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Abstract

Thrombolysis with tissue plasminogen activator (tPA) is the only pharmacotherapy available for cerebral ischemia. However, the use of tPA
can increase the risk of hemorrhage due to blood—brain barrier (BBB) breakdown. Recent evidence suggests that increased activation of matrix
metalloproteinases (MMPs) may be involved in this breakdown. This study examines the temporal profile of MMP-2 and -9 following tPA
administration to ischemic rats.

Male Sprague—Dawley rats were randomly assigned to one of four groups (Sham-tPA; Sham-Saline; Ischemia-tPA; Ischemia-Saline; group
n =6, total N = 120). Focal embolic ischemia was induced by middle cerebral artery occlusion through injection of an autologous clot. One hour
post-surgery, tPA (10 mg/kg) or saline was delivered intravenously and animals were euthanized at 3, 6, 12, or 24 h after onset of ischemia. Infarct
volume was measured by TTC staining; BBB components examined immunohistochemically; and MMP activation measured by gelatin
zymography.

Our results show that tPA significantly reduced infarct volumes (overall infarct volume-Sham-tPA: 5.80 + 4.55 [mean + SE]; Sham-Saline:
5.00 £ 4.23; Ischemia-tPA: 186.1 £ 73.45; Ischemia-Saline: 284.8 + 88.74; all P < 0.05). Treatment with tPA was also associated with the
activation of MMP-9 at 6, 12, and 24 h following ischemia. No temporal changes were observed in MMP-2 activation, although tPA
administration increased its activity compared to saline treatment. Analyses of immunohistochemistry showed that destruction of components of
the BBB followed MMP-9 activation. Thus, increased MMP-9 activation may, in part, be responsible for the increases in hemorrhagic
transformation reported with use of tPA. Our study is the first to demonstrate the temporal profile of MMP activation following thrombolysis with
tPA in a model of thrombotic focal cerebral ischemia.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Thrombolysis with tissue plasminogen activator (tPA) is
the only pharmacological treatment option currently available
for the treatment of ischemic stroke. When administered
intravenously within 3 h of symptom onset, tPA has been
shown to be beneficial (Pfefferkorn and Rosenberg, 2003),
albeit to a small population of patients. However, reperfusion
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with tPA has been associated with devastating sequelae
including, an increased risk of hemorrhagic transformation
and edema (Vivien and Buisson, 2000; Yepes et al., 2003).
Though the molecular mechanisms underlying this transfor-
mation have yet to be fully elucidated, hemorrhagic con-
version occurs as a result of the destruction of the blood—brain
barrier (BBB) and an increase in vascular permeability (Yepes
et al., 2003).

Matrix metalloproteinases (MMPs), a family of zinc-
dependent proteases, have recently been implicated in the
reperfusion injury that follows cerebral ischemia (Wang et al.,
2003; Sumii, 2002). Activation of these MMPs is thought to be
partially responsible for the breakdown of the BBB, due to their
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ability to degrade components of the extracellular matrix (Yepes
et al., 2003; Romanic and Madri, 1994; Tsuji et al., 2005). It is
possible that tPA activates MMPs through the plasminogen—
plasmin system, thereby weakening blood vessels and predis-
posing them to rupture (Pfefferkorn and Rosenberg, 2003;
Sumii, 2002; Tsuji et al., 2005). Matrix metalloproteinase-2
(gelatinase A, 72kDa) and MMP-9 (gelatinase B, 92kDa) are
the focus of many studies of cerebral ischemia because of their
substrate specificity for fibronectin, laminin, and collagen type
IV, structural components of the BBB (Heo et al., 1999). To
date, no study has examined the temporal profile of MMP
activation and BBB breakdown following a tPA-treated focal
ischemic event.

The objective of this project was to determine the time
course of activation of both MMP-2 and -9 as well as the BBB
breakdown within the first 24 h following the administration of
tPA in a rat model of focal embolic cerebral ischemia. The
embolic stroke model we use here is well established in stroke
research and more closely mimics human stroke than other
models of cerebral ischemia (Krueger and Busch, 2002; Zhang
etal., 1998). The model uses thrombin mixed with arterial blood
drawn from the middle cerebral artery to create a reproducible
and predictable thromboembolic occlusion.

