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The regulation of cerebrovascular permeability is critical for normal brain homeostasis, and the “break-
down” of the blood-brain barrier (BBB) is associated with the development of vasogenic edema and
intracranial hypertension in a number of neurological disorders. In this study we demonstrate that an
increase in endogenous tissue-type plasminogen activator (tPA) activity in the perivascular tissue fol-
lowing cerebral ischemia induces opening of the BBB via a mechanism thatis independent of both plas-
minogen (Plg) and MMP-9. We also show that injection of tPA into the cerebrospinal fluid in the absence
of ischemia results in a rapid dose-dependent increase in vascular permeability. This activity is not seen
with urokinase-type Plg activator (uPA) but is induced in Plg7~ mice, confirming that the effect is Plg-
independent. However, the activity is blocked by antibodies to the LDL receptor-related protein (LRP)
and by the LRP antagonist, receptor-associated protein (RAP), suggesting a receptor-mediated process.
Together these studies demonstrate that tPA is both necessary and sufficient to directly increase vascu-
lar permeability in the early stages of BBB opening, and suggest that this occurs through a receptor-medi-
ated cell signaling event and not through generalized degradation of the vascular basement membrane.
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Introduction
Outside the CNS, tissue-type plasminogen activator
(tPA) is predominantly found in the blood, where its pri-
mary function is as a thrombolytic enzyme and its prin-
cipal substrate is the zymogen plasminogen (Plg) (1). tPA
is also expressed within the CNS, where it is thought to
have a very different function, promoting events associ-
ated with synaptic plasticity such as motor learning,
long-term potentiation, and seizures (2-5). The natural
substrate for tPA within the CNS is controversial, with
some studies indicating that its activity is Plg-dependent
while others show it to be Plg-independent (4, 6).
Pathologically, tPA is linked to neurotoxicity in a
number of settings (6, 7), but its mechanism of action
is not known. The majority of studies suggest that
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excessive tPA within the CNS promotes neuronal
death (8). However, at least one study has suggested
that tPA is neuroprotective (9) and another has shown
that tPA deficiency increases cerebrovascular fibrin
deposition following transient middle cerebral artery
occlusion (MCAO), and that this is associated with
increased brain injury (10). In the case of ischemic
stroke, endogenous tPA activity has been shown to
increase significantly within the ischemic hemisphere
following MCAO (8), and different animal models
have demonstrated that both genetic deficiency of tPA
(8, 11) and its inhibition with the natural tPA inhibitor
neuroserpin (7, 12) are associated with significant neu-
ronal survival and decreases in infarct volume com-
pared with control animals.

These studies suggest that tPA inhibition within the
CNS may be beneficial after ischemic stroke. At pres-
ent, tPA is the only FDA-approved thrombolytic med-
ication for the treatment of patients with acute
ischemic stroke (13). However, in some animal models
of embolic stroke, thrombolytic treatment with tPA
was associated with evidence of increased vascular per-
meability (14, 15) and with increased infarct volume
(14). This suggests that under pathological conditions
there may be a correlation between tPA activity and
changes in vascular permeability, and that any increas-
es in vascular permeability could result in vascular tPA
crossing into the CNS where it may intensify the effect
of ischemia on excitotoxic cell death.
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The blood-brain barrier (BBB) is an incompletely
understood structure that protects the brain from the
entrance of potentially harmful substances present in
the blood and maintains the homeostasis of the CNS
(16). Regulation of BBB permeability is a necessary part
of normal physiology; however, in pathologic situations
such as head trauma and acute stroke, excessive increas-
es in vascular permeability lead to opening of the BBB
and vasogenic edema (17, 18). Previous studies have sug-
gested that MMPs can promote this “breakdown” of the
BBB by directly degrading the components of the vas-
cular basement membrane (19). MMPs are zinc-depend-
ent enzymes that are upregulated following ischemia
(20). In particular, MMP-9 has been suggested to play a
role in the pathology of stroke, and MMP-9-deficient
mice (MMP9~~ mice) have been shown to be partially
protected from cerebral ischemia (21), purportedly due
to reduced proteolytic degradation of the BBB (22).

