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The serine proteases tissue plasminogen activator, plasmin, and
thrombin and their receptors have previously been suggested to
contribute to neuronal damage in certain pathological situa-
tions. Here we demonstrate that mice lacking protease-activated
receptor 1 (PAR1) have a 3.1-fold reduction in infarct volume
after transient focal cerebral ischemia. Intracerebroventricular
injection of PAR1 antagonist BMS-200261 reduced infarct vol-
ume 2.7-fold. There are no detectable differences between
PAR1~/~ and WT mice in cerebrovascular anatomy, capillary
density, or capillary diameter, demonstrating that the neuro-
protective phenotype is not likely related to congenital abnor-
malities in vascular development. We also show that the exog-
enously applied serine proteases thrombin, plasmin, and tissue
plasminogen activator can activate PAR1 signaling in brain
tissue. These data together suggest that if blood-derived serine
proteases that enter brain tissue in ischemic situations can
activate PAR1, this sequence of events may contribute to the
harmful effects observed. Furthermore, PAR1 immunoreactivity
is present in human brain, suggesting that inhibition of PAR1
may provide a novel potential therapeutic strategy for decreas-
ing neuronal damage associated with ischemia and blood-brain
barrier breakdown.

Protease-activated receptors (PARs) are G protein-coupled
receptors that are activated by proteolytic cleavage of their
N terminus, which unmasks an amino acid sequence that acts as
a tethered ligand to activate the receptor (1, 2). PAR1 mRNA
is distributed widely throughout young and adult brain tissue
(3-5), and it has recently been demonstrated that PAR1 protein
is present in the adult rat brain and up-regulated after experi-
mental ischemia in hippocampal slice cultures (5, f1). PAR1
activation has been suggested to mediate several pathological
effects, including neurite retraction (6-8), cell death in hip-
pocampal cultures and motorneurons (7, 9, 10), and potentiation
of N-methyl-D-aspartate (NMDA) receptor responses (11).
Plasma-derived serine proteases that function in the clotting/
fibrinolysis cascade such as tissue plasminogen activator (tPA),
plasmin, and thrombin do not normally enter brain tissue
because of the blood-brain barrier (BBB). Several animal
models of cerebral insult show that large proteins such as tPA
and albumin (12) do enter brain tissue during BBB breakdown
(13). Furthermore, both tPA and plasminogen proteins are
expressed in the mouse hippocampus (14). Plasmin and throm-
bin both can activate PAR1 (11, 15, 16). Plasmin, which is
generated from tPA’s cleavage of plasminogen, has been impli-
cated together with tPA in neuronal death in certain pathological
situations. The substrate through which the tPA/plasmin system
exerts its harmful effects, however, remains unknown. In an
animal model of transient focal ischemia, tPA~/~ mice exhibited
an 8-fold reduction in cell death in the hippocampal CA1-CA3
subfields compared with WT mice. tPA administration to both
WT and tPA~/~ mice dramatically increased the size of cerebral
infarction (13, £%). These findings have interesting implications

www.pnas.org/cgi/doi/10.1073/pnas.2235594100

for situations in which disruption of the BBB allows higher
concentrations of blood-derived serine proteases and zymogen
precursors to enter the brain, which may cause aberrant activa-
tion of serine protease signaling with deleterious consequences
(12). Potentially harmful effects of tPA are relevant for stroke
patients who are administered tPA intravenously as a thrombo-
lytic agent to facilitate reperfusion of ischemic tissue. Because
PARI1 could be activated by blood-derived plasmin and throm-
bin, we used a murine stroke model of transient focal ischemia
to determine whether PARI1 signaling contributes to cell death.

Methods

Phosphoinositide (PI) Hydrolysis. PI hydrolysis was measured as
described (17, 18).

