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Interendothelial claudin-5 expression depends
on cerebral endothelial cell–matrix adhesion
by b1-integrins
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The hypothesis tested by these studies states that in addition to interendothelial cell tight junction
proteins, matrix adhesion by b1-integrin receptors expressed by endothelial cells have an important
role in maintaining the cerebral microvessel permeability barrier. Primary brain endothelial cells
from C57 BL/6 mice were incubated with b1-integrin function-blocking antibody (Ha2/5) or isotype
control and the impacts on claudin-5 expression and microvessel permeability were quantified. Both
flow cytometry and immunofluorescence studies demonstrated that the interendothelial claudin-5
expression by confluent endothelial cells was significantly decreased in a time-dependent manner
by Ha2/5 exposure relative to isotype. Furthermore, to assess the barrier properties, transendothelial
electrical resistance and permeability measurements of the monolayer, and stereotaxic injection into
the striatum of mice were performed. Ha2/5 incubation reduced the resistance of endothelial cell
monolayers significantly, and significantly increased permeability to 40 and 150 kDa dextrans. Ha2/5
injection into mouse striatum produced significantly greater IgG extravasation than the isotype or
the control injections. This study demonstrates that blockade of b1-integrin function changes
interendothelial claudin-5 expression and increases microvessel permeability. Hence, endothelial
cell–matrix interactions via b1-integrin directly affect interendothelial cell tight junction claudin-5
expression and brain microvascular permeability.
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Introduction

Very early after ischemic stroke, within hours, the
blood–brain barrier of cerebral microvessels becomes
permeable. The leakiness of the cerebral microvas-

culature during focal ischemia contributes to brain
edema and hemorrhagic transformation that can
complicate the evolution of the tissue injury. A
two-part permeability barrier ordinarily prevents the
plasma and blood cells from entering the perivas-
cular neural tissue. The barrier properties of cerebral
microvessels depend on the cohesive and resistance
attributes of the endothelial cells, that involve the
interendothelial tight junction proteins (e.g., zonula
occludens (ZO-1), occludin, claudin-5), and on the
integrity of the extracellular matrix (ECM) of the
basal lamina. We have suggested that the adhesive
interactions (1) between endothelial cells and the
basal lamina matrix components, on the abluminal
aspect of cerebral microvessels and (2) between
astrocytes and the basal lamina are necessary for
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the barrier phenotype (del Zoppo and Milner, 2006;
Milner et al, 2008a, b). These interactions, mediated
by select and characteristic matrix adhesion recep-
tors, also appear necessary for the juxtaposition
and cooperation between the endothelium and
astrocytes.

Adhesion of both endothelial cells and cells of
epithelial origin to their subjacent ECM is required
for cell viability. Endothelial cells require interaction
via their b1-integrins to matrix ligands, as shown by
cell demise when contact to a matrix sublayer is
prevented (Meredith et al, 1993). In adult brain,
endothelial cells express b1-integrins in all micro-
vessel diameter classes (Haring et al, 1996). And, b1-
integrins interact with the ECM proteins laminin,
collagen type IV, and perlecan, found in the basal
lamina of all central nervous system microvessels
(Haring et al, 1996; Tagaya et al, 2001).

While interendothelial cell tight junction integrity
(‘horizontal’ cohesion) has been the focus of con-
siderable research, the roles of matrix adhesion have
not been addressed. Recent studies imply that
b1-integrins expressed by endothelial cells, among
other matrix adhesion receptors, could have impor-
tant roles in maintaining the permeability barrier
(‘vertical’ adhesion) (del Zoppo and Milner, 2006).
The rapidity of the loss of b1-integrin immunoreactiv-
ity in the ischemic core following middle cerebral
artery occlusion (Tagaya et al, 2001) and its temporal
relation to edema suggest that b1-integrin-dependent
adhesion could be relevant to permeability barrier
integrity. However, during focal ischemia endothelial
cell demise is infrequent, suggesting the stability of
endothelial cell–matrix adhesion (Tagaya et al, 1997).
In contrast, focal ischemia induces detachment of
astrocyte end-feet from the basal lamina (Garcia et al,
1971; Milner et al, 2008b; Kwon et al, 2009).

The tight junction (TJ) protein claudin-5, found at
the endothelial cell–cell borders of all brain blood
vessel segments (Morita et al, 1999) appears to have a
major role in the blood–brain permeability barrier.
Claudin-5 expression relates inversely to brain
microvessel permeability both in vivo and in vitro.
Tracer experiments have shown that small molecules
( < 800 Da) extravasate into the perivascular cerebral
tissue in claudin-5-deficient mice (Nitta et al, 2003).
After 7 days hypoxia, retinal vascular claudin-5
expression in the rat decreases and extravasation of
an injected 534 Da tracer increases compared with
normoxic retina (Koto et al, 2007). Complementary
work in culture has demonstrated that after transfec-
tion of claudin-5 gene into rat brain capillary
endothelial cells, the inulin paracellular permeabil-
ity coefficient of the endothelial cell monolayer
decreases (Ohtsuki et al, 2007). Separately, increased
claudin-5 protein expression paralleled an increase
in the transendothelial electrical resistance (TEER)
of bEnd.3 monolayers during the growth phase.
However, when claudin-5 expression was inhibited
by transfection of RNAi, TEER decreased (Koto
et al, 2007).

Basal lamina matrix composition can determine
integrin receptor expression by cerebral endothelial
cells (Milner et al, 2008a). Recent work has suggested
that tight junction expression and function may also
be related to the composition of the matrix that
endothelial cells are exposed to. Wolburg and
colleagues have shown that expression of occludin
by endothelial cells in glioblastoma multiforme
depends on the presence of agrin in the basal lamina
matrix (Liebner et al, 2000; Rascher et al, 2002). Rat
brain endothelial cells (RBE4.B) grown on collagen
type IV-coated plates appear to express occludin
better than when grown on collagen type I or on
laminin (Savettieri et al, 2000). The basement
membrane proteins collagen IV, laminin, and fibro-
nectin increase the transcellular electrical resistance
of porcine brain capillary endothelial cell mono-
layers (Tilling et al, 1998).