The LDL receptor gene family is a group of related
endocytic receptors (23). Members of this family are
present on most cells and bind a diverse set of ligands,
including tPA (24) and MMP-9 (25). The LDL receptor
family has also been shown to participate in
transendothelial transport through the BBB (26, 27).
Several members of this receptor family are highly
expressed within the CNS, including the LDL recep-
tor-related protein (LRP) (28). LRP and other members
of this family have also been shown to participate in
cell signaling events both in the vascular wall and in the
CNS (28-30). In the studies presented here, we demon-
strate that tPA within the CNS is both necessary and
sufficient to directly increase vascular permeability,
leading to loss of BBB integrity. Moreover, in initial
stages of cerebral ischemia, the opening of the BBB is
mediated directly by tPA,; this activity is independent of
either Plg or MMP-9, but requires interaction with LRP.
These results describe a new role for tPA as a regulator
of vascular permeability within the CNS.

Methods

Animal models. The middle cerebral artery was exposed
in adult Sprague-Dawley rats weighing 350-400 g and
was cauterized with a bipolar coagulator as described
elsewhere (7). In mice, the middle cerebral artery was
exposed and occluded with a 10-0 suture as described
(11). Murine strains were tPA~/-, urokinase-type Plg acti-
vator (uPA) null (#«PA-/-), or Plg/- backcrossed at least
seven generations into C57BL/6] mice (31); their WT
CS57BL/6] controls; MMP9-/- mice (32) on a pure
129S6/SvEv background (a generous gift from Michael
Shipley and Robert Senior of Washington University
School of Medicine, St. Louis, Missouri, USA); and their
WT 129S6/SvEv controls (33) (Taconic Farms, Rock-
ville, Maryland, USA). In the case of the Plg/- mice, all
experiments were carried out on mice between 8 and 12
weeks of age. Treatment of rats with neuroserpin fol-
lowing MCAO was performed immediately after MCAO
by intracortical injection with 20 ul of either PBS or 16
UM neuroserpin as described (7). Treatment of mice

with neuroserpin following MCAO was performed by
intraventricular injection of 2.5 (l of neuroserpin (1-16
UM) at bregma -2, mediolateral 0, and dorsoventral 2
(34). All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee at the Amer-
ican Red Cross Holland Laboratory.

MMP-9 activity analysis. For analysis of MMP-9 activity
in rats and mice, animals were euthanized 6 hours after
MCAO. The brains were then removed, divided into ipsi-
lateral and contralateral hemispheres, and homogenized
in a 2:1 volume-to-weight ratio of lysis buffer containing
0.5 M NaCl, 1% Triton X-100 (Sigma-Aldrich, St. Louis,
Missouri, USA), 0.05% Tween 20 (Sigma-Aldrich), and 50
mM sodium acetate at pH 4 (7). The protein concentra-
tions of the extracts were determined and the samples
were diluted to identical concentrations in PBS before
MMP activity was assayed by gelatin zymography (Invit-
rogen Corp., Carlsbad, California, USA). After elec-
trophoresis, the gel was washed twice (45 minutes each
wash) with 2.5% Triton X-100 (Sigma-Aldrich), followed
by a 30-minute wash with Tris-buffered saline containing
5 mM CaCl,. The gel was then incubated overnight at
37°C in the same buffer, after which it was stained with
0.5% Coomassie Brilliant Blue R-250 (Amersham Bio-
sciences, Piscataway, New Jersey, USA) for 30 minutes and
then destained. Purified human proMMP-9 from Chemi-
con International (Temecula, California, USA) was used
as a marker for MMP-9. Treatment of brain extracts from
animals subjected to MCAO with para-aminophenyl met-
curic acetate (Sigma-Aldrich) did not increase the
amount of MMP-9 activity or alter its migration in the
zymography assays, suggesting that the majority of
MMP-9 observed was in the active form (data not shown).

Analysis of vascular permeability. Changes in vascular
permeability following MCAO in mice were determined
by intravenous injection of 2% Evans blue (Sigma-
Aldrich) in saline immediately after MCAO, followed 6
hours later by transcardiac perfusion. The brains were
then removed, divided into ipsilateral and contralateral
hemispheres, weighed, homogenized in 400 pl of N,N-
dimethylformamide (Sigma-Aldrich), and centrifuged
at 21,000 g for 30 minutes. Evans blue was quantified
from the absorbance at 620 nm of each supernatant
minus the background calculated from the baseline
absorbance between 500 and 740 nm, and divided by
the wet weight of each hemisphere. To determine vas-
cular permeability following intraventricular injection
of tPA or uPA, anesthetized mice, either WT or Plg/-
C57BL/6], were placed on a stereotactic frame and
injected at coordinates bregma - 2, mediolateral 0, and
dorsoventral 2 (34). Injections contained 2.5 [l of either
active tPA (0.14-3.4 uM; Genentech Inc., San Francisco,
California, USA;), inactive tPA (0.7 uM; Molecular Inno-
vations Inc., Royal Oak, Michigan, USA), or uPA (0.9
uUM; Molecular Innovations Inc.) and were followed by
the intravenous injection of 2% Evans blue.

