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Abstract

Tissue plasminogen activator (tPA) is a multifunctional protease. In blood tPA is best understood 

for its role in fibrinolysis, whereas in the brain tPA is reported to regulate blood brain barrier 

(BBB) function and to promote neurodegeneration. Thrombolytic tPA is used for the treatment 

of ischemic stroke. However, its use is associated with an increased risk of hemorrhagic 

transformation. In blood the primary regulator of tPA activity is plasminogen activator inhibitor 

1 (PAI-1), whereas in the brain, its primary inhibitor is thought to be neuroserpin (Nsp). In this 

study, we compare the effects of PAI-1 and Nsp deficiency in a mouse model of ischemic stroke 

and show that tPA has both beneficial and harmful effects that are differentially regulated by PAI-1 

and Nsp. Following ischemic stroke Nsp deficiency in mice leads to larger strokes, increased BBB 

permeability, and increased spontaneous intracerebral hemorrhage. In contrast, PAI-1 deficiency 
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results in smaller infarcts and increased cerebral blood flow recovery. Mechanistically, our data 

suggests that these differences are largely due to the compartmentalized action of PAI-1 and Nsp; 

with Nsp deficiency enhancing tPA activity in the CNS which increases BBB permeability and 

worsens stroke outcomes, while PAI-1 deficiency enhances fibrinolysis and improves recovery. 

Finally, we show that treatment with a combination therapy that enhances endogenous fibrinolysis 

by inhibiting PAI-1 with MDI-2268 and reduces BBB permeability by inhibiting tPA-mediated 

PDGFRα signaling with imatinib, significantly reduces infarct size compared to vehicle-treated 

mice and to mice with either treatment alone.
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Introduction

Stroke is one of the leading causes of morbidity and mortality worldwide [1]. Approximately 

87% of acute strokes are ischemic with the rest being hemorrhagic [2]. Outcomes 

for hemorrhagic strokes are more severe than for ischemic strokes and hemorrhagic 

transformation of an ischemic stroke markedly increases stroke mortality [3, 4]. Currently, 

thrombolytic therapy with intravenous tissue plasminogen activator (tPA) is the only FDA-

approved pharmaceutical treatment for ischemic stroke. Intravenous tPA promotes cerebral 

blood flow recovery by the enzymatic conversion of plasminogen to plasmin leading to 

fibrin degradation and breakdown of the occluding thrombus [5]. Although the benefits of 

thrombolytic treatment with tPA for early blood flow restoration in stroke patients is well 

established, the increased risk of hemorrhagic transformation is a significant limiting factor 

for its use [5, 6].

The blood-brain barrier (BBB) is required to maintain a tight control in the trafficking 

of molecules between the blood and the central nervous system (CNS) [7]. However, 

during ischemic stroke, dysfunction of the BBB occurs which can intensify neuronal 

damage in the ischemic penumbra and increase the risk of hemorrhagic transformation [8]. 

Previously, we have shown that perivascular tPA in the brain increases BBB permeability 

[9], via tPA-mediated activation of latent platelet-derived growth factor CC (PDGF-CC) and 

subsequent signaling through the PDGF receptor α (PDGFRα) [10–12]. We also showed 

that blocking this pathway in a mouse model of ischemic stroke significantly reduces 

hemorrhagic transformation associated with late tPA-mediated thrombolysis administered 5 

hours after middle cerebral artery occlusion (MCAO) [10, 12]. Significantly, a recent phase 

II clinical trial targeting this pathway in ischemic stroke patients receiving thrombolytic tPA 

demonstrated that the PDGFRα inhibitor imatinib was safe and tolerable and may reduce 

neurologic disability in patients treated with intravenous thrombolysis [13].

The compartmentalization of tPA in the blood and the CNS is maintained by the BBB, 

which permits tPA in the blood to promote beneficial fibrinolysis through the activation of 

plasminogen, without activating PDGF-CC-PDGFRα signaling in the CNS which can lead 

to BBB disruption and ultimately to hemorrhagic transformation. Thus, in ischemic stroke 
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tPA has the potential for both beneficial and harmful activities that are governed at least in 

part by tPA’s location and potential substrates. It is well established that in the blood, tPA 

activity is controlled by plasminogen activator inhibitor 1 (PAI-1) [14] and in the CNS it is 

thought that the related inhibitor, neuroserpin (Nsp) is a primary regulator of tPA activity 

[11, 15, 16]. Therefore, in the present study, we have investigated the differential function 

of the tPA inhibitors, PAI-1 and Nsp in fibrinolysis, BBB regulation, and hemorrhagic 

transformation in a photothrombotic MCAO mouse model of ischemic stroke with the goal 

to identify non-overlapping pathways mediated by tPA that have therapeutic potential for 

improving the treatment of ischemic stroke. We found that deficiency of PAI-1 increases 

beneficial endogenous fibrinolysis whereas Nsp deficiency leads to BBB dysfunction and 

intracerebral hemorrhage (ICH) primarily mediated by tPA’s action. Furthermore, combined 

pharmacological inhibition of PAI-1 and the tPA-mediated PDGFRα-signaling pathway 

showed additive protection in stroke compared to the individual inhibition of either pathway.

Methods

Ischemic stroke model

Male WT (C57BL/6J; Jackson Laboratory), Nsp−/− [17], PAI-1−/− [18], and Nsp/tPA−/− 

(8–15 weeks old) mice were subjected to a photothrombotic MCAO stroke model previously 

described [10, 12]. The Nsp/tPA−/− mice were generated by crossing the Nsp−/− mice with 

tPA−/− mice [19], and all knockout strains were backcrossed more than 10 generations onto 

the C57BL/6J background. Briefly, mice were anesthetized with chloral hydrate (450mg/kg), 

and using a dissecting microscope the left middle cerebral artery (MCA) was exposed. Then, 

Rose Bengal (Fisher) was injected intravenously (50 mg/kg) while a 3.5-mW green light 

laser (540 nm, Melles Griot) was directed at the exposed MCA. A laser Doppler flow probe 

(Type N, Transonic Systems) connected to a flowmeter (Transonic model BLF21) was used 

to record the relative tissue perfusion units 1.5 mm dorsal median from the bifurcation 

of the MCA. Stable occlusion was achieved when the tissue perfusion units dropped to 

less than 20% of pre-occlusion levels and did not rebound within 10 min after laser 

withdrawal [10, 12]. Tissue perfusion continuous data acquisition was done using Windaq 

data Acquisition software (DATAQ instruments). All animal experiments were approved by 

the Institutional Animal Care and Use Committee of Unit for Laboratory Animal Medicine 

at the University of Michigan. In accord with the STAIR recommendations for preclinical 

studies in all experiments sample sizes were calculated from preliminary studies or historical 

data, mice were randomized into treatment groups (or by genotype), and were only excluded 

for a predefined cause. Data analysis was performed by an investigator blinded to the 

experimental conditions until the results were decoded by a senior investigator after analysis.

