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About 15 million strokes occur each year worldwide. As the number one cause of morbidity and
acquired disability, stroke is a major drain on public health-care funding, due to long hospital stays
followed by ongoing support in the community or nursing-home care. Although during the last
10 years we have witnessed a remarkable progress in the understanding of the pathophysiology
of ischemic stroke, reperfusion induced by recombinant tissue-type plasminogen activator
(tPA—Actilyse) remains the only approved acute treatment by the health authorities. The objective
of the present review is to provide an overview of our present knowledge about the impact of tPA on
the neurovascular unit during acute ischemic stroke.
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Introduction

Stroke concerns 15 million people every year world-
wide and causes 5.7 million deaths, accounting for
9% of all deaths. The majority of ischemic strokes,
the most common type of stroke, result from an acute
thrombosis. A thrombus consists in blood cells
trapped in a matrix of fibrin. Dissolution of this
fibrin clot (fibrinolysis) is enzymatically driven by
the trypsin-like serine protease, plasmin. The active
form plasmin is generated from a precursor (zymo-
gen), known as plasminogen. The conversion of
plasminogen into plasmin requires proteolytic clea-
vage by naturally occurring plasminogen activators,
which in mammals can be tissue-type plasminogen
activator (tPA) or wurokinase-type plasminogen
activator (Rijken and Sakharov, 2001). Tissue-type
plasminogen activator, urokinase-type plasminogen
activator, plasmin (or a genetically modified plasmin

Correspondence: Professor D Vivien, Inserm UMR-S 919 ‘Serine
Proteases and Pathophysiology of the Neurovascular Unit’, GIP
Cyceron, Bd H. Becquerel, BP5229, 14073 Caen Cedex, France.
E-mail: vivien@cyceron.fr

Received 14 April 2011; revised 26 July 2011; accepted 27 July
2011; published online 31 August 2011

trials; excitotoxicity;

interventional neuroradiology; neurovascular unit;

named microplasmin), and Desmoteplase (DSPA)
(a recombinant plasminogen activator derived from
bat salivary glands) are available through recombinant
technologies (for review on mechanisms of action
of fibrinolytic agents, see Lijnen and Collen, 1995).
In addition, other bacterial/microbial thrombolytics
exist, including streptokinase and staphylokinase.
The tPA (Figure 1) is a 69-kDa glycoprotein, which
consists in a single polypeptide chain of 527 or 530
amino acids. It is synthesized within cells as a
polypeptide chain held by 34 disulfides bonds and
released as a single chain enzyme (sctPA). Limited
proteolysis by plasmin in the extracellular space
cleaves the chain between arginine 275 and isoleu-
cine 276, converting it into a two-chain (tctPA) form
(chain A or heavy chain and chain B or light chain).
Chain A contains four distinct domains: a finger (F)
domain composed by residues 6 to 43, homologous
to the first domain of the fibronectin. This domain
has a high affinity for the fibrin; an epidermal growth
factor (EGF) domain, composed by residues 44 to 92,
homologous with the human and murine EGF. This
domain is involved in the hepatic clearance with the
finger domain; two kringle (K) domains homologous
to the K domains of plasminogen consisting in
residues 93 to 176 and 176 to 275. The K2 and F
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Figure 1 Tissue-type plasminogen activator (tPA) is a JANUS' protease. tPA is a five domain serine protease including a Finger
domain, an epidermal growth factor (EGF)-like domain, two kringle domains, and a catalytic domain. Pleiotropic functions of tPA as
related to the specificity of each of these domains. LRP, lipoprotein receptor-related protein; PAI-1, plasminogen activator inhibitor
type 1; NMDA receptor, N-methyl-D-aspartate receptor; PDGF-CC, platelet-derived growth factor-CC.

domains form an interaction site for fibrin. The B
chain contains the catalytic protease (P) domain and
is composed of the last 230 residues. The active site is
constituted of Histidine 322, Asparagine 371, and
Serine 478. Due to its high affinity for fibrin, tPA
activates clot-bound plasminogen 100-fold more effi-
ciently than circulating plasminogen, although it has a
very short half-life in the blood (3 to 5minutes)
(Tanswell et al, 1989). These characteristics have led
to successful clinical trials of thrombolytic therapy in
acute stroke treatment (NINDS-tPA Study Group, 1995).
However, growing body of evidence suggests that,
in the context of acute ischemic stroke, tPA affects
the integrity of the neurovascular unit, a functional
entity involving microvessels, pericytes, astrocytes,
neurons, axons, and other supporting cells such as
microglia and oligodendrocytes. Indeed, both
protective and deleterious effects of tPA on this
‘unit’ have been reported. This paper will review the
current knowledge of benefits and risks of tPA in
patients with acute ischemic stroke, preclinical
evidences that could explain the suboptimal effi-
cacy/safety ratio of tPA, and promising approaches
that could enhance the efficiency of thrombolysis.

Tissue-Type Plasminogen
Activator-Mediated Thrombolysis

in Ischemic Stroke: Bed Side

Two placebo-controlled randomized trials have

shown substantial benefit of early treatment with
intravenous recombinant tPA (rtPA) in patients with
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acute ischemic stroke (NINDS Study Group, 1995;
Hacke et al, 2008), and several meta-analyses of
randomized trials support the use of rtPA within
4.5hours after ischemic stroke onset (Lees et al,
2010; Wardlaw et al, 2009; Lansberg et al, 2009).
The National Institute of Neurological Disorders and
Stroke (NINDS) trial was the first to test rtPA within
3hours of stroke onset at the dosing regimen of
0.9mg/kg (maximum 90 mg), with 10% given as an
initial bolus and the remainder infused over 1 hour.
In this study, the absolute benefit of tPA treatment
ranged from 11% to 13% depending on the stroke
outcome scale. For every 100 patients treated,
as compared with placebo, ~32 benefited in a
clinically important manner (Saver et al, 2010).
Following these results, rtPA has been approved in
several countries and recommended in most guide-
lines for the management of patients with acute
stroke (Adams et al, 2007). However, widespread
adoption of rtPA therapy proceeded slowly. Among
the different potential obstacles restricting the use of
rtPA, the time window has been the most important.
Many patients do not arrive at the hospital within
3hours after stroke onset, and even then, the time
required to thoroughly evaluate the patient and make
the treatment decision may jeopardize the chances of
initiating thrombolysis.

