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Dystroglycan is a central component of the dystrophin–glycoprotein complex (DGC), a protein assembly that
plays a critical role in a variety of muscular dystrophies. In order to better understand the function of dystroglycan
in development and disease, we have generated a null allele of dystroglycan ( Dag1neo2) in mice. Heterozygous
Dag1neo2 mice are viable and fertile. In contrast, homozygous Dag1neo2 embryos exhibit gross developmental
abnormalities beginning around 6.5 days of gestation. Analysis of the mutant phenotype indicates that an early
defect in the development of homozygous Dag1neo2 embryos is a disruption of Reichert’s membrane, an
extra-embryonic basement membrane. Consistent with the functional defects observed in Reichert’s membrane,
dystroglycan protein is localized in apposition to this structure in normal egg cylinder stage embryos. We also
show that the localization of two critical structural elements of Reichert’s membrane—laminin and collagen
IV—are specifically disrupted in the homozygous Dag1neo2 embryos. Taken together, the data indicate that
dystroglycan is required for the development of Reichert’s membrane. Furthermore, these results suggest that
disruption of basement membrane organization might be a common feature of muscular dystrophies linked to
the DGC.

INTRODUCTION

Dystroglycan was first identified in skeletal muscle as a component
of the dystrophin–glycoprotein complex (DGC) (1). It is composed
of α- and β-subunits which are post-translationally derived from a
single mRNA species encoded by a single gene (2,3). In skeletal
muscle, α-dystroglycan is an extracellular peripheral membrane
glycoprotein that binds to laminin-2 in the extracellular matrix (4)
and β-dystroglycan is an integral membrane glycoprotein that
anchors α-dystroglycan to the membrane (5) and binds
intracellularly to dystrophin which is associated with the F-actin
cytoskeleton (6,7). Thus, dystroglycan spans the sarcolemma
providing a connection between the extracellular matrix and the
cytoskeleton (8). Mutations in genes encoding a number of DGC
components disrupt this dystroglycan-mediated linkage and lead to
various forms of muscular dystrophy in humans and in mice (9).
Together, these biochemical and genetic data have suggested that

the connection between the extracellular matrix and the
cytoskeleton provided by dystroglycan serves to stabilize the
sarcolemma during contraction-induced stress. However, to date,
no form of muscular dystrophy has been linked to the dystroglycan
gene itself.

Skeletal muscle dystroglycan is also localized to the
neuromuscular junction (10) where α-dystroglycan binds to agrin
(11). These findings led to considerable speculation that dystro-
glycan mediated agrin-induced acetylcholine-receptor clustering
during development of the neuromuscular junction. Two studies
independently demonstrated that an anti-dystroglycan antibody
preparation impaired agrin-induced acetylcholine receptor
clustering in cultured myotubes (12,13). However, it was
subsequently shown that α-dystroglycan binds to both cluster-
inducing neural agrin and non-inducing muscle agrin isoforms
(14). Moreover, the domain of agrin responsible for acetylcholine
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receptor clustering is physically separable from the domain that
binds to dystroglycan (15). These latter studies suggest it is
unlikely that dystroglycan is directly transducing the signal from
agrin that initiates the clustering of acetylcholine receptors.
Therefore, dystroglycan’s role in the development of the
neuromuscular junction remains unclear.

Unlike some of the other components of the DGC,
dystroglycan is expressed in a broad array of adult tissues (2,3).
Dystroglycan’s function in these non-muscle tissues is largely
unknown, although in some cases its function has been inferred
from its subcellular localization. For instance, localization of
dystroglycan to the perivascular endfeet of glial cells has
suggested that it might play a role in maintenance of the
blood-brain barrier (16). Dystroglycan function has been directly
tested thus far in only one non-muscle tissue, the developing
kidney. Utilizing an organ culture system, Durbeej et al. showed
that a function-blocking anti-dystroglycan antibody disrupted
kidney epithelial morphogenesis (17). However, dystroglycan’s
exact role in this complex developmental process is not yet
understood.

