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Summary

Background and Objectives—Plasminogen appears to affect brain inflammation, cell
movement, fibrinolysis, neuronal excitotoxicity and cell death. However, brain tissue and
circulating blood plasminogen may have different roles and, there is large individual variation in
blood plasminogen levels. The aim of this study was to determine the integrated effect of blood
plasminogen levels on ischemic brain injury.

Methods—We examined thromboembolic stroke in mice with varying, experimentally-
determined, blood plasminogen levels. Ischemic brain injury, blood-brain barrier breakdown,
matrix metalloproteinase-9 expression and microvascular thrombosis were determined.

Results—Within the range of normal variation, plasminogen levels were strongly associated with
ischemic brain injury (p<0.0001); higher blood plasminogen levels had dose-related, protective
effects (p<0.0001). Higher plasminogen levels were associated with increased dissolution of the
middle cerebral artery thrombus (p<0.0001). Higher plasminogen levels decreased blood-brain
barrier breakdown (p<0.05), matrix metalloproteinase-9 expression (p<0.01) and reduced
microvascular thrombosis (p<0.0001) in the ischemic brain. In plasminogen-deficient mice,
selective restoration of blood plasminogen levels reversed the harmful effects of plasminogen
deficiency on ischemic brain injury. Specific inhibition of thrombin also reversed the effect of
plasminogen deficiency on ischemic injury by diminishing microvascular thrombosis, blood-brain
barrier breakdown and matrix metalloproteinase-9 expression.

Conclusions—Variation in blood plasminogen levels, within the range seen in normal
individuals, had marked effects on experimental ischemic brain injury. Higher plasminogen levels
protected against ischemic brain injury, decreased blood-brain barrier breakdown, matrix
metalloproteinase-9 expression and microvascular thrombosis. The protective effects of blood
plasminogen appear to be mediated largely through reduction of microvascular thrombosis in the
ischemic territory.
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Introduction

Ischemic stroke affects nearly 17 million people a year, leaving nearly half of patients
disabled or dead. Thrombosis is the most common acute cause of ischemic stroke, but the
mechanisms that modify the severity of subsequent brain injury are still poorly understood.
Plasminogen and its derivative enzyme plasmin (P(g)) participate in processes that may
affect outcomes in ischemic stroke such as fibrinolysis, inflammation, cell movement,
neuronal excitotoxicity and neuronal death etc. [1]. Plasminogen (Pg) is a liver-synthesized,
blood protein that circulates in the vasculature and it is also expressed in the brain in the
cortex, hippocampus and the cerebellum of adult animals [2]. Since P(g) has several
pathophysiologic roles, which may be different in the brain or vascular compartments, it has
proven challenging to define the integrated effect of P(g) on acute ischemic stroke.

Several studies have examined the effects of P(g) within the brain tissue. Direct injections of
P(g) into the brain parenchyma enhance neuronal apoptosis, brain tissue damage and
inflammatory cell infiltration [3]. Within the brain parenchyma, P(g) has been shown to
contribute to excitotoxic neuronal cell death, in a non-fibrin-dependent manner [4], in part
by acting as a chemokine activator of MCP-1 [5]. Plasmin has been linked to microglial
activation [6] and laminin degradation [7] that alter the survival of neurons and astrocytes.
Pg potentiates the toxic effects of thrombin and may contribute to intracerebral brain
bleeding [8].

The overall effects of vascular or blood P(g) on ischemic brain injury are also poorly
understood. Nagai et al. found that P(g) deficiency increased ischemic neurodegeneration
after surgical arterial ligation [9]. P(g) appears to enhance inflammatory responses such as
neutrophil accumulation and activation of matrix metalloproteinase-9 (MMP-9) which may
worsen acute brain and vascular reperfusion injury [10, 11]. In addition, cell-based models
suggest that Pg may contribute to blood-brain barrier (BBB) breakdown [12, 13]. Although
P(g) plays a well-established role in fibrinolysis, normal endogenous fibrinolysis typically
has minimal effects on establishing arterial reperfusion in clinical or experimental models of
ischemic stroke [14, 15]. It is also perplexing that nearly eight-fold variations in blood Pg
levels have been described in normal individuals, yet Pg levels have not been correlated with
stroke risk and severe human Pg deficiency is not associated with an increased risk of
vascular thrombosis [16-18].

