
reward contingency automatically (6–16 times) without any indication to the monkey.
There were various types of error trial: failing to fixate the fixation point, breaking

fixation before fixation offset, making a saccade in the wrong direction, and making a
hypo- or hypermetric saccade in the right direction. Because it can be difficult to relate
caudate pre-target activity to the various types of error trial, we limited our focus in the
present paper to correct trials. Our behavioural procedure ensured that we had an equal
amount of data from correct trials in the reward condition and those in the no-reward
condition.

In the CST, there was a first fixation period of 1 s, followed by a brief presentation
(100 ms) of a cue at 208 to the left or to the right. The monkey had to maintain his gaze at
the fixation spot during a delay period of 1 s. The fixation spot then disappeared and the
target appeared at the same position as the cue. In half of the trials, another spot appeared
at the alternative position (distracter). The monkey had to make a saccade to the target
position within 500 ms, and was rewarded with a drop of water for a correct saccade. After
recording neurons in the CST (experiment 2), we re-applied the BST (experiment 1) for at
least 80 trials to confirm the reproducibility of neuronal activity.

Data analysis
Pre-target neurons were defined as neurons that showed a statistically reliable increase in
the spike count 21.5 s to 0 s before target onset (‘pre-target window’) as compared with
the spike count 23 s to 21.5 s before target onset. All pair-wise comparisons were
evaluated by two-tailed t-tests, P , 0.01. We used the Bonferroni procedure to correct for
family-wise error with multiple t-tests. To quantify the separation of population
distributions from contralateral versus ipsilateral conditions, we calculated the area under
the ROC in a sliding window of 200 ms.

To test the adaptation of saccade latency and pre-target activity to a reversal of
position-reward contingency, we compared the second trial after a reversal against the
third trial after a reversal (test 1). We also compared the second trial after a reversal against
the pooled data from the sixth to twentieth trial (test 2). Both tests consisted of paired two-
tailed t-tests on the mean data from individual neurons. Adaptation was judged complete
if there was no significant difference between the measures. Tests 1 and 2 produced similar
results in all cases.

For comparison between the two tasks (BST versus CST), we considered the neuronal
activity from 2500 to 0 ms before target onset in both tasks, in the computation of
absolute firing rates as well as ROC areas.
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Muscle–eye–brain disease (MEB) and Fukuyama congenital mus-
cular dystrophy (FCMD) are congenital muscular dystrophies
with associated, similar brain malformations1,2. The FCMD gene,
fukutin, shares some homology with fringe-like glycosyltrans-
ferases, and the MEB gene, POMGnT1, seems to be a new
glycosyltransferase3,4. Here we show, in both MEB and FCMD
patients, that a-dystroglycan is expressed at the muscle mem-
brane, but similar hypoglycosylation in the diseases directly
abolishes binding activity of dystroglycan for the ligands lami-
nin, neurexin and agrin. We show that this post-translational
biochemical and functional disruption of a-dystroglycan is
recapitulated in the muscle and central nervous system of mutant
myodystrophy (myd) mice. We demonstrate that myd mice have
abnormal neuronal migration in cerebral cortex, cerebellum and
hippocampus, and show disruption of the basal lamina. In
addition, myd mice reveal that dystroglycan targets proteins to
functional sites in brain through its interactions with extracellu-
lar matrix proteins. These results suggest that at least three
distinct mammalian genes function within a convergent post-
translational processing pathway during the biosynthesis of
dystroglycan, and that abnormal dystroglycan–ligand inter-
actions underlie the pathogenic mechanism of muscular dystro-
phy with brain abnormalities.
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Dystroglycan is the central protein in the dystrophin–glyco-
protein complex (DGC), linking dystrophin in the intracellular
cytoskeleton to proteins in the extracellular matrix5–7. The biosyn-
thesis of dystroglycan involves cleavage to generate the transmem-
brane b-dystroglycan (b-DG), which binds to the extracellular a-
DG, both of which undergo extensive glycosylation8,9. Despite the
known involvement of DGC proteins in muscular dystrophies,
mutations in dystroglycan have not been identified10–14. In mice,
disruption of the DAG1 gene results in embryonic lethality, and
normal dystroglycan expression seems to be essential for organiz-
ation of basement membranes15,16. We characterized dystroglycan
protein localization in muscle biopsies of four MEB patients and
three FCMD patients with a panel of dystroglycan antibodies. Both
MEB and FCMD patients showed normal sarcolemma expression of
b-DG (Fig. 1a). However, staining with monoclonal antibodies
IIH6 and VIA4-1 failed to detect a-DG (Fig. 1a). To determine
whether any portion of a-DG was expressed at the sarcolemma,
biopsies were stained with a polyclonal a-DG antibody, GT20ADG
(see Methods), which showed normal localization (Fig. 1a). These
results indicate that a-DG is expressed at the membrane but
that the epitopes for the monoclonal antibodies are specifically