Transient Focal Cerebral Ischemia. Transient focal cerebral is-
chemia was induced by intraluminal middle cerebral artery
(MCA) blockade with a monofilament suture. All procedures
involving animals were approved by Emory University Institu-
tional Animal Care and Use Committee. Male C57BL/6 mice
(3-5 months, The Jackson Laboratory), or PAR17/~ (19) and
littermate WT mice (>99% C57BL/6) were anesthetized with
2% isoflurane in 30% O, and 70% NO. The rectal temperature
was controlled at 37°C with a homeothermic blanket. The
femoral artery was cannulated to monitor blood pressure and
measure arterial blood gases (Chiron). Relative changes in
regional cerebral blood flow were monitored with a laser
Doppler flowmeter (Vasamedic, Minneapolis). An 11-mm 5-0
dermalon nylon suture was introduced into the left internal
carotid artery through the external carotid artery stump. After
30-min MCA occlusion, blood flow was restored by withdrawing
the suture. After 24-h survival, the brain was removed and cut
into 2-mm sections. The lesion was identified with 2% 2,3,5-
triphenyltetrazolium chloride (TTC) in PBS at 37°C for 20 min.
The infarct area of each section was measured two different ways
by using NIH IMAGE (Scion Corporation, Beta 4.0.2 release) and
multiplied by the section thickness to give the infarct volume.

Abbreviations: BBB, blood-brain barrier; tPA, tissue plasminogen activator; NMDA, N-
methyl-p-aspartate; PAR, protease-activated receptor; MCA, middle cerebral artery; TTC,
2,3,5-triphenyltetrazolium chloride; Pl, phosphoinositide.

*To whom correspondence should be addressed. E-mail: cjunge@ucla.edu.

*A patent is pending on ““Treatment of neurodegenerative diseases and conditions using
PAR1 antagonists,” and S.F.T. and C.E.J. are coinventors on that patent.

**Neurons and glia express zymogen precursors to serine proteases (32-34), as well as
several unique serine proteases, including neurotrypsin (35) and neuropsin (36).

#tPA~/~ mice similarly suffer minimal cell death in the hippocampus after intrahippocam-
pal injection of kainic acid (a glutamate receptor agonist), whereas WT mice experienced
nearly complete cell loss (37, 38). Furthermore, plasminogen—/~ mice that underwent the
same experimental procedure were also resistant to neuronal loss in the hippocampus
when compared with WT mice (39). These data suggest that tPA activation of plasmin-
ogen to plasmin is required for neuronal death after excitotoxic injury induced by kainic
acid.
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Table 1. PI hydrolysis (fold over basal) in mouse hippocampal slices

WT PAR~/~ Plasminogen—/~
Thrombin (30 nM) 1.80 = 0.15* 0.95 + 0.20 1.7 £ 0.14*
Plasmin (200 nM) 2.01 = 0.2* 0.85 + 0.2 -
tPA (30 ng/ml) 1.51 = 0.13* 1.14 = 0.12 1.0 £ 0.15
tPA (30 png/ml) + a2-antiplasmin (1 uM) 1.2 +0.14 - -

All measurements were performed in at least three animals and represent triplicate measures in each animal
(mean * SEM). Unpaired t tests were performed to determine significance.
*Significant increase in Pl hydrolysis compared with basal Pl hydrolysis levels (P < 0.05).

First, the density slice option in NIH IMAGE was used to segment
the images based on standard intensity selected from the most
severely damaged area in a WT lesion. This standard was
maintained throughout the analysis, and only objects at this
intensity were highlighted for area measurement. Second, the
area of the lesion, as identified by reduced TTC staining, was
manually circled. A ratio of the contralateral to ipsilateral
hemisphere section volume was multiplied by the corresponding
infarct section volume to correct for edema.