Our results demonstrate an increased activation of MMP-9
in tPA-treated animals at 6, 12, and 24 h following ischemic
injury. The activation of MMP-2 remained unchanged through-
out all time points studied, although when compared to saline
treatment, tPA administration increased MMP-2 activity. The
destruction of structural proteins of the BBB, namely, laminin
and fibronectin, closely followed the activation of MMP-9.
Taken together, our results suggest that early inhibition of
MMP-9 could reduce the amount of BBB damage and
thereby the hemorrhagic transformation conferred by tPA
administration.

Materials and methods

Male Sprague—Dawley rats (250-300 g) were housed in a
humidity and temperature-controlled environment with a 12-
h light/dark cycle. The care and use of animals were in
compliance with the guidelines as outlined by the Canadian
Council for Animal Care. Rectal temperature was maintained at
37°C with a thermostat-controlled heating pad, during surgical
procedures. Animals were randomly assigned to one of the
following four experimental groups: Sham-tPA; Sham-Saline;
Ischemia-tPA; Ischemia-Saline. Each of these four groups
included all five time points of interest: 3, 6, 9, 12, and 24 h
following induction of ischemia or sham operation. Total
N = 120; group n = 6.

Focal cerebral ischemia

Animals were anesthetized using halothane (3% to induce
and 1% to 1.5% for maintenance), 70% oxygen, and 30%
nitrogen. For this study, we used the thromboembolic model of
focal cerebral ischemia (Wang et al., 2001). Briefly, a surgical
incision was made in the ventral neck to expose the common,

internal, and external carotid arteries. The external carotid artery
(ECA) was fully ligated for the insertion of a PE-10 catheter.
The catheter was advanced through the internal carotid artery
(ICA) to the distal opening of the middle cerebral artery (MCA).
Blood was drawn from this region and mixed with thrombin
contained in the catheter to form a clot. Clot formation was
allowed to progress for 15 min and the clot was deposited
followed by a small saline injection to advance the clot to the
middle cerebral artery. The catheter was withdrawn after
15 min, animals were then returned to their cages for recovery.
Those animals randomly assigned to a sham group received the
same surgical procedure with the exception of clot formation
and deposition. Animals were monitored behaviorally contin-
uously throughout the recovery period and were scored using a
modified Bederson’s scoring system as described in Bederson et
al. (1986).

One hour following the surgical procedure, animals were
again anesthetized using 1% halothane and received a tail vein
injection of either tPA (10 mg/kg) or saline. The administration
of tPA was in conjunction with clinical guidelines, human
recombinant tPA (Actilyse) is 10 times less potent at activating
rodent plasminogen than it is at activating human plasminogen
(Benchenane et al., 2004; Lijnen et al., 1994), therefore we use a
dose 10 times more concentrated (10 mg/kg).

Three, six, twelve, or twenty-four hours following the
surgery, animals were euthanized and brains quickly removed
and blocked for analyses of infarct volume, breakdown of BBB
components, and regional activation of MMP-2 and -9.

Measurement of infarct volume

One 2-mm coronal section of brain in the known infarct zone
(Bregma +0.20 mm according to The Rat Brain Atlas (Paxinos
and Watson, 1998) was incubated in 2,3,5-triphenyltetrazolium
chloride (TTC) at room temperature. Stained tissue sections
were scanned using HP ScanJet software and converted to jpeg
file in Adobe Photoshop. The volume of infarcted tissue was
quantified using a standard image analysis technique where the
frechand tool was used to trace the infarcted area measured in
pixel size (Krueger and Busch, 2002; Tureyen et al., 2004;
Swanson et al., 1990). The possibility of edema enlarging the
infarcted tissue is taken into account by measuring the area of
the surviving tissue on the ipsilateral side and subtracting it
from the area on the contralateral side (Swanson et al., 1990).
TTC staining as a measure of infarct volume is commonly used
and is equivalent to the cresyl violet or hematoxylin—eosin
staining methods for quantifying infarct volume following focal
cerebral ischemia (Tureyen et al., 2004; Bederson et al., 1986).