Expansion of the Time Window up to 4.5 Hours:
European Cooperative Acute Stroke Study III

To explore a longer time window, a pooled analysis
of six trials (2,775 patients) that had differing time



windows (up to 6 hours) for enrollment (NINDS Parts
1 and 2, European Cooperative Acute Stroke Study
(ECASS) I and II, and ATLANTIS Parts A and B) was
performed (Hacke et al, 2004). This pooled analysis
showed that the benefit of rtPA diminished as
time elapsed and that a favorable outcome was still
observed if treatment was given between 3 and
4.5 hours, with an odds ratio for favorable outcome
of 1.4 with rtPA as compared with placebo.

In 2002, the European Medicines Agency was
cautious and granted license for the use of rtPA in
ischemic stroke within 3 hours of symptoms onset on
condition of the completion of a prospective registry
of (1) patients treated with rtPA within the 3-hour
time window (Safe Implementation of Thrombolysis
in Stroke-Monitoring Study (SITS-MOST) study,
see below) and (2) a randomized, placebo-controlled
trial of rtPA between 3 and 4.5hours after stroke
onset. Thus, the ECASS III multicenter, prospective,
randomized trial was conducted in Europe and
tested rtPA 3 to 4.5hours after stroke onset in 821
patients (Hacke et al, 2008). The dosing regimen was
the same as in NINDS trial. The proportion
of patients who had a favorable outcome (modified
Rankin Scale score<2) at 90 days was significantly
greater with rtPA than with placebo (52.4% vs.
45.2%; odds ratio=1.34, 95% confidence interval
(95% CI)=1.02 to 1.76; risk ratio=1.16, 95%
CI=1.01 to 1.34), corresponding to number needed
to treat to benefit of 14 (absolute improvement of
7.2%). Additional outcomes and subgroup analyses
published in a separate paper showed that rtPA was
effective across a broad range of subgroups of
patients, including those aged 65 years or more
and those with a severe stroke at baseline (Bluhmki
et al, 2009).

The ECASS III trial has represented an important
step forward in the treatment of acute stroke,
allowing an increase in the number of eligible
patients. However, the ECASS III trial results do
not mean that we have more time to initiate the
treatment (Saver, 2006). From the moment a patient
arrives at the door, the focus must remain on the
door-to-needle time (Lyden, 2008). The updated
pooled analysis of ECASS, ATLANTIS, NINDS, and
EPITHET trials (3,670 patients) have demonstrated
that the benefit of rtPA decreased substantially over
time from stroke onset. In this analysis, no benefit
was seen after around 4.5 hours (Lees et al, 2010).
On the basis of ECASS III and SITS-MOST studies
results, the European Stroke Organization and
subsequently the American Heart Association and
American Stroke Association changed their guide-
lines (Del Zoppo et al, 2009; Ringleb et al, 2008).

Recanalization Rates on Tissue-Type Plasminogen
Activator

Data on recanalization rate after intravenous rtPA are
limited to observational studies, as none of the
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major randomized trials has assessed the baseline
occlusion status or recanalization after treatment.
Yet, it is clearly established that early recanalization
(assessed until 24 hours from symptoms onset) is
the strongest predictor of good clinical outcome.
Depending on timing when recanalization status was
assessed and on technique used, the recanalization
rates after intravenous rtPA varied widely, with an
overall estimate of ~46% (Rha and Saver, 2007). The
speed of clot dissolution by thrombolysis appears to
affect the evolution of the ischemic lesion and
clinical outcome (Delgado-Mederos et al, 2007).
Vessel recanalization rates also vary depending on
thrombus location with lower rates in proximal vs.
distal arteries, suggesting that the burden of throm-
bus is important (Rha and Saver, 2007; Del Zoppo
et al, 1992; Saqqur et al, 2007). Patients with
extracranial large vessel occlusion have also very
low rates of recanalization (Saqqur et al, 2007; Bhatia
et al, 2010). Data on recanalization according to
stroke etiologic subtype are limited. It has been
suggested that patients with cardioembolic ischemic
stroke are more likely to have recanalization, which
is moreover faster and more complete, than patients
with noncardioembolic stroke (Molina et al, 2004).
Indeed considering the rtPA pharmacology, the drug
is more likely to be active on fibrin-rich clots than
on platelet-rich clots (see below).

Innovative Strategies to Enhance Recombinant
Tissue-Type Plasminogen Activator’s Effects

Thus, although the overall recanalization rate with
intravenous rtPA is about twice the spontaneous rate,
it is still <50%. This low recanalization rate is in
agreement with the fact that only about one third of
patients benefit of rtPA and has encouraged novel
techniques to increase this relatively modest effect
of intravenous fibrinolytic therapy. Development of
catheters suitable for navigation into brain vascula-
ture has opened the possibility for endovascular
therapies including intraarterial fibrinolysis. As
intraarterial approach allows a direct access to the
clot, the technique should theoretically permit the
use of lower doses of fibrinolytic, be combined
with mechanical thrombus disruption devices, and
therefore offer the potential of restoring blood flow
more efficiently than intravenous therapy. Although
intraarterial fibrinolysis has been used for decades in
acute stroke patients, this therapy is not approved by
the US Food and Drug Administration or by the
European Medicines Agency. No single randomized
clinical trial has demonstrated a statistically signifi-
cant beneficial effect (defined by a modified Rankin
Scale <1 or <2) of intraarterial fibrinolysis com-
pared with control groups and not all studies used
rtPA (Del Zoppo et al, 1998; Furlan et al, 1999; Keris
et al, 2001; Macleod et al, 2005; Ogawa et al, 2007).
However, despite differences in fibrinolytic drug
used and in associated interventions (intravenous
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thrombolysis or mechanical disruption), the meta-
analysis of these trials shows that intraarterial
fibrinolysis is associated with high recanalization
rates and better outcomes (Lee et al, 2010). Sympto-
matic intracerebral hemorrhage (ICH) is significantly
more frequent in intraarterial fibrinolysis compared
with control groups (8.9% vs. 2.3%), but mortality is
similar in both groups (20.5% vs. 24.0%). Partial
or complete recanalization was obtained in 64.6%
of patients treated with intraarterial fibrinolysis,
but complete recanalization was obtained in only
19.0% in mean, showing that intraarterial fibrinoly-
tic therapy alone may not be a definitive solution
to rapidly and fully recanalize occluded cerebral
arteries.

