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Early inhibition of MMP activity in ischemic rat brain
promotes expression of tight junction proteins and
angiogenesis during recovery
Yi Yang1, Jeffrey F Thompson1, Saeid Taheri2, Victor M Salayandia1, Thera A McAvoy1, Jeff W Hill1, Yirong Yang3,
Eduardo Y Estrada1 and Gary A Rosenberg1,4,5

In cerebral ischemia, matrix metalloproteinases (MMPs) have a dual role by acutely disrupting tight junction proteins (TJPs) in
the blood–brain barrier (BBB) and chronically promoting angiogenesis. Since TJP remodeling of the neurovascular unit (NVU) is
important in recovery and early inhibition of MMPs is neuroprotective, we hypothesized that short-term MMP inhibition would
reduce infarct size and promote angiogenesis after ischemia. Adult spontaneously hypertensive rats had a transient middle cerebral
artery occlusion with reperfusion. At the onset of ischemia, they received a single dose of the MMP inhibitor, GM6001. They were
studied at multiple times up to 4 weeks with immunohistochemistry, biochemistry, and magnetic resonance imaging (MRI).
We observed newly formed vessels in peri-infarct regions at 3 weeks after reperfusion. Dynamic contrast-enhanced MRI showed
BBB opening in new vessels. Along with the new vessels, pericytes expressed zonula occludens-1 (ZO-1) and MMP-3, astrocytes
expressed ZO-1, occludin, and MMP-2, while endothelial cells expressed claudin-5. The GM6001, which reduced tissue loss at
3 to 4 weeks, significantly increased new vessel formation with expression of TJPs and MMPs. Our results show that pericytes and
astrocytes act spatiotemporally, contributing to extraendothelial TJP formation, and that MMPs are involved in BBB restoration
during recovery. Early MMP inhibition benefits neurovascular remodeling after stroke.

Journal of Cerebral Blood Flow & Metabolism (2013) 33, 1104–1114; doi:10.1038/jcbfm.2013.56; published online 10 April 2013

Keywords: astrocytes; blood–brain barrier; brain recovery; focal ischemia; matrix proteinases; pericytes angiogenesis

INTRODUCTION
Neurovascular remodeling after stroke has been recently recog-
nized as a promising target for neurologic therapies. Stimulating
functional vessel growth may stabilize cerebral perfusion
and promote neuronal survival, brain plasticity, and neurologic
recovery.1 During recovery, angiogenesis occurs in the penumbral
areas in stroke patients and animals.2 Increased microvessel
density in penumbral regions after stroke has been observed in
humans3 and in animals.4,5 Vascular integrity depends on the
complex relationship of the tight junction proteins (TJPs) between
the endothelial cells, surrounding extracellular matrix, astrocytes,
pericytes, and other cells in the neurovascular unit (NVU). In the
early stages of angiogenesis, newly formed vessels have increased
vascular permeability, suggesting a derangement in TJPs during
restoration of the blood–brain barrier (BBB).

In acute ischemia, matrix metalloproteinases (MMPs) open the
BBB and cause neuronal death, and MMP inhibitors block TJP
breakdown.6–9 Furthermore, MMPs are critical for angiogenesis
during recovery. Long-term MMP inhibition reduces neuronal
plasticity, impairs new vessel formation, and promotes tissue
damage in peri-infarct cortex.10 This suggested that the beneficial

effects of MMP inhibition could be preserved, while the
detrimental ones avoided, by limiting their use to the early
stages of injury. Therefore, we hypothesized that short-term
MMP inhibition could provide the early neuroprotection in NVU
and promote angiogenesis.

Earlier we showed that MMP-2 and -9 disrupted the BBB
by degrading TJPs, claudin-5 and occludin, within 3 hours
of reperfusion.9 It is well known that MMPs are critical in
angiogenesis, but their role in the eventual remodeling of the
NVU has not been studied. Understanding the manner in which
the MMPs contribute to the restoration of vascular integrity after
several weeks is necessary to plan timing of treatment with MMP
inhibitors to avoid interference with the beneficial action of MMPs
in angiogenesis.

To investigate the molecular and cellular mechanisms involved
in poststroke neurovascular remodeling, we used a rat model
of transient middle cerebral artery occlusion (MCAO) with
reperfusion. We have chosen spontaneously hypertensive rats
because they have clinically relevant risk factors for ischemic
stroke.11 We used immunohistochemistry (IHC), western blot,
confocal microscopy, and dynamic contrast-enhanced magnetic
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resonance imaging (MRI) to characterize the role of pericytes,
astrocytes, and endothelial cells in the remodeling of TJPs and BBB
integration. We determined the spatiotemporal involvement of
MMP-2 and -3 in the remodeling of TJPs in the BBB and migration
of new vessels. We report that a single dose of an MMP inhibitor at
an early stage in ischemic stroke facilitates later angiogenesis and
reduces infarct size at 3 to 4 weeks.

MATERIALS AND METHODS
Middle Cerebral Artery Occlusion with Reperfusion
The study was approved by the University of New Mexico Animal Care
Committee and conformed to the National Institutes of Health Guidelines
for use of animals in research. Eighty-six male spontaneously hypertensive
rats (280 to 300 g of body weight) were subjected to a 90-minute MCAO
with reperfusion for 24, and 48 hours, 7 days, and 3 and 4 weeks as
previously described.8 Thirty-four animals were used in histologic and MRI
studies. For the MMP inhibition experiments, groups studied were GM6001
(n¼ 26) and the GM6001-negative control (n¼ 26). The rat numbers
did not reflect the rats which died around 12 to 17 days after
reperfusion during the long-term studies (33% in control group and
11% in treated group). Inhibition of MMP was performed with a single dose
of the broad-spectrum MMP inhibitor, GM6001 (N-[(2R)-2-(Hydro-
xamidocarbonylmethyl)-4-methylpentanoyl]-L-tryptophan Methylamide;
Calbiochem, San Diego, CA, USA) administered immediately before
MCAO onset (5 mg/rat, intravenously).12 Control rats had the same
dose of N-t-Butoxycarbonyl-L-leucyl-L-tryptophan Methylamide
(Calbiochem), a negative control for GM6001. Both active and inactive
drugs were delivered at onset of MCAO. Another group of sham animals
(n¼ 12) underwent neck surgery with a suture inserted and rapidly
removed.