The role of LRP in vascular permeability was analyzed
in WT C57BL/6] mice injected at the same coordinates
with 5 pl of a combination of active tPA (0.35 uM) and
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either receptor-associated protein (RAP) (9 uM), purified
goat anti-LRP antibodies (85 [lg/ml), or normal goat IgG
(85 ng/ml). The role of the N-methyl-D-aspartate
(NMDA) receptor was analyzed in a different group of
animals, which were first injected intraperitoneally with
100 pl of the NMDA antagonist MK-801 (2 mg/ml;
Tocris Cookson Inc., Ellisville, Missouri, USA) 1 hour
before intraventricular injection of tPA (2.5 pl of 0.7 uM
active tPA). The inactive tPA (with its active site blocked)
was prepared by inhibition of tPA with Phe-Pro-Arg-
chloromethylketone (EMD Biosciences Inc., La Jolla,
California, USA), followed by dialysis into the same
buffer as the active tPA. For all groups, brains were
extracted 1 hour after intraventricular injection and
Evans blue extravasation was analyzed as above, except
that brains were not separated into hemispheres and
were extracted in 800 ul N,N-dimethylformamide. Sta-
tistical analyses for all quantitative experiments were per-
formed with the Wilcoxon two-sample rank sum test.
Microscopy and in situ proteinase analysis. Microscopic
evaluation of in situ proteinase activity and Evans blue
dye extravasation were determined at 1 hour or 6 hours
after MCAO, respectively. In both cases mice were intrac-
ardially perfused with PBS, followed by a brief perfusion
with 10% paraformaldehyde (Fisher Scientific Co., Fair-
lawn, New Jersey, USA) in PBS and then again extensive-
ly with PBS alone. The brains were then removed, frozen
in OCT (Sigma-Aldrich, St. Louis, Missouri, USA), and
stored at -70°C. For analysis of tPA, 5-um cryostat sec-
tions were analyzed as described (4). Briefly, cryostat sec-
tions (5 wm) were first stained with 100 uM DAPI
(Sigma-Aldrich) for 30 seconds, rinsed in PBS, and then
processed for in situ proteinase activity. Overlays of 100
pl of 1% agarose in PBS containing 1 ig/ml BODIPY TR-
X casein (Molecular Probes Inc., Eugene, Oregon, USA)
and 5 mM EDTA with or without Plg (Molecular Inno-
vations Inc.) and with or without anti-tPA antibodies
were applied to prewarmed tissue and sealed under glass
coverslips. The slides were incubated for 2 hours at 37°C
and then analyzed for casein fluorescence. To study
Evans blue extravasation, 5-um brain sections were
processed in the same manner except that the overlay
contained only 1% agarose and was analyzed immedi-
ately after preparation. Evans blue was observed using a
fluorescent microscope with a TRITC filter.

Results

Inbibition of tPA reduces ischemia-induced cerebral MMP-9
activity. Previous studies have shown that the activity of
MMP-9 increases in the CNS following cerebral ischemia
(20,21) and that compared with WT mice, MMP9-/- mice
have both reduced infarct volumes and decreased dis-
ruption of the BBB after MCAO (35). Like MMP-9, tPA
activity in the CNS also increases early after MCAO (7),
and tPA~- mice show reductions in stroke volume simi-
lar to MMP9-/- mice (8). The similarity of results ob-
tained with these two protease systems suggests that
there may be a link between tPA and MMP-9 during cere-
bral ischemia. To test this possibility, experiments were