disrupted in MEB and FCMD patients.
The epitope for IIH6 on a-DG can be disrupted in vitro by

deglycosylation of a-DG7, suggesting that a-DG may be abnormally
glycosylated in MEB and FCMD patients. Western blots of glyco-
proteins enriched with wheat germ agglutinin (WGA) agarose
showed similar levels of b-DG expression, but no a-DG protein
was detected with monoclonal antibodies IIH6 and VIA4-1 in MEB
and FCMD patients (Fig. 1b, c). However, core a-DG polyclonal
antibody showed that a-DG is expressed in MEB and FCMD
patients at levels similar to control human muscle. Significantly, a
reduction in relative molecular mass (M r) of more than 50,000
(50K) in a-DG occurs in FCMD and MEB. More than half of the M r

of a-DG in normal muscle is glycoconjugates, and most of these
glycoconjugates seem to be lost in both diseases. Interestingly, most
a-DG migrates at similar M r in FCMD and MEB, suggesting that
the mutated genes associated with these two diseases might
produce proteins that participate within the same enzymatic
pathway, ultimately resulting in the transfer of sugars to a-DG.
The rest of the components of the DGC, including dystrophin
and the sarcoglycans, are normally expressed and glycosylated at
the sarcolemmal membrane in MEB and FCMD (not shown).

Dystroglycan serves as a receptor for a variety of extracellular
ligands, such as laminin8, agrin17,18 and neurexin19, in muscle,
neuromuscular junctions, nerve and brain. Full chemical deglyco-
sylation of a-DG in vitro can disrupt laminin binding activity7,19.
Therefore, we performed ligand overlay assays using laminin,
neurexin and agrin on blots of WGA-enriched MEB and FCMD
muscle (Fig. 2a, b). In muscle from MEB patients, ligand-binding
activity of laminin, neurexin and agrin are each markedly dimin-
ished. Interestingly, in MEB patients the small amount of residual
binding of ligands occurs in a dystroglycan species with higher M r

than most a-DG expressed. We suggest that a small amount of
proper glycosylation occurs in the presence of mutated POMGnT1,

Figure 1 Post-translational modification of dystroglycan in MEB and FCMD.

a, Immunofluorescence localization of dystroglycan in biopsies of normal muscle (CTRL)

and muscle of MEB and FCMD patients, using antibodies against b-DG, glycosylated a-

DG, and a-DG core protein. Data shown are representative of all four MEB and all three

FCMD patients. Scale bar, 100 mm. b, c, Immunoblot analyses of age-matched normal (C)

and MEB patient (M, b) and FCMD patient (F, c) WGA-enriched total muscle glycoproteins.

Figure 2 Dystroglycan–ligand interactions in MEB and FCMD. a, b, Ligand overlay assays

on age-matched control (C) and MEB patient (M, a) and FCMD (F, b) WGA-enriched

muscle homogenates using murine EHS laminin, neurexin fusion protein and recombinant

rat agrin. c, Representative assay of solid-phase laminin-binding activity from control and

FCMD muscle. Data are mean ^ s.d. of triplicate samples fitted to a one-site model using

the equation A¼ Bmaxx=ðK dþ x Þ: d, Maximum laminin-binding activity in MEB (n ¼ 2)

and FCMD (n ¼ 3) WGA glycoproteins relative to age-matched control muscle (CTRL).