Immunohistochemistry
Ten micrometer sections from rat brain tissues fixed with 2% paraformal-
dehyde, 0.1 mol/L sodium periodate, 0.075 mol/L lysine in 100 mmol/L
phosphate buffer, pH 7.3 were used for immunohistochemical analysis.
Primary antibodies and dilutions used in IHC were claudin-5 (1:500)
(Invitrogen, Grand Island, NY, USA), occludin (1:500) (Invitrogen), zonula
occludens-1 (ZO-1) (1:200, Invitrogen), MMP-2 (1:300, Chemicon, Temecula,
CA, USA), MMP-3 (1:1500, Chemicon), MMP-9 (1:250; Chemicon), VEGF-A
(1:1000, Abcam, Cambridge, MA, USA), Ki67 (1:1000, Abcam), RECA1 (1:300,
Abcam), glial fibrillary acidic protein (GFAP) (1:400, Sigma-Aldrich, St Louis,
MO, USA; 1:100, Abcam), NeuN (1:400; Chemicon), OX-42 (1:400, Accurate)
NG2 (1:300, Millipore, Billerica, MA, USA), Desmin (5mg/mL, Chemicon),
PDGFR-b (1:100, Cell Signaling, Danvers, MA, USA).

For immunofluorescence, brain sections were treated with acetone and
blocked with 5% normal serum. Primary antibodies were incubated
for 24 hours at 41C. Sections were incubated for 90 minutes at 251C with
secondary antibodies conjugated with FITC or Cy-3 (Jackson Immuno-
Research, West Grove, PA, USA) or Cy-5 (Santa Cruz, Santa Cruz, CA, USA).
40-6-diamidino-2-phenylinidole (DAPI) (Molecular Probes, Eugene, OR, USA)
was used to label cell nuclei. For brightfield immunolabeling, fixed sections
were rehydrated through alcohol series and incubated in phosphate-
buffered saline before blocking with 5% normal serum in phosphate-
buffered saline. Slides were incubated with Vectastain Elite ABC reagents
(Vector Laboratories, Burlingame, CA, USA) and reacted with 3,30-
Diaminobenzidine to allow visualization of immunolabeling and counter-
stained with cresyl violet acetate (Sigma-Aldrich). The IHC-negative
controls were incubated without the primary antibody or with normal
(nonimmune) IgGs and no specific immunolabeling was detected (data not
shown).

All IHC slides were viewed on an Olympus BX-51 bright field and
fluorescence microscope (Olympus America Inc., Center Valley, PA, USA).
Dual or triple immunofluorescence slides were also imaged confocally to
verify colabeling (Zeiss LSM 510; Carl Zeiss Microimaging, Thornwood, NY,
USA).

Hematoxylin and Eosin Staining
Paraformaldehyde-fixed tissue sections were assessed for gross tissue
damage and hemorrhage by hematoxylin and eosin (H&E) staining using
standard techniques using Lillie’s variant of Mayer’s haemalum (Lillie-
Mayer) and eosin/phloxine. Briefly, tissues were rehydrated through

alcohol series and exposed to hematoxylin for nuclear staining. Slides
were rinsed in tap water and differentiated using acid alcohol and Scott’s
tap water substitute. Eosin/phloxine counterstaining was performed followed
by serial alcohol dehydration, clearing with xylenes, and coverslipping with
DPX. Stained slides were viewed and imaged an Olympus BX-51 bright
field microscope equipped with an Optronics digital camera.

Vessel Counting and Tissue Loss Measurement
Rats were killed and perfused for vessel counting at 24 hours, 48 hours,
7 days, and 3 weeks of reperfusion after stroke. Eight brain sections from
each animal with an interval of 100mm covered a span of 800mm in the
peri-Bregmal region (B1.00 to 0.2 mm rostral to Bregma). Microvessels
labeled with RECA-1 were counted in images captured from ischemic
hemispheres with a low power objective lens (4� ) by using National
Institutes of Health Image J. Indicators of animal identity on slides were
blinded to the investigator. The number of microvessels was calculated as
the mean of the numbers per mm2 obtained from the imaged sections.

Tissue loss measurement was assessed in 3 week reperfused animals.
Eight sections per rat with a 100-mm interval (B1.00 to 0.2 mm rostral to
Bregma) were stained with cresyl violet acetate. Tissue loss was blindly
measured in images captured from ischemic hemispheres at low power
objective lens (4� ) using Image J. The area of tissue loss was calculated as
the mean of the mm2 obtained from eight images.

Western Blots
Western blots were performed to determine protein levels in sham-
operated brains, ischemic and nonischemic hemispheres. Proteins were
extracted in RIPA buffer. Fifty microgram total proteins were separated on
10% or 12% polyacrylamide gels. The proteins were transferred onto
polyvinylidene fluoride membranes. The membranes were then incubated
with primary antibodies: claudin-5 (1:500), occludin (1:500), ZO-1 (1:500),
VEGF-A (1:2,000), Alk1 (1:1,000, Santa Cruz), Alk5 (1:1,000, Santa Cruz),
MMP-2 (1:1,000) and MMP-3 (1:1,000, Epitomics, Burlingame, CA, USA). The
membranes were incubated with the respective secondary antibodies and
blots were developed using the West Pico Detection System (Pierce,
Rockford, IL, USA). Protein bands were visualized on X-ray film.
Semiquantitation of target protein intensities was performed with the
use of Scion image software (Scion, National Institute of Health, Bethesda,
MD, USA), and actin (Sigma-Aldrich) immunoblots on the same poly-
vinylidene fluoride membranes were used to normalize protein loading
and transfer. The results are reported as normalized band intensity for
quantifying relative protein expression.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling Assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay was performed to identify the extent of DNA fragmentation
and cell death. Using the NeuroTACS II kit (Trevigen, Gaithersburg, MD,
USA), brain sections were treated according to manufacturer’s procedure.
For dual immunofluorescence, brain sections were then exposed to
primary antibody and streptavidin fluorescein and prepared as
described above. For positive controls, the nuclease provided with the
kit was added to the labeling reaction mix and induced TUNEL positivity in
all cells. As a negative control, slides were prepared in a labeling reaction
mix without the TdT enzyme resulting in no TUNEL positivity (data not
shown).