conducted to see if the inhibition of tPA activity within
the CNS after MCAO influenced the levels of MMP-9
present. For this analysis, gelatin zymographic assays of
rat brains were performed 6 hours after MCAO with and
without injection of the tPA inhibitor neuroserpin
directly into the ischemic area (Figure 1a). These results
revealed a marked decrease in MMP-9 activity in neu-
roserpin-treated animals (lanes 4-7) compared with ani-
mals treated with PBS only (lane 2 and lane 3). Treat-
ment of brain extracts with neuroserpin ex vivo indicated
that, as expected, neuroserpin did not directly inhibit
MMP-9 (data not shown), which suggests that the inhi-
bition of tPA activity indirectly blocks the rise in MMP-9
activity that occurs after ischemic stroke. To confirm
that this result was due to the inhibition of tPA activity
in the neuroserpin-treated animals and was not due to
the effect of neuroserpin on another unidentified pro-
tease, the MMP-9 activity was analyzed in tPA~/- and Plg/-
mice 6 hours after MCAO. These data demonstrated
that compared with WT animals, tPA~- mice showed a
marked decrease in MMP-9 activity, whereas Plg/~ mice
did not (Figure 1b). Quantitative PCR analysis of brain
tissue from normal WT mice and from the ischemic and
nonischemic hemispheres of WT mice 6 hours after
MCAO indicated that there was no local increase in
MMP9 gene expression following cerebral ischemia (data
not shown). Likewise, treatment of either nonischemic
brain extracts or purified human proMMP-9 with tPA
demonstrated that tPA had no affect on the MMP-9 in
either case, indicating that tPA was not acting directly on
MMP-9 (data not shown). Together these results suggest
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Figure 1

MMP-9 activity in brain extracts following cerebral ischemia. (a)
Zymographic assay of brain extracts from rats following MCAO.
Lane 1 is purified human proMMP-9 and all other lanes show
MMP-9 activity 6 hours after MCAO in rats that were intracorti-
cally injected ipsilateral to the ischemic area immediately following
MCAO with either PBS (lanes 2 and 3) or neuroserpin (Ns, lanes
4-7). Lanes 2, 4, and 6 are ipsilateral (1) to the ischemic area and
lanes 3, 5, and 7 are contralateral (C). (b) Zymographic assay of
brain extracts from mice following MCAO. Lane 1 is purified
human proMMP-9. The other lanes correspond to brain extracts
from WT C57BL/6J (lane 2 and lane 3), tPA~/~ C57BL/6J (lane 4
and lane 5), and Plg 7/~ C57BL/6J (lane 6 and lane 7) mice 6 hours
after MCAO. Lanes 2, 4, and 6 are ipsilateral to the ischemic area
and lanes 3, 5, and 7 are contralateral.
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BBB permeability following cerebral ischemia. (a) Analysis of Evans
blue dye extravasation in mice. Brains were removed and pho-
tographed 6 hours after MCAO. All images are ipsilateral to the
ischemic area. WT ipsilateral is a WT C57BL/6) mouse, and WT + Ns
is a WT C57BL/6) mouse treated with an intraventricular injection of
2.5 ul of 16 UM neuroserpin immediately after MCAO. tPA-/-, uPA--,
Plg/-, and MMP9-/~ are mice deficient in the enzyme indicated. The
arrows indicate the area of Evans blue extravasation associated with
the ischemic injury. (b) Quantitative analysis of Evans blue extravasa-
tion from brain extracts 6 hours after MCAQO. Sham indicates animals
subjected to all procedures except MCA ligation. The results represent
the specific absorbance of Evans blue at 620 nm calculated as per-
centage of that of the WT control, either C57BL/6) (C57) or 12956/
SvEv as described in Methods. As a control for perfusion efficiency, the
absorbance of the contralateral hemisphere was subtracted from that
of the hemisphere ipsilateral to the MCAO. For each condition, n = 4.
*P < 0.05 relative to WT control mice receiving MCAO.

that there is a Plg-independent link between tPA and
MMP-9 following cerebral ischemia that is not due to
the local action of tPA on either MMP-9 protein or gene
expression. Instead it may be that the rise in MMP-9 was
due to the increased passage of free MMP-9 from the
blood into the brain through the BBB or as a component
of invasive neutrophils.

tPA increases BBB permeability after MCAO independent of
MMP-9.If the rise in MMP-9 activity observed above is
due to the passage of MMP-9 from the blood through
the BBB, this suggests that tPA may play an important
role in the regulation of vascular permeability following
MCAO. To test this hypothesis we analyzed Evans blue
dye extravasation in WT, tPA7~, Plg/~, uPA7/~, and
MMP9~~ mice 6 hours after MCAO (Figure 2, a and b).
These studies demonstrated that there was a large
increase in BBB permeability in the ischemic areain WT
animals by 6 hours after MCAO that was not seen in
sham-operated mice. This increased permeability was
dramatically reduced in both tPA7~ mice and in WT mice
treated with neuroserpin, suggesting a direct association
between tPA and BBB opening in cerebral ischemia.

