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Although recent technical advances in thrombectomy have revolutionised acute stroke treatment, prevalence of 
disability and death related to stroke remain high. Therefore, plasminogen activators—eukaryotic, bacterial, or 
engineered forms that can promote fibrinolysis by converting plasminogen into active plasmin and facilitate clot 
breakdown—are still commonly used in the acute treatment of ischaemic stroke. Hence, plasminogen activators have 
become a crucial area for clinical investigation for their ability to recanalise occluded arteries in ischaemic stroke and 
to accelerate haematoma clearance in haemorrhagic stroke. However, inconsistent results, insufficient evidence of  
efficacy, or reports of side-effects in trial settings might reduce the use of plasminogen activators in clinical practice. 
Additionally, the mechanism of action for plasminogen activators could extend beyond the vessel lumen and involve 
plasminogen-independent processes, which would suggest that plasminogen activators have also non-fibrinolytic 
roles. Understanding the complex mechanisms of action of plasminogen activators can guide future directions for 
therapeutic interventions in patients with stroke.

Introduction
The fibrinolytic effect of various types of plasminogen 
activators for the acute treatment of ischaemic stroke 
has been explored by many clinical studies. However, 
tissue-type plasminogen activator (tPA) is the most 
commonly used plasminogen activator for treatment of 
patients with acute ischaemic stroke.1 Thrombolysis 
with tPA after acute ischaemic stroke has been limited 
by the short recommended treatment window (time 
since onset of symptoms <4·5 h), although the 2018 
Efficacy and Safety of MRI-based Thrombolysis in 
Wake-Up Stroke (WAKE-UP) trial2 showed that an 
ischaemic lesion that is visible on diffusion-weighted 
MRI without brain parenchymal hyperintensity on 
fluid-attenuated inversion recovery can be used to 
successfully identify patients with acute stroke who 
would benefit from treatment with tPA even if the time 
of symptom onset is unknown.

To appreciate the clinical importance of plasminogen 
activators in treating brain ischaemia, it is pivotal to 
understand the neurovascular unit—a highly dynamic 
system composed of endothelial cells surrounded by 
pericytes and a basement membrane encircled by 
astrocytic endfeet processes that enter in contact with 
axonal projections from neighbouring neurons. 
Cerebral ischaemia induces a rapid release of plas
minogen activators from the endothelial cells into the 
intravascular space, from perivascular astrocytes into 
the endothelial cell-basement membrane-astrocyte 
interphase, and from the presynaptic terminal into the 
synaptic cleft. The main role of plasminogen activators 
in the intravascular space is to maintain the patency of 
the blood vessel by promoting plasmin-induced lysis 
of occluding clots. In the endothelial cell-basement 
membrane-astrocyte interphase, plasminogen activat
ors regulate the permeability of the blood–brain 
barrier (BBB),3 and modulate the synaptic response to 
the ischaemic injury in the synaptic cleft.4 Thus far, 
the rationale to treat patients with ischaemic stroke 

with plasminogen activators is based on their 
intravascular fibrinolytic effect. Paradoxically, the 
fibrinolytic properties of plasminogen activators are 
also used to clear clotted blood from the brain to 
treat haemorrhagic stroke. Historically, plasminogen 
activators were used to remove blood clots from the 
brain parenchyma, as blood signals were observed 
radiographically and found to persist for months in 
patients with intraventricular haemorrhage. However, 
no studies clearly describe the consequences on 
plasminogen-activator injection on the brain par
enchyma, learning and memory, or neurotoxicity after 

Panel 1: Ischaemic stroke and urokinase plasminogen activator

Urokinase plasminogen activator (uPA) is a serine protease with fibrinolytic properties, 
first identified in human urine.6 uPA has been used to treat patients with acute limb 
ischaemia, pulmonary embolism, myocardial infarction, ischaemic stroke, and intracranial 
haemorrhage. In the rat brain, uPA expression is mostly neuronal7 but it can also be found in 
astrocytes and oligodendrocytes.8 uPA is synthesised as a single-chain pro-enzyme, and 
secreted in the extracellular space where it is cleaved by plasmin, kallikreins, and stromelysin 
into fully active two-chain uPA.9 The cell surface receptor of uPA promotes the local activation 
of plasminogen into plasmin, but uPA receptor activation can also recruit signalling 
pathways, induce neuroprotection, neurogenesis, neuritogenesis, axonal growth, and 
neuronal migration, and promote dendritic spine recovery after ischaemic stroke (figure 1 
and appendix).10–12 The endogenous uPA–uPA receptor system has been shown to be involved 
in stroke pathophysiology. The bioactive soluble form of the uPA receptor (suPAR) has been 
described as a strong biomarker of carotid plaques burden and ischaemic stroke occurrence.13 
Elevated plasmatic levels of suPAR are also a predictor of 5-year mortality in patients with 
ischaemic stroke.14 Observations in uPA receptor-knock-out and uPA-knock-out mice report 
that endothelial uPA receptors could be responsible for ischaemia-mediated brain damages 
independently of uPA,15 suggesting the existence of another ligand for uPA receptor during 
cerebral ischaemia. The removal of uPA or uPA receptors (by using knock-out animals) does 
not influence the size of the ischaemic lesion but improves functional recovery.16 Alternatively, 
another hypothesis is that uPA is released by injured neurons and that uPA receptors are 
recruited to the astrocytic cell surface to activate extracellular signal-regulated kinases (Erk) 
and signal transducer and activator of transcription (STAT), independently from plasmin 
generation, leading to astrocytic activation and synaptic recovery.11
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blood-clot removal, despite a clear benefit of the tech
nique for patients.5

In this Review, we describe the  the pathophysiologi
cal effects of plasminogen activators and how, in the 
future, their non-fibrinolytic functions could be used for 
the treatment of patients with acute ischaemic and 
haemorrhagic stroke.

