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SUMMARY
In order to assess the in vivo function of integrins containing the β8 subunit, we have generated
integrin β8- deficient mice. Ablation of β8 results in embryonic or perinatal lethality with profound
defects in vascular development. Sixty-five percent of integrin β8-deficient embryos die at
midgestation, with evidence of insufficient vascularization of the placenta and yolk sac. The
remaining 35% die shortly after birth with extensive intracerebral hemorrhage. Examination of brain
tissue from integrin β8-deficient embryos reveals abnormal vascular morphogenesis resulting in
distended and leaky capillary vessels, as well as aberrant brain capillary patterning. In addition,
endothelial cell hyperplasia is found in these mutant brains. Expression studies show that integrin
β8 transcripts are localized in endodermal cells surrounding endothelium in the yolk sac and in
periventricular cells of the neuroepithelium in the brain. We propose that integrin β8 is required for
vascular morphogenesis by providing proper cues for capillary growth in both yolk sac and embryonic
brain. This study thus identifies a molecule crucial for vascular patterning in embryonic yolk sac and
brain.
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INTRODUCTION
The vertebrate vascular network is essential for embryonic survival. The basic structural unit,
a blood vessel, is assembled through two processes, vasculogenesis and angiogenesis, followed
by the recruitment of vascular support cells (Risau, 1997). Proper patterning of the vascular
network, however, requires further morphogenic events, including vessel branching and
coupling, vessel guidance within target tissues, and arterial or venous specification.

Recent studies have identified several factors that function in regulating vasculogenesis and
angiogenesis. Basic fibroblast growth factor (bFGF) and its receptor (FGFR) are required for
the differentiation of mesodermal progenitors into endothelial cells (Flamme and Risau,
1992). Vascular endothelial growth factor (VEGF) (Carmeliet et al., 1996; Ferrara et al.,
1996) and its receptors VEGFR2/Kdr (Shalaby et al., 1995), VEGFR1/Flt1 (Fong et al.,
1995), and VEGF-R3/Flt4 (Dumont et al., 1998) are essential for early endothelial cell
differentiation and for both vasculogenesis and angiogenesis. Angiopoietins (Ang1 and Ang2)
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and their receptors Tie2/Tek and Tie1 promote the recruitment of support cells and vessel
stability during angiogenesis (Dumont et al., 1994; Puri et al., 1995; Sato et al., 1995; Suri et
al., 1996). In addition, platelet derived growth factor β (PDGFβ) and its receptors, as well as
transforming growth factor β (TGFβ) and its signaling mediators, are necessary for the
differentiation and recruitment of vascular support cells to developing blood vessels (Dickson
et al., 1995; Lindahl et al., 1997; Goumans et al., 1999; Hellström et al., 1999). Despite
significant advances in our understanding of the mechanisms underlying blood vessel
assembly, the mechanisms that regulate patterning of the vascular network are still poorly
characterized.

More recently, factors regulating intersomitic vessel branching and patterning have been
identified through genetic studies. Ephrins and Eph receptors have been found to mediate
artery/vein boundary specification (Wang et al., 1998; Adams et al., 1999; Adams et al.,
2001), vessel assembly, and vascular morphogenesis and branching (Adams et al., 2001;
Adams et al., 1999). Delta/Notch signaling is required for intersomitic blood vessel branching
and morphogenesis (Xue et al., 1999; Krebs et al., 2000). Ca2+/calcineurin/NFAT are necessary
for the recruitment of smooth muscle cells to the dorsal aorta and for intersomitic vascular
branching and patterning (Graef et al., 2001).

While molecules required for intersomitic vessel patterning have been identified, molecules
that regulate patterning of a complex vascular network within an organ such as the brain are
completely uncharacterized. The developing neuroepithelium lacks intrinsic vasculature.
Capillary vessels penetrate the neuroepithelium in response to angiogenic factor(s), such as
VEGF, expressed by neuroepithelial cells, and extend in a parallel and organized fashion during
subsequent development (Breier et al., 1992). They branch regularly and anastomose to form
an organized network (Marin-Padilla, 1988). Thus, the development of the brain vascular
network provides an ideal system for studies on patterning of the vascular network.

Vascular patterning processes are likely to be regulated by cell-matrix and cell-cell interactions,
and to be influenced by environmental cues. Integrins are important extracellular matrix (ECM)
transmembrane receptors that participate in a variety of cellular events including proliferation,
differentiation, adhesion, migration and cell survival (Schwartz et al., 1995). Integrin receptors
are heterodimeric molecules that consist of α and β subunits. A subset of integrins including
α vβ3, α vβ5,α 5β1,α 2β1,α vβ1 and α 1β1 have been implicated in vascular development
(Hynes and Bader, 1997). Of particular interest is integrin α vβ3, which is expressed on
endothelial cells. α vβ3 antagonists and blocking monoclonal antibodies inhibit angiogenesis
in vitro, suggesting that this integrin may play a crucial role in vascular development (Eliceiri
and Cheresh, 1999). However, neither integrin αv nor integrin β3 mutant mice exhibit obvious
defects in angiogenesis during development (Bader et al., 1998; Hodivala-Dilke et al., 1999).

Analysis of the integrin β8 sequence indicates that it is highly conserved among species, but
is quite divergent from other integrin β subunits, suggesting that it may have unique functions
(Moyle et al., 1991). At present, the integrin αv is the only partner identified for integrin β8.
The integrin αvβ8 has been shown to bind vitronectin, and may also bind laminin and collagen
IV in cell culture (Moyle et al., 1991; Nishimura et al., 1994; Venstrom and Reichardt,
1995). β8 mRNA is expressed in adult brain, kidney and placenta (Moyle et al., 1991), and its
protein is reportedly localized to brain synapses, glial cells (Milner et al., 1997a; Milner et al.,
1997b; Nishimura et al., 1998), as well as to the suprabasal cells of the epidermis during eyelid
morphogenesis (Stepp, 1999).

