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Brain hemorrhage is a severe complication of both
neoplastic and nonneoplastic brain disease. Mice de-
ficient in the �v�8 integrin display defective brain
vessel formation resulting in hemorrhage and perina-
tal death, but the mechanism of brain hemorrhage is
unknown. Because the �v�8 integrin is expressed by
astrocytes and not expressed by endothelium, para-
crine interactions between astrocytes and endothelial
cells could contribute to the maintenance of brain
vessel integrity. We have investigated the mecha-
nisms underlying astrocytic-endothelial paracrine
signaling and have found that integrin-mediated acti-
vation of transforming growth factor (TGF)-� by as-
trocytes influences endothelial cell function. Thus,
we identified the integrin �v�8 in human perivascu-
lar glial cell processes surrounding developing blood
vessels. Human astrocytic �v�8 was a major cell sur-
face receptor for latent TGF-� , and �v�8-dependent
activation of TGF-� was the major mechanism of
TGF-� activation in primary cultures of astrocytes or
freshly dissociated fetal brain cells. This activation of
TGF-� was sufficient to inhibit endothelial migration
in fibrin gels and to alter expression of genes affect-
ing proteolytic and angiogenic pathways. Taken to-
gether, our data suggest that astrocytic �v�8 acts as a
central regulator of brain vessel homeostasis through
regulation of TGF-� activation and expression of TGF-
�-responsive genes that promote vessel differentia-
tion and stabilization, most notably plasminogen ac-
tivator inhibitor-1 and thrombospondin-1. (Am J
Pathol 2005, 166:1883–1894)

Brain hemorrhage is a serious and often fatal complica-
tion of premature birth, vascular malformations, aneu-
rysms, ischemic brain disease, and brain tumors.1 The
mechanisms underlying brain hemorrhage may be brain-
specific because of the close relationship that brain en-
dothelial cells have with perivascular astrocytes. Thus,
the abluminal aspect of brain capillary endothelial cells
form an extensive interface with astrocyte end-feet and
the close apposition of these end-feet appear to be key to
vascular wall integrity and endothelial differentiation in
vivo.2,3 Astrocytes have the potential to interact with en-
dothelial cells either through direct astrocyte-endothelial
contact or through paracrine interactions. However, brain
endothelial cells are separated from astrocytic end-feet
by a thin basal lamina and a discontinuous interposed
pericyte layer, suggesting that paracrine interactions
may be more important than direct astrocyte-endothelial
cell interactions.1 To date, little is known of the para-
crine factors that are involved in astrocyte-endothelial
interactions.

Transforming growth factor (TGF)-� has been widely
implicated as a master regulatory cytokine involved in
paracrine regulation of blood vessel development, differ-
entiation, and function and is thus a likely candidate to
mediate astrocyte-endothelial interactions.4 TGF-� exists
in three isoforms in mammals, TGF-�1, TGF-�2, and TGF-
�3. Notably in mice, deficiency of TGF-�1 leads to early
embryonic loss due to defective yolk sac vasculogen-
esis.4,5 No TGF-� isoform-specific brain vessel pheno-
type has been identified, most likely due to functional
redundancy among TGF-� isoforms because mutations
of the type I and type III TGF-� receptors ALK-1 and
endoglin, respectively, lead to the development of post-
natal brain vessel malformations as a component of he-
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reditary hemorrhagic telangectasia, in both mice and
humans.5

The mechanisms whereby TGF-� exerts its influence
on endothelium are complex and depend both on the
tissue microenvironment and the activation-state of the
endothelial cells.6 Thus, in vitro, the response of primary
cultures of endothelial cells to exogenous TGF-� are
highly variable and depend on the composition and com-
plexity of the extracellular environment.7 The protean ef-
fects of TGF-� on endothelial function point to a critical
role for TGF-� as a central regulator of endothelial cell
behavior. Indeed, the exogenous application of TGF-� to
endothelial cells in vitro or vessels in vivo can lead to the
up- or down-regulation of a variety of critical pro- and
anti-angiogenic molecules including collagen-I, matrix-
metalloprotease-2, plasminogen activator inhibitor-1, or
thrombospondin-1.8–11 In turn, this impacts matrix depo-
sition or degradation, endothelial cell migration, growth,
or differentiation.

TGF-� isoforms are ubiquitously expressed but almost
completely sequestered in a latent form referred to as the
small latent complex by the noncovalent association of
the propeptide of TGF-�, known as latency-associated
peptide (LAP), with the active TGF-� peptide.12 Thus, a
critical regulator of TGF-� function is its activation. Mech-
anisms that mediate activation of TGF-� can be broadly
separated into those that require proteolysis and those
that expose the functional domain of the TGF-� pep-
tide, presumably through conformational alterations.12

For example, plasmin-mediated13 or metalloproteolytic
cleavage14 have both been shown to mediate activa-
tion of TGF-�; the extracellular matrix molecule throm-
bospondin15 and the integrin �v�616 have both been
shown to bind to the LAP of TGF-�1 (LAP-�1), mediating
activation of TGF-�, probably through disrupting the non-
covalent association of LAP with the active TGF-� pep-
tide. Recently, we have described a mechanism of TGF-�
activation in tumor cell lines whereby the integrin �v�8
binds to the RGD sequence of LAP-�1 and through a
metalloproteolytic mechanism involving the transmem-
brane protease, MT1-MMP, mediates the activation of
TGF-�.17

The integrin �v and �8 subunits have both been
knocked out in mice. Individual deficiencies of the �v or
the �8 subunits each result in nearly identical lethal phe-
notypes involving defective vasculogenesis during early
development, and in later development, defective brain
vessel formation resulting in brain hemorrhage.18,19 The
brain vessels of either �v- or �8-deficient embryos show
brain region-specific morphological alterations. Thus, the
vessels in the ganglionic eminence of mid- to late-gesta-
tion embryos show defective anastamotic connections
and increased endothelial cell proliferation resulting in
glomeruloid vascular malformations, which are often as-
sociated with hemorrhage.19 Ultrastructural and immuno-
cytochemical examination of either �v-null or �8-null em-
bryos reveals a primary defect of end-feet association of
a major subset of perivascular cells with endothelial
cells.19,20 This cellular subset appeared to be in the
neuroglial lineage because it expressed the immature
neuroglial marker nestin and normal numbers of perivas-

cular smooth muscle cells and pericytes were found sur-
rounding brain vessels of �v- or �8-deficient embry-
os.19,20 The perivascular cells that failed to associate with
endothelial cells are likely to be radial glial cells or their
progeny because brain vessels migrate toward the ven-
tricular surface on a radial glial scaffold and radial glia
are known to express nestin.21 Furthermore, selective
ablation of the �v-integrin subunit in embryonic or post-
natal glia in mice results in intracerebral hemorrhage.22