The aim of these experiments was to determine the integrated effects of blood Pg levels on
ischemic brain injury in a well-established model of cerebral thromboembolism that has
pathophysiologic relevance to human ischemic stroke [19]. Our data show that ~two-fold
variations in blood P(g) levels, which are within the range seen in normal individuals,
significantly alter ischemic brain injury following cerebral thromboembolism. Microvascular
thrombosis appears to play a causative role as selective inhibition of that process
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compensates for the deleterious effects of P(g) deficiency on brain infarction. These data
suggest that circulating Pg levels may contribute to the variation in outcomes in patients with
thromboembolic ischemic stroke.

Materials and methods

Proteins and reagents

Reagents were purchased from the following sources: Pg-depleted human fibrinogen
(Enzyme research laboratories, IN); human Glu-Pg (Athens Res. and Tech. GA): bovine
thrombin (Sigma, St. Louis, MO); citrated frozen human plasma (Lampire Biological
Laboratories, PA); lysine-sepharose (GE healthcare); tPA (Genetech Inc.);1251-fibrinogen
(Perkin-Elmer, MA); argatroban (Enzo life sciences, NY); all the other reagents if not
specified (Sigma, St. Louis, MO).

Measurement of Pg levels and in vitro plasma clot lysis

Plasma Pg concentrations (n=10-13 per group) were measured by a chromogenic assay as
we have described previously [20, 21]. Mouse plasma clots were formed by mixing CaCl,
(20 mM), thrombin (2U/ml) and trace 1251-fibrinogen in Tris buffer (50 mM Tris, 100 mM
NaCl, pH 7.4) in a test tube at 37 °C for 40 min. Clot lysis was determined in duplicate by
measuring the release of radioactive fibrin degradation products into the supernatant by
gamma scintillation counting (Cobra Il Packard) at different time points after the addition of
tPA (10 nM) [22]. To study human plasma clot lysis, plasma was depleted of Pg by passing
through lysine-sepharose beads [23, 24] and was later supplemented with different
concentrations of purified Pg. Clot lysis was measured by clot turbidity assay as we have
described previously [21, 25]. Data was analyzed by Graph Pad Prism (La Jolla, CA) and
experiments were repeated 3-5 times for quantitative analysis (n=3-5 + SEM).

Thromboembolic Ischemic stroke

Animal studies were approved by the Institutional Animal Care and Use Committee. Adult
male and female Pg*/* and Pg~/~ mice on a C57Black/6J background (Jackson Labs, Bar
Harbor, ME) were interbred to obtain Pg*’*, Pg*/~ and Pg~/~ mice. Male and female mice of
6-12 weeks of age were used for thromboembolic stroke study essentially as we have
described [19]. Plasma clots made with pooled fresh frozen normal mouse plasma and 125]-
fibrinogen (~5000 cpm) were embolized to the origin of middle cerebral artery (MCA). A
laser Doppler flow (LDF) probe mounted on the skull verified appropriate embolization by >
80% drop in hemispheric blood flow. In some experimental groups, mice were treated by
contralateral jugular vein infusion with the thrombin inhibitor, argatroban (10 mg/kg dose
dissolved in 0.9% saline at 0.56 mg/ml concentration) beginning 5 min prior and continuing
after induction of stroke. In Pg supplementation experiments, human Glu-Pg (10 mg/kg) was
administered through the jugular vein 45 min before injecting clots. Mice groups were
euthanized 6 h after thromboembolism, blood was collected by cardiac puncture and whole
body saline perfusion was extensively performed before harvesting brain tissue.
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Analysis of thrombolysis, brain infarction, swelling and hemorrhage

Dissolution of the MCA thrombus was calculated by comparing the ratio of the initial 125]-
fibrin radioactivity counts in the injected clot to the residual counts in the brain ex vivo after
stroke by gamma scintillation counting (Cobra Il Packard) as we have described [22]. Brains
were sectioned (2 mm) coronally and the percent brain swelling, hemorrhage (before 2,3,5-
triphenyl tetrazolium chloride (TTC)) staining and infarction volume (after TTC staining)
were calculated using Image Pro Plus 6.2 (Media Cybernetics, Bethesda, MD) essentially as
we have described [19, 22].

