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Abstract
Background—Ischemic stroke is a leading cause of morbidity and mortality worldwide and
recombinant human tissue-type Plasminogen Activator (tPA) is the prominent among very few
therapeutics used in its treatment. Due to complications attributed to the drug, most notably
transformation of ischemia to hemorrhage, tPA is used only in a small number of ischemic stroke
cases, albeit significantly more often in specialized stroke centers.

Objective—What are the mechanisms of tPA action and side-effects in ischemic stroke and can
the knowledge about these mechanisms aid in making tPA a more efficacious and safe therapeutic
or in developing alternative therapeutics?

Methods—tPA use and alternative/combination therapies in acute ischemic stroke treatment are
summarized. The review focuses on literature concerning tPA neurotoxicity and its implications
for further development of tPA as a stroke therapeutic.

Results/Conclusion—Exogenously administered recombinant tPA and endogenous tPA have
both turned into promising therapeutic targets for the stroke patient.
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Introduction
Stroke is the 3rd most common cause of death in the US after heart disease and cancer and a
major source of disability. According to the World Health Organization, 15 million people
suffer stroke worldwide each year. Of these, 5 million die and another 5 million are
permanently disabled. 80% of stroke cases are of the ischemic type, in which a blood clot
occludes a blood vessel supplying the brain [1]. The clot may form locally (thrombotic
stroke) or it may form elsewhere in the body and then travel to the brain vasculature
(embolic stroke). The sensitive brain tissue is quickly damaged from the reduced blood flow
and oxygenation, unless the clot is removed or dissolved and blood flow is restored. Tissue
type Plasminogen Activator is a blood factor/protein orchestrating the breakdown of blood
clots and it is exogenously administered in a recombinant form in ischemic stroke patients to
aid the endogenous fibrinolytic processes in dissolving the clot. Various modifications have
been made to the recombinant form of tPA to enhance its pharmacokinetic and
pharmacodynamic properties, primarily to increase its short half-life in the systemic
circulation and increase its fibrin specificity, accordingly. Thus far, these modifications have
not reduced the possibility of side-effects, primarily the hemorrhagic conversion that takes
place leading to intracranial hemorrhages, which limit the use of tPA in ischemic stroke. The
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biology of tPA toxicity on the neurovascular unit and the brain parenchyma has been studied
for more than a decade and may suggest ways to reduce tPA side-effects while maintaining
its thrombolytic efficacy. This review briefly overviews tPA as a means of stroke treatment
and examines how it has evolved into a target of stroke therapy.

The biology of tPA in the fibrinolytic system
Blood clots are formed from the aggregation of activated platelets onto fibrin meshes. The
breakdown of the fibrin meshes is achieved by plasmin, a broad spectrum protease found in
the blood as an inactive zymogen, plasminogen. Plasmin cleaves fibrin thus breaking down
the meshwork of the clot, and it is extremely short lived; it is quickly inactivated by α2-
antiplasmin, an abundant inhibitor that restricts the action of plasmin to the vicinity of the
clot (reviewed in [2] and [3]). Successful fibrinolysis is achieved by adequate generation of
plasmin from plasminogen by one of two Plasminogen Activators (PAs), the tissue-type
Plasminogen Activator (tPA) and the urokinase-type Plasminogen Activator (uPA). The two
are thought to have redundant functions in the fibrinolytic system, since genetic deletion of
either one is not accompanied by major fibrinolytic defects, and only tPA/uPA doubly
deficient mice display phenotypes similar to plasminogen deficient ones [4, 5]. As opposed
to uPA, the activity of tPA is itself regulated by binding to fibrin, which increases its
catalytic efficiency [6, 7]. Thus, the formation of the clot initiates, with the generation of
fibrin, the fibrinolytic/ clot dissolving cascade. The catalytic activity of tPA in the
bloodstream is terminated with the binding of (a) protein inhibitor(s), primarily the
Plasminogen Activator Inhibitor 1 (PAI 1) [8]. The inactive PAI 1-bound tPA is cleared
from the circulation by the liver via a scavenger receptor, the LDL Receptor Related Protein
1 (LRP1) [9]. LRP1 also binds catalytically active tPA, but with lower affinity [10]. A
neuronal-specific inhibitor of tPA, neuroserpin, is the primary modifier of tPA activity in the
nervous system [11, 12]. Inhibited tPA-neuroserpin complexes are internalized by LRP1,
similarly to tPA-PAI 1 complexes [13]. The half-life of tPA in the bloodstream is rather
short, 5-10 minutes in humans, as a result of PAI-1-mediated inhibition and LRP1-mediated
liver uptake [14]. Carbohydrate side chains added to the backbone of tPA protein also play
important roles in the clearance of tPA from the bloodstream and forms of tPA with longer
half lives have been generated by mutating the glycosylation sites of tPA (reviewed in [15]).