Data are mean ^ s.e.m.
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due either to residual enzymatic activity or to a secondary, partially
compensatory enzyme. In FCMD patients, no binding of laminin,
neurexin and agrin to a-DG is detected (Fig. 2b). To quantify the
total ligand-binding activity of intact (non-denatured) a-DG, we
performed solid-phase laminin-binding assays of WGA-enriched
protein fractions from MEB, FCMD and age-matched control
muscle (Fig. 2c, d). Nonspecific binding was calculated by the
chelation of calcium with EDTA, which disrupts the laminin–a-
DG interaction7. The quantitative solid-phase assays show a
reduction of more than 80% in total high-affinity laminin-binding
activity in MEB and FCMD muscle glycoproteins (Fig. 2d). Surpris-
ingly, a small amount of residual binding activity remained in
FCMD samples despite no activity by overlay assay (Fig. 2b, d).
However, this residual activity in FCMD patients is insensitive to
inhibition by the a-DG-blocking antibody IIH6, indicating that
dystroglycan in FCMD is incapable of binding ligand (not shown).
Total laminin-binding activity in age-matched control muscle was
80% inhibited by IIH6 (not shown). Because the residual high-
affinity binding in FCMD is also insensitive to Arg-Gly-Asp (RGD)
peptides (integrin inhibition, not shown), we suggest that this
binding activity is due either to laminin in the preparation, or to
an unknown, developmentally regulated laminin receptor in
muscle. Thus, the lack of full glycosylation of a-DG in MEB and
FCMD patients significantly disrupts the interactions of a-DG with
extracellular matrix ligands known to be present in muscle, eye and
brain.

The results in FCMD and MEB patients suggest that post-
translational disruption of dystroglycan–ligand interactions may
be a common mechanism for muscular dystrophy with brain
abnormalities. A mutation in the LARGE gene, which encodes a

putative N-acetyl-glucosamine glycosyltransferase, has been linked
to the muscular dystrophy phenotype in the myd mouse20. In that
study, muscle from myd mice showed a reduction in VIA4-1-
reactive a-DG, but ‘core antibodies’ did not demonstrate any shift
in the M r of a-DG20. Furthermore, no brain abnormalities have
been reported in myd mice, suggesting that the effect of this putative
enzyme to cause muscular dystrophy may be through a different
mechanism or different receptor than in MEB and FCMD patients.
We found that fully glycosylated a-DG was localized in muscle
sarcolemma and astrocyte foot processes surrounding microvessels
and abutting the glia limitans in the brain of wild-type mice (Fig.
3a). In addition, IIH6-reactive a-DG was found concentrated in
puncta surrounding cerebellar Purkinje cell soma and throughout
the molecular layer of cerebellum (Fig. 3a). In the myd mouse, IIH6-
reactive a-DG in muscle and brain was not detected in any of these
sites (Fig. 3a). IIH6-reactive a-DG is also expressed in the tissues of
the eye: extra-ocular muscle membranes, retina inner limiting
membranes, foot processes surrounding microvessels, and puncta
in the outer plexiform layer (not shown). In the myd mouse, IIH6-
reactive dystroglycan is absent from all of these sites, and although
retinal neuronal layering appears grossly normal, extra-ocular
muscle shows dystrophic features (not shown).

Western blotting of WGA-enriched homogenates from myd
muscle and brain showed a biochemical phenotype remarkably
similar to that of WGA-enriched MEB and FCMD patient muscle
glycoproteins (Figs 1b, c and 3b). b-DG is normally expressed and
glycosylated in myd muscle and brain, but a-DG reactive to IIH6
(Fig. 3b) and VIA4-1 (not shown) is absent. Core a-DG antibodies
show that a-DG is expressed in myd muscle and brain but reveal a
decrease in a-DG M r similar to that of FCMD and MEB patients.
The specificity of this glycosylation defect is indicated by normal
expression of DGC proteins at the sarcolemma, normal sarcolemma
lectin staining, and normal glycosylation of the sarcoglycans in myd

Figure 3 Post-translational modification of dystroglycan in myd muscle and brain. a, IIH6

immunolocalization in wild-type (WT) and myd muscle and brain (red). IIH6 epitopes on

a-DG are lost in myd muscle sarcolemma and in astrocyte foot processes, and puncta in

molecular layer (inset) in myd mice. Counterstain is 4,6-diamidino-2-phenylindole (DAPI),

which labelled nuclei (blue). Scale bar, 100 mm. b, Western blot analysis of dystroglycan

expression in WGA-enriched homogenates of wild-type and myd (m) muscle and brain.

