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and Physiological Chemistry, University of Uppsala, Uppsala, Sweden5; and Institute for Animal

Science, The Volcani Institute, Bet Dagan, Israel6

Received 17 June 2002/Accepted 1 August 2002

Mouse embryos genetically null for the �v integrin subunit develop intracerebral hemorrhages at midges-
tation and die shortly after birth. A key question is whether the hemorrhage arises from primary defects in
vascular endothelial cells or pericytes or from other causes. We have previously reported normal initiation of
cerebral vessels comprising branched tubes of endothelial cells. Here we show that the onset of hemorrhage is
not due to defects in pericyte recruitment. Additionally, most �v-null vessels display ultrastructurally normal
endothelium-pericyte associations and normal interendothelial cell junctions. Thus, endothelial cells and
pericytes appear to establish their normal relationships in cerebral microvessels. However, by both light and
electron microscopy, we detected defective associations between cerebral microvessels and the surrounding
brain parenchyma, composed of neuroepithelial cells, glia, and neuronal precursors. These data suggest a
novel role for �v integrins in the association between cerebral microvessels and central nervous system
parenchymal cells.

Vascularization of the developing vertebrate brain occurs
exclusively via angiogenesis, i.e., the formation of new blood
vessels from existing vasculature (26). Capillaries originating in
the perineural vascular plexus begin to invade the mouse neu-
roectoderm as early as embryonic day 10.0 (E10.0). Even at the
early stages of cerebral angiogenesis, the microvessels become
associated with perivascular mural cells, i.e., pericytes. Once
within the neuroectoderm, vascular endothelial cells come in
close contact with other brain parenchymal cell types, includ-
ing neuroblasts, neuroepithelial cells, radial glia, and astrocytes
(5, 25, 30). These multicellular interactions eventually form the
highly selective barrier between blood and brain (4, 33, 34).

While several factors necessary for proper endothelial cell-
pericyte interactions have been identified and characterized
(18, 20, 21, 36), very little is known about the molecular inter-
actions between blood vessels and cells of the brain paren-
chyma. Recent data, however, support important roles for cell-
extracellular matrix adhesion events involving members of the
�v integrin family of cell surface receptors (27).

We previously generated a mouse strain genetically null for
all five members of the �v integrin subfamily (3). �v gene
ablation causes 100% lethality; however, overall development,
including vasculogenesis and angiogenesis, proceeds normally
until E9.5. Between E10.5 and E11.5 approximately 70% of the
�v-null embryos die, probably because of placental defects (3).

By E12.5, the surviving �v-null embryos develop vascular de-
fects typified by cerebral blood vessel dilation and hemorrhage.
The hemorrhage initially forms within the ganglionic emi-
nences of the developing telencephalon and subsequently
spreads throughout the brain. �v-null neonates are severely
hydrocephalic and die within hours after birth.

In this study we characterized the cellular events responsible
for the cerebral hemorrhage found in �v-null embryos. The
origins of these defects could lie in the endothelial cells, in the
microvascular pericytes, or in the interactions between them or
with the surrounding neural cells. Light and electron micro-
scopic analyses revealed normal recruitment and association of
pericytes with endothelial cells in the cerebral microvessels.
However, we detected defective ultrastructural interactions be-
tween cerebral microvessels and surrounding central nervous
system parenchymal cells. Collectively, these data support a
novel role for �v integrins specifically in the establishment and
maintenance of vascular integrity via interactions between ce-
rebral microvessels and central nervous system parenchymal
cells.

MATERIALS AND METHODS

Mouse husbandry and PCR genotyping. Heterozygous mice (129SvJae/
C57BL6/FVB mixed genetic background) were interbred to generate �v-null
embryos. Noon of the plug date was defined as E0.5. The transgenic mouse strain
expressing lacZ in vascular smooth muscle cells (vSMC)/pericytes has been
described in detail elsewhere (37). lacZ� males (FVB) were crossed to �v�/�

females (C56BL6/129SvJae), and blastocysts were transferred to recipient moth-
ers. The resulting rederived �v�/� lacZ� progeny were interbred, and �v-null/
lacZ� embryos were identified by PCR genotyping of the yolk sac (3, 37). When
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necessary, E10.5 class I and II �v-nulls were distinguished based on overall
embryo size and obvious placental layering defects (3). To generate mice defi-
cient for both �3 and �5 integrins (22, 23), null strains were interbred, and
subsequent double-homozygous nulls were mated to generate embryos.

