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The b1D integrin is a recently characterized isoform of the b1 subunit that is specifically expressed in heart
and skeletal muscle. In this study we have assessed the function of the b1D integrin splice variant in mice by
generating, for the first time, Cre-mediated exon-specific knockout and knockin strains for this splice variant.
We show that removal of the exon for b1D leads to a mildly disturbed heart phenotype, whereas replacement
of b1A by b1D results in embryonic lethality with a plethora of developmental defects, in part caused by the
abnormal migration of neuroepithelial cells. Our data demonstrate that the splice variants A and D are not
functionally equivalent. We propose that b1D is less efficient than b1A in mediating the signaling that
regulates cell motility and responses of the cells to mechanical stress.

[Key Words: Integrin; splice variant; muscle; migration; development; knockout; knockin]

Received November 27, 1997; revised version accepted February 6, 1998.

Integrins are widely expressed cell-surface receptors that
participate in cell–extracellular matrix (ECM) and cell–
cell interactions (Hynes 1992; Sonnenberg 1993). Inte-
grins also participate in signal transduction events. In
response to ligand binding, they transmit signals that
interact with those originating from growth factor recep-
tors to regulate cell growth and differentiation (Schwartz
et al. 1995). All integrins are heterodimeric transmem-
brane proteins, consisting of an a subunit noncovalently
associated to a b subunit. At least 16 a and 8 b subunits
have been identified. The diversity of the integrin family
is further increased by alternative splicing of mRNA.
Four isoforms of the b1 integrin subunit with different
cytoplasmic domains have now been described. The b1B
and the b1C variants are minor isoforms expressed in
some human tissues and cells (Altruda et al. 1990; Lan-
guino and Ruoslahti 1992), but they are not found in the
mouse (Baudoin et al. 1996). The b1D variant is the most
prominent b1 isoform in muscle and is highly conserved
between species (van der Flier et al. 1995; Zhidkova et al.
1995; Belkin et al. 1996). b1A is the most widely ex-
pressed b integrin subunit and it can associate with at
least 10 different a subunits. It is involved in a wide
range of biological processes. In development, from fer-
tilization (Almeida et al. 1995) and extending through
organogenesis, b1A appears to play a role in the migra-

tion of many cell types including the parietal endoderm
(Sutherland et al. 1993), myotomal myoblasts (Jaffredo et
al. 1988), neuroblasts (Galileo et al. 1992), and neural
crest cells (Thiery et al. 1985). In organogenesis, b1A also
participates in the development of cardiac muscle
(Fässler et al. 1996) and facilitates the fusion of myo-
blasts into myotubes during myogenesis (Yang et al.
1996). In addition, b1A plays a role in the migration of
various differentiated cell types postnatally, such as ke-
ratinocytes and lymphocytes. Finally, recent findings in-
dicate that b1A-containing integrins are able to trans-
duce a mechanical force into a biochemical signal, a pro-
cess known as mechanotransduction (Ingber et al. 1994).
Mechanotransduction may be a crucial mechanism for
integrating different types of events, such as the forces
generated by muscle cells and by cytoskeleton stiffening
in migrating cells, during tissue remodeling and neuru-
lation in the developing embryo and the mechanical
stresses resulting from local tension, compression, or
fluid flow (Gordon and Brodland 1987; Ingber et al. 1994).

The b1A and b1D isoforms are very homologous, dif-
fering by only 13 amino acids in their cytoplasmic do-
mains, 6 of which are located between the cyto-2 and
cyto-3 domains, resulting in the loss of a potential site
for phosphorylation and ILK (b1-integrin-linked protein
kinase) binding in b1A (Hannigan et al. 1996). In the
developing muscle, b1D is expressed in a specific pat-
tern. It is first detectable late in gestation and later in all
types of muscle, that is, fast, mixed, and slow fibers and
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is particularly strongly expressed in the heart, suggesting
that it has a crucial function in these tissues (van der
Flier et al. 1997). In addition, absence of the integrin a7
subunit, which is the major pairing partner of b1D in
heart and skeletal muscles, causes a novel form of mus-
cular dystrophy (Mayer et al. 1997). Because of its spe-
cific localization at myotendinous junctions and at in-
tercalated discs, which represent the major force trans-
mission sites in skeletal and heart muscle respectively,
it has been proposed that b1D mediates stronger attach-
ment at these sites, thereby providing more resistance to
the mechanical forces to which muscles are subjected
(Belkin et al. 1996; van der Flier et al. 1995). To increase
our understanding of the function of b1D, we have
knocked out and knocked in the exon for b1D, thereby
generating, for the first time, Cre-mediated exon-specific
knockout and knockin animals. Adult b1D knockout
mice are viable but display a mild abnormality of cardiac
function. In contrast, b1D knockin embryos die during
development with multiple defects partly because of ab-
normal migration of neural cells.

Results

Generation of b1 exon D knockout mice by use
of the Cre–loxP system

b1D is an isoform of b1, produced by alternative splicing
of the b1 gene. During myogenesis, exon D, specific for
the b1D subunit, is spliced into the mature mRNA. To
delete exon D in embryonic stem (ES) cells, we have
developed a method based on the Cre–loxP system that
does not affect the splicing of the remaining exons of the
b1 gene. In this method, two steps are involved (Fig. 1A):
In the first step, exon D together with the ag/gt splicing
consensus sites is replaced, through homologous recom-
bination, by a cassette coding for two selection markers
flanked by two loxP sites. In the second step, the Cre
enzyme is transiently expressed in the targeted ES cells.
Cre catalyzes a loxP site-dependent recombination that
efficiently excises the selection marker sequences from
the targeted allele, leaving a single loxP site instead of
exon D and its splicing consensus sites. The cassette
encodes positive and negative selection markers, bacte-
rial neomycin resistance (neor) and herpes simplex thy-
midine kinase genes (HSV–tk), respectively, linked in
tandem and under the control of two separate strong pro-
moters.

The TC5 targeting construct was designed for homolo-
gous recombination (see Materials and Methods). E14 ES
cells were transfected with the linearized vector and se-
lected for neomycin resistance. Targeted clones were
identified by Southern blot analysis, on the basis of a
novel 9-kb band in BamHI-digested genomic DNA, de-
tected with probe 331 (Fig. 2A). Homologous recombina-
tion was observed in 60% of cases. The pOG231 plasmid
was used to transiently express the Cre enzyme in two
independently targeted ES clones. ES cells that had un-
dergone Cre–loxP mediated recombination were selected
with gancyclovir. The surviving clones were screened by

PCR for the deletion event and the replacement of the
exon D by a loxP site. We found that in 100% of the
Gancyclovir-resistant colonies the selection marker was
deleted, demonstrating the efficiency of the Cre–loxP-
mediated recombination. To verify that replacement of
exon D by a loxP site did not hamper splicing of the
remaining exons (Fig. 1B), PCR and Northern blot analy-
sis were carried out on total RNA extracted from wild-
type cells and the mutated ES cell clones. Total RNA
was isolated from two independent mutant clones
(9D2cre5 and 2G2cre2) and hybridized with a b1 cDNA
probe (331). The intensity of the signal in the two clones,
as estimated by PhosphorImager analysis, was compa-
rable with that of the parental ES clone (not shown). For
PCR analysis, total cDNA from 9D2cre5 and 2G2cre2

Figure 1. Scheme for exon-specific targeting. (A) Restriction
maps for the 38 portion of the mouse b1 integrin locus, the
targeting construct, the homologous recombinant, and the exon
D-deleted mutant. In the targeting construct, exon D is replaced
by a neo–tk minigene flanked by two loxP sites. After homolo-
gous recombination, targeted ES cells are transiently trans-
fected with a Cre-encoding plasmid. After Cre/loxP-mediated
recombination, exon D is replaced by a loxP site. Recombina-
tion is detected in Southern blot analysis as a new 9-kb BamHI
fragment. The probe (331) is a cDNA consisting of exons 3, 4, 5,
and 6. (B) In normal muscle cells, the exon D is inserted into the
mature b1D mRNA, whereas in the knockout muscle cells,
exon 6 and 7 are connected leading to the mature b1A mRNA.
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clones were amplified with primers coding for exon 6
and 7. No PCR products of abnormal size were detected
(not shown). These data demonstrate that there was no
aberration in the splicing of the b1 gene. The 9D2cre5
and 2G2cre2 ES clones were injected into C57BL/6 blas-
tocysts and chimeras were obtained. These chimeras

successfully allowed germ-line transmission for the two
clones and were crossed with FVB or 129/OLA females.
Heterozygous offspring was then interbred to produce
homozygous mutants, and offspring was tested for exon
D deletion by Southern blot and PCR analysis (Fig. 2B).