Drug treatments

Treatment agents were delivered as follows: Aprotinin (Abcam) was injected I.P. 1h after 

MCAO at 10mg/kg twice daily for 3 days. MDI-2268 was synthesized as described [20] 

and injected I.P. at 3mg/kg twice daily for 3 days starting 30 min after MCAO. Imatinib 

(Gleevec) was delivered via oral gavage 30 min after MCAO at 300 mg/kg twice daily 

for 1 or 3 days. The same treatment regimen was administered in all combination therapy 

experiments using MDI-2268 and imatinib. MDI-2268 and imatinib total daily dosages were 
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selected based on previous studies [11, 20]. Human tPA (Alteplase) was delivered slowly via 

tail vein 5 h after MCAO at 10mg/kg.

Cerebral blood flow measurements

All Cerebral Blood flow (CBF) measurements were started 10min before Rose Bengal 

injection on the mouse exposed skull using a full-field laser speckle imaging device 

(moorFLPI-2). Mice were anesthetized with chloral hydrate (450mg/kg) and secured on 

a stereotactic frame pre-MCAO and 24 h after MCAO. CBF images were acquired for 

a total of 40-sec in 10-sec intervals with an exposure time of 20-ms. Pre-MCAO CBF 

measurements were considered baseline levels and the average CBF over 40-sec was 

considered 100% and used to normalize CBF data 24h after MCAO in WT, Nsp−/− and 

PAI-1−/− mice. For CBF measurements 24h after MCAO mice were re-anesthetized with 

2% isoflurane and CBF data was acquired in the same region. CBF image analysis was 

performed in MoorFLPI Review V 4.0 software (Moor Instruments).

Infarct size

Infarct size analysis was performed as described previously [10, 12]. Briefly, brains were 

removed 72 h after MCAO and 2-mm thick coronal sections of the whole brain were stained 

with 4% 2,3,5-triphenyltetrazolium chloride (TTC) in PBS for 20min at 37°C. Images of 

TTC stained sections were captured with an Olympus digital C-3030 color camera attached 

to an SZ-60 Olympus microscope. The sections were analyzed with NIH Image J software 

using the following formula:

V%infarct = ∑ Areas of lesion /∑ Areas of ipsilateral hemisphere ∗ 100,

where V%infarct is infarct size calculated as percent of the ipsilateral hemisphere.

Hemorrhage volume

For assessment of hemorrhagic volume in the brain, digital images (both sides) were 

captured (using the same coronal sections in TTC staining) before brain sections were fully 

developed in TTC solutions. Images were analyzed using the Image J software (NIH) by an 

investigator blind to the treatments as described in [12]. The following formula was used to 

calculate hemorrhagic volume:

VICH = (∑ Areas of ICH(mm2)/2 × 2mm

Where VICH is ICH volume calculated in cubic millimeters.

FITC-Fibrinogen quantification

FITC-conjugated mouse fibrinogen (0.3mg/kg) was injected intravenously 10mins before 

MCAO, mice were PBS and PFA-perfused 3 h after MCAO. Brains were removed 

and side view images of the whole intact mouse brain 3h after MCAO were captured 

using an Olympus SZX16 fluorescence stereo microscope. These images were used 

for the quantification of FITC-fibrinogen deposition in cortical regions of the whole 
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stroked hemisphere of WT, Nsp−/− and PAI-1−/− mice 3 h after MCAO. FITC-fibrinogen 

fluorescence intensity of the stroked hemisphere was quantified using NIH Image J software. 

Brightness and contrast settings were changed and applied equally to all images to generate 

the final image.

Evans blue assay

For analysis of BBB permeability after MCAO, we used an assay previously described 

[10, 12]. Briefly, mice were injected with 100 μL of 4% Evans blue (Sigma-Aldrich) 

intravenously 23 h after MCAO and 1h later, animals were PBS-perfused for 8 min. 

The brains were harvest and split into ipsilateral and contralateral hemispheres relative 

to MCAO. Each hemisphere was then homogenized in N, N-dimethylformamide (Sigma-

Aldrich) and centrifuged for 45 min at 25,000 g. The supernatants were collected, 

absorbances were measured at 500, 620 and 740 nm using a spectrophotometer (Spectramax 

M5 or Spectramax ID5). EB extravasation in each hemisphere was quantified from the 

formula: (A620 nm − ((A500 nm + A740 nm)/2))/mg wet weight [10, 12].

Immunohistochemistry

For immunofluorescence, WT naïve brains were PBS and PFA-perfused, brains were 

harvest and post-fixed in PFA and cryopreserved in 30% sucrose. Fourteen μm-thick 

frozen sections were permeabilized in 0.5% TritonX-100 and nonspecific binding blocked 

using TNB blocking buffer (NEL700A001KT, Perkin Elmer, Waltham, MA, USA) or 1% 

Bovine Serum Albumin (BSA) in 0.5% TritonX-100/PBS. Sections were incubated with 

primary antibodies in blocking solution overnight at 4°C followed by incubation with 

Alexa-Fluor conjugated secondary antibodies for 45 min, room temperature. The primary 

antibodies and their respective dilution used were: tPA (12 μg/mL, rabbit HTMTPA and 

goat SHTMTPA, Molecular Innovations, Novi, MI, USA), Nsp (15 μg/mL, rabbit HTmNs; 

Lawrence Lab), Podocalyxin (1:200, AF1556; R&D Systems, Minneapolis, MN, USA). 

For tPA and Nsp staining, heat-mediated antigen retrieval was performed using DAKO 

retrieval solution (S1700; DAKO, Glostrup, Denmark). The sections were mounted using 

ProLong Gold Antifade reagent (P36930; Life Technologies). Brain sections from tPA−/− 

and Nsp−/− mice were used for antibody control and demonstrated that both antibodies 

were specific for their respective antigen. All images were acquired in RT with a Zeiss 

LSM510 alternatively LSM700 confocal microscope and the ZEN 2009 software (Carl 

Zeiss, Oberkochen, Germany). The images are representative of the respective staining and 

were processed and analyzed using Volocity 3D image analysis software (PerkinElmer) and 

Photoshop CS5 (Adobe, San Jose, CA, USA). Brightness and contrast settings were changed 

and applied equally to all images to generate the final image.