Figure 4 Dystroglycan–ligand interactions in myd muscle and brain. a, Ligand overlay

(OL) assays on blots of WGA-enriched homogenates from myd skeletal muscle and brain.

Lanes show control littermate mice (WT) and myd mice (m). b, c, Solid-phase laminin-

binding assay in WT and myd WGA-enriched glycoproteins from skeletal muscle (b) and

brain (c). A representative assay is shown with each binding condition performed in

triplicate (mean ^ s.d.).
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skeletal muscle (not shown). Despite the differences in post-trans-
lational modification of a-DG in wild-type muscle and brain, the
M r of dystroglycan in myd muscle and brain is still slightly greater
than the predicted M r of the core protein (,75K).

Given that there were no previous reports of myd mice having
brain abnormalities, we hypothesized that a-DG–ligand binding
might be affected differently in myd muscle and brain than in MEB
and FCMD muscle. However, ligand overlay assays showed that
laminin, neurexin and agrin do not bind to a-DG from myd muscle
and brain (Figs 3b and 4a). In addition, solid-phase binding assays
of WGA-enriched glycoproteins show that high-affinity laminin
binding is significantly reduced in myd muscle (Fig. 4b) and almost
completely eliminated in myd brain (Fig. 4c). This suggests that the
a-DG–ligand interactions are severely disrupted in myd mice, and
that myd mice show a biochemical phenotype and M r shift similar
to MEB and FCMD patients.

Consistent with many of the brain abnormalities in MEB and
FCMD patients, we show here that the myd mouse has a variety of
neuronal migration abnormalities in cerebral cortex, cerebellum
and hippocampus (Fig. 5). The cortical layering is disorganized,
obscuring the well-defined boundary between layers I and II (Fig.
5a). The abnormal cortical layering is highly reminiscent of the type
II lissencephalic changes seen in MEB and FCMD patients21. In
cerebellum, populations of granule-cell neurons fail to migrate and
are retained in clusters between adjacent folia (Fig. 5c). Granule-cell
migration is also abnormal in hippocampus (Fig. 5b). The loss of a-
DG–ligand interactions leads to several focal disruptions of glia-
limiting basement membranes, noted by discontinuous laminin
staining between adjacent folia in cerebellum (Fig. 5d). Further-
more, in contrast to myd muscle, which shows normal a2 laminin
staining (not shown), a2 laminin staining is significantly reduced
and pan-laminin antibodies show that laminin is mislocalized in
cortex (not shown). In muscle, dystroglycan and DGC-associated
proteins are expressed at the sarcolemma (see Supplementary
Information). However, in brain the loss of the interactions between
a-DG and the extracellular matrix leads to failure of a-DG, b-DG
and dystrophin to concentrate to astrocyte foot processes (Fig. 5e, f,
and Supplementary Information) and cerebellar puncta (Fig. 5g, h),
although the expression of a-DG and b-DG appears similar in myd
brain by western blot (Fig. 3b). Furthermore, proteins associated
with DGC through dystrophin, including syntrophin and aqua-
porin-4, fail to target to the astrocyte foot process (see Supplemen-
tary Information). These results indicate that the loss of a-DG–
ligand interactions disrupts the normal extracellular matrix
composition and structure in important anchoring sites for sup-
portive glial cells. Of equal importance, dystroglycan, through its
interactions with extracellular ligands, seems to target proteins
associated with the complex to the astrocyte foot process and the
synapse.

The convergence of the post-translational perturbation and
functional loss of a-DG–ligand interactions, muscular dystrophy
and brain abnormalities in MEB, FCMD and myd mice provides
strong evidence that a-DG is an important target protein that leads
to disease. Importantly, the abnormal neuronal migration pheno-
type in myd mice is nearly identical to mice with a brain-specific
dystroglycan gene deletion, demonstrating that the loss of dystro-
glycan–ligand binding activity is sufficient to account for this
lissencephalic phenotype22. Indeed, the loss of dystroglycan–ligand
binding activity in myd mice leads to a complete failure of targeting
of dystroglycan and DGC proteins to important structural and
function sites in brain, imparting a biochemical and functional
dystroglycan deletion. These data provide strong support for the
hypothesis that the tight link between the intracellular cytoskeleton
and the extracellular environment through dystroglycan is central to
the pathogenic mechanism of muscular dystrophy with abnormal
neuronal migration.

