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Matrix Metalloproteinase-2-Mediated Occludin Degradation
and Caveolin-1-Mediated Claudin-5 Redistribution
Contribute to Blood–Brain Barrier Damage in Early Ischemic
Stroke Stage
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Blood– brain barrier (BBB) disruption occurs early enough to be within the thrombolytic time window, and this early ischemic BBB
damage is closely associated with hemorrhagic transformation and thus emerging as a promising target for reducing the hemorrhagic
complications of thrombolytic stroke therapy. However, the mechanisms underlying early ischemic BBB damage remain poorly under-
stood. Here, we investigated the early molecular events of ischemic BBB damage using in vitro oxygen– glucose deprivation (OGD) and in
vivo rat middle cerebral artery occlusion (MCAO) models. Exposure of bEND3 monolayer to OGD for 2 h significantly increased its
permeability to FITC-labeled dextran and promoted the secretion of metalloproteinase-2 and -9 (MMP-2/9) and cytosolic translocation
of caveolin-1 (Cav-1). This same OGD treatment also led to rapid degradation of tight junction protein occludin and dissociation of
claudin-5 from the cytoskeleton, which contributed to OGD-induced endothelial barrier disruption. Using selective MMP-2/9 inhibitor
SB-3CT (2-[[(4-phenoxyphenyl)sulfonyl]methyl]-thiirane) or their neutralizing antibodies or Cav-1 siRNA, we found that MMP-2 was the
major enzyme mediating OGD-induced occludin degradation, while Cav-1 was responsible for claudin-5 redistribution. The interaction
between Cav-1 and claudin-5 was further confirmed by coimmunoprecipitation. Consistent with these in vitro findings, we observed
fluorescence tracer extravasation, increased gelatinolytic activity, and elevated interstitial MMP-2 levels in ischemic subcortical tissue
after 2 h MCAO. Moreover, occludin protein loss and claudin-5 redistribution were detected in ischemic cerebromicrovessels. These data
indicate that cerebral ischemia initiates two rapid parallel processes, MMP-2-mediated occludin degradation and Cav-1-mediated
claudin-5 redistribution, to cause BBB disruption at early stroke stages relevant to acute thrombolysis.

Introduction
Hemorrhagic transformation (HT), particularly severe hemor-
rhage, is the most feared neurovascular complication of tissue
plasminogen activator (tPA) thrombolysis, the only FDA-
approved stroke treatment (Alberts, 1998; Derex and Nighoghos-
sian, 2008). Since loss of blood– brain barrier (BBB) integrity is
considered to be a precursor to HT (Latour et al., 2004), under-
standing the dynamics of BBB injury and the underlying molec-
ular mechanisms are of particular importance for the prevention
or treatment of HT. BBB damage is a progressive process, with an

initial injury resulting from ischemia (del Zoppo et al., 1998;
Simard et al., 2007), aggravated by reperfusion due to a mecha-
nism of reperfusion injury (Hallenbeck and Dutka, 1990). In
more than one decade, reperfusion-associated BBB injury has
been a topic of intensive investigation, which leads to the identi-
fication of several mechanisms accounting for reperfusion BBB
injury, such as oxidative damage, inflammatory injury, vascular
activation, and dysregulated extracellular proteolysis (Rosenberg
et al., 1998; Wang and Lo, 2003; Jung et al., 2010). In contrast, the
initial BBB damage resulting from ischemia is a far less well stud-
ied topic.

Recent animal and human studies offer an intriguing obser-
vation that ischemic brain regions with compromised BBB at
early ischemic stroke stages often undergo HT following throm-
bolytic reperfusion (Hjort et al., 2008; Kastrup et al., 2008;
Kassner et al., 2009; Sun et al., 2010), which supports a close
association between early ischemic BBB damage and post-
treatment HT. Moreover, assessing early BBB damage with
computed tomography appears promising for identifying
stroke patients at high risk of postthrombolysis HT (Aviv et
al., 2009). Thus, understanding early ischemic BBB is crucial
for reducing thrombolysis-associated HT.

Received Dec. 22, 2011; accepted Jan. 9, 2012.
Author contributions: J.L., X.J., K.J.L., and W.L. designed research; J.L., X.J., and W.L. performed research; J.L.,

X.J., and W.L. analyzed data; J.L., X.J., K.J.L., and W.L. wrote the paper.
This work was supported by National Institutes of Health Grants P20 RR15636 and R01 AG031725, and American

Heart Association Grant 10BGIA3190010. The images in this paper were generated in the University of New Mexico
and Cancer Center Fluorescence Microscopy Shared Resource, funded as detailed on
http://hsc.unm.edu/crtc/microscopy/Facility.html.

The authors declare no competing financial interests.
*J.L. and X.J. contributed equally to this work.
Correspondence should be addressed to Dr. Wenlan Liu, College of Pharmacy, University of New Mexico Health

Sciences Center, Albuquerque, NM 87131. E-mail: weliu@salud.unm.edu.
DOI:10.1523/JNEUROSCI.6409-11.2012

Copyright © 2012 the authors 0270-6474/12/323044-14$15.00/0

3044 • The Journal of Neuroscience, February 29, 2012 • 32(9):3044 –3057



Tight junctions (TJs) are important BBB structural compo-
nents that seal the gaps between adjacent endothelial cells and
thus restrict paracellular permeability (Wolburg and Lippoldt,
2002). The transmembrane protein claudins and occludin are key
molecules forming the seal (Förster, 2008). In animal stroke models
with reperfusion, altered distribution or loss of TJ proteins is fre-
quently seen in ischemic cerebral microvessels, resulting in compro-
mised BBB integrity (Asahi et al., 2001; Y. Yang et al., 2007; Liu et al.,
2009a; ElAli et al., 2011; Wang et al., 2011). And in these same stud-
ies, the gelatinases, matrix metalloproteinase-2 and 9 (MMP-2/9),
have been shown to mediate the degradation of several TJ proteins
including occludin, claudin-5, and zonula occludens-1. There are a
few studies specifically designed to look at early ischemic BBB dam-
age by using animal stroke models with limited reperfusion (10–30
min) (DiNapoli et al., 2008; Chen et al., 2009; Gerriets et al., 2009).
However, the molecular events mediating this early ischemic BBB
damage remain virtually unknown.

In the present study, we investigated the effect of early isch-
emia on MMP-2/9, TJ proteins, and BBB integrity using in vitro
[oxygen– glucose deprivation (OGD)] and in vivo [middle cere-
bral artery occlusion (MCAO)] stroke models. Our results dem-
onstrated that cerebral ischemia initiated two rapid parallel
processes, MMP-2-mediated occludin degradation and caveolin-
1-mediated redistribution of claudin-5, to cause BBB disruption
in an early stroke stage relevant to acute stroke thrombolysis.

Materials and Methods
Cell culture. Mouse brain microvascular endothelial cells bEND3 (Amer-
ican Type Culture Collection) were grown as a monolayer in DMEM
with 15% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml
streptomycin at 37°C in a humidified incubators with 5% CO2 and 95%
room air. The cells were subcultured into 60 mm dishes coated with type
I collagen (Nakamuta et al., 2005) and allowed to grow to confluence
before exposure to OGD for 2 h. After OGD treatment, cell toxicity was
measured by lactate dehydrogenase (LDH) assay using a CytoTox 96
Nonradioactive Cytotoxicity Assay Kit (Promega). In addition to endo-
thelial cells, we also tested the effect of OGD on MMP-2/9 secretion in
two mouse neural cell lines, C8-D1A (astrocyte) and SH-SY5Y (neuron).
Both cell lines were purchased from American Type Culture Collection.
C8-D1A cells and SH-SY5Y cells were cultured in DMEM or DMEM/F12
(1:1) (Sigma-Aldrich) containing 10% FBS, 100 U/ml penicillin, and 100
�g/ml streptomycin, respectively. These cells were allowed to grow to
80 –90% confluence before exposure to 2 h OGD treatment.

OGD treatment. To mimic acute ischemia-like conditions in vitro,
bEND3 cells were exposed to OGD for 2 h as we described previously
(Furuichi et al., 2005). In brief, confluent bEND3 cells were subjected to
an ischemic injury by transferring cultures to glucose-free medium
(DMEM without glucose) preequilibrated with 95% N2 and 5% CO2.
Cells were then incubated in a humidified airtight chamber (Billups-
Rothenberg) equipped with an air lock and flushed with 95% N2 and 5%
CO2 for 15 min. The chamber was then sealed and kept at 37°C for
another 105 min. The oxygen concentration was �0.2% as monitored by
an oxygen analyzer (Sable Systems). Control cultures were incubated
with normal DMEM medium without FBS for 2 h at 37°C in 95% air and
5% CO2. Immediately after OGD treatment, the conditioned media
(CM) and cells were collected separately for further analyses.

Preparation of total cell lysate, subcellular fractions. To reveal a redistri-
bution of MMP-2/9, Caveolin-1 (Cav-1), and TJ proteins in OGD-
treated bEND3 cells, three subcellular fractions including membranous,
cytosolic, and cytoskeletal fractions were extracted using ProteoExtract
Subcellular Proteome Extraction Kit (Calbiochem) according to manu-
facturer’s instruction. The specificity of each fraction was confirmed
using anti-cytochrome Cypor [membrane/organelle fraction (MF)],
anti-calpain [cytosolic fraction (CF)], and anti-vimentin [actin cytoskel-
etal fraction (ACF)] antibodies. To extract total cell lysates, cells were
lysed in RIPA buffer (Santa Cruz Biotechnology).