Immunofluorescence staining and analysis

Formalin fixed paraffin embedded brain sections (5 um) were used for immunofluorescence
staining after deparaffinization (Safeclear Il, Fisher Diagnostics, MI) as described previously
[19, 22]. Antigen retrieval was performed by heat-induced epitope retrieval 98 °C in 10 mM
sodium citrate buffer, pH 6.2 for 20 min. Sections were blocked with 10% normal donkey
serum for 1 h at room temperature, incubated with primary antibody in 2% normal donkey
serum overnight at 4 °C and probed with fluorophore-conjugated donkey secondary
antibodies The primary antibodies include rabbit anti-mouse collagen 1V (Karlan Research
Products Corporation, # ECM451), goat anti-collagen type IV (Southern Biotech, AL,
#1340), goat anti-mouse albumin (Abcam, #ab19194), rabbit anti-mouse fibrinogen
(MyBioSource, CA, #MBS315814), goat anti-mouse MMP-9 (R&D systems, #AF 909) and
MMP-3 (R&D Systems AF548). The secondary antibodies were: DyLight® 488 donkey
anti-rabbit & DyLight® 549 donkey anti-goat (Jackson ImmunoResearch Laboratories, PA),
Alexa Fluor® 488 donkey anti-rat & Alexa Fluor® 555 donkey anti-rabbit (Life
technologies, CA). The cell nuclei were counterstained with DAPI using Vectashield hardset
mounting media (Vector Laboratories, CA). Slides were scanned for fluorescence imaging
with Aperio image fluorescence scanner (AperioScanScope, Vista, CA). Total fluorescence
area or density was quantitated in at least 15 different fields at 20x magnification (100 um)
of both hemispheres of each brain using Image Pro Plus 6.2 and expressed as the ratio or
percentage area or intensity of fluorescence in the infarct to the non-infarct hemisphere.
Martius Scarlet Blue (MSB) staining was done with MSB kit according to the
manufacturer's instructions (Atom Scientific) as we have described [22]. BBB breakdown or
leakage was also determined as the percent area of the ischemic hemisphere (vs. the non-
ischemic area as a control) with aloumin immunostaining (=100% x (albumin stained area of
the ischemic hemisphere — albumin stained area of the non-ischemic hemisphere)/total
ischemic hemisphere area)).

SDS-PAGE and Immunoblotting of brain lysates

After 6 h stroke in mice, ischemic and non-ischemic hemispheres of brains were snap frozen
in liquid nitrogen and stored at —80 °C until further use for immunoblotting of fibrin(ogen)
and MMP-9 [26-28]. Brain tissue (50 mg) was homogenized in lysis buffer (0.5 M Tris-HCI,
pH 7.4, 1.5 M NacCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM EDTA) containing 1.5 %
SDS and 25 mM EACA (e-aminocaproic acid) (for plasmin inhibition). Protein was
estimated by bicinchoninic acid assay using homogenized tissue supernatant after
centrifugation. Proteins (50 |g) were electrophoresed on 10% reducing SDS-PAGE gels and
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transferred to polyvinylidenedifluoride membrane. The membranes were blocked with 1%
BSA in PBS containing 0.1% Tween 20. Fibrin(ogen) and MMP-9 were probed with rabbit
anti-mouse fibrinogen antibody (MyBiosource) at 1:3000 dilution and goat anti-mouse
MMP-9 (1:1000) antibodies respectively, overnight at 4 °C and, detected with anti-rabbit
and anti-goat IRDye Li-COR secondary antibodies (LI1-COR biosciences, NE). The
membranes were scanned on LI-COR Odyssey scanner and pixel density was measured by
NIH Image J software. Gelatinase zymography was performed as described [26].; additional
details are available in the Supplemental Data.