RT-PCR assay

RNA was isolated from PBS-perfused WT naïve mouse brains using QIAzol lysis 

buffer with the RNeasy kit (Qiagen) following manufactured instructions. Quantitative 

RT-PCR analysis was performed using TaqMan® One-Step RT-PCR Kit and TaqMan® 

Gene Expression Assays according to Applied Biosystems instructions. FAM-labeled 

primers for tPA (PLAT; Mm00476931_m1), Nsp (SERPINI1; Mm00436740_m1) and 

PAI-1 (SERPINE1; Mm00435858_m1) were obtained from ThermoFisher. Fold Change 
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gene expression was expressed relative to the housekeeping gene Beta-Actin (ACTB; 
Mm00607939_s1) and corrected for primer efficiencies (tPA: 2.08; Nsp: 1.98; PAI-1: 1.91).

tPA, Nsp and PAI-1 protein measurements

Levels of tPA, Nsp and PAI-1 in plasma and brain extracts of naïve WT mice were measured 

using either ELISA or Luminex assays. Plasma samples were collected from the inferior 
vena cava using 3.2% sodium citrate buffer as an anticoagulant. After, plasma collection, 

animals were PBS-perfused, and brains were collected, homogenized and extracted in a 

HEPES buffer solution (0.4M HEPES, 0.1M NaCl; 1% Triton X-100, pH 7.4).

tPA measurements: For tPA levels in the brain and plasma, we used a Luminex assay 

described in detail previously [21]. Briefly, rabbit anti-mouse tPA (Molecular Innovations, 

ASMTPA-GF-HT) was coupled to carboxylated beads (Luminex). The beads were then 

incubated for 2h in filter plate (Millipore MABVN0B50) at room temperature in the dark 

with either brain or plasma samples, washed and a biotin-labeled rabbit anti-mouse tPA 

antibody (Molecular Innovations, ASHTPA-HT) was added for 1h at room temperature. The 

beads were then washed and streptavidin linked R-Phycoerythrin (ThermoFisher Scientific, 

S866) was added for 30min, the beads were washed again, resuspended in sheath fluid 

(Luminex) and analyzed. All antibody incubations were followed by three washes of 

PBS-0.05% Tween 20. The Luminex 100 device was used to detect the fluorescence signal.

Nsp measurements: Nsp levels in brain and plasma were measured by ELISA. A rabbit 

anti-mouse NSP capture antibody (2 μg/ml; Lawrence Lab) was incubated in high binding 

microplates in carbonate buffer (0.15M Na2CO3, 0.35M NaHCO3, pH 9.6) overnight at 4°C. 

Following all incubation steps the plates were washed three times with 0.9% Saline-0.05% 

Tween 20. Mouse brain and plasma samples were loaded and incubated for 2h at RT. 

A sheep anti-mouse NSP-biotin-labeled (2 μg/ml; Molecular Innovations, SASMNSP-GF-

BIO) and Streptavidin-HRP (1:20000; Invitrogen) were used as a primary and secondary 

antibody, respectively. The ELISA was then developed with the TMB substrate (3,3’,5,5’-

tetramethylbenzidine, Molecular Innovations), followed by H2SO4 (1 N) and the absorbance 

was measured at 450 nm on a spectrophotometer (Spectramax M5).

PAI-1 measurements: To measure total mouse PAI-1 in brain and plasma samples, a 

Luminex assay was performed following a previous published protocol [22, 23]. Briefly, 

anti-mouse PAI-1 (Molecular Innovation clone H34G6) was coupled to carboxylated beads 

(Luminex). Brain and plasma samples with anti-mouse PAI-1 coupled beads were loaded 

to a filter plate (Millipore MABVN0B50) and incubated for 2h in the dark. Biotinylated 

rabbit anti-mouse PAI-1 (2 μg/mL; Molecular Innovations) and phycoerythrin-conjugated 

streptavidin (ThermoFisher Scientific, S866) were used as a primary and secondary 

antibody, respectively. The Luminex 100 device was used to detect the fluorescence signal 

[22, 23].
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D-dimer ELISA assay

For D-dimer, citrated plasma was obtained from both naïve WT and PAI-1−/− mice and from 

each genotype 6 h after MCAO, and D-dimer levels determined following manufactured 

instructions using the mouse D-dimer (D2D) ELISA Kit (CSB-E13584m; CUSABIO).

Statistical analysis

Data analysis was performed using GraphPad Prism 8 statistical software (GraphPad 

Software, La Jolla, CA, USA). All experiments were repeated at least two independent times 

and n indicates the number of individual mice used in the study. For statistical analysis, in 

any experiment with only two groups, a two-tailed t-test was used. For experiments with 

more than two groups, a one-way ANOVA with Tukey post hoc test was used. Data is 

represented as mean values ± SEM; p <0.05 was considered significant.

Results

Expression of tPA, Nsp and PAI-1 in brain and blood

In vivo it is thought that tPA has two main inhibitors, PAI-1 and Nsp, with Nsp expression 

being largely restricted to the CNS, where PAI-1 expression is relatively low. It has been 

proposed that Nsp and not PAI-1 is the main inhibitor of tPA in the CNS [15, 16]. To 

examine this and to confirm previous reports regarding the spatial division of Nsp and 

PAI-1 in the brain and blood, we performed qPCR expression analysis of PAI-1, Nsp and 

tPA genes in the brains of naïve WT mice. These data show that the Nsp mRNA level 

is approximately 5000-fold higher than PAI-1 mRNA in naïve WT brains, and that tPA 

mRNA level is nearly 100-fold higher than PAI-1 (Fig 1a). To determine if there was a 

direct correlation between mRNA and protein levels in the mouse brain, we measured PAI-1, 

Nsp and tPA protein concentrations in whole brain homogenates of naïve WT mice. We 

found that the Nsp protein level was approximately 12-fold higher than the PAI-1 protein 

level in naïve WT brains, and that the tPA protein level was nearly 139-fold higher than 

PAI-1 (Fig 1b). The relative differences between the mRNA expression of tPA and Nsp 

and their respective protein levels in the brain are likely due to the Nsp single interaction 

mousetrap-like mechanism and the relatively rapid turnover of Nsp after interaction with 

tPA [15, 24, 25]. These data support the suggestion that Nsp and not PAI-1 is the primary 

inhibitor of tPA in the CNS. In contrast, PAI-1 and tPA levels were similar in plasma, 

whereas Nsp was not detected (Fig 1c), supporting PAI-1 as the main inhibitor of tPA 

activity in blood. Additionally, to examine tPA and Nsp colocalization in the mouse brain, 

we performed immunohistochemical staining in cortical brain regions of naïve WT mice. 