We sought to better understand the function of dystroglycan by
targeted disruption of its gene in the mouse. Our results indicate
that dystroglycan is required for the development of Reichert’s
membrane, one of the first basement membranes that form during
murine development. Taken together, the data suggest that
dystroglycan may be necessary for the assembly of the
extracellular matrix proteins that comprise Reichert’s membrane.
Elucidation of such an extracellular matrix assembly function for
dystroglycan could have significant impact in understanding its
involvement in muscular dystrophy and other developmental
processes.

RESULTS

Isolation and expression of the mouse dystroglycan
gene (Dag1)

We isolated Dag1 from a 129/SvJ mouse genomic library by
screening with a radiolabeled human dystroglycan cDNA probe.
Translation of the putative coding sequence from this genomic
clone reveals that murine dystroglycan shares a high degree
(94%) of amino acid sequence identity with human dystroglycan
(Fig. 1). Furthermore, comparison of the mouse dystroglycan
genomic sequence with the human genomic sequence indicates
that the organization of the dystroglycan gene into two exons is
also conserved between mouse and man (data not shown).
Northern blot analysis reveals the presence of a single 5.8 kb
transcript in mRNA preparations of whole embryos between 7
and 17 days of gestation (Fig. 2A). In the adult mouse,
dystroglycan mRNA is detectable in a wide variety of tissues
(Fig. 2B). Both the size of the dystroglycan transcript and its
broad tissue distribution are consistent with previous studies in
rabbit (2) and human (3).

Generation and analysis of Dag1-null animals

We generated the Dag1neo2 allele in embryonic stem (ES) cells
by the gene targeting strategy depicted in Figure 3.
Approximately 1 in 70 ES cell colonies surviving drug selection
were appropriately targeted (Fig. 3B). Chimeric mouse embryos
were produced by aggregating targeted ES cells with
zona-denuded morulae which had been frozen at the 2-cell stage

Figure 1. Complete amino acid sequence of Dag1. A comparison of the
predicted amino acid sequences of mouse (this study) and human (3)
dystroglycan is shown. (*): Indicates a human residue identical to the
corresponding mouse residue. Bold underline indicates the signal peptide
sequence. Boxed amino acids are the transmembrane domains. Shaded amino
acids are the dystrophin binding site. (–): Indicates the stop codons. (�): Is above
amino acids that are predicted to be N-linked glycosylation sites. Only those sites
that are conserved among all known dystroglycan sequences are indicated. (�):
Is above amino acids that are potential glycosaminoglycan chain addition sites.

and then matured in vitro after thawing. Animals arising from
these embryos were test bred to C57 BL/6J mice. A male
exhibiting a high degree of coat color chimerism transmitted the
ES cell genome to 100% of its offspring. Animals heterozygous
for Dag1neo2 appear healthy and breed normally. Interestingly,
Northern blot analysis of skeletal muscle RNA showed that
dystroglycan transcript levels in the heterozygotes were only
10–20% lower than those in wild-type mice, suggesting a
compensatory increase in the steady state expression level of
mRNA derived from the untargeted allele (Fig. 3D).
Correspondingly, dystroglycan protein levels in skeletal muscle
were also comparable between wild-type and heterozygous
Dag1neo2 mice (data not shown). In contrast, we did not detect
dystroglycan mRNA in homozygous Dag1neo2 embryos (data not
shown) or dystroglycan immunoreactivity in mutant embryos
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Figure 2. Developmental and tissue-specific expression of Dag1. Northern blot
analysis of dystroglycan mRNA expression in whole mouse embryos collected
between E7 and E17 (A) and in selected adult mouse tissues (B). A single 5.8 kb
dystroglycan mRNA is apparent at each developmental stage and in each tissue
analyzed.

using antibodies directed toward the C-terminus of β-dystrogly-
can (see below) indicating that Dag1neo2 is a true null allele of
Dag1. For simplicity, we will hereafter refer to homozygous
Dag1neo2 embryos as Dag1-null embryos.

The genotypes of surviving offspring from 14 heterozygote
intercrosses were either wild-type or heterozygous for Dag1neo2

in an ∼1:2 ratio (20:42). No Dag1-null pups have been born.
These data suggested Mendelian inheritance of a recessive
embryonic lethal trait. To investigate this further, we dissected
embryos derived from heterozygote intercrosses between
embryonic day (E)7.5 and E10.5 and genotyped them using a
PCR-based assay (Fig. 3C). We found a tight correlation between
the Dag1-null genotype and an abnormal embryonic morphology
(Table 1).