Gelatin zymography

Remaining brain tissue containing the infarct zone was
immediately flash-frozen in ice-cold isopentane and stored at
—80°C until used for further histological analyses. Specifical-
ly, one set of brains (n = 3) from each of the four groups and
each of the four time points were used for gelatin zymography
(total N = 60). Another set of brains (n = 3 from all groups and
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time points examined; total N = 60) was used for
cryosectioning and immunostaining. Tissue used for gelatin
zymography was divided into ipsilateral ischemic hemispheres
and contralateral non-ischemic hemispheres and further
dissected into striatal and cortical regions. This dissection
process was performed to thoroughly compare MMP activa-
tion throughout both the core infarct area (striatum) and the
penumbral infarct area (cortex) over time. Brain samples were
homogenized in lysis buffer containing 50 mM Tris—HCI,
320 mM sucrose, 1 mM dithiothreitol, 10 pg/mL leupeptin,
10 pg/mL soybean trypsin inhibitor, and 2 pg/mL aprotinin.
After centrifugation at 9000 rpm for 20min, supernatant was
collected and total protein concentration determined by
Bradford’s protocol. Equal amounts (40 pg/puL) of total
protein extracts were prepared by mixing with lysis buffer
and a loading reagent. Prepared samples (2 pg/pnl) were
loaded and separated by 8% acrylamide gel containing 0.1%
gelatin as a substrate. Purified human MMP standards
(Oncogene) were loaded in one lane at a final protein
concentration of 10 pg/100 pL. Upon separation by electro-
phoresis, gels were incubated in renaturing buffer (Triton-X
100 2.5% v/v) for 1 h. Gels were then incubated in buffer
solution (50 mM Tris—HCI, 0.15 M NaCl, 5 mM CacCl,) at
37°C until bands appeared. Gels were stained with Coomassie
blue R-250 for 1 h and destained accordingly. MMP activation
appeared as transparent bands on a blue background. Images
of gels were captured by scanning each gel on an HP ScanJet
flatbed scanner; bands were quantified by densitometry using
ImagePro Express Analysis system.

IgG extravasation

This technique is used as a gross measure of BBB
breakdown (Todd and Butterworth, 1999; Calingasan et al.,
1995). By incubating slides with species-specific IgG, one can
microscopically visualize and quantify the extent of leaky blood
vessels as the IgG contained within vessels leaks into the
parenchyma. Frozen coronal sections (20 pm) were obtained
from brain tissue not incubated with TTC (n = 3, each time
point). Sections were fixed in formalin and dehydrated through
a series of graded alcohols and xylene. Sections were then
incubated for 1 h at room temperature with anti-rat IgG (1:250
in PBS). Peroxidase activity was visualized with 3,3'-
diaminobenzidine (DAB) and hydrogen peroxide in PBS.
Blood vessel leakiness was quantified by field scoring areas
known to be in the infarcted area.

Immunohistochemistry

Immunohistochemistry was performed to assess the cellular
localization of MMP-2 and -9, and to determine extent and
location of the degradation of both laminin and fibronectin.
Vascular integrity was measured by a loss of positive staining
for these two structural components of the BBB. This was
performed for all groups at all time points under study. Frozen
coronal sections (20 pm) were obtained from brain tissue that
was not incubated with TTC (n = 3, from each time point).

Sections were fixed in formalin (except when antibodies
recognizing MMP-2 and -9 were used) and were dehydrated
through a series of graded alcohols and xylene. Quenching of
endogenous peroxidase activity was achieved through incu-
bation in 50% methanol containing 0.03% hydrogen peroxide.
Non-specific binding was blocked with a universal blocking
solution and 0.2% triton-X. Sections were then incubated
overnight with primary antibodies, these included: anti-
laminin (1:100); anti-fibronectin (1:600); anti-MMP2 (1:50);
anti-MMP9 (1:100); anti-glial fibrillary acidic protein (GFAP)
(1:1000); and anti-NeuN (1:250). Sections were washed with
PBS and incubated with appropriate secondary antibodies
(1:200). Those secondary antibodies not conjugated to
fluorescent chromogens were incubated for 30 min with an
avidin—biotin complex and visualized by incubation with
DAB and hydrogen peroxidase. Negative controls were
subject to all treatment conditions with the exception of
primary antibody incubation. Loss of laminin and fibronectin
was quantified by counting positive staining in striatum and
cortical regions of both ipsilateral and contralateral
hemispheres.