Tissue-type plasminogen activator
tPA and urokinase-type plasminogen activator (uPA; 
panel 1, figure 1) are the two main mammalian plas
minogen activators that convert plasminogen into active 
plasmin, which can then degrade fibrin, although others 
(eg, desmoteplase) have been tested in humans and 
animals. Recombinant forms of plasminogen activators 
(native or engineered) such as tenecteplase and reteplase 
have been used to treat patients with thrombotic diseases 
such as acute ischaemic stroke17 or myocardial infarc
tion (figure 2 and appendix).19 However, only tPA ad
ministration is approved for the treatment of patients with 
acute ischaemic stroke.1 

Physiological functions of tPA 
tPA was first identified in the blood and later in the brain.20 
It is synthesised as a single-chain protein and, in vitro, is 
converted into a two-chain form by plasmin or kallikreins,21 
although this conversion does not affect fibrinolytic 
efficacy of tPA.22 In vivo, tPA is synthesised and released 
by endothelial cells in the blood-stream,23 but it is also 
produced by brain cells such as neurons24 and glial cells;25 
in vitro studies have shown tPA synaptic release26 and 
endocytosis by astrocytes.27 tPA controls many cerebral 
physiological events, such as neuronal migration,28 neurite 
outgrowth,29 glutamatergic neurotransmission,30 long-
term potentiation,31 synaptic plasticity,32 neurovascular 
coupling,33 and anxiety,34 through interactions with various 
receptors (figure 3).

Contrasting neurotoxic and neuroprotective effects  
of tPA
Since the pioneering work of Tsirka and colleagues42 in 
1995, several animal studies have supported the possibility 
that tPA might have a pro-neurotoxic effect under 
pathological conditions. Nowadays, this possibility re
mains uncertain because, in animal studies, tPA has 
been shown to promote both neuronal survival and death. 
The opposing roles of tPA in neuronal survival could 
depend on tPA dose, the type of neurons, or the 
experimental models of neuronal death, or a combination 
of these factors. For example, tPA increases NMDA-
receptor (NMDAR) signalling to toxic levels in vitro.30 
Even though this finding was initially controversial,43 it is 
now accepted by the research community. However, this 
toxic effect of NMDAR signalling could require a 
coreceptor such as LDL receptor-related protein 1 (LRP1).37 
In contrast with the studies that showed a neurotoxic 
effect of tPA, other animal studies indicate that tPA might 
promote synaptic adaptation to metabolic stress,35 might 
induce homoeostatic plasticity,4 and might protect the 
postsynaptic density from the harmful effects of 
ischaemic injury.44 Proteostasis (ie, equilibrium between 
protein synthesis and degradation) is also emerging as a 
potential signalling pathway modulated by tPA during 
stroke. Indeed, an animal study45 has shown that co-
treatment with a proteasome inhibitor enhances the 
beneficial effects of tPA. These results are consistent with 
recent findings in mice41 that inhibition by tPA of 
endoplasmic reticulum stress protects neurons from 
oxygen and glucose deprivation in vitro. Furthermore, 
other animal studies35,46 have shown that tPA also has a 
neuroprotective effect via the activation of the mammalian 
target of rapamycin (mTOR), which is an inhibitor of 
autophagy.

Several questions relating to neurotoxicity remain: how 
strongly does the tPA–NMDAR interaction affect the 
pathophysiology of stroke? Is the stimulation of NMDAR 
sufficient to trigger the negative effects of tPA in stroke? 
Does tPA promote any effect in ischaemic brain tissue 
independent of its enzymatic activity? In oxygen and 
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Figure 1: Pathophysiology of urokinase plasminogen activators from in-vitro studies and animal models
Urokinase plasminogen activator (uPA) can induce multiple effects in neurons through its receptor: neuronal 
migration, axon growth, neurogenesis, neuritogenesis, neuroprotection, and dendritic spine recovery.7,10,16 
uPA released by neurons can activate its receptor on the astrocyte cell surface, leading to astrocytic activation, 
which in turn releases astrocytic thrombospondin-1v into the extracellular space, which then interacts with LRP1 
on dendritic spines to promote synaptic recovery via reorganisation of the actin cytoskeleton in the postsynaptic 
terminal.11 Erk1/2=extracellular signal-regulated kinases 1 and 2. LRP1=LDL receptor-related protein 1. STAT=signal 
transducer and activator of transcription. 
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glucose deprivation experiments in vitro, tPA protects 
neurons from death,35,41 whereas in a mouse model47 of 
thromboembolic stroke with tPA-mediated recanal
isation, the injection of a specific antibody into circulation 
to inhibit the interaction between tPA and NMDAR is 
beneficial. However, an effect of the antibody on the 
neurovascular unit or the endothelial cells cannot be 
excluded, as suggested by the effect of this antibody in a 
mouse model of multiple sclerosis.48