In this study, we address the hypothesis that astrocytic
�v�8 mediates activation of TGF-� and thus drives para-
crine interactions between astrocytes and endothelial
cells, and as such, acts as an angiogenic control switch.
We show that �v�8 is expressed in perivascular cell
processes surrounding developing human cerebral
blood vessels. Expression of �v�8 is maintained in either
primary cultures of astrocytes or freshly dissociated im-
mature neuroglial cells. We demonstrate that the binding
of latent TGF-� to astrocytic �v�8 leads to the metallo-
proteolytic-dependent liberation of active TGF-�, which in
turn, inhibits endothelial migration in fibrin gels. Finally,
we provide evidence that the molecular mechanisms in-
volved in the astrocytic �v�8-dependent effect on endo-
thelial cell behavior is through the TGF-�-dependent al-
teration of expression of anti-angiogenic molecules, most
notably plasminogen-activator inhibitor-1 (PAI-1) and
thrombospondin-1 (TSP-1).

Materials and Methods

Cell Culture, Constructs, and Antibodies

Human astrocytes were obtained from commercial
sources (Clonetics, Walkersville, MD) or were harvested
from fetal brain. Briefly, human fetal brain (18 to 22 weeks
of gestation) was obtained at the time of elective termi-
nation of intrauterine pregnancy from otherwise healthy
females. Informed consent was obtained from all partic-
ipants as part of an approved ongoing research protocol
by the University of California San Francisco (UCSF)
Committee on Human Research. After removal of the
meninges, the tissue was minced and washed in wash
medium [Iscove’s modified Dulbecco’s media (UCSF Cell
Culture Facility) with penicillin-streptomycin (1000 �g/ml,
UCSF Cell Culture Facility), fungizone (2.5 �g/ml, UCSF
Cell Culture Facility), gentamicin (50 �g/ml, UCSF Cell
Culture Facility), ampicillin (50 �g/ml; Sigma, St. Louis,
MO), and erythromycin (100 �g/ml, Sigma)]. After tritura-
tion, the tissue was washed in wash medium and then
enzymatically treated for 5 to 10 minutes at 37°C in di-
gestion buffer [Blenzyme 3 (0.28 U/ml; Roche, Indianap-
olis, IN), hyaluronidase (0.1%, Sigma) in wash media].
After washing several times in astrocyte media [wash
media with 20% fetal calf serum with 6,7-dimethyl-5,6,
7,8-tetrahydropertine hydrochloride (0.5 �g/ml, Sigma),
glutathione (2.5 �g/ml, Sigma), and ascorbic acid (50
�g/ml, Sigma)], the cells were passed through a 100-�m
cell strainer (Fisher, Pittsburgh, PA) to remove vessels
and either counted and directly assayed or plated at a
density of �30 � 106 cells/150-ml flask coated with poly-

1884 Cambier et al
AJP June 2005, Vol. 166, No. 6



L-lysine (0.01%) and placed in a humidified incubator for
5 to 7 days at 37°C with 7.5% CO2. At confluence, con-
taminating oligodendroglia and microglia were removed
by shaking for 2 to 8 hours at 37°C at 180 rpm. The
adherent cells were washed extensively and then cul-
tured for an additional week. Confluent cultures were then
split and used at the first or second passage. Lineage
and differentiation status of the cultures were assessed
by immunofluorescence microscopy with anti-GFAP
(Sigma), anti-nestin (Chemicon, Temecula, CA), lectin-
fluorescein isothiocyanate (Sigma), anti-Map 2 kinase
(Chemicon). The cultures were routinely 80 to 85% GFAP-
positive, 100% nestin-positive, 0% Map-2c-positive, and
0% lectin-fluorescein isothiocyanate-positive. bEND.3
murine endothelioma cells (American Type Culture Col-
lection, Manassas, VA)23 were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum with
penicillin and streptomycin and were retrovirally trans-
duced with pLEGFP (Clontech, Palo Alto, CA) and se-
lected in Geneticin, (G418; Life Technologies, Inc., Carls-
bad, CA), as described.17 Human dermal fibroblasts
were cultured from human foreskin as previously de-
scribed.24 Additional antibodies used were anti-CD34
(DakoCytomation, Carpinteria, CA), anti-�8 (14E5,
37e1,17 G17, and blocking peptide, SC-10817; Santa
Cruz Biotechnology, Santa Cruz, CA), anti-�v (L230),25

anti-�1 (P5D2), anti-�3 (AP3, ATCC), anti-�5 (P1F6,
Chemicon), anti-�6 (E7P6),25 anti-LAP (VB3A9),16 anti-
pan-TGF-� (clone 1D11; R&D Systems, Minneapolis,
MN), anti-thrombospondin (Ab-11 and Ab-1; Neomark-
ers, Fremont, CA), and anti-PAI-1 (H4B3 and H14H7-
biotin; Molecular Innovations, Inc., Southtop, MI). The
metalloprotease inhibitor GM6001 (Ryss Lab, Inc., Union
City, CA) was used as described.17 Simian LAP-�1 was
prepared as described.17 Recombinant active TGF-�
was from R&D Systems. Additionally, TGF-�-specific
peptides used were GRRGDLATIH, TGF-�1; HGRGDL-
GRLK, TGF-�3.17

Immunocytochemistry, Fluorescence-Activated
Cell Sorting, Immunoprecipitation, Affinity
Chromatography, Cell Adhesion, and
Western Blotting

Fresh brain tissues were fixed in 4% paraformaldehyde
overnight at 4°C and then embedded in paraffin. Immu-
nocytochemistry, confocal microscopy, image acquisi-
tion, and processing were performed as described with
the exception that the secondary reagents used were
biotinylated donkey anti-goat, Oregon Green streptavidin
conjugate and goat anti-mouse Alexa Fluor 595 conju-
gate (Molecular Probes, Eugene, OR).26,27 Immunoelec-
tron microscopy was performed exactly as described.27

Flow cytometry, 125I surface labeling, immunoprecipita-
tion, and affinity chromatography were performed as de-
scribed.28 Cell adhesion assays were performed as de-
scribed17,28 with the only modification being the addition
of LAP-�1 and LAP-�3 peptides, GRRGDLATIH or
HGRGDLGRLK, respectively (200 �g/ml). Western blot-

ting was performed as described with the following minor
modifications, 3 � 104 bEND.3, 1 � 105 astrocytes, or
both were added to 24-well dishes and cultured over-
night before lysis or conditioned media harvest.