In situ zymography

This technique was used to localize net gelatinolytic
activity. FITC-labeled DQ gelatin is used as a substrate for
gelatinases. Cleavage of gelatin substrate by gelatinases
results in increased intensity of fluorescence through release
of the quenched fluorochrome. Tissue sections were obtained
as described above. Thawed sections were incubated for 24 h
in reaction buffer (0.05 M Tris—HCI; 0.15 M NaCl; 5 mM
CaCly; 0.2 mM NaNj; pH 7.6), containing 40 pg/mL DQ
gelatin. Sections were then fixed in formalin and coverslipped
with gel mount. Slides used as negative controls were
incubated with reaction buffer not containing DQ gelatin.
Fluorescence was visualized under fluorescence microscopy
and photographs obtained with CoolSnap Pro digital camera
and Image Pro Plus Software.

Statistical analyses

Quantitative data were expressed as mean + SEM. Statistical
comparisons for infarct size were done using two-way ANOVA
followed by Bonferroni post hoc analyses. Comparisons for
laminin and fibronectin staining were performed using the non-
parametric Kruskall-Wallis test and Bonferroni post hoc
analysis. Differences with P <0.05 were considered statistically
significant.

Results
Infarct volume

Cerebral infarct was measured by TTC staining in the area
known to be the most damaged following occlusion of the

middle cerebral artery. Fig. 1 shows a histogram of overall
infarct volume in the four treatment groups, as well as a sample



M.A. Kelly et al. / Experimental Neurology 200 (2006) 38—49 41

Infarct Size
400+
3504
3004
2504
2004 —|_
150+
1004

50+
O ¢ T Y
3> Cﬁ\\x\e

& S
5 %‘&&9 " 5

Pixel Size

Group

Fig. 1. Infarct volume measured by TTC staining. tPA treatment significantly
reduces infarct volume when compared to saline treatment.

section obtained from this study. Overall infarct volumes were
Sham-tPA: 5.80 = 4.55 [mean + SE]; Sham-Saline: 5.00 + 4.23;
Ischemia-tPA: 186.1 + 73.45; Ischemia-Saline: 284.8 + 88.74

(all P < 0.05) tPA significantly reduced infarct volume in
ischemic animals. Although these data are widely published, it
is included here to demonstrate the validity of our model
(Vivien and Buisson, 2000; Yepes et al., 2003; Graham, 2003;
Gautier et al., 2003).

Gelatin zymography

Results obtained from gelatin zymography experiments
demonstrate an increase in MMP-9 activation at 6, 12, and
24 h following ischemia in tPA-treated animals. The pro-form of
MMP-9 was increased significantly at 6 h only. These data are
represented in Fig. 2A. The contralateral (non-ischemic)
hemisphere of tPA-treated animals did not demonstrate any
changes in either the pro- or active forms of MMP-9 at any of
the time points examined (data not shown). Similarly, saline-
treated ischemic animals and sham-operated animals did not
demonstrate MMP-9 activation (Fig. 2B). The pro-form of
MMP-9 observed in the homogenates from these groups was
used as a baseline measure for any changes that occurred. These
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Fig. 2. Representative zymograms. (A) Zymogram shows gelatinolytic activity of tPA-treated ischemic animals at all time points. Demonstrates MMP-9 activity at 6,
12, and 24 h after ischemia, and an increase in the pro-form of MMP-9 only at 6 h following ischemia. Note that MMP-2 activation is the same at all time points. (B)
Zymogram depicts gelatinolytic activity of saline-treated sham animals at all time points. This zymogram shows MMP-2 activity at all time points with the complete
absence of MMP-9 activity. (C) Histogram represents band luminosity at all time points studied for MMP-9. Asterisks represent statistical significant difference when
active MMP-9 is compared to pro-MMP-9. Data for the gel shown in panel B are not shown here, as MMP-9 is not present giving us a luminosity of 0. Stds—standards
of human. (D) Histogram represents band luminosity for MMP-2 at all time points measured. There was no statistical significance when temporal changes in MMP-2
were measured, but activation levels differed significantly between tPA-treated animals and saline-treated animals. Asterisks mark those groups which did reach

statistical significance.
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results were obtained in both the cortex and striatum of all
animals.