Although these animal models provide valuable 
mechanistic information, clinical support for these 
models remains poor. One case-control registry study49 
suggested that thrombolysis using tPA was associated 
with epileptic seizures within 7 days of treatment 
(28 [1%] of 2327 patients with stroke compared with 
100 controls with stroke who did not have seizures), 
independently of recanalisation or haemorrhagic trans
formation. However, neither a retrospective analysis50 
of 302 patients with stroke nor a meta-analysis51 of 
4362 participants who had a stroke identified an 

association between tPA and seizures after stroke. 
Nevertheless, a multicentre analysis52 of 1004 patients 
who had a stroke and were treated with thrombolysis 
reported that people injected with a higher ratio of single-
chain tPA than two-chain tPA are more likely to develop 
seizures soon after treatment, although functional 
outcome was not affected. One explanation is that the 
conflicting results regarding the benefits and adverse 
effects of tPA might arise from the differences between 
studies in animal models of stroke and clinical studies, 
in which the large benefits of reperfusion in humans 
might conceal the adverse effects of tPA. 

Ischaemic stroke and tPA
tPA administration is combined with endovascular 
thrombectomy53 in patients with large vessel occlusion 
(panel 2). There have been 27 trials of the use of 
thrombolytic agents in the treatment of ischaemic stroke 
according to the latest Cochrane database systematic 
review.60 Four of these trials administered streptokinase 
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Figure 2: Plasminogen activators and plasmin or plasminogen derivatives
(A) Plasminogen activators are classified into eukaryotic forms and recombinant forms. They have various structural domains, inhibitors, and different specificities to fibrin; thus, their route of 
administration and half-life vary. Plasminogen activators can have a SC form, a TC form, or both.18 (B) Plasmin or plasminogen derivatives before and after cleavage by plasminogen activators. 
Plasminogen activators convert plasminogen into active plasmin, which can then degrade fibrin. EACA=ε-aminocaproic acid. EGF=epithelial growth factor. Finger=finger domain. FN=fibronectin 
domain. FS=fibrin specificity. K=Kringle domain. PAI=plasminogen-activator inhibitor. PAP=pan apple domain. SC=single chain. TC=two chain. tPA=tissue-type plasminogen activator. TXA=tranexamic 
acid. uPA=urokinase plasminogen activator. *Plasminogen activator has no (-), low (+) moderate (++), or high (+++) fibrin specificity.18 †Plasminogen activator has (+) or does not have (-) a SC form. 
‡Plasminogen activator has (+) or does not have (-) a TC form. §Amino acid substitution in the serine protease domain: Lys296Ala, Hys297Ala, Arg298Ala, Arg299Ala.
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(at a dose of 1·5 MU), 12 administered recombinant tPA 
(at doses from 0·9 mg/kg to 1·1 mg/kg), six administered 
urokinase (at a dose of either 1·5 MU or 1·0 MU), 
two administered pro-urokinase (at doses of 6 mg and 
9 mg), and three administered desmoteplase (at doses 
between 62 μg and 125 μg per kg of bodyweight).60 These 
trials identified the main limitations of the use of tPA in 
ischaemic stroke to be the narrow therapeutic window 
(4·5 h after stroke symptom onset) of tPA,61 its low rate of 
recanalisation, and the risk of symptomatic parenchymal 
haemorrhage.17

Rate of recanalisation and improved thrombolysis
The rate of acute recanalisation within 2 h after tPA 
administration remains low (<35% of patients had acute 
recanalisation, figure 4), according to a review62 of the 
Calgary Stroke Program (2002–09), which included 

1341 patients. Multiple variables, such as prolonged time 
to treatment, poor collaterals,63 and thrombus size greater 
than 8 mm64 are major predictive factors for unsuccessful 
tPA treatment. The low rate of recanalisation observed in 
patients treated with tPA prompted the ongoing 
investigation of the effect of different mechanical devices 
in removing the occluding clot from the intravascular 
space (panel 2).