Endothelial cell monolayer permeability assay. The effect of OGD on
endothelial monolayer permeability to fluorescein isothiocyanate-
conjugated 70 kDa dextran (FITC-dextran; Sigma-Aldrich) was assessed
using Anopore membrane 24-well cell culture inserts with 0.2 �m pore
size (Nunc). Cells were placed on the upper side of the insert and allowed
to grow to confluence. FITC-dextran at a concentration of 3.5 �M (Eckle
et al., 2008) was then added to the endothelial monolayer (luminal com-
partment) before exposing to 2 h OGD (see Fig. 1 A, top panel). After
OGD treatment, the contents of FITC-dextran in both luminal and ab-
luminal compartments were determined using a fluorescence plate
reader Spectramax M2e (Molecular Devices). Endothelial monolayer
permeability was then assessed by calculating the apparent permeability
coefficient (Papp) as previously described (Grabovac and Bernkop-
Schnürch, 2006): Papp (in centimeters per second) � dQ/(dt*A*Co),
where dQ was the amount of FITC-dextran getting into the abluminal
compartment, dt was duration of OGD treatment, dQ/dt was the rate of
transfer (in nanograms per second), A was surface area (in square centi-
meters), and Co was the initial concentration in the luminal chamber (in
nanograms per cubic centimeter). To test whether MMP-2/9 and Cav-1
were implicated in OGD-induced endothelial barrier disruption, cells
were treated with selective MMP-2/9 inhibitor 2-[[(4-phenoxyphenyl)
sulfonyl]methyl]-thiirane (SB-3CT) (10 �M; Calbiochem) 2 h before and
during OGD treatment or pretreated with Cav-1 siRNA for 48 h before OGD
treatment.

siRNA transfection. bEnd3 cells at 60 –70% confluence were trans-
fected with 80 pmol of Cav-1 siRNA (Santa Cruz Biotechnology; sc-
29520) or scrambled control siRNA (Santa Cruz Biotechnology;
sc-37007) using siRNA Transfection Reagent (Santa Cruz Biotechnol-
ogy) according to the manufacturer’s instruction. Forty-eight hours after
transfection, cells were subjected to OGD treatment. Specific silencing
was confirmed by Western blot.

Gel gelatin zymography. After OGD treatment, MMP-2/9 in CM and
cellular extracts (CEs) were analyzed by gelatin zymography as we de-
scribed previously (Liu et al., 2007). In brief, equal amounts of CM or
CEs (containing 400 �g of protein) were concentrated with gelatin-
Sepharose 4B beads (GE Healthcare). The MMP-2/9 were then eluted
from gelatin beads by incubating with elution buffer (10% DMSO in
PBS) and electrophoretically separated on 10% SDS-polyacrylamide gels
copolymerized with 1 mg/ml gelatin (Sigma-Aldrich) under non-
reducing condition. Gels were washed in 2.5% Triton X-100 to remove
SDS and then incubated for 48 h with a developing buffer containing 50
mM Tris, pH 7.6, 5 mM CaCl2, 0.2 mM NaCl, and 0.02% (w/v) Brij-35 at
37°C before staining with 0.125% Coomassie Blue R-250. Gels were
destained to visualize gelatinolytic bands (MMP-2/9) on a dark blue
background. The intensities of MMP-2/9 bands were analyzed using the
Kodak 4000 image station (Carestream Molecular Imaging). A mixture
of human MMP-2/9 (Millipore Bioscience Research Reagents) was used
as gelatinase standards.

MMP-2 and -9 antibody neutralization. To distinguish the role be-
tween MMP-2 and MMP-9 in mediating OGD-induced occludin degra-
dation, we performed antibody neutralization experiments, as described
previously (De Becker et al., 2007; Gong et al., 2008). In brief, 20 �g/ml
control mouse IgG (Santa Cruz Biotechnology) or neutralizing antibod-
ies (Millipore) against MMP-2, MMP-9, or both were added to confluent
bEND3 cells right before 2 h OGD treatment. After OGD treatment, cells
were lysed with RIPA buffer for assessing total occludin levels using
Western blot.

Coimmunoprecipitation. Coimmunoprecipitation was performed as
described previously (Wen et al., 2010). Briefly, bEND3 cells were sub-
jected to OGD treatment for 2 h and then lysed on ice in 1 ml of RIPA
buffer. After preclearing with normal IgG, cell lysates (0.5 mg of protein)
were incubated overnight at 4°C with 2 �g of anti-Cav-1 (Santa Cruz
Biotechnology), followed by precipitation with 20 �l of Protein A/G
Plus-Agarose (immunoprecipitation reagent) for 1 h at 4°C. The precip-
itated complexes were separated on SDS-polyacrylamide gels and immu-
noblotted with anti-claudin-5 to detect the presence of this protein in the
complex, as described below.

Western blot. Total cell lysates, subcellular fractions (CF, MF, and
ACF) (20 �g of protein), and immunoprecipitates as prepared above
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were boiled and then electrophoresed in 12% SDS-PAGE acrylamide
gels, transferred onto nitrocellulose membranes (Bio-Rad), and incu-
bated for 1 h in TBS-T (Tris-buffered saline and 0.1% Tween 20) con-
taining 5% nonfat milk. Membranes were then incubated overnight at
4°C with primary antibodies against Cav-1 (Santa Cruz Biotechnology;
1:500), claudin-5 (Invitrogen; 1:1000), or occludin (Invitrogen; 1:500),
washed in TBS-T, and incubated for 1 h at room temperature with cor-
responding HRP-conjugated anti-rabbit or anti-mouse antibodies
(Santa Cruz Biotechnology; 1:1000). The membranes were developed
with the SuperSignal West Pico HRP substrate kit (Pierce) and photo-
graphed on a Kodak 4000 image station (Carestream Molecular Imag-
ing). To control sample loading and protein transfer, the membranes
were stripped and reprobed with �-actin antibody (Santa Cruz Biotech-
nology; 1:1000). For subcellular fraction samples, we noticed that the
actin levels were comparable for each sample among different fractions,
so we only used one normalizing loading control (CF actin) for all three
subcellular fractions.

Real-time RT-PCR. Total cellular RNA was isolated using Trizol reagents
(Invitrogen) according to manufacturer’s protocol. The 0.5 �g of RNA was
reverse transcribed (RT) with random primers in a 20 �l final reaction vol-
ume using TaqMan Reverse Transcription Kits (Applied Biosystems). The
0.5 �l RT products were amplified with the 7900HT Fast Real-Time PCR
System (Applied Biosystems) in a 10 �l final reaction volume using SYBR
Green PCR Master Mix (Applied Biosystems) under the following condi-
tions: 2 min at 50°C and 10 min at 95°C, followed by a total of 40 cycles of two
temperature cycles (15 s at 95°C and 1 min at 60°C). Primers (Integrated
DNA Technologies) for MMP-2, MMP-9, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were designed against known mouse sequences:
MMP-2 (NM_008610), forward, 5�-TAACCTGGATGCCGTCGT-3�; re-
verse, 5�-TTCAGGTAATAAGCACCCTTG-3�; MMP-9 (NM_013599),
forward,5�-ACGACATAGACGGCATCCA-3�; reverse,5�-GCTGTGGTTC
AGTTGTGGTG-3�; GAPDH (NM_008084), forward, 5�-CAATGTGTCC
GTCGTGGATCT-3�; reverse, 5�-GTCCTCAGTGTAGCCCAAGATG-3�.
The fluorescence threshold value (Ct value) was calculated using the SDS
Enterprise Database software (Applied Biosystems). The relative value of
mRNA expression was calculated by the comparative ��Ct method de-
scribed in our previous publication (Liu et al., 2007). In brief, mean Ct values
were normalized to the internal control GAPDH and the difference was
defined as �Ct. The difference between the mean �Ct values of treated and
untreated cells was calculated and defined as ��Ct. The comparative mRNA
expression level was expressed as 2���Ct.

Immunostaining of occludin and claudin-5 in OGD-treated bEND3 cells.
The bEND3 cells grown to confluence on collagen-coated coverslips were
subjected to the indicated treatments. For immunostaining, cells were
washed three times with PBS, fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.1% Triton X-100 for 5 min, and then blocked for
1 h at room temperature with 3% BSA plus 0.1% Tween 20 plus 5% goat
serum. The cells were then incubated with anti-occludin or anti-
claudin-5 primary antibodies (1:100 dilution; Invitrogen) overnight at
4°C, followed by incubation with FITC- or Cy3-conjugated anti-mouse
or anti-rabbit second antibodies (1:200 dilution) for 60 min. After wash-
ing in PBS, the coverslips were mounted on glass slides with antifade
solution Vectashield (Vector Laboratories). Images were acquired using
an LSM 510 confocal laser-scanning microscope (Zeiss).

Rat model of middle cerebral artery occlusion. The Laboratory Animal
Care and Use Committee of the University of New Mexico approved all
experimental protocols. Male Sprague Dawley rats (Charles River Labo-
ratories) weighing 290 –320 g were anesthetized with isoflurane (4% for
induction, 1.75% for maintenance) in N2O/O2 (70:30%) during surgical
procedures and the body temperature was maintained at 37.5 � 0.5°C
using a heating pad. The rats were subjected to 2 h of reversible MCAO
using the intraluminal filament technique as previously described (Liu et
al., 2009a). Briefly, a 4-0 silicone-coated monofilament nylon suture was
inserted into the internal carotid artery and advanced along the internal
carotid artery to �17–18 mm from the bifurcation, thereby blocking the
ostium of the MCA. Because we aimed to investigate ischemia-induced
early changes in MMP-2/9 and BBB permeability, rats were not reper-
fused when collecting microdialysis samples for MMP-2/9 measurement
or reperfused for only 10 min when assessing BBB damage (as described

below). For a total number of 38 rats included in this study, successful
MCAO was confirmed by 2,3,5-triphenyltetrazolium chloride (TTC)
staining of the 1-mm-thick brain coronal section 6 mm away from the tip
of the front lobe as we described previously (Liu et al., 2008).

Evaluation of ischemia-induced BBB damage. To visualize ischemia-
induced BBB damage, all rats received femoral vein injections of 30
mg/kg body weight FITC-albumin (25 mg/ml in sterile PBS) at the end of
2 h MCAO. Then the rats were reperfused for 10 min to ensure sufficient
circulation of fluorescent tracer to the ischemic brain and also minimize
the effect of reperfusion on BBB permeability. At the end of reperfusion,
rats were transcardially perfused with 250 ml of cold PBS to remove
intravascular FITC-albumin. The brain was then removed and a 5-mm-
thick brain region 7 mm away from the tip of the front lobe was rapidly
frozen in methylbutanol prechilled in a �80°C freezer. Twenty-
micrometer-thick cryosections were cut with a Leica cryostat (Leica Mi-
crosystems) and mounted for fluorescence microscopic observation at
an excitation wavelength of 485 nm and a 528 nm filter for collecting
fluorescence emission (Olympus IX-81; Olympus). The whole brain cor-
onal section was automatically photographed (10� objective lens) using
the Stereo Investigator software to visualize FITC-albumin leakage (BBB
disruption), which appeared as green fluorescence on brain sections.

