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Walker–Warburg syndrome (WWS) is a severe congenital disease that is characterized by brain and eye malformations and lethality
during the first year of life. Genetic mutations have been identified in a subset of WWS patients, but a majority of clinical cases have
unknown etiologies. POMT1 and POMT2, two of the causative genes, form an active enzyme complex in the posttranslational biosynthetic
pathway of dystroglycan. Deletion of either Pomt1 or the dystroglycan gene causes early embryonic lethality in mice. Here we report that
mice with epiblast-specific loss of dystroglycan develop brain and eye defects that broadly resemble the clinical spectrum of the human
disease, including aberrant neuron migration, hydrocephalus, and malformations of the anterior and posterior chambers of the eye.
Breaches of basement membranes coincide with the pathology, revealing an important function for dystroglycan in the morphogenesis
of the brain and eye. These findings demonstrate the central role of dystroglycan in WWS and suggest that novel defects in posttransla-
tional processing or mutations of the dystroglycan gene itself may underlie cases in which no causative mutation has been found.
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Introduction
Walker–Warburg syndrome (WWS) is clinically defined by a
spectrum of brain and eye malformations and congenital muscu-
lar dystrophy. Characteristic features of WWS include type II
(“cobblestone”) lissencephaly, hydrocephalus, pontocerebellar
hypoplasia, microphthalmia, and retinal dysplasia and nonat-
tachment (Dobyns et al., 1989; Muntoni and Voit, 2004).
Muscle-eye-brain disease (MEB) and Fukuyama-type congenital
muscular dystrophy (FCMD) have similar CNS involvement but
less severe clinical presentations and longer survival than WWS,
which is usually lethal during the first year of life (Muntoni and
Voit, 2004).

Although the majority of WWS cases have unknown etiolo-
gies, �20% of WWS cases are linked to mutations in protein
O-mannosyltransferase 1 (POMT1) (Beltrán-Valero de Bernabé
et al., 2002). POMT1 associates with POMT2, and the het-
erodimer is capable of transferring an O-mannosyl glycan to the
�-subunit of dystroglycan (Manya et al., 2004). Dystroglycan is
composed of � and � subunits that are encoded by a single gene,

DAG1, on chromosome 3p21 in humans (Ibraghimov-
Beskrovnaya et al., 1993) and on chromosome 9 in mice (Górecki
et al., 1994). The extracellular � subunit and the transmembrane
� subunit are posttranslationally cleaved and noncovalently
associated (Ibraghimov-Beskrovnaya et al., 1993; Jayasinha et al.,
2003). O-Glycosylation of the �-subunit (�-dystroglycan) is es-
sential for its high-affinity binding to both laminin and the
laminin-like globular domains of agrin, perlecan, and neurexin
(Ervasti and Campbell, 1993; Gee et al., 1994; Peng et al., 1998;
Sugita et al., 2001).

The dystroglycan null mutation is lethal in mice at approxi-
mately embryonic day 6.5 (E6.5) (Williamson et al., 1997).
Breaches of Reichert’s membrane in the parietal wall of the dys-
troglycan null yolk sac suggested that the cause of lethality may be
a loss of separation between the maternal and embryonic circu-
lations. Deletion of Pomt1 or Fcmd, which encodes the putative
glycosyltransferase fukutin, also results in embryonic lethality in
mice as well as loss of �-dystroglycan glycosylation and defects in
the integrity of Reichert’s membrane (Willer et al., 2004; Kura-
hashi et al., 2005), suggesting that posttranslational modification
by POMT1 and fukutin is necessary for dystroglycan function
during early mouse embryogenesis. Reichert’s membrane is an
extraembryonic structure that is specific to rodent development,
and it is not known whether dystroglycan is necessary for survival
of the human embryo. However, an in vitro study reported apo-
ptosis and degeneration in dystroglycan null mouse embryoid
bodies (Li et al., 2002), suggesting that dystroglycan may be nec-
essary for survival of the mouse embryo.

Received May 31, 2008; revised Sept. 2, 2008; accepted Sept. 3, 2008.
This work was supported in part by the Paul D. Wellstone Muscular Dystrophy Cooperative Research Center Grant

NS053672 and National Institutes of Health Grant NS041407. K.P.C. is an investigator of the Howard Hughes Medical
Institute. We thank Michelle Tallquist and Philip Soriano for providing the Mox2-Cre mouse line and David Venzke
and Sally Prouty for providing technical support. The WWS cerebral cortex tissue used in this study was provided by
the National Institute of Child Health and Human Development Brain and Tissue Bank (HD83284).

Correspondence should be addressed to Kevin P. Campbell, 4283 Carver Biomedical Research Building, 285
Newton Road, Iowa City, IA 52242-1101. E-mail: kevin-campbell@uiowa.edu.