The main limitations of intraarterial thrombolysis
are the need for availability of an interventionalist
and the additional time required to begin thrombo-
lysis. Thus, a combined intravenous and intraarterial
approach was explored in pilot studies (Lewandows-
ki et al, 1999; Ernst et al, 2000; Hill et al, 2002;
Suarez et al, 2002). The Interventional Management
of Stoke (IMS) program began in 2001 aiming
at further investigate the feasibility and safety of a
combined intravenous—intraarterial approach within
3 hours of stroke onset in patients with moderate-to-
large ischemic stroke (NIHSS>10). IMS I and II
studies (IMS Study Investigators, 2004; IMS II Trial
Investigators, 2007) used a similar protocol with
initial intravenous rtPA (0.6 mg/kg, 60 mg maximum
over 30 minutes) followed by additional rtPA at the
site of the thrombus (up to 22 mg) in case of visible
arterial clot on early angiography for up to 7 hours
from stroke onset. Unlike IMS I, IMS II used the
EKOS microinfusion catheter consisting in end-hole
infusion lumen with a 1.7-MHz radially emitting
ultrasound transducer in place of classical micro-
catheter contrast injection leading to increased
recanalization rates (Tomsick et al, 2008). These 2
nonrandomized studies enrolled 80 patients each. In
comparison with historical control subjects from the
NINDS trial, the results suggested that the combined
approach to recanalization might be more effective
than standard intravenous rtPA alone. The RECA-
NALISE study has evaluated the combined approach
using a before—after design (Mazighi et al, 2009). In
comparison with 107 patients treated with intra-
venous rtPA only in the first period, the 53 patients
treated with intravenous—intraarterial approach had
higher recanalization rates (87% vs. 52%; risk
ratio=1.49, 95% CI=1.21 to 1.84) and were more
likely to have an early neurologic improvement
defined as National Institute of Health Stroke Scale
score of 0 or 1 or improvement of 4 points at 24 hours
(60% vs. 39%; risk ratio=1.36, 95% CI=0.97 to
1.91). However, there was no significant difference in
the 90-day favorable outcomes defined as a Rankin
Scale of 0 to 2 (57% vs. 44%, P=0.35) between the
two groups. In addition, the study showed that there
was also a strong association between better clinical
early and 3-month clinical outcomes and shorter
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time from symptom onset to recanalization. IMS I
and II have also shown that favorable clinical
outcome was related to complete recanalization
(Khatri et al, 2005; Tomsick et al, 2008) and to time
to angiographic reperfusion (Khatri et al, 2009). The
ongoing International Management of Stroke III
randomized trial (IMS-III) currently addresses
whether combined intravenous—intraarterial ap-
proach is superior to intravenous rtPA treatment
alone when initiated within 3 hours of stroke onset.
Interestingly, intraarterial approach allows the use of
mechanical thrombus disruption devices in combi-
nation to rtPA. However, these devices have not yet
been evaluated in randomized studies (see Nogueira
et al, 2009 for review).

Ultrasound-enhanced thrombolysis is a promising
approach including improvement in drug delivery,
increase in binding of rtPA to fibrin, and reversible
alteration of the fibrin structure (Daffertshofer and
Hennerici, 2003). So far, three different ultrasound
technologies have been used: transcranial Doppler,
transcranial color-coded duplex, and low-frequency
ultrasound. A recent meta-analysis of small rando-
mized trials and nonrandomized studies has
shown that sonothrombolysis with high-frequency
ultrasounds appears to be safe, leads to higher
recanalization rates (odds ratio=2.99; 95% CI=1.70
to 5.25) and higher likelihood of independence when
compared with intravenous thrombolysis alone
(Tsivgoulis et al, 2010), as it was suggested by the
first results of the CLOTBUST trial (Alexandrov et al,
2004). However, the single trial using low-frequency
ultrasounds was stopped because ultrasounds were
associated with a significant increase in risk of
symptomatic ICH (including atypical subarachnoid
hemorrhages; Daffertshofer et al, 2005). The potential
benefit of high-frequency ultrasounds results needs
to be confirmed in new and larger randomized-
controlled studies.

Another way to enhance fibrinolysis and prevent
the risk of reocclusion is the use of antiplatelet
agents in combination with rtPA. The most widely
used antiplatelet agent is aspirin, but there is
currently no randomized trial that has assessed the
effect of aspirin in combination with rtPA and it is
even recommended that aspirin should not be started
within the 24 hours after thrombolysis (Adams et al,
2007). However, ~30% of stroke patients treated
by intravenous rtPA receive antiplatelet agents at the
time of their stroke. In the Safe Implementation of
Treatments in Stroke (SITS) International Stroke
Thrombolysis Register (SITS-ISTR), patients who
received aspirin, clopidogrel, aspirin and clopido-
grel, or aspirin and dipyridamole at the time of their
stroke were no more likely to have a good prognosis
than those who did not receive antiplatelet agents
after adjustment for baseline characteristics (Diedler
et al, 2010). The results were in agreement with those
of previous studies (Cucchiara et al, 2009). The issue
of whether intravenous rtPA in combination to
aspirin is superior to intravenous rtPA alone is



currently addressed in the randomized ARTIS
trial (Zinkstok et al, 2010). Combining glycoprotein
IIb/Illa inhibitors with intravenous or intraarterial
tPA has been shown to be feasible and apparently
safe in small observational studies, but no large
randomized studies are available (Deshmukh et al,
2005; Mangiafico et al, 2005; Qureshi et al, 2006).
Considering that the use of abciximab within 5 hours
of stroke onset is associated with an increased risk of
symptomatic or fatal ICH (Adams et al, 2008), the
approach combining abciximab and intravenous rtPA
is likely to be illusory. The randomized CLEAR study
assessed the safety of the eptifibatide in combination
with intravenous rtPA within 3hours of acute
stroke (Pancioli et al, 2008). The combination was
apparently safe and, although there was no trend
toward efficacy, a new trial is currently ongoing
(http://www.strokecenter.org/trials/trialDetail.aspx?
tid =995).