Evaluation of MMP-2/9, occludin, and claudin-5 changes in ischemic
tissue with BBB damage. In situ zymography and immunohistochemistry
(IHC) were performed to analyze the gelatinolytic activities of MMP-2/9
and occludin/claudin-5 protein levels in ischemic tissue with compro-
mised BBB, respectively. In these experiments, FITC-albumin was
replaced with Texas Red-conjugated albumin (Texas Red-albumin;
Sigma-Aldrich) to label ischemic tissue with BBB damage because FITC-
albumin may interfere with in situ zymography analysis in which FITC-
labeled DQ-gelatin is used as a substrate. At the end of 2 h MCAO and 10
min reperfusion, rats were transcardially perfused, and the same 5-mm-
thick brain region was cut out and frozen in prechilled 2-methylbutane,
as described above. Ten-micrometer-thick and 20-�m-thick cryosec-
tions were prepared for IHC or in situ zymography analysis, respectively,
as described below.

The 10-�m-thick cryosections were fixed with 4% PFA for IHC anal-
ysis for occludin and claudin-5, as we described previously (Y. Yang et al.,
2007; Liu et al., 2009a). In brief, nonspecific binding sites were blocked by
preincubating tissue for 1 h at room temperature in PBS containing 0.1%
Triton X-100, 1% BSA, and 5% goat serum. Sections were then incubated
overnight with Alexa Fluor 488-conjugated claudin-5 antibody (1:100
dilution; Invitrogen) or anti-FITC-conjugated occludin antibody (1:100
dilution; Invitrogen) at 4°C. Immunostaining was visualized under LSM
510 confocal laser-scanning microscope (Zeiss), and images were taken
from the ischemic region with Texas Red-albumin leakage and the mir-
rored regions on the nonischemic hemisphere.

The 20-�m-thick cryosections were used for analyzing gelatinolytic
activities of MMP-2/9 by in situ zymography as we described previously
(Liu et al., 2009a). In brief, the section was incubated for 2 h at 37°C in a
reaction buffer containing 40 �g/ml FITC-labeled DQ-gelatin (Invitro-
gen). FITC-gelatin is cleaved by gelatinases, yielding peptides whose flu-
orescence is representative of the net gelatinolytic activity. At the end of
incubation, sections were rinsed with PBS and mounted in Gel/Mount
(Biomeda) for fluorescence microscopy (Olympus). Images were taken
from the ischemic region with Texas Red-albumin extravasation and the
mirrored region on the nonischemic hemisphere.

Isolation of cerebral microvessels. Isolation of cerebral microvessels was
performed as we described previously (Liu et al., 2009a). In brief, the
hemispheric brain tissue was dissected and homogenized in ice-cold PBS.
The homogenate was filtered through a 41 �m nylon mesh (Spectrum),
and the nylon mesh was washed three times with PBS. Microvessels
retained on the mesh were then washed off and pelleted by centrifugation
at 4000 � g for 10 min at 4°C. The pellets were resuspended in 15%
dextran T-500 and then added onto 20% dextran T-500, followed by
centrifugation at 25,000 � g for 10 min at 4°C. The pellets were collected
as the cerebral microvessels and stored at �80°C until further analysis.
To determine the redistribution of claudin-5, we pooled the hemispheric
microvessels isolated from three rats to get enough protein for preparing
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the subcellular fractions with ProteoExtract Subcellular Proteome Ex-
traction Kit (Calbiochem).

In vivo microdialysis sampling. Microdialysis sampling is a well estab-
lished diffusion-based sample collection method for collecting molecules
including MMPs from the interstitial space in a specific tissue or organ in
situ (Liu et al., 2003; Nilsson and Dabrosin, 2006; Wang et al., 2009). The
conventional MMP extracting method (tissue homogenization) is not
able to separate intracellular MMPs from extracellular MMPs produced
in the ischemic brain; therefore, we applied the in vivo microdialysis
sampling to collect MMPs in the interstitial space of the ischemic brain
tissue (see Fig. 7B). Before conducting MCAO surgery, two microdialysis
guide cannulas were surgically placed separately into left and right stria-
tum using the coordinates of 0.3 mm posterior to bregma, 4 mm lateral to
the midline, and 7 mm below the surface of the brain according to a
previous study in our laboratory (Liu et al., 2003). Then the guide can-
nulas were removed and rats were subjected to MACO surgery. Right
after ischemia onset, rats were placed back to the stereotactic device for
microdialysis probe implantation. Under isoflurane anesthesia, two
identical PES probes (CMA 12; 4 mm; 100 kDa cutoff membrane)
(CMA/Microdialysis), which were pre-perfused with 70% ethanol and
then sterile water, were inserted into the left and right striatum along the
guide cannulas. Then, the inlet and outlet tubing were connected to a
CMA 102 microdialysis dual-channel pump (CMA/Microdialysis). Rats
were under anesthesia during sample collection. Both probes were per-
fused with sterile artificial CSF with the following sequence: 5 �l/min for
10 min, 2 �l/min for 10 min (these perfusates were discarded), and then
2 �l/min for �90 min until the end of 2 h MCAO. The perfusate collected
in the last 90 min of perfusion was used for measuring MMP-2/9 with
zymography. The 5 �l/min flush for the first 10 min was performed
ensure that fluid lines were open after the implantation of the probe.
Additionally, as microdialysis sampling is an invasive procedure, any
solutes released due to the surgery or probe insertion into the tissue will
be flushed out with a higher flux as mass removal during microdialysis
sampling is directly correlated with perfusion flow rate. After completion
of the dialysate collection, rats were killed and the brains were removed
and sectioned at 1 mm intervals. The probe placement was confirmed by
visual observation.

In addition, to determine whether MMP-2/9 induction contributed to
MMP-2/9 changes in the interstitial space of the ischemic striatum, we
performed another set of experiments to assess MMP-2/9 mRNA expres-
sion in the striatal tissue after 2 h MCAO. Striatal tissue was dissected,
and total RNA was isolated using Trizol reagents and subjected to real-
time RT-PCR analysis as described above. Primers for rat MMP-2,
MMP-9, and housekeeping gene rpl 32 were the same as described in our
previous study (Liu et al., 2007): MMP-2 (U65656), forward, 5�-GATC
TGCAAGCAAGACATTGTCTT-3�; reverse, 5�-GCCAAATAAACCGA
TCCTTGAA-3�; MMP-9 (U24441), forward, 5�-GTAACCCTGGTCAC
CGGACTT-3�; reverse, 5�-ATACGTTCCCGGCTGATCAG-3�; rpl 32
(NM_013226), forward, 5�-AGACCTGAATGTGAAGGAAG-3�; re-
verse, 5�-CCTTGGGATTGGTGACTCTGA-3�.

Statistical analysis. All data were presented as means � SE. Differences
between groups were assessed by Student’s t test or ANOVA followed by
Tukey’s post hoc test as indicated in the figure legends. A value of p � 0.05
was considered statistically significant.

Results
Ischemia rapidly disrupts the endothelial barrier in vitro and
in vivo
In view of the close association between ischemia-induced initial
BBB damage and the hemorrhagic complications of acute stroke
thrombolysis (Hjort et al., 2008; Kastrup et al., 2008; Kassner et
al., 2009; Sun et al., 2010), we sought to understand how cerebral
ischemia affects BBB integrity within the established 3 h throm-
bolytic time window in vitro and in vivo. Brain endothelial mono-
layers challenged with OGD are frequently used as an in vitro
model of ischemic BBB damage (Benchenane et al., 2005; Zhu et
al., 2010). We exposed confluent brain microvascular endothelial
cells (bEND3) grown on 24-well cell culture inserts to 2 h OGD

without reoxygenation. The barrier integrity of the endothelial
monolayer in control condition or after 2 h OGD treatment was
assessed by measuring the transfer rate (Papp) of FITC-dextran
from the luminal compartment to the abluminal compartment
(Fig. 1A, top panel). OGD treatment significantly sped up the
passage of FITC-dextran across the endothelial monolayer, indi-
cating disruption of its barrier function (Fig. 1A, bottom panel).
To determine whether cytotoxicity contributed to OGD-induced
permeability increase of the endothelial monolayer, we also eval-
uated cytotoxicity with a LDH assay kit and found that OGD
under our experimental conditions did not increase LDH release
into the cell culture supernatant (data not shown), indicating that
OGD-induced endothelial monolayer barrier dysfunction was
not due to a direct toxic effect on endothelial cells.

We also examined the effect of cerebral ischemia on BBB in-
tegrity on an in vivo rat model of 2 h MCAO. Since postischemic
reperfusion can exacerbate BBB damage (Simard et al., 2007), we
reperfused the MCAO rats for a brief 10 min duration to allow
sufficient circulation of FITC-albumin to the ischemic brain re-
gion, while minimizing the impact of reperfusion on the BBB. As
seen on the fluorescent micrographs of representative brain cryo-
sections (Fig. 1B), 2 h MCAO consistently induced FITC-
albumin extravasation in the ischemic hemisphere, and the
leakages were invariably seen in the subcortical regions. These in
vitro and in vivo data clearly indicate that ischemia causes BBB
disruption at an early stroke stage (within 2 h after ischemia
onset) relevant to acute stroke thrombolysis.

OGD triggers occludin loss and claudin-5 redistribution
in endothelial cells
Altered distribution of TJ proteins, particularly claudins and oc-
cludin, or their loss are frequently seen in the compromised BBB
following cerebral ischemia and reperfusion (Y. Yang et al., 2007;
McColl et al., 2008; Liu et al., 2009a). To determine whether the
rapid disruption of endothelial barrier function observed above
was due to a quick disturbance on TJ proteins by ischemia, we
investigated the effect of 2 h OGD on two important transmem-
brane TJ proteins, claudin-5 and occludin (Fig. 2A–D). Total
cellular extracts of control bEND3 cells exhibited readily detect-
able protein bands of occludin and claudin-5 on the immuno-
blots. Occludin exhibited as a doublet of 60 and 65 kDa on
Western blot, which represents two different isoforms of occlu-
din monomers (McCaffrey et al., 2007). Following 2 h OGD in-
sult, bEND3 cells manifested a dramatic reduction in the total
protein level of occludin (Fig. 2A). Surprisingly, OGD treatment
did not change the total protein levels of claudin-5 (Fig. 2B). In
addition to total protein levels, redistribution of TJ proteins, par-
ticularly their dissociation from the cytoskeletal framework, also
contributes to BBB compromise (Song et al., 2007). To monitor
the redistribution of occludin and claudin-5 in OGD-treated
cells, we prepared subcellular fractions to detect the translocation
of occludin and claudin-5 between subcellular compartments. As
shown in Figure 2C, OGD treatment led to a significant increase
in claudin-5 levels in the detergent soluble fractions including the
CF and MF and a concurrent decrease in its level in the detergent-
resistant ACF, indicating a dissociation of claudin-5 from the
cytoskeletal framework under OGD condition. Unlike claudin-5,
occludin was uniformly decreased in all tested subcellular frac-
tions but did not exhibit any redistribution changes after OGD
insult (data not shown). The characterization of the subcellular
fractions was verified by the presence of specific marker protein
in each fraction (Fig. 2D). These data suggest that OGD triggers
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rapid loss of occludin protein and rapid
dissociation of claudin-5 from the cyto-
skeleton framework.