Based on those observations and the premise that
vertical adhesion could be a central determinant of
the endothelial portion of the intact blood–brain
barrier, the hypothesis tested by these experiments
states that blockade of the interaction of b1-integrins
on confluent cerebral endothelial cells with the
matrix (1) directly affects tight junction protein
expression (e.g., claudin-5) and (2) increases micro-
vessel permeability in the central nervous system.
The studies reported here demonstrate that the
endothelial cell–matrix interactions via the adhesion
receptor b1-integrins can directly affect the inter-
endothelial cell TJ expression and alter brain micro-
vascular permeability.

Materials and methods

Animals

These experiments were reviewed and approved by the
University of Washington Institutional Animal Care and
Use Committee and were performed following an institu-
tionally approved protocol in accordance with the National
Institute of Health’s Guide for the Care and Use of
Laboratory Animals. All animals were maintained under
pathogen-free conditions in a closed breeding colony
before and during the studies.

Antibodies and Reagents

Immunochemicals: For immunohistochemistry, mono-
clonal antibodies (MoAbs) to mouse IgG (Jackson Immuno-
Research, West Grove, PA, USA) and polyclonal antibodies
to the TJ protein claudin-5 (Zymed/Invitrogen, Carlsbad,
CA, USA) were employed. The immunofluorescence
studies used MoAb to the mouse b1-integrin clone 9EG7
(BD Pharmingen, San Diego, CA, USA) and the same
polyclonal antibodies to claudin-5 (Zymed/Invitrogen) as
for immunohistochemistry. For secondary antibodies to the
primary antibodies, DyLight 488-conjugated goat anti-
rabbit IgG and Texas Red dye-conjugated goat anti-rat IgG
were obtained from Jackson ImmunoResearch. Cell nuclei
were stained with 40,60-diamidino-2-phenylindole ((DAPI);
Sigma, St Louis, MO, USA).

Endothelial cell claudin-5 depends on matrix adhesion
T Osada et al

1973

Journal of Cerebral Blood Flow & Metabolism (2011) 31, 1972–1985



For flow cytometry, a PE-conjugated mouse MoAb was
used to identify mouse b1-integrin (clone HMb1-1; Bio-
legend, San Diego, CA, USA) throughout. Rabbit polyclonal
antibodies identified claudin-5 with fluorescein isothiocya-
nate (FITC)-conjugated secondary antibodies against rabbit
IgG (Vector Laboratories, Inc., Burlingame, CA, USA).

Functional blockade of the integrin b1 subunit was
achieved with a well-characterized purified hamster IgM
MoAb against mouse b1-integrin (at 10 mg/mL, clone Ha2/5;
BD Pharmingen) and was paired with the matched isotype
IgM that does not bind b1-integrins or any known epitopes
(BD Pharmingen). Ha2/5 specifically binds the b1-integrin
subunit, and has function-blocking properties (Mendrick
and Kelly, 1993).

Reagents: Purified matrix proteins served as growth
substrates for the primary murine endothelial cells. These
included collagen I from calf skin for colony expansion,
and collagen IV from Engelbreth–Holm–Swarm murine
sarcoma basement membrane or laminin from Engelbreth–
Holm–Swarm murine sarcoma basement membrane for
growth (all Sigma).

Endothelial Cell Culture

Primary brain microvessel endothelial cells from 2- to 3-
month-old C57 BL/6 mice (Jackson Laboratory, Bar Harbor,
ME, USA) were prepared as previously described (Sapatino
et al, 1993; Milner et al, 2008a). Brains were removed,
cleaned of meninges and external blood vessels, then finely
minced, and dissociated in a solution containing 20 U/mL
papain, and 250 U/mL, DNase I type IV (Worthington
Biochemicals, Lakewood, NJ, USA) in 2 mL Minimum
Essential Medium 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid modification (MEM-HEPES) (Milner and
ffrench-Constant, 1994). After 1 hour incubation, the
disrupted brain tissue was minced further, added to a 15-
mL tube containing 22% bovine serum albumin, and
centrifuged at 1000 g for 20 minutes. The isolated tubes
and cells were then washed and centrifuged in MEM-
HEPES before resuspension in endothelial cell growth
media (ECGM). Endothelial cell growth media consists of
Hams F12, supplemented with 10% fetal bovine serum,
heparin, ascorbic acid, L-glutamine (all from Sigma) and
endothelial cell growth supplement (Millipore, Billerica,
MA, USA). The endothelial cells in ECGM were then
added to matrix protein-treated six-well plates (Nunc,
Rochester, NY, USA), and incubated at 37 1C under 5%
CO2. The wells were previously coated with solutions
containing collagen I (200 mg/mL in phosphate-buffered
saline (PBS)) for 2 hours at 37 1C before use.

Endothelial cell growth media was changed the next day
and the cultures were treated with puromycin (3mg/mL;
Sigma) for a total of 3 days (Perriere et al, 2005). The ECGM
culture media was then replaced every 3 days thereafter.
Assessed by live immunostaining for the endothelial cell-
specific proteins CD31 platelet endothelial cell adhesion
molecule-1 (PECAM-1) and by von Willebrand factor
antigen, the confluent endothelial cell cultures were
> 99% pure.