tPA is a secreted serine protease consisting of a single polypeptide chain with 3 or 4
glycosylation sites and numerous disulfide bonds in its secondary structure [16, 17]. The
action of plasmin cleaves tPA into an N-terminal light chain and a C-terminal heavy chain
still held together by disulfide bonds [18]. Two-chain tPA has higher catalytic efficiency
compared to the single chain form and is essentially constitutively fully active, contrary to
the single chain form which only becomes fully active upon binding to fibrin [19]. The
catalytic domain of tPA lies towards its C-terminal end and comprises the light chain of the
protease [20, 21]. The protein also contains the following domains: an N-terminal
fibronectin type III finger domain, an epidermal growth factor-like domain and two kringle
domains [16, 22]. Plasminogen binds to the second tPA kringle domain and fibrin binds to
the finger domain and the second kringle domain. Finally, inhibition by PAI 1 is achieved by
covalent binding of PAI 1 to the catalytic domain and the formation of a complex [21]. The
presence of the additional domains beyond the catalytic one not only allows for regulation of
the catalytic function, but also suggests hitherto unknown interactions and potentially
functions. Indeed, both fibronectin finger and growth factor domains are known modalities
involved in protein-protein interactions.
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tPA as a thrombolytic in stroke
The use of tPA in ischemic stroke has been the subject of numerous recent reviews, so that
only key concepts are being mentioned here and the interested reader is referred to such
reviews for more information [23, 24, 25, 26, 27, 28].

Recombinant human tPA produced in mammalian cell lines was introduced as a
thrombolytic agent in selected cases of stroke following the results of the National Institute
of Neurological Diseases and Stroke (NINDS) study in 1995 [29]. This study consisted of
two independently powered trials that both showed clinical benefit from the use of tPA. A
European study conducted around the same time also showed clinical improvement, albeit
more modest, and the use of tPA was not recommended, for fear that eligible patients could
not be easily identified [30]. A second European and Australian study showed no benefit
from tPA [31], a fact which delayed the use of the protease in Europe until 2002 when a
license was granted, provided that an observational safety study was conducted to assess the
safety profile of tPA in routine clinical practice. The results of this study were recently
published and confirmed the positive effect of tPA [32], thus further relieving reservations
concerning its use as a thrombolytic in stroke. However, tPA is still used only in a small
number of ischemic stroke cases (3-8%, [33]), but this percentage greatly increases in
specialized stroke centers [28].

The rationale behind the use of tPA in ischemic stroke is that by breaking down the clot,
recanalization of the occluded blood vessel occurs. The restoration of blood vessel patency
is meaningful, however, only if the brain tissue of the ischemic area is still viable.
Unfortunately, brain tissue is metabolically very active and thus very sensitive to ischemia.
The core of the area serviced by the occluded vessel becomes necrotic very quickly, whereas
the periphery, which receives some perfusion by adjacent non-ischemic regions, is still
salvageable within a reasonable time frame of a few hours, and is referred to as the
penumbra. Thrombolysis by tPA resulting in successful recanalization potentially saves this
ischemic but still viable penumbra, but it has to be administered quickly. The positive effect
of tPA was clearly demonstrated in the two trials of the NINDS study [29], in which the cut-
off time from symptoms onset to initiation of thrombolysis was set at three hours. The effect
was more moderate in the ECASS study (30), where treatment was initiated within 6h from
stroke onset, but clearer in the subgroup of ECASS patients treated within the first three
hours [34]. Along the same lines tPA showed moderate benefit upon administration between
3 and 5 hours from stroke onset [35]. To date the initial recommendation remains that tPA
should be administered within three hours from stroke onset [29, 36, 32]. This is a narrow
time window since the patient needs to be transferred to the health care unit, and at
minimum a CT scan has to be performed, primarily to exclude the possibility of hemorrhage
and to assess the size of the infarction. Since potentially positive effects have also been
reported with administration of tPA between 3 and 5 hours from stroke onset [35, 36],
clinical trials are under way to further extend the time window for tPA thrombolysis [37,
38].