MMP-2/9 contribute to occludin loss,
but not claudin-5 redistribution in
OGD-treated endothelial cells
We next examined the mechanisms un-
derlying the rapid changes of TJ proteins
under OGD condition. MMP-2/9 have
been shown to proteolytically disrupt TJ
proteins under various pathological con-
ditions including ischemic stroke (Y.
Yang et al., 2007; McColl et al., 2008; Liu
et al., 2009a; Lischper et al., 2010). There-
fore, we asked whether MMP-2/9 were in-
volved in OGD-induced disturbance in TJ
proteins. To test this possibility, we first
examined whether OGD could affect
MMP-2/9 levels in bEND3 cells in an isch-
emic duration as short as 2 h. Since MMP-
2/9 are synthesized intracellularly and
secreted into the extracellular space to di-
gest matrix components (Taraboletti et
al., 2006), we assessed MMP-2/9 levels in
the CM using gel gelatin zymography, the
most widely used method for detecting
MMP-2/9, which reveals proteolytic
bands on zymogram gels derived from
both pro- and active forms of MMP-2/9
(Min et al., 2006). Under control condi-
tions, latent MMP-9 and both latent (top
band) and active (bottom band) forms of
MMP-2 were detected in the CM of
bEND3 cells, according to standard
MMP-2/9 bands (Fig. 3A). Following 2 h
OGD treatment, MMP-2/9 levels were
significantly increased in the CM, while
their activation patterns did not change
(Fig. 3A). For this reason, we did not sep-
arately label the latent and active MMPs
on the zymogram gels, but rather called
them together as MMP-2 or MMP-9.

Next, we investigated whether OGD-
induced alteration in occludin and
claudin-5 was dependent on the proteo-
lytic activity of MMP-2/9. Using the
highly selective, mechanism-based potent
MMP-2/9 inhibitor SB-3CT (Brown et al.,
2000), we found that inhibition of MMP-
2/9 completely abolished OGD-induced
occludin reduction in bEND3 cells (Fig. 3B). Worthy of note,
SB-3CT-treated control bEND3 cells also exhibited a slight in-
crease (not statistically significant) in occludin level compared
with vehicle-treated cells (DMSO; final concentration of 1/1000
in volume ratio), suggesting that MMP-2/9 may play a role in
maintaining the normal turnover of occludin under control con-
ditions. To further distinguish between the roles of MMP-2 and
MMP-9 in mediating OGD-induced occludin degradation, we
selectively immunodepleted MMP-2, MMP-9, or both using
neutralizing antibodies. The blocking of MMP-2, but not
MMP-9, by neutralizing antibody significantly inhibited OGD-
induced occludin degradation compared with control IgG (Fig.

3C). To test effectiveness of MMP-9 neutralizing antibody, we
incubated bEND3 extracts with active MMP-9 (5 �g/ml; R&D
Systems) in the presence or absence of 20 �g/ml MMP-9 neutral-
izing antibody and found that the presence of MMP-9 antibody
significantly inhibited active MMP-9-induced occludin degrada-
tion (data not shown). These results indicate that MMP-2 is the
major gelatinase contributing to occludin degradation after 2 h
OGD, which is in agreement with our observation that the active
form of MMP-2, but not active MMP-9, was detected in OGD-
treated bEND3 cells (Fig. 3A).

To further confirm a gelatinase-dependent degradation of oc-
cludin under OGD conditions, we performed immunofluores-

Figure 1. Ischemia causes rapid disruption of the BBB in vitro and in vivo. A, Top panel, Schematic representation of the in vitro
BBB model (bEND3 monolayer grown on an insert) with FITC-dextran loaded in the luminal compartment. Bottom panel, The
endothelial monolayer permeability was assessed by calculating the transfer rate of FITC-dextran from luminal compartment to
abluminal compartment and was expressed as apparent permeability coefficient (Papp) (in centimeters per second). Exposure of
bEND3 monolayer to OGD for 2 h significantly increased its permeability to FITC-dextran. *p � 0.05 versus control cultures,
Student’s t test; n � 6. B, Cerebral ischemia rapidly induced BBB disruption in the ischemic brain of all tested rats (n � 6).
Representative fluorescence micrographs of brain cryosections from four different rats revealed that 2 h MCAO induced FITC-
albumin extravasation (bright green fluorescence) in the subcortical regions in the ischemic hemisphere. No FITC-albumin leakage
was observed in other brain regions. Error bars indicate SEM.
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cence staining to visualize the changes of occludin in OGD-treated
cells in the presence of SB-3CT. Confocal microscopic images re-
vealed a circumcellular staining for occludin protein in control
bEND3 cells, regardless of whether they were treated with vehi-
cle or SB-3CT (Fig. 3D, left panels). Consistent with the Western
blot results, exposure of cells to OGD for 2 h significantly reduced
the immunostaining of occludin, and this reduction was com-
pletely inhibited when cells were pretreated with SB-3CT (Fig.
3D, right panels). It is worthy of note that SB-3CT-treated control
cells appeared to exhibit a slight stronger immunostaining
(brighter fluorescence) for occludin than vehicle-treated control
cells (Fig. 3D, left panels). In contrast to occludin, OGD-induced
changes in claudin-5 were not dependent on MMP-2/9 because
SB-3CT had no effect on its redistribution between subcellular
fractions (Fig. 3E). In summary, these data indicate that OGD
rapidly elevates extracellular MMP-2/9 levels and that the active
MMP-2 is the key effector molecule responsible for the rapid loss
of occludin protein, but not for claudin-5 protein redistribution,
in endothelial cells under ischemic condition.

OGD stimulates MMP-2/9 secretion, but not their expression,
in endothelial cells
We next asked how OGD led to a rapid increase (within 2 h) in
extracellular MMP-2/9 on bEND3 cultures. The extracellular
MMP-2/9 levels are largely dependent on their synthesis and se-

cretion. Therefore, we assessed the effect
of OGD on intracellular MMP-2/9 levels
and their mRNA expression under same
experimental condition in an attempt to
dissect these two pathways (promoting
synthesis or secretion) that could poten-
tially contribute to the observed rapid
increase in secreted MMP-2/9 in OGD-
treated bEND3 cells. After 2 h OGD treat-
ment, the MMP-2/9 levels in the CM and
the whole CEs were analyzed with gel gel-
atin zymography. As shown in Figure 4A,
OGD-induced MMP-2/9 increase in the
CM was accompanied by a remarkable de-
crease in their levels in the CEs, indicating
increased MMP-2/9 secretion under
OGD condition. To rule out the possibil-
ity that OGD could rapidly stimulate
MMP-2/9 synthesis, which in turn con-
tributed to their increase in the CM, we
measured MMP-2/9 mRNA expression
using real-time RT-PCR. Indeed, 2 h
OGD did not affect MMP-2/9 mRNA ex-
pression (Fig. 4B), further supporting a
secreting mechanism. Further supporting
a secreting mechanism was our findings
that incubation of bEND3 cells with
mRNA synthesis inhibitor actinomycin D
(Act D) at 2 �g/ml or protein synthesis
inhibitor cycloheximide (CHX) at 100
�g/ml 1 h before and during 2 h OGD
treatment did not significantly affect
MMP-2/9 increase in the CM in OGD-
treated cells (Fig. 4C,D). These results in-
dicate that OGD rapidly elevates
extracellular MMP-2/9 levels through
promoting their secretion from the preex-
isting intracellular MMP-2/9 pool, rather

than stimulating their de novo synthesis. They also indicate that
new protein synthesis is not required to mediate OGD-induced
MMP-2/9 secretion.

In addition to brain microvascular endothelial cells, astro-
cytes and neurons, the two most numerous neural cell types,
are also important cellular sources of MMP-2/9 in the brain
(Yong et al., 1998; Liu et al., 2007). Therefore, it would be
interesting to know whether OGD treatment could trigger
rapid MMP-2/9 secretion in these two cell types. To test this,
astrocytic cell line C8-D1A and neuronal cell line SH-SY5Y
were exposed to 2 h OGD, and MMP-2/9 levels in the CM and
CE were analyzed with gel gelatin zymography. Similar to what
we observed for bEND3 cells, OGD induced rapid MMP-2/9
secretion in both cell types, reflected by increased levels of
MMP-2/9 in the CM and a concomitant reduction of their
levels in the CE (Fig. 4 E).

Cav-1 mediates OGD-induced redistribution of claudin-5
in endothelial cells
Cav-1 has been shown to play an important role in endocytosis,
vesicular trafficking, and signal transduction (Lisanti et al., 1994;
Okamoto et al., 1998; Smart et al., 1999), and more recently, it was
found to be implicated in inflammatory BBB injury via mediating
the internalization of TJ proteins (Nag et al., 2007; Stamatovic et al.,