Endothelial cells were grown in subconfluent or con-
fluent format depending on the experiment purpose.
In the subconfluent format, murine brain endothelial cells
(passage 2) were grown 3 days short of confluence (4 days
after splitting) on either collagen IV- or laminin-coated six-
well plates (Nunc). The ECM coatings were applied at
10 mg/mL for 2 hours at 37 1C. The cells were 40% to 60%
confluent and formed small colonies. In the confluent
format, brain endothelial cells (passage 2) were grown on
collagen IV- or laminin-coated inserts (six-well; Greiner
bio-one, Frickenhausen, Germany) until the insert surface
area was completely covered with cells in monolayer and
claudin-5 expression appeared maximal. This was usually
achieved by 7 days after seeding at a density of
2.0� 105 cells/insert (Figure 1).

Tight Junction Expression

Cells grown to subconfluence on matrix-coated wells or to
confluence on inserts were incubated with either 10 mg/mL
Ha2/5 for b1-integrin function blockade or the matched
isotype IgM for specific times. These experiments were
performed in the presence of serum supplementation. To
determine the effect on claudin-5 expression (1) cells from
both formats were assayed by flow cytometry and (2) only
cells grown to confluence on inserts were assayed by dual
immunofluorescence.

Flow cytometry: The endothelial cells were removed from
the culture plates or inserts using a cell scraper, suspended
in 5% goat serum in PBS, incubated with PE-conjugated
anti-b1-integrin MoAb for 1 hour on ice, and then washed
twice with PBS. The cells were fixed and permeabilized for
20 minutes in Cytofix/Cytoperm (BD Pharmingen). The
permeabilized cells were then incubated for 1 hour on ice
with the polyclonal antibody against claudin-5, washed
twice in the BD Perm/Wash PBS (BD Pharmingen), labeled
with the FITC-conjugated secondary antibody for 1 hour on
ice, and washed twice. The PE- and FITC-fluorescence
intensities of labeled cells and fragments (‘events’) were
then analyzed on a Becton Dickinson FACScan machine
(San Diego, CA, USA). For each experiment, mean
fluorescent intensity was calculated by FlowJo (Tree Star,
Inc., Ashland, OR, USA).

Western blots: For whole-cell extracts, cells were har-
vested in cold radio-immunoprecipitation assay buffer
(Thermo Scientific, Rockford, IL, USA) and protease
inhibitors (Sigma). After centrifugation at 14 000 r.p.m. for
5 minutes (4 1C), the supernatants were collected. Proteins
(10 mg) were subjected to Tris-glycine sodium dodecyl
sulfate polyacrylamide gel electrophoresis. They were
probed with primary rat anti-mouse b1-integrin antibody
(1:500; Millipore), followed by a secondary horseradish
peroxidase-conjugated antibody (1:20,000; Jackson
ImmunoResearch). Signals were detected by enhanced
chemiluminescence and semiquantified by densitometry.
The membranes were stripped and probed with an anti-
b-actin antibody to confirm even protein loading.

Immunohistochemistry of confluent cells: Claudin-5
expression by confluent endothelial cells was demon-
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strated by immunoperoxidase or by immunofluorescence
methods as required (Abumiya et al, 1999).

The impact of b1-integrin function blockade on inter-
endothelial claudin-5 expression was determined with the
aid of quantitative video-imaging microscopy. After treat-
ment, the cells on the inserts were washed with PBS and
fixed with methanol for 5 minutes. While on the mem-
branes, the cells were permeabilized and blocked with
0.3% Triton-X and 5% goat serum in PBS for 20 minutes (at
room temperature), then incubated with the primary rabbit
anti-claudin-5 polyclonal antibody (4mg/mL) and rat anti-
mouse anti-b1-integrin MoAb (1:100) overnight at 4 1C. The
cells were rinsed with PBS and incubated with the
appropriate secondary antibodies (e.g., DyLight 488-con-
jugated goat anti-rabbit IgG (5mg/mL) and Texas Red dye-
conjugated goat anti-rat IgG (5 mg/mL)) for 1 hour, washed
with PBS, and then stained with DAPI (1mg/mL) for
5 minutes. The washed inserts and processed cells were
mounted on slides with Vectashield (Vector Laboratories)
and sealed. The fluorescence signals were captured by
quantitative video-imaging microscopy using a modified
Zeiss S100 Invert equipped with computer-assisted staging
and AxioVision and KS software (Zeiss, Oberkochen,
Germany).

Quantitative Video-Imaging Microscopy

Each glass slide-mounted insert was evaluated by captur-
ing 10 1.80 mm2 noncontiguous regions of interest ran-
domly chosen across the insert. Full-field photographic
images were obtained, coded for interendothelial expres-
sion of claudin-5 of interest, and actively traced with

resident software, rendering the distances in mm. Cell
numbers were identified by DAPI stain, so that the length
of TJ expression per cell was measured as (total TJ distance
in mm)/(number of DAPI nuclei) for each region of interest.
Assessments were made by an observer blinded to the
coded assignments.

Stereotaxic Injections

C57 Bl/6 mice (male, 2 to 3 months old) were employed for
cerebral injection experiments to determine the effect of
b1-integrin function blockade on vascular permeability
in vivo. Mice were anesthetized with isoflurane (1.0% to
2.5%) and placed in a stereotaxic frame. A midline scalp
incision was made, and a skull window opened using a
dental tool. A 33-gauge beveled needle (World Precision
Instruments, Inc., Sarasota, FL, USA) was lowered into the
center of the right striatum (from bregma: 1 mm anterior,
2 mm lateral, 3.5 mm depth), and 2 mL of either Ha2/5
(1 mg/mL) or matched IgM isotype antibody was infused
into the right striatum (at 1 mL/min). The needle was left in
place for 10 minutes after completion of the infusion, to
prevent leakage of either agent from the brain, and then
removed slowly (1 mm/min). The skull window was sealed
with bone wax, the scalp closed, and the mice allowed to
recover.