TGF-� Bioassays

TGF-� bioassays using astrocyte co-cultures with the
reporter cell line TMLC29 were performed exactly as de-
scribed with the following slight modifications.17,29

Briefly, assays to detect active TGF-� in the cell culture
supernatant were performed using 7 � 105 cultured as-
trocytes or 4 � 106 freshly dissociated fetal cortical cells
incubated in 250 �l of serum-free Isocove’s MEM for 1
hour at 37°C.

Fibrin Gel Assays

Astrocytes, bEND.3, or human dermal fibroblasts were
detached with trypsin and allowed to attach to collagen-
coated Cytodex 3 beads (Amersham Biosciences, Pis-
cataway, NJ) in an nontissue-coated Petri dish. After
confluence was reached, the beads were embedded into
a 0.28% fibrin (Calbiochem, La Jolla, CA) gel suspended
in 5% fetal calf serum in Dulbecco’s modified Eagle’s
medium in the presence or absence of either 200 �g/ml
of 37E1, 10 �g/ml of 1D11, or 1 ng/ml of recombinant
active TGF-�1 (R&D Systems). Assays were done in 24-
well dishes, in a gel volume of 1 ml, adding 500 �l of 10%
fetal calf serum/Dulbecco’s modified Eagle’s medium, in
the presence or absence of the above additions, on top
of the polymerized gel.

Real-Time Polymerase Chain Reaction (PCR)
Analysis

Astrocytes (1 � 105) or bEND.3 cells (3 � 104) were
added to individual wells of a 24-well dish in the presence
or absence of either 200 �g/ml of 37E1, 10 �g/ml of
1D11, or 1 pmol/L of recombinant active TGF-�1 (R&D
Systems) and grown for 16 hours, as above. RNA isola-
tion, DNase treatment, cDNA synthesis, real-time PCR,
and gene normalization using geometric averaging of
multiple human or mouse internal control genes was per-
formed as described.30,31 Primer sequences can be
found at http://www.asthmagenomics.ucsf.edu.

Results

The �8 Integrin Subunit Co-Localizes with Glial
Fibrillary Acidic Protein and Nestin in
Perivascular Cell Processes

We used immunofluorescence microscopy to localize �8
in fetal brain. We found that �8 was immunolocalized in
either a diffuse fine punctate pattern (Figure 1A) or in a
fine and coarse punctate pattern (Figure 1; A, D, and G)
in the developing cortical and periventricular zones. We
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have previously reported a very similar pattern of immu-
noreactivity in the adult mouse and rat brain where we
found that �8 was widely expressed in both neuronal
dendrites and in glial processes.27 Punctate staining was
accentuated around small- and medium-sized vessels
throughout the cortices but was particularly apparent
surrounding the small vessels of the periventricular re-

gion (Figure 1, D and G). The �8 staining pattern was
specific because no staining was seen when the anti-
body was preincubated with the peptide immunogen
(data not shown).

�8 co-localized with nestin in numerous perivascular
cell processes both in the developing cortex (Figure 1;
A to C) and in the periventricular zone (data not shown).

Figure 1. Localization of �8 in perivascular immature astrocytic cell processes in fetal brain and subcellular localization in adult rat brain hippocampus. A–C: Twenty-two
week fetal cortex. D–I: Twenty-two week fetal periventricular zone. A, D, and G: Immunofluorescence localization of �8 surrounding blood vessels (large arrows) and
in the surrounding developing cortex (small arrows). B: Nestin immunolocalization surrounding blood vessels (large arrows) and in the surrounding developing
neuropil (small arrows). C: Co-localization of �8 (green) and nestin (red). Large arrows indicate co-localization (yellow) surrounding a blood vessel and small
arrows indicate co-localization (yellow) in the developing neuropil. E: GFAP immunolocalization surrounding blood vessels (large arrows) and in the surrounding
developing neuropil (small arrows). F: Co-localization of �8 (green) and GFAP (red). Large arrows indicate co-localization (yellow) surrounding a blood vessel and
small arrows indicate co-localization (yellow) in the developing neuropil. H: CD34 immunolocalization in blood vessel endothelium (small arrows). I: Co-localization
of �8 (green) and CD34 (red). The large arrow indicates �8 immunoreactivity in perivascular cell processes. The small arrow indicates CD34 immunofluorescence
in the endothelium, which does not co-localize with �8. Shown are confocal images. J–L: Immunoelectron microscopy of adult rat brain showing �8 immunolocalization
in glial processes. J: Horseradish peroxidase reaction product highlights an immunolabeled astrocytic process (A) adjacent to an endothelial cell (e) of a small blood
vessel. Unlabeled terminals (uT) and an unlabeled dendritic spine (uS) are indicated. Arrows indicate patches of immunoperoxidase reaction product in the astrocytic
process. K: Arrows indicate an immunolabeled astrocytic process in contact with the basement membrane of an endothelial cell (e), of a small blood vessel in the
hippocampus of an adult rat. uT, unlabeled terminal. L: Arrow indicates an immunolabeled portion of an astrocytic process that is in close proximity to an endothelial
cell (e) of a small blood vessel. uT, unlabeled terminal. Scale bars: 50 �m (C, F); 20 �m (I); 500 nm (J, K); 100 nm (L).
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�8 also co-localized with GFAP in a subset of perivascu-
lar cell processes (Figure 1E). �8 co-localized poorly with
the endothelial marker CD34 on the luminal surface of
blood vessels, which is consistent with previous reports
that �8 is not expressed by endothelium (Figure 1;
G to I).19,27 To demonstrate the subcellular localization of
�8 expression in glial processes surrounding blood ves-
sels we performed immunoelectron microscopy of adult
rat brain. We found ultrastructural evidence of �8 expres-
sion in the tips of astrocytic processes close to or imme-
diately apposed to vascular basement membrane (Figure
1; J to L).