Figure 2. OGD induces rapid degradation of occludin and redistribution of claudin-5 in bEND3 cells. After exposing bEND3 cells
to OGD for 2 h, total cell lysates and extracts of subcellular fractions were prepared and subjected to Western blot analysis for tight
junction proteins occludin and claudin-5. As a loading control, the blots were stripped and reprobed with �-actin antibody. A, B,
Two hour OGD induced a significant reduction in total occludin protein level but did not change the total protein level of claudin-5.
C, OGD induced redistribution of claudin-5 between subcellular compartments, as reflected by a remarkable reduction in claudin-5
levels in the ACF and a significant increase of its levels in the CF and MF. The blots for CF were stripped and reprobed with �-actin
antibody. D, The specificity of each fraction was confirmed with anti-calpain (CF), anti-Cypor (MF), and anti-vimentin (ACF)
antibodies. *p � 0.05 versus control, Student’s t test; n � 4. Error bars indicate SEM.
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2009). Therefore, we speculated that Cav-1
might mediate OGD-induced dissociation
of claudin-5 from the cytoskeletal frame-
work. To investigate this possibility, we
studied the interaction between these two
proteins. First, we examined the changes of
Cav-1 protein in the total cellular extracts as
well as in subcellular fractions following 2 h
OGD treatment. Western blot analysis
showed that OGD did not affect Cav-1 pro-
tein levels in total cellular extracts (Fig. 5A)
as well as in the MF (Fig. 5B), but signifi-
cantly stimulated its translocation from the
cytoskeleton to the cytosol, as reflected by
increased Cav-1 protein level in the CF and
its decrease in the ACF (Fig. 5B). Interest-
ingly, these changes of Cav-1 were similar to
what we saw above for claudin-5 under the
same OGD condition (Fig. 2B,C). To fur-
ther determine whether there was an associ-
ation between these two events triggered by
OGD, we next applied siRNA approach to
knock down Cav-1 protein expression be-
fore exposing bEND3 cells to OGD treat-
ment. The ability of Cav-1 siRNA to
specifically knock down Cav-1 protein was
verified in Figure 5C, in which a �90% re-
duction in Cav-1 protein level was seen on
immunoblots at 48 h after Cav-1 siRNA
transfection. We then examined the ef-
fects of Cav-1 siRNA on OGD-induced
claudin-5 redistribution using Western blot
and immunofluorescence staining. Nota-
bly, in bEND3 cells with Cav-1 knocked
down by siRNA, OGD could no longer trig-
ger the redistribution of claudin-5 among
subcellular fractions (i.e., claudin-5 increase
in CF/MF and its decrease in ACF) (Fig.
5D). Additionally, immunocytochemistry
analysis further confirmed these immuno-
blotting results (Fig. 5E). Confocal micro-
scopic images revealed a circumcellular
claudin-5 staining in control bEND3 cells,
regardless of whether they were treated with
control siRNA or Cav-1 siRNA (Fig. 5E, left
panels), which was similar to the staining
pattern for occludin observed above. OGD
treatment interrupted the circumcellular
staining pattern for claudin-5, with in-
creased claudin-5 staining in the cytosol
(Fig. 5E, right top panel). Knockdown of
Cav-1 completely prevented the distur-
bance on claudin-5 distribution induced by
OGD (Fig. 5E, right bottom panel).

To investigate more directly the interac-
tion of Cav-1 with claudin-5, we performed coimmunoprecipitation
experiments. We found that claudin-5 coimmunoprecipitated with
Cav-1 and that OGD enhanced the interaction of Cav-1 with
claudin-5 by approximately onefold above the control (Fig. 5F).
Collectively, these data demonstrate that Cav-1 directly interacts
with claudin-5, and this interaction is crucial for mediating
claudin-5 dissociation from the cytoskeleton framework in OGD-
treated endothelial cells.

Knockdown of Cav-1 or inhibiting MMP-2/9 reduces OGD-
induced disruption of the endothelial barrier
In view of the critical role of claudin-5 and occludin in maintaining
normal endothelial barrier function, we next examined whether
MMP-mediated occludin degradation and Cav-1-dependent redis-
tribution of claudin-5 were responsible for OGD-induced endothe-
lial barrier disruption (Fig. 1A). We pretreated bEND3 cells with
specific MMP-2/9 inhibitor SB-3CT or Cav-1 siRNA before expos-

Figure 3. OGD-induced occludin degradation is MMP-2/9 dependent. A, OGD rapidly elevated MMP-2/9 levels in conditioned
media. After exposure of bEND3 cells to OGD for 2 h, a significant increase in MMP-2/9 levels was detected in the conditioned
medium on gelatin zymograms when compared with the control cultures (Ctrl). Active MMP-2 (the bottom band), but no active
MMP-9, was seen on zymogram gels. MMP-2 or -9 levels were quantified by measuring the sum intensity of their latent and active
bands. *p � 0.05 versus Ctrl, Student’s t test; n � 5. Std, Standard human MMP-2/9. B, Selective MMP-2/9 inhibitor SB-3CT
completely inhibited OGD-induced occludin degradation. bEND3 cells were treated with SB-3CT (10 �M) 2 h before and during 2 h
OGD. Occludin protein in total cellular extracts was detected with Western blot. �-Actin served as a loading control. *p � 0.05
versus vehicle (DMSO) plus Ctrl, #p � 0.05 versus vehicle plus OGD, ANOVA; n � 5. C, MMP-2 neutralizing antibody (M2)
completely inhibited OGD-induced occludin degradation, while no significant effects were observed for IgG or MMP-9 neutralizing
antibody (M9). bEND3 cells were treated with 20 �g/ml control mouse IgG, MMP-2 or MMP-9 neutralizing antibodies, or both
(M2,9) during 2 h OGD. Occludin protein in total cellular extracts was detected with Western blot. �-Actin served as a
loading control. *p � 0.05 versus control (Ctrl), #p � 0.05 versus OGD alone (�) or OGD plus IgG, ANOVA; n � 4. D,
Representative confocal micrographs showed MMP-dependent degradation of occludin. Control bEND3 cells revealed a
circumcellular immunostaining of occludin, which was significantly reduced after exposing cells to OGD for 2 h. SB-3CT
treatment completely inhibited occludin reduction in OGD-treated cells. Experiments were repeated three times with
similar results. Scale bar, 20 �m. E, Inhibition of MMP-2/9 with SB-3CT had no effect on OGD-induced claudin-5 redistri-
bution. Claudin-5 proteins in subcellular fractions were detected with Western blot. *p � 0.05 versus vehicle plus Ctrl,
ANOVA; n � 5. Error bars indicate SEM.
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ing the cells to 2 h OGD. As expected, scrambled control siRNA or
vehicle (DMSO; final concentration of 1/1000 in volume ratio) did
not affect endothelial monolayer permeability to FITC-dextran for
both control cultures and OGD-treated cells when compared with
the results in Figure 1A. Notably, SB-3CT or Cav-1 siRNA alone
significantly reduced the permeability of OGD-treated endothe-
lial monolayer to FITC-dextran, and their combination treatment
completely prevented endothelial barrier compromise (Fig. 6).
These results indicate that OGD-induced early changes in tight
junction proteins occludin and claudin-5 are responsible for
rapid loss of endothelial barrier function under ischemic
condition.

Two hour MCAO induces MMP-2/9 increase in tissue
interstitial space, occludin loss, and claudin-5 redistribution
in ischemic cerebromicrovessels
To validate our findings in vitro, we next examined the effects of 2 h
MCAO on MMP-2/9, TJ protein occludin, and claudin-5 in isch-

emic brain tissue. First, we performed in situ
zymography on cryosections obtained from
brain tissue injected with Texas Red-
albumin to examine the gelatinolytic activ-
ity of MMP-2/9. As shown in Figure 7A,
increased gelatinolytic activity (bright green
fluorescence) was only observed in ischemic
striatal tissue that showed concurrent ex-
travasation of Texas Red-albumin. No
tracer leakage and weak gelatinolytic activity
were observed in nonischemic striatal tissue.
To demonstrate a MMP-secreting mecha-
nism in vivo, we assessed extracellular
MMP-2/9 levels in the ischemic brain tissue
using in vivo microdialysis sampling. We in-
serted the microdialysis probes into the stri-
atal tissue because the striatum was referred
to as an “ischemic core” region that exhib-
ited very low residual cerebral blood flow
after MCAO (Butcher et al., 1990) and
higher susceptibility of its microvasculature
to ischemic injury (Nagaraja et al., 2011),
and our results showed BBB disruption in
this region after 2 h MCAO (Fig. 1B). Figure
7B showed the schematic diagram for mi-
crodialysis sampling. Gel gelatin zymogra-
phy analysis showed that 2 h MCAO
induced a significant increase in MMP-2
in the interstitial space of the ischemic
striatal tissue compared with its nonisch-
emic counterpart. MMP-2 seemed to be
the major form of the secreted gelatinases
in the ischemic striatum because MMP-9
was barely seen on the zymogram gels
(Fig. 7C). To determine whether 2 h
MCAO upregulated MMP-2/9 expres-
sion, we extracted total RNA from the stri-
atal tissue and analyzed MMP-2/9 mRNA
expression. As shown in Figure 7D, 2 h
MCAO did not change MMP-2/9 mRNA
expression in the ischemic striatum.
These in vivo data suggest that cerebral
ischemia leads to a rapid accumulation of
extracellular MMP-2 in the ischemic
brain through promoting their secretion,
rather than stimulating their synthesis in

an early stroke stage relevant to acute stroke thrombolysis.
Next, IHC and immunoblotting were conducted to detect the

changes of TJ protein claudin-5 and occludin in the ischemic
brain after 2 h MCAO. We performed IHC on cryosections ob-
tained from brain tissue injected with Texas Red-albumin and
found that the immunostaining of occludin (Fig. 8A), but not
claudin-5 (Fig. 8B), was significantly reduced in ischemic striatal
tissue that showed Texas Red-albumin extravasation, when com-
pared with nonischemic striatal tissue. However, we did not see
subcellular redistribution of claudin-5 even under higher magni-
fication (63� objective) (data not shown), which was observed in
OGD-treated bEND3 cells (Fig. 5E). To confirm these IHC
results, we performed Western blot to detect the changes of
occludin and claudin-5 in cerebral microvessels isolated from
ischemic brain tissue. Consistent with the IHC results, 2 h
MCAO induced a significant reduction in occludin protein
levels (Fig. 8C), while it did not change the total levels of

Figure 4. OGD elevates extracellular MMP-2/9 levels through promoting their secretion from the preexisting intracellular pool
in bEND3 cells. A, Gelatin zymography analysis showed that 2 h OGD markedly increased MMP-2/9 levels in the CM, which was
accompanied by a significant reduction in their levels in whole CEs. *p � 0.05 versus control, Student’s t test; n � 5. Std, Human
MMP-2/9 standards. B, Real-time RT-PCR analysis showed that 2 h OGD did not change MMP-2/9 mRNA expression in bEND3 cells.
n � 5. C, D, Inhibition of mRNA synthesis with Act D or inhibition of protein synthesis with CHX did not significantly affect
OGD-induced MMP-2/9 secretion in bEND3 cells. Cells were treated with Act D (2�g/ml) or CHX (100�g/ml) or vehicle (DMSO) 1 h before
and during 2 h OGD treatment. *p � 0.05 versus control (Ctrl), ANOVA; n � 5. E, Two hour OGD also stimulates MMP-2/9 secretion from
astrocytic cell line C8-D1A (left panel) and neuronal cell line SH-SY5Y (right panel), reflected by increased MMP-2/9 in CM and concurrent
reduction of their levels in CEs. Experiments are repeated four times with similar results. Error bars indicate SEM.
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claudin-5 protein (Fig. 8 D, left top
panel). Notably, through measuring
claudin-5 contents in subcellular frac-
tions of microvascular extracts, we
found that 2 h MCAO induced increases
in claudin-5 in the CF and MF, while it
decreased its contents in the ACF (Fig.
8 D, right top and bottom panels). These
results indicate that cerebral ischemia
leads to rapid occludin degradation and
claudin-5 redistribution in vivo.