The muscles of the b1D knockout mice do not have
detectable b1D mRNA or b1D protein

Northern blot analysis, performed with a b1 probe that
detects both b1A and b1D transcripts revealed a single
transcript of 3.5 kb in the heart and the lungs of the
wild-type (+/+) and knockout/knockout (ko/ko) mice
(Fig. 2C). PhosphorImager analysis indicated that the lev-
els of b1 mRNA in ko/ko mice were comparable with
those in +/+ mice. Subsequent hybridization with a b1D-
specific oligonucleotide showed that the 3.5-kb b1D
mRNA was present only in our +/+ mice (Fig. 2C). To
verify that b1D protein was absent from these animals,
we performed immunoblot analysis using the monoclo-
nal antibody, 2B1, which is specific for b1D (van der Flier
et al. 1997). As shown in Figure 2D, the antibody recog-
nizes a band of 120 kD in the heart of the +/+ but not the
ko/ko animals. Probing with a total anti-b1 antibody
revealed that the amounts of b1 protein were similar in
the +/+ and the ko/ko mice, suggesting that there was an
increase in the expression of b1A in the heart of ko/ko
mice (Fig. 2D), which was confirmed by probing with a
b1A antibody (not shown).

There are no histological or ultrastructural alterations
in muscles of b1D knockout mice

Despite a highly specific expression pattern of b1D in
developing muscle (van der Flier et al. 1997), mice ho-
mozygous for the b1D–knockout allele were viable and
fertile. They could not be distinguished from control ani-
mals by overall morphology and behavior. Mice were
able to run, swim, or hold a weighted grid without any
obvious signs of fatigue as compared with littermate
control mice. Light microscopy studies on sections of
muscles from the diaphragm, soleus, vastus lateralis,
gastrocnemius, tibialis anterior, and heart muscles from
b1D ko/ko mice up to 1 year of age, did not reveal any
obvious morphological abnormalities characteristic for
muscular dystrophies. Also, no necrosis or polynuclear
infiltration, characteristic of fiber degeneration/regen-
eration cycles, were detected. In addition, the myocardi-
um did not show any signs of hypo- or hypertrophy, and
no calcium or collagen deposits were present as assessed
by von Kossa and Masson trichrome staining. Finally,
electron microscopical analysis did not reveal any abnor-
malities at the sites in which b1D is normally enriched;
in skeletal muscles, myotendinous junctions were nor-
mally folded with digit-like extensions of the muscle
cells into the collagen fibrils. In the heart, myofibrils
were correctly organized with a normal lateral align-
ment, particularly at the intercalated discs (not shown).

To assess whether the distribution of some specific
proteins might be affected as a consequence of the loss of

Figure 2. (A) Identification of homologous and Cre/loxP re-
combination by Southern blot analysis of DNA from targeted ES
cell lines. A 24-kb fragment is present in BamHI digested DNA
from wild-type ES cells (wt), a 9-kb mutated fragment is also
present in DNA from homologous-targeted ES cell before (rec)
and after (+Cre) the Cre/loxP mediated recombination. In XbaI-
digested DNA, an 11-kb fragment is present in the DNA from
homologously targeted ES cells, whereas the fragment disap-
peared after transfection with the Cre-encoding plasmid, show-
ing that the Cre–loxP recombination had been successful. (B)
PCR analysis of tail genomic DNA from +/+, +/ko, and ko/ko
b1D mice. Primers flank exon D; the lower band corresponds to
exon D and its consensus splicing sites, the upper band corre-
sponds to the loxP site. (C) Northern blot analysis of mRNA
derived from heart and lungs of +/+ and b1D ko/ko mice. The
blot is successively probed with an antisense oligonucleotide
encoding exon D (b1D) and exon 7 (b1). (D) Immunoblot analy-
sis of proteins extracted from the heart of +/+ and ko/ko mice.
The blot is successively probed with anti-b1D, b1, and a7B
antibodies. (E) Northern blot analysis of RNA extracted from
ventricles of +/+ and ko/ko mice. The blot is probed succes-
sively with an ANP and GAPDH cDNA probes. (F) Quantifica-
tion by PhosphorImager analysis of the relative expression level
of ANP mRNA in heart ventricles of +/+ and ko/ko mice. (F)
Female; (M) male.
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b1D, we performed immunofluorescence microscopy on
frozen sections of skeletal and cardiac muscle from +/+
and b1D ko/ko mice. Because in cardiac and skeletal
muscles the a7A and a7B subunits are the major pairing
partners for b1D (Belkin et al. 1996), we first checked for
staining for these subunits using isoform specific anti-
bodies on frozen sections of +/+ and b1D ko/ko mice. No
differences were observed with respect to the distribu-
tion or the expression levels of the a7A and a7B subunits
(Fig. 3G–J). Western blot and PhosphorImager analysis
revealed that the quantity of a7B protein was the same in
the hearts of the +/+ and the ko/ko mice (Fig. 2D), which
suggests that there is no preferential association of the
a7 subunit with b1A or b1D and that the stability of the
a7b1D integrin is not different from that of a7b1A.
Staining with anti-a3 and anti-a5 antibodies, which are
known to be expressed in the connective tissue and
blood vessels present in muscle tissue, also revealed no
differences (not shown). Laminin 2 (merosin) is the major
laminin isoform found in the extracellular matrix of
skeletal and heart muscles and it is a ligand for the a7b1

integrin (Velling et al. 1996; Yao et al. 1996). Staining of
muscles with an anti-a2 laminin subunit antibody again
revealed no differences with respect to localization or
the level of expression (Fig. 3E,F). Finally, we stained
sections with an anti-dystrophin antibody to investigate
whether the dystrophin–dystroglycan complex may
compensate for the loss of b1D. No change in staining
was observed in muscles of b1D ko/ko mice. Thus, we
conclude that the absence of b1D does not influence the
localization or the level of expression of these proteins
and that b1D deletion does not result in obvious histo-
logical or ultrastructural abnormalities.