Intracerebroventricular Injection. The PAR1 antagonist BMS-
200261 in Hepes-buffered saline (HBS, 10 mM Hepes, 0.9%
NaCl), peptide 68 in HBS/DMSO (50% vol), or appropriate
vehicle was injected into the right ventricle (2 mm posterior and
1 mm lateral of the bregma, needle inserted 3 mm) of male
C57BL/6 mice (3-5 months old, The Jackson Laboratory) 30
min before MCA occlusion surgery. BMS-200261 and peptide 68
were synthesized (Emory University Microchemical Facility)
with a trifluoroacetic acid counterion and were diluted in HBS
to ensure neutral pH. Mice were anesthetized with 3.0% isoflu-
rane in 30% O, and 70% NO (in some cases nitrous oxide was
not used) and placed in a stereotaxic apparatus. One microliter
of BMS-200261, peptide 68, or appropriate vehicle was injected
into the ventricle. Mice were killed 24 h after MCA occlusion
surgery and the lesion was identified and analyzed as described
above. Mice with subarrachnoid hemorrhages were excluded.

BBB Breakdown. Evans blue (2%, Sigma) in saline was injected
into the left jugular vein immediately before MCA occlusion
surgery. Mice were killed 4 h after surgery and transcardially
perfused with 4% paraformaldehyde. Brains were sectioned into
50-um sections by using a vibratome (Leica), and Evans blue
leakage into brain tissue was visualized under a fluorescent
microscope (excitation = 355 nm; emission >415 nm). Optical
density measurements in the striatum were performed by using
NIH IMAGE. Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (Sigma).

Electron Microscopy. Mice were anesthetized with 1.0 g/kg chloral
hydrate and perfused transcardially with 3% paraformaldehyde
and 0.2% glutaraldehyde in 0.1 M phosphate buffer (PB). Brains
were removed 1 h after perfusion and sectioned at 50 wm by
using a vibratome. Polyclonal primary antibodies against glial
fibrillary acidic protein (GFAP, Dako) were used at 1:2,000 to
1:4,000 dilutions, and biotinylated goat anti-rabbit secondary
antibodies at 1:200 (Vector Laboratories). To visualize GFAP
immunoreactivity, the avidin-biotin complex (ABC Elite, Vector
Laboratories) method was used. Brain sections were prepared
for electron microscopic analysis as described (20, 21). Capillary
lumen area was measured by using NIH IMAGE.

Immunohistochemistry in Mouse Brain Tissue. Brains were fixed in
10% buffered formalin, routinely processed, paraffin embed-
ded, and sectioned at 6 uM. Sections were deparaffinized and
exposed to heat induced epitope retrieval by steaming for
15 min. Sections were incubated at room temperature with
Factor VIII antibody (prediluted, rabbit polyclonal, DAKO)
or GFAP (1:100, mouse monoclonal, DAKO) and appropriate
blocking reagents (animal research kit, DAKO). The avidin
biotin complex method (ABC Elite) was used to visualize
immunoreactivity.

Immunohistochemistry in Human Tissue. Postmortem human brain
was retrieved from the autopsy service of Emory University
hospital within 4 h of death. Frontal lobe, striatum, and temporal
lobe including hippocampus were fixed in 3% paraformaldehyde
for 48 h and then cryoprotected in 30% sucrose in 0.1 M
phosphate buffer. Brain tissue was frozen on dry ice and cut at
40 pm on a sliding microtome. A PAR1 monoclonal antibody
(2.5 pg/ml, WEDE1S5, Beckman Coulter) and a biotin-
conjugated rat anti-mouse secondary antibody (1:200, Jackson
ImmunoResearch) were used with the avidin—biotin complex
method. To verify antibody specificity, primary or secondary
antibody was omitted and no immunostaining was observed. The
primary antibody was preadsorbed with the control peptide and
no immunostaining was observed.