Since acute recanalisation is a major prognostic factor 
for good functional outcome, therapeutic strategies that 
aim to improve the rate of recanalisation with intravenous 
thrombolysis remain of great clinical interest. Increasing 
the efficiency of tPA in degrading fibrin is one potential  
approach to improve the rate of recanalisation. There are 
different potential strategies to improve the efficiency of 
tPA, based either on the prevention of tPA inhibition by 
endogenous factors or on increasing the proteolytic 
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Figure 3: Pathophysiology of tissue-type plasminogen activator from in-vitro studies and animal models
At the neuronal cell surface, tissue-type plasminogen activator (tPA) interacts directly with NMDARs with opposite results reported in the scientific literature. When 
it interacts with the GluN2A subunit, tPA activates either the Akt/mTOR/p70S6K/HIF1α signalling pathway, leading to neuroprotection and to an increase of 
glucose uptake,35 or the Erk1/2/CREB/ATF3 signalling pathway to decrease excitotoxicity.36 sc-tPA also interacts with the GluN1 subunit of NMDAR either directly30 or 
through LRP1,37,38 and promotes excitotoxicity. This neurotoxic effect is mediated by the single-chain form of tPA, while both sc-tPA and tc-tPA interact with EGFR to 
inhibit apoptosis.39 tPA also cleaves plasminogen into plasmin, leading to the cleavage of NMDAR GluN2A subunit and supporting cell survival, and activation of 
pro-BDNF into BDNF, which in turn activates Trk-B and protects from apoptosis.40 Finally, the interaction of tPA and Grp78 is involved in decreasing endoplasmic 
reticulum stress through an inhibition of PERK/Eif2alpha/CHOP/Atf4 pathways.41 Genes activated by each pathway are indicated above the arrows on the DNA 
segments. Akt=protein kinase B. Atf4=activating transcription factor 4. BDNF=brain-derived neurotrophic factor. CHOP=CCAAT-enhancer-binding protein 
homologous protein. CREB=C-AMP response element-binding protein. EGFR=EGF receptor. eif2α=eukaryotic translation initiation factor 2 α. Erk1/2=extracellular 
signal-regulated 1/2. Glut3=glucose transporter 3. Grp78= glucose-regulated protein 78 kDa. Hif1-α=hypoxia inducible factor 1. JAK2=JANUS kinase 2. LRP1=LDL 
receptor-related protein 1. mTORC1=mammalian target of rapamicyn complex 1. NMDAR= NMDA receptor. p70s6K=ribosomal protein S6 kinase beta-1. 
PERK=protein kinase RNA-like endoplasmic reticulum kinase. sc-tPA=single-chain tPA. STAT=signal transducer and activator of transcription. tc-tPA=two-chain tPA. 
Trk-B=tropomyosin receptor kinase B.



www.thelancet.com/neurology   Vol 17   December 2018	 1125

Review

activity of tPA. One such strategy consists of bio
engineering tPA through targeted mutagenesis to 
increase its resistance to inhibitors. This approach led to 
the development of tenecteplase (figure 2), a recom
binant tPA that has increased resistance to plasminogen-
activator inhibitor 1 (PAI-1), improved fibrin specificity, 
and enhanced half-life. A phase 3 randomised, open-
label, blinded-endpoint trial65 assessed functional 
outcome in 1107 patients enrolled within 4·5 h of onset 
of symptoms in 13 stroke units in Norway, 3 months after 
treatment with either tenecteplase or alteplase (tPA). 
These investigators found no difference in either mortality  
or functional outcome between groups.65 By contrast,  
a subsequent multicentre, randomised, open-label, 
blinded-outcome trial66 with 202 patients enrolled within 
4·5 h of onset of stroke symptoms and treated with 
tenecteplase or alteplase showed reperfusion greater 
than 50% in 22 (22%) of 101 patients who received 
tenecteplase versus 10 (10%) of 101 treated with alteplase, 
and a better functional outcome at 90 days in tenecteplase-
treated patients than in alteplase-treated patients.

Another strategy to increase the efficacy of tPA proposes 
to use a diabody (ie, an engineered antibody targeting 
two proteins) to block two inhibitors of the fibrinolytic 
process—PAI-1 and thrombin-activatable fibrinolysis 
inhibitor (TAFI)—to promote thrombolysis.67 In a mouse 
model of thromboembolic stroke, co-administration of a 
diabody improved the efficacy of tPA, without promoting 
bleeding.67 TAFI plasma concentrations affected the rate 
of recanalisation after tPA administration in 136 patients 
with stroke68 and correlated with stroke severity and 
outcome69 in 109 patients with stroke. Additionally, 
another study of 139 patients with ischaemic stroke70 has 
shown that the presence of functional polymorphism on 
the genes that encode for TAFI and PAI-1 influenced tPA-
induced recanalisation. An inhibitor of TAFIa is currently 
being tested in a placebo-controlled phase 1b/2 study 
(ClinicalTrials.gov, NCT02586233) of patients with 
ischaemic stroke who are not eligible to be administered  
tPA (>4·5 h after ischaemic stroke symptom onset). 
Numerous molecules which inhibit PAI-1 have been 
described, including antibodies, nanobodies, and small 
molecules.71,72 Although promising results have been 
obtained in animal models, no PAI-1-inhibition molecule 
has been tested in patients with ischaemic stroke thus far. 
Boosting plasminogen activation has been shown to 
be achievable in rodents by injecting the soluble form 
of annexin A2 into the bloodstream. Annexin A2 forms 
complexes with both tPA and plasminogen, leading to an 
accelerated kinetics of plasmin formation. In a mouse 
model of cerebral ischaemia, both the fibrinolytic activity 
of tPA and its therapeutic window were increased by the 
injection of annexin A2.73

Another approach to increase efficacy of thrombolysis 
is to degrade thrombus constituents other than fibrin, 
which represents only a part of the thrombus volume. 
To test this approach, several predictive characteristics 

of the thrombus have been identified. For example, a 
higher proportion of red blood-cells in samples from 
retrieved thrombi is associated with an increased 
response to tPA and to improved clinical outcomes 