These data show widespread tPA staining both in perivascular regions outside cerebral 

vessels and associated directly with blood vessels, stained with the endothelial glycocalyx 

protein podocalyxin (Fig 1d). Nsp staining was also found proximal to blood vessels and 

tPA (Fig 1e–f). No PAI-1 staining was observed in the cortex parenchyma of naïve WT mice 

(Supplementary Figure S1).These results are in good agreement with histological evidence 

showing similar expression patterns of Nsp and tPA in hippocampal regions in the mouse 

brain [11]. Overall, these data support the hypothesis that Nsp is the primary inhibitor of tPA 

in the CNS, and PAI-1 is the primary inhibitor of tPA in blood.
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Nsp and PAI-1 deficiency have opposite effects on infarct size after MCAO

It is well established that PAI-1 can regulate fibrinolysis in the blood [26, 27] and that 

early tPA-mediated fibrinolysis is associated with better outcomes after ischemic stroke in 

humans [28, 29]. However, we have shown that therapeutically administered thrombolytic 

tPA, especially if administered 5h after the onset of ischemia can induce BBB opening and 

increase the risk of hemorrhagic transformation in a murine model of ischemic stroke [10, 

12]. Based on these observations, we hypothesize that during cerebral ischemia, tPA plays 

a dual role with both beneficial and harmful effects that are governed by tPA’s location and 

substrates. To test this hypothesis, we subjected WT, PAI-1 (PAI-1−/−) and Nsp (Nsp−/−) 

deficient mice to photothrombotic MCAO, and 72h later infarct size was determined. 

We predict that in PAI-1−/− mice tPA activity will increase in blood, thereby enhancing 

endogenous fibrinolysis which should reduce stroke severity. Whereas in Nsp−/− mice tPA 

activity should increase in the CNS parenchyma which would increase BBB damage and 

worsen stroke severity. Our results demonstrate that as predicted, the effects on infarct size 

in Nsp and PAI-1 deficient mice are opposite, with PAI-1−/− mice showing a significant 

reduction in infarct size and mice lacking Nsp with a significant increase in infarct size 

compared to WT mice (Fig 2a–b).

Nsp deficiency but not PAI-1 deficiency increases BBB opening after MCAO

Since Nsp is likely to be the primary inhibitor of tPA in the CNS (Fig 1 a–f), and our 

previous studies have shown that tPA activity in the CNS increases BBB opening [9–11], 

we next examined the effects of Nsp and PAI-1 deficiency on BBB permeability and 

spontaneous hemorrhage after ischemic stroke. These data show that Nsp−/− mice but not 

PAI-1−/− mice have a significant increase in BBB disruption compared to WT mice 24h 

after MCAO. This data is consistent with our previous studies where intracerebroventricular 

injection of Nsp reduced Evans blue extravasation after MCAO [9]. There was no significant 

difference in Evans blue dye extravasation between PAI-1−/− and WT mice (Fig 3a–b).

The association of thrombolytic tPA treatment with an increased risk of ICH in stroke 

patients [6] together with the observation that blocking tPA-induced PDGFRα signaling 

decreased fibrinolytic tPA-induced ICH [10, 12, 13], suggests that in the CNS tPA may play 

a critical role in the development of ICH after stroke. To test this hypothesis, we examined 

spontaneous hemorrhage volume in WT, PAI-1−/− and Nsp−/− mice 72h after MCAO. These 

data indicate that there is a significant increase in hemorrhage volume in Nsp−/− mice 

compared to WT and PAI-1−/− mice (Fig 3c–d). These data suggest that unregulated tPA 

activity in the CNS parenchyma due to Nsp deficiency not only increases BBB permeability 

but also increases the risk of spontaneous ICH after MCAO, while PAI-1 deficiency has no 

significant effect on spontaneous ICH.

tPA mediates the increase in infarct size and BBB opening in Nsp deficient mice

To test if the increase in infarct size, ICH and BBB disruption in Nsp−/− mice was mediated 

by tPA activity we performed MCAO in WT, Nsp−/−, and mice deficient in both Nsp and 

tPA (Nsp/tPA−/−). These data show a significant reduction in infarct size, ICH and BBB 

leakage in Nsp/tPA−/− mice compared to Nsp−/− mice (Fig 4a–c). This confirms that tPA is 

required for the early BBB leakage and the increases in ICH and infarct size in Nsp deficient 
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mice. Furthermore, since Nsp/tPA−/− mice also showed a modest reduction in infarct size 

compared to WT mice, this suggests that the potential harmful effects of endogenous tPA on 

the BBB may outweigh its potential benefit for increased fibrinolysis.

Since we have previously shown that in WT mice inhibition of PDGFRα prevents tPA-

mediated effects on the BBB [10, 11], we examined if tPA-mediated PDGFRα signaling 

plays a role in the increase in BBB disruption observed in Nsp−/− mice. For this study 

Nsp−/− mice were treated with the PDGFRα inhibitor imatinib 30 min after MCAO 

(imatinib; 300 mg/Kg; twice daily). As expected, imatinib treatment significantly reduced 

Evans blue extravasation in Nsp−/− mice compared to vehicle-treated mice (Fig 4d). These 

results confirm that as in WT mice [10], the BBB phenotype observed in Nsp−/− mice is 

mediated by tPA-PDGFRα signaling.