To dissect integrin β8 functions in vivo, we have generated β8-deficient mice. This mutation
results in embryonic lethality with defective vascular development in the placenta and yolk sac
or perinatal lethality with intracerebral hemorrhage. Analyses of mutant brain tissue
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demonstrate that capillaries are formed, but are aberrantly patterned with hyperproliferative
endothelial cells. In addition, neuroepithelial cells appear disorganized in the mutant. Finally,
integrin β8 mRNA is localized to neuroepithelial cells, but has not been detected in the
vasculature. Consequently, we propose that integrins containing β8 provide proper
environmental cues for patterning of the embryonic brain vascular network.

MATERIALS AND METHODS
Generation of integrin β8-deficient mice

A 6.5 kb XbaI genomic fragment with a PGK-neo-cassette (1.4 kb) inserted to replace an
EcoRI fragment was used to generate the targeted allele following the standard procedures
(Fig. 1A). For Southern blots, a 672 bp DNA fragment located at 5′ and a 700 bp DNA fragment
at 3′ end of the targeting construct were used. Three independently targeted ES cell lines were
identified (Fig. 1B), of which one gave the germline transmission. Transmission of the targeted
integrin β8 locus was confirmed by Southern blot. Chimeric males were bred to C57BL/6J and
129/Sv females. For Northern blots, total RNAs were extracted from P0 brains using RNAzol
B (LPS Industries, Moonachie, NJ). A 300 bp fragment from the 3′UTR of integrin β8 cDNA
(K. M. and L. F. R., unpublished) was used as a probe.

PCR genotyping
Yolk sac DNA was used for PCR analyses with primers specific for the wild-type and targeted
alleles [wild-type primers DW74 (5′ATTATCTGGTTGATGTGTCAGC3′) and JW153 (5′
AGAGAGGAACAAATATCCTTCCC3′); mutant primers DW56 (5′
AGAGGCCACTTGTGTAGCGCCAAG3′) and DW94 (5′
GGAGGCATACAGTCTAAATTGT3′)]. PCR conditions as described by the manufacturer
of AmpliTaq Polymerase (Perkin-Elmer Cetus, Norwalk, CT) were used to generate fragments
from wild-type (330 bp) and targeted (450 bp) alleles on 1% agarose gels. Tie2/lacZ
heterozygotes (Schlaeger et al., 1997) were identified by PCR using primers: lacZFor (5′-
TCGTTTGCCGTCTGAATTTGACCTG-3′) and lacZRev (5′-
TGACCATGCAGAGGATGATGCTCG- 3′).

Morphological and histological analysis
Whole-mount embryos were photographed on a dissecting microscope. For histology, embryos
were fixed in Carnoy’s solution or in 4% paraformaldehyde (PFA) in PBS. Fixed embryos
were either used directly for vibratome sectioning or were dehydrated and embedded in
paraffin. Sections (150 μm) were used in free-floating immunohistochemistry. Paraffin wax
embedded sections (7 μm) were either stained with Hematoxylin and Eosin or were used for
immunohistochemistry.

Immunohistochemistry
Immunohistological methods were used as described previously (Jones et al., 1994). Primary
antibodies were used as follows: anti- CD31 (PECAM1) (Pharmagen, MEC 13.3) at 1:150
dilution; anti-fibronectin (Sigma) at 1:2000 dilution; anti-laminin (Sigma, #L9393) at 1:4000
dilution; RC2 (Hybridoma bank, Iowa city, IA) at 1:20 dilution; and anti-desmin (DAKO,
#A0611) at 1:50 dilution.

Electron microscopy
Embryos were fixed overnight in 2.5% glutaraldehyde, 1% PFA in 0.1 M sodium cacodylate
buffer, pH 7.4. Brains were sectioned at 1 mm using a vibratome and processed using standard
techniques.
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In situ hybridization
In situ hybridization was performed on fresh frozen sections as described (Schaeren-Wiemers
and Gerfin-Moser, 1993). The digoxigenin RNA labeling and detection kit from Roche
Biochemicals (Indianapolis, IN) was used. A 5.5 kb integrin β8 cDNA fragment was used as
template.

Endothelial cell quantification
Capillary endothelial cell nuclei were counted using 5 μm paraffin sections of brains. Sections
were stained with DAPI, biotinylated isolectin BS (L-2140; Sigma) and anti-BrdU antibody
(BD pharmagen) [methods were modified from Hellstorm et al. (Hellstorm et al., 2001)].
Images were taken from the ganglionic eminence using a 40× objective on a Nikon Eclipse
E600 microscope and overlaid in Adobe Photoshop 6.0.

VEGF ELISA assay
VEGF was assayed following the procedures of Hellstrom et al. (Hellstrom et al., 2001), using
the mouse VEGF ELISA detection kit QuantikineM (R & D Systems, Minneapolis, MN).

RESULTS
Generation of integrin β8-deficient mice

The gene for integrin β8 was inactivated by replacing sequences encoding 45 amino acids at
the C terminus of exon IV and part of the intron sequences with a neomycin-resistance
(neor)- expression cassette. Exon IV encodes a von Willebrand factor-A-like domain that has
been shown to form part of the ligand binding site in other integrin heterodimers (Tuckwell
and Humphries, 1997; Xiong et al., 2001). This alteration results in a frameshift in addition to
a deletion, abolishing the production of functional β8 protein (Fig. 1).

Integrin β8-deficient mice die either by E11.5 or perinatally
Mice heterozygous for integrin β8-deficiency appeared normal and were fertile. Genotypic
analyses of over 150 weaning-age pups from heterozygous intercrosses identified no
homozygous mutants, indicating that integrin β8-deficiency results in embryonic or perinatal
lethality. Examination of embryos collected at different developmental stages revealed that
approximately two-thirds of homozygous embryos die between E9.5–E11.5, while the
remaining die within days of birth (Table 1). Thus, the integrin β8 mutant allele is a recessive
lethal mutation.