Panel 2: Endovascular thrombectomy

The Mechanical Embolus Removal in Cerebral Ischaemia (MERCI) trial,54 a prospective, 
single arm, multicentre study with 151 patients with large vessel stroke showed that a 
mechanical embolectomy device can safely restore vascular patency in patients presenting 
within 8 h of onset of an acute ischaemic stroke. More remarkably, this study showed a 
rate of recanalisation of 46% with the MERCI device alone, and 60·8% when combined 
with intra-arterial tissue-type plasminogen activator (tPA).54 Despite these encouraging 
results, enthusiasm for the use of thrombectomy was temporarily diminished by the 
findings from several randomised controlled trials55,56 that did not show improved efficacy 
of endovascular clot retrieval compared with intravenous tPA administration. However, 
important technical advances that allowed the use of new-generation stent-retriever 
devices led to several randomised controlled trials53,57 that reported a consistent superiority 
of endovascular clot retrieval over standard medical care alone. Importantly, a post-hoc 
analysis58 of 291 patients from two large multicentre prospective trials treated with 
mechanical thrombectomy or intravenous tPA, or both, found no benefit from 
intravenous thrombolysis in patients with acute ischaemic stroke undergoing mechanical 
thrombectomy. Finally, a multicentre, randomised, open-label study59 with 206 patients 
who had occlusion of the intracranial internal carotid artery or proximal middle cerebral 
artery showed improved outcomes for disability at 90 days in patients with 6–24 h onset 
of symptoms treated with thrombectomy in addition to standard care (5 of whom were 
treated with tPA) compared with patients who received standard care alone (13 of whom 
received tPA).

Middle cerebral artery M2:
30·4%

Middle cerebral artery M1:
32·8%

Internal cerebral artery:
4·4%

Basilar artery:
4·0%

Figure 4: Rates of tissue-type plasminogen activator-mediated 
recanalisation
Rates of recanalisation within 2 h of tissue-type plasminogen activator (tPA) 
administration vary according to thrombus location. Data come from a review62 
of the Calgary Stroke Program (2002–09), which included 1341 patients with 
acute ischaemic stroke secondary to proximal vessel occlusions who received 
intravenous recombinant tPA. Acute rates of recanalisation were assessed using 
CT angiography. M1 and M2 are two of the four segments the middle cerebral 
artery is divided in.
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compared with a lower proportion of red blood-cells.74 
Since red blood cell-rich thrombi modify the MRI signal 
(ie, presence of the susceptibility vessel sign), this 
biomarker enables the use of imaging for the prediction 
of tPA efficacy. Thrombi containing neutrophil extra
cellular traps—DNA extracellular networks produced by 
activated neutrophils—are also more resistant to 
mechanical or pharmacological reperfusion.75 An analysis 
of 108 thrombi from patients with stroke found that 
neutrophil extracellular traps are present in all thrombi 
and might be responsible for reperfusion resistance.75 Ex-
vivo degradation of the thrombus is accelerated by the 
co-administration of tPA and DNase1. These findings 
have prompted a clinical trial of DNase1 (ClinicalTrials.
gov, NCT02900833). The low efficacy of tPA on platelet-
rich thrombi might also prevent recanalisation. However, 
clinical trials76,77 investigating co-administration of tPA 
and an antiplatelet drug (eg,  aspirin, anti-GpIIb/IIIa) 
showed low efficacy and increased bleeding risk. 
In animal studies,78,79 platelet aggregation in arteries has 
been shown to involve specific receptors and proteins 
that are not essential for haemostasis in the brain, such 
as von Willebrand factor (VWF) and the glycoprotein 
GpIb-α. Therefore, strategies that specifically target 
platelet aggregates formed under conditions of arterial 
shear stress can induce arterial recanalisation without 
substantially increasing the risk of haemorrhagic 
transformation.78 Thus, pharmacological strategies that 
target VWF with a disintegrin and metalloprotease with 
thrombospondin type-I motif, member-13 (ADAMTS-13)80 
or with N-acetylcysteine81 are also promising, especially 
since intracranial thrombi in patients with stroke contain 
large amounts of VWF,80 and low plasma concentrations 
of ADAMTS-13 might be a marker for unsuccessful 
treatment with tPA.82

Furthermore, clinical deterioration—possibly due to re-
occlusion—occurs in at least 15% of patients treated with 
tPA. Thus, other strategies that aim to increase the speed 
of recanalisation and prevent re-occlusion to reduce the 
extent of infarction have been studied. In the ARTSS-2 
randomised exploratory study83 of 90 patients with stroke 
treated with tPA, adjunctive argatroban (a direct thrombin 
inhibitor) was not associated with an increased risk of 
symptomatic intracerebral haemorrhage. This finding 
provides the basis for a future efficacy trial combining 
tPA with an antigocoagulant.

tPA-mediated haemorrhagic transformation
A meta-analysis84 of 27 trials with 10 239 patients with 
stroke treated with streptokinase, tPA, urokinase, or 
desmoteplase found a four-time increase in the incidence 
of symptomatic intracerebral haemorrhage among 
patients with stroke treated with any of these plasminogen 
activators. Remarkably, when these analyses were limited 
to 12 trials using tPA, there were 60 additional sympto
matic intracerebral haemorrhages per 1000 treated 
patients. Symptomatic intracerebral haemorrhage has 

since been the most feared complication of tPA 
treatment, with a higher incidence within the first 24 h 
(median time ranging from 5 h to 10 h) than after 24 h, 
and almost 50% mortality.85 In contrast to tPA, 
tenecteplase does not change the incidence of intra
cerebral haemorrhage.66