Time is not the only parameter to be taken into account in the decision to initiate tPA
thrombolysis; novel imaging technologies may aid in the identification of thrombolysis
candidates at late time points. Diffusion-weighted and perfusion-weighted MRIs are being
employed to identify patients with large diffusion-perfusion mismatches [39, 40], i.e.
patients with significant brain areas that still receive some oxygen and nutrients from
adjacent non-ischemic areas by diffusion, although they do not receive any blood flow
directly. These patients are predicted to benefit the most from recanalization which would
restore blood flow to viable, salvageable tissue even after a relatively long time from stroke
onset [40]. Perfusion CTs (PCT) and CT angiography source image (CTA-SI) analysis are
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CT modalities that could substitute for MRIs in cases where an MRI is contraindicated or
not available [41]. However, it should be noted that the usefulness of imaging techniques in
detecting thrombolysis candidates at late time points after stroke onset has not yet been
unequivocally proven. The results of the DEFUSE study [40, 42] are expected to shed light
on this issue.

The need for strict criteria and time-consuming diagnostic procedures prior to the
administration of tPA results from the adverse side-effects of tPA, most notably that of
intracerebral hemorrhagic conversion [43], even though such conversion occurs only in
6-7% of patients. This is considered a result of systemic plasminemia/fibrinolytic activation,
i.e. the tipping of the coagulation/fibrinolysis balance towards the latter side in the systemic
circulation which is thought to disrupt microscopic plugs that physiologically prevent
hemorrhages at transiently injured spots on vessel walls [43, 44]. Although this lytic state
can manifest itself as hemorrhage in different organs, intracranial hemorrhage is the most
dramatic manifestation and can complicate thrombolysis taking place in the body, such as
during myocardial infarction where brain vasculature is otherwise healthy, although not
necessarily. However, it is much more common in ischemic stroke, because brain
vasculature and the Blood Brain Barrier (BBB) are already compromised from the ischemia.
In general, the greater the severity of the ischemia and the longer the time from stroke onset,
the higher the likelihood of hemorrhage ensuing when recanalization of the occluded vessel
occurs in the course of thrombolysis [30]. Moreover, tPA may also directly damage the
cerebrovascular endothelium and disrupt the BBB, as suggested by animal studies discussed
below although evidence from human trials is lacking.

One important issue in the use of tPA in stroke thrombolysis is whether efficient and
permanent recanalization of the occluded vessel occurs. This may be the case with as little
as 10% to 25% of cases [45], as tPA only works on the surface of the clot. Therefore larger
size clots would take a long time to break down. Moreover, tPA is rapidly removed from the
systemic circulation and its thrombolytic effect is quickly lost after termination of its IV
infusion. This short half-life results in inability to act on subsequent and continued vessel
occlusions that occur both in bigger and smaller blood vessels. Attempts at increasing the
dose are hampered by increased incidence of hemorrhagic complications and a potential
solution would be to alter the tPA protein, so that favorable properties (such as fibrin
specificity) are maintained or enhanced and undesirable ones (such as short half life) are
modified or abolished. Mutant forms of tPA exhibiting longer half lives and increased fibrin
specificity have been generated and their specific mutations and properties have recently
been reviewed elsewhere [15]. Although these tPA mutants have been evaluated as
thrombolytics for myocardial infarctions, their use for ischemic stroke is still under
investigation [46, 47, 48, 49]. Another solution would be to locally deliver tPA via an
arterial catheter in the vicinity of the clot (an approach that seems to extend the therapeutic
window) rather than intravenously, so that higher local concentrations and hence higher
fibrinolytic efficiency are achieved. Unfortunately, it appears that systemic plasminemia and
the risk of intracranial hemorrhage are not avoided this way [50]. This method of intra-
arterial tPA administration has been used in combination with the intravenous infusion and
is referred to as bridging therapy [45, 51]. Its disadvantages are that it can only be used in
large artery occlusions, and that it is more interventional, thus requiring more specialized
personnel and equipment for its successful implementation. The appearance of specialized
stroke units circumvents this problem, although the cost remains considerable.