In contrast, ischemia-induced Evans blue dye leakage
was not reduced in either #PA~~ or Plg”/~ animals, indi-
cating that tPA induces opening of the BBB by a Plg-inde-
pendent mechanism. Moreover, MMP-9-deficient ani-
mals also exhibited Evans blue dye extravasation
comparable to that of WT animals, demonstrating that
at least in the early stages of cerebral ischemia the open-
ing of the BBB is mediated by tPA and is independent of
MMP-9. To confirm that the effect of neuroserpin on
Evans blue dye leakage was specific and was not simply
due to the injection or was an effect of the vehicle, a dose-
response study of neuroserpin was performed. These data
are shown in Figure 3 and indicate that Evans blue dye
leakage decreases as the concentration of neuroserpin
increases, and saturates at a point where higher concen-
trations of neuroserpin do not have any additional effect.

Perivascular tPA activity precedes changes in BBB integrity
following MCAO. To determine whether the observed
effect of tPA on the BBB following cerebral ischemia
might be due to the local action of tPA directly on the
blood vessels, the temporal and spatial relationship
between tPA activity and Evans blue dye leakage fol-
lowing MCAO was examined by in situ zymography
and fluorescence microscopy. These studies demon-
strated that as early as 1 hour after MCAO, there was a
robust increase in tPA activity associated with the ves-
sel and in the perivascular tissue surrounding the
necrotic core (ischemic penumbra), as evidenced by the
generation of plasmin activity in the in situ zymogra-
phy assay (Figure 4a). This activity preceded an increase
in vascular permeability in the same area shown S
hours later in Figure 4f (6 hours after MCAO). These
results suggest a direct temporal and spatial relation-
ship between tPA activity and increased permeability of
the BBB following the onset of cerebral ischemia.

tPA directly induces opening of the BBB. The studies
described above indicate that tPA is necessary to induce
opening of the BBB following cerebral ischemia. To
determine whether tPA by itself is sufficient to induce
opening of the BBB in the absence of other stimuli such
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Figure 3

Dose-response study of neuroserpin treatment following MCAO.
Quantitative analysis of Evans blue extravasation from brain extracts
6 hours after MCAO in WT C57BL/6) mice treated with an intra-
ventricular injection of 2.5 l of either PBS or increasing doses of neu-
roserpin immediately after MCAO. Analysis was as in Figure 2, and
n = 4-6 for each point.
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Temporal and spatial relationship between tPA activity and vascular permeability following MCAO in WT (C57BL/6J) mice. In a-d, tPA activ-
ity 1 hour after MCAQ is shown in red by in situ zymography, and cell nuclei are in blue (DAPI). (a) By 1 hour after MCAQO there is signifi-
cant tPA activity in the vessel wall and in the perivascular tissue surrounding a vessel bordering the necrotic area. (b and ¢) The same vessel
in adjacent sections (5 um), but with anti-tPA antibodies included (b), or without the addition of Plg (c) in the overlay. (d) The background
tPA activity associated with a vessel in a corresponding area in the contralateral hemisphere from the same section shown in a. In a-d the
original magnification was X100. (e-h) Evans blue extravasation is shown in red and cell nuclei in blue (DAPI) 6 hours after MCAO. (e) A
low-magnification view of the entire ischemic area. (f) Evans blue extravasation from a vessel located in the area adjacent to the ischemic
area, similar to the one seen in a. (g) Electronic magnification of the box in f. The arrow indicates an area of Evans blue leakage outside the
internal elastic lamina of the vessel. (h) Evans blue is shown adhering to the vessel wall, but no extravasation is seen in a vessel from the same
section seen in fand g but located in the corresponding region of the contralateral hemisphere. Ipsi, ipsilateral; Contra, contralateral.