DOI:10.1523/JNEUROSCI.2457-08.2008
Copyright © 2008 Society for Neuroscience 0270-6474/08/2810567-09$15.00/0

The Journal of Neuroscience, October 15, 2008 • 28(42):10567–10575 • 10567



Here we report that dystroglycan ex-
pression and ligand-binding activity are
disrupted in the WWS brain, and that the
phenotype of mice with epiblast-specific
loss of dystroglycan (MORE-DG null)
broadly resembles the clinical spectrum of
the human disease. In the MORE-DG null
mice, breaches of basement membranes
coincide with malformations of the brain
and the anterior and posterior chambers
of the eye, demonstrating an important
role for dystroglycan in their morphogen-
esis. Together, these findings indicate a
central role for dystroglycan in the patho-
genic mechanism of the human disease,
including the cases for which no causative
mutation has been found.

Materials and Methods
Mutation analysis. Genomic DNA was isolated
from human skeletal muscle using standard ex-
traction protocols. The complete coding re-
gions, including intron/exon boundaries, of
DAG1, POMT1, POMT2, O-mannose �-1,2-N-
acetylglucosaminyltransferase (POMGnT1),
Fukutin-related protein (FKRP), fukutin, and
LARGE were amplified by PCR (primers and
sequences are available on request). The ampli-
cons generated were purified and directly se-
quenced with the BigDye terminator cycle se-
quencing kit version 3.1 (Applied Biosystems).
Sequences were analyzed on an ABI3130xl
capillary Sequencer (Applied Biosystems).
POMT1 and LARGE were sequenced by
PreventionGenetics.

Generation of mice. Generation of the floxed-
dystroglycan and MORE-DG null mouse strains has been described pre-
viously (Cohn et al., 2002). Heterozygous floxed-DG/null (Dag1lox/�)
mice were bred to mice hemizygous for Mox2-Cre transgene (MORE
mice) (Tallquist and Soriano, 2000). The heterozygous (Dag1�/�) mice
carrying the Mox2-Cre transgene (Cre-Dag1�/�) were then bred with
Dag1lox/lox mice, and heterozygous mice (Dag1lox/�) carrying the
Mox2-Cre (Cre-Dag1lox/�) transgene were obtained. In an alternative
breeding strategy, we bred heterozygous mice (Dag1lox/�) carrying the
Mox2-Cre transgene (Cre-Dag1lox/�) with Dag1lox/� mice to obtain
Cre-Dag1lox/� and mice homozygous for Dag1lox carrying the Mox2-
Cre transgene (Cre-Dag1lox/lox). Identical results were obtained by both
breeding strategies. MORE mice were generously provided by Drs. Sori-
ano and Tallquist (Mount Sinai School of Medicine, New York, NY). For
analysis of the Mox2-Cre transgene expression, Cre-Dag1lox/� and Cre-
Dag1�/� mice were crossed with the Z/EG reporter mouse strain (No-
vak et al., 2000) (Jackson Laboratories).

Protein biochemistry. Wheat germ agglutinin (WGA) enrichment was
performed as described previously (Michele et al., 2002). Human or
mouse brain was solubilized in Tris-buffered saline (TBS) containing 1%
Triton X-100 and protease inhibitors. The solubilized fraction was incu-
bated with WGA-agarose beads (Vector Labs) for 24 h. The beads were
then washed with TBS containing 0.1% Triton X-100 and protease in-
hibitors, and the bound protein was eluted with TBS containing 0.1%
Triton X-100, protease inhibitors, and 300 mM N-acetyl D-glucosamine.
Both the eluted fraction and the void were collected. Proteins were sep-
arated by 3–15% SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. The PVDF membranes were blocked in 5% Blotto
and incubated with the primary antibodies overnight at 4°C. The blots
were developed by horseradish peroxidase enhanced chemiluminescence
(Pierce).

Laminin overlay assay. The laminin overlay assay was performed as

described previously (Ervasti and Campbell, 1993; Michele et al., 2002;
Barresi et al., 2004). PVDF membranes were blocked in laminin-binding
buffer (LBB; 10 mM triethanolamine, 140 mM NaCl, 1 mM MgCl2, and 1
mM CaCl2, pH 7.6) containing 5% nonfat dry milk, incubated overnight
at 4°C in LBB containing 7.5 nM mouse EHS (Engelbreth–Holm–Swarm)
laminin-1 (Collaborative Biomedical Products), washed, and labeled
with an antibody to laminin. For competition of laminin binding, PVDF
membranes were incubated in LBB containing 0.75 mM IIH6 before the
addition of laminin-1.