Based on experimental data and early human
experience, hypothermia appears a promising neu-
roprotective therapy for acute ischemic stroke.
Hypothermia could improve the efficacy and poten-
tially extends the time window for tPA-induced
reperfusion. The recent ICTuS-L trial assessed
the feasibility and safety of induced hypothermia
after ischemic stroke and thrombolysis. Fifty-nine
patients were randomized to receive either hypother-
mia (33°C) immediately after rtPA-induced thrombo-
lysis for 24 hours, followed by 12 hours of controlled
rewarming or normothermia (Hemmen et al, 2010).
Target temperature was reached in 20/28 patients. At
3 months, 18% of patients treated with hypothermia
had good outcome compared with 24% in the nor-
mothermia group. A higher rate of pneumonia was
reported in the hypothermia group (50% vs. 10%,
P=0.001). A large European randomized trial asses-
sing the efficacy of hypothermia in acute ischemic
stroke is ready to begin (Macleod et al, 2010).

Finally, another very promising approach is to
improve the selection of patients who are most likely
to benefit from thrombolysis, i.e., those who still
have salvageable cerebral tissue (ischemic penum-
bra). EPITHET has shown that mismatch on magnetic
resonance imaging treatment by tPA was associated
with attenuation of infarct volumes and nonsignifi-
cant better functional recovery at 3 months (Davis
et al, 2008). This tissue-based approach could also be
applied in patients with unknown-onset or wake-up
stroke (Mackey et al, 2011; Barreto et al, 2009). A few
thrombolysis trials with penumbra assessment have
been carried out, most showing encouraging results,
and new trials are currently ongoing (see Donnan
et al, 2009 for review).

Safety of Recombinant Tissue-Type Plasminogen
Activator-Induced Thrombolysis

The most serious complication of rtPA treatment is
the occurrence of a large ICH, most often in the core
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of the cerebral infarction. When this complication
occurs, there is a fatality rate of ~50%. There have
been several definitions of symptomatic ICH after
rtPA treatment in trials and safety-monitoring
studies, all based on computerized tomography scan
imaging. Most studies defined symptomatic ICH as
any hemorrhage associated with neurologic dete-
rioration, as indicated by an increase in the NIHSS
score of 4 or more points (Hacke et al, 1995;
Wahlgren et al, 2007). However, clinical deterio-
ration in patients with ICH could also be due
to an increase in cerebral infarction or cerebral
edema, coinciding with hemorrhagic transformation.
Thus, in ECASS 1II, the ICH had to have been
identified as the predominant cause of the neuro-
logic deterioration to be considered symptomatic
(Hacke et al, 2008).

After the publication of the NINDS and other trials,
there have been concerns over the applicability of
rtPA in daily practice, especially regarding the risks
of ICH. In NINDS trial, the risk of symptomatic ICH
was 6.4% in the rtPA group compared with 0.6% in
the placebo group (P<0.001). The largest safety-
monitoring study is the SITS-MOST (Wahlgren et al,
2007; Ahmed et al, 2010). The study was requested
in 2002 by the European Medicines Agency, along
with ECASS III, in order to reassess the benefit/risk
profile of rtPA for the thrombolytic treatment of acute
ischemic stroke. The main aim of SITS-MOST was to
investigate whether rtPA within 3 hours of ischemic
stroke symptoms, in accordance with the European
summary of product characteristics, was as safe as
reported in randomized trials when incorporated
into clinical practice. The study was part of an
existing SITS-ISTR, an Internet-based academic
interactive register, which also recruited sites from
countries outside Europe and included patients
who did not meet the inclusion or exclusion criteria
of SITS-MOST, in particular those treated up
to 4.5 hours after stroke onset. The first analysis of
6,483 patients treated within 3 hours of stroke onset
(from 2002 to 2006) confirmed that the rate of
symptomatic ICH and the clinical outcomes (propor-
tion of patients with a good clinical outcome and
death rates) were similar to those observed in clinical
trials (Wahlgren et al, 2007). Moreover, the initial
publication of the SITS-ISTR registry suggested that
patients could be treated safely beyond the 3-hour
time window (Wahlgren et al, 2008). After adjust-
ment for baseline imbalances, the rate of sympto-
matic ICH was significantly higher in patients treated
within 3 to 4.5hours than in those treated within
3 hours according to the SITS-MOST and ECASS II
definitions, but not according to the NINDS defini-
tion and absolute differences were small. However,
patients treated within 3 to 4.5hours had also a
higher mortality and were less likely to be function-
ally independent at 3 months. In both time windows,
the rate of death attributable to symptomatic ICH was
1%. In the pooled analysis of ATLANTIS, ECASS,
EPITHET, and NINDS trials, the rate of symptomatic
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ICH did not increase with onset-to-treatment
time whereas mortality did (Lees et al, 2010). The
mechanisms for this excess mortality are debated,
as there was no parallel time-related increase in
severe parenchymal hemorrhage. Importantly, the
SITS-ISTR analyses have also shown that there
has been a rapid implementation of thrombolysis
with rtPA beyond the 3-hour time window after
the publication of the ECASS III trial and the SITS-
ISTR study, but that the widening of the time
window has not resulted in delayed treatment
of patients.