as ischemia, tPA was injected directly into the CSF, and
Evans blue dye extravasation was studied 1 hour later.
This analysis showed that there was a significant
increase in vascular permeability following the intra-
ventricular injection of tPA in the absence of cerebral
ischemia (Figure 5). In addition, this effect was dose-
dependent, with an estimated EDs of approximately
425 nM tPA (Figure 6). These results indicate that tPA
within the CNS is not only necessary, but is sufficient
to produce opening of the BBB. Moreover, very little
leakage of Evans blue dye was observed in the presence
of inactive tPA, indicating that the tPA must be prote-
olytically active to induce opening of the BBB (Figure 5).
However, in contrast to active tPA, the injection of active
uPA induced only a modest increase in Evans blue
extravasation, suggesting that like the tPA-dependent
increases in vascular permeability associated with
stroke, this event may also be Plg-independent. To test
this latter possibility, tPA was injected directly into the
CSF of Plg/- mice, and Evans blue dye extravasation was
studied after 1 hour. These data demonstrated that just
as in WT mice, tPA significantly increased the vascular
permeability in the absence of Plg (white bar in Figure
5), confirming that this effect is Plg-independent.
tPA-induced opening of the BBB is blocked by antagonists of
LRP. tPA has been reported to associate with two non-
Plg ligands within the CNS and to mediate cell signaling
through these interactions. These receptors are the
NR-1 subunit of the NMDA receptor (36), although this
association remains controversial (37), and an LDL
receptor family member presumed to be LRP (24). To
determine whether the observed increase in BBB perme-
ability was due to the association of tPA with either the
NR-1 subunit of the NMDA receptor or with LRP, the
leakage of Evans blue dye following the intraventricular

injection of tPA was evaluated with antagonists to both
receptor families. In the first case, mice were pretreated
1 hour before tPA administration with the NMDA recep-
tor antagonist MK-801 (38). These experiments indicat-
ed that there was no significant change in the tPA-
induced increase in BBB permeability in the MK-801-
treated animals (Figure 5), suggesting that the observed
increase in BBB permeability following treatment with
tPA is not mediated by a member of the NMDA receptor
family. In contrast, intraventricular coinjection of tPA
together with RAP, a general antagonist of members of
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Figure 5

Changes in vascular permeability following intraventricular injection
of tPA, determined by quantitative analysis of Evans blue extravasa-
tion from brain extracts. Measurements were performed 1 hour after
intraventricular injection of 2.5 pl of either PBS, active tPA (tPA, 0.7
UM), inactive tPA (tPAi, 0.7 uM), active uPA (uPA, 0.9 uM), and
active tPA following 1 hour after pretreatment with the NMDA recep-
tor antagonist MK-801 (t+MK) or coinjection of 5 l of 0.35 uM
active tPA in combination with a 25-fold molar excess (9 M) of the
LRP antagonist RAP (t+RAP). The black bars indicate WT C57BL/6)
mice and the white bar indicates Plg/~ C57BL/6J mice. For each con-
dition, n = 6-8. *P < 0.01 vs. animals injected with PBS.
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the LDL receptor family (39), completely blocked the
extravasation of Evans blue dye (Figure 5). This indicates
that the action of tPA on the BBB was mediated by LRP
or by another member of the LDL receptor family. To
determine whether tPA was acting specifically through
LRP, Evans blue extravasation was determined when tPA
was coadministered with anti-LRP antibodies (Figure 7).
These results demonstrated that antibodies against LRP
completely blocked this effect of tPA, confirming the
role of LRP in this process.

Discussion
The BBB is formed by endothelial cells, pericytes, astro-
cytes, and the vascular basement membrane. Its main
functions are to form a tight barrier that regulates the
entry of selected molecules from the blood into the CNS
and to prevent the passage of potentially harmful sub-
stances into the brain (40, 41). Changes in BBB perme-
ability are a normal physiological response to events
such as variations in pH, blood pressure, and the supply
of oxygen and nutrients. However, an excessive and sus-
tained increase in vascular permeability may produce an
abnormal and enduring opening of the BBB, leading to
the extravasation and accumulation of fluids in the
perivascular space, resulting in vasogenic edema (17, 18).
The causes of the pathologic opening of the BBB are
not known, but previous studies have suggested that in
the case of cerebral ischemia it is the upregulation of
MMP-9 and its subsequent proteolytic degradation of
the vascular basement membrane that leads to break-
down of the BBB (22). Our initial observations of a pro-
gressive increase in MMP-9 activity within the ischemic
hemisphere after MCAO were consistent with this
hypothesis. However, the absence in our experiments of
alocal increase in MMP9 gene expression following per-
manent MCAO without reperfusion suggests that the
observed increase in MMP-9 activity is more likely due to
the passage of MMP-9 from the blood into the brain
through an already compromised BBB. The results