Histology and immunofluorescence. For histology, postnatal 2- to
4-week-old mice were deeply anesthetized with ketamine and perfused
with 4% paraformaldehyde. Embryos were killed by decapitation and
immersion fixed in 4% paraformaldehyde. Adult or embryonic tissues
were embedded in paraffin, and 5 �m sections were cut on an RM2135
microtome (Leica). The sections were stained with hematoxylin and eo-
sin, cresyl echt violet, luxol fast blue, or periodic acid Schiff and imaged
on a DMRXA (Leica) or a BX41 (Olympus) microscope. For immuno-
fluorescence, 3- to 4-week-old brains and eyes were fresh frozen in iso-
pentane cooled by dry ice, and 8 �m sections were cut on a CM3050S
cryostat (Leica). The sections were fixed for 10 min in 2% paraformalde-
hyde and blocked for 30 min with 4% BSA and 0.3% Triton X-100 in PBS,
before addition of antibodies. Images were acquired on a MRC-600 con-
focal microscope (Biorad).

Antibodies. The following antibodies were used: IIH6 (1:100) (Ervasti
and Campbell, 1993), AP83 (1:100) (Duclos et al., 1998), Sheep5 (1:100)
(Michele et al., 2002; Barresi et al., 2004), anti-laminin (1:1000) (Sigma
L9393), anti-perlecan (1:1000) (Millipore Bioscience Research Reagents
MAB1948), and anti-calbindin (1:1000) (Millipore Bioscience Research
Reagents AB1778). IIH6, represented as GLY�-DG in the figure legends,
is a monoclonal antibody to the fully glycosylated species of �-DG (Erv-
asti and Campbell, 1991). Sheep5, represented as CORE DG in the figure

Figure 1. Loss of dystroglycan glycosylation and ligand binding in WWS brain. A, B, Sections of 6-month-old control (A) and
WWS (B) cerebral cortices stained for reticulin. The arrow in A shows the location of a sulcus. Fusion of adjacent gyri obscures the
sulcus (B, dashed line) in the WWS cortex. C, WGA-enriched homogenates of control and WWS cerebral cortices labeled with
antibodies directed against an �-dystroglycan glycoepitope (GLY �-DG) or core �- and �-dystroglycan peptides (CORE-DG), or
overlaid with laminin-1 (Laminin O/L). D, Immunoblots of purified �-dystroglycan from rabbit skeletal muscle and WGA-enriched
homogenates human cerebral cortex labeled with the IIH6 antibody (GLY �-DG), overlaid with laminin (Laminin O/L), and
overlaid with laminin in the presence of the IIH6 to block dystroglycan/laminin binding (Laminin O/L�IIH6).
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legends, is purified from sheep polyclonal antiserum raised against the
whole dystrophin-glycoprotein complex and recognizes both �- and
�-DG (Ibraghimov-Beskrovnaya et al., 1992).

Results
Disruption of �-dystroglycan glycosylation and ligand
binding in Walker–Warburg syndrome brain
Although brain involvement is prominent in WWS, the expres-
sion and glycosylation of dystroglycan have not been previously
characterized in the WWS CNS. For this purpose, we obtained
cerebral cortex of a male 6-month-old WWS patient from the
National Institute of Child Health and Human Development
Brain and Tissue Bank (HD83284). The clinical history of the
donor included hypotonia and muscle weakness, microphthal-
mia and cataract of the left eye, agyria, and hydrocephalus affect-
ing all ventricles (Kanoff et al., 1998). To confirm the presence of
type II lissencephaly, we evaluated the brain by routine histolog-
ical techniques. Reticulin staining of the WWS cerebral cortex
demonstrated a high density of reticulin fibers (Fig. 1B), which
are normally only associated with blood vessels, the glia limitans,
and the arachnoid. The histology of the WWS cerebral cortex
showed breaches of the glia limitans, fusion of adjacent gyri, and
overmigration of neurons, which are features characteristic of
type II lissencephaly (Fig. 1B).

The majority of WWS cases have no known genetic defect;
however, �20% of cases are associated with mutations of
POMT1 (Beltrán-Valero de Bernabé et al., 2002), and a subset of
WWS cases have also been associated with mutations in POMT2
(van Reeuwijk et al., 2005), POMGnT1 (Taniguchi et al., 2003),
FCMD (Beltrán-Valero de Bernabé et al., 2003; Silan et al., 2003;
Cotarelo et al., 2008), FKRP (Beltran-Valero de Bernabé et al.,
2004), and LARGE (Godfrey et al., 2007; van Reeuwijk et al.,
2007). We isolated genomic DNA from the donor tissue and
sequenced the coding regions (including intron/exon bound-
aries) of POMT1, POMT2, POMGnT1, FKRP, FCMD, and
LARGE, but we were unable to find a mutation in any of these
known causative genes or in the gene encoding dystroglycan
(data not shown). This result placed the patient in the large group
of WWS cases with unknown etiologies.