Antibodies. The rabbit anti-NG2 polyclonal antiserum (Chemicon Interna-
tional Inc., Temecula, Calif.) and the anti-PECAM-1/CD31 rat monoclonal an-
tibody (platelet endothelial cell adhesion molecule [PECAM]; Pharmingen, San
Diego, Calif.) were both used at 1:200 dilutions. The anti-platelet-derived growth
factor receptor beta rabbit polyclonal antibody sc-432 (Santa Cruz Biotech, Santa
Cruz, Calif.) was used at a concentration of 7.5 �g/ml. The rabbit antifibronectin
antiserum (32) was used at a 1:250 dilution. Antinestin (Rat-401) and anti-RC2
hybridoma supernatants were purchased from the Developmental Studies Hy-
bridoma Bank (Iowa City, Iowa) and used at 1:3 and 1:2 dilutions, respectively.
The swine anti-rabbit immunoglobulin secondary antibody used for chromogenic
analysis was purchased from Dako (Carpenteria, Calif.). Secondary antibodies
for immunofluorescence were Alexa-conjugated goat anti-rabbit immunoglobu-
lin G (IgG), goat anti-mouse IgG and IgM, and goat anti-rat IgG; all were
purchased from Molecular Probes (Eugene, Oreg.).

Immunohistochemistry. Embryos from various developmental stages were
decapitated, and the heads were fixed in ice-cold 4% paraformaldehyde for 4 h.
Heads were infiltrated in 30% sucrose–phosphate-buffered saline overnight at
4°C and embedded in Tissue Tek OCT (Miles, Elkhart, Ind.). Coronal sections
were blocked with 2% fish oil–4% mouse serum–4% swine serum in phosphate-
buffered saline. Chromogenic visualization procedures were performed accord-
ing to the Vectastain ABC kit protocol (Vector Laboratories, Burlingame, Cal-
if.), with the exception that swine anti-rabbit immunoglobulin secondary
antibody was used in place of the secondary antibody provided by the manufac-
turer. For immunofluorescence staining, Alexa-conjugated secondary antibodies
were used at 1:500 dilutions.

Light and electron microscopy. Semithin sections were prepared by fixing
embryonic heads in cold 10% formalin overnight. The tissue was washed exten-
sively and processed according to the manufacturer’s instructions (Polysciences,
Inc., Warrington, Pa.). Sections (1 �m) were prepared, and the tissue was
visualized with a methyl green counterstain. Paraffin-embedded sections were
counterstained with hematoxylin and eosin. All images were visualized with a
Zeiss Axiophot photoscope. Images were processed with NIH Scion Image and
Adobe Photoshop (Adobe, Mountain View, Calif.). For confocal microscopy,
coronal thick sections (35 �m) from OCT-embedded E11.5 and E12.5 heads
were analyzed with a Zeiss LSM 510 confocal microscope (Carl Zeiss,
Oberkochen, Germany). Anti-NG2 and anti-CD31/PECAM antibodies were
used to identify pericytes and endothelial cells, respectively. To quantitate peri-
cyte coverage, 25-�m z-series were scanned at 3-�m intervals. Pericyte cell
bodies (as defined by NG2 positivity) were quantitated along individual PECAM/
CD31-positive vessels. Processing and analysis of E11.5 (data not shown) and
E12.5 samples for electron microscopy were performed as previously described
(13).

