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BACKGROUND: Intravenous injection of alteplase, a recombinant tPA (tissue-type plasminogen activator) as a thrombolytic 
agent has revolutionized ischemic stroke management. However, tPA is a more complex enzyme than expected, being for 
instance able to promote thrombolysis, but at the same time, also able to influence neuronal survival and to affect the integrity 
of the blood-brain barrier. Accordingly, the respective impact of endogenous tPA expressed/present in the brain parenchyma 
versus in the circulation during stroke remains debated.

METHODS: To address this issue, we used mice with constitutive deletion of tPA (tPANull [tPA-deficient mice]) or conditional 
deletion of endothelial tPA (VECad [vascular endothelial-Cadherin-Cre-recombinase]-Cre∆tPA). We also developed parabioses 
between tPANull and wild-type mice (tPAWT), anticipating that a tPAWT donor would restore levels of tPA to normal ones, in the 
circulation but not in the brain parenchyma of a tPANull recipient. Stroke outcomes were investigated by magnetic resonance 
imaging in a thrombo-embolic or a thrombotic stroke model, induced by local thrombin injection or FeCl3 application on the 
endothelium, respectively.

RESULTS: First, our data show that endothelial tPA, released into the circulation after stroke onset, plays an overall beneficial 
role following thrombo-embolic stroke. Accordingly, after 24 hours, tPANull/tPANull parabionts displayed less spontaneous 
recanalization and reperfusion and larger infarcts compared with tPAWT/tPAWT littermates. However, when associated to tPAWT 
littermates, tPANull mice had similar perfusion deficits, but less severe brain infarcts. In the thrombotic stroke model, homo- 
and hetero-typic parabionts did not differ in the extent of brain damages and did not differentially recanalize and reperfuse.

CONCLUSIONS: Together, our data reveal that during thromboembolic stroke, endogenous circulating tPA from endothelial cells 
sustains a spontaneous recanalization and reperfusion of the tissue, thus, limiting the extension of ischemic lesions. In this 
context, the impact of endogenous parenchymal tPA is limited.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The prompt re-establishment of blood perfusion 
remains the only therapeutic approach that has proven 
efficient in reducing brain lesions and functional defi-

cits at the acute stage of ischemic stroke. Reperfusion is 

achievable via pharmacological dissolution (thrombolysis) 
or mechanical removal (endovascular thrombectomy). 
Thrombolysis with alteplase has revolutionized the treat-
ment of ischemic stroke1 and has paved the way to the 
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development of innovative clot-busting drugs, including 
tenecteplase.2 Despite a favorable risk/benefit ratio, the 
overall clinical profit of alteplase may be reduced because 
of a low rate of recanalization, a risk of intracerebral bleed-
ing,3 and side effects on/above the neurovascular unit.4

tPA (tissue-type plasminogen activator), is a natu-
ral fibrinolytic protease, that activates plasminogen into 
plasmin, leading to the degradation of fibrin clots. Endog-
enous levels of active tPA during ischemic stroke are not 
sufficient to promote fibrinolysis, explaining why alteplase 
administration (a recombinant form of tPA) is required.5 
Endothelial cells and hepatocytes6,7 release tPA in the 
bloodstream, especially in response to hypoxia/ischemia 
or high shear stress conditions,8 but also constitutively.9 
tPA released by endothelial cells in the bloodstream can 
access the brain parenchyma by an LRP-1 (low density 
lipoprotein receptor-related protein-1) mechanism.10 
Still, it remains unknown whether endothelial cells can 
directly release tPA to the brain parenchyma. tPA is also 
expressed in key brain structures (eg, hippocampus, cor-
tex, amygdala), there, originating from several cell types 
including neurons and activated microglia.11–13

tPA can interact with various extracellular or mem-
brane substrates or receptors. This diversity of interac-
tions is why tPA is considered a critical mediator of brain 
pathophysiology throughout life.14 Among its various 
roles, tPA is known to influence neuronal fate,15–17 neuro-
inflammation,18,19 learning and memory processes,20,21 
anxiety,22 blood-brain barrier homeostasis.23,24 Impor-
tantly, some of these functions do not depend on plasmin 
production and do not even on tPA’s enzymatic activity.