To characterize phenotypic defects in the homozygotes, embryos were harvested from
embryonic day 9.5 (E9.5) to birth (Table 1, Fig. 2). The normal Mendelian ratio of 1:2:1 of
wild type, heterozygous and homozygous mutant embryos was observed between E9.5 and
E10.5. Integrin β8-deficient embryos at E9.5 were largely indistinguishable from wild-type
and heterozygous littermates (data not shown). At E10.5, however, approximately half of the
integrin β8-deficient embryos had pale yolk sacs with poorly developed vasculature (Fig.
2A,B). In some extreme cases, no obvious vasculature was observed in the yolk sacs (data not
shown). Approximately 20% of E10.5 mutant embryos had no heart beat and were presumed
to be dead. Of the living embryos, approximately half were smaller than their wild-type
littermates (Fig. 2C,D) and often had a dilated pericardiac cavity with adjacent hemorrhage.
Except for these defects, these E10.5 mutant embryos were morphologically similar to their
wild-type littermates with the presence of developed telencephalic and mesencephalic vesicles,
optic vesicles, otic pits, brachial arches, and forelimb and hindlimb buds (Fig. 2D). The
remaining half of E10.5 mutant embryos appeared normal. At E11.5, homozygotes fell into
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two main categories: ~30–40% appeared morphologically normal (designated class B) while
the rest were deteriorating and partially absorbed (designated class A) (data not shown).

Almost all class B mutant embryos developed intracerebral hemorrhage by E12.5 (Fig. 2F),
but were otherwise morphologically identical to their wild-type littermates. The intracerebral
hemorrhage appeared first in the ganglionic eminence, and later in the telencephalon,
mesencephalon and myelencephalon (data not shown). Most of these mutants survived
gestation (Table 1), giving rise to viable neonates (Fig. 2H). These mutant pups, however, had
severe intracerebral hemorrhage (Fig. 2J) and died shortly after birth. Additionally, ~10% of
these had a cleft palate (Fig. 2L).

This analysis indicates that deficiency of integrin β8 leads to lethality at two different
developmental stages. Class A integrin β8-deficient embryos (~60%) died by E11.5 with small
body size and pale yolk sacs. Class B integrin β8-deficient embryos (~40%) survived to birth,
but died perinatally with evidence of massive intracerebral hemorrhage and occasional cleft
palate. The morphological characteristics mentioned above are used to define two mutant
classes for further analyses hereafter.

Impaired vascular development in class A integrin β8-deficient mutants
The small body size and abnormal yolk sac vasculature of E10.5 class A mutants suggests a
defect in extra-embryonic tissues. In wild-type embryos, the chorionic plate is well developed
and traversed by the allantoic vessels by E10.5. The placenta has developed an apparent
labyrinthine layer where fetal blood vessels invade and actively interdigitate with maternal
blood vessels to form a sponge-like network for nutrient and O2 exchange (Fig. 3A).
Examination of placental tissue from class A mutants indicates that while the chorionic plate
(cp) and labyrinthine trophoblast layer appear normal, the labyrinthine layer is dramatically
reduced in thickness and is less vascularized compared with wild-type littermates. Furthermore,
fewer fetal blood vessels containing embryonic nucleated erythrocytes (cells stained a darker
red color) penetrate into the labyrinthine area and the sponge-like vascular network is missing
(Fig. 3B).

The yolk sac vasculature of E10.5 mutants was analyzed using a mouse strain carrying a
Tie2:lacZ reporter gene that is expressed in all embryonic endothelial cells (Schlaeger et al.,
1997). The Tie2:lacZ reporter allele was crossed into the integrin β8-deficient strain and mutant
embryos were examined using X-gal staining. The vascular pattern of the yolk sac in E9.5
integrin β8-deficient embryos appears grossly normal (data not shown). At E10.5, the
vasculature in the wild-type yolk sac develops a complex pattern with primary and secondary
branches from the major vessels (Fig. 3C). In the yolk sacs of class A mutants, while the primary
vascular plexuses are present, the vessels are less complex, with reduced branching compared
with wild-type littermates (Fig. 3C,D), indicating that vasculogenesis occurred, but further
vascular morphogenesis was abnormal. Immunohistochemical staining with an antibody
recognizing platelet endothelial cell adhesion molecule 1 (PECAM1), a specific marker for
vascular endothelial cells (Baldwin et al., 1994), confirmed the abnormal yolk sac vascular
pattern in the class A mutant embryos (data not shown). When we compared E10.5 yolk sac
in wild-type and mutant embryos, we found endodermal (n), endothelial (e) and mesothelial
(m) cells in both wild-type (Fig. 3J) and mutant (Fig. 3K) yolk sacs. No apparent abnormality
other than dilated endothelium in the mutant yolk sac was observed. At E10.5, the yolk sacs
of class B mutants are indistinguishable from those of wild-type littermates (data not shown).
Together, these observations suggest that vascular morphogenesis in the placenta and yolk sac
is defective in class A mutants, but relatively normal in class B mutants (data not shown).

To examine vascular development within the embryo proper, we employed whole-mount
immunohistochemical staining with anti-PECAM as well as X-gal staining in embryos carrying
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the Tie2:lacZ reporter gene. As shown in Fig. 3E–G, formation of the vasculature in class A
mutants is similar to that in wild-type littermates at E9.5 and E10.5, although the heart
ventricles appeared less vascularized at E10.5 in mutants (Fig. 3G). Major blood vessels such
as the dorsal aorta, cardinal veins, intersomitic arteries and intracerebral arteries are present in
mutant embryos (data not shown), suggesting that the initial stages of vascular development
occur normally in mutant embryos. During normal development, the perineural vascular plexus
is formed in mesenchyme adjacent to the neuroepithelium through vasculogenesis. Shortly
after E9.0, capillary vessels begin to invade the neuroepithelium towards the ventricle via
angiogenesis. Capillary vessels anastomose as they extend into the neuroepithelium and the
vascular network within the embryonic brain becomes evident by E10.5 (Herken et al.,
1989). To characterize intracerebral vascular development, transverse brain sections from class
A mutant embryos carrying the Tie2:lacZ reporter gene were stained with X-gal. While the
perineural plexus is formed in both wild-type and mutant embryos, capillary vessels have not
penetrated the neuroepithelium in mutants by E10.5 (Fig. 3H,I). This indicates that
vasculogenesis occurs normally, but angiogenesis in the brain is blocked or delayed.
Interestingly, the floor plate is absent in class A mutants (three out of three) (Fig. 3I), suggesting
that defects in neural tube development occur in these mutants. Thus, class A integrin β8-
deficient embryos exhibit defective vascular morphogenesis in the placenta and yolk sac. In
addition, angiogenesis within the nervous system and neural tube development are not normal.