Combination and alternative therapies in stroke
tPA is not the sole plasminogen activator used as a thrombolytic therapeutically.
Streptokinase, a bacterial enzyme derived from species of Streptococcus, is widely used for
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myocardial infarction thrombolysis. Clinical trials using streptokinase in stroke were
terminated before completion, as the use of the thrombolytic was associated with higher
mortality over placebo, most often due to intracranial hemorrhage [52, 53, 54]. An important
point is that streptokinase was most often administered within 6 hours from stroke onset, a
fairly late time point associated with higher incidence of hemorrhagic conversion as
discussed earlier for tPA. Indeed in one study [52], when analysis was restricted to patients
receiving treatment within three hours from stroke onset, moderate benefit from
streptokinase administration was observed, although the number of patients was probably
not high enough for the result to reach statistical significance. Importantly, streptokinase
administration was followed by worse clinical outcomes compared to placebo at the later
time points, while at the same time points tPA showed no benefit over placebo at worst. As a
result, attempts at introducing streptokinase in stroke thrombolysis were abandoned.

Urokinase plasminogen activator (uPA) was tested in the PROACT II study and it resulted
in no improvement in mortality and higher incidence of intracracial hemorrhage [55, 56], for
which reasons it was not introduced in clinical practice. Staphylokinase, another bacterial
enzyme derived from Staphylococcus species is a highly fibrin-specific plasminogen
activator that does not induce systemic plasminemia [57]. Derivatization with
polyethyleneglycol (PEG) has helped increase its half-life [58], but staphylokinase has yet to
be tried clinically in stroke. Desmoteplase (DSPA) is a plasminogen activator derived from
the saliva of the vampire bat Desmodus rotundus [59, 60]. It has a much higher fibrin
specificity compared to tPA [61] and does not share neurotoxic properties attributed to tPA
in mice [62]. Desmoteplase evoked great excitement, but upon being tested in clinical trials
it has yet to prove safe and efficient. More specifically, it has failed to demonstrate any
effect in terms of survival and neurological improvement, although it appeared to produce a
lower rate of intracerebral hemorrhages [63, 64, 65]. A rediscovered thrombolytic is plasmin
itself, which is highly ineffective upon systemic administration due to rapid inhibition from
α2-antiplasmin, as mentioned above. With the advent of intra-arterial administration of
thrombolytics, plasmin reemerged as an attractive thrombolytic candidate, since it only acts
locally in the vicinity of the clot where it is delivered and does not induce any systemic
plasminemia. The downside is that it necessitates highly specialized health care units and
thus increases the cost of thrombolysis [66]. Microplasmin, a mutant form of plasmin
lacking the five kringle domains, cannot be inactivated by α2-antiplasmin, thus making it
suitable for intravenous administration. Microplasmin did not induce intracerebral
hemorrhages compared to tPA in animal models of stroke [67, 68]. A small clinical trial is
underway to investigate the safety and efficacy of microplasmin in stroke thrombolysis [69].

A different concept lies behind the use of ancrod [70, 71] and batroxobin (defibrase) [72].
These two agents cleave fibrinogen, the precursor of fibrin, and essentially tip the balance of
coagulation and fibrinolysis towards the breakdown of clots, since the clot cannot grow in
the absence of its substrate. Defibrinogenating agents are also thought to decrease blood
viscosity, thus increasing blood flow through not completely occluded blood vessels.
Ancrod, derived from pit viper venom is thought to have additional modes of action in
preventing clot formation. However, clinical trial data have not supported the use of
fibrinogen depleting agents in the treatment of stroke [71].

Heparin is an anticoagulant essentially exerting an indirect fibrinolytic effect since it
prevents further clot formation. Despite being tried in many clinical trials (e.g. [73],
reviewed in [74]) it has failed to demonstrate any clinical benefit, but continues to be tried in
the management of stroke [75].

Drugs preventing platelet activation (antiplatelets) are being tested as monotherapies or,
more frequently, in combination with tPA or other thrombolytics. These include traditional
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antiplatelets, such as aspirin [73, 76] or combinations of tPA with more novel antiplatelets,
such as glycoprotein IIb/IIIa inhibitors (abciximab [77, 78] and eptifibatide [79]).
Combinations of tPA with glycoprotein IIb/IIa inhibitors have not yet shown any clinical
benefit; on the contrary, the AbESTT II trial employing abciximab was stopped prematurely
due to excessive incidence of intracerebral hemorrhages. However, clinical trials employing
abciximab and eptifibatide are still ongoing [80, 81, 82]. Finally, another combination under
study is that of argatroban, a thrombin inhibitor, and tPA [83]. An earlier study did not show
increased risk or clinical benefit from the use of argatroban as monotherapy [84]. Similar to
ancrod, batroxobin and heparin, antiplatelets and argatroban act as indirect thrombolytics,
since they interfere with further clot formation.