PAI-1 deficiency improves reperfusion after MCAO by increasing fibrinolysis

Previous studies in both rats and mice have demonstrated that following MCAO there is 

an expansion of the infarct size that is due to the development of fibrin rich microvascular 

thromboses that are secondary to the primary MCAO [30–32]. Since PAI-1 is the primary 

inhibitor of both tPA and the other plasminogen activator in blood, urokinase plasminogen 

activator (uPA), [14] then PAI-1 deficiency should enhance endogenous fibrinolysis after 

MCAO, and may reduce infarct expansion by limiting the development of secondary 

thrombosis. In contrast, Nsp deficiency would not be expected to affect fibrinolysis in the 

blood since it is primarily expressed in the CNS (Fig 1). To test this, we examined cortical 

regions of the ischemic penumbra for possible microvascular thrombosis by fluorescence 

stereo microscopy. For this analysis, we first injected WT mice intravenously with FITC-

conjugated fibrinogen (0.3mg/kg) 10min before inducing MCAO and performed a time 

course examining fibrin deposition. Mice were perfused at either 0 (no MCAO), 1, 3 or 6h 

after MCAO Supplementary Figure S2a). These data indicated that there was a significant 

increase in FITC-fibrin deposition in the brain over time from 1 to 3h after MCAO, reaching 

a plateau between 3 and 6h after MCAO. Closer examination of coronal sections of the 

stroked hemisphere showed FITC-fibrin positive clots in microvessels predominantly located 

in the periphery of the infarct, suggesting that secondary thrombosis was occurring in the 

ischemic penumbra where CBF may be reduced (Supplementary Figure S2b–c). We next 

examined if the FITC-fibrin deposition in the ischemic hemisphere was different between 

WT, PAI-1−/− and Nsp−/− mice 3h after MCAO. This time point was selected based on 

the time-course experiment in WT mice Supplementary Figure S2a). These data showed a 

significant reduction in FITC-fibrin deposition in PAI-1−/− mice compared to that in WT 

and Nsp−/− mice. As expected Nsp−/− mice showed no significant difference in FITC-fibrin 

deposition compared to WT mice (Fig 5a–b). We then examined if the early decrease in 

FITC-fibrin deposition in PAI-1−/− mice was associated with improved cerebral blood flow 

(CBF). To test this, we measured CBF 24h after MCAO in WT, PAI-1−/− and Nsp−/− mice 

using full-field laser speckle imaging. We found that relative to WT mice, PAI-1−/− but not 

Nsp−/− mice had significantly improved CBF 24h after MCAO (Fig 5c–d). In agreement 

with the FITC-fibrin deposition data, there was no significant difference in CBF between 

WT and Nsp−/− mice, suggesting that Nsp is not directly involved in fibrinolysis and 

reperfusion during MCAO.
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To determine if the improved perfusion observed in the peri-infarct zone in PAI-1−/− mice 

was due to enhanced endogenous fibrinolysis, the relative extent of endogenous fibrinolysis 

in WT and PAI-1−/− mice was examined by ELISA for plasma D-dimer levels 6h after 

MCAO. D-dimer is a breakdown product of fibrin that is generated by plasmin cleavage 

of fibrin clots. Our data indicate that PAI1−/− mice show a significant increase in plasma 

D-dimer levels 6h after MCAO compared to WT mice 6h after MCAO and naïve WT 

and PAI-1−/− mice (Fig 5e). To confirm if the apparent enhanced endogenous fibrinolysis 

was the primary mechanism responsible for the reduced infarct size observed in PAI-1−/− 

mice, we treated PAI-1−/− mice with the potent fibrinolytic inhibitor aprotinin beginning 

1h after MCAO (aprotinin: 10mg/kg, twice daily for 3 days), and infarct volumes were 

determined 72h after MCAO. We found that aprotinin-treated PAI-1−/− mice showed a 

significant increase in infarct size compared with vehicle-treated PAI-1−/− mice 72h after 

MCAO (Fig 5f). These data confirm that enhanced endogenous fibrinolysis in PAI-1−/− mice 

is likely responsible for their reduced infarct size relative to WT mice after MCAO.

Combined pharmacological inhibition of PAI-1 and tPA-Nsp pathway shows additive 
protection of the infarct zone after MCAO in WT mice

We have shown that tPA activity in the brain and fibrinolysis in the blood regulate 

two independent pathways relevant to ischemic stroke outcomes. This suggests that a 

combination therapy that targets both tPA-mediated BBB damage in the brain, by blocking 

PDGFRα signaling, and promoting endogenous fibrinolytic activity in blood, by inhibiting 

PAI-1, might lead to an additive or synergistic beneficial effect after ischemic stroke. To 

determine if combined inhibition of PAI-1 and PDGFRα signaling have beneficial effects 

after MCAO, a novel small molecule with potent anti-PAI-1 activity (MDI-2268) [20] 

and the PDGFRα inhibitor imatinib were administered to WT mice 30 min after MCAO 

(MDI-2268: 3mg/kg I.P., twice daily for 3 days; imatinib: 300mg/kg by oral gavage, twice 

daily for 3 days). Infarct volume and spontaneous hemorrhage volume were then evaluated 

72h after MCAO. These data show that both MDI-2268-treated or imatinib-treated WT mice 

have significantly reduced infarct sizes compared to vehicle-treated WT mice. Additionally, 

combined treatment of MDI-2268 plus imatinib shows a significant reduction in infarct 

size compared to MDI-2268 or imatinib treatment alone (Fig 6a). None of the treatments 

significantly increased ICH suggesting that they are not only effective but are also safe (Fig 

6b). Together, these data suggest that a combined therapeutic approach targeting both PAI-1 

and tPA-mediated PDGFRα signaling may be a safe and effective approach to treat ischemic 

stroke.

Finally, to explore if the dual treatment of MDI-2268 plus imatinib is safe in combination 

with the currently approved therapy for ischemic stroke, intravenous tPA, we treated WT 

mice with MDI-2268 and imatinib as described above followed by thrombolysis with 

intravenous tPA (10 mg/kg) 5h after MCAO. We selected tPA treatment 5h after MCAO to 

test if the combination therapy of MDI-2268 and imatinib affected the risk of ICH associated 

with thrombolysis since this risk is known to increase with elapsed time after stroke onset 

in both humans [33] and rodents [34]. Infarct volume and spontaneous hemorrhage volume 

were evaluated 72h after MCAO. We found that combined treatment of MDI-2268 plus 

imatinib followed by delayed tPA treatment reduces infarct size compared to WT mice 
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treated with late tPA alone. No significant difference in infarct size was observed between 

WT mice treated with tPA alone and WT vehicle-treated mice after MCAO (Fig 6c). This 

data is consistent with previous studies showing no effect on infarct size with delayed 

tPA treatment in WT mice after MCAO [10, 35]. However, as shown previously [12] late 

fibrinolysis with tPA in WT mice 5h after MCAO results in a significant increase in ICH 

compared to vehicle-treated WT mice. Interestingly, the combined treatment of MDI-2268 

plus imatinib followed by late tPA treatment significantly reduces ICH compared to WT 

mice treated with late tPA only (Fig 6d). This data indicates that the combination treatment 

of MDI-2268 with imatinib is not only safe in the context of thrombolysis with tPA, but also 

shows a significant reduction in stroke severity compared to late tPA treatment alone.