At 24 hours after injection, the subjects underwent
transcardiac pressure perfusion with buffer containing
bovine serum albumin (50 g/L), Na+ nitroprusside
(6.7 mmol/L; MP Biomedicals, LLC, Solon, OH, USA),
and heparin (2000 IU/L; American Pharmaceutical Part-
ners, Inc., East Schaumburg, IL, USA) in Plasmalyte

Figure 1 Progressive expression of immunoreactive claudin-5 with time by primary cerebral endothelial cells grown on collagen IV
(insert). Panel (A) day 1; (B) day 3; (C) day 4; and (D) day 7. Magnification bar = 50 mm.
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(Baxter Healthcare Corporation, Deerfield, IL, USA) under
CO2 narcosis. The brains were then removed, placed on ice,
divided in the coronal plane at the level of the injection
site into anterior and posterior segments, placed in
OCT compound (Tissue-Tek, Sakura Finetek USA, Inc.,
Torrance, CA, USA), and quick frozen. Samples were
stored at �80 1C until sectioning and study.

Serial 10mm frozen sections of perfused brain tissues from
the stereotaxically injected mice were developed for the
antigens of interest by immunoperoxidase methods (Tagaya
et al, 2001; Fukuda et al, 2004). The sections were fixed with
methanol, and incubated with the primary antibody over-
night at 4 1C, then developed using the appropriate second-
ary antibodies (Vectastain ABC Kit, Vector Laboratories),
according to the manufacturer’s instructions, and finally
stained with the DAB peroxidase substrate.

Cell Viability Assays

The survival of cells in culture, exposed to Ha2/5 or
isotype antibodies, in 24-well plates was determined using
the PI (propidium iodide) method in which 33 mg/mL PI
solution (Sigma) was added to each well and incubated for
5 minutes. Stained cells were counted and viability was
calculated as the percentage PI-stained cells per total cells.
A second method made use of the conversion of MTS
tetrazolium to formazan (CellTiter 96 Aqueous One Solu-
tion Cell Proliferation Assay, Promega, Madison, WI, USA)
by endothelial cells in a 96-well plate assay. A third assay
determined lactate dehydrogenase (LDH) release into the
culture supernatant via kit assay (Roche Diagnostics
GmbH, Penzberg Basel, Switzerland) according to the
manufacturer’s instructions.

For tissue samples, cells displaying evidence of DNA
scission were detected by incorporation of dUTP
(digoxigenin-deoxyuridine triphosphate) with DNA
polymerase I into nuclear DNA as previously described
(Tagaya et al, 1997).

BrdU uptake into cell nuclei was measured via kit assay
(5-Bromo-2-deoxy-uridine Labeling and Detection Kit III;
Roche Diagnostics GmbH, Mannheim Germany), according
to the manufacturer’s instructions.

Permeability Measurements

Endothelial cell monolayer integrity was assessed by TEER
measurements and dextran permeability. Mouse primary
brain microvessel endothelial cells (2.0� 104 cells/100 mL
of ECGM) were seeded on 6.5 mm Transwell inserts (24-
well polystyrene, 0.4mm pore; Corning Incorporated, Low-
ell, MA, USA) coated with collagen IV. The ECGM (0.6 mL)
was then added to the lower compartments. One day after
endothelial cell seeding, the culture media was changed to
media containing Ha2/5 or isotype antibody (at 10 mg/mL
each). Resistance of the endothelial cell monolayer was
measured using a calibrated Endohm-6 electrode chamber
and an EVOM2 epithelial voltohmmeter (World Precision
Instruments) at 0, 18, 24, 42, and 48 hours after applying
the antibody (Wessells et al, 2009). Before each measure-
ment, the chamber was filled with 0.7 mL fresh ECGM and

incubated 20 minutes under 5% CO2 at 37 1C. The inserts
with endothelial cells were transferred to the chamber and
measured sequentially. Transendothelial electrical resis-
tance was calculated by subtracting background resistance
of the insert without endothelial cells.

In parallel experiments, after incubation of monolayers
with Ha2/5 or isotype antibodies, fluoresein, 40 kDa-FITC-
dextran, or 150 kDa-FITC-dextran (all Sigma) were added
in the upper chamber (at 1 mg/mL) and 50 mL aliquots were
collected from the lower chamber at 0, 5, 10, 20, 40, and
60 minutes. The volume sampled was replaced with fresh
media at each time point. The apparent permeability
coefficient (Papp, cm/s) of each group was calculated
using the equation: Papp = (dM/dt)/(A�C), where dM/dt is
the cumulative measured fluorescence intensity in the
lower chamber per unit time (RFU/s) corrected for dilution
due to sampling, A is the surface area of the insert
membrane (0.33 cm2), and C is the initial concentration
(RFU/mL) in the upper chamber (Hsuchou et al, 2010).

Statistical Analyses

The data are expressed as mean±s.d. of replicate experi-
ments (with parallel duplicate or triplicate measures) on
separate days. The number of measurements is indicated.

Analyses were performed using nonparametric tests for
comparisons of twin data sets, two-way analysis of
variance with corrections for multiple comparisons (e.g.,
TEER data), or loglinear model analyses whether the
interventions Ha2/5 or isotype differentially affected cell
expression (e.g., likelihood ratio w2 for flow cytometry)
where appropriate. Loglinear analyses were undertaken in
Systat 12, and the other analyses with Prism software
(GraphPad Software, La Jolla, CA, USA).

Significance was set at 2P < 0.05 or P < 0.05 where
appropriate.