Several clinical, biological, and imaging predictors
of ICH have been identified (Derex and Nighoghos-
sian, 2008). Although longer stroke onset-to-treat-
ment time may theoretically be associated with a
higher risk of ICH, most studies and the pooled
analysis of randomized trials failed to show an
association between timing of rtPA administration
and symptomatic ICH. There is very few evidence on
the benefit/risk profile of rtPA in patients over
80 years from randomized trials. Yet, ~25% of
stroke patients in developed countries are aged over
80 years, and this proportion will increase over the
next decades. The NINDS included only 42 patients
over 80 and other trials did not enroll those patients.
Thus, thrombolytic therapy is not currently licensed
for patients >80 years in the European Union.
By contrast, most safety-monitoring studies
have included patients without an age limit and
most stroke centers use rtPA in elderly patients. In
published safety-monitoring studies, old age is
associated with poor clinical outcome and with an
increased risk of symptomatic ICH (Wahlgren et al,
2008). Of note, a small uncontrolled retrospective
study showed that patients aged over 90 years
(n=22) have poor outcomes at 30 days and a high
mortality rate after intravenous thrombolysis
(Mateen et al, 2009). However, an analysis of the
SITS-ISTR showed that age over 80 years was not
associated with an increased risk of symptomatic
ICH after adjustment for other ICH risk factors.
Moreover, in an adjusted-controlled comparison
with nonrandomized patients who did (SITS-ISTR)
and did not (VISTA collaboration) receive rtPA, the
net benefit of rtPA was maintained in very elderly
people (Mishra et al, 2010). Additionally, a retro-
spective study comparing the outcome of patients
aged over 80 years (n=33) with their younger
counterparts (n=81) after intraarterial thrombolysis
reported equivalent rate of symptomatic ICH (7% vs.
8%, respectively). Accordingly, data from the
Canadian Alteplase For Stroke Effectiveness Study
showed that aging was not associated with an
increased risk of symptomatic ICHs (Sylaja et al,
2006). Finally, although patients over 80 years were
not included in ECASS III, the benefit of rtPA did not
decrease with age (Hacke et al, 2008). Taken together,
these data suggest that well-selected elderly patients
otherwise fulfilling the intravenous rtPA license
criteria are appropriate candidates for thrombolysis
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(Ford et al, 2010). The International Stroke Trial-3
and the Thrombolysis in Elderly Stroke Patients trial
are currently recruiting such patients (Sandercock
et al, 2008; Toni and Lorenzano, 2009). Apart age, the
main well-recognized risk factors for symptomatic
ICH include clinical stroke severity (e.g., defined by
a baseline NIHSS >20), elevated postthrombolysis
blood pressure (Ahmed et al, 2009), history of
diabetes mellitus or elevated pretherapeutic blood
glucose (Derex and Nighoghossian, 2008; Ahmed
et al, 2010), low platelet count (Tanne et al, 2002),
the use of antiplatelet agents, and early ischemic
changes occupying >33% of the middle cerebral
artery territory (Larrue et al, 2001). In SITS-ISTR, the
absolute excess of symptomatic ICH was small in
patients who received antiplatelet agents (highest in
those receiving aspirin and clopidogrel), but was not
associated with a poor functional outcome or higher
mortality rate at 3 months (Diedler et al, 2010). It is
also important to underline that patients taking
warfarin seem to have a higher risk of symptomatic
ICH than those not taking warfarin despite an
international normalized ratio <1.7 (as permitted
in most guidelines) (Prabhakaran et al, 2010).
Other radiological potential risk factors for sympto-
matic ICH are diffusion-weighted imaging lesion
size, severity of decrease in apparent diffusion
coefficient, presence of microbleeds, and leukoar-
aiosis (Derex and Nighoghossian, 2008; Touzé, 2009).
Interestingly, early recanalization does not seem
to increase the risk of symptomatic ICH (Saqqur
et al, 2008).

A few studies have shown that the use of bio-
markers, such as matrix metalloproteinases (MMPs,
especially MMP-9), may help identify patients at
high risk of symptomatic ICH (Derex and Nighoghos-
sian, 2008). These proteinases, which are released at
the acute stage of ischemia, increase the blood—brain
barrier (BBB) permeability as they damage some
components of the vessel and the basal lamina. High
plasmatic levels of vascular adhesion protein 1 and
cellular fibronectin have also been associated with
symptomatic ICH after thrombolytic treatment
(Hernandez-Guillamon et al, 2010; Castellanos et al,
2004, 2007). This approach seems promising, but
more data are needed before biomarkers can be used
to select the best candidates for thrombolysis.

In intravenous—intraarterial thrombolysis studies,
the risk of symptomatic ICH was up to 10%
according to ECASS-II definition, which is higher
than that observed in patients treated with intra-
venous tPA alone (IMS Study Investigators, 2004;
IMS 1II Trial Investigators, 2007; Mazighi et al, 2009).
This higher rate of symptomatic ICH can be related
to the severity of stroke and to the technique itself.
Indeed, intraarterial procedure requires the use
of heparin and microcatheter contrast injections
increase the risk of ICH (Khatri et al, 2008). In IMS,
internal carotid occlusion and atrial fibrillation were
also independent risk factor for symptomatic ICH
(Khatri et al, 2008).



Tissue-Type Plasminogen Activator-
Mediated Thrombolysis in Ischemic
Stroke: Bench Side

Clinical trials and daily use of thrombolysis have
highlighted that rtPA has several drawbacks in acute
stroke setting. Most of the effects of rtPA can be
replicated in ischemic stroke animal models. For
instance, volumes of ischemic lesions are signifi-
cantly smaller in tPA-deficient mice compared with
nondeficient mice (Wang et al, 1998; Nagai et al,
1999). Similarly, inhibition of tPA in a murine stroke
model results in a decrease in ischemic lesion
volumes (Yepes et al, 2000). Also, we have shown
that the use of rtPA in a thromboembolic stroke
murine model was associated with deleterious
effects when infused at a late stage after stroke onset
(=4 hours) and that these deleterious effects could
not be only explained by the increase in the risk of
hemorrhage (Orset et al, 2007; Macrez et al, 2010;
Garcia-Yébenes et al, 2011). Consequently, tPA is a
double-sided molecule, with beneficial effects due
to its fibrinolytic activity and deleterious effects
increasing with time after stroke onset that counter-
act the global benefits of reperfusion (Benchenane
et al, 2004).

Deleterious Effects of Tissue-Type Plasminogen
Activator in Experimental Stroke Include Both Actions
in the Blood and in the Brain Parenchyma

In the circulation, main substrate for endogenous or
exogenous tPA is plasminogen, which promotes
thrombolysis (Figures 2 and 3). By contrast, in
the brain tissue, tPA substrates extend above tPA/
plasmin(ogen)-driven extracellular matrix degrada-
tion (Figure 3). Indeed, tPA has been reported to
interact with the low density lipoprotein receptor-
related protein (LRP), the N-methyl-D-aspartate
(NMDA) receptor, and annexin-II both in glial cells
and in neurons resulting in parenchymal cell death
(Siao and Tsirka, 2002; Polavarapu et al, 2007, 2008;
Nicole et al, 2001; Yepes et al, 2009).