b1D knockout mice display mild cardiac functional
abnormalities

Because functional abnormalities may precede morpho-
logical changes, we analyzed our mice using markers of
functional alteration in muscle. We focused on the func-
tion of the myocardium because the expression level of
b1D is 5- to 10-fold higher in cardiac than in skeletal
muscle (van der Flier et al. 1997). The amount of atrial
natriuretic peptide (ANP) is a biological marker for the
severity of heart dysfunction and predictive for patients’
survival. In ventricles of patients with left ventricular
hypertrophy and a failing heart, or in rats with congeni-
tal cardiomyopathies, ANP synthesis is increased two-
to sixfold as a haemodynamic functional compensatory
mechanism (Brooks et al. 1988; Lee et al. 1988; Morita et
al. 1990). We hybridized total RNA extracted from the
ventricles of the ko/ko and +/+ mice with an ANP
cDNA probe. The level of ANP mRNA was significantly
increased (two to six times) in 100% (15/15) of the male
ko/ko mice compared with controls, whereas no such
increase was observed in the female ko/ko mice (0/8)
(Fig. 2E–F). In nine wild-type littermates (six males, three
females) no differences in the ANP mRNA levels were
detected. In addition, we found that in two male b1D
ko/ko mice (2/2) the level of the b myosin heavy chain
(bMHC), the amount of which is also a marker of heart
dysfunction (Izumo et al. 1987), was elevated by 25%,
thus confirming a ventricular dysfunction and a compen-
satory response (Dr. G.S. Buttler-Browne, pers. comm.).
As an additional control, the ANP probe was also hybrid-
ized with mRNA extracted from 10 a6A ko/ko mice
(five males, five females). Although the a6A integrin
subunit is expressed in the heart during development, its
absence did not result in an increase of the ANP mRNA
level (Dr. C. Gimond, pers. comm.). These results show
that male b1D ko/ko mice have a mildly affected heart
phenotype, as reflected by an increased expression of
ANP and bMHC in the ventricles.

Generation of b1 exon D knockin mice:
the complementary approach to the b1D knockout

Gene knockin is an approach in which a gene is replaced
by another to test whether the product of the two genes
are functionally equivalent. To check whether b1D can

Figure 3. (A–J) Immunostaining of skeletal muscles from b1D
+/+ and ko/ko mice. Skeletal muscles of 1-year-old mice were
frozen in OCT compound, and sections were prepared and sub-
jected to immunofluorescence histochemistry with various an-
tibodies. The first section of each pair is from +/+ skeletal
muscles; the second is from ko/ko skeletal muscles. (A,B) anti-
b1D; (C,D) anti-b1; (E,F) anti-a2 laminin subunit; (G,H) anti-
a7A integrin; (I,J) anti-a7B integrin. Scale bars, 25 µm.

Exon-specific knockin and knockout of b1D

GENES & DEVELOPMENT 1205



take over b1A, we replaced part of the gene specifically
encoding b1A by a cDNA fragment encoding b1D. To
produce b1D knockin/knockin (ki/ki) mice, we designed
the TC8 targeting construct for the selective expression
of the b1D subunit (Fig. 4A). ES cells were transfected
with the targeting construct and selected for neomycin
resistance. Homologous recombination was identified by
Southern blot analysis of BamHI-digested genomic DNA
on hybridization with the probe 331. Recombination can
occur via the 58 and 38 arms of the construct resulting in
a novel 9-kb band (type 1 targeting), or can occur via the
58 arm and the region located between exon 7 of the neo
gene resulting in a novel 14-kb band (type 2 targeting)
(Fig. 5A). A high frequency (55%) of homologous recom-
bination was achieved. Two independently targeted

Figure 4. (A) Knockin targeting strategy. Restriction maps for
the 38 portion of the mouse b1 integrin locus, the targeting
construct, and the type 1 and 2 homologous recombinants. Ho-
mologous recombination occurs between the 58 and the 38 end
of the construct with the genomic DNA leading to the type 1
recombinant DNA or between the 38 end and the connecting
region between exon 7 and the neo gene with the genomic DNA
leading to the type 2 recombinant DNA. After digestion with
BamHI, the ES cell DNA is probed with 331, giving a wild-type
24-kb fragment and targeted 14- or 9-kb fragments. (B) The
amino acid sequences of the b1A and b1D cytoplasmic domains
differ after the KWDT sequence. The conserved cyto-1, cyto-2,
and cyto-3, which are important for the localization of integrins
in focal contacts, are shaded. Note that the two threonines (*)
present in the b1A integrin are absent in the b1D integrin.

Figure 5. (A) Identification of type 1 and type 2 homologous
recombination by Southern blot analysis of DNA from targeted
ES cell lines. After digestion with BamHI, DNA is probed with
331. The 24-kb fragment is the wild-type allele (wt), the 9-kb
and the 14-kb fragments are the type 1 (rec. 1) and type 2 (rec. 2)
mutated alleles, respectively. (B) Northern blot analysis of RNA
from total ES cells. The type 1-targeted ES cells (rec. 1) express
b1D after homologous recombination. The blot was succes-
sively hybridized with an antisense oligonucleotide encoding
for exon D (b1D) and exon 7 (b1). (C) Northern blot analysis of
RNA from total tissues of heterozygous knockin mice. After
knockin recombination, b1D is constitutively expressed in all
the tissues analyzed, i.e., heart (H.), lungs (Lu.), liver (Li.), and
kidneys (ki.). (D) Western blot analysis of proteins from total
tissues of heterozygous knockin mice. Mice expressing b1D at
the mRNA level (see Fig. 6C) express b1D at the protein level.
(E) Northern blot analysis of total RNAs derived from knockin
MEFs in culture. The wild-type +/+, heterozygous +/ki, and
homozygous ki/ki b1D knockin MEFs express b1 mRNA at the
same level. The blot was hybridized with probe 331, which
recognizes all b1 isoforms. (F) Western blot analysis of proteins
from a total lysate of MEFs. ki/ki MEFs express b1D. Note the
higher expression level of b1 in the +/+ MEFs compared with
the ki/ki MEFs. (G) Southern blot analysis of DNA derived from
knockin embryos. In ki/ki embryos, only the type 1 mutated
allele (9 kb) is present. The blot was hybridized with 331. (H)
Genotypes of progeny from intercrosses between heterozygous
b1D knockin parents.
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clones, 7A1 and 2B1, were injected into C57BL/6 blas-
tocysts and chimeras were obtained. These chimeras
successfully gave germ-line transmission for the mu-
tated allele and produced heterozygous offspring when
crossed with FVB and 129/OLA females.

b1D is ubiquitously expressed in targeted ES cells
and in heterozygous b1D knockin mice

To assess whether the type 1 homologous recombination
resulted in the expression of b1D mRNA, we performed
Northern blot analysis of total RNA extracted from tar-
geted ES cells and tissues from heterozygous knockin
mice. RNA samples were probed with a radiolabeled an-
tisense oligonucleotide specific for b1D. The 3.5-kb b1D
mRNA was detected in the type 1 targeted ES cell clones
(Fig. 5B) and in different tissues from heterozygous b1D
knockin mice (Fig. 5C). In contrast, no signal was de-
tected with mRNA from wild-type and type 2 targeted
clones (Fig. 5B). To quantify the total amount of b1
mRNA, an antisense oligonucleotide for b1 (exon 7) was
hybridized with the different blots (Fig. 5B). The level of
the b1D mRNA, in type 1 targeted ES cells and in b1D
+/ki mice, was 50% of that of b1 mRNA, because b1D,
in type 1 targeted ES cells and b1D +/ki mice is ex-
pressed by only one allele. Finally, we performed West-
ern blot analysis using the monoclonal antibody 2B1,
specific for b1D, to investigate whether the b1D protein
is expressed in b1D +/ki mice. As shown in Figure 5D, a

120-kD protein is detected in both heart and lung of het-
erozygous b1D knockin mice, demonstrating that the
homologous recombination has led to the constitutive
expression of b1D.

b1D homozygous knockin is embryonic lethal

Next, we investigated whether the exclusive expression
of b1D had morphological consequences in heterozygous
knockin adult mice. Anatomical and light microscope
analysis of tissue sections of b1D +/ki mice showed no
obvious signs of degeneration suggesting that b1D does
not act as a dominant negative with regard to b1A func-
tion.