Table 1. Genotypes of offspring from heterozygote intercrosses

Age Number of Genotype
embryos +/+ +/– –/–

E7.5 20 3 12 5

E8.5 27 4 15 8

E9.5 40 10 23 7

E10.5 33 7 15 11

Total 120 24 65 31

Embryos were dissected from uteri between E7.5 and E10.5, scored for
morphology, and genotyped by PCR analysis (see Fig. 3C). All morphologically
normal embryos were either homozygous wild-type (+/+) or heterozygous for
the Dag1neo2 allele (+/–), whereas all morphologically abnormal embryos were
homozygous for Dag1neo2 (–/–). The genotypes show an approximate 1 (+/+):2
(+/–):1 (–/–) ratio. From E7.5 to E10.5, the (–/–) embryos became progressively
more disorganized and resorbed. TBASE accession nos: (+/–), TG-000-04-258
and (–/–) TG-000-04-259.

The gross morphology of mutant embryos began to diverge
significantly from that of phenotypically normal littermates at
E6.5. By E7.5, dramatic differences were apparent between the
normal (wild-type and heterozygous) and abnormal Dag1-null
embryos (Fig. 4A and B). In particular, the abnormal embryos
were much smaller than normal littermates and lacked a well
defined embryonic region. By E10.5 most abnormal embryos
were substantially resorbed, and only a small mass of embryonic
tissue was apparent (data not shown).

Figure 3. Disruption of Dag1. The targeting strategy is depicted in (a).
Schematic shows the wild-type locus (top) with pertinent restriction sites
indicated. The black boxes represent the two exons present in Dag1. The
targeting plasmid (middle) was designed to replace a portion of exon 2 with the
neo gene following homologous recombination (denoted by Xs), producing
Dag1neo2 (bottom). Dag1neo2 bears a deletion in exon 2 including the splice
acceptor site and a significant portion of the coding sequence present in
α-dystroglycan. Southern analysis of ES cell clones (b). Insertion of the neo
gene into exon 2 yields a new 2.9 kb BamHI fragment which hybridizes with
exon 1 probe in addition to the 9.5 kb wild-type fragment. Shown are the results
from a non-targeted clone (left) and a targeted clone (right). PCR analysis (c)
of E9.5 embryos. Dag1 generates a PCR product of 622 bp and Dag1neo2 one
of 194 bp. Shown are the results for homozygous wild-type (+/+), heterozygous
(+/–), and homozygous Dag1neo2 (–/–) embryos. Northern analysis (d) of
dystroglycan mRNA expression in adult mice. The transcript levels are similar
in (+/+) and (+/–) mice. Furthermore, using a cDNA probe for the entire
dystroglycan coding sequence, we only detect the 5.8 kb Dag1 transcript,
indicating that a potential mutant transcript from Dag1neo2 in the (+/–) mice is
either non-existent, or below the limit of detection of this assay.

To examine the mutant phenotype in more detail, we performed
histological analysis. All early post-implantation embryos
derived from heterozygote intercrosses were indistinguishable
from one another at E4.5 (data not shown). The histology of early
egg cylinder stage embryos (E5.5) was comparable, except that
in about one quarter of those examined (4/15) we noted the
presence of maternal red blood cells in the yolk sac cavity (Fig.
4D). These red blood cells had presumably entered the yolk sac
cavity from the subjacent maternal sinusoids that begin to develop
around E5.5. In advanced egg cylinder stage (E6.5) embryos,
approximately one quarter of those examined (9/32) were clearly
histologically abnormal. Compared to normal embryos (Fig. 4E),



 

Human Molecular Genetics, 1997, Vol. 6, No. 6834

these presumptive Dag1-null embryos (Fig. 4F) typically
possessed a much smaller embryonic region and lacked any
significant development of the extraembryonic ectoderm. Again,
in these abnormal E6.5 embryos, we observed maternal red blood
cells in the yolk sac cavity. We noted that endodermal
differentiation had taken place in the mutant embryos, as visceral
endoderm was clearly evident, and in some sections we could also
see parietal endoderm cells. Also, the abnormal embryos
displayed a well-formed pro-amniotic cavity. In primitive streak
stage embryos at E7.5, abnormal embryos lacked any recogniz-
able mesodermal tissue (data not shown). Preliminary experi-
ments showed that there was no Brachyury expression in the
mutant embryos at E7.5 and E8.5, further indicating that the
mutant embryos fail to gastrulate and do not form mesoderm (data
not shown). We confirmed that these abnormal embryos were
indeed Dag1-null embryos by immunostaining (see Fig. 5). On
the whole, these data indicate that the Dag1-null embryos fail to
progress beyond the early egg cylinder stage of development.