In contrast to the results obtained from MMP-9, a band
depicting MMP-2 activation was observed at all time points in
both treated and non-treated animals. This result was consis-
tently obtained in both sham-operated and ischemic groups.
Although this band appeared in all groups studied at all time
points examined, there were no significant temporal changes
observed in the activation of MMP-2. This result of MMP-2
being constitutively present is expected based upon the
literature (Heo et al., 1999; Aoki et al.,, 2002; Asahi et al.,
2000; Gasche et al., 1999, 2001a). However, a significant
difference in the activity of MMP-2 between saline-treated
animals and the tPA-treated animals was observed. This
significant difference was again only observed in ischemic
groups.

IgG extravasation

This gross measure of BBB breakdown demonstrated that
non-treated animals showed IgG extravasation at all time
points, with 24 h exhibiting the greatest IgG leakage from
blood vessels (Figs. 3D and E). In tPA-treated animals, 12 h
appeared to be the threshold for BBB integrity. Beyond this
time point, blood vessels became significantly more
permeable. Sham-operated animals demonstrated no leeching
of IgG from cerebral blood vessels (Figs. 3A—C). Fig. 3H
displays a histogram of the relative IgG staining in the
parenchyma.

Immunohistochemistry

Immunostaining was performed on frozen tissue sections to
measure the extent of breakdown of structural components of
the BBB and to localize MMP-2 and -9 to specific cell type.
Laminin and fibronectin were examined as they are substrates
for the proteolytic activity of MMP-2 and -9 and are key
structural components of the BBB. The analyses of immunor-
eacted sections from all groups revealed that laminin break-
down occurred within 6 h following ischemia in both treated
and non-treated animals. The maximal amount of laminin
breakdown occurred at 9 h following ischemia in treated
animals and at 24 h non-treated animals. These data are shown
in Fig. 4. Note the difference in the amount of laminin staining
between contralateral and ipsilateral hemispheres. The ipsilat-
eral or ischemic hemisphere demonstrates significantly less
laminin immunostaining than the contralateral hemisphere.
Also of note, is the morphology of the blood vessels which are
present in either hemisphere. In ischemic areas, vessels have a
non-continuous appearance suggesting that they have begun to
lose their integrity when compared to the non-ischemic
hemisphere. Fibronectin breakdown followed a similar time
course as laminin breakdown in tPA-treated animals. Both
laminin and fibronectin destruction were restricted to the
ischemic hemisphere. Fig. 5 depicts fibronectin destruction after
9 h of ischemia in a tPA-treated animal. Non-treated animals did
not demonstrate any significant destruction of fibronectin until

12 h following ischemia whereas sham-operated animals did not
show any breakdown of fibronectin (Figs. 5E and F).

Localization of MMPs through immunohistochemistry
showed that MMP-2 was largely but not solely, restricted to
neuronal cells throughout the brain (Figs. 6A—C). This
expression of MMP-2 did not change based on treatment or
time point studied. MMP-2 was also observed to be present in
astrocytes throughout both hemispheres in non-treated animals
only, including both sham and ischemic animals. The glial
expression of MMP-2 was rarely observed only in tPA-treated
animals (Figs. 6D—F). This result is in concordance with a study
examining MMP inhibition in superoxide-dismutase knockout
mice (Gasche et al., 2001b).

Immunostaining demonstrated that MMP-9 was not
expressed in either neuronal or glial cells (Figs. 5G—L). This
was consistent across all treatment conditions and time points.
MMP-9 immunostaining was largely detected extracellularly.
This extracellular expression of MMP-9 was expected since the
enzyme acts extracellularly to degrade the proteins of the
extracellular matrix thereby compromising the BBB.

In situ zymography

The gelatin zymography described above does not accurately
regionalize the activity of MMPs, rather it demonstrates the
global MMP activity level in a tissue. Therefore, we performed
an in situ gelatinolytic assay on tissue sections to measure and
localize the activity of MMPs. Although this assay does not
differentiate between the two gelatinases, it does provide
information of the regional activation that the gelatin zymo-
graphy cannot. Though we did observe a fluorescent signal in
sham-operated animals, this was largely restricted to neuronal
cells and blood vessels (Fig. 7). This pattern of expression
closely resembled the fluorescent immunohistochemistry co-
localizing MMP-2 to neurons. In ischemic animals, an increase
in the intensity of the fluorescent signal was noted; this can be
seen in Figs. 7D—I. No change was observed in the pattern of
MMP activity. The in situ zymography consistently demon-
strated neuronal activity, regardless of time point or treatment.