To examine the expression of dystroglycan, WGA-enriched
homogenates of WWS and control cerebral cortices were immu-
noblotted and probed with the IIH6 antibody, which is directed
against a laminin-binding �-dystroglycan glycoepitope, or the
Sheep5 antibody, which is directed against peptide epitopes of
�-dystroglycan and �-dystroglycan, respectively (Fig. 1C). The
�-dystroglycan glycoepitope (left) was absent from the WWS
cerebral cortex, and the molecular weight of the remaining
�-dystroglycan protein (middle, top band) was reduced from 120
to �90 kDa, consistent with a loss of protein glycosylation. In
contrast, �-dystroglycan expression (middle, bottom bands) was
comparable in the control and WWS cerebral cortices. Dystro-
glycan was not detected in the WGA voids (data not shown).

The loss of the IIH6 epitope in the WWS brain suggested that
the ability of �-dystroglycan to bind to laminin may be impaired.
The reactivity of the IIH6 antibody is dependent on the glycosyl-
ation of �-dystroglycan, and its epitope is lost after chemical
deglycosylation (Ervasti and Campbell, 1993). Laminin binding
is also lost after chemical deglycosylation, and it is blocked by
competition with the IIH6 antibody (Ervasti and Campbell,
1993). To test whether the hypoglycosylated form of
�-dystroglycan that is present in the WWS brain is a functional
laminin receptor, immunoblots were overlaid with laminin-1
protein and probed with an antibody to laminin. The laminin-1
overlay on WGA-enriched homogenates from the WWS cerebral
cortex (Fig. 1C, right) showed no detectable dystroglycan/
laminin-binding activity. The specificity of the assay was con-
firmed by laminin overlay on immunoblots of �-dystroglycan
purified from rabbit skeletal muscle and WGA-enriched extracts
of human brain (Fig. 1D, middle) as well as by laminin overlay in
the presence of the IIH6 antibody to block dystroglycan/laminin
binding (Fig. 1D, right).

Generation of MORE-DG null mice
To determine whether loss of dystroglycan function is capable of
recapitulating the severe brain and eye malformations that are
present in WWS, the Mox2-Cre transgene (Tallquist and Sori-
ano, 2000) was used to selectively disrupt dystroglycan expres-
sion in the developing embryo. In the MORE-DG null yolk sac,
dystroglycan expression was maintained at Reichert’s membrane,
although it was absent from the epiblast as early as E7.5 (supple-
mental Fig. 1D, available at www.jneurosci.org as supplemental
material). At this stage of development, dystroglycan is normally
present at the basement membrane between the visceral
endoderm and ectoderm. Despite the loss of dystroglycan from
this basement membrane, the epiblast and proamniotic cavity
had normal histology.

Crosses between floxed-dystroglycan and Mox2-Cre mouse

Figure 2. Dystroglycan-deficient (MORE-DG null) mice. A, A 27-d-old MORE-DG null mouse
and a wild-type littermate. All of the dystroglycan-deficient mice were runted. B, C, A 27-d-old
MORE-DG null mouse showing outstretched posture (B) and delayed righting reflex (C). D–F, A
27-d-old wild-type littermate demonstrating a normal reaction (extension of hind and fore-
limbs) in response to tail suspension (D) and MORE-DG null mice demonstrating clasping be-
havior in response to tail suspension (E, F ).
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strains generated MORE-DG null mice at
a 12% frequency corresponding to half the
predicted Mendelian ratio (25%).
MORE-DG null mice were significantly
smaller than control littermates at birth and
throughout postnatal life (Fig. 2A). In addi-
tion, the MORE-DG null mice exhibited
tremor during motion and at rest, out-
stretched posture of hind and forelimbs, de-
layed righting reflex, profound muscle weak-
ness, and hindlimb clasping (Fig. 2;
supplemental Video, available at www.
jneurosci.org as supplemental material). A
majority of the mice died within 48 h of
birth, and the remaining mice typically failed
to survive the fourth postnatal week. Rou-
tine histology of neonatal quadriceps indi-
cated that muscular dystrophy was present at
birth (data not shown). Although the brains
of the runted MORE-DG null mice were
smaller in size than the brains of littermate
control mice, the gross anatomical structure
was comparable, except that the cerebella
were disproportionately small (Fig. 3B;
supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

To confirm the spatial pattern of
Mox2-Cre expression in the brain and eye,
the Mox2-Cre mice were crossed with
Z/EG reporter (Novak et al., 2000) mice in
which enhanced green fluorescent protein
(eGFP) expression is activated by Cre re-
combinase. Fluorescence detection of the
eGFP reporter expression indicated robust
expression of the MOX2-Cre transgene in
whole mount (supplemental Fig. 1F, avail-
able at www.jneurosci.org as supplemental
material) as well as sections throughout
the brain (data not shown) and retina
(supplemental Fig. 1G, available at www.
jneurosci.org as supplemental material).
We confirmed the loss of dystroglycan ex-
pression in the MORE-DG null brain by
immunoblot of WGA-enriched homoge-
nates of whole brain (Fig. 3C) and immu-
nofluorescence of brain sections (Fig. 3E)
labeled with antibodies to dystroglycan.
The MORE-DG null brain showed no
detectable �-dystroglycan expression by
immunoblot, but a faint trace of
�-dystroglycan was detected on overexpo-
sure (Fig. 3C). Dystroglycan was not de-
tected in the MORE-DG null brain by im-
munofluorescence (Fig. 3E).