An international, multicentre, randomised, open-
label trial86 evaluated the incidence of symptomatic 
intracerebral haemorrhage and the clinical outcome in 
3297 predominantly Asian patients with stroke treated 
within 4·5 h of the onset of symptoms with either low 
(0·6 mg/kg) or standard (0·9 mg/kg) doses of alteplase. 
This study showed a difference in haemorrhagic trans
formation between the low-dose group (1·0%) 
and the standard-dose group (2·1%), which indicates that 
the prevalence of haemorrhagic transformation is 
associated with the dose of tPA. Converesely, time-to-
treatment is not significantly associated with haemorrhagic-
transformation risk, according to a large meta-analysis.87,88 
By contrast, the TARGET-STROKE initiative reported in a 
study89 of 71 169 patients with acute ischaemic stroke 
treated with tPA that an intervention aiming to reduce the 
time-to-treatment delay also led to a reduction of the 
prevalence of haemorrhagic transformation.

Haemorrhagic transformation after tPA admini
stration is a dynamic phenomenon, and its patho
physiology remains unclear. Indeed, animal studies 
have shown that tPA increases the permeability of the 
BBB through multiple mechanisms. For instance, tPA 
can bind to and cleave LRP1 at the astrocytic endfeet, 
resulting in BBB alterations.90 The activation of platelet-
derived growth factor-CC (PDGF-CC) by tPA in the 
brain has also been shown to lead to BBB leakage.91 
PDGF-CC plasma concentrations can be used to predict 
haemorrhagic transformation and severe cerebral 
oedema in patients with stroke treated with tPA.92 A 
pilot study based on this finding has shown that 
imatinib (a PDGF-receptor inhibitor) might reduce the 
risk of haemorrhagic transformation in patients treated 
with tPA.93

tPA also induces the activation of matrix metallo
proteinases (MMPs),3 which are involved in the degra
dation of the extracellular matrix and in the promotion 
of BBB impairment. Results from an animal study94 
suggest that minocycline, a tetracycline antibiotic and an 
inhibitor of MMPs, prevents the increase in concentration 
of plasma MMP-9 associated with tPA administration in 
a rat model of thromboembolism. A minocycline dose-
escalation study95 (alone or in combination with tPA) was 
shown to be safe in 60 patients with ischaemic stroke. A 
meta-analysis of three studies96 also reported that 
minocycline was safe, although statistically significant 
heterogeneity among the trials precludes conclusions 
about efficacy. Cytokines and growth factors could also 
counteract tPA-mediated haemorrhagic transformation. 
However, animal studies of granulocyte-colony stimulating 
factor have reported conflicting findings that the factor, 
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co-administrated with tPA during the acute phase of 
stroke, either protects against haemorrhagic transform
ation caused by delayed tPA treatment97 or increases risk of 
haemorrhagic transformation.98

Brain oedema and mortality after tPA treatment
Several studies suggest an increased risk of early 
mortality with tPA treatment, especially as onset-to-
treatment delay increases. In the IST-3 trial,99 the 
mortality of tPA-treated patients increased by 60% in the 
first 7 days, compared with controls. This finding cannot 
be explained solely by the increase in haemorrhagic 
transformation100 and suggests that other mechanisms 
might be at play. Notably, the prevalence of fatal brain 
oedema in the IST-3 trial increased in tPA-treated 
patients with stroke compared with controls, with an 
odds ratio of 1·89 (95% CI 1·14−3·14).99 This finding was 
supported by the case-control ICARO study101 of 
506 patients with occlusion of the internal carotid artery, 
among whom the prevalence of fatal symptomatic brain 
oedema was 8·3% in 253 tPA-treated patients versus 
3·1% in 253 controls. By comparison, the prevalence of 
fatal haemorrhagic transformation was only 2·8% in 
tPA-treated patients, suggesting that the contribution of 
symptomatic brain oedema to mortality could be greater 
than haemorrhagic transformation in this subset of 
patients with occlusion of a proximal artery. By contrast, 
other trials (ECASS-3,61 for instance) reported a reduction 
in prevalence of symptomatic brain oedema after tPA 
treatment. These discrepancies between studies suggest 
that tPA has both pro-oedema and anti-oedema effects in 
patients with acute ischaemic stroke, with the anti-
oedema effects being probably associated with the 
capacity of tPA to promote reperfusion and alleviate 
ischaemic damage.

The mechanisms by which tPA promotes infarct 
swelling remain poorly understood, although tPA 
promoted brain oedema in a mouse model of ischaemic 
stroke through activation of the contact phase,102 which is 
a biochemical cascade responsible for the generation of 
bradykinin (a short pro-inflammatory peptide that 
increases vascular permeability). Furthermore, plasmatic 
concentration of bradykinin is increased in patients with 
ischaemic stroke after tPA administration.103 It is believed 
that tPA-mediated generation of plasmin activates factor 
XII (a blood coagulation factor), which can in turn 
activate plasma kallikrein, the main enzyme responsible 
for bradykinin generation by cleavage of its precursor 
(ie, high molecular-weight kininogen).102 Therefore, 
factor XII, plasma kallikrein, or bradykinin receptors are 
all potential therapeutic targets to prevent tPA-induced 
infarct swelling.104 These clinical and animal data 
demonstrate that the effect of tPA administration in 
patients with stroke is not limited to the degradation of 
the fibrin clot. The diversity of effects offers the 
opportunity to improve the safety and efficacy of tPA 
treatment.