RNase protection assays. Primers were designed and standard PCR-based
methods were used to amplify cDNA sequences for mouse vascular endothelial
growth factor A (nucleotides 97 to 529), PECAM (nucleotides 113 to 1051),
Hif1� (nucleotides 2869 to 3773), Flk-1 (nucleotides 4339 to 5294), and smooth
muscle �-actin (nucleotides 77 to 978). The various cDNAs were subcloned into
the pTopoII vector (InvitroGen), and the T7 or SP6 RNA polymerase promoter
was used to generate RNA templates. The sizes of the protected fragments were
as follows: Flk-1, 646 bp; smooth muscle �-actin, 349 bp; Hif1�, 175 bp; PECAM,
462 bp; vascular endothelial growth factor A, 450 bp; and human �-actin, 127 bp
(purchased from Ambion). Embryos from developmental ages E11.5 to E13.5
were dissected, and telencephalic and diencephalic regions were isolated. Total
RNA was purified with the RNeasy extraction kit (Qiagen, Valencia, Calif.). Ten
micrograms of total RNA was used with the various RNA probes.

RESULTS

Light microscopic analysis of �v-null cerebral hemorrhage.
Vascularization of the central nervous system begins at �E10.0
of mouse development, when angiogenic vessels from the per-
ineural vascular plexus invade the embryonic neuroectoderm
(26, 33). At E10.5 in both �v�/� and �v�/� brains, we detected
normal alignment and invasion of vessels from the perineural
vascular plexus into the developing ganglionic eminences (Fig.
1A and B). In �v-null brains (Fig. 1B and D), vessels nearing

the ganglionic eminence ventricular zone displayed abnormally
large lumens. However, the lining endothelium was intact, and
there were no grossly obvious signs of edema or hemorrhage.
Similar lumenal expansions were also observed elsewhere in
the brain parenchyma (data not shown).

By E11.5, the vessels in the �v-null ganglionic eminences
showed initial signs of distension and endothelial cytoplasmic
thinning (Fig. 1F). Also notable were significant spaces be-
tween the mutant blood vessels and the surrounding neural

FIG. 1. Transverse sections through E10.5, E11.5, and E12.5 gan-
glionic eminences. (A to D) Expanded lumenal areas in E10.5 �v-null
cerebral vessels. In both the �v�/� (A) and �v�/� (B) brains, perineu-
ral vascular plexus vessels (asterisks in A and B) align along the
leptomeningeal boundary and migrate into the brain parenchyma. Un-
like the heterozygous controls (A and C), �v�/� embryos displayed
abnormally large vessel lumens as they neared the ventricular zone
(arrows in D). (E and F) �v-null cerebral vessels contain thinned areas
of endothelial cell cytoplasm and do not adhere closely to the sur-
rounding neural tissue. E11.5 �v�/� vessels (arrows in E) are closely
juxtaposed with surrounding neural cell types. �v�/� ganglionic emi-
nence vessels contained slightly thinned regions of endothelial cell
cytoplasm and the first signs of space forming between the microves-
sels and the adjacent neural tissue (arrows in F). (G and H) Hemor-
rhage in E12.5 �v�/� brains. �v�/� vessels were structurally disorga-
nized and contained endothelial cell entanglements (arrows in H).
Note the abnormally high number of endothelial cell nuclei protruding
into the vessel lumens (arrows in G). Abbreviations: M, meningeal
compartment; VZ, ventricular zone.
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tissue (Fig. 1F). This contrasted with the nondistended endo-
thelium and close juxtaposition between vessels and adjacent
cells normally found in sections from the heterozygous control
brains (Fig. 1E). At E12.5, vessels in the �v-null ganglionic
eminences were distended and generally disorganized and ex-
hibited extensive hemorrhage (Fig. 1G and H). E12.5 �v-null
sections also showed increased spaces between the surround-
ing brain tissue and the blood vessels (Fig. 1G and H).

One possible explanation for the observed hemorrhage was
that hypoxia-induced regulation of the vascular endothelial
growth factor (VEGF) signaling pathway might be perturbed
in the �v-null embryos. To address this possibility, RNase
protection assays were used to analyze the brain-specific ex-
pression of transcripts encoding VEGF and its endothelial
cell-specific receptor, Flk. When analyzed at E11.5, a time of
altered vascular morphology yet prior to the onset of hemor-
rhage, we detected normal expression levels of VEGF and Flk
transcripts (Fig. 2). Thus, upregulation of VEGF signaling
components does not precede the abnormal cerebral microves-
sel characteristics in the �v-null embryos.