Integrin β8 is expressed in cells surrounding endothelium in the placenta and yolk sac
The vascular defects in the placenta and yolk sac could result from the absence of integrin β8
from endothelial cells, from cells surrounding endothelium, or both. To identify cells
expressing integrin β8, in situ hybridization was performed on E9.5 placenta and yolk sac (Fig.
4A–D). Integrin β8 transcripts are present in most of the cells in the placenta with relatively
higher expression in trophoblast giant cells (Fig. 4A). Closer examination of yolk sacs revealed
that integrin β8 is most strongly expressed in the endodermal cells (n) surrounding the
endothelial cells (Fig. 4D). This suggests that β8-integrins in endodermal cells regulate the
patterning of endothelial cells during vascular morphogenesis in the yolk sac.

Normal capillary blood vessel assembly but defective vascular patterning in class B mutants
We chose to focus our analysis of intra-embryonic phenotypes on class B mutants for the
following reasons. Class A mutants die by E11.5 with prominent defects in placental and yolk
sac vascularization. The placental defect is likely responsible for the early lethality and at least
some of the intra-embryonic phenotypes of class A mutant embryos. In addition, the placenta
includes multiple cell types of both maternal and embryonic origin. By contrast, the early
embryonic brain consists primarily of only two cell types, endothelial cells and neuroepithelial
cells, both of embryonic origin, facilitating analysis of vascular defects in class B mutants.

In class B integrin β8-deficient embryos, intracerebral hemorrhage appears initially bilaterally
in the ganglionic eminence by E12.5 (Fig. 2F) and later becomes apparent in the diencephalon,
cortex and mantle layer in the hindbrain (data not shown). To characterize intracerebral
phenotypes, we analyzed wild-type and mutant brains at E11.5 (Fig. 5A–D) and E14.5 (Fig.
5E–H). Strikingly, bilateral cavitation was observed in the subventricular area surrounding all
four ventricles. The cavitation was most apparent in the ganglionic eminence (Fig. 5B) and
diencephalon (Fig. 5D) at E11.5 and became more severe at E14.5 (Fig. 5F,H). Capillary blood
vessels appeared grossly normal at E11.5 and became distended and filled with blood cells at
E14.5 (Fig. 5F,H). Hemorrhage was visible at E11.5 in the ganglionic eminence and
diencephalon, and became evident in the area surrounding all four ventricles at E14.5 (Fig.
5F,H, data not shown). Thus, the neuroepithelium and its capillary vessels are abnormal in
class B mutants.
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Distended capillary blood vessels could result from abnormal basement membranes or defects
in recruitment of pericytes. The vascular basement membranes were examined using antibodies
recognizing laminin, fibronectin, collagen IV and perlecan, all of which are core components
of the basement membrane. Integrin β8-deficient embryos at E12.5 express all four proteins,
which are localized similarly in both wild-type and mutant embryos (data not shown). Anti-
laminin staining outlines thin, elongated capillary vessels present in E12.5 wild-type brain (Fig.
6A). In E12.5 mutants, the capillary blood vessels are distended and form excessive branches
(Fig. 6B). In addition, laminin expression is discontinuous in mutant capillaries (arrows in Fig.
6B). By E14.5, while capillaries in wild-type embryos are thin and isolated (Fig. 6C), the
capillaries in mutants are present in aggregates, forming complex, tortuous structures (Fig.
6D). Blood cells are observed both inside and outside of these capillaries (blue staining cells)
(Fig. 6B,D). This observation is further confirmed by analysis of double-labeled capillary blood
vessels in the E12.5 brain with anti-PECAM and anti-fibronectin (Fig. 6E1–3, F1–3).
Endothelial cells in the wild-type brain form regular thin capillary tubes, while in the mutant
they form distended, disorganized capillary aggregates. Fibronectin surrounds the capillaries,
but is discontinuous in some regions. Occasionally, blood cells are observed at a site of
discontinuity indicating a potential point of hemorrhage (Fig. 6F2). Thus, in mutants, there are
discontinuities, but no general failure in basement membrane assembly.

Pericytes were detected using an antibody recognizing desmin, a pericyte-specific intermediate
filament protein in the brain. Pericytes are present and are recruited to the vascular capillaries
in both wild-type and mutant embryos at E12.5 (Fig. 6G,H), indicating no failure in recruitment
and differentiation of pericytes in mutants.

Examination of capillary endothelial cell ultrastructure using electron microscopy identified
numerous morphological abnormalities in E12.5 mutant brains (Fig. 7B). Unlike endothelial
cells in wild-type brain, which are well connected to each other and their surroundings (Fig.
7A), endothelial cells from integrin β8-deficient mutants possess abundant membrane
protrusions (Fig. 7B,C). In addition, large empty spaces surrounding the endothelial cells are
evident, suggesting that endothelial cells are poorly attached to the ECM and to cells in their
environment. Furthermore, endothelial cell membranes in the mutants are often thin and
fenestrated (Fig. 7D). However, cell-cell junctions between endothelial cells appear normal
and pericytes are present (data not shown).