obtained with the MMP9-/- mice, which exhibited an
early extravasation of Evans blue dye similar to that
observed in WT animals, are consistent with this inter-
pretation and demonstrate that, at least in the very early
stages of BBB opening following MCAO, MMP-9 does
not appear to play a significant role. Nevertheless, these
results clearly do not rule out a role for MMP-9 in cere-
bral ischemia, and MMP-9 may play an important part
in the advanced stages of stroke-induced breakdown of
the BBB (21, 22). Still, our data do indicate that the early
increase in tPA activity associated with the vessel and in
the perivascular tissue is necessary for the initial open-
ing of the BBB and that this may precede the later pas-
sage of MMP-9 into the CNS. Two observations seem to
support this hypothesis. First, thrombolytic treatment
with tPA in rats following embolic stroke is associated
with a greater increase in MMP-9 activity compared with
animals undergoing mechanical reperfusion (15), and
second, increased MMP-9 activity is a marker of hemor-
rhagic complications after thrombolysis with tPA (42).

In contrast to the results obtained with the MMP9-/~
mice, the early increase in vascular permeability fol-
lowing cerebral ischemia was significantly reduced in
tPA”- mice and in animals treated with neuroserpin.
These results demonstrate that in the first stages of
cerebral ischemia, tPA is required for the initial open-
ing of the BBB. It has been previously shown that with-
in 6 hours after the onset of cerebral ischemia there is
a local increase in endogenous tPA activity in the
ischemic area (7). In the current study we extended this
result and demonstrated that this rise occurred as early
as 1 hour after MCAO, and that it first occurred pre-
cisely in the perivascular tissue within the ischemic
penumbra where the extravasation of Evans blue dye
was observed 5 hours later.

Since an increase in vascular permeability is very like-
ly the first step in the opening of the BBB, it is possible
to hypothesize a direct role for tPA as a natural regula-
tor of vascular tone and permeability. In pathological

-1 *

PBS Anti-LRP  Goat IgG
Treatment

Figure 7

Effect of anti-LRP antibodies on tPA-induced cerebrovascular per-
meability determined by quantitative analysis of Evans blue extrava-
sation from brain extracts of WT C57BL/6) mice 1 hour after intra-
ventricular coinjection of 5 ul of 0.35 UM tPA with either PBS,
purified goat anti-LRP IgG (85 pg/ml), or normal goat IgG (85
pg/ml). n = 6 for each point. *P < 0.01 vs. animals injected with PBS.
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conditions such as stroke, the ischemic insult may induce
the release of tPA from activated microglial cells (and pos-
sibly other cell types), and this tPA may act as a signal to
the perivascular smooth muscle cells or other vascular
cells to increase vascular permeability. However, if the
ischemia is not relieved and the signal continues, then its
persistence and amplification could lead to BBB opening
and vasogenic edema. This hypothesis is supported by the
reported association between thrombolytic treatment
with tPA and radiological (14) and pathological (15) evi-
dence of BBB opening in embolic stroke.

The demonstration that the injection of tPA directly
into the CSF, in the absence of cerebral ischemia, is suf-
ficient to cause a significant increase in vascular per-
meability strongly supports the hypothesis that tPA
may be a natural regulator of vascular tone and perme-
ability. The mechanism of this action is not clear. How-
ever, the observations that no leakage of Evans blue dye
was observed in the presence of inactive tPA and that
the leakage following MCAO was blocked by treatment
with the tPA inhibitor neuroserpin indicates that tPA’s
proteolytic activity is required. These results also indi-
cate that tPA within the CNS is both necessary and suf-
ficient to produce opening of the BBB. Moreover, this
effect is independent of Plg since no differences in the
tPA-induced changes in vascular permeability were
observed between WT and Plg”/- mice. We hypothesize
that tPA injected into the CSF, perhaps through a
receptor-mediated mechanism, interacts with cells in
the subependymal layer and either transduces a signal
directly to the vessel or is transported into the perivas-
cular tissue where it interacts with either the pericytes
or the subvascular astrocytes/microglia. This interac-
tion then induces the increase in vascular permeabili-
ty, most likely through a receptor-mediated signaling
event. Previous reports have suggested that tPA can
interact with two different receptors known to be pres-
ent within the CNS, the NR-1 subunit of the NMDA
receptor (36) and LRP (24). Our studies indicated that
there was no significant decrease in the tPA-induced
increase in BBB permeability in animals treated with an
NMDA receptor antagonist, but that the LDL receptor
family antagonist RAP and specific anti-LRP antibod-
ies completely blocked tPA’s effects. This suggests that
tPA does not act through the NMDA receptor and
instead its action is mediated by LRP.