Discussion

In the present study, we found that tPA administration
following a thromboembolic cerebral infarct induces the
activation of MMP-2 and -9 and that this compromises the
BBB in a time-dependent fashion. We demonstrate a
significant reduction in infarct volume conferred by throm-
bolytic treatment with tPA. This result, widely published
(Vivien and Buisson, 2000; Yepes et al., 2003; Graham, 2003;
Gautier et al., 2003), confirmed by TTC staining demonstrates
the reliability of the ischemic model used for this study. Use
of TTC staining as a measure of infarct volume has been
shown to be equivalent if not superior to cresyl violet staining
and hematoxylin—eosin staining; two alternative histological
techniques (Tureyen et al., 2004; Bederson et al., 1986). Our
goal in the use of TTC as a measure of infarct was not to
reproduce previously published reports but rather to confirm
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Fig. 3. IgG extravasation. (A—C) Represent a sham-saline-treated animal. Blood vessels are fully intact and IgG can be seen within them. There is no leakage of IgG to
the surrounding parenchyma. (D—E) Represent a saline-treated ischemic animal after 24 h. IgG has significantly leaked into the brain parenchyma, and you can
distinguish a border zone between the leaky blood vessels and those that remain intact. (F-G) Represent a tPA-treated ischemic animal after 9 h. The leakage from
blood vessels at this time point is more punctate and distinct. (A, D, F) Magnification: 4x. (B, E, F) Magnification: 10x. (C) Magnification: 20x. (H) Histogram
depicting the extravasation of IgG. Saline-treated ischemic animals demonstrate BBB breakdown as early as 3 h. tPA-treated ischemic animals demonstrate IgG
extravasation after 6 h of ischemia.
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Fig. 4. Immunostaining for the structural protein laminin. (A—B) Sections obtained from the same tPA-treated ischemic animal, 6 h post-ischemia. (A) Represents the
left, contralateral hemisphere. (B) Represents the right, ipsilateral ischemic hemisphere. Note the vast difference in the amount of laminin present in each of the
sections. This is an indication of BBB destruction. Panels C—D are from the same saline-treated ischemic animal after 24 h. (C) Represents the left, contralateral
hemisphere. (D) Represents the right, ipsilateral hemisphere. Again, note the lack of laminin staining in panel D. Also of note is the broken appearance of the blood
vessels which are present. (E) Immunostaining for laminin in a tPA-treated sham animal. Note how all blood vessels appear intact. Staining shown here is
representative of all tPA-treated sham animals at all time points. (F) Negative control for laminin immunostaining. Slides were treated under the same conditions with
the exception of primary antibody incubation. Magnification: 10x. (G) Histogram depicting the loss of laminin immunostaining over time. Each group contains a bar
representing a time point in increasing order. All ischemic animals demonstrate loss of the structural protein laminin after 6 h. In tPA-treated ischemic animals, the loss
of laminin is significant compared to both sham groups at 6, 9, 12, and 24 h and significantly different from non-treated ischemic animals at 6 and 9 h. Ischemic animals
treated with tPA showed more laminin loss than those animals that received saline following ischemia at the 6 and 9 h time points.
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Fig. 5. Immunostaining for the structural protein fibronectin. (A—B) Figures are representative of a tPA-treated animal after 9 h of ischemia. Note the breakdown of
fibronectin which resembles the leakiness of IgG in previous figures. (A) Magnification 4x. (B) Magnification 10x. (C—D) Sections are from the same animal-saline-
treated, ischemic animal at 24 h. (C) Photomicrograph representative of the left, contralateral hemisphere. (D) Represents the right, ipsilateral hemisphere. Note the different
patterns of staining between the two hemispheres. (E) Represents a sham, saline-treated animal. Fibronectin surrounding blood vessels is intact and there is no leakage to the
surrounding parenchyma. (F) Negative control for fibronectin immunostaining. Slides underwent the same immunohistochemical protocol without the application of the
primary antibody. (G) Histogram depicting the breakdown of fibronectin over time. tPA-treated ischemic animals demonstrate loss of fibronectin after only 6 h of ischemia,
while non-treated animals do not demonstrate any fibronectin loss until 12 h post-ischemia. The loss of fibronectin is considered significant for tPA-treated ischemic
animals compared to sham animals at 9, 12, and 24 h following ischemia. Non-treated ischemic animals showed a significant amount of fibronectin loss compared to sham
animals at 3, 12, and 24 h after ischemic injury. tPA-treated ischemic animals demonstrated more loss of fibronectin than non-treated animals only at the 9 h time point.
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Fig. 6. Double immunofluorescent staining. (A) Depicts NeuN staining, showing neurons. (B) Depicts the immunostaining for MMP-2. (C) The merged image. This
section is from a tPA-treated ischemic animal, white arrows indicate a neuronal cell body expressing MMP-2. The result shown here is consistent among all animals
included in the study. MMP-2 is clearly localized to neuronal cells. (D) Depicts GFAP staining, a marker for astrocytes. (E) Depicts the immunostaining for MMP-2.
(F) The merged image. Note that only one astrocyte in this area is positive for MMP-2 (white arrows). This section is from a tPA-treated ischemic animal and the lack of
glial MMP-2 expression is observed in all tPA-treated animals at all time points studied. (G) Depicts immunostaining for GFAP. (H) Demonstrates immunostaining for
MMP-9. (I) Overlaid image demonstrating no MMP-9 expression in astrocytes (white arrows in panels G and I). Sections are from non-treated ischemic animals (G, H,
I). Panels J-L are sections obtained from tPA-treated ischemic animals. (J) Represents immunostaining for GFAP. (K) Immunostaining for MMP-9. (L) Overlaid