Results

Tight Junction Expression by Endothelial Cells

Confluent and subconfluent cells expressed claudin-
5 at the interendothelial cell junctions. Over 7 days,
confluent endothelial cells grown on collagen IV
on inserts expressed interendothelial claudin-5
that increased successively with time from day 1
(Figure 1).

b1-Integrin Expression by Endothelial Cells

Incubation of primary endothelial cells with Ha2/5
prevented cell adherence and growth, decreasing
adherence significantly by 41.1%±27.1% on col-
lagen IV at the low cell concentration (n = 15,
2P = 0.0022), and decreasing adherence to laminin
by 90.7%±6.8% at low cell concentrations (n = 15,
2P < 0.0001) compared with the isotype antibody
(Figure 2A). Hence, adherence of vascular endothe-
lial cells to collagen IV and laminin could be
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significantly prevented by blockade of b1-integrin
function.

b1-Integrin expression on primary cerebral micro-
vessel endothelial cells cultured on collagen IV is
readily identified by flow cytometry (Figure 2B). To
test the ability of basal b1-integrins to accomplish
matrix adhesion, subconfluent endothelial cell cul-
tures on collagen IV were exposed to Ha2/5 or to the
isotype MoAb in parallel for 18 hours, harvested, and
then assayed by flow cytometry. Ha2/5 significantly
reduced b1-integrin subunit immunoreactivity to
1.02%±1.05% of that by adherent endothelial cells
exposed to the isotype IgM (Figure 2C).

b1-Integrin subunit is identified as B140 kDa
doublet bands by Western immunoblot (Yu et al,
2005). Total b1-integrin expression by confluent
endothelium did not change after the treatment with
isotype or Ha2/5, compared with control (no inter-
vention) (Figure 2D).

b1-Integrin Function Blockade and Claudin-5
Expression by Endothelial Cells

Next, the impact of ECM exposure on claudin-5
expression by inhibition of b1-integrin function was
quantitated. Primary endothelial cells grown to target

subconfluence in wells either on collagen type IV or
on laminin developed well-formed colonies, and
were then exposed to either Ha2/5 or isotype MoAb
for 18 hours. A significant reduction in claudin-5
expression was observed by flow cytometry when the
endothelium was grown on collagen IV, but not
laminin (Figure 3). Hence, all subsequent experi-
ments examined cells grown on collagen IV.

To determine whether b1-integrin–matrix adhesion
is required for claudin-5 expression, claudin-5
immunoreactivity was analyzed by dual label flow
cytometry following functional b1-integrin blockade
(Figure 4A). Ha2/5 highly significantly decreased
claudin-5 expression (likelihood ratio w2 = 41808,
df = 3, n = 24, P < 10�12). After 18 hours Ha2/5
exposure, subconfluent endothelial cells express-
ing both b1-integrin and claudin-5 decreased from
48.59%±16.65% to 13.38%±7.01% (2P = 0.0078),
matched by a significant reciprocal increase in the
proportion of cells lacking both claudin-5 and
b1-integrin (12.83%±4.18% to 39.97%±15.17%;
2P = 0.0004) (Figures 4B and 4C). Overall, b1-integrin
immunoreactivity decreased from 86.91%±4.14% to
16.60%±7.74% (2P = 0.0078) in these studies.
Hence, b1-integrin blockade was associated with an
increase in the cell population lacking claudin-5.
This could be explained either by (1) a decrease in
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claudin-5 expression because of disruption of
b1-integrin–matrix adhesion, or (2) a shift in the
claudin-5-nonimmunoreactive/b1-integrin-immuno-
reactive (claudin-5�/b1

+ ) population to b1-integrin
nonimmunoreactive. Also, total claudin-5 expres-
sion and event number measured by flow cytometry
increased in the Ha2/5-exposed group compared
with isotype (data not shown). This implies the
exposure of hidden claudin-5 epitopes by b1-integrin
blockade and/or the disruption of clusters of endo-
thelial cells thereby increasing claudin-5 exposure.
By Western immunoblot, however, no change in
claudin-5 content was observed even up to
42 hours exposure to Ha2/5 or isotype (data not
shown).

To determine whether functional blockade of
endothelial b1-integrins altered claudin-5 expression
in claudin-5+ cells, primary endothelial cells were
grown to confluence on collagen IV-coated inserts, so
that the ‘basal surface’ could be directly exposed to
either antibody. The effects of Ha2/5 versus isotype
antibody exposure for 18 hours on b1-integrin and
claudin-5 expression by confluent endothelium
(using flow cytometry) were very similar to
those observed with the subconfluent preparation
(Figure 4D).

To determine how claudin-5 expression changed
with b1-integrin blockade, endothelial cells grown to
confluence on inserts were incubated with either
Ha2/5 or isotype IgM antibodies for 18, 24, or
42 hours, and the length of the endothelial cell
circumference displaying residual claudin-5 immu-
noreactivity was quantified in situ for each interven-
tion with the aid of video-imaging microscopy
(Figure 5). The effect of b1-integrin blockade on

claudin-5 expression was significantly time depen-
dent (2P < 0.0001) (Figure 5C). Incubation for
18 hours with Ha2/5 produced a 33.7%±10.5%
decrease in per cell claudin-5 circumference com-
pared with isotype antibody, which became signifi-
cant by 24 hours (a 42.0%±6.5% reduction in
interendothelial claudin-5 immunoreactivity was
seen in the Ha2/5 group (2P < 0.05)). Per cell
claudin-5 circumference in the Ha2/5 group re-
mained significantly reduced (by 40.7%±8.1%) at
42 hours compared with the isotype group (Figure
5C). Notable was the increase in claudin-5 expres-
sion during this exposure time in the isotype cohorts,
which corresponded to the observed increase in
claudin-5 expression with culture maturation (see
Figure 1). The interendothelial claudin-5 expression
clearly changed from the continuous to a discontin-
uous morphology when exposed to Ha2/5 (Figures
5A and 5B, insets). The number of cells per field
increased between 24 and 42 hours in both groups,
although the change was not significant.