Table 2. Average physiological parameters measured before, during, and after MCA occlusion surgery in subset

of animals
pH pCO,, mmHg pO, mmHg BP (mean), mmHg Temperature, °C % Decrease in CBF
WT (n = 4)
Before occlusion 7.4 +0.02 29.4 = 3.0 179.0 = 15.9 783 = 4.3 37.2 0.2
During occlusion 7.38 = 0.02 33317 165.3 = 13.3 793 54 37.0 £ 0.1 80.1 + 3.4
After occlusion 7.34 = 0.02 38.6 + 3.2 151.0 £ 11.7 73.8 = 4.3 36.9 + 0.1
PAR1-/~ (n = 4)
Before occlusion 7.38 = 0.01 32.0 +2.2 166.6 + 15.8 84.5 + 6.3 36.9 = 0.1
During occlusion  7.35 = 0.04 33.3+49 159.8 + 23.1 85.0 + 8.3 36.9 + 0.2 78.4 + 2.3
After occlusion 7.33 = 0.04 343 +26 163.7 = 15.8 69.0 = 9.7 37.1 £ 0.2

Cerebral blood flow (CBF) measurements were recorded 5 min after MCA occlusion. There were no statistically significant differences
(ANOVA) in any of the parameters between PAR1~/~ and WT mice. 1 mmHg = 133 Pa.
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Fig. 1. Infarct volume is significantly reduced in PAR1~/~ mice. (A) TTC
stained coronal brain section images from WT and PAR1~/~ mice were seg-
mented on the basis of intensity by using niH IMAGE. Red area represents lesion
area measured. (B) Average infarct volume measured based on intensity of WT
lesion. WT infarct volume (83.8 = 11.2 mm3, n = 31; mean = SEM) was
significantly larger (P < 0.005, Mann-Whitney test) than PAR1~/~ infarct
volume (27.1 = 6.1 mm3, n = 23). Circles represent WT infarct volumes and
triangles represent PAR1~/~ infarct volumes. (C) TTC stained 2-mm coronal
brain sections from WT and PAR1~/~ mice. (D) Average infarct volume in WT
(97.3 = 9.7 mm3) mice was significantly larger (P < 0.005, Mann-Whitney test)
than in PAR1~/~ mice (47.5 = 8.2 mm3). Circles represent WT infarct volumes
and triangles represent PAR1~/~ infarct volumes.

Results

PAR1-Induced Pl Hydrolysis. Activation of PAR1 stimulates Goq to
initiate PI hydrolysis (1). To test whether PARI is functional in
regions of the brain that are subject to ischemic damage in the
mouse transient focal ischemia model, we first measured the
ability of the most potent activator of PARI, thrombin, to
initiate PI hydrolysis in regions damaged by this model. Throm-
bin (30 nM) induced a significant increase in PI hydrolysis in WT
mouse striatal, hippocampal, and cortical slices (1.85 * 0.15-,
1.80 = 0.15-, and 1.24 *= 0.05-fold over basal, respectively,
mean * SEM; P < 0.05 unpaired ¢ test), but not in these regions
in PAR1™/~ mice (0.93 = 0.10-, 0.95 *= 0.20-, and 0.98 =+
0.09-fold over basal, respectively, P > 0.05 unpaired ¢ test).
We subsequently explored the ability of the tPA/plasmin
system to activate PAR1 and initiate PI hydrolysis. Plasmin (200
nM) increased PI hydrolysis in WT hippocampal slices, but not
in PAR1~/~ hippocampal slices (Table 1). Because tPA cleaves
plasminogen to form plasmin, we tested whether exogenously
applied tPA could lead to activation of PARI1. Application of
tPA (30 wg/ml) to WT hippocampal slices significantly increased
PI hydrolysis compared with application to PAR1~/~ hippocam-
pal slices (Table 1), and the plasmin inhibitor a2-antiplasmin (1
uM) blocked the tPA-induced increase in PI hydrolysis. tPA was
unable to increase PI hydrolysis in plasminogen ™/~ mice. These
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Fig.2. WTand PAR1~/~ mice show similar vasculature characteristics. (A and