Magnetic Resonance Imaging
For the MRI study, rats at 3 and 4 weeks of reperfusion were transported
to the MRI room, placed in a dedicated rat holder, and moved to the
isocenter of the magnet before the imaging session. The MRI was
performed on a 4.7-T Biospec dedicated research MR scanner (Bruker
Biospin, Ettlingen, Germany), equipped with a small-bore linear radio-
frequency coil (i.d., 72 mm).13 Initial localizer images were acquired
followed by T2-weighted and diffusion-weighted images.

The slices containing the lesion were identified from the T2-weighted
structural images, and the same slice location was prescribed for all the
subsequent magnetic resonance (MR) protocols. Dynamic contrast-
enhanced MRI protocol for acquiring data for the Patlak plot modeling
method was then implemented. In this acquisition, a reference baseline
acquisition using the fast T1 mapping protocol was obtained. Rats were
injected with 0.2 mmoL/kg gadolinium-diethylenetriaminepentaacetic acid
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(molecular mass¼ 938 Da; Bayer Co, Wayne, NJ, USA) as a bolus into the
femoral vein via an indwelling catheter, followed by imaging with rapid T1
mapping protocol, collecting 15 images over 45 minutes. The total scan
time was 3 minutes and 20 seconds for each time point. The MR protocol
parameters for rapid T1 mapping were optimized for accuracy of T1
relaxation time estimate in a single, normal rat brain (contralateral) before
including that animal in the study. Postprocessing of the raw data involved
denoising, field correction, and reconstruction of permeability coefficient
maps by using Patlak plots modeling. All data processing was performed
using in-house software written in 64-bit MATLAB (Mathworks, Natick, MA,
USA) running on a UNIX machine. Detailed descriptions of the method
were reported previously.14

Tissue perfusion was measured using the arterial spin labeling (ASL)
method. The sequence: FAIR-RARE (Flow-sensitive Alternating Inversion
Recovery Rapid Acquisition with Relaxation Enhancement) was used to
implement ASL with parameters: echo time (TE)/repetition time (TR)¼ 46/
16,000 ms, field of view¼ 4 cm� 4 cm, Slice thickness¼ 1 mm, number
of slice¼ 1, matrix¼ 128� 128. Perfusion map was calculated using
ASL_Perfusion_Processing macro in ParaVision 5.1 (Bruker Biospin MRI).
The principle is as follows: inversion recovery data from the imaging slice
are acquired after selective inversion of the slice and after inversion of the
slice including the surrounding tissue, containing the supplying arteries.
The difference of the inverse of the apparent T1 images then yields a
measure of the cerebral blood flow.

Statistical Analysis
Data were analyzed using an unpaired Student’s t-test (two groups) or one-
way analysis of variance with a post hoc Student–Newman–Keuls test
(multiple comparisons). In all statistical tests, differences were considered
as significant when Po0.05. Data are presented as means±s.d. Statistical
analysis was performed using GraphPad Prism for Windows, version
4.0 (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS
Newly Formed Vasculature Is Surrounded by Proliferating
Pericytes in the Ischemic Hemisphere at 3 Weeks of Reperfusion
RECA1-positive vessels were seen within the ischemic hemisphere
at 24 hours, 48 hours, 7 days, and 3 weeks (Supplementary
Figure 1). Colocalization of TUNEL, an indicator of cell death,
and RECA1 was observed only at 48 hours. The number of blood
vessels in ischemic hemispheres decreased from 24 hours to
7 days and increased at 3 weeks, and brain swelling was present
at 24 and 48 hours (Figure 1A). By 3 weeks, increased density of
vessels was seen within the peri-infarct areas (Figure 1B). Confocal
microscopy showed that the vascular endothelial cells contained
Ki67 in the nuclei in the peri-infarct area, suggesting formation of
new vessels (Figure 1C).15

The transmembrane proteoglycan, NG2, identifies pericytes in
angiogenic microvasculature.16 Colabeling with NG2 and RECA1
showed low NG2 signal in sham-operated and contralateral
hemispheres at 3 weeks after stroke. However, NG2-positive
pericytes were seen around vessels identified by RECA1 in the
peri-infarct areas (Figure 2A). Further confirmation that the NG2-
positive cells were pericytes was obtained from confocal images
that showed colocalization of NG2 with PDGFR-b (Figure 2B), an
established early marker of activated pericytes. Ki67 was expressed
by pericytes in highly vascularized structures (Supplementary
Figure 2A). The results confirmed the activated/angiogenic
state of pericytes and substantiated their involvement in early
angiogenesis.16

VEGF is a critical regulator of angiogenesis and barriergenesis.17

At 3 weeks, there was increased expression of VEGF-A, an isoform
of VEGF associated with angiogenesis, in the ischemic hemi-
sphere compared with sham-operated and nonischemic ones
(Supplementary Figure 2B). Adjacent to peri-infarct regions, VEGF-
A colocalized with GFAP-positive astrocytes (Figure 2C). Within the
peri-infarct regions, pericytes of microvessels expressed VEGF,
while some pericytes expressing VEGF-A are to form mural cells of
vessels (Figure 2C), as in embryogenesis.18