Tissue-Type Plasminogen Activator at the
Blood-Brain Barrier

A growing body of evidence indicates that tPA
mediates increase in the permeability/leakage of the
BBB (Lo et al, 2002). The pathways described are
multiple and involve several components of the
neurovascular unit (Figure 2). Indeed, in an embolic
stroke animal model, treatment with rtPA induces
the extravasation of Evans blue dye and overactiva-
tion of MMP-3 and MMP-9, two markers of BBB
permeability. Studies in knockout mice argue that
both MMP-9 and MMP-3 are responsible for tPA-
induced parenchymal hemorrhages after stroke.
Additionally, injection of rtPA into the cerebrospinal
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Figure 2 Effect of exogenous and endogenous tPA at the blood—
brain barrier (BBB). (1) Tissue-type plasminogen activator
(tPA)-mediated plasminogen activation promotes clot lysis
and subsequent blood flow restoration. (2) tPA interacts
with endothelial LRPs, leading to NFxB activation and MMPs
overexpression. (3) tPA can shed the ectodomain of astrocytic
LRP receptors, inducing detachment of astrocytic end-feet
processes. (4) tPA bound to LRP can activate latent PDGF-CC.
Active PDGF-CC binds PDGF-Ra on perivascular cells leading
to BBB opening. LRP lipoprotein receptor-related protein;
MMPs, metalloproteinases; PDGF-CC, platelet-derived growth
factor-CC.
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Figure 3 Tissue-type plasminogen activator (tPA) in the brain
parenchyma. In the brain parenchyma, tPA, released by
neurons, was reported to potentiate NMDA receptors signaling
to display either neurotrophic or neurotoxic effects, to reduce
apoptotic neuronal and oligodendroglial deaths, to activate
microglia after binding to annexin Il and LRP and to be
cleared from the extracellular space by astrocytes through an
LRP-dependent mechanism. LRP, lipoprotein receptor-related
protein; NMDA, N-methyl-D-aspartate receptor; EGF, epidermal
growth factor.
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fluid induces a dose-dependent increase in perme-
ability of the BBB, and this effect is inhibited by
treatment with either the receptor-associated protein
(an antagonist of the LRP) or by anti-LRP antibodies
(Yepes et al, 2003). Since endothelial expression of
LRP gradually increases during oxygen glucose
deprivation (Suzuki et al, 2009), this could explain
the observed time-dependent increase in hemorrhage
rate after thrombolysis. In addition, it has been
recently demonstrated in experimental models that
expression of LRP also increased in perivascular
astrocytes early after the onset of the ischemic insult
onset and that its interaction with both endogenous
and exogenous tPA-induced shedding of its ecto-
domain into the vascular basement membrane.
Altogether, these events were associated with detac-
hment of astrocytic end-feet from the basal lamina
and subsequent increased BBB permeability (Pola-
varapu et al, 2007). In addition, it has been reported
that rtPA could mediate the local activation of
latent platelet-derived growth factor-CC (PDGF-CC)
and subsequent activation of PDGF-o receptors on
pericytes after cerebral ischemia (Macrez et al,
2011a, b), an effect leading to hemorrhagic transfor-
mation (Su et al, 2008). Indeed, intraventricular
injection of rtPA or active PDGF-CC, in the absence
of ischemia, led to significant increase in BBB
permeability. In contrast, coinjection of neutralizing
antibodies to PDGF-CC with tPA blocked this
increased permeability, indicating that PDGF-CC is
a downstream substrate of tPA within the BBB. Since
ischemia—reperfusion alone induces time-dependent
changes in BBB integrity (Hamann et al, 1996),
blood-derived tPA can reach the brain parenchyma
and interact with all the components of the neuro-
vascular unit.

Tissue-Type Plasminogen Activator Within the
Brain Parenchyma

In the brain parenchyma, tPA had initially been
shown to promote kainate-induced neurotoxicity
(Tsirka et al, 1995) and then to potentiate NMDA
receptor signaling, with several potential mechan-
isms: (1) an upregulation of NR2B-containing
NMDA receptors (Pawlak et al, 2005); (2) a cataly-
tic-independent activation of an ERK1/2-GSK3 signal
transduction pathway (Medina et al, 2005); (3) the
plasmin-independent proteolytic cleavage of the
amino terminal domain of the NMDA receptor NR1
subunit (Nicole et al, 2001; Fernandez-Monreal et al,
2004; Benchenane et al, 2007); (4) an overactivation
of extrasynaptic NR2D-containing NMDA receptors
(Baron et al, 2010). Although the fine mechanism
remains debated, tPA should be now considered as a
neuromodulator of glutamatergic signaling mediated
by NMDA receptors (Benchenane et al, 2007; Samson
and Medcalf, 2006) leading to an increased calcium
influx, overactivation of MAP kinase ERK1/2 signal-
ing and finally to an increased neurotoxicity. It is
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also interesting to note that NMDA-dependent
nitric oxide production has been recently demon-
strated to be dependent on tPA (Parathath et al,
2006), unveiling a possible role of tPA in the control
of local cerebral perfusion. In contrast to its
well-admitted exacerbating effect on neuronal
excitotoxic necrosis (Nolin et al, 2008), tPA modu-
lates apoptotic neuronal (Liot et al, 2006) and
oligodendrocyte death independently of its proteo-
lytic activity (Correa et al, 2011). Together with the
previous observations that nonproteolytically active
tPA can activate microglia after binding to annexin II
(Siao and Tsirka, 2002), these antiapoptotic mechan-
isms of tPA strongly support the notion of a
‘cytokine-like’ or even ‘neurotrophic-like’ function
of this molecule. However, these data are in contra-
diction with other reports (Pawlak et al, 2005; Liu
et al, 2004), suggesting that tPA promoted NMDA-
induced apoptosis. The protection of oligodendro-
cytes from apoptosis provided by exogenous tPA
(Correa et al, 2011) raises the intriguing possibility
that thrombolysis could improve stroke outcome
even when arterial reperfusion fails. Since inter-
action of tPA with oligodendrocytes is mediated
by its EGF domain, it is also interesting to note that
other plasminogen activators lacking the EGF
domain (such as reteplase) should be devoid of these
protective effects.