The identification of an a-DG glycosylation defect in human
MEB and FCMD patients highlights the importance of considering
post-translational protein processing in genetic and acquired forms
of human disease. Although fukutin belongs to the fringe-like family
of glycosyltransferases, and LARGE has homology to an N-acetyl-

Figure 5 Abnormal neuronal migration and dystroglycan-associated protein targeting in

myd mouse brain. a, Nissl-stained paired sagittal sections with boundaries between layer

1 and 2 in cerebral cortex (arrow). b, c, Abnormal migration of granule cells in myd

dentate gyrus (b, arrow) and cerebellum (c, arrow). d, Polyclonal laminin (lam) antibody

shows disruptions of glia-limiting membranes of cerebellum (arrows). e, f, Dystroglycan

(e) and dystrophin (dys, f) targeting to cerebellar microvessels. g, h, Puncta staining with

core a-DG (g) and dystrophin (h) antibodies in cerebellum (red). Counterstain is DAPI

(blue). Scale bars: a–f, 100 mm; g, h, 20 mm.
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glucosamine transferase, neither has been demonstrated to have
peptide transferase activity. Our results clearly show that a candi-
date glycoprotein substrate for these proteins shows a similar M r

shift with mutations in any of three distinct mammalian genes. This
suggests that fukutin, LARGE and POMGnT1 may participate in a
similar pathway that ultimately results in transfer of sugars to
dystroglycan. Because POMGnT1 is the only gene known to use
O-linked mannosyl peptides as a substrate4 (a sugar peptide linkage
unique to a-DG23), we suggest that fukutin and LARGE may
participate in either priming sugar donors for this reaction or
cooperating with POMGnT1 in a larger macromolecular enzymatic
complex. Finally, lymphocytic choriomeningitis virus (LCMV),
which uses a-DG as a receptor, was recently shown to competitively
inhibit a-DG interactions with laminin in vitro24. Transplacental
fetal LCMV infection produces developmental abnormalities in the
central nervous system remarkably similar to MEB and Walker–
Warburg syndrome25. Therefore, disruption of dystroglycan–ligand
interactions may be an important common mechanism to examine
in a variety of genetic and acquired forms of neurological disorders
that affect neuronal migration or synaptic integrity. A

Methods
Patient biopsies
Two siblings were diagnosed with Finnish MEB21. Genetic analysis of known mutated
exons in POMGnT1 revealed homozygosity for an IVS17 þ 1 G-to-A splice site mutation
previously described in the Turkish population4. One was a 2.5-year-old female with
clinically diagnosed MEB or Walker–Warburg syndrome, based on the finding of
congenital muscular dystrophy with eye and brain involvement. DNA for detailed genetic
analysis was not available. The other was a 3.5-year-old male of Northern European and
Slavic descent, with increased serum creatinine kinase, glaucoma, optic nerve colobomata/
hypoplasia, abnormal T2 white matter and atrophy of the cerebellum and pons; he had a
clinical diagnosis of MEB. The patient was heterozygous for a novel frameshift insertion in
the tenth codon of exon 18 of POMGnT1. A second mutation was not found in known
mutated exons 16–20 of POMGnT1, although a heterozygous polymorphism in intron 20
was observed. For MEB patients, control muscle was obtained from surgical discards of 12-
year-old and 14-year-old females. FCMD patient tissue was obtained from three patients
(aged 4–7 months) homozygous for retrotransposon insertions in the fukutin gene3. For
FCMD patients, control muscle was from a 2.5-month-old sudden infant death syndrome
patient, from the University of Miami Brain and Tissue Bank for Developmental
Disorders. All tissue was obtained and tested in agreement with the Human Subjects
Institutional Review Board of the University of Iowa.

Mice
Myodystrophy mice (myd/myd) and control littermate mice (þ/þ orþ/myd), 3–5 months
old, were obtained from Jackson Laboratories.

Dystroglycan antibodies
VIA4-1 and IIH6 monoclonal antibodies recognizing a-DG were obtained from the
University of Iowa Hybridoma Facility6. GT20ADG is from polyclonal antisera raised
against the entire DGC26 and purified against a hypoglycosylated full-length a-DG–
human Fc fusion protein transiently expressed in HEK-293 cells24. AP83 is a rabbit
polyclonal antibody raised against the carboxy-terminal 15 amino acids of b-DG15.