Cell Viability and Proliferation

Prevention of b1-integrin–matrix adhesion promotes
demise of unattached endothelial cells (Meredith
et al, 1993). Although downregulation of already
attached b1-integrins might induce cell demise,
functional b1-integrin blockade had little impact on
endothelial cell survival in these studies (Supple-
mentary Table). After continuous exposure to Ha2/5
or the isotype antibody, endothelial cell viability
remained 95% to 100% compared with untreated
cells or internal controls throughout the study period
as measured by PI uptake, LDH release, and MTS
assay.

There was also no difference among the treatment
cohorts with respect to BrdU incorporation, which
remained constant at baseline levels, compared with
much greater uptake by bEnd.3 cells plated in
parallel at the same cell concentrations under
identical conditions (data not shown). Hence, there
was no effect on proliferative potential by either Ha2/
5 or the isotype antibody.

Effect of b1-Integrin Blockade on Permeability In Vitro

The impermeability of confluent endothelial cell
cultures was measured by two methods. By 18 hours
after treatment, endothelial cell monolayers continu-
ously exposed to Ha2/5 showed lower electrical
resistance than to isotype exposure (17.8±1.2 versus
21.0±2.6O� cm2, respectively). Significantly de-
creased resistance with Ha2/5 was seen at 24, 42,
and 48 hours (two-way analysis of variance,
2P < 0.0001; comparison between Ha2/5 and isotype
at 48 hours, 2P = 0.0313; Figure 6A). Diffusion ex-
periments were then performed with fluorescein
(376 Da), 40 kDa-FITC-dextran, and 150 kDa-FITC-
dextran. By 24 hours, Ha2/5 significantly increased
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dextran transit at both 40 and 150 kDa molecular
masses (Figure 6B). Ha2/5 caused a 73.6%±22.6%
increase in 150 kDa-FITC-dextran transit compared
with isotype (Papp = 8.5±1.2� 10�8 versus
14.8±1.9� 10�8 cm/s, P < 0.05) and a 30.7%±13.3%
increase in 40 kDa-FITC-dextran transit (23.3±
1.0� 10�8 versus 30.6±3.1� 10�8 cm/s, P < 0.05). A
trend in favor of increased fluorescein transit with
Ha2/5 was also observed (data not shown).

Effect of b1-Integrin Blockade on Permeability Barrier
Integrity In Vivo

Focal cerebral ischemia causes a significant and
rapid decrease in microvessel-associated b1-integrin

immunoreactivity in concert with increased
barrier permeability (Haring et al, 1996; Tagaya et
al, 1997, 2001). To test whether the blockade of
b1-integrin function alters blood–brain barrier
integrity in situ, the impact at 24 hours of Ha2/5 or
isotype stereotaxically delivered antibodies into the
striatum of mice on normal cerebral vascular im-
permeability (i.e., no IgG extravasation) was quanti-
fied. While injection of the isotype antibody
produced little additional IgG compared with the
sham and needle-only cohorts, significantly greater
leakage of IgG was noted in the Ha2/5 cohort
(4.44%±4.58% versus 20.80%±5.08% of the
total coronal surface area, respectively; 2P = 0.0006;
Figure 7).
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Injections of either Ha2/5 or its control antibody
were occasionally associated with the appearance of
cells that incorporated dUTP along the insertion site.
There was no difference among the treatment cohorts
in the number of these cells (which did not differ
from the needle-only group, data not shown), and no
relationship of dUTP + cells to the degree of perme-
ability. Histochemical stains suggested that the
dUTP + cells were extracerebral in origin, compatible
with leukocytes.

Discussion

Cells adhere to their ECM protein ligands by
structural transmembrane receptors (e.g., integrins,
dystroglycan) that, together with growth factor

receptors, organize and coordinate cell responses to
changes in the local environment. Certain integrin
receptors can initiate internal signaling processes
when ligated to specific matrix proteins (Hynes and
Bader, 1997). b1-Integrins associate with collagen IV,
laminin, and perlecan. The nature of integrin
structure and function implies that, for the cerebral
microvascular endothelium, matrix adhesion recep-
tor-mediated binding/signaling could be required to
develope and maintain the permeability barrier (del
Zoppo and Milner, 2006). This notion implies that,
in cerebral microvessels, endothelial cell b1-integrin–
matrix adhesion is required for TJ integrity
and function. However, it is not yet known whether
coordinated basal lamina-endothelial cell-TJ
communication participates in permeability barrier
integrity.
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The integrity of the microvessel portion of the
blood–brain permeability barrier has been attributed
to the interendothelial tight junctions, which involve
the cohesion of ZO-1, occludin, and claudins
(claudin-3, claudin-5, and claudin-12), junctional
adhesion molecule-1, E-cadherin, and other cytoske-
leton components (Wolburg et al, 2009). These
molecules and their intracellular scaffolding provide
the lateral or ‘horizontal’ vector of barrier integrity
(del Zoppo and Milner, 2006). Largely ignored have

been forces and receptors that are required for
positioning of the endothelium on the vascular basal
lamina to permit the horizontal interactions to take
place. Although other interactions are possible, the
prominent position of b1-integrins on the endothelial
abluminal surface suggests their involvement in
‘vertical’ matrix adhesion.

These studies are the first to demonstrate
that abrogation of microvascular endothelial cell
b1-integrin function or expression (Figures 4 and 5)
substantially changes the expression of a TJ protein,
here claudin-5, known to be important for endothe-
lial permeability barrier integrity (Ohtsuki et al,
2007). Blockade of endothelial cell b1-integrin func-
tion by the MoAb Ha2/5 (1) significantly reduced
b1-integrin expression; (2) significantly decreased
interendothelial claudin-5 expression by confluent
or subconfluent endothelial cells in culture; and (3)
consequently, significantly increased cerebral micro-
vessel permeability in vitro and in vivo over a period
of 18 to 24 hours. These observations cannot be
explained by endothelial cell demise or disruption.
The findings support the necessity for b1-integrin
function to maintain the intact permeability barrier.