Functional Vasculature Remodeling in Peri-Infarct Regions
To determine functional neurovascular remodeling at 3 weeks
after stroke, we used MRI19 and immunohistochemical analysis
(Figure 3A). T2-weighted images and apparent diffusion co-
efficient (ADC) maps show greater hyperintensity in core infarcted
areas than in peri-infarct regions. Dynamic contrast-enhanced MRI
showed increased BBB transfer rate (Ki) and plasma volume (Vp) in
the peri-infarct areas, while neither Ki nor Vp signal was seen in
core infarct regions. To determine blood flow in these new vessels,
cerebral blood flow perfusion was measured using ASL.
Arterial spin labeling maps showed very low perfusion in the
infarct core with hyperperfusion in the peri-infarct (mean±s.e.:
127.2±30.87 mL/100 g min, n¼ 8) compared with the contra-
lateral hemisphere and intact areas (mean±s.e.: 50.06±7.433 mL/
100 g min, n¼ 8) in the ischemic hemisphere (P¼ 0.0291). RECA1
immunostaining shows increased density of new vessels in peri-
infarct areas, which corresponds to the regions with an elevated
BBB transfer rate, plasma volume, and arterial blood perfusion.
The H&E staining shows that red blood cells were located inside of
microvessel-like structures. Intravenous injection of Evans blue
showed fluorescence within vessels (Supplementary Figure 3A)
along with Evans blue extravasation in the peri-infarct areas with
vascular remodeling (Supplementary Figures 3B and C). These
data suggested that some blood flow occurred in the new vessels,
but permeability was increased at 3 weeks after stroke.

Tight Junction Proteins Expression in Newly Formed Vessels and
Surrounding Astrocytes and Pericytes
From 24 hours to 7 days of reperfusion, occludin expression was
rarely associated with RECA1-positive vessels in the ischemic
hemispheres (Supplementary Figure 4A) and claudin-5 was
undetectable (data not shown). By 3 weeks, we observed
increased expression of occludin in cells surrounding vessels.
The cells expressing occludin were GFAP-positive astrocytes that
mostly bordered the peri-infarct areas (Supplementary Figure 4B)
and were seen as early as 3 days after stroke (data not shown),
while the cells that expressed occludin are neuron-like cells at
24 hours (Supplementary Figure 4C). Using triple-immunofluore-
scent staining and confocal microscopy, we found that the end-feet
of astrocytes expressing occludin closely encapsulated endothelial
cells (Figure 3B). Both astrocytes and vascular pericytes expressed
ZO-1, another TJP associated with BBB permeability (Figure 3C).
However, few endothelial cells colocalized with occludin or ZO-1
(Figures 3B and 3C), suggesting that astrocytes and pericytes are
the major sources for these two TJPs during neurovascular
remodeling. Unlike ZO-1, little occludin staining was seen
surrounding the newly formed vessels within the peri-infarct
areas. Colocalization of occludin and ZO-1 with RECA1 was seen in
main vessels in nonischemic hemispheres, where occludin
was also expressed by astrocyte-like cells (Supplementary
Figure 5A and B). We observed a renewed expression of claudin-
5 directly expressed by endothelial cells (CD31) in the peri-infarct
regions at 3 weeks (Figure 3D). The claudin-5 in the endothelial
cells had linear appearance, which is typical of TJPs in normal BBB.9

Matrix Metalloproteinase-2 and -3 Expressed by Vascular-
Associated Astrocytes and Pericytes Are Involved in Neurovascular
Remodeling
MMP-2 was expressed by astrocytes around the margin of
infarcted areas (Figure 4A; Supplementary Figure 6A). Astrocyte
end-feet, expressing MMP-2, contacted vessels inside peri-infarct
regions. Strong MMP-3 immunostaining was seen closely along
with vessels (Supplementary Figure 6B), but the double staining of
MMP-3 and RECA1 showed MMP-3 was separated from the
endothelial cells in peri-infarct areas (Figure 4B). Confocal three-
dimensional (3D) and Z-stack images confirmed that the cells
expressing MMP-3 were PDGFR-b- and NG2-positive pericytes
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surrounding the newly formed vessels (Figures 4C and D).
Very low signal of MMP-9 was detectable at this time point
(Supplementary Figure 6C). Furthermore, little colabeling of
MMP-3 with OX-42-positive microglia/macrophages, GFAP-
positive astrocytes, and NeuN-positive neurons showed that
neither of these cell types were a significant source of MMP-3
(Supplementary Figure 7).

Early Inhibition of Matrix Metalloproteinase Activation Facilitates
Angiogenesis and Tight Junction Protein Remodeling in Ischemic
Hemispheres
At 3 weeks of reperfusion, the number of vessels in the rats
treated with a single dose of GM6001 was significantly higher than
that in vehicle-treated animals (Figure 5A). The increased level of
VEGF-A seen in the ischemic hemispheres was augmented by