Strikingly, crossing heterozygous +/ki mice did not
result in any live-born homozygous b1D knockin ki/ki
pups. Therefore, we determined the developmental age
at which the embryos were lost. Twenty percent of the
embryos recovered at 10.5 dpc were genotyped as ki/ki,
whereas at 16.5 dpc this was only 6% (Fig. 5H). Embryos
were collected at various ages between 10.5 and 16.5 dpc,
genotyped, analyzed for gross anatomical changes, and
for histological and immunohistochemical analysis sec-
tions were prepared. At 10.5 dpc, ki/ki embryos were
morphologically indistinguishable from +/+ and +/ki
embryos (data not shown). At 11.5 dpc, however, about
one-third of the ki/ki embryos were obviously abnormal,
as shown in Figure 6 (B–I), compared with +/+ or +/ki
(Fig. 6A) at the same age. The neural tube was open, and

Figure 6. Phenotype of b1D ki/ki em-
bryos between 11.5 and 16.5 dpc. Gross
morphology is shown at 11.5 (A–G) and
16.5 dpc (H,I). (A) Control +/ki embryo at
11.5 dpc. The neural tube is closed ros-
trally and caudally; brain cavities are evi-
dent as convolutions in the head; the tail
bends to the right, with developing limbs
symmetrically positioned on either side.
The broken line joins ventral extremities
of first and second branchial arches (b1,
b2). In b1, the maxillary (top) and man-
dibular (bottom) components are already
separating. (B) b1D ki/ki embryo at 11.5
dpc showing extravasation of RBCs (ar-
rows). (C) b1D ki/ki embryo at 11.5 dpc
showing that the maxillary component of
the first branchial arch (b1) is missing,
leaving the tongue (t) exposed. The limbs
(lb) are excentrically positioned with re-
spect to the tail. (D) b1D ki/ki embryo at
11.5 dpc showing abnormal development
of the first branchial arch (b1) with the
mandibular component missing. The bro-

ken line joins ventral extremities of b1 and b2. (E) b1D ki/ki embryo at 11.5 dpc showing lack of part of the hindbrain (open arrow).
The body is also abnormally twisted with lower limbs excentrically placed relative to the tail and branchial arches b1 and b2 are
underdeveloped. (F) Anterior view of embryo in E showing open neural tube. (G) Dorsal view of a b1D ki/ki embryo at 11.5 dpc showing
a kinked neural tube (open arrow). (H) b1D ki/ki embryo at 16.5 dpc. The shortened branchial arch has resulted in an underdeveloped
lower jaw, so that the upper palate is visible. The head is abnormally smooth. (F) b1D ki/ki embryo at 16.5 dpc. Both jaws and the lower
part of the face are underdeveloped and misformed. One eye has been displaced to the top of the head, probably by edema (arrow). All
limbs have retarded digit development. Scale bars, 1.2 mm.
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abnormally waved both rostrally and caudally (Fig.
6F,G), some embryos lacked part of the hindbrain (Fig.
6E) and in most embryos, the first branchial arch was
shortened (Fig. 6, cf. D and E with control A). In several
embryos, this left the tongue exposed (Fig. 6C), where it
would normally have been enclosed by developing jaws.
At 12.5 dpc, this pattern of abnormalities was main-
tained (data not shown). Conventional histology on
transverse sections at 12.5 dpc showed that the open
anterior neural tube in ki/ki embryos was accompanied
by a gross expansion of the neuroepithelium (Fig. 7B), in
a pattern different from that observed in +/ki embryos in
which the neural tube was closed at that level (Fig. 7A).
Because the overall phenotype bears resemblance to that
described for fibronectin (FN) ko/ko embryos and be-
cause the migratory behavior of embryonic fibroblasts
isolated from ki/ki embryos at this stage on FN sub-
strates was altered (see below), we stained adjacent sec-
tions for FN (Fig. 7C,D) and its major receptor subunit,
the a5 integrin subunit (Fig. 6I,J). In the +/+ (not shown)
and +/ki embryos (Fig. 7C), FN antibodies stained a thin
(cellular) layer surrounding the neural tube, the endothe-
lial cells of blood vessels, a layer around the somites and
weakly, mesenchymal cells under the neural tube. The
neuroepithelium and somites themselves were negative.
In contrast, the b1D ki/ki embryos lacked the thin layer

of staining around the open neural tube (Fig. 7D),
whereas more caudally in the same embryo, in which the
tube was closed, staining appeared to be normal (data not
shown). In the mesenchyme under the open neural tube,
staining of FN was abnormally strong, whereas staining
of FN was normal in the walls of the aorta, but in smaller
vessels, levels appeared to be reduced (not shown). This
may have resulted in weaker vessel walls and extravasa-
tion of red blood cells (RBCs) was evident in various
tissues of the ki/ki embryos (Fig. 7H), whereas in con-
trast, in +/ki embryos, RBCs were only contained within
vessels (Fig. 6K). RBCs were also found in the pericardial
cavity of the ki/ki embryos (Fig. 7H), but not in the +/ki
embryos (Fig. 7G) or +/+ embryos (data not shown).
Where extravasation had occurred just under the skin,
patches of RBCs were evident immediately on dissection
of the ki/ki embryos from the uterus (Fig. 6B), whereas
they were not seen in the +/ki (Fig. 7A) or control +/+
embryos (data not shown). The expression and distribu-
tion of the FN receptor, a5b1, was unaltered in the ki/ki
embryos. The thin layer of a5 around the neural tube
seemed to be completely intact (Fig. 7I,J). Other tissues
of the ki/ki embryos at 12.5 dpc and compared with +/ki
and +/+ tested in serial transverse and sagittal sections
included the trigenimal ganglion (V), choroid plexus, op-
tic nerve (II), diencephalon, fore- and hindbrain, Jacob-