Beyond its vascular fibrinolytic role, circulating tPA 
can also play a part in some of the central nervous sys-
tem dysfunctions mentioned above. These effects on the 
brain can occur through direct actions on the vessel wall. 
For instance, tPA is involved in the regulation of physio-
logical neurovascular coupling, which connects neuronal 
activity to cerebral blood flow (CBF) by acting on endo-
thelial NMDAR (N-methyl-D-aspartate) .25,26 Conversely, 
under pathological conditions, the partnership between 
circulating tPA and endothelial NMDAR promotes blood-
brain barrier leakage and inflammation.24,27 In addition to 

these direct effects on brain vasculature, tPA can also 
exit the bloodstream28,29 and contribute to tPA within the 
brain parenchyma, leading to increased neuronal activity 
and potential neuronal loss.17,30

Preclinical studies investigating the role and effect 
of tPA during ischemic stroke have yielded controversial 
findings, with some reporting beneficial outcomes31–33 
and others indicating deleterious effects.34–38 However, 
this literature can be criticized because the results are 
primarily obtained from mice in which tPA is invalidated 
throughout the organism, or by increasing tPA expres-
sion to irrelevant levels (such as in genetically modified 
mice, through hydrodynamic transfection, or via intrave-
nous injection of alteplase, etc). Furthermore, concerns 
have been raised about potential genetic contamination 
and its impact on the specificity of some phenotypic fea-
tures in the historical tPA-deficient mouse line.39

Thus, to date, elucidating the true contribution of 
endogenous vascular tPA to brain physiopathology 
remains challenging. Here, we aimed at developing an 
original tool that allows for the discrimination of the 
effects of endogenous vascular tPA on cerebral physio-
pathology. To achieve this, we established heterochronic 
parabioses between tPA wild-type (tPAWT) and tPA- 
deficient (tPANull) mice, with the assumption that blood 
circulation sharing would restore circulating levels of 
tPA in the deficient mouse without affecting the levels in 
other compartments of this animal.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Our study was approved by the national animal care and 
local ethical committee CENOMEXA ([Comité d'éthique 
Normandie en Matière d'expérimentation Animale]; #19978, 
#19435). Detailed Materials and Methods are available in the 
Supplemental Materials. The design of the study is described 
in panel A of each figure. Briefly, all animals were submitted 
to an occlusion of the middle cerebral artery and imaged by 
laser Doppler flowmetry monitoring until 40 minutes after mid-
dle cerebral artery occlusion and magnetic resonance imaging 
at 24 hours after middle cerebral artery occlusion, to evaluate 
ischemic lesion volumes, brain edema, the occurrence of hem-
orrhagic transformation and quantification of tissular perfusion. 
Statistical significance was set at P<0.05.

RESULTS
Endogenous tPA Is Beneficial in a Model of 
Thrombo-Embolic Stroke
To study the effect of endogenous circulating tPA in rele-
vant preclinical models, we first compared a new tPANull,40 
and its tPAWT in a model of ischemic stroke in which the 
occlusive clot is sensitive to thrombolysis33,41 (Figure 1A). 
In this model of clots induced by local injection of 

Nonstandard Abbreviations and Acronyms

CBF	 cerebral blood flow
NMDAR	 N-methyl-D-aspartate receptors
PAI-1 	 type 1 plasminogen activator inhibitor
TAFI	 thrombin-activatable fibrinolysis inhibitor
tPA	 tissue-type plasminogen activator
tPANull	� tissue-type plasminogen activator 