Statistical analysis

Results

Statistical analysis was done in Graph Pad Prism 5.0 software (San Diego, CA). Data are
represented as the mean = standard error. Normally distributed data were analyzed by an
unpaired Student's t-test or a one way ANOVA using the Neuman-Keuls correction. Non-
parametric data were analyzed by a Mann-Whitney test or a one way Kruskal Wallis
analysis using Dunn's correction. A two-tailed p<0.05 was considered statistically
significant. Linear regression was done using Graph Pad Prism.

Effects of varying Pg levels on fibrinolysis and ischemic brain injury following cerebral
thromboembolism

To determine the effect of Pg blood levels on ischemic stroke, we examined mice with
different blood Pg levels, ranging from Pg deficiency to supra-physiologic levels due to Pg
supplementation (Fig. 1A). Wild-type Pg*/* mice had slightly more than two-fold higher
mean Pg levels (84.5+ 4.8 pg/ml) than heterozygous Pg*/~ mice (36.3+ 5.2 pg/ml, Fig. 1A).
Since the Pg system is activated early after ischemic stroke, we assessed the acute effects of
these differences 6 h after MCA thromboembolism. Hemispheric blood flow fell by at least
80% after MCA thromboembolism in all mice and remained suppressed (Fig. 1B). Brain
infarction was 50% larger in Pg*/~ (Fig. 1C, TTC-stained representative images) by
comparison to Pg*/* mice with normal Pg levels (Fig. 1E, p<0.01). The cerebral infarction
was further confirmed by MSB staining showing that infarct regions of brain (hippocampus
and cortex) were associated with cell death characterized by constricted or lost nuclei as
compared to non-infarct regions showing intact cell morphology (Fig. 1D). These studies
showed a significant, inverse dose-dependent relationship between blood Pg levels and brain
infarction (r=-0.72, p<0.0001; Fig. 1E). To determine whether the enhanced brain injury
was due to deficiency of blood Pg vs. brain Pg, we supplemented blood Pg levels in Pg~/~
mice by intravenous Pg administration prior to thromboembolism. By comparison to Pg-
deficient Pg~/~ mice, supplementation of blood Pg levels decreased ischemic brain injury
significantly, to levels that were not significantly different from that seen in normal Pg*/*
mice (Fig. 1F).

A two-way analysis of variance showed that endogenous Pg levels were strongly associated
with the severity of brain infarction (p<0.0001), but the sex of the mouse was not (p=0.94).
There was no significant relationship between brain hemorrhage and Pg levels or genotype
(p=0.39); sex also did not significantly affect the risk of hemorrhage (p=0.16).

J Thromb Haemost. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Page 6

Pg levels affect fibrinolysis of middle cerebral artery thrombus

In vitro, plasma clots formed from Pg*/* mouse showed the highest amount of fibrinolysis,
followed by clots from Pg*/~ mice, followed by Pg~'~ mice (Fig. 2A). In a similar fashion,
higher Pg levels also accelerated the dissolution of human plasma clots (Fig. 2B).
Dissolution of the MCA thrombus appeared slightly greater in Pg*/* mice than in Pg*/~
mice; however this did not achieve statistical significance (Fig. 2C). Nevertheless, in studies
that included Pg*/* mice with increased Pg levels, there was a linear dose relationship
between the Pg levels and MCA thrombus dissolution (Fig. 2C, r=0.68, p<0.0001). A two-
way analysis of variance confirmed that blood Pg levels affected thrombus dissolution (p<
0.01) but sex did not (p=0.44, data not shown). Restoration of blood Pg levels in Pg~~ mice
significantly increased MCA thrombus dissolution by comparison to Pg™~ mice, to levels
that were not significantly different from that seen in normal Pg*/* mice (Fig. 2D).