Figure 7. Histological sections of control
and b1D ki/ki embryos stained with hema-
toxilin and eosin. (A) Transverse section of
control +/ki embryo (12.5 dpc) at the level of
the hind limbs. The embryo is curved so
that the anterior (a) and posterior (p) neural
tubes (n) are visible and closed. (B) Trans-
verse section of b1D ki/ki embryo (12.5 dpc)
at the level of the hind limbs. The neural
tube (n) is open and the neuroepithelium
overexpanded. Twisting of the body results
in an abnormal a–p axis. (C) FN staining of a
control +/ki embryo (12.5 dpc) (transverse
section through the anterior neural tube).
Note the thin layer around the neural tube,
the low level of staining in the mesenchyme
ventral to the neural tube (solid arrow) and
the strong staining around the aorta (ao). (D)
FN staining of a b1D ki/ki embryo (12.5
dpc) (transverse section through the anterior
neural tube that had failed to close). Note
the lack of a thin layer of FN around the
neural tube (open arrow), excessive FN in
the mesenchyme underlying the neuroepi-
thelium (solid arrow), but the normal
amounts of FN around the aorta (a). (E) Sag-
ittal section through the head of a control
+/ki embryo at 14.5 dpc showing the choroid plexus (cp) in the roof of the fourth ventricle. (F) Sagittal section through the head of a
b1D ki/ki embryo at 14.5 dpc at the position that should contain the choroid plexus (arrow). The head of this embryo is smooth, as
in Fig. 6H. (G) Sagittal section through a control +/ki embryo showing RBCs confined within blood vessels [(da) dorsal aorta]. (H)
Sagittal section through a b1D ki/ki embryo showing RBCs dispersed throughout the tissue and in the pericardial cavity (pc). (I) a5
integrin staining of a control +/ki embryo at 12.5 dpc. Transverse section adjacent in the anterior neural tube. Note staining of the
same thin layer around the neural tube as in C. (J) a5 integrin staining of a b1D ki/ki embryo at 12.5 dpc. Transverse section through
the anterior neural tube that had failed to close. The thin layer around the neural tube is stained as in controls in which the tube is
closed at the same level. Scale bars, 1 mm in A–D, 150 µm E–J.
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son’s organ, tongue, jaws, ventricles and atria, pericardial
cavity, septum and outflow tract, body wall, liver, gut,
notochord, urogenital tract, spinal cord, dorsal root gan-
glia, mesonephros, metanephros, gonads, lung, vagus
nerve (X), cartilage, somites, stomach, eye, facial gan-
glion (VII), and main veins and arteries. Of these, only
the choroid plexus was markedly aberrant. Only a rudi-
mentary choroid plexus was present in some sections of
a complete series, cut saggitally through the head from
the roof of the fourth ventricle (Fig. 7E,F). Its virtual ab-
sence correlates with the presence of an abnormally
smooth head and small brain cavities, features that were
also evident at later stages of development (16.5 dpc) in
ki/ki embryos (Fig. 6H). At these late stages, only two
embryos were recovered, both of which were abnormal
(Fig. 6H, I). A striking feature was the lack of a lower jaw
and a dysmorphic lower face, most likely caused by an
underdevelopment of the first branchial arch. The heart
of the embryos shown in Figure 6H was no longer beat-
ing when collected at 16.5 dpc, but development of the
ear shows that it was viable until at least 15.5 dpc. Fi-
nally, in one embryo, digit formation was delayed in all
limbs (Fig. 6I), compared with +/+ littermates (Fig. 6H;
data not shown). These results clearly demonstrate that
b1D cannot replace the function of b1A during develop-
ment.

Reduced migratory potential of b1D knockin
embryonic cells

To assess whether the developmental defects that we
observed in the ki/ki embryos might be the result of an

altered migratory behavior of the ki/ki embryonic cells,
we conducted migration and adhesion assays with cul-
tured 12.5 dpc murine embryonic fibroblasts (MEFs) on
different extracellular matrix proteins. The genotype of
each 12.5 dpc embryo was tested by PCR and Southern
blot analysis (Fig. 5G) and cells were subcultured three
times to obtain a homogenous population of fibroblastic
cells. First, we assessed the levels of expression at the
cell surface of the b1, a1, a3, a5, and a6 integrin sub-
units and of the avb3 and avb6 integrins by immuno-
precipitation (Fig. 8B) and FACS analysis (not shown).
All of these subunits and integrins were expressed at the
cell surface. Interestingly, we found that the expression
level of b1 was reduced by 50% in the ki/ki MEFs com-
pared to that in the +/+ MEFs (Figs. 8B and 5F) and that,
consequently, the expression levels of the a5, a3, and a6
proteins at the cell surface were also reduced by 50%.
However, we did not find any difference in the b1 mRNA
level in the ki/ki MEFs compared with that in the +/+
MEFs (Fig. 5E). No difference was found for the avb3 and
avb6 integrins.

On laminin 1, we found that both adhesion and mi-
gration of the ki/ki MEFs were greatly reduced (Fig. 8A).
In the presence of an anti-a6 antibody (GoH3), migration
was completely blocked on laminin 1 (not shown), indi-
cating that in MEFs a6b1 is the only laminin-1 binding
integrin. On type IV collagen, we found that migration
was reduced, but that adhesion was not altered. An anti-
b1 antibody completely blocked migration on collagen
IV (Fig. 8A), whereas an anti-a2 antibody had no effect
(not shown), which is consistent with a1b1 being the
receptor for collagen IV. The level of the a1 integrin sub-

Figure 8. (A) Migratory (bars) and adhesive (lines) properties of +/+, +/ki, and ki/ki MEFs on collagen IV, laminin 1, vitronectin, and
FN. By use of concentrations of FN that result in the same adhesion of +/+ (1.5 µg/ml) and ki/ki (5 µg/ml) MEFs (bottom right),
migration is not restored to normal in the ki/ki MEFs. (Top right) Migration on collagen IV is completely blocked with an anti-b1
antibody. (Bottom left) Migration on FN is blocked completely by an anti-b1 antibody, whereas an anti-a6 antibody has no effect. (B)
Immunoprecipitation analysis of various integrin subunits expressed at the surface of the +/+ and ki/ki MEFs. (Cont. Ab.) The
secondary antibody used as a control.
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unit was very low but similar on +/+ and ki/ki MEFs,
which is in agreement with the fact that both types of
MEFs adhered to a similar extent. Adhesion and migra-
tion, on FN, were also reduced in ki/ki MEFs (Fig. 8A).
To exclude that the reduced adhesion of the ki/ki MEFs,
the result of decreased level of b1-containing FN recep-
tors, was responsible for their decreased migration, we
performed migration assays using different concentra-
tions of FN. With a concentration of 5 µg/ml, adhesion
of ki/ki MEFs was comparable with that of +/+ MEFs at
1.5 µg/ml. In spite of that, migration of the ki/ki MEFs
was still strongly reduced. An anti-b1 antibody com-
pletely blocked migration on FN, indicating that on
MEFs b1 containing integrins are the major receptors for
FN (Fig. 8A). Finally, we found that when plated on FN,
ki/ki MEFs formed focal contacts that were similar in
size and number to those formed by the +/+ MEFs (not
shown). These results demonstrate that the ki/ki embry-
onic cells have a reduced migratory potential, which is
probably caused by a reduction in the expression of the
b1 containing integrins, in combination with a lower
efficiency of b1D, as compared with b1A, in mediating
migration.

Discussion

Exon-specific knockout and knockin
as complementary tools to assess the function
of a splice variant protein

Here, we describe the first exon-specific knockout mice
to assess the function of a muscle-specific splice variant
of b1, the b1D integrin subunit. Because of the numer-
ous biological functions of b1, the conventional knock-
out of the b1 gene is embryonically lethal already during
gastrulation (Fässler et al. 1995; Stephens et al. 1995), so
that the function of the b1D integrin cannot be assessed
in these mice. To overcome this problem we have ap-
plied a genetic approach on the basis of the Cre–loxP
system (Gu et al. 1994; DiSanto et al. 1995; Smith et al.
1995) by which exon D can be specifically deleted. This
procedure did not interfere with the germ-line transmis-
sion of the mutated gene because chimeric and hetero-
zygous mice were readily obtained. Importantly, the re-
placement of exon D by a loxP site did not interfere with
either the transcription of the b1 gene or the stability or
the splicing of the b1 pre-mRNA, as shown by the nor-
mal expression of the b1 mRNA in knockout mice (Fig.
2C). Finally, translation of the mature RNA also appears
to be normal because the total amount of the b1 proteins
in muscles from knockout and control mice were similar
(Fig. 2D).

In addition, we have also generated mice that express
b1D, instead of b1A, by applying a knockin strategy.
This method has been used previously to replace the
mouse Engrailed gene En-1 by En-2 (Hanks et al. 1995).
Here, we describe, for the first time, the knockin of an
exon, replacing the normal mRNA by one encoding one
of its splice variants. ES cells were transfected with a
construct allowing the constitutive expression of b1D

mRNA. Northern blot analysis of RNA demonstrated
that the procedure did not affect the transcription of the
b1 gene or the stability of the b1D mRNA, that is, the
level of b1D in the ki/ki MEFs was the same as that of
b1A in the +/+ MEFs (Fig. 5E). Furthermore, the knockin
procedure did not interfere with the germ-line transmis-
sion of the ki gene because the ratio of heterozygous
mice was as expected.

