB-rich puncta neither colocalized with dystrophin nor were
affected by its loss (Fig. 5A–C). Thus, in the absence of DB, there
is a specific loss of dystrophin at Purkinje synapses.

We also examined the relationship between DB and dystro-
phin in the hippocampus. Dystrophin was present in large puncta
concentrated near pyramidal cell bodies (Fig. 5D), as also shown
previously by Knuesel et al. (1999). DB was absent from these
puncta. Likewise, little if any dystrophin was associated with the
small DB-rich puncta in the dendritic layers. Consistent with the
lack of colocalization, the distribution of DB was not detectably
perturbed in mdx hippocampus, nor was the distribution of dys-
trophin detectably altered in DKO hippocampus (Fig. 5E,F).
Thus, the relationship between dystrophin and DB differs among
structures in the brain.

Loss of DB disrupts GABA receptor clustering
To assess the role of DB in the formation or maintenance of
cerebellar inhibitory synapses, we stained control and DKO
brains with antibodies to the GABAA�1 receptor subunit, a
prominent component of inhibitory postsynaptic sites on the
somata and dendrites of cerebellar Purkinje cells (Fritschy and
Mohler, 1995) (Fig. 6A). In DKO cerebellum, the number of
GABAA�1-positive puncta was reduced by �33%, and the size of
the puncta was reduced by �50% (Fig. 6B,D–F). Thus, DB plays
a regulatory role in maintaining the integrity of Purkinje cell
inhibitory synapses.

We used single mutants to ask whether the integrity of inhib-
itory receptor clusters required both �DB and �DB. Moderate
reductions in the number and size of GABAA�1-positive puncta
were observed in bdbn�/� mice, whereas no significant abnor-
malities were detected in adbn�/� mice (data not shown). This
pattern is consistent with the distribution of DB isoforms at these
synapses documented above: a predominance of �DB with lower
amounts of �DB (Fig. 3).

Because loss of dystrophin leads to loss of DB from cerebellar
inhibitory synapses (Fig. 5), one might expect that these synapses
would be defective in dystrophin-deficient mice. Indeed, Knuesel
et al. (1999) showed that clustering of GABAA receptors was dis-
rupted in mdx mice. We found that loss of dystrophin and DB led
to effects of similar magnitude on GABAA synapses (Fig. 6). In
contrast, neither loss of dystrophin (Knuesel et al., 1999) nor loss
of DB (data not shown) detectably affected the association of
gephyrin with these synapses. The role of gephyrin at cerebellar
synapses has not been tested in vivo because of the neonatal le-
thality of gephyrin-deficient mutant mice (Feng et al., 1998).
However, gephyrin is present at the DB- and dystrophin-rich
synapses (Fig. 3) and is required for synaptic clustering of multi-
ple types of inhibitory neurotransmitter receptors, including re-
ceptors containing the GABAA�1 subunit (Essrich et al., 1998;
Kneussel et al., 1999, 2001). Together, these results suggest that
two separate complexes are required for integrity of the inhibi-

tory postsynaptic membrane, one containing DB and dystrophin
and another containing gephyrin.

Abnormal motor behavior in mice lacking DB
Results presented so far show that inhibitory synaptic input to
cerebellar Purkinje cells is perturbed in the absence of DB. Out-
put from the cerebellum is therefore likely to be aberrant in
DKOs. In light of the role of the cerebellum in motor coordina-
tion, one might expect that motor function would be affected in
DKOs. To assess this possibility, we submitted DKO mice to a
battery of sensorimotor behavior tests. The ability of DKO mice
to balance on a stationary rotorod was comparable with that of
age-, sex-, and strain-matched control mice (Fig. 7D), as was their
stride length (data not shown). In contrast, the performance of
DKOs was significantly worse than that of controls in five other
tests: forelimb grip strength (Fig. 7A), ability to balance on a small
platform (Fig. 7B), ability to hang from an inverted screen (Fig.
7C), ability to balance on a rotorod rotating at a constant speed
(data not shown), and ability to balance on a rotorod rotating at
accelerating speed (Fig. 7E). Thus, DB is important for maintain-
ing normal motor function.