Higher Pg levels are associated with decreased BBB breakdown and reduced MMP-9

expression

In vitro models of the BBB suggest that Pg may enhance barrier breakdown due to plasmin's
proteolytic effects during stroke [12]. Breakdown of the BBB leads to the extravasation of
blood proteins such as albumin into the brain and is a major determinant of brain injury after
stroke [27, 28]. The leakage or extravasation of albumin outside collagen IV-stained brain
blood vessels was examined by immunofluorescence microscopy (Fig. 3A) as we have
described [19]. BBB breakdown was more than 2-fold greater in Pg™~ mice than in Pg*/*
(p<0.01); it was also significantly greater in comparison to Pg*/~ mice (p<0.01, Fig. 3C bar
graph). The area of BBB breakdown, assessed as a percentage of the ischemic hemisphere,
was also greater in Pg~/~ mice (28.5+5.6%) and in Pg*/~ mice (24.745.2%) than in Pg*/*
mice (8.3+3.9%, p<0.05). Pg supplementation of Pg~/~ mice reduced BBB breakdown (Fig.
3C, p<0.05). BBB breakdown was detected in the infarct as well as in peri-infarct cortical
and hippocampal regions of the ischemic hemisphere. In addition to the injury to the BBB,
we also analyzed the expression of MMP-9, an inflammatory marker associated with
cerebral infarction. Endogenous Pg deficiency in Pg™~ mice was associated with a 2-3 fold
increase in MMP-9 expression in the brain (Fig. 3B and 3E) vs. Pg*/~ and Pg*/* mice
(p<0.05). Pg supplementation of Pg~/~ mice was associated with a non-significant reduction
in MMP-9 expression. Pg™~ mice also showed ~2-fold increase in MMP-9 levels by
immunoblotting vs. Pg*/* mice (Fig. S1A). SDS-PAGE gelatin zymography showed that
MMP-9 was mainly present as pro-MMP-9 six hours post-stroke (Fig. S1B) as described by
previous studies [29]. MMP-9 expression was predominantly localized to microvessels (Fig.
S2) with smaller amounts seen in the brain parenchyma. MMP-3 expression was also
significantly increased in Pg~/~ mice in comparison to Pg*/~ or Pg*/* mice as determined by
immunofluorescence staining (Fig. S3)[30, 31].

Pg levels affect development of microvascular thrombosis

Brain ischemia promotes microvascular thrombosis [32-34] which causes vascular
obstruction and may further enhance ischemic injury. There is indirect evidence that P(g)
may affect microvascular thrombosis in ischemic stroke [22]. Microvascular thrombosis in
the brain was assessed by MSB staining (Fig. 4A) that showed increased fibrin deposition in
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infarct vs non-infarct brain hemisphere. Immunofluorescence staining showed that
fibrin(ogen) deposition was prominent in the hippocampus and cortex of Pg~/~ mice (Fig.
4B). Microvascular thrombosis was examined by fibrin(ogen) deposition inside collagen V-
stained blood vessels (Fig. 4C). Microvascular thrombosis was significantly reduced in Pg*/~
vs. Pg~/~ mice (Fig. 4D) and Pg*’* mice showed a further decrease in fibrin(ogen) deposition
by comparison to Pg*/~ (Fig. 4D p<0.01 and Fig. S4A). There was a significant inverse
dose-response relationship between Pg levels and fibrinogen deposition (Fig. 4E). These
findings were confirmed by immunoblotting studies, which showed that total fibrin(ogen)
content in the brains of Pg~~ mice was nearly 3-fold higher (p<0.05) than that was found in
Pg** mice (Fig. 4F and Fig. S4B).

Microvascular thrombosis enhances ischemic brain injury

These studies indicate that Pg levels affected the dissolution of the MCA thrombus and the
development of microvascular thrombosis. Although the role of the MCA thrombus in stroke
is established, there is debate whether microvascular thrombosis is a cause or a consequence
of increased ischemic injury. To examine whether the enhanced microvascular thrombosis
associated with Pg deficiency plays a causal role in ischemic brain injury, we used
argatroban, a selective thrombin inhibitor to suppress the development of microvascular
thrombosis without affecting dissolution of the MCA thrombus [35]. In thromboembolic
stroke, argatroban significantly reduced microvascular thrombosis (Fig. 5A, p<0.01 bar
graph) in Pg™~ mice to levels comparable to that observed in Pg*/* mice, as assessed by
immunofluorescence staining for fibrin(ogen) deposition. Interestingly, argatroban treatment
of Pg~/~ mice did not affect dissolution of the MCA thrombus (Fig. 5B, p= 0.84). The
selective reduction in microvascular thrombosis in Pg~'~ mice was associated with a
significant decrease in cerebral infarction (TTC staining Fig. 5C) to the level observed in
Pg*/* mice which was significantly different than the injury observed in control Pg~~ mice
not receiving argatroban (Fig. 5D, p<0.01). This decrease in microvascular thrombosis in
argatroban-treated Pg~'~ mice was further associated with reduced BBB breakdown and
diminished MMP-9 expression, and was comparable to that in Pg*/* mice (Figs. 5E, F).
These data suggest that, independent of its effects on the culprit MCA thrombus, Pg had
protective effects on the ischemic brain that are due to its suppression of microvascular
thrombosis.