Immunofluorescence microscopy
The primary antibodies for the DGC and laminin were used for immunofluorescence
localization on human biopsies as described27–29, and viewed on a Zeiss fluorescent
microscope with digital imaging. For mouse brains, 7-mm cryosections were post-fixed in
2% paraformaldehyde; antibody blocking and labelling was performed in PBS with 0.5%
Triton X-100 and 5% BSA. Histological staining (haematoxylin and eosin, Nissl) was
performed on brains that were perfusion fixed and embedded in paraffin.

Glycoprotein enrichment and western blot analysis
One hundred milligrams of muscle biopsy were solubilized in 1 ml of Tris-buffered saline
(TBS) containing 1% Triton X-100 and protease inhibitors. The solubilized fraction was
incubated with 200 ml of WGA–agarose beads (Vector Labs) for 16 h. Pellets formed from
the beads and these were washed three times in 1 ml TBS containing 0.1% Triton X-100
and protease inhibitors. The beads were then either directly boiled for 2 min in SDS–
polyacrylamide gel electrophoresis (PAGE) loading buffer (western blotting, ligand
overlay) or eluted with 1 ml TBS containing 0.1% Triton X-100, protease inhibitors and
300 mM N-acetyl-glucosamine (solid-phase binding assay). Proteins were separated by
3–15% SDS–PAGE and transferred to polyvinylidene fluoride (PVDF) membranes and
probed with dystroglycan antibodies described above or monoclonal antibodies
recognizing sarcoglycan isoforms (Novacastra), and developed with horseradish
peroxidase (HRP)-enhanced chemiluminescence.

Ligand overlay assay
Ligand overlay assays were performed on PVDF membranes using mouse Engelbreth–
Holm–Swarm (EHS) laminin, a-neurexin–immunoglobulin (Ig) fusion protein19 or
recombinant rat agrin (Chemicon). Briefly, PVDF membranes were blocked in laminin-
binding buffer (LBB: 10 mM triethanolamine, 140 mM NaCl, 1 mM MgCl2, 1 mM CaCl2,
pH 7.6) containing 5% nonfat dry milk (laminin or neurexin) or 5% BSA (agrin) followed
by incubation of each ligand overnight at 4 8C in LBB. Membranes were washed and
incubated with anti-laminin (Sigma) followed by anti-rabbit IgG–HRP, protein A–HRP
(neurexin fusion protein) or anti-agrin (Chemicon) followed by anti-mouse IgG–HRP.
Blots were developed by enhanced chemiluminescence (laminin and neurexin) or
4-chloro-1-naphthol (agrin).

Solid-phase assay
WGA eluates were diluted 1:50 in TBS and coated on polystyrene ELISA microplates
(Costar) for 16 h at 4 8C. Plates were washed in LBB and blocked for 2 h in 3% BSA in LBB.
Mouse EHS laminin was diluted in LBB and applied for 2 h. Wells were washed with 3%
BSA in LBB, incubated for 30 min with 1:10,000 anti-laminin (Sigma) followed by anti-
rabbit HRP. Plates were developed with o-phenylenediamine dihydrochloride and H2O2,
reactions were stopped with 2N H2SO4, and values were obtained on a microplate reader.
The data were fit to the equation A¼ Bmaxx=ðKd þ xÞ; where K d is the dissociation
constant, A is absorbance, and B max is maximal binding.
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Fukuyama congenital muscular dystrophy (FCMD), muscle–eye–
brain disease (MEB), and Walker–Warburg syndrome are con-
genital muscular dystrophies (CMDs) with associated develop-
mental brain defects1–4. Mutations reported in genes of FCMD2

and MEB5 patients suggest that the genes may be involved in
protein glycosylation. Dystroglycan is a highly glycosylated
component of the muscle dystrophin–glycoprotein complex6

that is also expressed in brain, where its function is unknown7.
Here we show that brain-selective deletion of dystroglycan in
mice is sufficient to cause CMD-like brain malformations,
including disarray of cerebral cortical layering, fusion of cerebral
hemispheres and cerebellar folia, and aberrant migration of
granule cells. Dystroglycan-null brain loses its high-affinity
binding to the extracellular matrix protein laminin, and shows
discontinuities in the pial surface basal lamina (glia limitans)
that probably underlie the neuronal migration errors. Further-
more, mutant mice have severely blunted hippocampal long-
term potentiation with electrophysiologic characterization indi-
cating that dystroglycan might have a postsynaptic role in
learning and memory. Our data strongly support the hypothesis
that defects in dystroglycan are central to the pathogenesis of
structural and functional brain abnormalities seen in CMD.