At E13.5, a time when extensive hemorrhage had begun, a
marked increase in Flk and VEGF-A mRNA was detected in
�v-null brains. The upregulation of the Flk transcript corre-
lated with increased expression of both the endothelium-spe-
cific PECAM/CD31 and the pericyte-specific smooth muscle
�-actin gene products. These data collectively suggest that,
subsequent to the onset of cerebral hemorrhage, vascular cell
hyperproliferation may be occurring in the �v-null brain. It
should be noted that the increased expression of the various
mRNAs was localized mainly to the developing diencephalon
and telencephalon. RNase protection assays performed with
total RNA isolated from whole embryo heads did not yield
detectable increases for any of the transcripts tested. Lastly,
the localized increases also matched in situ hybridization anal-
yses with RNA probes specific for VEGF and Flk (data not
shown).

Immunohistochemical analysis of pericyte coverage in �v-
null brains. Pericytes are vascular mural cells that associate
intimately with the microvascular endothelium and influence
vessel function (reviewed in reference 6). We addressed
whether the microvascular hemorrhage observed in the �v-null
embryos was associated with defects in the recruitment of
pericytes, as has been described for other strains of mutant
mice (21). E11.5 brain sections were analyzed for microvascu-
lar pericytes with anti-platelet-derived growth factor receptor
beta (Fig. 3A and B) and anti-NG2 antibodies (Fig. 3C and D)
(20, 31). As shown in Fig. 3A to D, in the absence of �v
integrins, pericytes were associated with all the cerebral mi-
crovessels. We did not observe cerebral microvessels lacking
pericyte coverage. Similarly, 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-Gal) staining of tissue sections from
E11.5 �v-null brains expressing a pericyte-specific lacZ trans-
gene also demonstrated blood vessel coverage by pericytes
(Fig. 3E and F).

To determine any quantitative differences in pericyte cover-
age, confocal laser scanning microscopy was used to assess
pericyte numbers. Anti-PECAM-1/CD31 antibody was used to
identify endothelial cells, and anti-NG2 was used to visualize
pericytes (Fig. 4A and B). All PECAM-positive structures had
associated pericytes. One hundred vessels from E11.5 heads

were analyzed by counting the number of NG2-positive peri-
cyte cell bodies along a 25-�m traverse. No quantitative dif-
ference in pericyte-endothelial cell coverage was observed be-
tween �v-null and heterozygous brains (Fig. 4C). Comparisons

FIG. 2. RNase protection assays with RNA isolated from E11.5
and E13.5 telencephalon and diencephalon. Total RNA isolated from
E11.5 and E13.5 brain regions was used to determine the relative
mRNA levels for VEGF, Flk, PECAM, smooth muscle �-actin (SM�A),
and Hif1�. Shown is one representative experiment of three. Note the
marked upregulation of expression of VEGF, Flk, PECAM, and
smooth muscle �-actin only in hemorrhagic E13.5 �v�/� embryo brains.
No changes in any transcript levels were present at E11.5, a develop-
mental time point showing vascular abnormalities but no hemorrhage.
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at E12.5 were difficult because �v�/� vessels were distended
and disorganized (Fig. 4D) and very few vessels were similar in
size to those found in �v�/� control brain sections.

Electron microscopic analysis of �v-null brains. Ultrastruc-
tural analysis of �v�/� and �v�/� cerebral microvessels and
their surrounding pericytes at E12.5 revealed generally nondi-
lated vessels and normally associated endothelial cells and
pericytes. Endothelial cells enclosed luminal spaces that con-
tained nucleated red blood cells (Fig. 5A). Endothelial cells
were connected by mature cell junctions with elongated endo-
thelial cell flaps on their luminal surfaces (Fig. 5A). Basal
laminae were poorly developed in E12.5 microvessels com-
pared with newborn mouse brain microvessels (H. Wolburg,
B. L. Bader, S. Stiver, D. Feng, and A. M., Dvorak, unpub-
lished data). Discontinuous foci of basal lamina beneath ablu-
minal endothelial cell surfaces were also noted.