Discussion

Pg is present in both vascular and neuronal compartments of the brain. It has diverse roles in
fibrinolysis, inflammation, maintenance of endothelial barriers and other processes that may
have opposing effects during the pathogenesis of complex processes such as ischemic stroke.
Despite the marked variations in blood Pg levels in normal individuals, there is no firm
clinical data to link Pg levels to stroke risk or outcomes. These studies provide the first
evidence that variations in endogenous blood Pg levels, within the range of that seen in
normal humans, have marked dose-related effects on ischemic stroke outcomes. Pg levels
modulated brain infarction, endogenous fibrinolysis, microvascular thrombaosis,
inflammation and breakdown of the BBB. Restoration of blood Pg levels, in Pg~/~ mice
lacking both brain and blood Pg, was sufficient to reduce acute ischemic injury to the levels
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seen in mice with normal blood and brain Pg levels. Studies with direct thrombin inhibition
in Pg~/~ mice suggest that a significant component of the protective effects of Pg levels in
stroke may be due to suppression of microvascular thrombosis in the ischemic hemisphere.

Variations in endogenous Pg levels affected ischemic brain injury, dissolution of the MCA
thrombus and microvascular thrombosis. These data are consistent with recent findings that
promoting endogenous plasmin activity or fibrinolysis, by inactivating its principal inhibitor
(a2-antiplasmin), reduces microvascular thrombosis, ischemic brain injury and mortality
after thromboembolic stroke [19, 22]. It is notable that even in the absence of effects on the
MCA thrombus, suppression of microvascular thrombosis markedly reduced brain
infarction. Although not specifically examined in that study, the marked suppression of
microvascular thrombosis by Pg may explain the enhanced ischemic neurodegeneration
observed in Pg-deficient mice by Nagai et al. after surgical MCA ligation [9].

It is important to note that our study focused on the integrated acute effects of Pg during the
first six hours after thromboembolism, when the fibrinolytic system is dynamic and it is
known to have significant effects on stroke outcomes. As such the observations on MMP-9
expression, BBB breakdown and microvascular thrombosis are limited to the early phase of
ischemic injury after stroke. The strong dose-response relationships observed in this study
provide compelling evidence for a direct effect of Pg on ischemic stroke; still, this study did
not examine other molecules in the fibrinolytic pathway that also may affect outcomes. A
recent stroke study suggests that Pg also has long term protective effects on neurological
functional recovery after stroke by affecting axonal remodeling [36]. While MMP-9,
MMP-3 and BBB breakdown are enhanced in Pg~/~ mice, additional experiments will be
necessary to determine whether there is a mechanistic link between BBB breakdown and
MMP-3, 9, or the other MMPs and tissue inhibitors of metalloproteinase proteins implicated
in this process [37].

To date there is surprisingly little evidence that Pg deficiency enhances intravascular
thrombosis, though Pg deficiency is associated with enhanced extravascular fibrin deposition
[38, 39]. However, the extravascular deposition of fibrin observed in Pg-deficient mice
specifically in the ischemic area may reflect the tendency for intravascular fibrin to move or
extravasate outside of blood vessels [40]. In Pg deficiency, vascular patency also may be
maintained by non-plasmin fibrinolytic mechanisms mediated by macrophages or MMP-9
etc.[41, 42]. While Pg deficiency does not trigger acute intravascular thrombosis in mice or
humans, it has been associated with decreased clearance of experimental thrombi in mice
[39, 43]. The present studies demonstrate that physiologic variation in Pg levels affects the
clearance of macrovascular thrombi and the development of microvascular thrombi. Longer
duration studies are warranted to assess the role of P(g) in thrombo-inflammatory
mechanisms in brain parenchyma involving microglial cells, neurons, macrophages and
processes during the subacute and chronic recovery phase after ischemic stroke.