Taken together, these data suggest a model for tPA as
aregulator of vascular permeability that requires tPA’s
proteolytic activity but is both Plg- and MMP-9-inde-
pendent. Furthermore, these results describe a unique
role for tPA within the CNS that is not observed with
uPA, and suggests that the substrate must either be
very specific for tPA or that the substrate is largely inac-
cessible to uPA. In the case of cerebral ischemia, it
appears as though an early rise in tPA activity in the
subvascular tissue, possibly released from activated
microglial cells (43), results in the association of this
tPA with LRP, possibly located on the perivascular
smooth muscle cells or pericytes.

Interestingly, previous studies have suggested that
LRP can mediate intracellular signaling both in the
CNS, where it modulates long-term potentiation (29),
and in vascular smooth muscle cells, where it regulates
cell proliferation and protects vascular wall integrity
through control of PDGF receptor activation (30).
Thus, it is likely that the association of tPA with LRP
induces an increase in vascular permeability via a spe-
cific cell signaling event, and if the signal persists or is
too robust, then this increased permeability leads to
opening of the BBB and vasogenic edema.

The importance of tPA’s proteolytic activity in the
signaling process, in addition to its LRP binding activ-
ity, is indicated by two observations. First, that chemi-
cally inactivated tPA does not promote increased vas-
cular permeability (Figure 5) even though it binds to
LRP with similar affinity as active tPA (data not
shown); and second, that neuroserpin can block the
tPA-dependent Evans blue extravasation following
MCAGO. This latter observation is important since neu-
roserpin is known to inhibit the protease activity of tPA
but does not inhibit its binding to LRP (data not
shown). Together these data imply a two-step process
in which tPA binds to LRP on the cell surface, and
when bound, cleaves an as-yet-unidentified substrate.

One possible candidate substrate is LRP itself, since
recent studies have shown that the cytoplasmic
domain of LRP can be released from the membrane
through a process that involves proteolytic processing
of the extracellular domain of LRP, and that the free
intracellular domain can then regulate cell signaling
pathways (44). Clearly, blocking either the proteolyt-
ic activity of tPA or its association with LRP could pre-
vent this potential processing. Other possible sub-
strates are members of the family of protease-
activated receptors (PARs). These are G protein-cou-
pled receptors that are activated by proteolytic cleav-
age of their extracellular amino terminus (45), and
previous studies have shown that the activation of
one member of this family, PAR-2, results in rapid
vasodilation of cerebral arteries (46). We could specu-
late that a putative tPA cleavage site on a PAR is inac-
cessible to free tPA, but that when tPA is bound to
LRP the cleavage is facilitated. Likewise, as discussed
above for LRP, blocking either the proteolytic activity
of tPA or its association with LRP would prevent this
potential processing. The reason that uPA would not
show activity toward either substrate is less clear;
however, we note that it is not known whether uPA
and tPA associate with the same site on LRP. Obvi-
ously, these are not the only possible substrates for
tPA, but they do represent intriguing potential targets
for further investigation of this process.

Finally, our data suggest that tPA may also promote
vasogenic edema in other neurological pathologies
such as subarachnoid hemorrhage, where the pres-
ence of blood-borne tPA in the subarachnoid space
may promote increased vascular permeability with
subsequent cerebral edema. Likewise, this process
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may also play a role in vascular permeability outside
of the CNS, since tPA antigen has been observed in
the sympathetic axons innervating the smooth mus-
cle in the walls of peripheral vessels (47), which are
also know to express significant levels of LRP (30,
48). Thus, our results imply a new Plg-independent
role for tPA as a potent but previously unrecognized
regulator of vascular permeability.
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