The Integrin �v�8 Is Expressed by
Human Astrocytes

To characterize the repertoire of integrins expressed by
astrocytes, primary astrocyte cultures were immunola-
beled with anti-integrin antibodies and analyzed by flow
cytometry (Figure 2A). The integrin �v�8 subunit was
expressed at easily detectable levels (Figure 2A). When
the anti-�8 mean fluorescence intensity was compared to
other integrin subunits that recognize the Arg-Gly-Asp
(RGD) sequence, �v�8 was expressed as abundantly as
�v�3 and more abundantly than �v�5 (Figure 2A). In
contrast, no expression of �v�6 and very little �5 subunit
expression were detected. Because no complex specific
antibody exists for �v�1, the expression of �v�1 was
determined by immunoprecipitation. The �1 subunit as-
sociates promiscuously with at least 12 � subunits, many
of which co-migrate with the �v subunit. The �1 subunit
distinctively migrates at 130 kd whereas the �3, �5, �6,
and �8 integrin subunits migrate at �80 to 95 kd, nonre-
duced (Figure 2B). Because a 130-kd band was essen-
tially absent from the anti-�v immunoprecipitations,
astrocytes do not express �v�1 (Figure 2B). The immu-
noprecipitations of 125I cell surface-labeled astrocyte ly-
sates thus confirmed the relative levels of integrin expres-
sion identified by flow cytometry (Figure 2, A and B). We
conclude that cultured human astrocytes express high
cell surface levels of �v�3 and �v�8, lower levels of
�v�5, little or no �v�1, and no �v�6.

The Astrocytic Integrin �v�8 Binds to and
Mediates Adhesion to the LAP of TGF-�1

To determine whether human astrocytic integrins interact
with the latent TGF-� complex, we performed affinity
chromatography using lysates of 125I cell surface-labeled
human astrocytes and immobilized LAP. Two bands of
the appropriate molecular weight for the �v and associ-
ating � subunits (150 and 90 kd, respectively) were
eluted by RGD (Figure 2C, lanes 13 to 16) but not by the
control RGE peptide (Figure 2C, lanes 7 to 12) and also
eluted by ethylenediamine tetraacetic acid (Figure 2C,
lanes 17 to 20). The 150- and 90-kd bands were identified
as the �v and �8 integrin subunits, respectively, because
they were immunoprecipitated by anti-�v and anti-�8
antibodies and not by antibodies to the �1, �3, �5, or �6

integrin subunits (Figure 2D). In the RGD and ethylenedi-
amine tetraacetic acid eluates, a 60-kd band, of unknown
identity, was co-eluted with the150- and 90-kd bands.
However, the 60-kd protein did not co-immunoprecipitate
from eluted fractions with anti-�v or anti-�8 (Figure 2D).
Taken together, these data demonstrate that the integrin
�v�8 is the major LAP-binding integrin that is expressed
by human astrocytes and the binding interaction is both
RGD- and cation-dependent.

We next performed cell adhesion assays to determine
whether astrocytic �v�8 was capable of mediating cell
adhesion to LAP (Figure 2E). We found that astrocytes
attached to LAP and that the attachment was primarily
mediated by �v�8, because 68% of astrocyte adhesion
to LAP could be inhibited by GRRGDLATIH, an RGD

Figure 2. The integrin �v�8 is expressed on the cell surface of human
astrocytes, binds to and mediates cell adhesion to the LAP of TGF-�1. A: Flow
cytometry of astrocytes stained with anti-integrin antibodies recognizing
�v�8, �v�3, �v�5, �v�6, or �5 (n � 3). Shown is SE. Fluorescence intensity
is shown in arbitrary units. B: Immunoprecipitation of 125I cell surface-
labeled human astrocytes using anti-integrin subunit and complex specific
antibodies against �1 (P5D2), �v (L230), �3 (AP3), �v�5 (P1F6), �v�6
(E7P6), or �v�8 (14E5). Samples were resolved by 7.5% SDS-PAGE under
nonreducing conditions. Shown are the migration of molecular weight mark-
ers on the right and the expected migration of integrin subunits on the left.
C: LAP affinity chromatography of 125I surface-labeled human astrocyte
lysates. Fractions were resolved by 7.5% SDS-PAGE under nonreducing
conditions. Lanes 1 to 6, wash fractions; lanes 7 to 12, GRGESPK (1 mg/ml);
lanes 13 to 16, GRGDSPK (1 mg/ml); lanes 17 to 20, ethylenediamine
tetraacetic acid (10 mmol/L). Shown on the right are the molecular weight
markers and the expected migration of integrin �v and �8 subunits. D: The
RGD elution fractions were pooled and immunoprecipitated using anti-
integrin subunit and complex specific antibodies against �1 (P5D2), �v
(L230), �3 (AP3), �v�5 (P1F6), �v�6 (E7P6), or �v�8 (14E5). Shown on the
right are the molecular weight markers and the expected migration of
integrin �v and �8 subunits. E: Astrocyte adhesion to immobilized LAP in the
presence of no inhibitor (open bar), anti-�v (horizontal lines), or GRRG-
DLATIH (vertical lines). Shown is SE. *, P � 0.05; **, P � 0.001.
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peptide that selectively inhibits �v�8-mediated adhesion
while not effecting the adhesion of �v�3 or �v�5, the
other �v-integrins expressed by astrocytes.17 These data
demonstrate that primary cultures of human astrocytes
express high levels of both �v�8 and �v�3, but bind to
and adhere to the LAP of TGF-� almost exclusively by an
�v�8-dependent mechanism.

�v�8 When Expressed by Astrocytes or
Disaggregated Fetal Brain Cells
Activates TGF-�

We co-cultured human astrocytes with a TGF-� reporter
cell line, TMLC,29 to determine whether astrocytes are
capable of supporting �v�8-mediated activation of
TGF-�. The TMLC cell line was created by stably trans-
fecting mink lung epithelial cells with a reporter construct
consisting of the TGF-�-responsive fragment of the plas-
minogen activator inhibitor-1 (PAI-1) promoter fused to
the luciferase minigene.29 The TMLC cells produce very
little active TGF-� and therefore produce very little back-
ground luciferase activity. However, TMLC luciferase ac-
tivity is strongly induced by exposure to active TGF-�
produced either by activating cell types or present in
cell-free supernatants.17,29 Co-culture of astrocytes with
TMLC cells produced a significant increase in luciferase
activity, which was almost entirely due to �v�8-mediated
activation of TGF-�, because an anti-�8-specific neutral-
izing antibody impaired TMLC luciferase activity almost
as well as a pan-TGF-� neutralizing antibody (Figure 3A).
Active TGF-� was also released from the astrocyte cell
surface because supernatants from astrocytes applied
directly to TMLC cells caused a significant increase in
luciferase activity (Figure 3B). This release again was
primarily �v�8-dependent, because TGF-� activity in
supernatants could be blocked almost completely by
an anti-�8 neutralizing antibody (Figure 3B). Finally, the
release of active TGF-� from the cell surface was also depen-
dent on metalloprotease activity because GM6001, a broad
inhibitor of metalloproteases, could completely inhibit TGF-�
release (Figure 3B). Taken together our data demonstrate that
human astrocytes in vitro release active TGF-� from the cell
surface through an �v�8- and metalloprotease-dependent
mechanism, which is similar to what we have previously re-
ported in carcinoma cell lines.17