Haemorrhagic stroke
Haemorrhage is a devastating form of stroke, as it is 
associated with high mortality and long-term disability. 
Spontaneous haemorrhagic strokes are usually divided 
into intracerebral haemorrhage and subarachnoid 
haemorrhage, both of which are potentially associated 
with intraventricular haemorrhage.105 In patients with 
haemorrhagic stroke, the mass effect of the haematoma 
and—in the case of subarachnoid or intraventricular 
bleeding—the interruption of CSF circulation are 
responsible for an increase in intracranial pressure and 
high mortality. Plasminogen activators could be used to 
mitigate the deleterious consequences of intracranial 
bleeding by promoting the dissolution of the haematoma 
and restoring CSF circulation.

Intracerebral haematoma
Intracerebral haemorrhage is characterised by paren
chymal bleeding and accounts for approximately 10% of 
all strokes.105 Since haematoma volume is a key prognostic 
factor after intracerebral haemorrhage, the development 
of surgical procedures for the evacuation of the haema
toma is an ongoing effort. Open surgical evacuation of 
supratentorial haematoma—one of the first strategies to 
have been developed—has not shown any benefit in large 
clinical trials,106 possibly because it is associated with 
iatrogenic tissue injury during surgery. Simple aspiration 
has been abandoned because it could only remove small 
amounts of the coagulated blood. To overcome this 
limitation, stereotactic aspiration of the liquefied 
haematoma after in-situ instillation of plasminogen 
activators has been investigated. The phase 2 MISTIE 
2 trial107 randomly assigned 96 patients to either standard 
care or minimally invasive haematoma aspiration using 
tPA instillation after documented interruption of 
haematoma growth. The trial confirmed the safety of 
thrombolytic aspiration despite an increased risk of 
asymptomatic bleeding in the treated group. When 
adjusted to baseline severity, the increase in the 
proportion of patients achieving a good outcome was 
significant, but these results should be interpreted with 
caution since this trial was not powered to show efficacy.107 
A phase 3 trial is ongoing (MISTIE 3; ClinicalTrials.gov, 
NCT01827046) and the results are expected soon.

During minimally invasive drainage of intracerebral 
haemorrhage, a potential concern is the effect of in situ 
instilled tPA on and around the BBB. In a porcine 
model of intracerebral haemorrhage,108 in-situ fibrinolytic 
therapy with tPA without aspiration was associated 
with an increase in the perihaematomal oedema, as 
measured by MRI. In another study in pigs, this effect 
was mitigated by the co-administration of dizocilpine 
(MK-801), suggesting an NMDAR-dependent mech
anism.109 Accordingly, administration of PAI-1 reduces 
cerebral oedema following tPA treatment in the same 
model.110 This noxious effect of tPA was confirmed in  
a rat model of intracerebral haemorrhage,111 in which 
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administration of optimised tPA (an engineered non-
proneurotoxic tPA variant) decreased perihaematomal 
neuronal death and subsequent oedema progression 
compared with administration of tPA. These animal data 
are contradicted by a secondary analysis of the 
MISTIE 2 trial,112 which shows that instillation of 
tPA combined with stereotactic aspiration significantly 
reduces perihaematomal oedema. Moreover, a retro
spective study113 reported that uPA and tPA present 
similar efficacy and safety profiles for the drainage of 
basal ganglia haematoma, even though animal studies of 
uPA have not shown the same pro-excitotoxic effects as 
tPA.114 Thus, there is no clinical evidence supporting a 
neurotoxic role for tPA in patients with intracerebral 
haemorrhage.

Intracerebral haemorrhage associated with 
intraventricular haemorrhage
Extension of haemorrhage to the ventricles occurs in 
approximately 25% of cases of non-traumatic intra
cerebral haemorrhage and promotes the obstruction of 
CSF outflow and, hence, the development of hydro
cephalus.115 Thus, intraventricular administration of plas
minogen activators could prevent obstruction of the flow 
of CSF and accelerate clearance of the intraventricular 
blood. The phase 2 CLEAR IVH trial116 in 48 patients 
reported preliminary results for safety and clot removal 
efficacy of recombinant tPA compared with placebo, 
which prompted the CLEAR 3 trial.117 In this phase 3 trial, 
500 patients were randomly assigned to thrombolytic 
removal of intraventricular haemorrhage using either 
alteplase or placement of an extraventricular drain. The 
proportion of patients in the alteplase group (117 [48%] of 
246) who achieved good functional outcome was similar 
to the placebo group (110 [45%] of 245) at 6 months 
(risk ratio 1·06, 95% CI 0·88–1·28; p=0·554). The 
mortality rate was lower in the tPA group (46 [18%]) than 
in the placebo group (73 [29%]), but patients had higher 
disability rates in the tPA group (42 [17%]) than in the 
placebo group (21 [9%]).117 Greater intraventricular clot 
removal was associated with improved outcome, but only 

82 patients (33%) in the tPA group reached the objective 
of 80% clot dissolution (as assessed by CT scan), which 
might have reduced the clinical benefit of intraventricular 
thrombolysis. A randomised trial of 87 patients,118 which 
investigated the efficacy of a strategy that combined 
intraventricular fibrinolysis with lumbar drain versus 
intraventricular fibrinolysis alone, showed that dual 
therapy significantly reduced the occurrence of 
permanent shunt dependency for post-intracerebral-
haemorrhage hydrocephalus. Overall, these results 
suggest that there is still room to improve the intra
ventricular thrombolysis procedure in patients with 
intraventricular haemorrhage.