B) Factor VIIl immunostained and hematoxylin counterstained WT (A, n = 5
animals) and PAR1~/~ (B, n = 5 animals) sections from striatum. Arrows
indicate examples of Factor VIIl immunostained vascular profiles. (C and D)
GFAP immunostained and hematoxylin counterstained WT (C, n = 5 animals)
and PAR1~/~ (D, n = 5 animals) cortical brain sections. (/nsets) Electron
microscopicimages of a portion of a WT (C) and PAR1~/~ (D) capillary showing
GFAP immunoreactivity around capillary. (E and F) Electron microscopicimage
of WT (E, n = 5 animals) and PAR1~/~ (F, n = 5 animals) brain capillary from
striatum. (G) Quantification of vascular density (capillaries per mm?2) and
capillary lumen area (um2) in WT (n = 5) and PAR1~/~ (n = 5) mice (P > 0.05,
unpaired t tests). Error measurements are SEM. (H) Average infarct volume
was significantly reduced after intracerebroventricular injection of 6 mM
PAR1 antagonist BMS-200261 (n = 6, P < 0.05) but not after intracerebroven-
tricular injection of 2 mM BMS-200261 (n = 8, P > 0.05 nonparametric
ANOVA). Error measurements are SEM.

results demonstrate that tPA is capable of activating endogenous
plasminogen to form plasmin, which in turn activates PARI1 to
increase PI hydrolysis.

Transient Focal Ischemia in WT and PAR1~/~ Mice. We hypothesized
that PAR1 activation may contribute to cell death after
ischemia for several reasons. Our data (Table 1) indicate that
tPA is capable of forming plasmin to activate PAR1, making
PART1 a candidate for mediating the detrimental actions of the
tPA/plasmin system.* Also, NMDA receptor activation has
been shown to contribute to the pathology of experimental
models of stroke and brain injury, (22-24) and PAR1 poten-
tiation of NMDA receptor function (11) may exacerbate
NMDA receptor-mediated cell death. To test whether PAR1
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Fig.3. Evansblue images of coronal sections from WT and PAR1~/~ mice. (A
and B) Fluorescent images (excitation = 355 nm and emission >415 nm) of
50-um sections after sham surgery (nonischemic conditions) from WT (n = 2)
and PAR1~/~ (n = 2) mice showing no Evans blue entry into striatum (str) and
cortex (ctx). (C and D) Fluorescent images of 50-um sections from WT (n = 4)
and PAR17/~ (n = 4) striatum and cortex after 30 min of MCA occlusion
showing similar Evans blue entry into brain tissue.

activation contributes to cell death after ischemia, we per-
formed transient MCA occlusion surgeries in PAR1~/~ and
WT mice. The left MCA was occluded for 30 min, which
reduced blood flow to the left hemisphere by ~80% (Table 2).
Reperfusion was allowed for 24 h. The mice were then killed,
and the lesion area was identified by using the vital dye TTC
(Fig. 14 and C). To directly compare the level of damage after
MCA occlusion between the WT and PAR1~/~ mice, the
grayscale scanned brain section images were segmented on the
basis of intensity (Fig. 14). When the most damaged area of
the WT lesion was used as the standard, the lesion volume was
calculated without subjective bias for WT and PAR1~/~ mice.
This analysis showed that PAR1™/~ mice had a 3.1-fold
reduction in infarct volume (Fig. 1B, 27.1 = 6.1 mm?3, P < 0.005
Mann-Whitney test) compared with the WT mice (83.8 = 11.1
mm?). We also took a more conservative approach to deter-
mine the infarct volume by measuring the core of the infarct
as well as more penumbral regions in which the neuronal
degeneration was only slight, as judged by reduced intensity of
TTC stain. PAR17/~ mice again showed a significant reduction
in total infarct volume (Fig. 1D, 47.5 = 8.2 mm?3, P < 0.005,
Mann-Whitney test) compared with WT mice (97.3 = 9.7
mm?). No differences were observed in physiological param-
eters monitored before, during, and after the surgery in a
subset of WT and PAR1~/~ mice (Table 2).