Discussion

The current standard of care for moderate to severe ischemic stroke is thrombolytic therapy 

with tPA [36], and treatment with tPA can significantly improve neurological outcomes [37]. 

However, thrombolytic therapy with tPA is also associated with an increased risk of ICH, 

and due in part to the risk of hemorrhagic transformation, it is estimated that less than 

10% of ischemic stroke patients receive intravenous tPA, while 1–2% receive intra-arterial 

therapy [36, 38]. Therefore, understanding the mechanisms driving the increased risk of 

hemorrhage associated with tPA could significantly improve stroke treatment. In this study, 

we examined the differential functions of two endogenous tPA inhibitors, PAI-1 and Nsp 

in a photothrombotic model of stroke. We showed that during ischemic stroke endogenous 

tPA has both beneficial and harmful effects that are differentially regulated by the actions 

of PAI-1 and Nsp. We found that Nsp deficiency leads to larger infarct sizes by increasing 

BBB leakage and spontaneous ICH through the action of tPA-induced PDGFRα signaling. 

In contrast, PAI-1 deficiency showed protection by enhancing fibrinolysis and improving 

CBF recovery. We also found that PAI-1 does not affect BBB integrity or hemorrhagic 

events following ischemic stroke, while Nsp does not regulate vascular fibrinolysis. Finally, 

we demonstrated that a combination therapy targeting both PAI-1, to enhance endogenous 

fibrinolysis, and tPA-mediated PDGFRα signaling, to decrease BBB damage, was more 

effective at reducing infarct size than either treatment alone.

A previous study in a rat model of embolic stroke has shown that Nsp delivery into the brain 

significantly reduces infarct size when administered along with intravenous tPA treatment 

[39]. This study showed that thrombolytic tPA, administered 4h after stroke onset, led to 

an increase in BBB leakage, and that Nsp reduced this effect of thrombolytic tPA on the 

BBB. In line with these findings, Gelderblom and collaborators report increased stroke 

size in Nsp−/− mice compared to WT mice in a transient MCAO model; however, the 

involvement of Nsp in BBB regulation and ICH was not studied [40]. In our data, we also 

compared double knockout mice, lacking both tPA and Nsp, to WT and Nsp−/− mice and 

these data demonstrate that the increased stroke size and BBB leakage observed in Nsp−/− 

mice following MCAO is primarily mediated by tPA since the Nsp-deficient phenotype is 

lost in the absence of tPA. It is important to point out that while in our model of stroke, the 

Nsp phenotype was mediated by tPA action, some studies have suggested that exogenous 

delivery of Nsp can exert a protective effect independent of tPA [41, 42]. However, this 

difference could be due to exogenous Nsp treatment reaching high non-physiological levels 
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of Nsp in the injected area that could inhibit other proteases such as uPA which has been 

shown to interact less efficiently with Nsp [15, 43].

A recent human study has shown that higher serum Nsp concentrations are associated 

with better clinical outcome in stroke patients [44]. In another study, patients treated with 

thrombolytic tPA who had high serum levels of neuroserpin before tPA administration 

were shown to have more favorable outcomes and a reduced probability of a subsequent 

parenchymal hematoma than patients with lower serum Nsp [45]. This apparently 

paradoxical result, that higher levels of a tPA inhibitor in blood are correlated with 

a better outcome following intravenous treatment with tPA, might be explained by the 

compartmentalized actions of tPA described here. Our data suggest that in healthy mice Nsp 

is largely restricted to the CNS. If this is also true in humans, then detecting significant 

levels of Nsp in serum may be a biomarker of high CNS expression of Nsp, which may 

inhibit the effects of thrombolytic tPA on the BBB. This would be similar to the results 

described above in the rat model of embolic stroke, where compared to rats treated with 

tPA alone, the injection of recombinant Nsp into the brain protected against pharmacologic 

tPA induced increases in BBB leakage, brain edema, and ischemic lesion volume [39]. It 

is also unlikely that the plasma levels of Nsp in these patients could have significantly 

impacted the thrombolytic activity of tPA in the blood since the highest level of Nsp reported 

by Rodríguez-González et al was 262ng/mL [45], while the tPA levels expected during 

thrombolytic therapy would be ~ 40-fold higher at ~10μg/mL (tPA dosed at 0.9mg/kg). 

Thus, given the single interaction mousetrap-like mechanism of serpin inhibitors [15, 24, 

25], the Nsp in blood would have been rapidly consumed by tPA while reducing the tPA 

activity only slightly. However, the concentration of administered tPA that crossed into the 

perivascular space of the CNS would be much lower, whereas the CNS concentration of Nsp 

would be expected to be significantly higher than in the blood.

The role of PAI-1 in stroke has been extensively studied in different models of ischemic 

stroke, including a permanent MCA ligation model [46], a photothrombotic model [47], 

and a transient MCAO model [48], with results showing alternatively that PAI-1 deficiency 

increases infarct size, or decreases infarct size [48], and that PAI-1 overexpression either 

increases or decreases infarction depending on the model used [46–48]. In addition, the use 

of drugs and monoclonal antibodies targeting PAI-1 have been shown to have protective 

effects in mouse and rat models of ischemic stroke [49, 50]. In these studies, both transient 

and thrombotic models suggest that PAI-1 expression increases stroke damage. It is only 

in the permanent occlusion model were PAI-1 deficiency increased stroke damage and 

PAI-1 overexpression reduced stroke severity [47]. These data are similar to results in 

an in vitro model of the BBB where added PAI-1 enhanced barrier integrity [51]. The 

seemingly contradictory observations that PAI-1 can lead to infarct size reduction in the 

permanent MCA ligation model or enhance barrier integrity in vitro could be attributed 

to PAI-1-mediated effects on fibrinolysis not being a relevant factor in these models. 