Another explanation for the neutral results of the 
CLEAR 3 study could be related to side-effects of tPA. 
Indeed, a mouse study114 investigated drainage of intra
ventricular haematoma using tPA compared with uPA 
and reported that, although both fibrinolytics reduced 
hydrocephalus, only uPA improved functional recovery 
significantly, confirming the results of a meta-analysis115 
of intraventricular fibrinolysis in patients with intra
ventricular haemorrhage that found an improved clinical 
efficacy of uPA compared with tPA. These results could 
be explained by the fact that tPA promotes inflammation 
after intraventricular injection in both mice114 and 
humans.119 We cannot exclude that direct detrimental 
effects of tPA on the BBB are masked by the beneficial 
effects of haematoma drainage. 

Subarachnoid haemorrhage
Besides restoring CSF outflow, the main aim of 
fibrinolytics as a potential therapy for subarachnoid 
haemorrhage is to reduce the risk and occurrence of 
delayed cerebral ischaemia by accelerating blood 
clearance from the subarachnoid space. A meta-analysis 
of 652 patients120 that included predominantly non-
randomised studies suggests a significant beneficial 
effect of intracisternal fibrinolysis in patients with 
subarachnoid haemorrhage. It has also been shown in a 
phase 2 randomised trial of 60 patients121 that intra
ventricular fibrinolysis in combination with low-
frequency head-rotation is a safe and effective way to 
accelerate haematoma clearance, although the prevalence 
of delayed cerebral ischaemia was not significantly 
reduced and functional outcome was not significantly 
improved. A phase 3 trial to study the efficacy of 
intraventricular fibrinolysis using tPA in subarachnoid 
haemorrhage is ongoing (ClinicalTrials.gov, 
NCT03187405). A small randomised study of 6 patients122 
showed that intraventricular tPA administration 
produces a transient local inflammatory response, which 
correlates with the degree of fibrinolysis, raising the 
possibility that the release of haematoma breakdown 
products, rather than tPA itself, is responsible for the 
pro-inflammatory effects. Overall, while plasminogen 
activators seem to have an acceptable safety profile to 
accelerate the clearance of intracranial haematoma in 

Ischaemic stroke 
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Revascularisation

Haemorrhagic stroke
Promotes haematoma dissolution and restores 
CSF circulation
Decreases hydrocephalus
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Haemorrhagic transformation
Enhances blood–brain barrier leakage
Brain oedema* 
Promotes excitotoxicity

Haemorrhagic stroke
Promotes perihaematomal oedema
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Figure 5: Effects of tissue-type plasminogen activator in ischaemic and haemorrhagic stroke
Beneficial17,114,116,121 (green box) and deleterious17,30,85,90,91,99,101,102,108,114,119,122 (red box) effects of tPA in both ischaemic and 
haemorrhagic stroke. Effects shown in clinical studies are indicated in black, and effects shown in animal models 
are indicated in blue. tPA=tissue-type plasminogen activator. uPA=urokinase plasminogen activator. *It is unclear 
whether brain oedema is present following thrombolysis by tPA in humans. †A preclinical study114 has shown that 
uPA is better than tPA for the fibrinolysis of intraventricular haemorrhage. 
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some subtypes of haemorrhagic stroke, their efficacy 
remains uncertain.

Conclusions and future directions
Endovascular thrombectomy has revolutionised the 
treatment of patients presenting with occlusion of a 
proximal intracranial artery. The positive results of 
endovascular thrombectomy in patients presenting up to 
24 h after stroke onset indicate that, if safe, recanalisation 
can still be beneficial in patients who meet the treatment 
criteria.1,2,59 However, reperfusion of smaller arteries is 
not easily achievable, and many patients remain 
ineligible for reperfusion therapies. Thus, pharma
cological thrombolytic strategies remain relevant for the 
treatment of patients with ischaemic stroke. The mis
match between the therapeutic windows of endovascular 
thrombectomy and tPA could reflect the deleterious 
effects of tPA on the neurovascular unit (figure 5). These 
deleterious effects should stimulate the development of 
safer thrombolytic strategies, with increased reperfusion. 
To this aim, further understanding of the biological 
effects of tPA on the neurovascular unit is necessary.

In haemorrhagic stroke, large clinical trials116–118 showed 
that the use of tPA in intraventricular haemorrhage only 
slightly reduced mortality (figure 5). Based on the available 
information, these results are not directly attributed to 
the deleterious effects of in situ-instilled plasminogen 
activators on the neurovascular unit. However, consistent 
results in intraventricular haemorrhage and subarachnoid 
haemorrhage indicate that tPA could have a pro-
inflammatory effect once injected in the ventricles, which 
might attenuate the beneficial effects of haematoma 
drainage. Further investigations into the mechanisms 
underlying this pro-inflammatory effect are needed to 
design safer thrombolytic strategies. Moreover, refinement 
of surgical techniques could also improve the efficacy of 
plasminogen activators to clear intracranial haematoma, 
especially in patients with intraventricular haemorrhage, in 
whom greater haematoma clearance is associated with 
improved functional outcome.
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