Because cultured astrocytes may not accurately re-
flect their phenotype in vivo, we also evaluated freshly
disaggregated fetal brain cells for the expression of �v�8
and for the ability to support �v�8-mediated activation of
TGF-�. We found that freshly disaggregated fetal brain
cells expressed mainly �v�8 and less �v�3 and �v�5
(Figure 3C), whereas astrocytes in culture expressed
high levels of both �v�3 and �v�8 (Figure 2A). Superna-
tants taken from freshly disaggregated fetal brain cells,
when co-cultured with TMLC cells, also caused a signif-
icant increase in luciferase activity, which was both �v�8-
and metalloprotease-dependent, because anti-�8 neu-
tralizing antibodies or GM6001 completely inhibited
TGF-� activation (Figure 3D). The anti-TGF-� antibody
did not block the induction of luciferase activity from the

reporter cells as well as anti-�8 or GM6001, which is most
likely due to a lower efficacy of the anti-TGF-� antibody in
this assay (Figure 3D). Thus, human astrocytes or freshly
dissociated fetal brain cells activate and release TGF-�
from the cell surface through an �v�8- and metallo-
protease-dependent mechanism.

Astrocytic Integrin-�v�8-Mediated Activation of
TGF-� Can Inhibit Endothelial Migration in a
Three-Dimensional Environment

Endothelial responses to TGF-� in vitro are dependent on
the complexity of the tissue culture microenvironment.7

Because three-dimensional fibrin gels more closely
mimic the in vivo microenvironment compared to two-
dimensional culture, we asked if endothelial behavior
could be altered by co-culture with astrocytes in fibrin
gels. We chose to study microvascular endothelial cells
because the co-localization between perivascular cells
and endothelial cells in the fetal brain occurred in small
vessels (Figure 1) as did the brain hemorrhage seen in
�8-deficient mice.19 We chose the polyoma virus middle-
T-transformed bEND.3 cell line, because it was derived
from murine brain capillaries, was stable phenotypically,
was easy to maintain in culture, and was easily
transfected.

Figure 3. The activation and release of active TGF-� by astrocytes or freshly
dissociated fetal brain cells is mediated by the integrin-�v�8 and is metallo-
protease-dependent. A: TGF-� bioassay of active TGF-� produced by astro-
cytes. Human astrocytes were co-cultured with TMLC TGF-� reporter cells,
which stably express a portion of the plasminogen activator inhibitor-1
promoter driving the luciferase minigene, in the presence of no inhibitor
(open bar), anti-�8 (horizontal lines), or anti-pan-TGF-� (filled bar). **,
P � 0.001. B: TGF-� bioassay of active TGF-� released into the supernatants
of human astrocytes. Supernatants from astrocytes in suspension were
treated either with no inhibitor (open bar), anti-�8 (horizontal lines),
anti-pan-TGF-� (filled bar), or GM6001, a pan-metalloprotease inhibitor
(vertical lines) and cell-free supernatants were applied to TMLC cells. **,
P � 0.001. C: Integrins known to interact with RGD that are expressed by
freshly dissociated fetal brain cells as determined using flow cytometry using
integrin heterodimer or subunit-specific antibodies to �v�8, �3, �v�5, �v�6,
or �5 (n � 3). Shown is mean fluorescence intensity. D: TGF-� bioassay of
active TGF-� released into the supernatants of freshly dissociated fetal brain
cells. Supernatants from freshly disaggregated fetal brain cells in suspension
were treated either with no inhibitor (open bar), anti-�8 (horizontal
lines), anti-pan-TGF-� (filled bar), or GM6001, a pan-metalloprotease in-
hibitor (vertical lines) and cell-free supernatants were applied to TMLC
cells. Shown in A, B, and D are the fold increases of luciferase activity over
the TMLC baseline activity. Shown is SE. *, P � 0.05; **, P � 0.001.
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We used a novel astrocyte-endothelial fibrin gel co-
culture system whereby the GFP-labeled murine bEND.3
cells were cultured on collagen-coated microbeads. The
endothelial-coated beads were co-cultured with human
astrocytes also cultured on collagen-coated microbeads.
In this system, we found that the endothelial cells mi-
grated off the beads in large sheets and form cyst-like
structures in the fibrin gel, similar to previous reports
using this cell line (Figure 4A).23 The GFP-labeled endo-
thelial cells were easily distinguished from astrocytes by
fluorescence (Figure 4; A to X). When endothelial-coated
beads were co-cultured with astrocyte-coated beads,
endothelial cell migration was markedly inhibited (Figure
4, C and D). Similarly, addition of exogenous TGF-�
completely inhibited endothelial migration from endothe-
lial-coated beads cultured alone (Figure 4, G and H). To
determine whether integrin �v�8-mediated astrocytic ac-
tivation of TGF-� was involved in inhibition of endothelial
migration, a neutralizing anti-TGF-�1 or anti-�8 blocking
antibody was added to endothelial- and astrocyte-coated
beads alone or in co-culture. Anti-TGF-� or anti-�8 was
able to substantially rescue the astrocyte-mediated inhi-
bition of endothelial migration (Figure 4; O, P, U, and V),
while having no effect on endothelial- or astrocyte-coated
beads when cultured alone (Figure 4; M, N, Q, R, S, T, W,
and X). In the presence of anti-�8 and anti-TGF-� some of
the astrocyte-mediated inhibition of endothelial migration
remained (Figure 4; O, P, U, and V), either reflecting
limitations in the antibodies used or additional uncharac-
terized mechanisms for astrocyte-mediated inhibition of
endothelial cell behavior. The inhibitory effect of astro-
cytes was specific to astrocytes because beads coated

with dermal fibroblasts had no effect on endothelial mi-
gration in fibrin gels (data not shown). Taken together,
these data demonstrate that �v�8-mediated activation of
TGF-� by astrocytes is physiologically significant, be-
cause it is sufficient to inhibit endothelial migration in a
complex biological environment.