Discussion
Early ischemic BBB damage that occurs
within the time window of thrombolysis for
acute ischemic stroke is being increasingly
appreciated because it carries significant
prognostic information and may help deter-
mine treatment options (thrombolytic ther-
apy or not) (Bang et al., 2007; Hjort et al.,
2008; Kastrup et al., 2008; Tanne, 2008;
Kassner et al., 2009; Sun et al., 2010). In the
present study, we used in vitro OGD and
in vivo MCAO models to elucidate how
the BBB is damaged at such an early
stroke stage. Our data demonstrate that
cerebral ischemia initiates two rapid par-
allel processes, MMP-2-mediated occludin
degradation and Cav-1-mediated redistri-
bution of claudin-5, to cause BBB disrup-
tion in early ischemic stage. Moreover, our
data demonstrate that ischemia rapidly
elevates extracellular MMP-2/9 levels
through promoting secretion, while not
their production.

BBB damage is a common event in
ischemic stroke, presenting as a pro-
gressive process, with an initial damage
resulting from cerebral ischemia (del
Zoppo et al., 1998; Simard et al., 2007),
aggravated by reperfusion due to a
mechanism of reperfusion injury (Hal-
lenbeck and Dutka, 1990; Warach and
Latour, 2004). Accumulating evidence
suggests that the timing of BBB damage
can be early enough to be within the
3– 4.5 h thrombolytic time window
(Hacke et al., 2008; Del Zoppo et al.,
2009). In animal stroke models, BBB
damage or even severe microvascular
disruption was observed in the subcor-
tical region of the ischemic hemisphere
2.5 h after ischemia onset (Chen et al.,
2009; Sun et al., 2010). In stroke pa-
tients, BBB disruption was found to be
evident at a median estimated time of
3.8 h from stroke onset (Latour et al.,
2004; Warach and Latour, 2004). The
importance of this early ischemic BBB
damage is increasingly appreciated because animal and human
stroke studies offer an intriguing observation that ischemic brain
tissue with compromised BBB in early ischemic stroke stages

often develop ICH during thrombolytic reperfusion (Bang et al.,
2007; Hjort et al., 2008; Kastrup et al., 2008; Kassner et al., 2009;
Sun et al., 2010). These results reveal a close association between
early ischemic BBB damage and postthrombolysis ICH. Surpris-

Figure 5. Cav-1 mediates OGD-induced claudin-5 dissociation from the cytoskeleton in endothelial cells. A, B, Western blot analysis
showed that exposing bEND3 cells to OGD for 2 h had no effects on the total protein levels of Cav-1, but triggered its redistribution among
subcellular fractions, as reflected by increased Cav-1 level in the CF and decreased level in the ACF. *p�0.05 versus control, Student’s t test;
n�5. C, Cav-1 siRNA effectively knocked down Cav-1 protein expression in bEND3 cells. Western blot analysis showed that incubation cells
withCav-1siRNA(Cav-1siR)for48hsignificantly(�90%)reducedCav-1proteinlevels.*p�0.05versuscontrolsiRNA(CtrlsiR),Student’s
t test; n�5. D, Knockdown of Cav-1 with siRNA prevented OGD-induced claudin-5 redistribution in bEND3 cells. Following OGD treatment,
claudin-5 levels in CF, MF were increased, while its level in ACF was markedly reduced, which was inhibited by Cav-1 siRNA. *p � 0.05
versus control (Ctrl); #p � 0.05 versus Ctrl siR plus OGD, ANOVA; n � 5. E, Representative confocal microscope images revealed a circum-
cellular immunostaining of claudin-5 in control bEND3 cells. Two hour OGD treatment did not change the immunostaining intensity of
claudin-5, but significantly disturbed its normal distribution pattern. Knockdown of Cav-1 with siRNA inhibited claudin-5 redistribution
induced by OGD. Experiments were repeated three times with similar results. Scale bar, 20 �m. F, Representative immunoblot of coim-
munoprecipitation of Cav-1 and claudin-5 from whole-cell lysates of control cultures or OGD-treated cells with anti-Cav-1 antibody or
normal IgG (top panel). Bottom panel, OGD enhanced interaction of Cav-1 with claudin-5. *p � 0.05 versus control, Student’s t test; n �
4. Error bars indicate SEM.
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ingly, despite its close link to postthrombolysis ICH, how the BBB
is damaged at such an early stroke remains virtually unknown. Data
presented in this study provide a novel mechanistic understanding
of early ischemic BBB damage.

We show here that 2 h of ischemia (OGD or MCAO) without
reoxygenation or a brief 10 min reperfusion induced BBB disruption
both in vitro and in vivo, as reflected by increased permeability to
fluorescence-labeled tracers. In the MCAO rats, FITC-albumin leak-
age invariably occurred in the ischemic subcortical regions (fre-
quently seen in the ventromedial striatum and the preoptic area),
indicating that the BBB in these regions suffers the earliest and the
most, probably due to very low residual cerebral blood flow to these
regions when the MCA is occluded (Butcher et al., 1990; Nagaraja et
al., 2011). The mechanism(s) accounting for this early ischemic BBB
damage is unclear. Animal stroke studies have demonstrated that the
gelatinases MMP-2/9 are induced in the ischemic brain and critically
contribute to BBB disruption at relative late stroke stages during
postischemic reperfusion (Romanic et al., 1998; Heo et al., 1999;
Wang et al., 2003; Gasche et al., 2006; Kamada et al., 2007; Y. Yang et
al., 2007; Liu et al., 2009b; Jin et al., 2010). Increased MMP-2 and/or
MMP-9 expression has also been observed in vitro after exposing
endothelial cells to OGD followed by reoxygenation or to prolonged
OGD treatment (24 h) (M. Z. Yang et al., 2007; Slevin et al., 2009). In
the present study, we investigated how ischemia affected MMP-2/9
in the early ischemic stage. Our data that exposure of endothelial
cells to OGD for 2 h led to MMP-2/9 increase in the CM and a

remarkable reduction in their intracellular
contents suggest that OGD may elevate ex-
tracellular MMP-2/9 levels through pro-
moting secretion. Further support for this
secreting mechanism is provided by the ob-
servation that OGD did not upregulate
MMP-2/9 mRNA expression and that in-
hibiting de novo mRNA or protein synthesis
had no effect on OGD-induced MMP-2/9
increase in the CM. These cellular findings
were confirmed in vivo because 2 h MCAO
increased gelatinolytic activities and MMP-
2/9 levels, particularly MMP-2 levels, in the
interstitial spaces of the ischemic striatum,
while it did not upregulate their mRNA ex-
pression. In the setting of ischemic stroke,
the stimulators for MMP-2/9 production
are mainly produced during the phase of
reperfusion, which include inflammatory
cytokines (Ellison et al., 1999; Rosenberg
and Mun-Bryce, 2004), serine proteases
(tPA and thrombin) (Kolev et al., 2003;
Wang et al., 2003; Yepes et al., 2003), and
free radicals (Floyd, 1999; Jian Liu and
Rosenberg, 2005). Therefore, in the early
ischemic stage, promoting MMP-2/9 secre-
tion may represent the only and rapid way
to elevate extracellular MMP-2/9 levels,
which is strongly supported by our data.
Under our experimental conditions, 2 h
OGD did not induce detectable cytotoxicity
(data not shown), so it is not likely that the
increased MMP-2/9 levels in the condi-
tioned media are due to a passive release
from the injured endothelial cells. However,
this possibility may exist in the setting of 2 h
MCAO because tissue infarction is evident

on TTC-stained brain slices (data not shown). Worthy of note, our
in vivo observation that MMP-2 is the major gelatinase secreted by
ischemic brain tissue after 2 h MCAO is consistent with the emerging
notion that MMP-2 is an early mediator in ischemic brain injury,

Figure 6. Inhibition of MMP-2/9 with SB-3CT or knockdown of Cav-1 with siRNA reduces
OGD-induced BBB disruption in vitro. The permeability of FITC-dextran across bEND3 monolay-
ers was significantly increased after 2 h exposure to OGD, which was partially inhibited by
pretreating cells with MMP-2/9 inhibitor SB3-CT or Cav-1 siRNA. Combination of SB-3CT and
Cav-1 siRNA completely preserved the endothelial barrier integrity of OGD-treated endothelial
monolayer. The endothelial monolayer permeability was assessed by calculating the transfer
rate of FITC-dextran from luminal compartment to abluminal compartment, and was expressed
as apparent permeability coefficient (Papp) (in centimeters per second). *p � 0.05 versus
control; #p � 0.05 versus vehicle-OGD cultures; �p � 0.05 versus control siRNA (Ctrl siR) plus
OGD; &p � 0.05 versus Cav-1 siRNA (Cav-1 siR) plus OGD or SB-3CT plus OGD, ANOVA; n � 6.
Error bars indicate SEM.

Figure 7. Cerebral ischemia rapidly increases extracellular MMP-2/9 levels and their activities in ischemic striatum. After 2 h MCAO, the
gelatinolytic activity of MMP-2/9 and their extracellular levels were analyzed by in situ zymography and microdialysis sampling/gel zymog-
raphy, respectively. A, In situ zymography was performed on cryosections obtained from brain tissue injected with Texas Red-albumin.
Increased gelatinolytic activity of MMP-2/9 was found in the ischemic striatal tissue (bright green fluorescence), where Texas Red-albumin
leakage concurrently occurred. No tracer leakage and weak gelatinolytic activity were seen in the corresponding nonischemic striatal tissue.
Scale bar, 50 �m. Experiments were repeated four times with similar results. B, Schematic diagram of in vivo microdialysis sampling, by
which MMP-2/9 in the interstitial space of the nonischemic (Non-I) and ischemic (I) striatum were collected during 2 h MCAO. C, Gel gelatin
zymographyanalysisofcollecteddialysatesshowedthatMMP-2/9,particularlyMMP-2,weresignificantly increasedintheinterstitialspace
of the ischemic striatum. *p � 0.05 versus Non-I, Student’s t test; n � 4. D, MMP-2/9 mRNA expression was not changed in the ischemic
striatal tissue after 2 h MCAO (n � 6). Total RNA was extracted from nonischemic and ischemic striatal tissues and mRNA expression was
analyzed by real-time RT-PCR. Error bars indicate SEM.
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while MMP-9, being an inflammatory molecule (normally existing
at a low basal level), is induced and involved in brain injury at rela-
tively late stroke stages (Y. Yang et al., 2007). The knowledge about
MMP-2/9 intracellular trafficking and mode of their secretion re-
mains quite limited, although there is evidence supporting a vesicu-
lar secretion mechanism in both cancer cells (Schnaeker et al., 2004;
Taraboletti et al., 2006) and neural cells (Sbai et al., 2008, 2010).
Future studies are warranted to further explore the mechanisms un-
derlying enhanced MMP-2/9 secretion under ischemic condition.