Dystroglycan is normally localized to
glial endfeet, which form basement mem-
branes at glial interfaces abutting the brain
vasculature and the surface of the brain
(glia limitans). The integrity of these basement membranes was
examined by immunofluorescence detection of laminin and per-
lecan. The MORE-DG null brain showed preserved perivascular
laminin and perlecan; however, the localization of these proteins
was discontinuous at the glia limitans on the surface of the cere-

bellum (Fig. 3G,I) and the cerebral cortex (Fig. 3K). Laminin
overlay on immunoblots of WGA-enriched brain lysates, which
specifically detects the interaction of dystroglycan and laminin,
confirmed the loss of dystroglycan expression and loss of laminin
binding in the MORE-DG null brain (Fig. 3L).

Figure 3. Dystroglycan loss in the MORE-DG null brain. A, B, Postnatal day 27 wild-type littermate control (A) and MORE-DG
null (B) brains. C, WGA-enriched homogenates of wild-type littermate control and MORE-DG null brain labeled with antibodies to
�- and �-dystroglycan, confirming the loss of dystroglycan expression in the dystroglycan-deficient mouse. D–I, Immunofluo-
rescence detection of dystroglycan (D, E), laminin (F, G), and perlecan (H, I ) in cerebellum sections from postnatal day 27 control
(D, F, H ) and MORE-DG null (E, G, I ) mice. Dystroglycan expression was not detected by immunofluorescence in the MORE-DG null
cerebellum. Perivascular localization of laminin and perlecan was preserved, but the proteins were discontinuous at the glia
limitans. J, K, Immunofluorescence detection of laminin in cerebral cortex sections from 27-d-old control (J ) and MORE-DG null
(K ) mice. Nuclei are counterstained with 4�,6-diamidino-2-phenylindoledihydrochloride. Arrows point to the glia limitans. L,
Immunoblot of WGA-enriched homogenates of wild-type and MORE-DG null brain overlaid with laminin. MORE, MORE-DG null;
LM, laminin; PER, perlecan; WT, wild type. Scale bars, 100 �m.
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Early embryonic loss of dystroglycan causes hydrocephalus
and aberrant neuron migration
Type II lissencephaly and enlargement of the lateral ventricles,
with or without progressive hydrocephalus, are common diag-
nostic criteria for WWS (Muntoni and Voit, 2004). Type II lis-
sencephaly is characterized by a disruption of cerebral cortical
layering, overmigration of cerebral cortical neurons, and obliter-
ation of the subarachnoid space by glial and neuronal heterotopia
(Pagon et al., 1978; Whitley et al., 1983; Choi and Matthias,
1987). The histology of the embryonic and postnatal MORE-DG
null cerebral cortex demonstrated disruptions of the glia limi-
tans, overmigration of neurons, and the presence of diffuse glial/
neuronal heterotopia (Fig. 4), which closely resemble the pathol-
ogy in human type II lissencephaly. Sections through the
embryonic brain revealed wave-like disruptions of the cortical

plate by neuronal and glial heterotopia (Fig. 4B,D). Examples of
neural tube closure defects (e.g., exencephaly and meningomye-
locele) or holoprosencephaly were not observed in the embryos.
Coronal sections of the cerebral cortex showed midline fusion of
the cerebral hemispheres (Fig. 4F) and enlargement of the lateral
ventricles (Fig. 4H).

Hydrocephalus (Fig. 4H) was present in 45% (n � 5/11) of the
MORE-DG null mice. Although the mouse colony has a
C57BL/6J background, in which spontaneous hydrocephalus is
reported to occur at a frequency of 0.03% (Jackson Laboratories),
the percentage observed in MORE-DG null mice is significantly
higher than the percentage reported for wild-type C57BL/6J
mice, and we did not detect the malformation in the littermate
control mice used in our study. The development of hydroceph-
alus in WWS has been attributed to several factors, including
stenosis of the cerebral aqueduct and blockage of the arachnoid
granulations by glial/neuronal heterotopia (Dobyns et al., 1989).
Patent cerebral aqueducts were observed throughout serial sec-
tions of affected MORE-DG null brains (data not shown).

Cerebellar and brainstem involvement in WWS includes pon-
tocerebellar hypoplasia and cerebellar dysgenesis (Dobyns et al.,
1989). The histology of the MORE-DG null cerebellum revealed
complete fusion of the cerebellar lobules as well as fusion of the
midbrain and adjacent cerebellar lobules (Fig. 5B,D). The num-
ber of cerebellar lobules was preserved; however, the cytoarchi-
tecture of the lobules was abnormal (Fig. 5A–H). Granule neu-
rons had partially failed to migrate into the internal granule cell
layer and were present between fused cerebellar lobules and on
the surface of the cerebellum. Foci of Purkinje cells had overmi-
grated and were located in the molecular layer (Fig. 5H). Sections
through the brainstem showed that the pyramidal tracts were
virtually absent (Fig. 5J, asterisk).