All �v�/� and �v�/� microvessels were invested with peri-
cytes. Pericytes were eccentrically located, and when sections
traversed their nuclei, one could follow narrow cytoplasmic
processes extending for long distances immediately adjacent to
endothelial cells (Fig. 5A). �v�/� and �v�/� E12.5 embryonic
pericytes were not completely mature in that their normal
investiture with basal lamina was poorly developed and their
cytoplasm was virtually devoid of microfilaments and surface-
connected caveolae (Fig. 5A). Thus, at the embryonic ages
studied, pericytes, although present, had not assumed a ma-
ture, contractile phenotype.

In contrast, E12.5 �v�/� cerebral microvessels (Fig. 6) dis-

FIG. 3. Pericytes are recruited normally to �v�/� cerebral vessels.
Frozen sections from E11.5 �v�/� (A, C, and E) and �v�/� (B, D, and
F) embryonic heads were immunolabeled with anti-NG2 (A and B) or
anti-platelet-derived growth factor receptor beta (C and D) antibodies.
Paraffin sections from �v-heterozygous or homozygous null embryos
expressing lacZ in pericytes were stained with X-Gal (E and F). All
three pericyte markers are normally associated with �v�/� vessels.

FIG. 4. Immunofluorescence analyses of cerebral microvessels and
quantitation of pericyte association. Frozen sections from �v�/� (A) or
�v�/� (B and D) embryonic heads were fluorescently labeled with
anti-PECAM (red) and anti-NG2 (green) antibodies. Within �v�/�

and �v�/� sections, cerebral microvessels of similar sizes were selected
for quantitation by confocal microscopy. The number of NG2-positive
pericyte cell bodies along individual E11.5 vessels (PECAM positive)
per 25 �m of transverse section was counted for 100 vessels. No
quantitative comparison between E12.5 �v�/� and �v�/� samples was
possible due to the extreme distension of the �v-null vessels (D).
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FIG. 5. Ultrastructural analysis of E12.5 �v�/� cerebral microvessels. (A) Vascular lumen seen in longitudinal section, containing nucleated red
blood cells. Normal endothelial cells (E) with closed junctions (arrows) line the lumen. One pericyte (P) has two long, narrow processes in view
(solid arrowheads). Overlying brain parenchymal cells are in contact with the pericyte beneath. (B) Another view of an �v�/� cerebral microvessel
shows an empty vascular lumen, two normal endothelial cells (E) connected by a closed interendothelial junction (arrow). A pericyte process
(P) covers the two endothelial cells. Brain parenchymal cells and their processes (N/G) cover the overlying pericyte process completely, with little
to no intervening space. Magnification: (A) 8,000�; (B) 15,500�. Abbreviations: E, endothelial cells; P, pericytes; N/G, brain parenchymal cells.
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FIG. 6. Ultrastructural analysis of E12.5 �v�/� cerebral microvessels. (A) Expanded vascular lumen contains a nucleated red blood cell;
endothelial cells line the lumen and are closed by normal interendothelial cell junctions (solid arrowheads). Although pericyte cell bodies were
absent in this section, pericyte processes in contact with the endothelium were seen (arrows). Numerous round brain parenchymal cells (N/G) and
their foot processes are visible in the perivascular sheath. Some of the foot processes contact a pericyte process; very few contact endothelial cells.
There is an extensive space surrounding the entire vessel. (B) Extravasated red blood cell rests among brain parenchymal cells (N/G) beneath the
endothelium with closed interendothelial cell junctions (arrows). An enlarged endothelial cell (E) is protruding into the vascular lumen (L) and
undergoing mitosis (solid arrowhead marks a chromosome). Magnification: (A) 6,000�; (B) 13,000�. Abbreviations: E, endothelial cells; N/G,
brain parenchymal cells.
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played extensive luminal expansion and tortuosity (Fig. 6A)
and marked focal thinning of endothelial cytoplasm (Fig. 7B
and C). Focal increases in large cytoplasmic vacuoles in both
endothelial cells and pericytes were noted (Fig. 7A). Mature,
well-formed endothelial cell junctions were present; none of
these showed gap formation or discontinuities (Fig. 6 and 7).
Nucleated red blood cells were present within vessel lumina
and were also found adjacent to microvessels in the loosened
perivascular sheaths (Fig. 6B). Pericytes were present in �v-
null samples and displayed normally extended narrow pro-
cesses in close association with underlying endothelium (Fig.
6A and 7A). However, some enlarged, tortuous vessels with
expanded extravascular spaces were not as well invested with
pericyte processes.