Additionally, the protective phenotype of PAI-1 overexpression in the permanent MCA 

ligation model could be attributed to other PAI-1 functions independent of fibrinolysis or 

by PAI-1 extravasation to the CNS leading to inhibition of endogenous tPA’s neurotoxic 

effects in the brain [47]. Our data using a photothrombotic MCAO model strongly suggest 

that endogenous PAI-1’s primary effect is on the regulation of fibrinolysis. Specifically, 
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we showed that blocking fibrinolysis with the potent plasmin inhibitor aprotinin in PAI-1 

deficient mice reverted the protective phenotype in PAI-1−/− mice and increased the infarct 

size similar to that seen in WT mice. This indicates that in PAI-1−/− mice enhanced 

endogenous fibrinolysis is mediating the reduction in infarct size after MCAO. However, 

it is unclear which plasminogen activator, tPA or uPA is driving fibrinolysis in the PAI-1−/− 

mice. In vivo experiments suggest that there is significant redundancy in the fibrinolytic 

response with both tPA and uPA [52], and in mouse models of stroke both tPA and uPA 

activity are upregulated at early time points suggesting that both plasminogen activators 

can contribute to fibrinolysis in the PAI-1−/− mice [48, 53]. Consistent with this, our 

data in figure 4a shows that tPA deficiency does not increase infarct size in the context 

of Nsp deficiency and in fact, is modestly protective. This suggests that with regard to 

fibrinolysis, uPA may compensate for the loss of tPA expression. Overall, our data support 

and expand previous studies suggesting that PAI-1 may be a potential therapeutic target to 

safely enhance endogenous fibrinolysis after stroke.

Our expression data for Nsp, tPA and PAI-1 suggests that in naïve WT mice there is a 

compartmentalization of the plasminogen activator inhibitors, Nsp in the CNS and PAI-1 in 

the blood. We demonstrated that PAI-1 was found primarily in the blood with low levels in 

the brain compared to Nsp. PAI-1 was not detected in cortical brain regions of naïve WT 

mice. In contrast, Nsp was highly expressed throughout the brain and was also associated 

with the parenchymal side of blood vessels and in proximity to tPA expressing perivascular 

cells. This is in good agreement with previous studies, describing the expression of Nsp in 

the mouse brain which demonstrated high levels of Nsp expression in neurons of the cortex, 

hippocampus and amygdala [11, 15, 54]. In vitro evidence suggests that Nsp is localized in 

large dense-core vesicles and is axonally secreted by neurons [55, 56]. Studies also show 

that overexpression of Nsp in neurons provides significant protection in stroke [57]. This 

suggests that Nsp released by neurons could be the main inhibitor regulating tPA’s action 

in the brain. Although, recent evidence suggests that Nsp can also be expressed by different 

types of immune cells [58–60]. However, the extent of the involvement of Nsp expressed 

by these immune cells in stroke pathology has not been explored. The mRNA levels of 

Nsp were significantly higher than tPA in the brain, in good agreement with the reported 

differential gene expression analysis done in C57BL/6J mice [61]. However, we found that 

tPA protein levels in the brain were higher than Nsp, suggesting a higher turnover of Nsp 

in the brain. This could be explained by the single interaction mousetrap-like mechanism 

of Nsp and the relatively rapid turnover of the Nsp-tPA complex [24, 62]. Although the 

evolutionary basis of the compartmentalization and differential functions of PAI-1 and Nsp 

remain unknown, PAI-1 in the blood is known to be a potent inhibitor of both tPA and uPA 

[63, 64], making it an efficient inhibitor of fibrinolysis whereas Nsp inhibitory activity is 

significantly more selective for tPA compared to uPA [15]. This suggests that Nsp would not 

be as effective at regulating fibrinolysis driven by both tPA and uPA. Interestingly, recent 

reports have suggested that in the CNS uPA has protective activities following ischemic 

stroke [65, 66]. We hypothesize that unlike the regulation of fibrinolysis where tPA and uPA 

both act on the same substrate, plasminogen, in the CNS uPA and tPA may act on different 

substrates generating differential activities. In the case of tPA we suggest that an important 

substrate is PDGF-CC [10, 12, 67, 68]. For uPA it is not known what the substrate(s) might 
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be but we suggest that the compartmentalization of PAI-1 and Nsp in the blood and CNS, 

respectively may reflect the need to control the activity of different substrates acting on 

different pathways. Thus, PAI-1 can regulate fibrinolysis through its action on both uPA and 

tPA whereas Nsp can specifically target tPA without affecting uPA activity.

Finally, in this study, we have examined if understanding this compartmentalization would 

allow us to identify combined treatments that target both fibrinolysis and BBB dysfunction 

to improve stroke outcomes. To enhance endogenous fibrinolysis, we used our recently 

described small molecule PAI-1 inhibitor, MDI-2268 [20]. This compound has potent and 

selective inhibitory activity against PAI-1 and has been shown in mice to increase free 

tPA in plasma [69]. In addition, MDI-2268 has been reported to have robust in vivo 
antithrombotic activity without increasing bleeding risk [20, 70]. In the present study, we 

found that MDI-2268 treatment in WT mice was protective after MCAO with no increase 

in spontaneous ICH. Additionally, we combined this treatment with imatinib which we 

and others have previously shown to inhibit tPA-induced PDGFRα signaling and BBB 

dysfunction [10, 71, 72]. The combination treatment with MDI-2268 and imatinib targeting 

two non-overlapping pathways led to an additive benefit following MCAO, suggesting that 

increasing endogenous fibrinolysis while protecting the BBB from tPA-mediated damage in 

stroke has significant translational potential for the treatment of ischemic stroke. Finally, we 

showed that this combined treatment was also safe and effective when administered together 

with thrombolytic tPA.

Conclusions

In conclusion, our data show the beneficial and harmful effects of regulating two 

plasminogen activators inhibitors, PAI-1 and Nsp in the context of ischemic stroke. We 

took advantage of the differential function of tPA in the brain and blood and developed 

a combination therapy that offers additive protection in a photothrombotic MCAO mouse 

model of stroke. This was accomplished by increasing endogenous fibrinolysis and blocking 

tPA-mediated BBB disruption using a novel PAI-1 inhibitor and a PDGFRα inhibitor, 

respectively.
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CNS Central nervous system

BBB Blood brain barrier

PAI-1 Plasminogen activator inhibitor 1

Nsp Neuroserpin

PDGF-CC Platelet-derived growth factor CC

PDGFRα PDGF receptor α

MCAO Middle cerebral artery occlusion

ICH Intra cerebral hemorrhage

MCA Middle cerebral artery

CBF Cerebral Blood flow

TTC 2,3,5-triphenyltetrazolium chloride

TMB 3,3’,5,5’-tetramethylbenzidine

uPA Urokinase plasminogen activator
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Figure 1. Expression of tPA, Nsp and PAI-1 in brain and blood.
(a) mRNA levels of tPA, Nsp and PAI-1 in brain tissue were quantified by qPCR in naïve 