deficient
tPAWT	� tissue-type plasminogen activator wild 

type
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Figure 1. Endogenous tPA (tissue-type plasminogen activator) is beneficial in a thrombo-embolic stroke model.
A, Schematic representation of the experimental timeline for laser Doppler flowmetry monitoring of cerebral blood flow (CBF) up to 40 min after 
occlusion of the middle cerebral artery (MCAo) and for 24-h magnetic resonance imaging (MRI) follow-up. B, Colormaps and corresponding 
quantification showing the CBF decrease in the ispilateral hemisphere, during stroke induction in tPAWT (tPA wild-type) or tPANull (tPA-deficient) 
mice, using laser Doppler flowmetry. Measurements were made either in the full ipsilateral hemisphere (global) or in 3 areas (zone 1, ischemic 
core; zone 2, penumbra; and zone 3, oligemia) and compared with contralateral mirror regions of interest (ROIs). Circles represent individual 
values (mean±SEM, n=10 per group). Kruskal–Wallis test. C, Proportions of recanalization scores 24 h after stroke onset in tPAWT or tPANull mice 
(mean±SEM, n=10 per group), Fisher exact test. D, Representative arterial spin labeling (ASL) MRI images and quantification of (Continued )
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thrombin, the impact of tPA deficiency is a global reflect 
of the vascular and parenchymal effects of the endoge-
nous protease. The drop in CBF achieved at the initiation 
of stroke (measured by Laser Doppler Speckle Flowm-
etry) was identical in both genotypes (Figure 1B; 37.62% 
in tPANull versus 39.94% in tPAWT, n=10 per group; 
P=0.6842). The analysis of angiographic scores showed 
that 24 hours later, while full or partial recanalization of 
the MCA has occurred in 90% of tPAWT mice, the major-
ity of tPANull mice showed no recanalization (Figure 1C). 
In line with this, arterial spin labeling maps of CBF (Fig-
ure 1D), showed that the ischemic area remained largely 
hypoperfused compared with its contralateral homolog in 
tPANull mice (27.28% versus contralateral). This hypoper-
fusion was less severe in tPAWT animals (60.31% versus 
contralateral; Figure 1D). Consistent with these vascular 
aspects, the infarcted lesion was 38.79% bigger in tPANull 
versus tPAWT mice (n=10 per group, 26.01 versus 18.74 
mm3; P=0.0232; Figure 1F). Regarding bleeding, tPAWT 
and tPANull mice were not different, as animals exhibited 
no hemorrhage or minor petechiae, but never significant 
hemorrhagic transformation (Figure 1E). Altogether, 
these findings demonstrate the overall benefit of endog-
enous tPA in a thrombo-embolic stroke model.

We sought to determine if, in response to clot for-
mation, endothelial cells release enough tPA to pro-
mote spontaneous reperfusion and recanalization in this 
stroke model. We found that mice with a selective deple-
tion of tPA from endothelial origin26 (Figure 2A) recapitu-
lated the phenotype of tPANull mice. First, the extent of 
CBF loss achieved at the initiation of stroke was identi-
cal in both the VECad (vascular endothelial-Cadherin-
Cre-recombinase)-Cre∆tPA and VECad-CreWT (Figure 2B; 
44.13% versus 47.76%, P=0.5132, n=10 per group). 
Twenty-four hours later, while all VECad-CreWT animals 
had totally or partially recanalized, 40% of VECad-Cre∆tPA 
mice had no recanalization (Figure 2C). The extent of 
residual hypoperfusion in the lesioned area was worse in 
the VECad-Cre∆tPA (Figure 2D), and the infarcted lesion 
was 18.95% bigger in VECad-Cre∆tPA versus VECad-
CreWT mice (n=10 per group, 25.32 versus 21.27 mm3, 
Figure 2F; P=0.0147). In parallel, T2* magnetic reso-
nance imaging revealed that the proportion of VECad-
CreWT and VECad-Cre∆tPA mice displaying bleeding was 
low, with no hemorrhagic event in most animals, and 
20% of petechiae in both groups (Figure 2E). Altogether, 
these findings demonstrate the overall benefit of endog-
enous tPA released by endothelial cells, promoting spon-
taneous recanalization and reperfusion, as well as brain 
protection in a thrombo-embolic model of stroke.

Parabiosis Unmasks the Differential Effects 
of Endogenous Circulating Basal Levels of 
tPA, tPA Released From Endothelial Cells and 
Parenchymal tPA After Stroke
We then sought to determine the respective contribution 
of vascular and parenchymal tPA to the above-described 
phenotype after thrombin-induced stroke. We thus devel-
oped parabiosis with the idea that via the shared circula-
tion, a tPAWT mouse could restore circulating levels of a 
tPANull mouse to physiological levels, without influencing 
other compartments. A complete demonstration of this 
efficient chimerism is provided in Figure S2.

We constituted 3 experimental groups of parabionts: 
tPANull*/tPANull, tPAWT*/tPAWT, and tPANull*/tPAWT in which 1 
animal (the 1 with an asterisk) was subjected to thrombin-
induced stroke (Figure 3A). The drop in CBF achieved 
at the initiation of stroke was identical in the 3 groups 
(Figure 3B), suggesting that clot formation was homo-
geneous. After 24 hours, the quantification of CBF by 
arterial spin labeling in the lesioned area showed that the 
residual hypoperfusion was more severe in the absence 
of tPA throughout the body (tPANull*/tPANull versus tPAWT*/ 
tPAWT parabioses). Despite the sharing of circulation, the 
tPAWT of tPANull*/tPAWT pairs did not rescue spontaneous 
reperfusion in their tPANull partners (Figure 3C through 
3E). These data suggest that the basal levels of endog-
enous vascular tPA are not sufficient to promote reperfu-
sion of the tissues and must be accompanied by a local 
release of endothelial tPA t the site of occlusion to pro-
mote recanalization and reperfusion of the tissue.