Gene Profiling of Astrocytes and Endothelial
Cells Reveals that Key Angiogenic Genes Are
Regulated by TGF-�

Having shown that astrocytes activate TGF-� in an
�v�8-dependent manner, we sought to determine
whether astrocytic �v�8-mediated activation of TGF-�
was sufficient to influence endothelial gene expression
of TGF-�-responsive genes through astrocyte-endo-
thelial cell interactions. As a first step in understanding
the molecular basis of endothelial responses to astro-
cytic activation of TGF-�, we surveyed the TGF-� re-
sponsiveness of bEND.3 and astrocytes using real-
time PCR. We used a panel of primers to molecules
implicated in angiogenic pathways that have been re-
ported to be TGF-� responsive (Table 1). TGF-� treat-
ment of bEND.3 cells resulted in significant up-reg-
ulation of the anti-angiogenic genes, PAI-1 and throm-
bospondin-1 (TSP-1). In addition, TGF-�1 treatment of
bEND.3 cells caused significant down-regulation of the
proangiogenic gene angiopoeitin-2 (Ang-2) and a slight
but statistically significant down-regulation of urokinase
plasminogen activator receptor (uPAR) (Table 1). Only
one proangiogenic gene, vascular endothelial growth

Figure 4. �v�8-mediated activation of TGF-� by astrocytes inhibits endothelial migration in fibrin gels. A polyoma middle T-transformed murine brain endothelial
cell line (bEND.3) was retrovirally transduced with a retrovirus encoding the enhanced green fluorescence protein (GFP) and was allowed to form a confluent
monolayer on porcine collagen-coated microcarrier beads. Endothelial cell-coated beads alone (A, B, G, H, M, N, S, T), or endothelial cell-coated beads
co-cultured with astrocyte-coated beads (C, D, I, J, O, P, U, V), or astrocyte-coated beads alone (E, F, K, L, Q, R, W, X) were embedded into fibrin gels containing
either no additions (A–F), recombinant active TGF-� (G–L), anti-TGF-�1 (M–R), or anti-�8 (S–X). The assay was allowed to proceed 48 hours. The endothelial
cells are phase and GFP-bright and the astrocytes are phase-bright and GFP-negative. Shown are representative phase (A, C, E, G, I, K, M, O, Q, S, U, W) and
fluorescent (GFP) fields (B, D, F, H, J, L, N, P, R, T, V, X).
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factor-A, showed a significant increase in expression
after treatment with TGF-� (Table 1). When the relative
transcript expression levels were examined, TSP-1,
PAI-1, and uPAR were the most highly expressed TGF-
�-responsive genes by bEND.3 cells (Figure 5). These
results demonstrate that a major effect of TGF-� on
endothelial gene expression is to induce an anti-angio-
genic state through increasing the expression of two
key anti-angiogenic genes and decreasing the expres-
sion of two key proangiogenic genes.

Astrocytic Integrin �v�8-Mediated Activation of
TGF-� Is Sufficient to Influence Endothelial
Gene Expression of Key Angiogenic Genes

To determine whether astrocyte-mediated activation of
TGF-� was sufficient to influence endothelial gene ex-
pression, we studied co-cultures of human astrocytes
and murine bEND.3 endothelial cells using real-time
PCR. We used mouse species-specific primers to TSP-1
and PAI-1 to dissect out the endothelial responses to
astrocytic �v�8-mediated TGF-� activation. Human as-
trocytes co-cultured with mouse endothelial cells signifi-

cantly increased endothelial TSP-1 or PAI-1 gene expres-
sion over solo endothelial cultures (Figure 6, A and B).
The induction of endothelial TSP-1 by co-culture with
astrocytes appeared to approach the maximal TGF-�-
mediated induction of TSP-1, because under co-culture
conditions high concentrations of TGF-� did not further
increase endothelial TSP-1 expression (Figure 6A). The
induction of endothelial PAI-1 expression was signifi-

Figure 5. Gene profiling of endothelial cells reveals that key angiogenic
genes are regulated by TGF-�. A: Real-time PCR of the murine endothelial
bEND.3 cells using mouse-specific primers to thrombospondin-1, plasmino-
gen activator inhibitor-1, urokinase plasminogen activator receptor, vascu-
lar endothelial growth factor-A, and angiopoietin-1 and -2, were used for
real-time PCR to determine the relative abundance of angiogenic genes in
untreated (open bars) or TGF-�1-treated (closed bars) cells. Shown are the
relative gene copy numbers calculated using two species-specific house-
keeping genes (chosen from five that showed the least variance between
treatments) using geNorm.31 Shown is SE (n � 3).

Figure 6. Astrocytic integrin �v�8-mediated activation of TGF-� is sufficient
to influence endothelial gene and protein expression of key anti-angiogenic
genes. A and B: Real-time PCR of mouse bEND.3 cells alone or in co-culture
with human astrocytes using mouse-specific primers to thrombospondin-1
(TSP-1) (A) or to plasminogen activator inhibitor-1 (PAI-1) (B). Cells were
treated with nothing (open bars), anti-�8 (horizontal lines), anti-pan-
TGF-� (vertical lines), or recombinant active TGF-� (filled bars). Shown
are the relative gene copy numbers. Shown is SE (n � 3). *, P � 0.05; **, P �
0.001. C: Detection of thrombospondin-1 (TSP-1, top) or plasminogen acti-
vator inhibitor-1 (PAI-1, bottom) by Western blotting of supernatants of
bEND.3, astrocytes, or co-cultures of bEND.3 and astrocytes treated with
anti-�8, anti-pan-TGF-�, or recombinant active TGF-�. Shown is a represen-
tative experiment (n � 3).

Table 1. TGF-� Responsiveness of Anti- and Pro-Angiogenic Genes Expressed by bEND.3 Cells

Anti-angiogenic genes*
Fold gene induction/repression

(P value) Pro-angiogenic genes†
Fold gene induction/repression

(P value)

PAI-1 11.5 (P � 0.0001) ANG-2 0.2 (P � 0.001)
TSP-1 3.0 (P � 0.002) uPAR 0.8 (P � 0.002)
ALK-5 0.9 (ns) Id1 0.7 (ns)
PECAM 1.1 (ns) ANG-1 0.7 (ns)

ALK-1 0.9 (ns)
VEGF-A 2.2 (P � 0.01)

*Plasminogen activator inhibitor-1 (PAI-1), thrombospondin-1 (TSP-1), activin receptor-like kinase 5 (ALK-5), platelet endothelial cell adhesion molecule
(PECAM).

†Angiopoietin-2 (ANG-2), urokinase plasminogen activator inhibitor receptor (uPAR), inhibitor of differentiation-1 (Id1), angiopoietin-1 (ANG-1), activin
receptor-like kinase 1 (ALK-1), vascular endothelial growth factor-A (VEGF-A).
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cantly increased by co-culture with astrocytes, but did
not reach the levels of PAI-1 induction seen when high
levels of exogenous TGF-� were added to solo endothe-
lial cell cultures or astrocyte-endothelial cell co-cultures
(Figure 6B). The induction of endothelial TSP-1 and PAI-1
seen in co-cultures with astrocytes was due to astrocytic
�v�8-mediated activation of TGF-�, because neutralizing
antibodies to �v�8 or TGF-� were able to almost com-
pletely inhibit the TSP-1 and PAI-1 induction (Figure 6,
A and B). This effect on endothelial gene expression of
TSP-1 and PAI-1 in co-cultures was specific to the astro-
cytic �v�8-mediated release of TGF-� because the anti-
human �8-neutralizing antibody does not cross-react
with mouse and mouse endothelial cells do not express
�v�8.