Because there are multiple processes that contribute to neu-
rodegeneration during prolonged periods of ischemia that may
overshadow neuroprotective manipulations (24, 25), we chose a
brief 30-min duration of MCA occlusion to produce a submaxi-
mal degree of ischemic damage. Consistent with this idea, we did
not observe a neuroprotective effect in PAR1~/~ mice after 1 h
of ischemia (data not shown, n = 5), which further supports the
concept that there are multiple parallel processes of cell death
during prolonged ischemia.

Analysis of WT and PAR1~/~ Brain Anatomy and Vasculature. To
ensure there were no obvious differences in the cerebrovascu-

13022 | www.pnas.org/cgi/doi/10.1073/pnas.2235594100

Fig.4. PAR1immunostaining (hematoxylin counterstained) in human brain
tissue (n = 3). (A) Low-magnification image of human frontal lobe. The
cerebral cortex shows mild immunostaining of both neuropil and neuronal
cell bodies compared with the white matter, which shows very little immu-
noreactivity except for individual astrocytes. (B) Immunostained capillary and
astrocytes in temporal lobe. (C) Immunostained astrocytes in white matter
show immunoreactivity in the cell body and processes. Oligodendrocytes and
axonal processes do not show immunostaining. (D) Large pyramidal neurons
in temporal lobe are preferentially stained compared with medium to smaller
sized neurons.

lature that might account for the differential sensitivity to
experimental ischemia, WT and PAR1~/~ mice were perfused
with 2% carbon black in 20% gelatin in water to evaluate the
major vessels. We observed no obvious differences in vascular
anatomy between WT and PAR1~/~ mice with regard to the
circle of Willis and its major branches (data not shown, n = 4).

To compare cellular morphology, brain anatomy, and vascular
density, WT and PAR1~/~ standard histological brain sections
were analyzed both qualitatively and quantitatively. Because
most of the damage after MCA occlusion occurs in the striatum,
hippocampus and cortex, our analysis focused on these brain
regions. Histological sections revealed no apparent vascular
malformations or structural abnormalities in PAR1™/~ brains
(n = 5, data not shown). Factor VIII immunostaining and
histological examination revealed that endothelial cells, capil-
laries, perivascular cells and spaces appeared normal (Fig. 2 A
and B). Furthermore, there were no observable differences in
GFAP staining of adjacent astrocytes at the light and electron
microscopic levels, suggesting that both WT and PAR1~/~
capillaries are similarly invested by astrocytic endfeet (Fig. 2 C
and D).

Although the standard histological sections revealed no evi-
dent differences between WT and PAR1~/~ mice at the cellular
and anatomical levels, ultrastructural analysis of brain capillaries
was performed to evaluate some elements of the BBB.%% Cap-
illaries from the CAl region of the hippocampus, the striatum
and the cortex from five WT (n = 100 capillaries) and five
PAR1/~ (n = 100 capillaries) mice were analyzed for the
presence of tight junctions, endothelial cell morphology, and

55The analysis of cerebrovasculature isimportant because BBB breakdown is a principal step
in the pathological process during and after ischemia. It is well documented in animal
models of ischemia that the permeability of the BBB increases, allowing extravasation of
small molecules and blood proteins into brain tissue and resulting in damage to neuronal
cells (12, 40-43).