Figure 1. Increased number of newly formed vessels in ischemic hemispheres at 3 weeks of reperfusion. (A) Graph showing number of
RECA1 staining microvessels in sham-operated and ischemic hemispheres. Focal ischemic stroke with reperfusion injury resulted in loss of
RECA1-positive microvessels in ischemic hemispheres at 24 and 48hours and 7 days. At 3 weeks after stroke, the number of RECA1-positive
microvessels was increased compared with that at 7 days. *Po0.05 vs. 7 days, **Po0.01 vs. 48 hours and 3WK; ***Po0.001 vs. 24 hours and
7 days, n¼ 6 per group. The edema in ischemic hemispheres at 24 hours, 48 hours, 7 days, and 3 weeks of reperfusion compared with
nonischemic hemispheres expressed as edema index. **Po0.01, ***Po0.001 vs. 24 and 48hours, respectively, n¼ 6 per group. The number of
vessels was normalized for edema. (B) Immunohistochemistry of RECA1, a marker of endothelial cells, represents microvessels in peri-infarct
area in ischemic hemisphere with reperfusion of 3 weeks (3WK). Lines outline the border of lesion areas. Stars indicate the peri-infarct area.
Right panel shows the peri-infarct (peri-I) area in higher magnification. A higher density of microvessels was seen in the peri-infarct area.
Scale bar¼ 50 mm. (C) Three-dimensional (3D) confocal microscopy shows that RECA1-positive vessel (green) contains nuclei expressing Ki67
(red, arrows), a marker of cell proliferation, in peri-infarct area at 3 weeks after stroke. Arrowheads show pericyte-like cells expressing Ki67. 40-6-
diamidino-2-phenylinidole (DAPI) (blue) was used to stain nuclei. Z-stack confocal micrograph (insert) shows colocalization of Ki67 with
DAPI in vascular endothelial cells (arrows). Scale bar¼ 50mm.
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GM6001 treatment (Figure 5B). VEGF-A protein was also detected
in the sham-operated hemisphere (Figure 5B; Supplementary
Figure 2C), which may reflect the development of high blood
pressure, altered vessel morphology, and growth factor expression
in spontaneously hypertensive rats. Activin receptor-like kinases
(ALK)1 and (ALK) 5 are transforming growth factor-b type I
membrane receptors in brain microvessels and are important in
angiogenesis. The ALK1 pathway leads to endothelial activation
characterized by cellular proliferation and increased BBB perme-
ability, while the ALK5-mediated signaling leads to impaired
vascular proliferation and decreased BBB permeability.20 The

levels of ALK1 and ALK5 in ischemic areas were significantly
increased and decreased, respectively, compared with sham-
operated rats. Treatment with GM6001 changed ALK1 and ALK5
protein levels (Figure 5C). These results suggest that early
inhibition of MMP activity enhanced angiogenesis at 3 weeks of
reperfusion.

Since we observed expression of TJPs and MMPs in vascular
cells during recovery, we studied the impact of the early MMP
inhibition on level of TJPs and MMPs at 3 weeks of reperfusion
(Figure 6). As expected, ZO-1 was increased in the ischemic
hemispheres and MMP inhibition significantly enhanced the level

Figure 2. Angiogenesis is associated with proliferating vascular pericytes in peri-infarct area at 3 weeks of reperfusion. (A) Micrographs show
double-labeled NG2 and RECA1 in sham-operated, nonischemic, and ischemic hemispheres. NG2 antibody was used to identify immature
pericytes, which indicate newly formed vessels. Increased immunostaining of NG2 was seen in the peri-infarct region, which specifically
stained only the pericyte layer that was tightly apposed to the RECA1-positive microvessels. The insert represents a vessel cut transversely
with NG2-positive pericytes surrounding it. 40-6-diamidino-2-phenylinidole (DAPI) (blue) was used to stain nuclei. Scale bars¼ 50mm.
(B) Z-stack and three-dimensional (3D) confocal micrographs show colocalization of NG2 (red) with PDGFR-b (PDGFR, green, a marker of
pericytes) in vascular structures in peri-infarct region. In the Z-stack image, the inner layer of the vascular structures labeled with DAPI,
indicating endothelial cells show no colocalization with NG2 and PDGFR-b. (C) Double immunostaining of VEGF-A (red) with GFAP (green) and
PDGFR-b (green). 3D micrograph shows increased VEGF-A colocalized with astrocytes (GFAP) around the peri-infarct region. Within the
peri-infarct region, Z-stack confocal micrograph indicates the vascular pericytes (PDGFR) expressing VEGF-A. DAPI was used to stain nuclei.
Scale bars¼ 20 or 50 mm.

Figure 3. Blood flow, blood–brain barrier (BBB) permeability, and expression of tight junction proteins (TJPs) in the new vessels within
peri-infarct regions 3 weeks of reperfusion. (A) Hyperintensive areas in the anatomic T2 image and apparent diffusion coefficient (ADC) map
show the lesion extent and tissue ischemia. ven: Ventricle; inf: Core infarct area. Color-coded permeability coefficient maps reconstructed from
dynamic contrast-enhanced magnetic resonance imaging (MRI) data show the regions of high (red) and low (blue) permeability. Parametric
image Ki map represents BBB transfer rate. Parametric image Vp map represents plasma volume. Elevated values of Ki and Vp are located in the
vicinity of core infarct area (arrows). There are no signals of Ki and Vp in core infarct area. The color scales used for the permeability and plasma
volume signal intensity. Arterial spin labeling (ASL) map shows higher cerebral blood flow (CBF) in peri-infarct areas (arrows). RECA1
immunostaining shows increased density of new vessels in peri-infarct area (arrows), corresponding to the elevated BBB transfer rate, plasma
volume and blood perfusion (arrows). Hematoxylin and Eosin (H&E) staining shows red blood cells located inside of the new microvessels
(arrows). (B) Left panel: double immunostaining of occludin (red) with astrocytes (GFAP, green) shows that occludin was colocalized
with reactive astrocytes adjacent to or within the peri-infarct region. Middle and right panels: triple immunostaining of occludin (red) with
astrocytes (blue) and endothelial cells (green). The 3D confocal images show that astrocytes expressing occludin (shown in purple when
colocalized) with end-feet closely surrounding vessels. (C) Double immunostaining of zonula occludens-1 (ZO-1) with astrocytes, endothelial
cells, and pericytes (PDGFR), respectively. ZO-1 colocalized with reactive astrocytes (GFAP) but not with endothelial cells (RECA1). Z-stack
confocal image shows pericytes (green) surrounding vessels express ZO-1 (arrows). Arrowheads indicate 40-6-diamidino-2-phenylinidole
(DAPI)-stained endothelium. (D) Double immunostaining shows no colocalization (left panel) between astrocytes (green) and claudin-5 (red).
The 3D confocal image (middle panel) shows that claudin-5 was colocalized with endothelial cells (CD31, green) of microvessels within
the peri-infarct region. Confocal image (right panel) of triple immunostaining shows that astrocytes (blue) surround a vessel with claudin-5 in
endothelial cells (green). Scale bars¼ 20 or 50 mm.
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of ZO-1 (Figure 6A). Occludin could have many isoforms and the
oligomeric assemblies of occludin are alternately under conditions
of hypoxia and reoxygenation stress.21,22 At 3 weeks, we detected
five bands of occludin from B20 to 65 kDa in ischemic rat brains.
Significantly increased occludin levels (all bands) were seen in
ischemic hemisphere compared with sham animals, while
treatment with GM6001 promoted the level of occludin
(Supplementary Figure 8A). Occludin was expressed as 65 kDa