image, again showing a lack of MMP-9 expression in astrocytes (white arrows).

the validity of our model. And indeed we observed uniform
and reproducible cerebral infarcts.

Gelatin zymography experiments show a clear increase in
MMP activity following tPA administration. Although it has
been previously demonstrated using a similar animal model that
MMP-9 was upregulated at 6 h (Aoki et al., 2002) following
ischemia, our results are the first to outline the full temporal
profile of the combination of tPA administration in a

thromboembolic model in the first 24 h of ischemic injury.
During the preparation of this manuscript, two reports were
published which also outline the activation of MMP-9
following tPA administration. These manuscripts involved the
use of an intraluminal suture model of ischemia followed by
mechanical reperfusion, and one (Tsuji et al., 2005), also
examined MMP-9 with tPA-knockout mice. The main conclu-
sions of this study were that tPA administered exogenously
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Fig. 7. In situ Zymography. Panels A—C depict sections from a sham-operated, saline-treated animal. This is representative of a baseline of MMP activation for
comparison among experimental groups. Note that layers 1 and 2 of the cortex do not demonstrate any MMP activity. This restriction to cell bodies is consistent
throughout all time points and treatment modalities. (A) Magnification 10x; (B) 20x; (C) 20x% in the right striatum. (D—G) Depict sections through the ipsilateral
ischemic striatum (D, E) and the contralateral non-ischemic striatum (F, G) of a tPA-treated ischemic animal 12 h post-ischemia. Note the difference in the pattern of
staining between the two hemispheres. In the ipsilateral striatum, cells appear brighter and areas surrounding cells are more fluorescent in comparison to the
contralateral striatum and to the non-ischemic sections seen in panels A—C. Panels H and I depict ipsilateral (H) and contralateral (I) striatal sections in a non-treated
ischemic animal. Cells appear intact and the extracellular space does not appear to demonstrate any MMP activation as seen in panels D and E. (J) Represents a
negative control for these sections. The slide was treated to all of the same conditions as test slides with the exception of incubation with the DQ-labeled gelatin.

increased MMP-9 activation twofold, and the genetic knockout
of tPA reduced MMP-9 levels compared to wild-type mice
(Tsuji et al., 2005). The second study (Kahles et al., 2005)
examined BBB breakdown in the same ischemia—reperfusion
(intraluminal suture) model, with the exception that tPA was
administered intra-arterially to the MCA. This study found that
the effects of tPA on the BBB were enhanced when tPA was
incubated with clot material (Kahles et al., 2005). BBB
breakdown and MMP activation are dynamic processes
following cerebral ischemia and tPA administration, our study
fully outlines the 24-h period after ischemic injury, in a model
which is very similar to the clinical situation, using a clot
formed from the animal’s own blood and administering tPA 1 h
after the insult, within the window of opportunity used in
human stroke patients.