To investigate vascular development and patterning in more detail, we analyzed the brain
capillary network. In E10.5 wild-type brains, capillary vessels have penetrated into the
neuroepithelium and coupling of vessels has occurred near the ventricle (Fig. 8A). By contrast,
capillary vessels in mutant brains extend for a shorter distance into the neuroepithelium and
couple further from the ventricle (Fig. 8B). By E12.5, capillary vessels in wild-type brains have
penetrated deeply into the ganglionic eminence and cortical areas, and have anastomosed at
sites immediately adjacent to the ventricles (Fig. 8C). Capillary vessel growth in mutant brains,
however, appears tortuous and irregular. These vessels appears to have stalled before reaching
the ventricle, resulting in failure to form an organized anastomotic network. In addition, the
mutant capillaries appeared bulbous and tortuous at the termini of these projections (Fig. 8D).
These observations suggest that capillary vessels in integrin β8-deficient mutants develop
abnormally after entering the neuroepithelium, resulting in a disorganized vascular network.
Either vascular guidance cue(s) in the brain are defective or capillary endothelial cells cannot
interpret these signals.

Endothelial cell hyperplasia in class B β8-deficient mutants
The ultrastructural analysis of endothelial cells in Class B mutants suggests that endothelial
cells are hyperactive (Fig. 7). To examine their proliferation rate, we measured the percentage
of endothelial cell nuclei labeled with BrdU in cross-sections of the E11.5 ganglionic eminence
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(Fig. 8E). We observed a twofold increase in the percentage of BrdU-labeled endothelial cells
in the mutant compared with the wild type (n=3, Fig. 8F). In one of the three mutant embryos,
hyperproliferating endothelial cells are observed in the absence of vascular hemorrhage,
suggesting that endothelial cell hyperproliferation precedes brain hemorrhage in class B
mutants.

Interestingly, overexpression of VEGF can result in endothelial cell proliferation with highly
fenestrated and ‘glomeruloid-like’ vessels (Cheng et al., 1997; Sundberg et al., 2001), similar
to those observed here. To determine whether elevated expression of VEGF might account for
the defective vasculature observed in the brains of the integrin β8 mutants, we measured VEGF
levels in the brains of E12.5 and E14.5 control and mutant mice. A significant increase of
VEGF in the mutant brains was not seen at either age [E12.5 wild type, 24.6±8.3 ng/g; E12.5
mutant, 22.4±1.8 ng/g (n=3); E14.5 wild type, 28.5±6.1 ng/g; E14.5 mutant, 30.6±0.8 ng/g
(n=2)]. We were unable to localize VEGF within the brain by immunohistochemistry.

Abnormal neuroepithelial organization in class B β8- deficient mutants
Radial glial cells are the predominant cell type populating the early neuroepithelium. Their cell
bodies reside near the internal ventricular surface and their processes extend radially towards
the external surface at the pia (Rakic, 1972). Their processes also wrap around developing
brain capillary vessels (Noctor et al., 2001), suggesting they may regulate capillary
development. Neuroepithelial cell organization was examined with the radial glial cell-specific
antibody RC2 (Edwards et al., 1990). The alignment of radial glial cell processes appears
normal in E10.5 mutant embryos (Fig. 4J), but becomes aberrant in the ganglionic eminence
and diencephalon before E12.5 (Fig. 4L,N). In contrast to wild-type brains, where radial glial
processes extend in a parallel fashion from the ventricle towards the pial surface (Fig. 4K,M),
large cavitations with disruptions of radial glia processes are observed in the ganglionic
eminences of mutants (Fig. 4L). In the diencephalons, radial glial processes appear tortuous
and disconnected from the pial surface (Fig. 4N). When examined by RC2 and anti-PECAM
double labeling, cavitations observed within disorganized radial glial cells are not necessarily
associated with sites of hemorrhage, suggesting that they are not simply a secondary
consequence of hemorrhage (data not shown). TUNEL analyses of E12.5 brain sections
detected no excessive apoptosis of radial glial cells in mutant embryos (data not shown).

Integrin β8 is expressed in periventricular neuroepithelial cells
The defects observed in integrin β8-deficient embryos might result from the absence of integrin
β8 function within endothelial cells, neuroepithelial cells or both. The phenotype could reflect
a defect in cell adhesion, basement membrane organization or cell signaling. In situ
hybridization analysis indicated that the integrin β8 transcript is localized to the embryonic
brain in the periventricular zone at E10.5 (Fig. 7A,B) and in periventricular cells surrounding
all four brain ventricles at E12.5 and E13.5 (Fig. 7C–F). As the predominant cell type adjacent
to the ventricles, radial glial cells must express integrin β8. If integrin β8 were expressed in
endothelial cells, obvious labeling of the capillary vasculature outside of periventricular area
would be expected at E12.5 and E13.5, but none was observed (Fig. 7C–F). The failure to label
the vascular network inside or outside of the brain suggests that expression of integrin β8 in
neuroepithelial cells regulates capillary vessel growth in the early embryonic brain.

DISCUSSION
With a genetic approach, we have found that absence of integrin β8 results in embryonic or
perinatal lethality with profound vascular defects. The majority of mutants (class A) die during
midgestation with defective vascularization in the placenta and yolk sac as well as abnormal
angiogenesis in the neuroepithelium. Approximately 35% of mutants (class B) die perinatally
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with intracerebral hemorrhage and abnormal vasculature in the brain. Unusually high
proliferation of endothelial cells is observed and apparently precedes hemorrhage in class B
mutant brains. In addition, vascular patterning and organization of the neuroepithelium are
disrupted in class B mutant brains. Finally, expression studies localize integrin β8 transcripts
to endodermal cells in the yolk sac and periventricular neuroepithelial cells in the early
embryonic brain. We propose that integrins containing the β8 subunit are required in some
tissues for vascular morphogenesis by providing non-autonomous cellular cues for capillary
patterning. This study thus identifies a molecule crucial for proper patterning of the embryonic
yolk sac and brain vasculature.