In an attempt to determine the earliest stage at which the
developmental program of the Dag1-null embryos begins to
diverge from control littermates, we examined the growth of
blastocysts derived from heterozygote intercrosses in vitro. The
size and cellular composition of these blastocyst cultures was
comparable between those expressing dystroglycan and those not
expressing dystroglycan (data not shown), indicating that pre-im-
plantation development occurs normally in the absence of
dystroglycan. At least some aspects of implantation had occurred
in the mutant embryos; they seemed to elicit a normal decidual
response (see Fig. 5D) and invasive trophoblast giant cells were
evident by both histological and immunohistochemical analysis
(see Fig. 7D). Together, these data suggest that the phenotype in
Dag-1 null embryos is manifest after implantation.

Localization of dystroglycan protein in egg cylinder
stage embryos

In part because dystroglycan had not previously been thought to
have a developmentally important role, data on its expression in
the early embryo is lacking. An earlier study showed that
dystroglycan mRNA is present throughout the embryo at E9.5
(18). We determined that dystroglycan mRNA is abundantly
expressed at E7.0 (Fig. 2A) and afterward, but not in ES cells
(data not shown). We examined the localization of dystroglycan
protein in normal egg cylinder embryos by immunostaining with
a specific anti-dystroglycan antibody (Fig. 5). Dystroglycan
staining is also evident outlining maternal decidual cells (Fig. 5A
and D). During the preparation of this manuscript, it was reported
that dystroglycan mRNA is upregulated in the deciduum at the
peri-implantational stage (19). In normal E6.5 embryos (Fig.
5A–C), there is intense dystroglycan labeling apposed to two
embryo-derived basement membrane structures—Reichert’s
membrane and the basement membrane separating the visceral

endoderm and ectoderm. With respect to the Reichert’s mem-
brane localization, we have not yet determined whether one or
both cell types associated with that structure, i.e. trophoblast and
parietal endoderm, express dystroglycan on their surfaces.
However, as dystroglycan staining appears continuous through-
out Reichert’s membrane and neither the trophoblast nor parietal
endoderm are continuous cell layers, there is the suggestion that
dystroglycan is expressed on both cell types. Dystroglycan
localization in apposition to these embryonic basement mem-
branes is consistent with its localization pattern in adult tissues.
There is also somewhat less pronounced pericellular labeling of
most, if not all, other embryonic cells. Similar staining patterns
were observed in E5.5 embryos (data not shown). Specificity of
these staining patterns is demonstrated by their absence in mutant
embryos (Fig. 5D–F). However, as would be predicted, dystro-
glycan staining is still present on the maternal decidual cells from
uterine sections bearing Dag1-null embryos (Fig. 5D).

Disruption of Reichert’s membrane structural proteins
in Dag1-null embryos

The histological analysis indicated that the presence of maternal
red blood cells in the yolk sac cavity was an early step in the
failure of the developmental program of Dag1-null embryos.
Since Reichert’s membrane forms the only continuous barrier
between the embryonic yolk sac cavity and the maternal blood
present in the subjacent sinuses, the mutant phenotype suggests
impaired function of this structure. This finding, coupled with the
localization of dystroglycan apposed to Reichert’s membrane in
the egg cylinder stage embryos, supports the notion that
dystroglycan is required for the appropriate development of
Reichert’s membrane. To probe this idea further, we examined the
distribution of laminin and collagen IV, two principal structural
components of Reichert’s membrane (20). Indeed, the localiz-
ation of both of these extracellular matrix proteins is perturbed in
the Dag1-null embryos. Instead of the continuous labeling of
laminin and collagen IV seen in Reichert’s membrane of normal
embryos (Fig. 6B and C), there were only occasional ‘patches’ of
laminin and collagen IV staining in the location where Reichert’s
membrane should be found in the mutant embryos (Fig. 6E and
F). In contrast, laminin and collagen IV staining in the basement
membrane between the visceral endoderm and ectoderm in
Dag1-null embryos is apparently normal. In essence, the
Dag1-null embryos lack a continuous Reichert’s membrane
which most probably accounts for the presence of maternal red
blood cells in the yolk sac cavity.