One complication in interpreting these results is that adbn�/�

mice have peripheral abnormalities, including mild muscular
dystrophy and defective neuromuscular synapses and myotendi-
nous junctions (Grady et al., 1999, 2000, 2003). It was therefore
possible that the defects observed in DKOs reflected peripheral

Figure 6. Disruption of GABAA receptor clusters in DKO and mdx cerebellum. A–C, Wild-type
(wt), DB mutant (DKO), and dystrophin mutant (mdx) cerebella immunostained with antibody
to GABAA�1 receptor subunit. GABAA�1-positive puncta are decreased in number and size in
both mutants. Higher levels of diffuse staining in DKO and mdx (B, C) were seen consistently and
may represent nonclustered GABAA receptors. D–F, Quantification of cluster number and size
from micrographs such as those shown in A–C. Bars in D and E show mean 	 SEM and are
expressed as percentage of control. *p � 0.001, significantly different from wild type. F shows
cumulative probability analysis of puncta size. Scale bar: A–C, 10 �m.
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rather than (or in addition to) central defects. To address this
possibility, we compared the behavior of single DB mutants
(adbn�/� and bdbn�/�) with that of a second, independent co-
hort of controls and DKOs. In two tests, forelimb grip strength
and platform balance, adbn�/� mice performed significantly
worse than controls, but in both cases they were significantly less
impaired than DKOs (Fig. 7F,G). In all other tests, including the

inverted screen test, adbn�/� mice were
indistinguishable from controls (Fig. 7H–
J). In all tests, defects in DKOs were sim-
ilar to those observed in the first cohort,
and in no case was the behavior of
bdbn�/� single mutants distinguishable
from that of controls. Thus, although
neuromuscular defects attributable to the
absence of �DB may contribute to the ab-
normal behavior observed in DKOs, the
additive loss of �DB, which is present in
brain but not muscle (Fig. 2A–D) (Peters
et al. 1997; Blake et al., 1998), is required
for full expression of the DKOs sensori-
motor disabilities.

Another interpretive difficulty is that
neuromuscular structure might be more
severely affected in DKOs than in adbn�/�

mice, with this difference contributing to
the behavioral difference between geno-
types. This seemed unlikely in view of the
absence of detectable �DB from muscle
(see above). We nonetheless tested this
possibility directly by comparing the
structure of neuromuscular junctions in
adbn�/�, bdbn�/�, and DKO muscles. As
reported previously, acetylcholine recep-
tors (AChRs) smoothly outline each
branch of the postsynaptic membrane at
control neuromuscular junctions but are
fragmented in adbn�/� mice. In addition,
receptor density is lower in mutants than
controls (Grady et al., 2000, 2003). No de-
fects were observed in bdbn�/� muscles,
and no differences were detected between
adbn�/� and DKO muscles (Fig. 8). Sim-
ilarly, there was no dystrophy (fibrosis or
muscle fiber degeneration and regenera-
tion) in bdbn�/� muscles, and the mild
dystrophy observed in adbn�/� mice
(Grady et al., 1999) was not exacerbated in
DKOs (data not shown). These results
support the conclusion that central syn-
aptic defects underlie the behavioral de-
fects in DKO mice.

Abnormal motor behavior in mice
lacking dystrophin
The observation that striking defects in inhib-
itory cerebellar synapses and in sensorimo-
tor behavior are seen only in DKOs is con-
sistent with the idea that the abnormalities
result from cerebellar defects. Because
mdx and DKO mice have similar cerebel-
lar synaptic defects (Fig. 6) (Knuesel et al.,
1999), we asked whether they have similar

defects in sensorimotor behavior. Patterns of behavior in mdx
mice were generally similar to those observed in DKO mice (Fig.
7K–O). In several tests, however, the severity of defects in mdx
mice was less than that in DKO mice compared with wild type
(Fig. 3K,L,N). This difference is noteworthy in that mdx mice
display a more severe muscular dystrophy than that observed in
adbn�/� or DKO mice (Grady et al., 1999 and data not shown).