(b-band) and 63 kDa (a-band) bands, which suggests the presence
of phosphorylated and nonphosphorylated forms, respectively.23

There was a significant decrease in occludin levels in both
ischemic and nonischemic hemispheres of vehicle-treated
animals. Treatment with GM6001 promoted the expression of
occludin compared with vehicle-treated rats. We observed that
ischemia induced an integral change in occludin between the
b- and a-bands. After ischemia, the major band of occludin shifted
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from the b-band to the a-band compared with sham-operated
rats. Importantly, treatment with GM6001 enhanced the b-band
intensity, which made the ratio of the b-band to a-band similar to
that of sham-operated rats. We found a significant increase
in claudin-5, including 22 and 17 kDa bands, in ischemic
hemispheres by 3 weeks. The increase was less significant in
GM6001-treated rats. However, a cleaved band at 17 kDa was seen
in the vehicle-treated animals, but not in the GM6001-treated
animals. One of the possibilities is that the presence of the 17-kDa
band indicated that the claudin-5 in the new vessels is being
incorporated. Taken together, these results suggest that early
inhibition of MMP activity can enhance TJP formation.

Pro- and active MMP-2 (68 and 62 kDa, respectively)8 and
MMP-3 (57 and 45 kDa, respectively) significantly increased in both
vehicle and GM6001-treated rats at 3 weeks of reperfusion, but
higher levels were observed in GM6001-treated rats (Figure 6B).
Furthermore, western blots of MMP-2 show that MMP inhibition
significantly increased expression of pro-MMP-2 (68 kDa) in
ischemic hemispheres, which, like occludin, approached the
intensity of MMP-2 seen in sham-operated rats.

Early Inhibition of Matrix Metalloproteinase Activation Reduces
Brain Tissue Loss During Recovery
Treatment with GM6001 significantly reduced infarct size at
24 hours (Supplementary Figures 8A and B) and tissue loss at
3 weeks of reperfusion (Figure 7A). The MRI confirmed the effect
of GM6001 treatment in rats with an extended reperfusion at
4 weeks. Anatomic T2 MRI illustrated that treatment with GM6001
significantly reduced the size of lesion areas in ischemic
hemispheres (Figure 7B). Increase in the ADC value was found in
the ischemic hemispheres, suggesting increased diffusivity in
the regions of tissue loss. Significantly lower ADC values in the
GM6001-treated ischemic hemisphere were observed compared
with the vehicle-treated brain. This was seen postmortem in the
cavitation of infarcted cortex at 4 weeks, which was markedly
attenuated by GM6001 treatment (Figure 7C).

DISCUSSION
We show that vascular-associated pericytes and astrocytes are
the major source of TJPs, MMPs, and VEGF for newly formed

Figure 4. Increased expression of matrix metalloproteinase (MMP)-2 and MMP-3 in astrocytes and vascular pericytes in peri-infarct areas at
3 weeks of reperfusion. (A) Micrographs show the location of MMP-2 (red) in peri-infarct cortex. Increased expression of MMP-2 was seen in
reactive astrocytes (green) around the border of lesion areas compared with nonischemic cortex. The endfeet of astrocytes expressing MMP-2
connect to vessels within peri-infarct areas (bottom panel, arrows). (B) Micrographs showing the location of MMP-3 (red) in peri-infarct cortex.
Increased expression of MMP-3 was seen in peri-infarct cortex compared with nonischemic cortex. Large vessels (RECA1, green) are
surrounded by cells expressing MMP-3 (arrows) but are not colocalized with MMP-3. Three-dimensional (3D) confocal microscopy analysis
presents the spatial distribution of MMP-3 around vessels. (C) Confocal microscopy shows the cells that express MMP-3 around vessels are
PDGFR-b-positive pericytes (green). 3D image showed pericytes expressing MMP-3 closely surrounded main vessels (arrows). Z-stack image
shows colocalization of PDGFR-b with MMP-3 around microvessels with some pericytes expressing MMP-3 in contacting these vessels
(arrows). 40-6-diamidino-2-phenylinidole (DAPI) (blue) was used to stain nuclei. (D) Z-stack confocal micrograph shows colocalization of
NG2 and MMP-3. Scale bars¼ 20 or 50mm.
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vessels in peri-infarct areas at 3 weeks of reperfusion. We found an
association between MMPs and formation of TJPs in brain vessels
during angiogenesis. We propose that these MMPs contribute to
functional remodeling of the BBB during recovery after stroke, and
that short-term early inhibition of MMPs promotes these
processes, facilitating recovery.