In previous studies with the nonhuman primate,
we demonstrated that b1-integrin immunoreactivity
on microvessel endothelium is lost in the ischemic
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Figure 6 Effect of b1-integrin blockade on permeability of
confluent endothelial cell monolayers on collagen IV-coated
inserts. (A) Serial transendothelial electrical resistance (TEER)
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2P = 0.0313) compared with isotype antibody exposure (cir-
cles). Inset replots the data taking the measurements of the
untreated control as 1.0. (B) Apparent permeability coefficients
(Papp, cm/s) for 40 and 150 kDa dextrans in separate
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core within 2 hours of middle cerebral artery occlu-
sion. This loss is sustained and is not recovered after
restoration of flow. But, in the regions peripheral to
the ischemic cores microvessel b1-integrin gene
expression is increased (Tagaya et al, 2001).

Claudin-5 was chosen for its known roles in
microvascular permeability barrier integrity. It re-
sides within cerebral and pulmonary endothelial
cells at the cell–cell border, but not in epithelial
cells, including astrocyte end-feet (Nitta et al, 2003).
Claudin-5 is predominantly expressed in brain
capillaries, and appears to have a key role in the
barrier to egress of small molecules by brain
capillary endothelial cells (Morita et al, 1999;
Ohtsuki et al, 2007). In one study, the normalized
claudin-5 mRNA level in the rat brain capillary
fraction was 35.6-fold greater than that in the brain
(Ohtsuki et al, 2007).

Mice lacking claudin-5 display no apparent
changes in cerebral microvessel structure compared
with wild type, and do not exhibit edema or
hemorrhage (Nitta et al, 2003). Importantly, tracer
experiments have shown that small molecules
( < 800 Da) extravasate into the perivascular tissue
in the claudin-5-deficient brain, whereas larger
molecules ( > 1,900 Da) do not (Nitta et al, 2003). In
concert with those findings, Koto et al (2007) showed
that after 7 days hypoxia, the microvessel perme-
ability barrier is disrupted in the rat retina, a
condition accompanied by decreased endothelial
cell claudin-5 expression and the extravasation of
small molecules. Claudin-5 expression decreased
and extravasation of an injected small molecule
(534 Da) tracer increased compared with the nor-
moxic retina, while 10 kDa dextran remained inside
the vessels under both conditions. Hence, claudin-5
appears to have a major role in selective exclusion of
small molecules in the blood–brain barrier perme-
ability phenotype (Koto et al, 2007). In contrast, Bake
et al (2009) recently demonstrated, in aging rodents,
that extravasation of IgG into the hippocampus
is inversely related to interendothelial claudin-5
expression.

The binding of Ha2/5 to b1-integrins significantly
decreased claudin-5 expression in both confluent
and subconfluent endothelium in vitro. The genera-
tion of claudin-5�/b1

� events seen by flow cytometry
could be interpreted as either a consequence of the
blockade of the b1-integrin on claudin-5–/b1

+ -expres-
sing cells or the conversion of claudin-5+/b1

+ to
claudin-5� events, or both, as flow cytometry cannot
distinguish the baseline antigen state after Ha2/5
exposure. It seems unlikely that the generation of
claudin-5�/b1

� events was an artifact of b1-integrin
binding by Ha2/5. The in vitro immunohistochem-
istry experiments demonstrated clearly that exposure
to Ha2/5 produces a significant decrease in inter-
endothelial claudin-5 expression, which is compa-
tible with the conversion of claudin-5+/b1

+ cells to
claudin-5�/b1

� cells (Figure 5). The increase in event
number observed with Ha2/5 by flow cytometry

could reflect decreased cell–matrix adherence or
reduced cell–cell cohesion when b1-integrin function
was blocked.

An interesting aspect of the decrease in inter-
endothelial claudin-5 expression is its time depen-
dence. We and others have shown that the
expression of claudin-5 at the interendothelial cell
interface from cytoplasmic pools in in vitro culture
depends on cell density and the time from plating
(Koto et al, 2007). Hence, at the time of Ha2/5 and
isotype antibody exposure, maturation of cell–cell
contacts and claudin-5 expression are still proceed-
ing (Figure 1). It is possible that at 42 hours, the
change in b1-integrin expression, and perhaps the
decrease in claudin-5 expression, could also have
limited cell growth in the insert environment.

While functional blockade of the b1-integrin sub-
unit prevents firm adhesion of endothelial cells, and
is known to promote cell demise in some cultures
(Meredith et al, 1993), the endothelial cell viability
was not different from control here. Parallel experi-
ments indicated that Ha2/5 did not affect cell
viability up to 42 hours exposure. Matrix binding
established before Ha2/5 exposure is likely to have
employed other matrix adhesion receptors not
affected by b1-integrin blockade. The overall results,
then, are consistent with the notion that matrix
contact and contact to adjacent cells is required for
endothelial cell viability.

Furthermore, Ha2/5 exposure for extended periods
decreased TEER by 15% to 17% compared with the
isotype antibody, indicating that interruption of b1-
integrin function increases monolayer permeability.
Dextran-based permeability studies demonstrated
that b1-integrin blockade allowed ready passage of
40 and 150 kDa particles (the latter compatible with
IgG) (Figure 6B). Koto et al (2007) demonstrated that
the TEER of bEnd.3 cell monolayers under normoxia
decreased when subject to hypoxia, which paralleled
changes in claudin-5 expression. The TEER of
porcine brain endothelial cell monolayers was also
reduced by hypoxia over 1.5 to 24.0 hours, which
paralleled increased sucrose and inulin flux across
the monolayers (Deli et al, 2005). It is quite possible
here that the passage of 40 and 150 kDa particles
through confluent endothelium reflects an impact of
b1-integrin dysfunction on ZO-1 and occludin, or
other components of the adherens complex, in
addition to claudin-5.