The perivascular sheath in �v�/� and �v�/� embryos was
composed of an imperfect but close investiture by brain pa-
renchymal cells (Fig. 5). Brain parenchymal cells were large
and filled primarily with free ribosomes; they had numerous
wide, elongated blunt surface processes that extended to and
often lined the abluminal surface of underlying pericytes (Fig.
5A and 5B) or occasionally directly abutted abluminal surfaces
of endothelial cells in areas devoid of pericytes (data not
shown). These parenchymal cell extensions are referred to as
endfeet. They were relatively organelle free, with an electron-
lucent appearance, which allowed easy distinction from more
electron-dense pericyte processes (Fig. 5A and 5B).

The most striking finding in the E12.5 �v-null embryonic
cerebral microvessels was the presence of extensive spaces

FIG. 7. Ultrastructural analysis of �v�/� cerebral microvessels. (A) A space separates the vessel from the underlying brain parenchymal cells
(N/G). Several pericyte processes (P) contact endothelial cells (E), which line the lumen (L) of the vessel. Large membrane-bound vacuoles are
seen within endothelial cells and pericytes. An interendothelial cell junction is closed (arrow). Panels B and C show focal (B) and flat
(C) parajunctional thinned endothelial cell cytoplasm (solid arrowheads). Note that the interendothelial cell junctions (open arrowheads) are
normal, guarded by endothelial cell flaps, and are tightly closed. Magnification: (A) 10,000�; (B and C) 24,000�. Abbreviations: E, endothelial
cells; P, pericytes; N/G, brain parenchymal cells.

VOL. 22, 2002 �v INTEGRINS AND EMBRYONIC BRAIN ANGIOGENESIS 7673



separating the parenchymal cells from the microvessels and
their pericyte sheaths (Fig. 6 and 7). The majority of �v-null
vessels showed significant separation between the vascular cells
(endothelial cells and pericytes) and the surrounding brain
parenchyma. When process formation and parenchymal end-
feet were visible, they contacted bare endothelium and, less
frequently, pericyte cell processes (Fig. 6A and 7A). However,
parenchymal cells were most often widely separated from the
perivascular-pericyte sheath, were often rounded with minimal
evidence of processes and endfeet, and, when these were vis-
ible, they often did not contact pericytes or endothelial cells
(Fig. 6A and 7A).

Abnormal neuroglial process elaboration in �v-null brains.
Based on the ultrastructural observations, we did further stud-
ies to classify the brain parenchymal cells associated with ce-
rebral microvessels. The antinestin monoclonal antibody Rat-
401 was used to visualize the neuroepithelial and neuronal
precursor cells. Cerebral blood vessels were identified with a
polyclonal antiserum recognizing fibronectin, a primary com-
ponent of the vascular basement membrane. As shown in Fig.
8A, E12.5 �v�/� control sections showed neuroepithelial cells
apparently spanning the developing ganglionic eminence. In
contrast, E12.5 �v-null neuroepithelial processes did not seem
to extend normally through the ganglionic eminences (Fig. 8B
and C). �v-null neuroepithelial processes within the ganglionic
eminences made contacts with cerebral vessels, yet they ap-
peared disordered and were generally less elaborate. A distinct
punctate antinestin immunoreactive pattern was present sur-
rounding many microvessels in �v�/� ganglionic eminences
(Fig. 8C). E11.5 �v-null sections showed a similar nestin im-
munoreactivity surrounding cerebral microvessels (data not
shown). Likewise, a similar punctate immunoreactive pattern
was observed at E11.5 and E12.5 with the RC2 monoclonal
antibody, which recognizes an epitope specific to central ner-
vous system neuroepithelial cells (data not shown).