Figure 7. Defects in motor behavior in mice lacking DB or dystrophin. Results from five tests are shown: A, F, K, grip strength;
B, G, L, time balanced on a small circular platform; C, H, M, time before falling from an inverted screen; D, I, N, time before falling
from a stationary rotorod; and E, J, O, time before falling from an accelerating rotorod. A–E show results from wild-type (wt) and
DKO mice. F–J show results from a second cohort of wild-type (wt) and DKO mice that were tested in parallel with adbn�/� (�DB)
and bdbn�/� (�DB) mice. K–O show results from wild-type and mdx mice. DKO mice performed worse than wild-type, adbn�/�,
and bdbn�/� mice on all tests; mdx mice performed worse than control in grip strength (K ), time on screen (M ), and time on
accelerating rotorod (O). f, Wild type; ‚, �DB; F, �DB; E, DKO; ƒ, mdx. Graphs show mean 	 SEM; n � 8 –12 (mean, 10.3)
animals per group. Significance of differences from wild type are as follows: *p � 0.05; **p � 0.005; ***p � 0.0005. In F and G,
�p � 0.005, significantly different from �DB.
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As exemplified by transgenic rescue ex-
periments, muscular dystrophy in mdx
and adbn�/� mice primarily reflects the
respective loss of dystrophin and dystro-
brevin within skeletal muscle (Cox et al.,
1993; Grady et al., 2003). Nonetheless, our
results support the idea that the sensori-
motor impairments in mdx and DKO
mice have a central component as well.

Location and function of DB in retina
Most boys with Duchenne muscular dys-
trophy exhibit defects in the b-wave of the
ERG, which reflects synaptic responses in
the inner retina (Pillers et al., 1993, 1995;
Schmitz and Drenckhahn, 1997). A short
form of dystrophin (Dp260), which lacks
the N-terminal domains of the muscle
isoform, is concentrated in photoreceptor
terminals of normal humans and mice but
is lacking in most Duchenne patients. No
retinal defects are apparent in mdx mice,
reflecting the fact that the mutation in this
allele does not prevent expression of
Dp260 (D’Souza et al., 1995). However,
other murine dystrophin mutants, in
which Dp260 is missing (mdx 3cv), do
show defects in the ERG (D’Souza et al.,
1995; Green et al., 2004).

DB colocalizes with Dp260 in photoreceptor terminals, but its
form is unclear: Dalloz et al. (2001) reported that �DB is present
in this location in mice, Blank et al. (2002) reported that �DB is
concentrated at this site in chick retina, and Ueda et al. (2000a)
used antibodies unable to distinguish the two isoforms in rats.
Using sections from wild-type retina, we confirmed the presence
of DB in the outer plexiform layer, in which photoreceptor ter-
minals form synapses, as well as in the inner limiting membrane
and blood vessels (Fig. 9A). Use of mutant sections showed that
photoreceptor terminals contained �DB but not �DB, that the
inner limiting membrane contained �DB but not �DB, and that
both isoforms were associated with blood vessels (Fig. 9B–D). As
noted previously, �DB is colocalized with dystrophin and dystro-
glycan in photoreceptor terminals (Fig. 9E and data not shown).

Using antibodies that recognize all dystrophin isoforms, we
found no alteration in retinal dystrophin distribution in bdbn�/�

or DKO mice (Fig. 9F and data not shown). Thus, the interde-
pendence of DB and dystrophin localization at photoreceptor
synapses differs from that documented above for inhibitory cer-
ebellar synapses. Likewise, DB persisted in mdx mice (data not
shown), but this result is not informative because Dp260 also
persists in photoreceptor terminals of this strain (see above).

Finally, we measured ERGs in DKO mice and controls. We
found no differences between the two genotypes (Fig. 9G). In
particular, the amplitude and latency of the b-wave, which are
altered in mdx 3cv mice, were normal in DKO mice (Fig. 9H, I).

Discussion
The two DBs, � and �, bind directly to dystrophin and are prom-
inent components of the DGC that links the cytoskeleton to the
extracellular milieu in many cell types (Peters et al., 1997; Blake et
al., 1998, 2002). Previous work has shown that �DB is critical for
the maturation or maintenance of skeletal muscle fibers and their
neuromuscular and myotendinous junctions (Grady et al., 1999,

2000, 2003), but no roles have been reported for �DB in non-
muscle tissues or for �DB in any tissue. Here, we show that both
�DB and �DB are required for the maturation or maintenance of
a subset of inhibitory synapses in the cerebellum and for proper
execution of motor behaviors that depend on cerebellar integrity.
In addition, by comparing the localization of DBs and dystro-
phin, the interdependence of their localization, and the defects
that occur in their absence, we have provided evidence that DB in
some parts of the CNS acts as part of a DGC.