In principle, these two complementary techniques,
exon-specific knockout and knockin, should allow the
activation and inactivation of any exon in any gene.
Thus, it is now possible to study the role of splice vari-
ants in a genetically modified animal.

What does the knockout tell us about the function
of b1D in muscles?

Considering results of previous studies that indicate that
b1 plays an important role in muscle cell differentiation
(Fässler et al. 1996), the organization of sarcomeric cyto-
architecture (Volk et al. 1990) and myogenesis (Yang et
al. 1996), we were surprised that in our study the lack of
b1D did not affect muscle formation and did not cause
muscular degeneration or myopathy. A likely explana-
tion for this unexpected finding is that loss of the func-
tion of b1D is compensated by b1A. The b1D isoform is
very homologous to b1A; the two variants differ only by
13 amino acids of their cytoplasmic tails (van der Flier et
al. 1995; Zhidkova et al. 1995; Belkin et al. 1996). Thus,
the phenotype observed in the ko/ko mice is only the
result of a different function of the b1D-specific amino
acids (Fig. 4B), rather than of the total b1 subunit.

In skeletal muscle, b1D is present at the myotendi-
nous junction and at the costameres. These structures
are the major junctions through which the skeletal
muscle fiber is connected with the extracellular matrix
and the tendon. In the heart, b1D is found at the inter-
calated discs that are the structure units for cell–cell
contact of the cardiomyocyte (Belkin et al. 1996). In skel-
etal muscles, b1D is associated with the a7A and a7B
subunits, whereas in heart it is only associated with a7B.
Recent work has shown that the cytoplasmic domain of
the bPS subunit, which is the b1 integrin-like subunit in
Drosophila, is responsible and sufficient for targeting in-
tegrins to the termini of muscles in vivo (Martin-Ber-
mudo and Brown 1996). From these observations, it
seems that the cytoplasmic domain of b1D plays a role
in the localization of integrins at these sites. However, in
the b1D ko/ko mice b1A is localized at the same posi-
tion as b1D in normal muscle, that is, intercalated discs,
myotendinous junctions, and costameres, which ex-
cludes a specific role for b1D in targeting integrins to
these sites. Furthermore, the data suggest that the asso-
ciation of b1A with sarcomeric protein and the actin
network is normal and that the role of b1D is not differ-
ent from that of b1A in the maintenance and the orga-
nization of the cytoarchitecture of the mature muscle
cells. Finally, b1D ko/ko mice form normal mature
muscles, excluding a specific role for b1D in myogenesis.
Because b1D is highly enriched at the myotendinous
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junctions and in intercalated discs, it has been proposed
that b1D provides stronger attachment at these sites
than b1A (van der Flier et al. 1995; Belkin et al. 1996).
Our data do not support this assumption because there
are no histological or ultrastructural abnormalities in
skeletal and cardiac muscles from ko/ko mice. We also
did not observe an increased expression of the dystro-
phin/dystroglycan complex, which would be a possible
compensatory response to a weakening of the attach-
ment of the muscle to the extracellular matrix. Finally,
the localization of the a2 laminin subunit appeared to be
normal.

What could be the function of the b1D integrin? The
production of isoforms by developmentally regulated al-
ternative splicing of pre-mRNAs is a widespread phe-
nomenon that represents an evolutionary strategy aimed
at a subtle functional diversification. Consequently, de-
fining the function of a splice variant protein might be
more difficult than of a protein in a total gene knockout.
Hence, to identify subtle defects, we analyzed our ko/ko
mice further for functional alterations of the myocardi-
um, because b1D is 5–10 times more strongly expressed
in the heart than in skeletal muscles (van der Flier et al.
1995). In addition, the myocardium is subject to continu-
ous mechanical stress. The amount of ANP is a reliable
biological marker for the severity of functional and hae-
modynamic heart failure. ANP is a 28-amino-acid poly-
peptide hormone secreted by the heart in response to
mechanical and neuroendocrine stimuli (Jarygin et al.
1994; Nakao et al. 1996). In early heart failure, ANP syn-
thesis is increased in the ventricles in which it may play
a key role in preserving a compensated state of asymp-
tomatic heart dysfunction (Brandt et al. 1993). In hu-
mans and hamsters with congestive heart failure and in
rats with aortic valve insufficiency, ANP mRNA levels
are increased three- to fivefold, respectively, in the ven-
tricles (Brooks et al. 1988; Morita et al. 1990). In addi-
tion, ANP mRNA is also increased sixfold in ventricles
of rats with spontaneous biventricular hypertrophy (Lee
et al. 1988). The finding that in our ko/ko male mice the
ANP mRNA and the bMHC protein levels are increased
up to sixfold and by 25%, respectively, is consistent with
a ventricular dysfunction despite the lack of any histo-
logical abnormalities or hypertrophic responses.

Why does the absence of b1D lead to an increased syn-
thesis of ANP? In the heart, ANP is secreted in response
to stretch induced by blood pressure that is detected by
mainly two factors, that is, pressure-sensitive channel
proteins (Erdos et al. 1991), and most likely integrins,
which may function as mechanotransducers (Nakao et
al. 1996; Shyy and Chien 1997). In light of our results, we
speculate that b1D acts as a mechanotransducer with a
reduced sensitivity to the shear force as compared with
b1A. We suggest that on stretching of muscle cells, the
signals elicited by b1D and b1A are different. Support for
this assumption is derived from the observation that in
cultured cells b1A and b1D transmit different signals
after crosslinking with antibodies (Belkin et al. 1996).
Thus, it is conceivable that in our b1D ko/ko mice, the
b1A-mediated reactivity to blood pressure is perturbed,

inducing increased synthesis of ANP. This increase in
ANP synthesis seems to be sex linked because it was
observed in 100% of the male and 0% of the female
mice. The reason for this is unknown, but we suspect
that male mice have a slightly higher blood pressure
than female mice. In addition, studies have reported that
female rats are more protected against muscle damage
following exercise than male rats. This protective effect
is probably the result of female sex hormones, particu-
larly estrogens (Tiidus et al. 1995).

What does the knockin tell us about the functions
of b1A in development?