Cerebral hemorrhage is not caused by loss of �v�3 and
�v�5 integrins. The �v-null mutation eliminates all five �v
integrins. Only two of these, �v�3 and �v�5, have been de-
tected on endothelial cells. To address whether loss of the
�v�3 and �v�5 integrins was involved in the cerebral hemor-
rhage formation, we interbred mice singly null for the �3 and
�5 genes (22, 23). �3/�5-deficient animals were viable and
fertile. Embryos null for both integrin subunits were dissected
and analyzed. E12.5 �3/�5-null embryos studied from several
litters displayed no gross or microscopically detectable cerebral
hemorrhages (Fig. 9 and data not shown).

DISCUSSION

A primary goal of this study was to identify the primary
cellular defects contributing to cerebral hemorrhage in �v-null
mice. The integrins �v�3 and �v�5 are expressed on angio-
genic endothelial cells, and an extensive body of literature
suggests important roles for these integrins during develop-
mental and pathological angiogenesis (7, 8, 12, 16, 17). How-
ever, apart from the localized cerebral hemorrhage, develop-
mental vasculogenesis and angiogenesis occur normally in the
absence of all �v-containing integrins (3). If �v gene deletion
resulted in general endothelial cell defects, one would expect
to see widespread vascular abnormalities. Indeed, genetic ab-

FIG. 8. Disorganized neuroepithelial processes in �v-null gangli-
onic eminences. E12.5 paraffin-embedded transverse sections from
�v-heterozygous control (A) or �v-null (B and C) brains were immu-
nolabeled with antinestin monoclonal antibody to visualize the neuro-
epithelial cells (green). Antifibronectin antiserum was used to label the
cerebral microvessels (red). Erythrocytes appear yellow. Elaborate
neuroepithelial processes span the ganglionic eminence and make
contact points with vessels in the �v�/� control section (A). In an
�v-null ganglionic eminence region (B) devoid of significant vessel
distension or hemorrhage, note the less elaborate neuroepithelial cell
organization. A punctate nestin immunoreactivity is seen associated
with many �v�/� microvessels (arrows in B). Disorganized neuroepi-
thelial processes and nestin-immunoreactive puncta (arrows in C) are
more obvious in a ganglionic eminence region containing pronounced
microvessel distension and hemorrhage. Abbreviations: V, ventricle.
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lation of endothelium-specific factors such as VEGF-A and
VE-cadherin leads to profound embryonic vascular pheno-
types (9, 10, 15). Therefore, it is unlikely that primary endo-
thelial cell defects contribute to the observed vascular pheno-
type. Furthermore, embryos null for both the �3 and �5 genes
(and therefore lacking the �v�3 and �v�5 integrins) do not
develop cerebral hemorrhage (Fig. 9).

One could argue that the abnormal vessel characteristics and
cerebral hemorrhage are a secondary consequence of hypoxic
conditions in the developing embryonic brain. Indeed, hemor-
rhagic E13.5 �v-null brains do show upregulation of the hy-

poxia-inducible genes for Flk and VEGF (Fig. 2). However,
our light microscopic analyses revealed microvessel expansion
at E10.5 and compromised vascular integrity as early as E11.5,
prior to any measurable increases in the VEGF or Flk tran-
scripts. Thus, increased expression of the VEGF and Flk tran-
scripts appears to be a result rather than a cause of the cerebral
hemorrhage.

A pericyte recruitment defect was also considered as a pri-
mary cause for the �v-null hemorrhage. Multiple signaling
pathways are necessary for the proper establishment of endo-
thelial cell-pericyte associations. and in many cases, disruption
of these signaling events leads to defective pericyte recruit-
ment and microvascular hemorrhage (18, 21). However, we did
not detect pericyte recruitment defects in �v-null brains (Fig.
3). Moreover, quantitation of pericyte number revealed no
significant difference between control and �v-null brains (Fig.
4). Transmission electron microscopic analysis of �v�/� em-
bryos revealed some expanded endothelial regions that were
poorly covered or not covered at all by pericyte processes.
However, most �v-null microvessels displayed relatively nor-
mal cell contact between cytologically normal endothelial cells
and pericytes (Fig. 6 and 7). Thus, the vascular defects ob-
served in the �v-null embryos do not appear to correlate di-
rectly with a primary pericyte abnormality.