Although almost all of the MORE-DG null mice showed com-
plete loss of dystroglycan expression in the brain, one of the mice
showed mosaic dystroglycan expression and developed milder
pathology than mice with more complete loss of dystroglycan
expression. In this mouse, immunofluorescence detection of dys-
troglycan showed mosaic expression of dystroglycan at the glia
limitans (Fig. 6B,D). Interestingly, the cytoarchitecture of the
cerebral cortex was relatively preserved at sites of residual dystro-
glycan expression, although adjacent portions of the cerebral cor-
tex that lacked expression of dystroglycan were dysplastic.

Malformations of the anterior and posterior chambers of
the eye in dystroglycan-deficient mice
Malformations of the anterior chamber of the eye, such as Peter’s
anomaly and corneal clouding, are common in WWS, and ap-
proximately one-half of the patients are affected by microphthal-
mia in one or both eyes (Dobyns et al., 1989). Microphthalmia
occurred in one or both eyes of 91% (n � 10/11) of the
MORE-DG null mice (Fig. 7A–C). Although relatively mild mi-
crophthalmia has been reported to occur spontaneously in 4.3%
of C57BL/6J mice (Chase, 1942), we did not observe comparable
reductions in ocular size in the control littermates. Approxi-
mately 27% (n � 3/11) of mutant mice appeared to have anoph-
thalmia, but severely microphthalmic eyes may have been present
previously and degenerated.

Severe anterior chamber malformations were found in the
eyes of 18% (n � 2/11) of MORE-DG null mice (Fig. 7C,D). Lens
and iris tissue was herniated through the cornea (Fig. 7C,D,F),
and this compromise in structure may have led to the eye degen-
eration in some cases. The microphthalmic eyes presented small
or absent lenses (Fig. 7F). Periodic acid Schiff stain was used to

Figure 4. Cortical dysplasia and hydrocephalus in MORE-DG null mice. A–D, Sections of
embryonic day 18.5 wild-type littermate control (A, C) and MORE-DG null (B, D) brains stained
with cresyl violet. The abnormal lamination of the cortical plate in the MORE-DG null mouse (B,
D, arrows) is reminiscent of human polymicrogyria. E, F, Coronal sections of wild-type litter-
mate (E) and MORE-DG null (F ) cerebral cortices stained with hematoxylin and eosin, showing
fusion of the cerebral hemispheres (F, arrowhead) and diffuse neuronal-glial heterotopia (F,
arrow) at the surface of the dystroglycan-deficient cerebral cortex. G, H, Coronal sections
through wild-type littermate control (G) and MORE-DG null (H ) brains stained with hematox-
ylin and eosin. Arrows mark the lateral ventricles, highlighting the enlarged lateral ventricle in
the dystroglycan-deficient mouse. Scale bars: A, B, 1 mm; C, D, 100 �m; E, F, 500 �m; G, H, 1
mm. MZ, Marginal zone; CP, cortical plate; SP, subplate; LV, lateral ventricle.
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highlight basement membrane structures. Dystroglycan-
deficient eyes with the severe anterior chamber malformations
showed disruption of the corneal endothelium and Descemet’s
membrane, as well as continuity of corneal and iris tissues (Fig.
7H, arrow).

Immunofluorescence labeling of laminin revealed disruptions
of the lens capsule as well as fusion of lens and corneal tissue,
phenotypes that are reminiscent of Peter’s anomaly (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental mate-
rial). The loss of dystroglycan expression in the lens, cornea, and
iris was confirmed by immunofluorescence analysis (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental
material).

Retinal malformations are a consistent feature of WWS, and
include folds in the outer retina and thinning of the neuroepithe-
lium (“leopard spots”) (Dobyns et al., 1989). In a majority of the
MORE-DG null eyes, retinal lamination was largely intact; how-
ever, the retina was thin, the ganglion cell layer was disorganized,
and ectopic cells were present internal to the inner limiting mem-
brane (Fig. 7J). One-third (n � 3/9) of the mice examined
showed severe retinal dysgenesis and nonattachment (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material). Immunofluorescence labeling of laminin showed dis-
continuous localization at the inner limiting membrane (Fig. 7L).