Co-culture of astrocytes with endothelial cells did not
increase either astrocytic TSP-1 or PAI-1 gene expres-
sion (data not shown), consistent with our observation
that co-culture of astrocytes with endothelial cells did not
significantly increase overall TGF-� activation (relative
TMLC luciferase activity in arbitrary units; astrocytes
alone: 8747 � 822; astrocytes and endothelial cells:
6483 � 1616). We also confirmed that the astrocytic
�v�8-mediated activation of TGF-�-dependent induction
of endothelial gene expression resulted in an increase in
protein production. The endothelial TSP-1 and PAI-1
genes induced by co-culture with astrocytes resulted in
an increase in TSP-1 and PAI-1 protein expression, be-
cause TSP-1 and PAI-1 were not detectable by Western
blot of solo cultures of endothelial cells, but were clearly
detectable on treatment with active TGF-� or co-culture
with astrocytes (Figure 6C). Furthermore, this induction of
TSP-1 and PAI-1 protein was dependent on astrocytic
�v�8-mediated activation of TGF-�, because the induc-
tion could be blocked in co-cultures with an anti-�8 or
anti-TGF-� neutralizing antibody (Figure 6C). These data
demonstrate that paracrine signaling to endothelial cells
occurs through astrocytic �v�8-mediated activation of
TGF-�, which leads to increased mRNA and protein ex-
pression of TSP-1 and PAI-1, two key anti-angiogenic
genes.

Discussion

Blood vessel integrity is maintained through the complex
interplay of multiple cellular programs that control cell
adhesion, migration, differentiation, extracellular matrix
synthesis, and proteolysis.32 Although much is known of
these cellular programs in endothelial cells, relatively little
is known of the interplay between endothelial cells and
the cells that surround them. In this study, we provide the
first evidence that integrins expressed by perivascular
astrocytes modulate endothelial cell function through
both cell adhesive and paracrine mechanisms, involving
binding to and activation of TGF-�.

Our data show that �8 is expressed by a subset of
radial glial-like cell processes surrounding blood vessels
because �8 immunostaining reveals punctate staining
co-localizing with both nestin and GFAP surrounding
blood vessels in the fetal brain. Radial glia have been

reported to mark with both GFAP and nestin in the mam-
malian brain33,34 and �8 is expressed in radial glia in
embryonic mouse brain.19,22 Although the exact role of
radial glia in brain vessel development has not been
defined, data demonstrating the close relationship of ra-
dial glia and blood vessels in the developing mammalian
brain suggests that they may act as a scaffold for vessel
development and later may differentiate into perivascular
astrocytes.19,35 �v�8 is expressed in radial glial-like cells
surrounding brain vessels during development and �v�8
can be found in glial processes surrounding blood ves-
sels after birth suggesting a role for astrocytic �v�8 in
both blood vessel development and function.

The close relationship between astrocytes and endo-
thelium suggests direct cell-cell interactions or indirect
interactions through an intermediate extracellular matrix
ligand. Our data using affinity chromatography demon-
strate the RGD- and cation-dependent binding of astro-
cytic �v�8 to LAP and suggest that �v�8 is a major
astrocytic cell surface receptor for LAP. In addition, it is
likely that LAP is the major ligand for �v�8 because we
have found that LAP is the only known ligand that �v�8
binds to with sufficiently high affinity to support stable cell
adhesion.17,28 Thus, astrocytes could adhere directly to
LAP that is a component of either the small latent com-
plex or large latent complex incorporated into the peri-
endothelial cell matrix. Presumably, both forms exist in
vivo with the large latent complex being the predominant
form.36,37 We have not yet determined whether �v�8
preferentially binds to and activates the small latent com-
plex or the large latent complex. Interestingly, the integrin
�v�6 has been recently shown to preferentially activate
TGF-� in the large latent complex.38 Similarly, �v�8-me-
diated cell adhesive interactions could certainly contrib-
ute to the alterations in glial-endothelial cell interactions
seen in both the �v- and �8-integrin subunit-deficient
mice. Evidence in support of a role for �v�8 in mediating
these types of glial-endothelial cell adhesive interactions
is the immunocytochemical detection of �v�8 in glial cell
processes surrounding brain endothelium and �v�8-
mediated astrocyte adhesion to LAP.

The apposition of �v�8-expressing astrocyte cell pro-
cesses and brain endothelium across a thin basal lamina
would also allow for reciprocal astrocyte-endothelial
paracrine interactions, in addition to stabilizing glial-end-
feet association with blood vessels. Indeed, our data
show that �v�8-mediated activation and release of TGF-�
is the major mechanism of TGF-� activation in both cul-
tured astrocytes and freshly dissociated fetal brain cells.
The involvement of a metalloprotease in astrocytic �v�8-
mediated activation of TGF-� provides a possible mech-
anism of locally regulating integrin �v�8-mediated TGF-�
activation through the spatial coordination of MMP activ-
ity with TGF-� bound to the cell membrane by integrin
�v�8. Although we have not yet definitively identified the
metalloprotease or a mechanism of spatial coordination
involved in astrocytic �v�8-mediated activation of TGF-�,
it is likely that MT1-MMP can serve this purpose because
it is highly expressed by astrocytes and our previous
work in cancer cell lines has identified it as a metallo-
protease that is required for �v�8-mediated activation of
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TGF-�.17,39 Furthermore, MT1-MMP has recently been
shown to traffic to caveolae in endothelial cells, raising
the possibility that membrane trafficking of MT1-MMP
could be a mechanism of regulating �v�8-mediated ac-
tivation of TGF-� by locally controlling MT1-MMP activity
in astrocytes.39 However, it is likely that multiple metallo-
proteases also serve this purpose, since to date, no
metalloprotease knockout mouse, including the MT1-
MMP knockout mouse, exhibits a similar cerebral brain
hemorrhage phenotype as �8-deficient mice.