It is useful to consider our results in the context of previous
studies on the NMJ, at which synaptic roles of the DGC have been
best studied to date. A DGC underlies and traverses the postsyn-
aptic membrane at this synapse. Components of this DGC in-
clude dystrophin and its homolog utrophin, as well as dystrogly-
can, � and �2 syntrophin, and �DB. Subtle defects in synaptic
topology and neurotransmitter receptor density are evident at
NMJs lacking either dystrophin or utrophin, with more dramatic
defects at NMJs lacking both proteins (Deconinck et al., 1997;
Grady et al., 1997, 2000). NMJs are also aberrant in muscles lack-
ing dystroglycan, �-syntrophin, or �DB (Côté et al., 1999; Adams
et al., 2000, 2004; Grady et al., 2000; Jacobson et al., 2001). For
adbn�/� mice, postsynaptic defects include alterations in the
density, metabolic stability, and mobility of AChRs and a de-
crease in the number of junctional folds (Grady et al., 2000, 2003;
Akaaboune et al., 2002). Three lines of evidence indicate that a
main role of dystrophin and utrophin at the NMJ is to hold in
place a subcomplex containing �DB. First, synaptic �DB is lost in
the absence of dystrophin and utrophin, whereas dystrophin and
utrophin remain concentrated at synaptic sites in the absence of
�DB. Second, defects in �DB mutant mice are as severe as those
in mice lacking dystrophin plus utrophin. Third, synaptic defects
in mice lacking all three components are no more severe than in
mice lacking only �DB (Grady et al., 2000).

The role of the DGC at cerebellar inhibitory synapses

Figure 8. Neuromuscular structure in DB mutants. Longitudinal sections of muscles were stained with rhodamine–�-
bungarotoxin to label acetylcholine receptors in the postsynaptic membrane of the neuromuscular junction. In wild-type mice (wt;
A) and in adbn�/�, bdbn�/�, and DKO mice (data not shown), the mature synapse is composed of a pretzel-like array of branches.
At higher magnification, receptors are regularly arrayed in wild-type muscles, with subtle striations indicative of junction folds (B).
In adbn�/� mice, in contrast, receptors are broken into small irregular patches with radiating spicules (C) (Grady et al., 2000). No
defects are detectable in bdbn�/� neuromuscular junctions (D), and no differences are detectable between adbn�/� and DKO
junctions (E). Scale bar: A, 10 �m; B–E, 6 �m.
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resembles that at the NMJ in that it is required for complete
postsynaptic differentiation at both sites. Loss of either DB or
dystrophin results in a significant reduction in the number and
size of cerebellar GABAA receptor clusters, reminiscent of the
fragmentation of AChR clusters seen in myotubes lacking DB or
both utrophin and dystrophin (Knuesel et al., 1999; Grady et al.,
2000). Moreover, the DGC appears to act along with a primary
scaffolding mechanism at both sites, with rapsyn and gephyrin
playing a predominant and DGC-independent role at the NMJ
and inhibitory synapses, respectively (Gautam et al., 1995; Feng
et al., 1998). Previous work using cultured neurons suggested that
the DGC is not essential for GABAergic synaptogenesis (Levi et
al., 2002). Consistent with this view, gephyrin localization at in-
hibitory synapses is not dependent on DB or dystrophin (Knuesel
et al., 1999 and this study). Thus, the DGC is dispensable for
receptor clustering at NMJs and cerebellar inhibitory synapses
but important for the subsequent maintenance and stabilization
of both synaptic types. Conversely, assembly of the DGC may
differ at these two sites: synaptic localization of DB and dystro-
phin in cerebellum depends on the presence of each other,
whereas at the NMJ loss of DB does not perturb the localization of
dystrophin or utrophin (Grady et al., 2000). It is interesting to
note that the dystrophin expressed in Purkinje cells and skeletal
muscle (as well as cerebral cortex) have distinct promoters, each
giving rise to unique isoforms (for review, see Sadoulet-Puccio
and Kunkel, 1996).

In contrast, the involvement of the DGC in photoreceptor
synapses appears to be very different from that at NMJs and
cerebellar inhibitory synapses. First, the DGC is most promi-

nently associated with the presynaptic terminals of photorecep-
tors in retina (Ueda et al., 2000a) but with the postsynaptic mem-
brane in muscle and cerebellum. Second, synaptic transmission
by photoreceptors is compromised in the absence of dystrophin
but not in the absence of DB (Fig. 8G–I) (Pillers et al., 1993;
Dalloz et al., 2001), whereas NMJs and cerebellar synapses re-
quire both dystrophin (or dystrophin plus utrophin) and DB.
Third, the localization of DB and dystrophin are more strikingly
interdependent at the NMJ and in cerebellum than in photore-
ceptors (Fig. 8) (Dalloz et al., 2001). Interestingly, both NMJs and
cerebellar inhibitory synapses bear full-length dystrophin (427
kDa), whereas a 260 kDa dystrophin isoform predominates in
photoreceptors (D’Souza et al., 1995; Pillers et al., 1995; Schmitz
and Drenckhahn, 1997).