We next investigated whether and how ischemia-induced
MMP-2/9 secretion contributed to early ischemic BBB damage.
MMP-2/9 have been shown to mediate BBB disruption through
degrading TJ proteins in animal stroke models with reperfusion
(Asahi et al., 2001; Date et al., 2006; Y. Yang et al., 2007; Liu et al.,
2009a; Zhang et al., 2009). Similarly, here we found that 2 h OGD
induced a significant reduction in TJ protein occludin, and this
change was completely blocked by MMP-2/9 inhibitor SB-3CT
and by MMP-2 neutralizing antibody; however, blocking of
MMP-9 with its neutralizing antibody only showed marginal ef-
fects. These results indicate that MMP-2 is the enzyme responsi-

ble for occludin degradation under our experimental conditions,
and this may be explained by our observation that active MMP-2,
but not active MMP-9, was detected in the CM. Surprisingly,
under the same experimental condition, another transmembrane
TJ protein claudin-5 responded to OGD very differently, in
which OGD did not cause claudin-5 degradation but stimulated
its dissociation from the cytoskeletal framework in a MMP-2/9-
independent manner. On the in vivo MCAO model, we also
found that cerebral ischemia rapidly induced occludin degrada-
tion and claudin-5 redistribution in the ischemic cerebral
microvessels. It is worth pointing out that, due to technical diffi-
culty, we were unable to detect claudin-5 redistribution by ICH
on cryosections, but we clearly showed its translocation from the
cytoskeletal subcellular fraction to cytosolic and membranous
fractions in isolated ischemic microvessels. At the TJs, although
occludin and claudin-5 closely interact with each other to seal the
gaps between adjacent endothelial cells, their fates seem to be very
different when exposed to MMP-2/9 as incubation of microvas-
cular or endothelial extracts with purified MMP-2 or -9 led to
proteolytic degradation for occludin, but not claudin-5 (Giebel et

Figure 8. Cerebral ischemia induces rapid occludin degradation and claudin-5 redistribution in vivo. After 2 h MCAO, the protein levels of occludin and claudin-5 in cerebral microvessels were
analyzed by IHC or Western blot. A, B, Immunostaining for occludin and claudin-5 was performed on cryosections obtained from brain tissue injected with Texas Red-albumin. Immunostaining
(green) for occludin and claudin-5 were clearly seen on the microvessels of the nonischemic tissue, where no Texas Red-albumin leakage was observed. In the ischemic hemisphere, tracer leakage
was accompanied by reduced occludin staining on the microvessels, while no appreciable changes were observed for claudin-5 staining. Scale bar, 25�m. Experiments were repeated four times with
similar results. C, D, Cerebral microvessels were isolated from nonischemic (Non-I) and ischemic (I) hemispheric tissue after 2 h MCAO. Total microvascular extracts and subcellular fractions were
prepared for analyzing occludin and claudin-5 protein levels with Western blot. As a loading control, the blots were stripped and reprobed with �-actin antibody. MCAO induced a significant
reduction in occludin levels in total microvascular extracts (C). *p � 0.05 versus Non-I, Student’s t test; n � 6. MCAO did not change total claudin-5 levels in cerebral microvascular extracts (top left
panel) but led to a remarkable reduction in claudin-5 level in the ACF and its significant increases in the CF and MF (top right and bottom panels). *p � 0.05 versus Non-I, Student’s t test; n � 4. Error
bars indicate SEM.
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al., 2005; Liu et al., 2009a). However, under more complicated
pathological conditions, such as ischemic stroke, MMP-2 and/or
-9 have been reported to mediate claudin-5 disruption in the
ischemic brain at early and late reperfusion phases following ce-
rebral ischemia (Y. Yang et al., 2007; McColl et al., 2008). In
addition to MMP-2/9, caspase-3-mediated rapid disruption of
zonula occludens-1 and claudin-5 has recently reported in a co-
culture neurovascular unit model after 30 min of OGD treat-
ment, and this disruption is not accompanied by apoptotic cell
death (Zehendner et al., 2011).

Redistribution of claudin-5 occurs in endothelial cells in re-
sponse to various stimuli (Andras et al., 2003; Hawkins and Da-
vis, 2005; Song et al., 2007; Larson et al., 2008; Kondo et al., 2009).
What mediates claudin-5 redistribution is not clear. Cav-1 has
been shown to be an important mediator involving in endocyto-
sis, vesicular trafficking, and signal transduction (Lisanti et al.,
1994; Okamoto et al., 1998; Smart et al., 1999), and Stamatovic et
al. (2009) recently reported caveolae-associated internalization
of claudin-5 in endothelial cells challenged by chemokine CCL2.
In this study, we found that OGD stimulated translocation of
Cav-1 from the cytoskeleton to the cytosol, which paralleled to
the changes observed for claudin-5. Notably, knockdown of
Cav-1 with siRNA completely abolished OGD-induced claudin-5
redistribution, implicating a causal link between these two
events. Taking this a step further, we performed coimmunopre-
cipitation experiments and found that claudin-5 coimmunopre-
cipitated with Cav-1 and their interaction appeared to be
enhanced under ischemic condition. Currently, we do not know
the mechanisms by which ischemia triggered Cav-1 translocation
and what the fates are for the redistributed Cav-1 and claudin-5
(recycling or degradation?). Clearly, more work is required to
understand the trafficking of these proteins under ischemic
condition.

Last, our results that inhibiting MMP-2/9 with SB-3CT or
knockdown of Cav-1 with siRNA alone partially preserved endo-
thelial barrier function and their combination led to a full pres-
ervation in OGD-treated endothelial monolayer support the
notion that MMP-2-dependent occludin degradation and Cav-
1-mediated redistribution of claudin-5 are two parallel molecular
events, which can be quickly initiated by ischemia to mediate
early ischemic BBB damage. It is worth pointing out that our data
do not exclude that cerebral ischemia may also trigger rapid
changes in other tight junction proteins such as ZO-1, JAM-1
(junctional adhesion molecule) (Wolburg and Lippoldt, 2002),
adherens junctions (Vorbrodt and Dobrogowska, 2004), and
other BBB structural components including astrocytic endfeet
(Lo et al., 2005), pericytes (Zozulya et al., 2008), and cerebral
mast cells (Mattila et al., 2011).

In summary, our results define a novel mechanism underlying
early BBB damage induced by ischemia. We propose that isch-
emia triggers two rapid and parallel processes, MMP-2-mediated
occludin degradation and Cav-1-mediated dissociation of
claudin-5 from the cytoskeleton, to cause early ischemic BBB
disruption. Findings in the present study may provide clues for
developing new treatment strategies to protect the BBB against
ischemic damage and thus safely expand the time window for
thrombolytic reperfusion.
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Kastrup A, Gröschel K, Ringer TM, Redecker C, Cordesmeyer R, Witte OW,
Terborg C (2008) Early disruption of the blood-brain barrier after
thrombolytic therapy predicts hemorrhage in patients with acute stroke.
Stroke 39:2385–2387.

Kolev K, Skopál J, Simon L, Csonka E, Machovich R, Nagy Z (2003) Matrix
metalloproteinase-9 expression in post-hypoxic human brain capillary
endothelial cells: H2O2 as a trigger and NF-kappaB as a signal transducer.
Thromb Haemost 90:528 –537.

Kondo N, Ogawa M, Wada H, Nishikawa S (2009) Thrombin induces rapid
disassembly of claudin-5 from the tight junction of endothelial cells. Exp
Cell Res 315:2879 –2887.

Larson J, Schomberg S, Schroeder W, Carpenter TC (2008) Endothelial
EphA receptor stimulation increases lung vascular permeability. Am J
Physiol Lung Cell Mol Physiol 295:L431–L439.

Latour LL, Kang DW, Ezzeddine MA, Chalela JA, Warach S (2004) Early
blood-brain barrier disruption in human focal brain ischemia. Ann Neu-
rol 56:468 – 477.

Lisanti MP, Scherer PE, Tang Z, Sargiacomo M (1994) Caveolae, caveolin
and caveolin-rich membrane domains: a signalling hypothesis. Trends
Cell Biol 4:231–235.

Lischper M, Beuck S, Thanabalasundaram G, Pieper C, Galla HJ (2010) Metal-

loproteinase mediated occludin cleavage in the cerebral microcapillary endo-
thelium under pathological conditions. Brain Res 1326:114–127.

Liu S, Liu M, Peterson S, Miyake M, Vallyathan V, Liu KJ (2003) Hydroxyl
radical formation is greater in striatal core than in penumbra in a rat
model of ischemic stroke. J Neurosci Res 71:882– 888.

Liu W, Furuichi T, Miyake M, Rosenberg GA, Liu KJ (2007) Differential
expression of tissue inhibitor of metalloproteinases-3 in cultured astro-
cytes and neurons regulates the activation of matrix metalloproteinase-2.
J Neurosci Res 85:829 – 836.

Liu W, Sood R, Chen Q, Sakoglu U, Hendren J, Cetin O, Miyake M, Liu KJ
(2008) Normobaric hyperoxia inhibits NADPH oxidase-mediated ma-
trix metalloproteinase-9 induction in cerebral microvessels in experimen-
tal stroke. J Neurochem 107:1196 –1205.

Liu W, Hendren J, Qin XJ, Shen J, Liu KJ (2009a) Normobaric hyperoxia
attenuates early blood-brain barrier disruption by inhibiting MMP-9-
mediated occludin degradation in focal cerebral ischemia. J Neurochem
108:811– 820.

Liu W, Hendren J, Qin XJ, Liu KJ (2009b) Normobaric hyperoxia reduces
the neurovascular complications associated with delayed tissue plasmin-
ogen activator treatment in a rat model of focal cerebral ischemia. Stroke
40:2526 –2531.

Lo AC, Chen AY, Hung VK, Yaw LP, Fung MK, Ho MC, Tsang MC, Chung
SS, Chung SK (2005) Endothelin-1 overexpression leads to further wa-
ter accumulation and brain edema after middle cerebral artery occlusion
via aquaporin 4 expression in astrocytic end-feet. J Cereb Blood Flow
Metab 25:998 –1011.

Mattila OS, Strbian D, Saksi J, Pikkarainen TO, Rantanen V, Tatlisumak T,
Lindsberg PJ (2011) Cerebral mast cells mediate blood-brain barrier
disruption in acute experimental ischemic stroke through perivascular
gelatinase activation. Stroke 42:3600 –3605.