Tissue-Type Plasminogen Activator and
Cerebrovascular Inflammation

Interaction of tPA with glial cells raises questions
about the influence of thrombolysis on poststroke
inflammation. Indeed, cerebral ischemia/reperfusion
rapidly leads to the release of pro-inflammatory
cytokines (including TNF and IL-1B) (Zhang et al,
1999; Stoll et al, 1998) from injured brain tissues
(especially from activated microglia). Subsequently,
brain microvascular endothelial cells are activated
and express adhesion molecules (ICAM-1, VCAM-1,
E-Selectin) allowing transendothelial migration
of circulating cells (Frijns and Kappelle, 2002). In
the subacute stage, resident and infiltrating cells
produce MMP (Gidday et al, 2005) and inflammatory
cytokines. Altogether, these phenomena increase
BBB permeability and further amplify inflammatory
response, eventually leading to hemorrhagic trans-
formation and neuronal death (for review of the
role of MMPs in neuroinflammation, see Rosenberg,
2002). Interestingly, microglial activation was
demonstrated to be significantly decreased in tPA-
deficient mice (Rogove et al, 1999). Mice lacking LRP
on microglia have reduced ischemic edema and
reduced MMP-9 elevation after stroke (Zhang et al,
2009), suggesting that tPA interaction with microglial
LRP contributes to the development of inflammation,
BBB leakage, and cerebral edema. Notably, delayed
tPA treatment in rats increases endothelial expres-
sion of ICAM-1 and neutrophil accumulation.



Accordingly, strategies blocking leukocyte adhesion
or activation increase therapeutic time window for
thrombolysis in preclinical studies (Zhang et al,
1999; Bowes et al, 1995). It has been demonstrated
that direct interaction of endothelial LRP receptors
with tPA induces NFkB activation and subsequent
overexpression of MMP-3, bypassing the need to
cross BBB to induce inflammation (Suzuki et al,
2009). Moreover, crosstalk between inflammation
and thrombosis could further induce deleterious
effects (Evangelista et al, 1996). Indeed, delayed
thrombolysis also increases tissue factor and Von
Willebrand factor expression by endothelial cells, an
effect associated with increased fibrin and platelets
deposition in ischemic brain vessels (Zhang et al,
2005a,b). By impairing microcirculation patency
through platelets, fibrin and leukocytes accumula-
tion, tPA-induced endothelial inflammation could
counteract the beneficial effects of upstream arterial
recanalization.

Tissue-Type Plasminogen Activator and
Platelet-Derived Serpins

After arterial recanalization, platelets (among other
blood components) accumulate on the injured
vasculature and thus, could impair reperfusion.
Since thrombolytic effects of tPA are mediated by
plasmin, which degrades fibrin, tPA-induced throm-
bolysis is significantly more efficient on fibrin-rich
clots than on platelet-rich clots (Levi et al, 1992; Zhu
et al, 1999). But other factors may contribute to the
limited efficiency of tPA on platelet-rich clots.
Indeed, on activation, platelets release large amounts
of plasminogen activator inhibitor type 1 (a serine
protease inhibitor or serpin), which inhibits tPA
proteolytic activity and blocks plasminogen activa-
tion. Accordingly, plasminogen activator inhibitor
type 1 blockade promotes tPA-mediated thromboly-
sis in experimental models. Recently, it has also been
shown that protease nexin 1, which accumulates in
thrombus because of its presence in platelets, also
impairs tPA-mediated thrombolysis by direct inhibi-
tion of fibrin bound plasmin (Boulaftali et al, 2011).
Altogether, these mechanisms decrease thrombolysis
efficiency on platelet-rich clots and could contribute
to the low recanalization rate of ischemic stroke
patient treated with tPA. Whether platelet-derived
serpins could alleviate tPA-induced BBB injuries
remains, however, to be investigated.

Tissue-Type Plasminogen Activator and Ageing

Whereas most of the preclinical studies are con-
ducted in young and healthy animals, ischemic
stroke mainly occur in elderly people with increased
vascular risk factors and comorbidities (Jaramillo et
al, 2006). Interestingly, it has been demonstrated that
ageing was associated with a decrease in expression
and activity of tPA in the brain parenchyma of mice,
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and that this was associated with a decrease
ischemic lesion volumes and with protection of
the barrier function of the neurovascular unit
during cerebral ischemia (Roussel et al, 2009). Thus,
although controlling the endogenous availability
of tPA could be of therapeutic interest, its trans-
criptional regulation in nerve cells remains poorly
investigated (Shin et al, 2004; Lee et al, 2008).
Interestingly, it has been recently proposed that the
transcription of the neuronal tPA may be influenced
by epigenetic regulation (Obiang et al, 2011).

Can We Improve the Efficacy/Safety Ratio of
Tissue-Type Plasminogen Activator?