Angiogenesis provides critical neurovascular substrates for
remodeling after stroke by generating new vessels necessary
for neurogenesis and synaptogenesis.1,24–26 Factors released by
endothelial cells in vitro trigger neural stem cell proliferation and
angiogenesis, contributing to functional recovery.27 We found that
some vessels remain in the lesion areas up to 7 days after
reperfusion, which could provide the cellular basis to trigger
angiogenesis.1,17 Other studies showed that endothelial cells
surrounding the infarcted area start to proliferate as early as 12 to
24 hours, leading to increased vessels in the peri-infarcted region
3 days after ischemic injury.28,29 We found pericytes surrounded
the increased number of regrowing endothelial cells seen in the
ischemic hemispheres at 3 weeks of reperfusion. These vascular-
associated pericytes are NG2 and Ki67 positive, suggesting that
they are newly formed and contribute to new vessel proliferation
in the peri-infarct regions.16,30 Pericytes have a key role in the
development of cerebral vasculature and control key
neurovascular functions and neuronal phenotype in the adult
brain and during brain aging.17,31–33 Our results show that

proliferating vascular pericytes participate in the neo-
vascularization of peri-infarct areas after stroke by expressing
TJPs, VEGF, and MMP-3. It is known that the NG2 proteoglycan is
expressed by microvascular pericytes in newly formed blood
vessels. Along with its ability of revealing the activated/angiogenic
state of microvessels, the pericyte-derived NG2 is an important
factor in promoting endothelial cell migration and morphogenesis
during the early stages of neo-vascularization.34 Pathologic
angiogenesis can be reduced by targeting pericytes via the NG2
proteoglycan. In NG2 knock-out mice, proliferation of both
pericytes and endothelial cells in retina in response to hypoxia
is significantly reduced.30 There are several possible mechanisms
by which NG2 regulates angiogenesis; NG2 has been shown to
bind directly to basic fibroblast growth factor and platelet-derived
growth factor AA (PDGF-AA), and may enhance interaction of
these growth factors with cell surface receptors.16 In the present
study, we showed an overexpression of NG2 in vascular-associated
pericytes at 3 weeks, which is spatiotemporally expressed
with MMPs, VEGF, and TJPs. Further studies will be needed
to investigate whether NG2 interacts with these proteins
and the impact of these interactions on the BBB remodeling
after stroke.

At 3 weeks in spite of the presence of TJPs in pericytes,
astrocytes, and endothelial cells, we observed BBB leakage in the
peri-infarct regions where new vessels are located, indicating that

Figure 5. Promotion of angiogenesis in ischemic hemisphere by early inhibition of matrix metalloproteinases (MMPs). (A) Micrographs
representing RECA1 staining microvessels in peri-infarct areas in rat brains with or without GM6001 treatment at 3 weeks of reperfusion.
Significantly higher number of microvessels were detected in GM6001-treated rat compared with vehicle, *Po0.05, n¼ 6 per group.
(B) Western blot analysis showing an increase in the VEGF-A level in ischemic rat brain tissues. **Po0.01 vs. 3 WK I and MMP inhibitor (MMPi) I;
*Po0.05 vs. 3 WK C; #Po0.01 vs. MMPi C; ##Po0.01 vs. 3 WK C. Higher level of VEGF-A was detected in GM6001-treated ischemic hemispheres
compared with vehicle-treated one, but not statistically significant. n¼ 9 per group. (C) Western blot analysis showing changes in levels of
activin receptor-like kinase (ALK) 1 and 5 in rat brain tissues. ALK1 level increased in ischemic rat brains at 3 weeks of reperfusion and
treatment with MMPi significantly facilitated the expression of ALK1. *Po0.01 vs. sham and 3 WK C; #Po0.01 vs. MMPi C and 3 WK I;
##Po0.001 vs. sham and 3 WK C. The ALK5 level decreased at 3 weeks of reperfusion. *Po0.05 vs. 3 WK C, 3 WK I, and MMPi C; **Po0.01 vs.
MMPi I. Treatment with MMPi reduced ALK5 expression compared with vehicle-treated group (3 WK), P¼ 0.055. n¼ 6 in sham group, 9 in
vehicle and GM6001-treated groups.
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while new vessels may have blood flow, barrier properties are not
yet fully developed. We observed occludin, claudin-5, and ZO-1 in
NVU cells in the peri-infarct regions at 3 weeks after stroke.
Only claudin-5, which disappeared in BBB from 24 hours to 7 days
after stroke, reappeared in the newly formed endothelial cells.
The other major TJPs, occludin and ZO-1, were absent from
endothelial cells, but were prominent in the GFAP-positive
reactive astrocytes, which extended processes to closely encapsu-
late nearby endothelial cells. A striking collection of NG2-positive
pericytes entirely surrounded vascular endothelial cells and
produced ZO-1. Thus, the TJPs normally seen within endothelial
cells where they form the first barrier to blood-borne substances
were redistributed to pericytes and astrocytes, which failed to
provide a barrier to Evans blue or Gadolinium, suggesting that the
TJPs in perivascular cells do not form a functional barrier. Whether
the TJPs eventually move into the endothelial cells or are made
de novo will need further study.

Vascular-associated astrocytes and pericytes expressed VEGF, a
major stimulator of developmental and disease-related angio-
genesis. During development, pericytes release angiopoietin-1,
which induces the formation of tight junctions by binding to the
Tie-2 receptor localized on endothelial cells.1 The VEGF in
astrocytes and pericytes may provide a microenvironment that
favors this process during neurovascular remodeling.

Pericytes and astrocytes, which contain TJPs and VEGF,
expressed the MMP-2 and -3 in the peri-infarct areas at 3 weeks
after stroke. While MMPs are damaging in acute brain injury,
they are necessary for later angiogenesis and neurogenesis.10

When treatment with MMP inhibitors is given over several days,
they induce hemorrhage, interfere with neuroplasticity, and
slow recovery. In angiogenesis, loss of vascular integrity and
degradation of the extracellular matrix are crucial initiating steps.
Matrix metalloproteinases degrade the extracellular matrix
preparing the stage for growth factors and guidance molecules,
which explains the paradoxical finding that MMP inhibition
has dual effects. Most likely this function is performed by the
MMP-3 expressed by NG2-positive pericytes that are located
next to new vessels, where they can degrade extracellular
matrix and facilitate vessel migration into the infarcted tissues.
This endothelial migration is aided by growth factors, including
VEGF.32