The dystrophin–glycoprotein complex (DGC) of striated muscle
is a well-characterized array of cytoplasmic, membrane-spanning
and extracellular proteins that form a critical linkage between the
cytoskeleton and the basal lamina8. The central protein linking DGC
to the basal lamina is dystroglycan, a high-affinity receptor for
several proteins (for example, laminin, agrin, neurexin and perle-
can) that is composed of a- and b- subunits encoded by a single
gene6,9. a-dystroglycan (a-DG) is a highly glycosylated extracellular
component, whereas b-DG spans the plasma membrane forming a

bridge between a-DG and the cytoskeleton6. Within the central
nervous system (CNS), dystroglycan is abundant at two basal
lamina interfaces formed by astrocytes: foot processes abutting on
cerebral blood vessels, and foot processes that constitute the glia
limitans at the pial surface of the brain and spinal cord7. Brain
dystroglycan has also been localized to neuronal elements in several
locations, including hippocampus and cerebellar cortex, where it
may form a structural element of certain synapses7.

To explore the function of dystroglycan in brain and to determine
whether dystroglycan operates in the pathogenesis of brain abnorm-
alities such as those seen in CMD, we used Cre-loxP methodology to
selectively delete dystroglycan from the CNS. Brain-selective
expression of Cre recombinase was accomplished using a human
glial fibrillary acid protein (GFAP) promoter expressed as early as
embryonic day 13.5 (ref. 10). Studies in reporter mice reveal
expression in astrocytes, oligodendroglia, ependyma and a large
proportion of neurons10. It is likely that the human GFAP promoter
is transiently active in neural progenitor cells, resulting in Cre
recombination of floxed genes (genes flanked by loxP elements)
that persist for the lifetime of several CNS cell lineages.

We produced both GFAP-Cre/DGlox/2 and GFAP-Cre/DGlox/lox

(GFAP-Cre/DG-null) mice that at weaning fit the expected mende-
lian distribution of each genotype. GFAP-Cre/DG-null mice are
fertile and have no gross neurological abnormalities. Dystroglycan is
largely absent from CNS tissue of GFAP-Cre/DG-null mice (Fig. 1a

Figure 1 Tissue-selective deletion of dystroglycan. a, Western blot analysis of brain. WT,

wild type; DG-null, GFAP-Cre/DG-null; DGþ/2, heterozygous dystroglycan null; DGlox/2,

heterozygous floxed/dystroglycan-null; DGlox/lox, homozygous floxed. b, Western blot with

a b-DG antibody. c, b-DG immunofluorescence of control cerebral cortex shows staining

of smooth muscle in a small cerebral artery on the pial surface and astrocyte foot

processes along the glia limitans and cerebral microvessels (arrow points to one

microvessel). d, b-DG immunofluorescence is retained in only a small cerebral artery on

the surface of DG-null cerebrum. e, Dystrophin immunofluorescence parallels that of

b-DG in control brain. f, Dystrophin immunofluorescence is retained only in vessels of the

meninges of DG-null brain. The position of the unstained glia limitans is marked by a

dashed white line in d and f.
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Supplemental Experimental Procedures 
 

 
 Supplemental Figure 1.  Immunofluorescence localization of DGC and DGC 

associated proteins in myd skeletal muscle and brain.  Skeletal muscle from 
myd mice shows normal sarcolemma localization of DG, dystrophin, α-
syntrophin and aquaporin 4.  Aquaporin 4 is only lost in a subpopulation of 
actively regenerating fibers.  However, in myd brain (cerebellum is shown), 
DG and dystrophin fail to localize at astrocyte foot processes around 
microvessels and at limiting membranes. In addition, aquaporin 4 (which 
binds to α-syntrophin), and  α-syntrophin (which binds to dystrophin) fails to 
localize the foot processes around microvessels.     