The activation of TGF-� has been reported to be in-
creased by co-culturing rat astrocytes with endothelial
cells suggesting reciprocal interactions between these
cell types.40 However, we saw no significant change in
total TGF activation when total TGF-� activation in solo
cultures of astrocytes was compared to the same number
of astrocytes cultured with endothelial cells. Thus, there
are likely species-specific or developmental stage-spe-
cific differences between cultured astrocytes or endothe-
lial cells, because the source of the astrocytes in our
study was the mid-gestation human fetus, rather than the
neonatal rat and the source of our endothelial cells was
the bEND.3 cell line, rather than bovine adrenal capillary
endothelial cells.40

TGF-� activation has also been shown to occur in
co-cultures of smooth muscle cells and pericytes with
endothelial cells.13 However, we have no immunocyto-
chemical data that would suggest that �v�8 is expressed
by cerebral smooth muscle cells or pericytes.27 In addi-
tion, �v- and �8-subunit knockout mice do not display
any defects in perivascular smooth muscle cells or peri-
cytes.19,22 Thus, any smooth muscle cell or pericyte con-
tribution to TGF-� activation in blood vessel development
and function would likely be �v�8-independent.

The levels of �v�8 expressed by freshly disaggre-
gated fetal brain cells exceeds that of astrocytes and are
similar to the levels achieved by retroviral transduction of
human cancer cell lines that potently inhibit cell prolifer-
ation in vitro and in vivo.26 Because greater than 90% of
freshly disaggregated fetal brain cells express �v�8 and
the majority of cell types in the mid-gestation human fetal
brain correspond to immature neuronal lineages includ-
ing neuronal stem cells and radial glia, it is likely that
�v�8 can mediate TGF-� activation in immature neural
cell types other than mature astrocytes. In vitro, �v�8 has
been shown to play a role in oligodendroglial migration
and we have shown, using immunoelectron microscopy,
that �8 localizes to dendritic spines of mature CNS syn-
apses.27 These findings suggest that �v�8-mediated ac-
tivation of TGF-� may play roles in myelination, synapa-
togenesis or plasticity, or neuronal survival in addition to
blood vessel formation. Interestingly, selective ablation of
all �v-integrins in neuronal subsets leads to severe neu-
rological defects.22

The activation-state of endothelial cells has recently
been suggested to be determined by the relative expres-
sion of two TGF-� type I receptors, activin-like kinase-1
and -5 (ALK-1 and ALK-5), which in turn determine the
type of response that endothelial cells have to TGF-�.6

Thus, when embryonic mouse cerebral endothelial cells
are isolated and cultured they express both ALK-1 and

ALK-5, which mediate TGF-� signaling through the
SMAD-1/5 and SMAD 2/3 pathways, respectively.6 TGF-�
signaling through the ALK-1 pathway may induce a
proangiogenic state with induction of Id1 (inhibitor of
DNA binding and basic helix-loop-helix transcription fac-
tors); TGF-� signaling through the ALK-5 pathway may
induce an anti-angiogenic state with induction of PAI-1,
the major inhibitor of plasminogen activators.6 We have
found that bEND.3 cells also express both ALK-1 and
ALK-5. However, bEND.3 cells likely respond to TGF-�
primarily through the ALK-5 pathway because on TGF-�
treatment, PAI-1 but not Id1, is induced. Thus, astrocytic
integrin �v�8-mediated activation of TGF-� induces an
anti-angiogenic phenotype of endothelial cells with asso-
ciated inhibition of endothelial migration and induction of
PAI-1 and TSP-1 consistent with signaling though the
ALK-5 pathway.

The mechanism of inhibition of endothelial cell migra-
tion in fibrin gels that is dependent on the astrocytic
integrin �v�8-mediated activation of TGF-� may be due
to inhibition of plasmin-mediated fibrin proteolysis, be-
cause PAI-1 is the major inhibitor of uPA and tPA and can
also directly inhibit plasmin.41 However, because PAI-1
can also directly inhibit cell migration by inhibiting uPA
bound to uPAR or by interfering with vitronectin-mediated
cell migration, PAI-1 has the potential to inhibit endothe-
lial cell migration either through inhibiting fibrinolysis or
by disrupting endothelial cell-matrix interactions.42 In
addition, the induction of TSP-1 by the astrocytic integrin
�v�8-mediated activation of TGF-� may also play a role
in inhibiting endothelial cell migration in fibrin gels

Figure 7. Model of astrocytic integrin �v�8-mediated activation of TGF-� as
an angiogenic control switch. Integrin �v�8 expressed in astrocyte end-feet
binds to latent-TGF-� (L-TGF-�) localized in the basal lamina surrounding
cerebral brain vessels, potentially stabilizing astrocyte end-feet association
with blood vessels. Through a metalloproteolytic cleavage event, L-TGF-�
bound to �v�8 is activated and released allowing active TGF-� to diffuse to
the abluminal surface of the endothelial cells where it can bind to TGF-�
receptors and stimulate TGF-� signaling, leading to up-regulation of the
anti-angiogenic genes, plasminogen activator inhibitor-1 (PAI-1) and throm-
bospondin-1 (TSP-1), which inhibit local fibrinolysis, cell migration, and
proliferation. In this model, the homeostatic function of �v�8-TGF-� inter-
action would be to stabilize the cerebral vasculature, and loss or gain of �v�8
function could potentially lead to destabilization of cerebral vessels and
angiogenesis or vascular wall thickening, respectively.
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through binding of TSP-1 to its cell surface receptor
CD36 or binding to and sequestering angiogenic growth
factors such as basic fibroblast growth factor.43 Finally,
although both TSP-1 and plasmin are implicated in me-
diating activation of TGF-� in nonneural tissues and other
cell-types,13,15 �v�8 appears to be the main activator of
TGF-� in astrocytes because astrocytic activation of
TGF-� can be blocked completely by neutralizing anti-
bodies to �v�8.

Taken together, our data suggests that �v�8 acts as a
central regulator of brain vessel homeostasis through
regulation of TGF-� activation and subsequent modula-
tion of TGF-�-responsive genes in adjacent endothelial
cells (Figure 7). These data support a model in which the
normal function of astrocytic �v�8-mediated activation of
TGF-� is to promote vessel differentiation and stabiliza-
tion through the expression of anti-angiogenic genes that
inhibit proteolysis, migration, and proliferation. In this
model, the inhibition of �v�8-mediated TGF-� activation
would lead to vessel destabilization and dedifferentiation
and a proangiogenic response; increasing �v�8-medi-
ated TGF-� activation could potentially lead to vessel wall
thickening as seen in transgenic mice overexpressing
active TGF-� in astrocytes.44 This model provides a novel
mechanistic pathway for brain hemorrhage and vascu-
lopathies and could explain the mechanisms underlying
the destabilized vascular phenotype seen in the cerebral
vessels of the �v- and �8-integrin subunit knockout mice.
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