McCaffrey G, Staatz WD, Quigley CA, Nametz N, Seelbach MJ, Campos CR,
Brooks TA, Egleton RD, Davis TP (2007) Tight junctions contain oligo-
meric protein assembly critical for maintaining blood-brain barrier integ-
rity in vivo. J Neurochem 103:2540 –2555.

McColl BW, Rothwell NJ, Allan SM (2008) Systemic inflammation alters
the kinetics of cerebrovascular tight junction disruption after experimen-
tal stroke in mice. J Neurosci 28:9451–9462.

Min D, Lyons JG, Jia J, Lo L, McLennan SV (2006) 2-Methoxy-2,4-
diphenyl-3(2 H)-furanone-labeled gelatin zymography and reverse zy-
mography: a rapid real-time method for quantification of matrix
metalloproteinases-2 and -9 and tissue inhibitors of metalloproteinases.
Electrophoresis 27:357–364.

Nag S, Venugopalan R, Stewart DJ (2007) Increased caveolin-1 expression
precedes decreased expression of occludin and claudin-5 during blood-
brain barrier breakdown. Acta Neuropathol 114:459 – 469.

Nagaraja TN, Ewing JR, Karki K, Jacobs PE, Divine GW, Fenstermacher JD,
Patlak CS, Knight RA (2011) MRI and quantitative autoradiographic
studies following bolus injections of unlabeled and 14C-labeled
gadolinium-diethylenetriaminepentaacetic acid in a rat model of stroke
yield similar distribution volumes and blood-to-brain influx rate con-
stants. NMR Biomed 24:547–558.

Nakamuta M, Kotoh K, Enjoji M, Nawata H (2005) Effects of fibril- or
fixed-collagen on matrix metalloproteinase-1 and tissue inhibitor of ma-
trix metalloproteinase-1 production in the human hepatocyte cell line
HLE. World J Gastroenterol 11:2264 –2268.

Nilsson UW, Dabrosin C (2006) Estradiol and tamoxifen regulate endosta-
tin generation via matrix metalloproteinase activity in breast cancer in
vivo. Cancer Res 66:4789 – 4794.

Okamoto T, Schlegel A, Scherer PE, Lisanti MP (1998) Caveolins, a family
of scaffolding proteins for organizing “preassembled signaling com-
plexes” at the plasma membrane. J Biol Chem 273:5419 –5422.

Romanic AM, White RF, Arleth AJ, Ohlstein EH, Barone FC (1998) Matrix
metalloproteinase expression increases after cerebral focal ischemia in
rats: inhibition of matrix metalloproteinase-9 reduces infarct size. Stroke
29:1020 –1030.

Rosenberg GA, Mun-Bryce S (2004) Matrix metalloproteinases in neuroin-
flammation and cerebral ischemia. Ernst Schering Res Found Workshop
2004:1–16.

Rosenberg GA, Estrada EY, Dencoff JE (1998) Matrix metalloproteinases
and TIMPs are associated with blood-brain barrier opening after reper-
fusion in rat brain. Stroke 29:2189 –2195.

Sbai O, Ferhat L, Bernard A, Gueye Y, Ould-Yahoui A, Thiolloy S, Charrat E,

3056 • J. Neurosci., February 29, 2012 • 32(9):3044 –3057 Liu et al. • Early Molecular Events for Ischemic BBB Disruption



Charton G, Tremblay E, Risso JJ, Chauvin JP, Arsanto JP, Rivera S,
Khrestchatisky M (2008) Vesicular trafficking and secretion of matrix
metalloproteinases-2, -9 and tissue inhibitor of metalloproteinases-1 in
neuronal cells. Mol Cell Neurosci 39:549 –568.

Sbai O, Ould-Yahoui A, Ferhat L, Gueye Y, Bernard A, Charrat E, Mehanna A,
Risso JJ, Chauvin JP, Fenouillet E, Rivera S, Khrestchatisky M (2010)
Differential vesicular distribution and trafficking of MMP-2, MMP-9,
and their inhibitors in astrocytes. Glia 58:344 –366.

Schnaeker EM, Ossig R, Ludwig T, Dreier R, Oberleithner H, Wilhelmi M,
Schneider SW (2004) Microtubule-dependent matrix metalloprotei-
nase-2/matrix metalloproteinase-9 exocytosis: prerequisite in human
melanoma cell invasion. Cancer Res 64:8924 – 8931.

Simard JM, Kent TA, Chen M, Tarasov KV, Gerzanich V (2007) Brain oe-
dema in focal ischaemia: molecular pathophysiology and theoretical im-
plications. Lancet Neurol 6:258 –268.

Slevin M, Krupinski J, Rovira N, Turu M, Luque A, Baldellou M, Sanfeliu C,
de Vera N, Badimon L (2009) Identification of pro-angiogenic markers
in blood vessels from stroked-affected brain tissue using laser-capture
microdissection. BMC Genomics 10:113.

Smart EJ, Graf GA, McNiven MA, Sessa WC, Engelman JA, Scherer PE, Oka-
moto T, Lisanti MP (1999) Caveolins, liquid-ordered domains, and sig-
nal transduction. Mol Cell Biol 19:7289 –7304.

Song L, Ge S, Pachter JS (2007) Caveolin-1 regulates expression of junction-
associated proteins in brain microvascular endothelial cells. Blood
109:1515–1523.

Stamatovic SM, Keep RF, Wang MM, Jankovic I, Andjelkovic AV (2009)
Caveolae-mediated internalization of occludin and claudin-5 during
CCL2-induced tight junction remodeling in brain endothelial cells. J Biol
Chem 284:19053–19066.

Sun L, Zhou W, Mueller C, Sommer C, Heiland S, Bauer AT, Marti HH,
Veltkamp R (2010) Oxygen therapy reduces secondary hemorrhage af-
ter thrombolysis in thromboembolic cerebral ischemia. J Cereb Blood
Flow Metab 30:1651–1660.

Tanne D (2008) Imaging blood-brain barrier disruption: an evolving tool
for assessing the risk of hemorrhage after thrombolysis. Nat Clin Pract
Neurol 4:644 – 645.

Taraboletti G, D’Ascenzo S, Giusti I, Marchetti D, Borsotti P, Millimaggi D,
Giavazzi R, Pavan A, Dolo V (2006) Bioavailability of VEGF in tumor-
shed vesicles depends on vesicle burst induced by acidic pH. Neoplasia
8:96 –103.

Vorbrodt AW, Dobrogowska DH (2004) Molecular anatomy of interendo-
thelial junctions in human blood-brain barrier microvessels. Folia His-
tochem Cytobiol 42:67–75.

Wang X, Lo EH (2003) Triggers and mediators of hemorrhagic transforma-
tion in cerebral ischemia. Mol Neurobiol 28:229 –244.

Wang X, Lee SR, Arai K, Lee SR, Tsuji K, Rebeck GW, Lo EH (2003) Lipo-

protein receptor-mediated induction of matrix metalloproteinase by tis-
sue plasminogen activator. Nat Med 9:1313–1317.

Wang Y, Zagorevski DV, Lennartz MR, Loegering DJ, Stenken JA (2009)
Detection of in vivo matrix metalloproteinase activity using microdialysis
sampling and liquid chromatography/mass spectrometry. Anal Chem
81:9961–9971.

Wang Z, Leng Y, Tsai LK, Leeds P, Chuang DM (2011) Valproic acid atten-
uates blood-brain barrier disruption in a rat model of transient focal
cerebral ischemia: the roles of HDAC and MMP-9 inhibition. J Cereb
Blood Flow Metab 31:52–57.

Warach S, Latour LL (2004) Evidence of reperfusion injury, exacerbated by
thrombolytic therapy, in human focal brain ischemia using a novel imag-
ing marker of early blood-brain barrier disruption. Stroke 35:2659 –2661.

Wen X, Li Y, Liu Y (2010) Opposite action of peroxisome proliferator-
activated receptor-� in regulating renal inflammation: functional switch
by its ligand. J Biol Chem 285:29981–29988.

Wolburg H, Lippoldt A (2002) Tight junctions of the blood-brain barrier: de-
velopment, composition and regulation. Vascul Pharmacol 38:323–337.

Yang MZ, Mun CH, Choi YJ, Baik JH, Park KA, Lee WT, Lee JE (2007)
Agmatine inhibits matrix metalloproteinase-9 via endothelial nitric oxide
synthase in cerebral endothelial cells. Neurol Res 29:749 –754.

Yang Y, Estrada EY, Thompson JF, Liu W, Rosenberg GA (2007) Matrix
metalloproteinase-mediated disruption of tight junction proteins in ce-
rebral vessels is reversed by synthetic matrix metalloproteinase inhibitor
in focal ischemia in rat. J Cereb Blood Flow Metab 27:697–709.

Yepes M, Sandkvist M, Moore EG, Bugge TH, Strickland DK, Lawrence
DA (2003) Tissue-type plasminogen activator induces opening of the
blood-brain barrier via the LDL receptor-related protein. J Clin Invest
112:1533–1540.

Yong VW, Krekoski CA, Forsyth PA, Bell R, Edwards DR (1998) Matrix
metalloproteinases and diseases of the CNS. Trends Neurosci 21:75– 80.

Zehendner CM, Librizzi L, de Curtis M, Kuhlmann CR, Luhmann HJ (2011)
Caspase-3 contributes to ZO-1 and Cl-5 tight-junction disruption in
rapid anoxic neurovascular unit damage. PLoS One 6:e16760.

Zhang C, An J, Haile WB, Echeverry R, Strickland DK, Yepes M (2009) Micro-
glial low-density lipoprotein receptor-related protein 1 mediates the effect of
tissue-type plasminogen activator on matrix metalloproteinase-9 activity in
the ischemic brain. J Cereb Blood Flow Metab 29:1946–1954.

Zhu D, Wang Y, Singh I, Bell RD, Deane R, Zhong Z, Sagare A, Winkler EA,
Zlokovic BV (2010) Protein S controls hypoxic/ischemic blood-brain
barrier disruption through the TAM receptor Tyro3 and sphingosine
1-phosphate receptor. Blood 115:4963– 4972.

Zozulya A, Weidenfeller C, Galla HJ (2008) Pericyte-endothelial cell inter-
action increases MMP-9 secretion at the blood-brain barrier in vitro.
Brain Res 1189:1–11.

Liu et al. • Early Molecular Events for Ischemic BBB Disruption J. Neurosci., February 29, 2012 • 32(9):3044 –3057 • 3057