Since disruption of Reichert’s membrane in the Dag1-null
embryos could be a secondary consequence of the lack of parietal
endoderm cells, which synthesize the extracellular matrix
components of that structure, it was important to assay for the
presence of these cells. Because the overall pattern of laminin and
collagen IV staining was so profoundly disrupted in the

Figure 4. Gross morphology and histology of normal and abnormal embryos. Morphology of (A) normal (+/–) and (B) abnormal (–/–) littermates at E7.5. The
genotypes of these embryos were confirmed by PCR analysis. The reduced size of the embryonic region was characteristic of the abnornal embryos. Sagittal sections
of PAS-stained (C and E) normal and (D and F) presumptive Dag1neo2 homozygous mutant embryos. Normal E5.5 embryo (C) with tissue layers delineated. Its
littermate (D) looks normal, except for the presence of maternal red blood cells in the yolk sac cavity. At E6.5 abnormal embryos (F) are much smaller compared to
normal (E) littermates. Again, maternal red blood cells were present in the yolk sac cavity of the abnormal E6.5 embryos. Abbreviations: ee, embryonic ectoderm;
eee, extra-embryonic ectoderm; mbs, maternal blood sinus; pe, parietal endoderm; rbc, maternal red blood cells; Rm, Reichert’s membrane; ve, visceral endoderm;
ysc, yolk sac cavity. Scale bars: C, D and F, 25 µm; E, 50 µm.
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Figure 5. Localization of dystroglycan protein in egg cylinder stage embryos. Sections taken from E6.5 normal (A, B and C) and abnormal (D, E and F) littermates
were processed for immunofluorescence with a specific anti-dystroglycan antibody as described in Materials and Methods. (A and D) Low magnification images of
the uterine section showing dystroglycan staining in the maternal decidual cells. The edge of the uterine section extends beyond the edge of the field shown on all sides.
(B) Higher magnification of (A), and (C), another embryo, show the detailed dystroglycan staining in the normal embryos and associated extraembryonic membranes.
Dystroglycan staining is prominently localized in apposition to Reichert’s membrane (Rm) and the basement membrane between the visceral endoderm and ectoderm
(*). There is fainter staining surrounding most of the other cells in the embryo. Also, staining in the maternal decidual cells (md) can be seen in these higher
magnification images. (E) Higher magnification of (D), and (F), another embryo, show dystroglycan staining of typical abnormal embryos. Autofluorescent maternal
red blood cells (rbc) can be seen in the yolk sac cavity. There is a complete absence of dystroglycan staining in these embryos, demonstrating that these are Dag1-null
embryos. The approximate positions where prominent dystroglycan staining should be are indicated by arrows. Scale bars: A and D, 200 µm; B, C, E and F, 50 µm.

Dag1-null embryos, it was difficult to use these molecules as
reliable markers for parietal endoderm cells. Instead, we used an
antibody specific for the Pem homeodomain protein which is
expressed in a variety of extraembryonic lineages, including
parietal endoderm cells, around E5.5 (21). Figure 7 shows
double-label immunofluorescence staining of laminin (Fig. 7A,
D and G), Pem (Fig. 7B, E and H) and nuclear counterstaining