Integrin β8 and brain vascular patterning
Class B integrin β8-deficient embryos develop extensive intracerebral hemorrhage, suggesting
that there is defective development of the vasculature. Consistent with this, we observed in the
mutant brains aberrant capillary vessel growth and patterning (Fig. 8A–D), distended capillary
blood vessels with discontinuous basement membranes (Fig. 6), and abnormal endothelial
morphology (Fig. 7) and proliferation (Fig. 8E,F). The abnormal vascular morphogenesis is
unlikely to be an incidental consequence of defective neuroepithelial cell organization because
aberrant vasculature and hemorrhage are not observed in Pax6-deficient mice, which also
exhibit defective radial glial cell differentiation and organization (Gotz et al., 1998). Therefore,
β8 integrins are likely to perform a more direct role in regulating brain capillary growth and
patterning. To regulate vascular morphogenesis, β8 integrins can either act from
neuroepithelial cells to direct capillary growth or act from endothelial cells to respond to
guidance signals. The localization of β8 on neuroepithelial cells, but not endothelial cells (Fig.
9) suggests that β8 integrins function in a cell non-autonomous fashion on neuroepithelial cells.

In the absence of integrin β8, organization of the neuroepithelium is abnormal as shown by
cavitations in periventricular tissues as well as disorganization of the neuroepithelial cells (Fig.
4). Some of cavitations and disorganized neuroepithelial cells are observed outside of the
hemorrhage area. Nevertheless, as the disorganization of the neuroepithelium is intimately
associated with the vascular defects in class B mutant brains, it may be a secondary
consequence of defective and leaky vasculature. Consistent with this possibility, electron
microscopy analysis of neuroepithelial cell morphology in the E12.5 brain showed no apparent
abnormalities (data not shown).

How might β8 integrins function to generate or regulate vascular guidance cues? One
possibility is that β8 integrins could bind to a receptor expressed on capillary endothelial cells
and directly function as cell-tethered guidance molecules. Numerous examples of
transmembrane receptors functioning as guidance molecules have been documented in studies
of axonal growth and guidance (Yu and Bargmann, 2001). Alternatively, β8 integrins could
indirectly regulate vascular morphogenesis by affecting the production and distribution of
angiogenic factors that are required for capillary growth. Notably, VEGF is expressed in
periventricular neuroepithelial cells and bioactive forms of surface bound VEGF are released
by proteolysis (Breier et al., 1992; Ferrara, 1999). Even though overexpression of VEGF can
result in endothelial cell and vascular phenotypes similar to those of the integrin β8 mutant
(Cheng et al., 1997; Sundberg et al., 2001), we did not detect a significant increase in total
VEGF levels in the brains of mutant compared with wild-type embryos. Thus, β8 integrins
must regulate endothelial cell proliferation and vasculogenesis through a different pathway.
Additionally, β8 integrins could regulate capillary growth by organizing extracellular matrix
substrates necessary for capillary migration and growth. There is evidence in class B mutants
that the capillary basement membrane is discontinuous, indicating that extracellular matrix
organization may be defective. In other experimental systems, β1 integrins have been shown
to be required for laminin assembly (Colognato et al., 1999; Wu, 1997).

Zhu et al. Page 9

Development. Author manuscript; available in PMC 2009 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Integrin αvβ8
Like integrin β8 mutants, there are two classes of integrin αv mutant mice with a majority dying
embryonically at E10.5– E11.5 with placental defects and a minority dying perinatally with
intracerebral hemorrhage (Bader et al., 1998). Integrin αv is reportedly expressed in radial glial
cells beginning at E10.5 (Hirsch et al., 1994). These similarities indicate that integrin α vβ8 is
required for normal vascular development in the placenta and embryonic brain, and for the
proper organization of the neuroepithelium. In addition to the β8 subunit, the αv subunit can
associate with multiple other integrin β subunits (β1, β3, β5, β6). However, mice that lack β3
(Hodivala-Dilke et al., 1999), β5 (Huang et al., 2000), or β6 (Huang et al., 1996) are viable
and exhibit no obvious defects in vascular development. This suggests that other α v-containing
integrins can not compensate for the absence of α vβ8 during early development.

In addition to the similarities described above, there are several differences between the integrin
β8 and the integrin αv mutant phenotypes. The yolk sac vascular defect in integrin β8- deficient
mutants has not been reported in integrin α v-null mice. Although not the only interpretation,
it thus seems possible that an additional unidentified α subunit pairs with integrin β8 in the
yolk sac. Notably, 24 integrin α and 9 integrin β genes have been identified in the human
genome sequencing project, of these six α and one β subunits were not identified previously
and thus the proteins encoded by these sequences have not been characterized (Venter and
Adams, 2001). The aberrant angiogenesis and absent floor plate detected in the E10.5
neuroepithelium of integrin β8 class A mutants, and the abnormal capillary growth and vascular
patterning in integrin β8 class B mutants have not been reported in integrin αv knockout mice
(Bader et al., 1998). If these differences are confirmed by further analyses of integrin α v-null
embryos, they suggest that other integrin α subunits are likely to participate with integrin β8
in these developmental processes. Alternatively, overexpression of one of the other αv partners
in the absence of β8 could account for some of the phenotypic features.

Integrin α v-null neonates develop a cleft palate and intestinal hemorrhage with 100%
penetrance; however, intestinal hemorrhage was never observed and palatal defects were only
observed rarely in integrin β8 mutants. This suggests that the absence of other α v-containing
heterodimers is responsible for these phenotypes.