The results of our gelatin zymography experiments show a
clear increase in both the pro- and active forms of MMP-9 after
tPA administration. Six hours following ischemia, pro-MMP-9
was significantly higher than at any other time point studied, while
the active form of MMP-9 was elevated at 6, 12, and 24 h post-
ischemia. This increase in MMP-9 activity coincides with the
greatest amount of loss of laminin and fibronectin in the same tPA-
treated animals. tPA treatment of ischemic animals results in
significantly greater MMP-2 activity than that observed in
ischemic animals receiving saline treatment, although this
activation showed no significant change over time. MMP-2 is
constitutively bound to the cell membrane by a tissue inhibitor of
metalloproteinases (TIMP) and a membrane-type metalloprotei-
nase (MT-MMP). Due to the vulnerable nature of this gelatinase, it
was observed that MMP-2 was activated at all time points, in all
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treatment groups, including non-ischemic, non-treated animals.
MMP-2 is not likely to be a major contributor to BBB breakdown
in this setting, as sham-operated animals also demonstrated a
baseline level of activity from this enzyme. Despite this, an
increase in MMP-2 activity following tPA administration could
aid in the activation of MMP-9. In terms of'its cellular localization,
MMP-2 was present most obviously in neuronal cells. Non-
treated ischemic animals demonstrated astrocytic expression of
MMP-2. However, tPA-treated animals rarely demonstrate
astrocytic MMP-2 expression and such expression was restricted
to the core of the infarct. The in situ zymography data were
correlated to that obtained from immunohistochemistry of each of
the MMPs. Neuronal cells predominantly demonstrated MMP
activation as measured by this non-specific activity assay. Based
on our double-immunostaining results, the activated gelatinase is
likely to be MMP-2. It is also possible that the activity observed in
these sections is due to other MMPs, as MMP-2 and -9 are not the
only proteases able to digest gelatin, MMP-3 (stromelysin) and
MMP-7 (matrilysin) are also capable (Gasche et al., 2001a) and
further investigations are underway to elucidate the relative
contributions of these and other metalloproteinases.

The results of immunohistochemical experiments also
outlined the temporal profile of BBB breakdown by examining
the loss of structural components laminin and fibronectin.
Here, we observed a loss of BBB integrity which followed
MMP-9 activation in tPA-treated ischemic animals. Although
the loss of laminin and fibronectin was also observed in saline-
treated ischemic animals, it was not observed until 12 h post-
ischemia whereas tPA-treated ischemic animals demonstrated a
loss of positive laminin staining which began as early as 6 h
post-ischemia. This loss of laminin coincided with the increase
of MMP-9 activity seen in gelatin zymography experiments
therefore, it can be said that tPA is responsible for the loss of
structural integrity by increasing MMP-9 activation. Sham
animals receiving tPA intravenously did not demonstrate an
increase in MMP-9 either in the pro-form of the active form,
nor did they demonstrate destruction of the BBB. Furthermore,
MMP-9 activation was not observed in the contralateral
hemisphere of tPA-treated ischemic animals at any time
point. This result can be explained by the hypothesis that
tPA is only detrimental to the injured brain (Vivien and
Buisson, 2000). If the exogenous application of tPA was
harmful to the healthy brain, we would expect to see some
activation of MMP-9, and breakdown of the BBB in tPA-
treated sham-operated animals or in the contralateral, non-
ischemic hemisphere of tPA-treated ischemic animals, but this
was not observed here.

In conclusion, the current study demonstrates that the
activation of MMP-9 is temporally similar to BBB breakdown
as demonstrated by a loss of structural components laminin and
fibronectin. The MMP-9 activation and time course of
degradation of the BBB are restricted to those animals
administered tPA following a focal embolic ischemic event.
Our results are the first to demonstrate the temporal profile of
activation of MMP-2 and -9 following tPA administration in
thrombotic cerebral ischemia. These results emphasize that
inhibition of MMP-9 could be the key to halting the destruction

of the BBB and the hemorrhagic transformation associated with
tPA administration.
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