(Fig. 7C, F and I) in control littermate (Fig. 7A–C) and Dag1-null
E5.5 embryos (Fig. 7D–I). As expected, the anti-Pem antibody
stains the nuclei of a variety of extraembryonic cell types
including parietal endoderm cells. That these cells (arrows in Fig.
7) are indeed parietal endoderm cells, and not the juxtaposed
trophoblast cells, which also react positively with the anti-Pem
sera, is supported by both their co-labeling with anti-laminin
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Figure 6. Analysis of Reichert’s membrane structural proteins in Dag1-null embryos. Immunofluorescence analysis of dystroglycan (A and D), laminin (B and E)
and collagen IV (C and F) expression in a control littermate (A–C) and a Dag-1 null (D–F) embryo. E6.5 littermates were stained with the appropriate antibodies as
described in Materials and Methods. (A and B) and (D and E) are paired images from embryos simultaneously stained for dystroglycan and laminin. (C and F) Adjacent
sections to the ones shown in (A and B) and (D and E), respectively. Note that the embryo shown in (D–F) is the same one shown in Figure 5D and E. In normal embryos,
dystroglycan is colocalized with laminin and collagen IV in Reichert’s membrane (arrows) and in the basement membrane between the visceral endoderm and ectoderm
(*). However in the Dag-1 null embryos, the normally continuous Reichert’s membrane staining is reduced to ‘patches’ (arrows), but the staining between the visceral
endoderm and ectoderm (*) is still present in these mutants. Scale bar: A–F, 50 µm.

antibodies and their anatomical position adjoined to the
embryo-proximal face of Reichert’s membrane. In the Dag1-null
embryos, Pem-positive parietal endoderm cells can be seen
throughout the lining of the yolk sac cavity, although the laminin
staining for Reichert’s membrane is discontinuous. These parietal
endoderm cells also stain with the anti-laminin antibody,
explaining the ‘patchy’ laminin and collagen IV staining noted
above. This result demonstrates that parietal endoderm cells
differentiate and migrate appropriately in Dag1-null embryos,

indicating that the Reichert’s membrane defects in these embryos
are not due to a lack of parietal endoderm.

We also note that the overall staining pattern for Pem in
Dag1-null embryos is comparable to that of control littermates.
In particular, Pem-positive trophoblast giant cells have clearly
invaded the surrounding uterine stroma (arrowheads in Fig. 7).
These results further support the notion that early differentiation
of extraembryonic lineages and implantation occur normally in
Dag1-null embryos.
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Figure 7. Parietal endoderm cells are present in Dag1-null embryos. Double-label immunofluorescence analysis of laminin (A, D and G), Pem (B, E and H) and nuclear
counterstaining (C, F and I) in a control littermate (A–C) and two different sections from a Dag-1-null embryo (D–I). E5.5 littermates from heterozygous intercrosses
were sectioned, and the status of dystroglycan expression in the embryos was determined by staining with an anti-dystroglycan antibody. Separate saggital sections
were simultaneously stained for laminin and Pem and nuclei were counterstained with 4′,6-diamidino-2-phenylindole. Pem marks the nuclei of a variety of
extraembryonic cells, including parietal endoderm cells (arrows) which co-label with laminin. Parietal endoderm cells are clearly present in the Dag1-null embryo.
The section shown in (D–F) is a comparable plane to (A–C) and is through the center of the embryo. (G–I) A more tangential section from the same embryo in (D–F).
Arrowheads denote trophoblast giant cells. Rm, Reichert’s membrane.
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DISCUSSION

Our results indicate that dystroglycan is required for normal
murine embryonic development beyond the egg cylinder stage.
The mutant phenotype suggests that the developmental program
of Dag1-null embryos fails as a result of a disruption of Reichert’s
membrane. This was first indicated by the conspicuous presence
of maternal red blood cells in the yolk sac cavities of E5.5
Dag1-null embryos, which otherwise appear histologically
normal. We have also shown that two of the major structural
components of Reichert’s membrane, laminin and collagen IV,
are specifically disrupted in Dag1-null embryos, despite the fact
that the parietal endoderm cells which secrete these molecules are
present in those embryos. Together, these results demonstrate that
Dag1-null embryos lack a structurally and functionally definable
Reichert’s membrane, indicating that dystroglycan is necessary
for the proper development of that structure. Disruption of the
barrier function of Reichert’s membrane could lead to lethality
due to a toxic effect of direct exposure of the embryo to the
maternal circulation or uterine environment. Alternatively,
Reichert’s membrane is purported to play a role in materno-
embryonic exchange (22,23), and therefore its disruption may
lead to wasting and ultimately death of the Dag1-null embryos.