As observed in nonparabiontic animals (Figure 1), the 
infarcted lesion was bigger in tPANull versus tPAWT mice 
of the homotypic pairs (+69.4%, n=10 per group, 30.16 
versus 17.80 mm3; P<0.0001, Figure 3F). In hetero-
typic tPANull*/tPAWT pairs, the tPAWT parabiont partly pro-
tected the tPANull against stroke-induced infarction (21% 
smaller lesions in the tPANull when linked to a tPAWT ver-
sus to a tPANull mouse). Together, these data show that in 
the thrombo-embolic stroke model, endogenous vascular 
tPA is nevertheless an important player in the evolution 
of stroke damages, with an overall prevailing beneficial 
effect.

We finally constituted another series of 3 experimental 
groups: tPANull*/tPANull, tPAWT*/tPAWT, and tPANull*/tPAWT in 
which 1 animal (the one with an asterisk) was subjected 
to the ferric chloride-induced thrombotic stroke model, 
which is not sensitive to alteplase-driven thrombolysis39 
(Figure 4A). The drop in CBF achieved at the initiation 
of stroke was identical in the 3 groups (Figure 4B), 

Figure 1 Continued.  tissular perfusion in the full hemisphere and lesion site 24 h after stroke onset. Each point represents individual values 
(mean±SEM, n=10 per group). E, Quantification of hemorrhagic scores 24 h after stroke onset in tPAWT or tPANull mice (mean±SEM, n=10 
per group), Fisher exact test. F, Representative T2-weighted MRI images of the ischemic lesion (left), edema distribution around the bregma 
(middle) and quantification of lesion volumes (right) 24 h after stroke onset in tPAWT and tPANull mice (mean±SEM, n=10 per group). *P<0.05, 
Mann-Whitney U test, **P<0.005, ***P<0.001 Mann-Whitney U test (middle). **P<0.005, ***P<0.001, Friedman test (right).
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Figure 2. Endothelial tPA (tissue-type plasminogen activator) is beneficial in a thrombo-embolic stroke model.
A, Schematic representation of the experimental timeline for laser Doppler flowmetry monitoring of cerebral blood flow (CBF) and for magnetic 
resonance imaging (MRI) follow-up after occlusion of the middle cerebral artery (MCAo). B, Colormaps and corresponding quantification 
showing the CBF decrease in ispilateral hemisphere, during stroke induction in VECad (vascular endothelial-Cadherin-Cre-recombinase)-CreWT 
or VECad-CreΔtPA mice, using laser Doppler flowmetry. Circles represent values for each mouse (mean±SEM, n=10 per group). Kruskal-Wallis 
test. C, Proportions of recanalization scores 24 h after stroke onset in VECad-CreWT or VECad-CreΔtPA mice (mean±SEM, n=10 per group), 
Fisher exact test. D, Representative arterial spin labeling (ASL) MRI images and quantification of tissular perfusion in the full hemisphere and 
lesion site 24 h after stroke onset in VECad-CreWT and VECad-CreΔtPA mice. Each point represents individual values (mean±SEM, n=10 per 
group). E, Quantification of hemorrhage score at 24 h after stroke onset in VECad-CreWT or VECad-CreΔtPA mice (mean±SEM, n=10 per group), 
Fisher exact test. F, Representative T2-weighted MRI images of the ischemic lesion (left), edema distribution around the bregma (middle) and 
quantification of lesion volume (right) at 24 h after stroke in VECad-CreWT and VECad-CreΔtPA mice (mean±SEM, n=10 per group). *P<0.05, 
Mann-Whitney U test, **P<0.005, ***P<0.001 Mann-Whitney U test (middle). **P<0.005, ***P<0.001, Friedman test (right).
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Figure 3. Rescue for circulating tPA (tissue-type plasminogen activator) levels is beneficial in a thrombo-embolic stroke model.
A, Schematic representation of the experimental timeline for laser Doppler flowmetry monitoring of cerebral blood flow (CBF) and for magnetic 
resonance imaging (MRI) follow-up after occlusion of the middle cerebral artery (MCAo). B, Quantification showing the CBF decrease in 
ispilateral hemisphere, during stroke induction in homo-typic (WT*/WT; Null*/Null) and hetero-typic (Null*/WT) groups (the ischemic mouse is 
mentioned in bold with *), using laser Doppler flowmetry measurement. Circles represent values for each mouse (mean±SEM, n=10 per group). 
Kruskal-Wallis test. C, Representative ASL MRI images at 24 h after stroke, in homo-typic (WT*/WT; Null*/Null) and hetero-typic (Null*/WT) 
groups. D, Quantification of tissular perfusion in the lesion site between groups at 24 h after stroke onset. Each point represents values for each 
mouse (mean±SEM, n=10 per group). E, Quantification of tissular perfusion in the lesion site compared with contralateral (Continued )
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suggesting that clot formation was homogeneous. In 
contrast to the findings in the thrombo-embolic stroke 
model, after 24 hours, whatever the experimental group, 
spontaneous reperfusion in the lesioned area was minor 
(Figure 4C through 4E). Importantly, the stroke lesions 
were similar in the 3 groups: 20.40 mm3 in the tPAWT*/
tPAWT, 23.52 mm3 in the tPANull*/tPANull, and 22.70 mm3 in 
the tPANull*/tPAWT (Figure 4F). Together, these data con-
firm that FeCl3 produces alteplase-resistant clots, and 
that in this context, endogenous tPA has no impact at all, 
neither in the blood nor in the parenchyma.