The risk of hemorrhagic transformation carried by
the use of tPA has initiated an era of investigation for
alternative thrombolytic agents. With advances in
DNA technology, chemistry and proteomics, several
second and third generation of tPA derivatives,
genetically engineered molecules targeting the blood
clot and even ‘exotic’ plasminogen activators have
progressively reached clinical trials, including Strep-
tokinase, DSPA, Tenecteplase (TNK-tPA), Micro-
plasmin, Reteplase, Ancrod, and Pro-urokinase.
However, none has demonstrated benefits so far.
Conceptually, the ideal thrombolytic agent should be
an effective fibrinolytic agent, devoid of harmful
effects on brain cells and BBB. It has been recently
demonstrated that the minimal structural require-
ments for tPA-mediated pro-excitotoxic activity is
reteplase, i.e., K2 and protease domains (Lopez-
Atalaya et al, 2008). Using an in vitro model of BBB,
it has been shown that like tPA, DSPA can cross the
intact BBB by an LRP-dependent transcytosis but
that, unlike tPA, its passage remains LRP dependent
when the BBB is leaky (Lépez-Atalaya et al, 2007).
Moreover, intravenous but not intrastriatal coadmi-
nistration of DSPA antagonizes the pro-neurotoxic
effect of intravenous tPA. This may be caused by a
competition between DSPA and tPA for LRP binding
at the BBB, thus effectively blocking tPA access to
the brain parenchyma (Lépez-Atalaya et al, 2007).
Moreover, in contrast to tPA, DSPA, lacking a kringle
2 domain, has been shown to be devoid of pro-
excitotoxic activity in vitro and in vivo (Liberatore
et al, 2003; Lopez-Atalaya et al, 2007). Accordingly, a
tPA-derived molecule, with ‘inactive’ K2 and with
point mutations to prevent interaction with LRP
would be in theory unable to cross the BBB and
unable to exacerbate excitotoxic damages. In addi-
tion, the lack of Finger domain would also reduce
microglial activation. Adding point mutations like
those performed in Tenecteplase could also boost the
overall benefit achievable with this ideal tPA-like
molecule, but this remains to be established. Because
the effect of tPA on BBB permeability seems to be a
cell signaling event mediated by its interaction
with LRP, the combined therapy of tPA and LRP
antagonists (i.e., receptor-associated protein) could
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be useful not only to limit tPA crossing through the
BBB, but also to block its interaction with astrocytic
LRP, inhibiting in that way the activation of cell
signaling pathways that may lead to increase in BBB
permeability. By using a strategy of active immuniza-
tion in mice, preventing the interaction of tPA
with NMDA receptor, it has been shown that
targeting the ability of tPA to potentiate NMDA
receptor signaling led to reduced excitotoxic and
ischemic brain injuries (Benchenane et al, 2007;
Macrez et al, 2010, 2011a, b). These data provide a
proof of concept that targeting deleterious effects of
tPA should improve the benefit of thrombolysis
either by reducing its direct neurotoxicity or by
increasing its therapeutic window. Interestingly,
other combined strategies to improve stroke therapy
have been reported in experimental models (Table 1).
For example, a hexapeptide (EEIIMD) corresponding
to amino acids 350 to 355 of plasminogen activator
inhibitor type 1 known to bind to the docking site of
tPA abolished the tPA-induced increase in infarct
size and intracranial bleeding in both mechanical

and embolic models of stroke in rats, and reduced
brain edema and neuronal loss after traumatic brain
injury in pigs (Armstead et al, 2006). Notably,
the widely used HMG-CoA reductase inhibitors
(statins) have been reported to enhance thrombo-
lysis efficiency through multitargeted effects on
cerebrovascular integrity (Zhang et al, 2005a, b; Liu
et al, 2006). Activated protein C, a serine protease
with anticoagulant activities, has also been recently
reported to be an interesting target, since it counter-
acts tPA toxic effects on neurons, endothelial cells,
and BBB in vitro and in vivo (Cheng et al, 2006;
Griffin et al, 2007).

Conclusion

Thrombolytic therapy using recombinant human tPA
is a widely accepted therapy for acute stroke.
However, despite an important advance in the
management of stroke patients, more research is
needed to increase the benefit and safety of tPA.

Table 1 Relevant adjunctive therapy to tPA reported in the last 5 years

Study Adjunctive therapy

Results

Macrez et al
(2011a, b)

Antibodies targeting the amino
terminal domain of the NR1 subunit
of the NMDA receptor (¢ATD-NR1)

Zhu et al (2010) Annexin A2

oATD-NR1 prevents tPA-mediated excitotoxic neuronal death and
increases the therapeutic window of thrombolysis

Compared with high dose tPA alone, the combination of annexin A2 and

low dose tPA extends the therapeutic window and attenuates
hemorrhagic transformation

Liu et al (2010) 17B-Estradiol (E2)

E2 blocks tPA-induced increases in MMP2/9. E2 extends the therapeutic

window of tPA

Suzuki et al (2009) Receptor-Associated Protein

(RAP, an LRP antagonist)

Wang et al (2009) Rosiglitazone (a PPARy agonist)

RAP blocks tPA-mediated LRP-dependent MMP3 induction in
endothelial cells and attenuates hemorrhagic transformation

It prevents MMP9 activation and attenuates inflammation, thus

increasing the therapeutic window of tPA

Murata et al (2008) Minocycline

Minocycline decreases plasma MMP9 levels, reduces infarction and

Zhang et al (2008)
Wang et al (2008)
Su et al (2008)
Okubo et al (2007)
Romanos et al
(2007)

Cheng et al (2006)
Armstead et al

(2006)
Chen et al (2006)

S-0139, an endothelin type A
receptor antagonist

Melagatran (a direct thrombin
inhibitor)

Imatinib (PDGFR-o antagonist)
FK-506 (tacrolimus)

Uric acid (UA)

Activated Protein C (APC)

EEIIMD (hexapeptide)

Melatonin

ameliorates brain hemorrhage. It also increases the therapeutic window
of tPA

S-0139 suppresses ischemia- and tPA-triggered molecules related to
thrombosis and increases the tPA therapeutic window

It enhances thrombus dissolution and prevents microthrombosis.
Combination treatment is superior to each treatment performed alone

Imatinib reduces cerebrovascular permeability and hemorrhagic
transformation after late thrombolysis

FK-506 increases therapeutic window of tPA without increasing the risk
of hemorrhagic transformation

UA reduces tyrosine nitration, reduces brain neutrophil infiltration and
further increases the benefits of thrombolysis

APC inhibits tPA-induced MMP9 pathway and reduces tPA-mediated
hemorrhage

EEIIMD abolishes tPA-induced increase in infarct size and intracranial
bleeding

Melatonin attenuates BBB permeability and hemorrhagic transformation
after thrombolysis

NMDA, N-methyl-D-aspartate; tPA, tissue-type plasminogen activator; MMP, metalloproteinase; LRP, lipoprotein receptor-related protein; PPARYy, peroxisome
proliferator-activated receptor gamma; PDGFR-a, platelet-derived growth factor receptor o; BBB, blood-brain barrier.
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First, a number of efforts remain to be done to ensure
that patients are promptly identified and efficiently
treated. Second, combined strategies to increase the
rate of recanalization and prevent early reocclusion
are warranted. Third, the selection of the best
candidates for thrombolysis using imaging of the
ischemic penumbra is very promising. Finally, there
seems to be a potential for targeted strategies to
prevent the induction of brain toxicity and hemor-
rhagic complications by tPA. Elaboration of such
brain cocktails requires strong collaboration between
researchers and clinicians.
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