Junge et al.
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Mechanism and consequences of PAR1 activation during BBB breakdown. Both thrombin and plasmin can enter brain tissue and activate PAR1 with

deleterious consequences. Plasminogen (Plg) and tPA (either endogenous or therapeutically administered, rtPA) can (i) enter brain from the blood or (ii) be
released from neurons. Once in the brain, plasminogen and tPA, regardless of the source, can produce plasmin, which can activate PAR1.

astrocytic endfeet contact with endothelial cells. Both WT and
PAR1™/~ mice had one to two endothelial cells forming the
capillary with a basal lamina of similar thickness surrounding
them (Fig. 2 E and F). The tight junctions appeared similar and
were observed in WT and PAR1™/~ mice. WT and PAR1~/~
capillaries showed GFAP staining around the capillary, suggest-
ing astrocytic endfeet similarly contact the basal lamina. We
could find no qualitative differences between WT and PAR1~/~
capillaries.

Quantification of Vascular Characteristics. There were no differences
between the WT and PAR1~/~ vascular densities in the striatum,
hippocampus, and cortex (P > 0.05, ANOVA) suggesting there was
no additional blood supply to these regions in the PAR1~/~ mice
that could account for the reduction in infarct volume (Fig. 2G).
Capillaries were identified by the presence of Factor VIII immu-
nostaining of endothelial cells within vascular profiles. Further-
more, there were no differences (P > 0.05, unpaired ¢ test) observed
in capillary lumen area between WT and PAR1~/~ mice (Fig. 2G).
These results together suggest that the PAR1™/~ mice did not
experience increased neuroprotection due to increased blood vol-
ume in or blood flow to the striatum, hippocampus, or cortex.

PAR1 Antagonist Reduces Infarct Volume. To further verify that the
neuroprotection observed in PAR1~/~ mice was not caused by
a developmental abnormality, we tested whether inhibition of
PAR1 decreased damage after MCA occlusion by using the
PARI antagonist BMS-200261 and a structurally related 1000-
fold less potent analogue, peptide 68 (26). BMS-200261 (1 uM)
blocked PAR1-mediated PI hydrolysis (n = 3, data not shown)
stimulated by the agonist peptide TFLLR-NH; (Thr-Phe-Leu-
Leu-Arg) treatment of hippocampal slices. We injected 1 ul of
either HBS or BMS-200261 (2 or 6 mM, dilution of 1:200
throughout the brain would place the interstitial concentration
in the range of 10 or 30 uM) in HBS into the lateral ventricle 30
min before MCA occlusion. Injection of 6 mM BMS-200261 (n =
6) significantly reduced infarct volume (23.4 = 9.5 mm3, P < 0.05
nonparametric ANOVA) compared with HBS-injected mice
(63.1 £ 8.0 mm?, n = 15, Fig. 2H). To verify that the neuro-
protection observed was caused by selective inhibition of PARI,
experiments were repeated with peptide 68 or vehicle. No
significant differences in infarct volume were observed between
mice injected with vehicle (69.4 mm? * 23, n = 6, data not
shown) or peptide 68 (80.9 mm3 = 11, n = 6, P > 0.05
Mann-Whitney test).

Junge et al.

Evaluation of BBB Breakdown. Although we could not detect any
differences between the BBB of WT and PAR1~/~ mice, it is
possible that, during ischemia, the BBB in PAR1~/~ mice did not
breakdown to the same extent as in WT mice because of factors
undetectable at the ultrastructural level. Because PARI1 is
expressed on endothelial as well as smooth muscle cells (1), we
evaluated Evans blue entry into WT or PAR1~/~ brain tissue in
ischemic and nonischemic conditions to test whether PAR1
played a role in BBB breakdown (Fig. 3). Mice that underwent
a sham surgery or MCA occlusion for 30 min were killed 4 h after
surgery to quantify Evans blue entry into the brain tissue.™
Optical density (OD) measurements of Evans blue fluorescence
revealed an equal amount of Evans blue entry into the ipsilateral
hemisphere (Fig. 3 C and D) of WT (n = 4) and PAR1 ™/~ (n =
4) mice, which suggests there were no detectable differences in
BBB breakdown (WT = 193.7 = 9.0 OD, PAR1/~ = 188.1 =
7.6 OD, P > 0.05 unpaired 7 test, mean = SEM). No Evans blue
fluorescence was observed in the contralateral hemisphere (data
not shown) or in the nonischemic animals (Fig. 3 4 and B, WT
n =2, PAR17/~ n = 2), indicating that the BBB was intact for
both groups.