To conclude, in experimental, thromboembolic stroke endogenous Pg levels were strongly
associated with ischemic brain injury, dissolution of cerebral thromboemboli, MMP-9
expression, microvascular thrombosis and breakdown of BBB. This suggests that
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physiologic variations in Pg levels may affect outcomes after thromboembolic stroke in
humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

. Physiologic variations in blood plasminogen (Pg) levels may affect
ischemic stroke outcomes.

. We tested Pg effects in a model with translational relevance to human
thromboembolic stroke.

. A dose-response exists between Pg levels and brain injury, fibrinolysis,
barrier breakdown.

. Higher Pg levels reduce microvascular thrombosis and improve
outcomes in ischemic stroke.
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Figure 1. Pg levels show an inverse dose-response relationship with the extent of brain infarction
after MCA thromboembolism

(A) Plasma Pg levels in mice with different Pg genotypes (Pg~/~, Pg*/~, Pg*/* and Pg*/*
mice with increased Pg levels) as measured by Pg activation assay. (B) Representative
tracings of laser Doppler blood flow in the ischemic hemispheric in mice after
thromboembolism. Arrow indicates the time when clot was injected (C) Representative
TTC-stained brain sections from Pg*/~ and Pg*/* mice after stroke as labeled. (D)
Representative MSB stained images of hippocampus (4x and 40x) and cortex (40x) regions
of infarct and non-infarct brain hemispheres after 6 h ischemic stroke showing cell death.
(E) Regression analysis (line graph) shows a significant inverse dose-relationship between
Pg levels and the extent of brain infarction in Pg~~, Pg*/~ and Pg*/* mice (n=43 mice, 10-14
per group) and Pg*/*+Pg mice (Pg*'* mice with increased Pg level) n=6.**p<0.01,
***n<0.001 (F) Intravascular Pg (10 mg/Kg) supplementation to Pg~/~ mice (n=5) reduced
the cerebral infarct size to levels comparable to Pg*/* mice (bar graph) as measured through
TTC staining after 6 h stroke. **p<0.01, ***p<0.001, ns (non- significant).
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Figure 2. Relationship between plasma Pg levels and in vitro and in vivo thrombus dissolution
(A) tPA (10 nM) mediated dissolution of clots (% clot lysis) made from fresh frozen plasma

from Pg~/~, Pg*/~ and Pg*/* mice. Control represents Pg~/~ plasma clot without tPA. (n=3-5
+ SEM) (B) Pg-depleted human plasma was supplemented with purified human Pg and tPA
(14 nM). Clot dissolution was measured by the decrease in clot turbidity at 405 nm at 37 °C.
(n=3-5 + SEM). (C) The line graph shows that plasma Pg levels were directly proportional
to MCA thrombus dissolution (%) in Pg™~, Pg*/~ and Pg*/* mice (n= 43 mice, 10-14 per
group) and Pg*/*+Pg mice (n=6) during stroke. ***p<0.001. (D) Intravascular Pg (10
mg/Kg) supplementation to Pg~/~ mice significantly enhanced the dissolution of the MCA
thrombus after 6 h stroke. Mean = SE, n= 6 per group. **p<0.01, ***p<0.001, ns (hot
significant).
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Figure 3. Higher Pg levels are associated with decreased BBB breakdown and reduced vascular
MMP-9 expression after stroke
(A) Leakage (arrows) of albumin (red) into the brain parenchyma outside collagen IV-

stained (green) blood vessels was assessed in the ischemic hemispheres by comparison to
the non-ischemic hemispheres of Pg~/~, Pg*/~ and Pg*/* mice. Merged images (20x) show
areas of overlapping staining for collagen 1V and albumin (yellow) and DAPI-stained nuclei
in blue. (B) Representative immunofluorescence images (20x) showing MMP-9 expression
(red) in the ischemic hemispheres of Pg~/~, Pg*/~ and Pg~~ mice as detected by goat anti-
mouse MMP-9 primary antibody followed by donkey anti-goat DyLight® 549. (C) The bar
graphs show the ratio of the total area of albumin staining (in 20x fields) and (D) MMP-9
fluorescence intensity in the ischemic vs. the non-ischemic hemisphere of each mice group
(mean £ SE). n=4-5 per group, *p<0.05, **p<0.01, ns (not significant).
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Figure 4. Higher plasma Pg levels are associated with reduced microvascular thrombosis in the
ischemic brain
(A) MSB stained brain images showing microvascular thrombosis (pink fibrin) in the