Discussion
This study examined the expression and function of dystroglycan
in the WWS CNS and the effect of dystroglycan loss on the devel-

Figure 5. Cerebellar dysplasia and hypoplasia of the pyramidal tracts in MORE-DG null mice.
A–D, Micrographs of the cerebella from littermate control (A, C) and MORE-DG null (B, D) mice
at postnatal day 27 stained with cresyl violet and luxol fast blue. In the MORE-DG null cerebel-
lum, there is complete fusion of the cerebellar lobules, pockets of ectopic granule neurons on the
surface of the cerebellum and between the fused folia, and fusion of the cerebellum and mid-
brain. E, F, Micrographs of the cerebella of littermate control (E) and MORE-DG null (F ) mice at
postnatal day 27 labeled with an antibody to calbindin showing abnormal cytoarchitecture in
the MORE-DG null mouse. G, H, Micrographs of the cerebella of littermate control (G) and
MORE-DG null (H ) mice at postnatal day 27 stained with hematoxylin and eosin. In the
MORE-DG null cerebellum, there were foci of Purkinje cells that were mislocalized in the molec-
ular layer. I, J, Luxol fast blue-stained sections through the brainstems of wild-type littermate
(I ) and MORE-DG null (J ) mice, showing a near absence of pyramidal tracts (asterisks) in the
dystroglycan-deficient mouse. Scale bars: A, B, 1 mm; C–F, 500 �m; G–J, 100 �m.

Figure 6. Mosaic expression of dystroglycan and preservation of cortical lamination. A–D,
Coronal sections of wild-type littermate (A, C) and MORE-DG null (B, D) cerebral cortex stained
with an antibody to �-dystroglycan (green) and counterstained with 4�,6-diamidino-2-
phenylindoledihydrochloride. Regions of residual dystroglycan expression showed preserved
cerebral cortical cytoarchitecture, whereas adjacent regions that lacked dystroglycan expres-
sion (D, arrows) contained glial and neuronal heterotopia. Mosaic expression was rarely ob-
served in MORE-DG null mice. C, D, High-magnification view of boxed regions in A and B,
respectively. Scale bars, 100 �m.
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opment of the mouse brain and eye. Biochemical analyses of the
WWS brain showed the presence of �-dystroglycan in a hypogly-
cosylated state with loss of affinity for laminin, and embryonic
loss of dystroglycan expression in the mouse epiblast produced
brain and eye defects that broadly resemble the clinical spectrum
of WWS, including severe malformations such as hydrocephalus,
microphthalmia, anterior chamber dysgenesis, and retinal dys-
genesis and nonattachment.

The posttranslational addition of carbohydrate moieties to
�-dystroglycan is essential for its ability to bind ligand. Complete
chemical deglycosylation of �-dystroglycan disrupts its ability to
bind laminin (Ervasti and Campbell), and skeletal muscle biop-
sies of WWS, MEB, and FCMD patients show a loss of
�-dystroglycan glycosylation and ligand binding (Michele et al.,
2002; Kim et al., 2004). Furthermore, the overexpression of the
glycosyltransferase LARGE in cultures of patient cells (Barresi et
al., 2004) or glycosyltransferase-deficient CHO cells (Patnaik and
Stanley, 2005) restores dystroglycan/laminin binding. Clearly,
LARGE is important for the posttranslational modification of
�-dystroglycan; however, mutations of LARGE have been iden-
tified in only two cases of WWS (van Reeuwijk et al., 2007, God-
frey et al., 2007). POMT1 mutations are the most prevalent, and
they account for �20% of WWS cases. Mutations of POMT2,
POMGnT1, FKRP, and FCMD have also been identified in some
cases, but mutations have not been identified in a majority of
WWS patients, suggesting that additional genes and/or mecha-
nisms remain to be identified.

Although it has been previously reported that
�-dystroglycan glycosylation and ligand binding are disrupted
in WWS skeletal muscle (Kim et al., 2004), dystroglycan ex-
pression and function had not been examined in WWS brain.
�-Dystroglycan is differentially glycosylated in skeletal muscle
and brain (Ibraghimov-Beskrovnaya et al., 1993), and the mech-
anisms that account for the tissue-specific variation in
�-dystroglycan posttranslational modification are not known.
On immunoblot of WWS brain, we detected a reduced molecular
weight of �-dystroglycan (�90 kDa) similar to what has been
observed in skeletal muscle (Kim et al., 2004), indicating the
disruption of a common step in the posttranslational processing
of �-dystroglycan. Despite the loss of �-dystroglycan glycosyla-
tion, a mutation was not identified in the coding region of
POMT1 or any of the other known causative genes. The mutation
may be present outside the coding region of one of the known
causative genes or it may lie in an unknown gene in the biosyn-
thetic pathway of dystroglycan. The large number of WWS cases
without a known genetic mutation suggests that additional caus-
ative genes remain to be identified.