An important finding of our study was that a single dose of an
MMP inhibitor administered early in the stroke benefits neuro-
vascular remodeling during the recovery phase. We have showed
the neuroprotective role of early MMP inhibition on ischemia-
induced BBB disruption, and on the neuronal apoptotic death
induced by intranuclear MMP activity.8,9,35 This neuroprotective
role of early MMP inhibition on BBB reduced its permeability,
which may attenuate the secondary injury, such as entrance of
neurotoxic blood compounds, infiltration of inflammatory cells,
and systematic MMPs, especially neutrophil-derived MMP-9 into
the brain soon after reperfusion.36,37 We hypothesized promoting
survival of blood vessels and brain cells from ischemic injury
and BBB integrity will provide the cellular and molecular basis to
promote later angiogenesis. With both histologic and MRI
techniques, we found reduced tissue loss in GM6001-treated
animals during recovery after stroke. Treatment with GM6001
showed a number of beneficial effects, including greater numbers
of newly formed vessels, increased levels of VEGF protein,
TJP formation with proliferation of endothelial cells, increased
ALK1 expression, and reduced ALK5 expression.20 Treatment
with GM6001 enhanced the level of the phosphorylated form
of occludin (65 kDa), which is the tetraspan integral membrane
protein that localizes endothelial tight junctions, and contributes
to tight junction stabilization and optimal barrier function.
Phosphorylation is a possible mechanism that controls occludin
localization and function.38 Occludin phosphorylation and
subsequent ubiquitination are necessary for VEGF-induced TJP

Figure 6. Early inhibition of matrix metalloproteinases (MMPs)
enhances expressions of tight junction proteins (TJPs) and MMPs
at 3 weeks of reperfusion. (A) Western blot analysis of TJPs in
sham-operated, nonischemic, and ischemic hemispheres. Zonula
occludens-1 (ZO-1) (includes bands of 220 and 210 kDa): *Po0.05 vs.
3 WK C and MMP inhibitor (MMPi) C; #Po0.05 vs. sham; ###Po0.001
vs. 3 WK C and MMPi C. Occludin (includes bands of 65 and 63 kDa):
*Po0.05 vs. 3 WK I; **Po0.01 vs. 3 WK C and MMPi C; #Po0.05 vs.
3 WK I; ##Po0.01 vs. 3 WK C; ###Po0.001 vs. MMPi C. Claudin-5
(includes bands of 22 and 17 kDa): *Po0.05 vs. sham; **Po0.01 vs.
3 WK C and MMPi C; #Po0.05 vs. 3 WK I. (B) Western blot analysis of
MMP-2 and -3 in sham-operated, nonischemic, and ischemic
hemispheres. MMP-2 includes pro-MMP-2 (68 kDa) and active
MMP-2 (62 kDa). *Po0.05 vs. 3 WK C. ##Po0.01 vs. sham, 3 WK C,
MMPi C, and MMPi I. MMP-3 includes pro-MMP-3 (57 kDa) and active
MMP-3 (45 kDa). *Po0.05 vs. sham and 3 WK C; #Po0.05 vs. sham;
##Po0.01 vs. 3 WK C and MMPi C. Treatment with MMPi I increased
MMP-3 expression compared with vehicle-treated group (3 WK I),
P¼ 0.051. n¼ 6 in sham group, 9 in vehicle- and GM6001-treated
groups.
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trafficking and endothelial permeability.39 Importantly, the
expression of MMP-2 and -3 during the recovery stages was not
impaired by the early single dose of an MMP inhibitor.

It is important to point out that the ischemia-induced increase
in MMP-2 and -9 at 3 and 24 hours is expressed by reactive
astrocytes and neurons within infarct areas, which were
damaged and died after 24 to 48 hours, no change of MMP-3
mRNA transcription was detected at 3 hours of reperfusion.9,35

The astrocytes that expressed MMP-2 at 3 weeks are a new
population surrounding peri-infarct regions that begin to appear
after 3 days of reperfusion.10,40 Matrix metalloproteinase-9 is

upregulated in peri-infarct cortex at 7 to 14 days after stroke
and is colocalized with markers of neurovascular remodeling.
Treatment with MMP inhibitors at 7 days after stroke suppresses
neurovascular remodeling, increases ischemic brain injury, and
impairs functional recovery at 14 days.10 Our previous study
showed the new population astrocytes expressed MMP-3 at
3 days after stroke,40 while in the present study we found that
the proliferating pericytes in the peri-infarct areas are the major
source of MMP-3 at 3 weeks. These findings suggest that careful
timing of delivery of MMP inhibitors after stroke might present a
feasible therapeutic approach. Since these studies were

Figure 7. Matrix metalloproteinase (MMP) inhibition improves outcomes by reducing brain tissue loss during recovery. (A) Cresyl violet acetate
(CVA) staining represents tissue loss (blank areas) in ischemic hemispheres with or without GM6001 treatment at 3 weeks of reperfusion.
Bar graphs show that treatment with GM6001 significantly reduced tissue loss. *Po0.05, n¼ 6 per group. (B) Anatomic T2 magnetic resonance
(MR) images show the tissue lesion extent (arrows) in ischemic hemispheres with or without GM6001 treatment at 4 weeks of reperfusion.
Treatment with GM6001 significantly reduced the lesion size. Apparent diffusion coefficient (ADC) maps reconstructed from raw diffusion-
weighted image (DWI) data show lesion regions of increased ADC values (hyperintense regions) with the region of lower value on the
GM6001-treated ischemic hemisphere. *Po0.01, n¼ 5 for each group. (C) Perfused brains shown in (B). After perfusion and fixation with
2% paraformaldehyde, the tissue loss in infarcted cortex in vehicle-treated brain was manifested as a collapse of the ischemic hemisphere
(arrows). Reduced cavitation of infarcted cortex was seen in rats treated with GM6001.
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performed with the inhibitor given at the onset of ischemia,
further studies are needed with the inhibitor given shortly after
the stroke onset.
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