Vascular morphogenesis in embryonic brain
What are the molecular bases of brain vascular patterning cues regulated by integrin β8? Studies
of integrins α vβ1, α vβ5 and α vβ6 have shown that each can bind to TGFβ1 (Munger et al.,
1998; Munger et al., 1999). Recent biochemical studies indicate that integrin α vβ8 can bind
and activate TGFβ1 signaling in cultured cells (Mu et al., 2002). A mutation in endoglin, a
TGFβ1 receptor involved in its signaling, results in brain hemorrhage in humans (McAllister
et al., 1994). We are currently investigating the possibility that TGFβ1 signaling is involved
in regulating vascular development in the embryonic brain. Interestingly, mice bearing
mutations in PDGFB and PDGF receptor-β (PDGFRβ) have intracerebral hemorrhage
beginning at E16.5 (later than that in integrin β8-deficient mice) and show endothelial cell
hyperproliferation at E11.5 (Hellstrom et al., 2001). These phenotypes are believed to result
from defective differentiation and recruitment of pericytes, which are dependent upon PDGF-/
PDGFRβ signaling (Hellström et al., 1999; Lindahl et al., 1997). It is possible that integrin
β8 functions upstream to affect PDGFB/PDGFRβ signaling. In addition, intracerebral
hemorrhages have been observed in mice carrying mutations in transcription factors, such as
Id1,3 (Lyden et al., 1999), Fli1 (Spyropoulos et al., 2000) and CBP (Tanaka et al., 2000), and
components of the Notch signaling pathway, such as presenilin 1 (Shen et al., 1997) and Numb
(Zhong et al., 2000). However, the cellular defects associated with intracerebral hemorrhages
in these mutants have not been well characterized. Comparisons of the brain capillary defects
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of these mutants to those of integrin β8-deficient mutants may help to elucidate the mechanisms
regulating brain vascular development.

Brain vascular patterning is a complex process whose regulating mechanisms are poorly
characterized. We show here that ablation of integrin β8 results in abnormal vascular capillary
growth and patterning in the embryonic brain. Thus, integrin β8 is essential for normal
development of the vascular network in the embryonic brain. In addition, the periventricular
hemorrhage observed in the integrin β8-deficient mutant brain is reminiscent of that associated
with germinal matrix hemorrhage (GMH), which affects premature human babies (Sherwood
et al., 1978). Further analyses of the expression and functions of integrin β8 should help to
unravel the regulatory mechanisms necessary to establish an organized capillary network in
the embryonic brain and may also shed light on the cause of GMH.
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Fig. 1.
Generation of integrin β8-deficient mice. (A) Schematic drawing of integrin β8 genomic region
encompassing Exons IV, V and VI in the wild type and mutant. Black boxes represent exons
and white box represents the PGK-neor-cassette. Arrows indicate the transcriptional orientation
of the cassette. 5′ and 3′ probes for Southern blot analyses are indicated. (B) Identification of
ES clones containing a mutated β8 allele with 5′ and 3′ probes by Southern blot analyses. The
wild-type and mutant alleles are labeled. (C) PCR analysis of genotypes from a heterozygous
intercross. Mutant and wild-type amplification products are indicated. (D) Northern blot
analysis showing the absence of integrin β8 transcripts in homozygous mutant mice.
Comparable amounts of wild-type and mutant total RNA were loaded, as indicated by the

Zhu et al. Page 15

Development. Author manuscript; available in PMC 2009 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