The dystroglycan null mutation in mice causes early embry-
onic lethality at embryonic day 6.5 (Williamson et al., 1997), and
a previous study reported that the epiblast layers of dystroglycan
null mouse embryoid bodies degenerate after several days in cul-
ture (Li et al., 2002), suggesting that dystroglycan may be neces-
sary for embryonic survival. Early embryonic lethality in the con-
stitutive null mice may also be attributable to a disruption of
Reichert’s membrane, an extraembryonic basement membrane
that separates maternal and embryonic circulations. To test these
hypotheses, we selectively disrupted dystroglycan expression in
the mouse epiblast with the Mox2-Cre transgene, which ex-
presses Cre recombinase in epiblast-derived cells beginning at
embryonic day 6.5 (Tallquist and Soriano, 2000). The Mox2-Cre
transgene is not expressed in extraembryonic structures such as
Reichert’s membrane, and the restricted spatial and temporal
expression of the Mox2-Cre transgene allowed the generation of

dystroglycan-deficient mice. These findings support the hypoth-
esis that the disruption of Reichert’s membrane, a structure that
is specific to rodent development, is the primary cause of embry-
onic lethality in mice with constitutive null mutation of dystro-
glycan and suggest that mutations of the dystroglycan gene could
also occur in humans.

We have previously shown that tissue-specific loss of dystro-
glycan in GFAP-Cre/DG null mice causes aberrant neuron mi-
gration similar to that observed in type II lissencephaly (Moore et
al.). However, these mice failed to reproduce the full spectrum of
pathology present in WWS, and the involvement of dystroglycan
in eye development was not demonstrated. It was thus possible
that genetic heterogeneity or additional glycosyltransferase sub-
strates contribute to the broad clinical spectrum of WWS. Alter-
natively, the relatively mild phenotype of the GFAP-Cre/DG null
mice could also have been attributable to differences in the tem-
poral or spatial patterns of dystroglycan loss in the conditional
null animals.

The MOX2-Cre transgenic mouse line drives expression of
Cre recombinase during an earlier stage in development than the
previously studied GFAP-Cre line (maximal expression at E7.5 vs
E14.5, respectively) (Tallquist and Soriano, 2000; Zhuo et al.,
2001). In addition, it drives expression of Cre recombinase
throughout the entire mouse epiblast, whereas the GFAP-Cre
transgene restricts expression to radial glia and astrocytes, silenc-
ing dystroglycan in these cells and a subset of neurons that are the
progeny of radial glia (Tallquist and Soriano, 2000; Zhuo et al.,
2001). Earlier and more global loss of dystroglycan in the
MORE-DG null mouse was sufficient to cause malformations
that broadly resemble the clinical spectrum of WWS (supple-
mental Table, available at www.jneurosci.org as supplemental
material), including hydrocephalus and ocular malformations
that had not been observed in GFAP-CRE/DG null mice (Moore
et al., 2002). This implies that earlier and more global loss of
dystroglycan during development results in greater disease
severity. Our data also show that dystroglycan–
ligand interactions are critical for the integrity of basement mem-
branes in the brain, cornea, and retina. Disruption of this func-
tion may be the common basis of the pathogenic mechanisms
that lead to abnormal development of these tissues in the mice
and in WWS. The role of dystroglycan in brain and eye develop-
ment may also be relevant to the pathogenic mechanisms of ac-
quired diseases such as lymphocytic choriomeningitis virus
(LCMV) encephalitis, which is caused by the LCMV, a virus that
binds dystroglycan during host entry and interferes with dystro-
glycan function (Bonthius et al., 2007; Rojek et al., 2007).

Brain and eye defects are also present in mice with mutations
in genes involved in the posttranslational biosynthetic pathway of
�-dystroglycan that have been linked to a subset of WWS-like
clinical cases, including mutations of Large (Grewal et al., 2001;
Holzfeind et al., 2002; Michele et al., 2002; Lee et al., 2005), Fcmd
(Takeda et al., 2003; Chiyonobu et al., 2005; Kurahashi et al.,
2005), and Pomgnt1 (Liu et al., 2006; Yang et al., 2007). The
relatively mild phenotypes of the Large and Pomgnt1 mutant mice
suggest that some dystroglycan function is preserved in these
mouse models. Residual dystroglycan glycosylation may also
contribute to the heterogeneous clinical presentation of congen-
ital muscular dystrophies, which ranges from severe congenital
muscle pathology with structural brain and eye abnormalities to
mild limb-girdle muscular dystrophy (Muntoni and Voit, 2004).

Mutations in known or putative glycosyltransferases have
been identified in a fraction of WWS cases, but the genetic un-
derpinnings of this disease are unknown in a majority of cases.
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One of the relevant issues arising from this lack of complete
knowledge is the hypothetical involvement of other substrates
that might cause the broad spectrum of pathology or affect the
severity of the disease. Although other glycoproteins may be af-

fected by the loss of glycosyltransferase activity in WWS, loss of
dystroglycan in the mouse is sufficient to produce the broad spec-
trum of brain and eye pathology present in WWS. These findings
indicate that dystroglycan is the key glycosyltransferase substrate
relevant to the pathogenic mechanism of the disease. In addition,
these findings open up the possibility that WWS cases without
any known genetic defect may be caused by novel abnormalities
in either the expression or the function of dystroglycan.
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