The localization of dystroglycan protein in the egg cylinder
stage embryo is consistent with a role for dystroglycan in the
development of Reichert’s membrane. However, dystroglycan is
also expressed throughout the embryo, most notably in apposition
to the basement membrane between the visceral endoderm and
ectoderm. In principle, a lack of dystroglycan function in this
structure could lead to the death of the Dag1-null embryo.
However, at least one developmental event, pro-amniotic cavity
formation, that is thought to depend on this basement membrane
(24) seems to occur normally in Dag1-null embryos.

How might dystroglycan be involved in the development of
Reichert’s membrane? Reichert’s membrane is formed between
the trophoblast and parietal endoderm beginning shortly after
implantation. Parietal endoderm cells differentiate from the
hypoblast, migrate along the mural trophectoderm of the
blastocoel cavity, the prospective yolk sac cavity, and synthesize
copious amounts of laminin and collagen IV which are
incorporated into Reichert’s membrane (25,26). Dystroglycan
does not appear to be required for the differentiation or migration
of parietal endoderm cells. Indeed, we show that parietal
endoderm cells in the Dag1-null embryos express at least three
markers of differentiated parietal endoderm—laminin, collagen
IV, and Pem—and that they can achieve their proper localization
on the inner face of the yolk sac cavity. It is also unlikely that a
lack of dystroglycan has an effect on the biosynthesis of the
extracellular matrix proteins that comprise Reichert’s membrane
because laminin and collagen IV are expressed by parietal
endoderm cells in ‘patches’ and in the basement membrane
between the visceral endoderm and ectoderm.

Dystroglycan’s known role as a laminin receptor in adult tissues
and its tight co-localization with laminin in the embryo suggest
other possibilities for its involvement in the development of
Reichert’s membrane. For instance, dystroglycan may bind to
laminin and thereby mediate the organization of the extracellular
matrix constituents of Reichert’s membrane. This might be
accomplished by simply anchoring laminin to the surface of the

cellular components of the parietal yolk sac. Perhaps more
intriguingly, dystroglycan may catalyze the assembly of laminin
networks. Interestingly, Kadoya et al. (27) found that antibodies
against the E3 domain of laminin-1, the same portion of laminin
to which α-dystroglycan binds, perturb basement membrane
formation in an embryonic submandibular gland culture system.
There is as yet no known direct connection between dystroglycan
and collagen IV, but laminin and collagen IV are molecularly
linked by entactin/nidogen (28) and recent studies suggest that
collagen IV network assembly may depend on laminin network
assembly (29). If dystroglycan is required for the anchorage or
assembly of laminin networks, and therefore indirectly for the
assembly of collagen IV networks, then in Dag1-null embryos,
laminin and collagen IV synthesized by parietal endoderm cells
might diffuse away into the maternal circulation instead of
forming the insoluble Reichert’s membrane matrix. Perhaps
continuous laminin and collagen IV staining persists in the
basement membrane between the visceral endoderm and
ectoderm in Dag1-null embryos because these molecules are
trapped between two continuous epithelial cell layers. Such a role
for dystroglycan in the organization of extracellular matrix
proteins might explain its previously demonstrated involvement
in other systems such as the developing neuromuscular junction
and kidney, where there is, in each case, ongoing synthesis and
assembly of extracellular matrix proteins into basement
membrane structures.

Reichert’s membrane is a particular feature of the rodent
embryo. However, if dystroglycan is generally involved in the
development of basement membranes, it would certainly seem to
be a requisite for normal human development. Our findings
strongly indicate that the failure to identify null mutations in
DAG1 linked to muscular dystrophies in humans is due to early
embryonic lethality of such mutations, although they do not rule
out the possibility that more subtle mutations in dystroglycan
could play a role in human disease. Despite the fact that there may
be no primary genetic defects in dystroglycan associated with
skeletal muscle pathology, a partial loss of dystroglycan function
may be an underlying feature of Duchenne and limb-girdle
muscular dystrophies. In Duchenne muscular dystrophy patients
and mdx mice, there is a drastic reduction of dystroglycan protein
in the sarcolemma (1,30), where it would normally be interacting
with laminin-2 in the muscle cell basement membrane. And in the
cardiomyopathic hamster, a candidate animal model for
limb-girdle muscular dystrophy, the association of
α-dystroglycan with the sarcolemma is disrupted (31). Therefore,
while the prevailing notion is that dystroglycan serves as a sort of
transmembrane mechanical linkage, in light of our present
results, it seems reasonable to propose that the reduction or
perturbation of dystroglycan in the sarcolemma might also lead
to extracellular defects in the organization of the muscle cell
basement membrane. In other skeletal muscle diseases, there is
clear involvement of the extracellular matrix. Certain forms of
congenital muscular dystrophy and Bethlem myopathy are
caused by mutations in the α2-chain laminin-2 and the α1 and α2
chains of type VI collagen, respectively (32,33). It is interesting
to speculate that the molecular mechanisms that lead to
pathological cell death in each of the aforementioned muscle
diseases and to the demise of Dag1-null embryos might be
related.
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MATERIALS AND METHODS