presence of equal amounts of β-actin RNA. RT-PCR analysis further verified that no functional
transcript is expressed in the mutant (data not shown).
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Fig. 2.
Phenotypic defects in integrin β8-deficient mice. (A,B) E10.5 yolk sacs. The vasculature is
less prominent and often pale in mutant embryos (B) when compared with wild type (A, arrow).
(C,D) Side views of E10.5 embryos. The class A mutant embryo exhibits a smaller body size
(D) compared with a wild-type littermate (C). An example of enlarged pericardiac cavities is
shown in D (*). (E,F) Side views of E12.5 embryos. Intracerebral hemorrhage in a class B
mutant embryo is shown (F, arrow) when compared with its wild-type littermate (E). (G,H)
Side views of P0 wild-type (G) and mutant (H) pups. Severe hemorrhage in the mutant head
is obvious (H, arrow). (I,J) The P0 mutant brain (J) shows characteristics of hydrocephalus
(arrowhead) and exhibits visible hemorrhage compared with a wild type (I). (K,L) A cleft palate
is obvious in a mutant neonate (L, arrow), but is absent in a wild-type littermate (K). mc,
metencephalon; tc, telencephalon; op, optic vesicle; ot, otic pit; ba, bronchial arches; he, heart;
fl, forelimb; hl, hindlimb.
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Fig. 3.
Angiogenesis defects in class A integrin β8-deficient mutants. (A,B) Hematoxylin and Eosin
staining of transverse sections of placentas from an E10.5 wild type (A) and a mutant (B).
While the chorionic plate (cp) and labyrinthine trophoblast layer (lt) are comparable in mutant
and wild-type littermates, the labyrinthine layer (lbr) is reduced in the mutant. While the
interdigitation of fetal blood vessels (A, arrows) and maternal blood vessels in wild-type
embryos is elaborate, only a few fetal blood vessels have penetrated into the labyrinthine layer
in the mutant (B, arrows). Inserts in A,B provide higher magnification photos of the
vasculature. (C,D) Vasculature of E10.5 yolk sac in wild-type (C) and mutant (D) as depicted
by X-gal staining of a Tie2:lacZ reporter gene in these mice. (E–G) Vascular patterns revealed
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by whole-mount staining of β-galactosidase activity in E9.5 embryos expressing the
Tie2:lacZ reporter gene (E,F) and whole-mount immunohistochemistry with anti- PECAM
antibody in E10.5 embryos (G). An E9.5 mutant embryo (E) shows no obvious abnormalities
in vascular pattern compared with a wild-type littermate (F) (the tails of the embryos in both
E and F were used for genotyping). E10.5 mutant embryos (G, right) have similar vascular
patterns as wild-type littermates (G, left) except for reduced vasculature development in the
heart (G, arrow). (H,I) X-gal staining of transverse sections of E10.5 neural tubes in wild-type
(H) and mutant embryos (I) with the Tie2:lacZ reporter gene reveals the vasculature (blue) and
cell nuclei labeled with Nuclear Fast Red (pink). While perineural plexuses are present in both
the wild type and the mutant (H,I, arrowheads), there is no apparent penetration of vessels into
the neural tube in the mutant when compared with the wild-type embryo (H, arrows). Note that
the floor plate in the mutant (I, *) is absent. cp, chorionic plate; lt, labyrinthine trophoblast;
lbr, labyrinthine layer; iv, intersomitic vessel; pnp, perineural plexus; V, ventricle; NE,
neuroepithelium. (J,K) Hematoxylin and Eosin staining of E10.5 yolk sac showing presence
of endothelial cells (e), mesothelial cells (m), blood cells (b) and endoderm cells (n) in both
wild type (J) and mutant (K). Scale bars: 100 μm in A,B,H,I (500 μm in insets); 150 μm in J,K.
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Fig. 4.
Integrin β8 expression in E9.5 placenta tissue. (A–D) Sections of E9.5 placenta hybridized
with integrin β8 antisense (A,C,D) or sense (B) probes showing localization of integrin β8 to
most of placenta tissues, notably in the trophoblast giant cells (A), labyrinthine layer and
spongiotrophoblast layer (C). In the yolk sac, integrin β8 appears to be expressed specifically
in the endoderm cells (D, arrow). sp, spongiotrophoblast layer; lb, labyrinthine layer. Scale
bar: 200 μm in C; 50 μm in D.
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Fig. 5.
Abnormal cavitation and radial glial organization in the brains of class B integrin β8-deficient
mutants. (A–H) Hematoxylin and Eosin staining of transverse sections of E11.5 brain (A–D)
and E14.5 brain (E–H), showing abnormal cavitation in integrin β8-deficient mutant brains
(B,D,F,H, arrows) compared with the wild-type littermates (A,C,E,G). Hemorrhage is visible
in the ganglionic eminence (B, arrowhead) and diencephalon (D, arrowhead) of an E11.5
mutant brain and becomes much more severe in the E14.5 mutant brain (F, arrow; H,
arrowhead). (I–N) Radial glial organization characterized by immunohistochemical staining
using the RC2 antibody. Radial glial cells look grossly normal in an E10.5 mutant brain (J)
compared with a wild-type littermate (I). However, they are apparently disorganized in the
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ganglionic eminence (L, arrow) and diencephalon (N, arrow) in the E12.5 mutant brain when
compared with the same regions of E12.5 wild-type brains (K,M). GE, ganglionic eminence;
DI, diencephalon. Scale bars: 100 μm in A–H; 50 μm in I–N.
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Fig. 6.
Abnormal brain capillary morphologies in class B integrin β8-deficient mutants. (A–D)
Paraffin wax embedded sections of E12.5 (A,B) and E14.5 (C,D) brains stained with anti-
laminin antibodies that show the abnormal morphologies of capillary vessels in the integrin
β8-deficient mutant (B,D) when compared with a wild-type littermate (A,C). Discontinuous
basement membranes are indicated by arrows (B). Aggregates of capillary vessels are visible
(D, arrow). (E–F) Projected confocal images of E12.5 brain capillary vessels double labeled
with anti-PECAM antibody (green) and anti- FN (red) antibodies. Capillary vessels in an
integrin β8-deficient mutant (F1–3) exhibit irregular distended morphologies and are often
conjoined when compared with those in wild-type littermates (E1–3). The basement membrane
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is discontinuous and a blood cell is captured at a potential hemorrhage site (F2, arrow) in the
mutant. Note that a blood cell is present clearly outside of the capillaries, indicating hemorrhage
in a nearby location (F3, arrow). (G,H) Pericytes recognized with anti-desmin are present and
recruited to the capillaries in the brains of E12.5 wild-type (G, arrow) and mutant embryos (H,
arrow). Scale bars: 50 μm in A–D; 20 μm in E,F; 100 μm in G,H.
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Fig. 7.
Abnormal endothelial cell morphology in class B integrin β8- deficient brains. (A–D) Electron
micrographs of capillary structure in E12.5 wild-type (A) and integrin β8-deficient mutant (B–
D) brains. In contrast to the wild type (A), the endothelial cells in the mutant display abundant
active membrane protrusions (B, arrows) and large empty spaces surrounding the capillaries
(B,C, *). In addition, fenestrations (D, arrows) are often seen in the mutant endothelium. P,
pericyte; EC, endothelial cell. Scale bars: 5 μm in A–C; 1 μm in D.
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Fig. 8.
Abnormal capillary vascular patterning and endothelial cell hyperplasia in class B integrin
β8-deficient brains. (A–D) Projected confocal images of brain capillary vessels stained with
anti-PECAM in E10.5 (A,B) and E12.5 (C,D) embryos. Wild-type capillary vessels grow close
to and couple near the ventricle (A, broken line marks boundary of ventricle, V). However,
capillary vessels extend a shorter distance into the neuroepithelium and couple further away
from the ventricle in the mutant (B). At E12.5, wild-type capillary vessels have branched and
anastomosed to form an organized network (C); while in the mutant, capillary vessels show
bulbous distentions and have not invaded regions of neuroepithelium immediately adjacent to
the ventricle (D, arrows). (E) A brain capillary stained for isolectin BS (staining endothelial
cell, green), DAPI (staining nuclei, blue) and BrdU (labeling proliferating cell, red, arrows).
(F) The quantification of endothelial cell nuclei per vessel cross section in E11.5 wild-type and
mutant brains. The percentage of BrdU-labeled endothelial cell nuclei in total endothelial cell
nuclei scored is shown in the histogram (n=3). The error bars represent the s.e.m. Wild-type
and mutant values are significantly different (P<0.005). Scale bars: 20 μm in A,B; 100 μm in
C,D; 25 μm in E.
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Fig. 9.
Integrin β8 is expressed in periventricular cells of the embryonic brain. (A,B) Whole-mount
in situ hybridization analyses shows integrin β8 mRNA expression in tissues surrounding the
ventricles of E10.5 embryonic brain (A, antisense; B, sense). (C,D) Transverse sections of
E12.5 brains hybridized with integrin β8 antisense (C) or sense (D) probes showing localization
of integrin β8 to periventricular cells in the neuroepithelium. (E,F) Similar areas to those shown
in C at E12.5 (C, box E and box F) are shown at a higher magnification in an E13.5 brain
hybridized with an integrin β8 antisense probe (E,F). Note the absence of integrin β8 mRNA
from the vascular cells of the brain (A) and inside of the brain area (C,E). Scale bar: 500 μm
in C and D; 200 μm in E,F.
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