In addition to their synaptic roles, DGC components are
present in and required for the proper function of astrocytes
whose foot processes directly appose pial and perivascular basal
laminas (Ueda et al., 2000b; Neely et al., 2001; Zaccaria et al.,
2001; Michele et al., 2002; Moore et al., 2002; Amiry-
Moghaddam et al., 2003). This DGC contains Dp71, a short dys-
trophin isoform that can bind both �DB and �DB (Blake et al.,
1999; Haenggi et al., 2004). �DB is present at these sites, as well as
in Bergmann glia that cap nerve terminals in the cerebellum
(Grosche et al., 2002; Huang and Bordey, 2004). Roles of DB at
these sites remain to be determined. Loss of DB clearly does not
result in the striking neuronal migration defects seen in mice
lacking dystroglycan, which are believed to result from disrup-
tion of the pial basal lamina (Moore et al., 2002). It is possible,
however, that DB affects functions more subtly, as shown in

Figure 9. Localization and function of DB in retina. A–D, Sections of wild-type (wt), adbn�/�, bdbn�/�, and DKO retina were stained with an antibody that recognizes both �DB and �DB. The
inner limiting membrane (ILM) contains �DB only, the outer plexiform layer (OPL) contains �BD only, and blood vessels (bv) contain both proteins. E, Dystrophin (DYS) and DB are colocalized in the
outer plexiform layer; blood vessels contain DB but not dystrophin. F, Concentration of dystrophin in the outer plexiform layer persists in the absence of �DB. G, Representative ERG records from
wild-type and DKO mice show similar configurations. H, I, Amplitude and latency of b-wave are normal in the absence of DB. Bars show mean 	 SEM from 10 wild-type and 7 DKO mice. Scale bars:
(in D) A–D, 10 �m; (in F�) E, F, 10 �m.
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studies on the role of �-syntrophin in water transport (Amiry-
Moghaddam et al., 2003). More generally, our results support the
idea that the 427, 260, and 71 kDa forms of dystrophin interact
with DB and other components of the DGC in different ways.

Mice lacking both �DB and �DB performed poorly on tests of
sensorimotor behavior that depend on proper cerebellar func-
tion, whereas mice lacking either �DB or �DB showed few de-
fects. The cellular basis of these defects are undoubtedly complex,
but several lines of evidence suggest that cerebellar inhibitory
synapses are involved. (1) Both �DB and �DB localize to inhib-
itory synapses on Purkinje cells, and both are required for main-
tenance of GABAA receptor clusters at these synapses. (2) Dystro-
phin is concentrated at the same synapses, and mice lacking
dystrophin show both synaptic and sensorimotor defects similar
to those of DKOs. (3) Dystrophin persists in the vasculature and
pia of mdx mice (presumably because the dystrophin isoform
Dp71 persists in mdx mice) (Haenggi et al., 2004). The similarity
of behavioral disabilities in mdx and DKO mice thus argues that
the defects are unlikely to primarily reflect DGC function at these
non-neuronal sites. (4) Neuromuscular defects are similar in
mice lacking �DB or both �DB and �DB, presumably because
only �DB is expressed in muscle or at the NMJ. However, motor
defects are dramatically greater in DKOs than in mice lacking
only �DB, indicating that the behavioral defects are not second-
ary to neuromuscular abnormalities.

In summary, our results indicate that the DGC is required for
proper maturation and function of a subset of central inhibitory
synapses, that DB is a key component of this DGC, and that
interference with this DGC leads to behavioral abnormalities.
DKO mice may therefore be useful in exploring mechanisms that
underlie cognitive deficits in patients with Duchenne muscular
dystrophy (Duchenne, 1868; Blake and Kroger, 2000; Anderson
et al., 2002). Moreover, our results suggest that motor deficits in
muscular dystrophy patients, which are their cardinal symptoms,
may reflect not only peripheral derangements but alterations
within the CNS as well.
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