WT mice, showing a prevalence of Nsp expression in the brain whereas PAI-1 levels were 

undetected (n=3). (b-c) Protein levels of tPA, Nsp and PAI-1 in plasma and brain were 

measured by ELISA (Nsp) or Luminex assay (tPA and PAI-1; n=4). (d-f) Confocal images 

of cortical brain regions in the mouse brain showing tPA (red), podocalyxin (white) and Nsp 

(green). (d) tPA localization in the vessel wall (stained with podocalyxin; arrowheads) and 

in the brain parenchyma (long arrows). (e) Nsp immunoreactivity in cells associated with 

cerebral vessels (arrowheads) and in the brain parenchyma (long arrows). (f) Double staining 

of tPA and Nsp showing both proteins are expressed around a cerebral vessel with the vessel 

lumen outlined with the dashed white line. Data is shown as mean values ± SEM.
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Figure 2. Nsp and PAI-1 deficiency have opposite effects on infarct size after MCAO.
(a) Representative images of TTC staining of serial coronal sections of the mouse brain 72h 

after photothrombotic MCAO in WT, PAI-1−/− and Nsp−/− mice. (b) Quantification of infarct 

size in WT, PAI-1−/− and Nsp−/− mice 72h after MCAO showing opposite effects on infarct 

size in Nsp and PAI-1 deficient mice compared to WT mice (n=10). Data is shown as mean 

values ± SEM, ****p<0.0001. 1-way ANOVA followed by Tukey post hoc test.
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Figure 3. Nsp deficiency but not PAI-1 deficiency increases BBB opening after MCAO.
(a) BBB permeability was determined by quantitative Evans Blue assay 24h after 

photothrombotic MCAO and 1h after Evans blue tail vein injection (n=5–9). (b) 

Representative images of Evans blue in the infarct hemisphere 1h after Evans blue tail 

vein injection in WT, PAI-1−/− and Nsp−/− mice. (c) Intracerebral hemorrhage (ICH) 

volume was assessed at 72h after MCAO in serial coronal brain sections (n=10–16). (d) 

Representative images of coronal brain sections 72h after MCAO of WT, PAI-1−/− and 

Nsp−/− mice showing ICH. Data is shown as mean values ± SEM, N.S=not significant, 

**p<0.01; ****p<0.0001. 1-way ANOVA followed by Tukey post hoc test.
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Figure 4. tPA mediates the increase in infarct size and BBB opening in Nsp deficient mice.
Quantification of infarct size (a) and ICH (b) in WT, Nsp−/− and Nsp/tPA−/− mice 72h after 

MCAO showing a reduction in both infarct size and spontaneous hemorrhage in Nsp/tPA−/− 

mice compared to Nsp−/− mice (n=9–12). (c) BBB disruption determined by quantitative 

Evans Blue analysis 24h after MCAO and 1h after Evans blue tail vein injection in WT, 

Nsp−/− and Nsp/tPA−/− mice, showing protection of the BBB in Nsp/tPA−/− mice compared 

to Nsp−/− mice (n=4–6). (d) Evans Blue quantification 24h after MCAO and 1h after Evans 

blue tail vein injection in Nsp−/− mice treated with the PDGFRα inhibitor imatinib or 

vehicle (oral gavage twice daily; n=5–7). Data is shown as mean values ± SEM, N.S=not 

significant, *p<0.05; **p<0.01; ****p<0.0001. (a-c) 1-way ANOVA followed by Tukey post 

hoc test, (d) 2-tailed t-test.
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Figure 5. PAI-1 deficiency improves reperfusion after MCAO by increasing fibrinolysis.
(a-b) FITC-conjugated mouse fibrinogen (0.3mg/kg) was injected intravenously 10 minutes 

before MCAO in WT, Nsp−/− and PAI-1−/− mice. (a) Side view of perfused whole brain 

3h after MCAO showing diffuse FITC-fibrin deposition in the ischemic hemisphere. The 

arrow indicates FITC-fibrin clots. (b) Quantification of side view FITC-fibrin deposition in 

the ischemic hemisphere 3h after MCAO in WT, PAI-1−/− and Nsp−/− mice (n=8). (c-d) 

Representative laser speckle images (d) and quantification (c) of CBF in WT, PAI-1−/− and 

Nsp−/− mice 24h after photothrombotic MCAO (n=8–10). Red and blue colors in d indicate 

normal and severely reduced CBF values, respectively. (e) Quantification of D-dimer in 

plasma of naïve WT and PAI-1−/− mice; and WT and PAI-1−/− mice 6h after MCAO (n=5–

6). (f) Quantification of infarct size 72h after MCAO in PAI-1−/− mice treated with the 

plasmin inhibitor aprotinin or vehicle (I.P, 10 mg/Kg; twice daily) (n=10). Data is shown as 

mean values ± SEM, N.S=not significant, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

(b, c, e) 1-way ANOVA followed by Tukey post hoc test, (f) 2-tailed t-test.
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Figure 6. Combined pharmacological inhibition of PAI-1 and the tPA-Nsp pathway is safe and 
shows additive protection of the infarct zone after MCAO in WT mice.
(a-b) WT mice were subjected to MCAO and 30min later the PAI-1 inhibitor (MDI-2268; 

3mg/kg, I.P.), or the PDGFRα inhibitor (imatinib; 300mg/kg, oral gavage), or a combined 

treatment of MDI-2268 and imatinib were administered twice daily for three days. (a) 

Quantification of infarct size was measured 72h by TTC staining. (b) ICH volumes 

were assessed at 72h after MCAO, (n=15–18). (c-d) WT mice were subjected to MCAO 

and 30min later a combined treatment of MDI-2268 and imatinib was administered and 

continued twice daily for three days (MDI-2268; 3mg/kg; imatinib; 300mg/kg). At 5h after 

MCAO, a single dose of human tPA (10 mg/kg, I.V.) or vehicle was administered. (c) 

Quantification of infarct sizes were determined at 72h by TTC staining. (d) ICH volumes 

were assessed at 72h after MCAO, (n=7–9). Data is shown as mean values ± SEM, N.S=not 
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significant, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 1-way ANOVA followed by 

Tukey post hoc test.
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