DISCUSSION
Although the utility of alteplase for ischemic stroke treat-
ment is not questioned,2,42 several limits exist, some being 
associated to the access/eligibility to the drug, others to 
the drug itself.43 Endogenous tPA may well exert delete-
rious effects during stroke but this remains controversial.

Our aim here was to address deeper this issue, and 
taking into account vascular versus parenchymal endog-
enous tPA. Our findings are summarized in Figure S4. We 
demonstrate thanks to constitutive knockout, conditional 
knockout mice, and parabioses, that circulating levels 
of tPA allow brain protection, especially the one locally 
released from endothelial cells, provided that the occlu-
sive clot is fibrin-rich.

Dissociating parenchymal versus circulating actions 
of tPA (potentially produced and released by hepato-
cytes and endothelial cells)7,26 was to date not possible. 
Recently, Torrente et al44 used an interesting approach 
targeting the 2 main inhibitors of tPA: neuroserpin, which 
is only expressed in the brain, and the PAI-1 (type 1 plas-
minogen activator inhibitor), which is mainly expressed 
in the circulation. Their findings suggest that NSP defi-
ciency enhances tPA activity in the parenchyma which 
increases blood-brain barrier permeability and worsens 
stroke outcomes, while PAI-1 deficiency enhances fibri-
nolysis and improves recovery. Here, we used another 
strategy to dissect the parenchymal versus the circulat-
ing effects of tPA: parabiosis, with the idea that when 
paired to a tPANull mouse, a tPAWT mouse should allow 
rescuing levels of tPA to physiological ranges only in 
the circulation of the deficient mouse. Of note, while our 
ELISA assays confirm this rescue of tPA levels, it would 
have been elegant to provide additional support by block-
ing the effect of tPA with an inhibitor such as PAI-1.

Our main findings are that in a model of thrombo-
embolic stroke, which is sensitive to alteplase, 
endogenous circulating tPA can, with time, allow the 

recanalization of the occluded artery, as well as the 
reperfusion in the ischemic tissue, thus, avoiding expan-
sion of the infarct. More precisely, our study shows 
that tPA locally released from endothelial cells is criti-
cal to promote tissue recanalization and reperfusion. 
Nevertheless, we found that although the poststroke 
CBF defect in the ischemic lesion of tPANull mice was 
not compensated by pairing with tPAWT mice, the brain 
infarct was efficiently reduced. These data suggest that 
the basal levels of vascular tPA may play a role to limit 
re-occlusion or thromboinflammation. A similar appar-
ent discrepancy was also observed in endothelial tPA-
deleted mice. However, in these animals, the lack of 
endothelial tPA significantly reduced the recanalization 
rate, showing that this endothelial release of tPA can 
locally destroy the blood clot. A potential explanation of 
why poststroke CBF and brain lesions do not systemati-
cally match may be that circulating levels of active tPA 
must reach a threshold to restore tissue reperfusion, 
maybe acting on microthombosis. Endothelial cells alone 
may not allow reaching this threshold, and tPA released 
in the circulation from hepatocytes could be required for 
a full recovery of vascular patency and of CBF.26 It is 
also important not to exclude a potential protective con-
tribution from parenchymal tPA during thromboembolic 
stroke (but not after thrombotic stroke).