The in vitro findings are supported by the
appearance of IgG extravasation following stereo-
taxic Ha2/5 injection to the striatum and b1-integrin
blockade compared with the isotype antibody
(Figure 7). The effect of Ha2/5 action in vivo is most
likely due to alterations in the vascular b1-integrin–
matrix interactions, with impact on permeability
barrier integrity (as shown in vitro), because the
isotype antibody has no effect on the barrier, there
was no evidence of vascular cell, glial, or neuron
demise, and neurologic function was grossly intact.
However, the action of Ha2/5 in vivo could be more
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complex than targeting of the barrier. Blockade of
b1-integrin has been shown to increase tissue edema
in other settings (Reed et al, 1992). In addition, IgG
transit increases in microvessels in which claudin-5
expression is decreased (Bake et al, 2009). Those
experiments and ours can be explained if the
adhesive functions of cerebral microvessel endothe-
lial cells are also altered by b1-integrin blockade.

Stereotaxic injection itself causes local injury not
unlike a stab wound. Tracer studies have demon-
strated leakage of Evans blue albumin within 24 hours
after stab wounds in rat brain, and glial uptake
of Evans blue albumin 8 to 24 hours after the injury
(Persson et al, 1976). Stab wounds are also associated
with an inflammatory response. In the mouse,
increases in monocyte chemoattractant protein-1
(MCP-1) mRNA, MCP-1 protein, and monocytes and
polymorphonuclear (PMN) leukocytes were detected
within 24 hours after injury (Glabinski et al, 1996;
Matsumoto et al, 2007). Occasionally, cells compati-
ble with inflammatory cells were observed along the
injection track here, but their presence was unrelated
to the inhibitor choice or control. Despite the known
local impact of activated PMN leukocytes on micro-
vascular integrity, there is so far no evidence that
inhibition of b1-integrin enhances PMN leukocyte
invasion in this setting.

The mechanism(s) by which functional blockade
of b1-integrins on confluent cerebral endothelial cells
can decrease TJ expression (e.g., claudin-5) are yet to
be worked out. It is possible that communication
could proceed via (1) the actin cytoskeleton, (2) the
b1-integrin cytoplasmic tail, (3) tight junction-related
kinases, (4) cytoplasmic Ca+ 2 pools, or (5) a combi-
nation of these or other events. Evidence to support
the involvement of the cytoskeleton derives from
observations of barrier permeability and actin integ-
rity. Signaling from b1-integrin involves activation of
the actin cytoskeleton (Wolburg et al, 2009). In
addition, TJ proteins including ZO-1, occludin, and
claudin-5 bind to the cytoskeleton actin. Hypoxia
can change endothelial cell permeability in
association with changes in the structural organiza-
tion of actin (Huber et al, 2001). During hypoxia and
reoxygenation, the expression of actin protein in
bovine brain microvessel endothelial cells increased
compared with normoxic monolayers, which
paralleled the reduction of the monolayer barrier
properties (Mark and Davis, 2002). After 48 hours
hypoxia, an increase in the permeability of brain
capillary endothelial cell monolayers was observed
that was associated with rearrangements of F-actin
filaments and decreased ATP levels (Plateel et al,
1995). Changes in blood–brain barrier permeability
are associated with protein phosphorylations that are
regulated by protein kinase C isotypes, tyrosine
phosphatase, or kinase activity (Staddon et al,
1995; Tsukamoto and Nigam, 1999; Fleegal et al,
2005). It is likely that cytoskeletal reorganization has
an important role in the relation between b1-integrin
adhesion and tight junction integrity.

Calcium channel inhibitors (nifedipine and SKF-
96365) prevented increased permeability of bovine
brain microvessel endothelial cells monolayer in-
duced by hypoxia–aglycemia (Abbruscato and Davis,
1999). Mark and Davis (2002) showed that hypoxia
increases endothelial monolayer permeability, but
expression of the TJ proteins ZO-1, ZO-2, and
occludin changed little. The localization of these TJ
proteins correlated with the permeability change.
Here, total claudin-5 expression did not change,
but claudin-5 morphology was altered by Ha2/5
(Figures 5A and 5B, insets). The findings with Ha2/
5 here are reminiscent of changes in epithelial
barrier cohesion wherein b1-integrin blockade in-
duced albumin leakage and edema in rat skin in vivo
(Reed et al, 1992).

Interference with the interactions between b1-
integrins on confluent cerebrovascular endothelial
cells and the matrix ligand collagen IV decreases
interendothelial tight junction (e.g., claudin-5) ex-
pression and decreases permeability barrier integrity,
allowing IgG transit. Typically, loss of claudin-5
expression is associated with small molecule leak-
age, hence IgG transit may reflect b1-integrin-depen-
dent changes in other TJ proteins. We have not
shown that the decline of claudin-5 causes the
increase in 40 and 150 kDa (IgG) leakage. The results
here imply that (1) b1-integrin-mediated adherence to
the basal lamina is central to the integrity of the
blood–brain permeability barrier, (2) leakiness may
reflect b1-integrin density, (3) disorders (e.g., focal
ischemia) that interfere with b1-integrin–matrix
interactions could significantly alter blood–brain
barrier integrity, and (4) the timing and location of
leakiness may be determined by the vulnerability of
or density of b1-integrin expression. Also implied is
that pharmacological manipulation to locally in-
crease blood–brain barrier permeability must take
account of endothelial cell adhesion to the basal
lamina. These findings remain limited, as the impact
of the interruption of b1-integrin–matrix interactions
on occludin or ZO-1 expression, and the mechan-
isms of these changes must be defined. Nonetheless,
it is now quite clear that changes in ‘vertical’
adhesion can modulate ‘horizontal’ cohesion pro-
cesses among cerebral microvascular endothelial
cells.
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