Interestingly, the extreme vessel pathology present within
the �v-null brain parenchyma was not observed in the perineu-
ral vascular plexus (data not shown). Here, vessel dilation and
hemorrhage were rare, pointing to the selectivity of the defect
for vessels within the brain microenvironment. Consistent with
this idea, our electron microscopic analyses revealed ultra-
structural defects in the associations between the vessels (en-
dothelial cells plus pericytes) and surrounding brain parenchy-
mal cells (Fig. 6 and 7).

Beginning at �E10.5, during vertebrate embryogenesis,
newly differentiated neurons migrate from ventricular zones
towards the pial surface of the brain along glial cell processes
(1, 11). Interestingly, �v integrin immunolocalizes to radial
glial cell processes in cultured E14.5 embryonic cortical slices
(2). While we have yet to conclusively immunolocalize �v on
glial cell processes at E11.5 or E12.5, our immunohistochem-
ical analyses show a disorganized neuroepithelium in E11.5
(data not shown) and E12.5 �v-null brain sections (Fig. 7). A
distinct punctate pattern of nestin immunoreactivity is associ-
ated with many �v-null vessels. These puncta appear to repre-
sent fragmented neuroepithelial processes; these may conform
to similar structures observed by electron microscopic analysis
in the �v-null brain parenchyma (Fig. 6 and 7).

The �v subunit can associate with five distinct beta subunits,
yielding integrins �v�1, �v�3, �v�5, �v�6, and �v�8. Deletion
of the �1 gene leads to early embryonic lethality (14), prior to
the onset of cerebral hemorrhage observed in the �v-nulls.
However, mice harboring a conditional deletion of the �1
subunit in neuronal precursors and central nervous system glia
develop to term and do not develop gross cerebral hemorrhage
(19). Mice lacking an individual integrin, �v�3, �v�5, or �v�6,
are all viable and fertile and do not develop hemorrhage in the
brain (22, 23, 24). Additionally, we show here that embryos
genetically null for both the �3 and �5 integrin genes proceed
through embryogenesis without developing cerebral hemor-
rhage (Fig. 9).

FIG. 9. Absence of �v�3 and �v�5 does not lead to cerebral hem-
orrhage. E12.5 embryos, either wild type (A), null for both �3 and �5
integrin genes (B), or null for all five �v integrins (C), were dissected
and analyzed. Only embryos lacking all �v integrins displayed grossly
visible cerebral hemorrhage (arrow in C).
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Rather, the abnormal vasculature in �v-null embryos is ap-
parently due to the loss of integrin �v�8. �v�8 is strongly
expressed in the adult central nervous system (29) and on
cultured embryonic and postnatal central nervous system glia
and is required for proper glial cell migration in vitro (28).
While this paper was in revision, ablation of the gene encoding
the �8 integrin subunit was reported to lead to cerebral hem-
orrhage and early postnatal lethality (38). The phenotype of
the �8-null mice is strikingly similar in all major aspects to that
of the �v knockouts reported here and elsewhere (3).

Vitronectin is the primary extracellular matrix ligand for
�v�8 and is expressed in the basement membrane of embry-
onic cerebral microvessels (35). It is quite possible that loss of
�v�8 could render the brain parenchymal cells incapable of
normal adherence to the perivascular sheath. Likewise, central
nervous system parenchyma-specific intracellular signaling
pathways regulated by �v�8 adhesion could play roles in main-
taining normal cerebral vessel-parenchymal cell associations. It
is well established that maintenance of proper microvessel
function requires secreted growth factors as well as cell-cell
contacts between endothelial cells and pericytes (6). Thus, it is
quite likely that similar events occur between the brain paren-
chymal cells and the associated microvascular sheath (com-
posed of the endothelial cell and pericyte). Whether this reg-
ulation occurs directly between the endothelial cell and
parenchymal cells or is relayed via the pericytes remains to be
determined.

In conclusion, our results show that cells of the central ner-
vous system brain parenchyma are involved in regulating ce-
rebral blood vessel integrity via �v integrins, specifically �v�8.
The study of cultured brain parenchymal cells (radial glia and
neuroblasts) as well as conditional deletion of the �v and/or �8
gene in a cell-specific context will certainly prove useful in
better understanding the mechanisms underlying these events.
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