We did not observe any effect of genotypes on CBF 
drops at stroke initiation. In the same model of stroke 
and in the absence of any treatment, it has been shown 
by laser doppler33,36 and by ultrafast ultrasound imag-
ing,45 that no reperfusion has yet occurred after 2 hours 
in the ischemic area. Thus, the spontaneous reperfu-
sion observed 24 hours later may begin at later stages 
than in these first 2 hours of stroke. Another interest-
ing finding is that, in the same model, a diabody specific 
for TAFI (thrombin-activatable fibrinolysis inhibitor) and 
PAI-1 administered early after stroke onset (20 minutes) 
caused a 2-fold decrease in brain infarct size 24 hours 
later, and was even more efficient than administration of 
exogenous tPA at the same time point.46 This indicates 
that endogenous PAI-1 prevents the early action of tPA 
but that later on, active levels of tPA are then sufficient 
to allow partial recanalization and reperfusion, as well as 
brain protection.

No study, before the present one, has ever tested 
tPA-deficient mice in a stroke model involving a throm-
boembolic blood clot. But an interesting meta-analysis47 
of the impact of mechanical stroke models in tPA knock-
out mice concluded that due to a huge heterogeneity (ie, 
both smaller and bigger lesions reported), endogenous 

Figure 3 Continued.  hemisphere in WT*/WT, Null*/Null, Null*/WT groups, at 24 h after stroke onset. Each point represents values for each 
mouse (mean±SEM, n=10 per group). *P<0.05, **P<0.01, 1 way ANOVA test, ***P<0.001, ****P<0.001, Friedman test. F, Representative T2-
weighted MRI brain images (left), edema distribution around the bregma (middle) and corresponding quantification of lesion volume (right) at 
24 h after stroke onset in homo-typic (WT*/WT; Null*/Null) and hetero-typic (Null*/WT) groups (mean±SEM, n=10 per group). *P<0.0001, one 
way ANOVA test.
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Figure 4. Rescue of circulating tPA (tissue-type plasminogen activator) levels has no effect in a thrombotic stroke model.
A, Schematic representation of the experimental timeline for laser Doppler flowmetry monitoring of cerebral blood flow (CBF) and for magnetic 
resonance imaging (MRI) follow-up after occlusion of the middle cerebral artery (MCAo). B, Quantification showing the CBF decrease in 
ispilateral hemisphere, during stroke induction in homo-typic (WT*/WT; Null*/Null) and hetero-typic (Null*/WT) groups (the ischemic mouse 
is mentioned in bold with *), using laser Doppler flowmetry. Circles represent values for each mouse (mean±SEM, n=10 per group). Kruskal-
Wallis test. C, Representative arterial spin labeling (ASL) MRI images at 24 h after stroke, in homo-typic (WT*/WT; Null*/Null) and hetero-typic 
(Null*/WT) groups. D, Quantification of tissular perfusion in the lesion site between groups at 24 h after stroke onset. Each point represents 
values for each mouse (mean±SEM, n=10 per group). One way ANOVA test. E, Quantification of tissular perfusion in the lesion site compared 
with contralateral hemisphere in WT*/WT, Null*/Null, Null*/WT groups, 24 h after stroke onset. Each point represents values for each mouse 
(mean±SEM, n=10 per group). F. Representative T2-weighted MRI brain images (left), edema distribution around the bregma (middle) and 
corresponding quantification of lesion volumes (right) 24 h after stroke onset in homo-typic (WT*/WT; Null*/Null) and hetero-typic (Null*/WT) 
groups (mean±SEM, n=10 per group). One way ANOVA test. *P<0.05, ***P<0.001, ****P<0.001, Friedman test.
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tPA has no effect on brain infarction.31,34,48,49 Overall, this 
highlights the importance of choosing relevant stroke 
models: tPA (endogenous or exogenous) may be ben-
eficial via its thrombolytic activity, in stroke models with 
secondary brain thrombosis or thromboembolism31–33; 
otherwise, or if thrombolysis is performed outside of 
its therapeutic window, the neurotoxic tPA effects may 
prevail.34–38
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