Isolation and expression of Dag1

Dag1 was isolated from a λ FIXII 129/Sv genomic library by
homology screening using a radiolabeled human cDNA (3). The
Dag1 sequence has been submitted to GenBank (accession
number U48854). For Northern blot analysis we probed commer-
cially prepared (Clontech) blots of developing mouse embryos
and adult mouse tissues containing 2 µg polyA(+) RNA with a
radiolabelled full-length rabbit dystroglycan cDNA (2) probe.
Hybridization was carried out using standard methods. Blots were
exposed for autoradiography.

Generation of Dag1-null mice

From the Dag1 sequence, we cloned regions of dystroglycan
homology flanking the neo gene into the positive-negative
selection vector pPNT. A 5 kb NotI–HindIII fragment carrying
the 3′ portion of exon 2 was subcloned into a pBluescript vector,
isolated as a NotI–XhoI fragment, and inserted into NotI–XhoI cut
pPNT. The resulting plasmid was cut with EcoRI and a 1.9 kb
EcoRI fragment of intronic sequence was inserted into this site.
Following linearization at a unique NotI site, 25 µg of targeting
plasmid was electroporated (240 V, 500 µF; Bio-Rad Gene
Pulser) into 2 × 107 dispersed R1 ES cells (34). The ES cells were
maintained on feeder layers. Southern analysis for detection of
targeted ES cells was performed according to standard methods.
PCR was carried out for genotyping embryos and weanling mice.
For detection of Dag1, we used the following primer pairs: forward
(5′-TACCACAACTCGGAGGCCATCCA-3′); reverse (5′-TGA-
TGTTCTGCAGGGTGACGGAG-3′). For detection of Dag1neo2,
we used the following primer pairs: forward (5′-CAGGC-
AGGCCATACATGA-3′); reverse (5′-AGAGCCCACTTGTG-
TAGCG-3′). Northern blot analysis was carried out as described
above on 20 µg total RNA isolated from skeletal muscle dissected
from wild-type and heterozygous Dag1neo2 littermates. Band
intensity on autoradiographs was quantitated by densitometry.

Histology and immunohistochemistry

For histological analysis, the decidual sacs from timed matings
were dissected, fixed in Pen-Fix (Richard Allen Inc.) and
embedded in paraffin. We defined the morning that the vaginal
plug was observed as E0.5. Sections (7 µm) were stained using
periodic acid–Schiff histochemistry. For immunostaining,
embryos were fixed in either Pen-Fix or 4% paraformaldehyde
and embedded in paraffin. Seven micron thick sections were
deparaffinized with xylenes, hydrated in a graded series of
ethanol and blocked with PBS + 1% BSA. Primary antibodies,
anti-β-dystroglycan affinity purified against the 15 C-terminal
amino acids of dystroglycan (35) anti-human placental laminin
(36), anti-collagen α1/2 (IV) (Southern Biotechnology
Associates, Catalog no. 1340-01), and anti-Pem (21) were diluted
1:10, 1:500, 1:100, and 1:5000, respectively, in PBS + 1% BSA
and reacted overnight with sections. Secondary antibodies,
conjugated to indocarbocyanine-3 or fluorescein isothiocyanate,
were purchased from Jackson Immuno Research Labs and used
according to the manufacturer’s directions. In some experiments,
nuclei were counterstained with 4′,6-diamidino-2-phenylindole
(Sigma)
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