PAR1 Protein Localization in Human Brain. Our finding that PARI1
appears to be an early contributor to neurodegeneration after
experimental ischemia suggests that PAR1 may be a potential
therapeutic target for stroke or brain injury patients. Although
PARI protein is expressed in mouse and rat CNS (see above),
PART’s protein distribution in human brain is unknown. Therefore,
we investigated the PARI1 protein distribution in human brain
regions that are sensitive to ischemia and commonly injured after
stroke. Western blots of human cortex and hippocampus (n = 5)
that were probed with a monoclonal antibody (WEDELS5) made to
human PARI1 revealed a 66-kDa band (Fig. 6, which is published
as supporting information on the PNAS web site, www.pnas.org)
which corresponds to previous reports of PAR1’s molecular weight
(27, 28). In general, gray matter showed higher PAR1 immunore-
activity than white matter. Within the cortex (n = 3), striatum (n =

MEvans blue (2%) insaline was injected into the jugular vein of WT (n = 4) and PAR1~/~ (n =
4) mice immediately before the MCA occlusion surgery. Evans blue is a 2-kDa molecule
that is normally restricted to the vascular space in the CNS but can cross the BBB during
experimental ischemia (12). The 4-h time point was chosen because previous studies have
established that BBB breakdown does occur at this point after MCA occlusion (44). At
later time points, multiple factors likely contribute to BBB breakdown, making interpre-
tation of the data more complex.
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3, data not shown), and hippocampus (n = 3, data not shown),
larger neurons and astrocytes are preferentially stained (Fig. 4).
The neuropil, which consists of the delicate meshwork of glial and
neuronal processes, shows mild staining. Within white matter, only
astrocytes exhibit intense staining (Fig. 4 B and C). Neither white
matter oligodendrocytes nor axonal processes show any appreciable
immunoreactivity. Ependymal cells lining the lateral ventricles also
do not show staining (data not shown). Blood vessels and capillaries
in the brain tissue exhibit PAR1 immunostaining (Fig. 4 A and B),
consistent with previous reports that PARI1 is present on endothe-
lial cells (29). The expression of PAR1 in human brain suggests that
the neuroprotective effects of inhibiting PAR1 activation observed
in mice may be relevant for humans.

Discussion

The most important findings of this study are that both the lack of
PARI1 and pharmacological blockade of PAR1 confer significant
neuroprotection after transient focal cerebral ischemia. These data
suggest that PARI activation has an important role in mediating
neurodegeneration in ischemic situations. Although blood-derived
thrombin is one potential activator of PARI1, other proteases such
as plasmin may also activate PAR1 during ischemia. In recent years,
the tPA/plasmin system has been under increased scrutiny because
tPA is used as thrombolytic therapy for a subset of stroke patients,
which may result in elevated concentrations of tPA and plasmin in
brain tissue. Our data indicate that these serine proteases can
initiate PAR1 signaling in brain tissue, which may contribute to the
pathological processes in situations in which the BBB is compro-
mised (Fig. 5).
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formation (30) and is expressed on smooth muscle and endothelial
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cells. Our data indicate that the neuroprotective effects observed in
PAR1~/~ mice do not result from developmental vascular abnor-
malities that would increase blood flow to brain regions most
sensitive to ischemia. In addition, PAR1 is not expressed on mouse
platelets; therefore, inhibition of clotting does not mediate the
neuroprotection observed. Because we did not find any differences
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ways that PAR1 could exacerbate ischemic damage. Our finding
that PARI is expressed in human neurons and glia suggests that
PART’s role in this rodent model of ischemia may be relevant for
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provide a new therapeutic strategy for stroke and situations in which
the BBB is compromised.
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