The most striking of the defects that we observed was
the shortening of the first branchial arches that resulted
in an underdeveloped lower mandible (micrognathia) and
an open neural tube. Defective closures, both in the
brain (anencephaly) and in the lower spine (myelomenin-
gcele), were evident and, in some cases, were accompa-
nied by an unusual kinking of the back and tail, remi-
niscent of that described in FN ko/ko and a5 ko/ko em-
bryos at 8.5 dpc (George et al. 1993; Yang et al. 1993). FN,
which normally surrounds the neural tube, was absent in
the region of spina bifida, which suggests that its absence
is related to this defect. Poor elongation of the embry-
onic axis in the b1D ki/ki embryos accompanied by nor-
mal neural tube elongation, however, is a more likely
cause of its kinking, as has also been suggested in FN
ko/ko embryos. Unexpectedly, the a5 integrin subunit,
which we had assumed would bind FN to cells surround-
ing the neural tube, was normally distributed in the mu-
tant embryos. It is conceivable that a5b1D transmits
different signals or interacts with other cystokeletal pro-
teins than a5b1A and, thus, affects the assembly of FN
in ki/ki embryos. This hypothesis is supported by the
work of Wu et al. (1995) who have shown that integrin
postoccupancy events, requiring the cytoplasmic do-
main of the b chain and an intact cytoskeleton are
needed for FN fibrillogenesis. Although other FN-bind-
ing integrins may partially compensate for a5b1-induced
matrix assembly during development (Yang and Hynes
1996), their ability to do so is less efficient as compared
with that of a5b1, as was demonstrated with ES cells
(Wennerberg et al. 1996), which explains the altered dis-
tribution of FN in our ki/ki embryos. Other striking de-
fects that we observed were an abnormally smooth head
with poorly expanded brain cavities, in some cases ac-
companied by a virtual lack of choroid plexus in the roof
of the fourth ventricle. We suspect that an altered mi-
gratory potential of neuroepithelial cells may underly
these alterations. It is also tempting to speculate that the
migratory capacity of the neural crest cells, the major
migratory cell population at these mid-gestational
stages, is also reduced, because they are an important
component of the first branchial arch, in which we ob-
serve a defect, and because these cells are thought to be
guided to their destination by various extracellular ma-
trix (ECM) molecules, including FN (Morrison-Graham
et al. 1992). This hypothesis is supported by the reduced
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capacity of ki/ki MEFs to migrate on FN. In the mutants,
the abnormal distribution of FN may actually represent
a barrier to migrating cells. On the other hand, there are
other several possible reasons for the observed branchial
arch defects. First, there may be a defect in the formation
of neural crest cells in the rhombomeres r2 and r3 of the
hindbrain where they originate. Second, the paraxial me-
soderm of the somites contributes to the outer layer of
the first branchial arch and FN normally surrounds de-
veloping somites in a thin layer and appears to be essen-
tial for their formation (George et al. 1993). Although
somites were clearly present at 11.5–16.5 dpc in ki/ki
embryos, their rate of formation or their size may have
been affected by the altered distribution of FN in ki/ki
embryos. Third, there may have been altered apoptosis
on pathways followed by migrating neural crest cells, as
described for PDGF receptor ko/ko embryos, with al-
tered cell attachment compromising cell survival (Sori-
ano 1997). Cell attachment-induced signaling, via inte-
grins, seems to be a determinant for cell survival and
growth (Chen et al. 1997; Frisch and Ruoslathi 1997;
Merredith and Schwartz 1997). Fourth, b1D might be
less efficient than b1A with regard to signaling induced
by mechanical force; neural cell crest migration, which
is mediated by cell–ECM interactions requires transmis-
sion of mechanical forces (Harris et al. 1980). The severe
defects described above are unlikely to be lethal for the
ki/ki embryos. Of the 13 ki/ki embryos recovered at 12.5
dpc, 5 were, however, severely anemic. In viable ki/ki
embryos recovered at other stages, there were RBCs out-
side the embryonic vasculature, randomly dispersed
throughout various tissues and organs. This again re-
sembles, to some extent, defects in the FN ko/ko mice
(Georges et al. 1993), although the vasculature of the
yolk sac had a normal appearance in the ki/ki mice. Be-
cause FN was only expressed at low levels in the smaller
embryonic vessels, it is possible that these vessels may
be weak and may rupture easily, which would lead to
hemorrhage and death.

What do the knockin and knockout tell us
about the function of b1D vs. b1A?

We have demonstrated that the splice variants A and D
of b1 are not functionally equivalent. From findings in
our knockout mice, it is clear that b1A does not com-
pletely compensate for b1D because its replacement by
b1A results in mild heart dysfunction, suggesting that
b1D has some subtle function that is lacking in b1A.
Therefore, it would be particularly interesting to look for
genetic mutations in b1D in patients with heart dysfunc-
tion of unknown etiology, because a disturbance of the
balance between the two isoforms, b1A and b1D, may be
causally related to the dysfunction.

In contrast, in nonmuscular tissues, b1D appeared to
lack some of the functions of b1A. The lethality of the
ki/ki embryos clearly demonstrates that b1A cannot be
substituted by b1D. Reduced migratory activity of the
ki/ki embryonic cells may be an important factor in con-
tributing to the embryonic phenotype, because fibro-

blasts isolated from mid-gestation embryos showed
striking behavioral changes on different ECM proteins.

What might be the cause of the reduced migratory po-
tential? First, we have observed that ki/ki MEFs have a
50% reduction in the level of the b1 subunit, which is
associated with a reduced level of the a3, a5, and a6
subunits. The reason for this reduced level of the b1D
protein remains unclear because the amounts of b1A and
b1D mRNA are similar in +/+ and ki/ki MEFs. It is pos-
sible that, when associated with another a subunit than
the muscle-specific a7 subunit, the b1D protein is less
stable. Second, b1D may be less efficient than b1A in
mediating migration, which is supported by the observa-
tion that even when we used concentrations of FN
which gave +/+ and ki/ki MEFs the same adhesive ca-
pacity, the migratory activity of the ki/ki MEFs was not
restored to control levels (Fig. 7). In addition, we found
that on collagen IV, the migration rate of the ki/ki MEFs
was greatly reduced without a parallel reduction in ad-
hesion. Our observations are supported by the recent
demonstration that increasing adhesion proportionally
increases the migration rate of cells (Palecek et al. 1997).
In conclusion, the reduced migratory potential of the
embryonic cells is likely caused by a combination of re-
duced adhesion and a reduced migrating capacity, al-
though we suspect that the latter is mainly responsible
for the embryonic defects that we observed in the ki/ki
embryos. This is supported by the observation that de-
spite a 50% reduction in the expression level of the b1,
a5, and a6 subunits in the b1 +/ko ES cells, the b1 +/ko
embryos developed normally (Fässler et al. 1995). Re-
cently, it has been suggested that b1A acts as a mecha-
notransducer in cultured cells (Wang et al. 1993) and in
tissues (Shyy and Chien 1997). On the basis of our find-
ings and the results of these previous studies, we suggest
that b1D acts as a mechanotransducer in muscle but
with a lower efficiency than b1A. To some extent, mi-
gration may also be considered as a mechanotransduc-
tion process (Ingber et al. 1994). In cell migration, a cell
spreads and thereby induces stretching and stiffening of
the cytoskeleton (Lauffenburger and Horwitz 1996). If
b1D is less efficient than b1A in mediating stress-in-
duced signaling, then this might explain the reduced mi-
gratory capacity of the ki/ki embryonic cells. In addition
to mechanical force-induced signaling, other types of ex-
tracellular signals might be less efficiently transduced by
b1D in the knockin embryonic cells. The loss of a po-
tential site for phosphorylation and ILK binding in b1D
(Hannigan et al. 1996) could explain such a partially de-
fective signaling pathway. Thus, our data suggest that
probably because of a difference in their cytoplasmic do-
mains, b1D, generally, transduces signals less efficiently
than b1A.