ischemic and non-ischemic hemisphere (B) Representative immunofluorescence images (6x)
of the hippocampal region of ischemic hemispheres of Pg~'~, Pg*/~, and Pg*/* mice showing
areas of fibrin(ogen) deposition (green). Rabbit anti-mouse fibrin(ogen) and Dylight® 488
donkey anti-rabbit were used as primary and secondary antibodies respectively. (C)
Representative brain images from Pg~~ mice (20x) showing fibrino(gen) (green), collagen
IV-stained blood vessels (red) and a merged image showing intravascular fibrin(ogen) (white
arrow) in blood vessels. For fibrin(ogen) and blood vessels, rabbit anti-mouse fibrin(ogen)
and goat anti-human collagen IV were used as primary antibodies respectively. Dylight®
488 donkey anti rabbit and Alexa Fluor® 555 donkey anti-goat respectively were used as
secondary antibodies. (D) Quantitation by digital imaging of the fibrino(gen) stained area in
15 different fields at 20x magnification and expressed in the bar graph as ratio of ischemic
vs non-ischemic hemispheres of Pg~~, Pg*/~, and Pg*/* mice. Mean + SE, n= 5 per group.
(E) Regression analysis (line graph) shows that fibrin(ogen) deposition in brain was
inversely correlated to Pg levels. (F) Immunoblotting of brain samples with rabbit anti-
mouse fibrino(gen) antibody showed fibrin(ogen (a.,p chains; Fg) in the ischemic and non-
ischemic hemisphere. Purified human fibrinogen (Hu Fg) was used as a positive control.

J Thromb Haemost. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Page 17

S 3 3
= £
7] =6
g 62
o 248
o SE
g S
@ R
o £<2
g 5
s [
i Pg'/' Pg’/’+Arg Pg+l+
B _ D
X - * Kk
‘g’ 25 % %
s 20+
3 '\; ns
3
g 151 53
= 3]
@ 101 8 20
(=
=) -
E 5 10
(=]
£ 0
- Pg” Pg’+Arg Pg** Pg” Pg’+Arg Pg*"*
E g Pg +Arg Pg F g Pg+Arg Pg
Fkk
1] 5 * Kk ‘8 5 K
g ¢ €4 T
2= 2
03 ns 0 31
TE ——— c
T o 8
o=2 c 24
o P
m 1 o 14
- :
0 - - e = o - ++
Pg” Pg’+Arg Pg Pg™ Pg™+Arg Pg

Figure 5. Reducing microvascular thrombosis diminishes brain injury in Pg_/_ mice even in the
absence of changes in MCA thrombus dissolution

(A) Microvascular thrombosis was significantly diminished in Pg~'~ mice by argatroban
(arg) treatment as quantitatively determined by immunofluorescence staining. The bar graph
represents the ratio of fibrin(ogen) stained area in ischemic/non-ischemic hemisphere. (B)
MCA thrombus dissolution was unaffected in Pg~~ mice with and without argatroban
treatment as determined ex vivo by 1251-fibrin radioactivity in brain. (C) Reductions in
microvascular thrombosis by argatroban are associated with significant decreases in brain
infarction in Pg~/~ mice as measured through TTC staining after 6 h stroke. (D) Bar graph
shows the percent brain infarct in Pg~~ mice after argatroban treatment in comparison to
untreated Pg~/~ mice and Pg*/* mice. Mean + SE, n='5 per group, **p<0.01, ***p<0.001, ns
(not significant). (E,F) Argatroban treatment significantly decreased BBB breakdown (E)
and MMP-9 expression (F) in Pg~~ mice as quantitated in ischemic vs non-ischemic
hemisphere in Pg™~ mice after argatroban treatment vs Pg™'~ or Pg*/* mice.
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