Materials and Methods

Generation of b1D knockout mice

Genomic clones for the generation of the knockout and knockin
targeting constructs were isolated from a 129/OLA genomic
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library (Stratagene), by use of a mouse b1 integrin 38-end cDNA
probe (probe 331). Three clones encoding the most downstream
sequences of the b1 gene (l5, l7, and l8) were subcloned and
analyzed by restriction enzyme mapping according to standard
procedures (Sambrook et al. 1989). To construct the knockout
targeting vector, the d8 clone was used. BamHI sites were in-
troduced by PCR mutagenesis on either side and in the close
vicinity of exon D. The DNA was digested with BamHI and
exon D with its ag/gt consensus splicing sites removed and
replaced by a neo–tk cassette flanked by two loxP sites (a kind
gift from Dr. R. Fässler, Max-Planck Institute, Munich, Ger-
many). E14 ES cells were grown on mitotically inactivated MEF
and electroporated with 80 µg of linear targeting insert. After
8–10 days in neomycin-supplemented ES cell medium (200 µg/
ml G418), colonies were isolated, expanded, and screened by
Southern blot. To delete the selection markers, 2 × 106 targeted
ES cells were retransfected with 1.5 µg of supercoiled Cre-en-
coding plasmid DNA by electroporation. The transfected cells
were plated on MEFs for 48 hr and then replated at a density of
2 × 103 cells/cm2. On day 3 after replating, 2 µM Gancyclovir
was included in the medium, and selection was continued for 5
days. Colonies surviving the selection were picked at days 8–10,
and the deletion event was verified by PCR and Southern blot
analysis. The following primers were used for the PCR: a 58

primer 58-cagtttatagtgtcaatacac-38 located upstream of the exon
D. ES cell clones carrying the exon D deletion were injected into
C57BL/6 blastocysts, and the male chimeric mice were crossed
with FVB and 129/OLA females to generate heterozygous mu-
tant mice. Mice were genotyped by PCR. DNA from tail biop-
sies were isolated by proteinase K digestion followed by isopro-
panol precipitation.

Generation of b1D knockin mice

To construct the TC8 knockin targeting vector, we used the
genomic clone d8 (see above). A b1D-encoding cDNA fragment
was generated by PCR by use of a b1D cDNA clone as a tem-
plate (Baudoin et al. 1996). This fragment encompasses exons 6,
D, and 7 of the b1D cDNA (Tominaga 1988) and contains
unique MunI and ApaI restriction sites located, respectively, in
exons 6 and 7 (Baudoin et al. 1996). The d8 clone DNA was
digested with MunI and ApaI. After digestion, the genomic re-
gion, containing exons 6, D, 7, and their intronic sequences, was
removed and the d8 DNA ligated to the MunI–ApaI b1D-encod-
ing cDNA fragment. This replacement results in a constitutive
expression for the b1D subunit. For positive selection, a neo-
mycin cassette was introduced into the construct by use of an
ApaI site located between the two polyadenylation signals of
the b1 integrin gene. Electroporation, selection with G418,
screening of the neomycin-resistant ES cell colonies, and blas-
tocysts injection were done with the same protocol followed for
the knockout experiment.

Southern blot, Northern blot, and Western blot analysis

For Southern blot analysis, ES cells and mouse DNA were di-
gested with the BamHI or XbaI enzymes and the blots were
hybridized with the 331 probe according to standard procedures
(Sambrook et al. 1989). For Northern blot analysis of b1D ex-
pression, ES cells and mouse total RNA (10 µg) were hybridized
to an 32P-labeled antisense oligonucleotide (58-gagaccagctttac-
gtccatagttgggattcttgaaatt-38) specific for exon D. The blot was
hybridized and washed by standard conditions and autoradio-
graphed overnight. For Northern blot analysis of ANP expres-
sion, a cDNA probe was generated by RT–PCR amplification by
use of the following primers deduced from the ANP cDNA se-

quence (Seidman et al. 1984): upstream primer 58-ccaggccatat-
tggagcaaa-38 and downstream primer 58-gaagctgttgcagcctagtc-38.
For Western blot analysis, various adult mouse tissues were
homogenized in RIPA buffer and spun down. Proteins from the
supernatant (40 µg) were electrophoresed on 8% SDS-PAGE
(Laemmli 1970) and transferred onto Immobilon membranes.
Blots were blocked with 2% milk powder in TBST for 1 hr. Blots
were then incubated with primary antibodies and secondary
peroxydase-conjugated antibodies, washed and developed by use
of ECL reagents (Amersham).

Immunohistochemistry and histological analysis

For histology, mouse tissues or embryos were fixed in formalin,
paraffin embedded, sectioned, and stained with hematoxylin
and eosin according to standard procedures (Smith and Bruton
1978). For immunohistochemistry of mouse adult tissues, 5-µm
cryosections were cut at −20°C and collected on silane-coated
slides and air dried. Immunohistochemistry was carried out by
standard protocols. FN and a5 integrin were stained on fixed
paraffin sections. Primary antibodies used were rat anti-mouse-
b1 (MB1.2) (von Ballestrem et al. 1996), rat anti-b1 (9EG7)
(Lenter et al. 1993), rabbit anti-b1Acyto and rabbit anti-a5 (De-
Filippi et al. 1991), rabbit anti-av (Hirsch et al. 1994), mouse
anti-a3A (29A3), mouse anti-a3B (54B3) (De Melker et al. 1997),
rat anti-mouse a7 (CA5) (Yao et al. 1996), rabbit anti-a7Acyto
(a7CDA2), rabbit anti-a7Bcyto (a7CDB1) (Martin et al. 1996),
mouse anti-b1D (2B1) (van der Flier et al. 1997), mouse anti-
dystrophin (Mandra 1, Sigma, ref. D-8043), and goat anti-fibro-
nectin (Sigma, ref. F-1509).

Analysis of knockin embryos

Embryos were dissected as described previously (Cockroft
1990). Embryos were fixed in 4% paraformaldehyde for 4–6 hr at
4°C, dehydrated with ethanol, cleared in butanol, and embedded
in paraffin. Sections (10 µm) were stained with hematoxylin and
eosin, examined, and photographed. Only defects found in at
least five embryos were described. Genomic DNA was extracted
from the yolk sacs and genotyped by PCR or Southern blot
analysis.

Culture of knockin MEFs

To culture embryonic cells, the whole E12.5 embryo was
washed twice in DMEM and dissociated with sterile tweezers.
The minced tissues from single embryos were trypsinized for 5
min at 37°C and the suspension of each embryo plated in a T75
flask with 25 ml of DMEM supplemented with 10% FCS. Cells
were subcultured three times to obtain a homogenous popula-
tion of fibroblastic cells. The genotype of each embryonic cell
culture was tested by PCR and Southern blot analysis.

Adhesion and chemotactic migration assays

Chemotactic cell migration was performed as described (Gro-
tendorst 1984) in a Boyden chamber-type with polycarbonate
filters (8-µm pores; Transwell, Costar) coated on both sides with
different ECM proteins. MEFs were trypsinized, washed once
with DMEM containing 0.1% BSA, resuspended in the same
medium at the density of 5 × 105 cells/ml, and introduced in the
upper compartment of the chamber (100 µl). The lower com-
partment contained 500 µl of DMEM supplemented with 25
ng/ml PDGF. After 1, 2, or 3 hr at 37°C cells that had migrated
on the lower side were fixed, stained with crystal violet, and
eight microscopic fields per filter counted. For adhesion assays,
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the attachment of MEFs to ECM proteins followed procedures
described previously (Aumailley et al. 1989). Tissue culture 96-
well plastic plates were coated with ligands at 4°C overnight.
After blocking with 1% BSA, 5 × 104 MEFs resuspended in 100
µl of DMEM was added to each well and incubated for 20–40
min, depending on the ligand, at 37°C. Wells were washed with
PBS, and the attached cells were fixed with 1% glutaraldehyde,
stained with 0.1% crystal violet for 30 min, and washed exten-
sively with water. Cell-bound stain was measured at 550 nm in
an ELISA reader after solubilization with 0.2% Triton X-100.
ECM proteins were human vitronectin (Preissner et al. 1985),
pepsinized human collagen type IV (Vandenberg et al. 1991),
mouse laminin 1 (Paulsson et al. 1985), and human plasma FN
(Sigma Chemical).
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