Mechanical removal of the clot responsible for the occlusion has successfully been
combined with tPA thrombolysis and one such device, the MERCI retrieval device, has been
approved by the FDA for clinical use [85, 86, 87]. Many other devices have been developed
and are being tried with the same rationale [27]. They all require arterial catheterization to
allow the retrieval device to reach the clot. This is also the case for a combination of tPA
with ultrasound alone [88] or combined with micro- or nano-bubbles [89]. The ultrasound
aids in the breakdown rather than the removal of the clot. The bubbles increase the
effectiveness of the ultrasound-mediated clot breakdown.

Finally, tPA thrombolysis is being combined at the experimental level with many different
neuroprotective agents, e.g. drugs that inhibit excitotoxicity and oxygen free radical
generation [90, 91, 92]. Excitotoxicity, which implies neuronal dysfunction and death from
overt excitation, and oxidative stress are two mechanisms thought to underlie the gradual
demise of the ischemic penumbra. Since tPA is essentially the sole therapeutic used in
ischemic stroke, any candidate drug or therapeutic method is or will be combined with tPA
in clinical trials to examine potentially more favorable outcomes with the combination
compared to tPA alone and to attempt to extend the therapeutic window between stroke
onset and treatment.

The neurotoxicity of tPA
Several animal studies over the last 10-15 years have suggested that tPA has neurotoxic
properties, a fact which may provide some insight into the incidence of side effects
associated with its use clinically.

Tissue culture experiments have attempted to elucidate the beneficial or detrimental role of
tPA in in vitro models of ischemia or neurotoxicity in general. tPA was added to cultures of
cerebrocortical or hippoccampal neurons usually subjected to oxygen-glucose deprivation
[93, 94], but also to hemoglobin toxicity [95], microglial conditioned medium [96] or zinc
[97, 98]. Results have been contradictory with some studies reporting neuroprotection and
others demonstrating neurotoxicity of tPA. Clearly, differences in the injury model and the
manner in which the neuronal cultures were prepared and maintained could very well affect
the final outcome of tPA treatment.

A more physiologically relevant way to address the general question whether tPA affects
stroke severity, progression and prognosis, is to compare transgenic mice lacking the
protease with wild type animals of the same genetic background in murine experimental
models of stroke. Along these lines, it was shown that tPA deficient animals were more
resistant to excitotoxicity induced by intracerebral injection of kainate, a glutamate analog,
the injection of which mimics the abundance of glutamate observed in the course of a stroke.
These high levels of glutamate are thought to compromise neurons by overt excitation [99].
The resistance to excitotoxicity was lost when tPA was infused into the brain prior to the
kainate injection, thus further confirming the neurotoxic role of tPA in the acute phase of the
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injury [100]. tPA was similarly shown to exacerbate toxicity after intrastriatal injection of
NMDA, another glutamate analog [101].

In models that mimic an ischemic stroke more closely, genetic absence of tPA was
accompanied by contradictory results. Wang et al [102] observed less severe outcomes in
tPA deficient animals, in accord with the aforementioned results, but Tabrizi et al [103]
reported the exact opposite result. Several other studies employing recombinant tPA in small
animal models of ischemic stroke reported variable effects (positive [104, 105], neutral [105,
106] or negative [107, 108, 109]). Although the disagreement between the two studies using
tPA deficient mice has been attributed to potential differences in genetic background
between the animals used in the two instances, a more realistic explanation focuses on the
model of ischemia employed in each case: Wang et al [102] used mechanical obstruction of
the vessel which could not be modified by the action of endogenous or exogenously
administered tPA, whereas Tabrizi et at [103] used thrombi to obstruct the vessel which
could be broken down by the action of tPA only in wild type animals. It can be reasonably
argued that the obstruction of blood flow was more severe in tPA deficient animals
incapable of breaking down the clot, hence the worse outcome. Essentially, Tabrizi et al
[103] observed the combined effect of tPA on restoring blood flow by breaking down the
clot and on exerting its neurotoxic effect on the brain parenchyma. In agreement with this
argument, a recent study confirmed the neurotoxic role of tPA in exacerbating ischemic
damage upon mechanical occlusion of the blood vessel, but beneficial effect of tPA in
reducing ischemic damage was observed when blood clots were used to obstruct the blood
vessel [110]. Finally, it should also be noted that Wang et al [102] made use of a transient
ischemia model, in which occlusion of the blood vessel for 2 or 3 hours was followed by
reperfusion for 22 or 23 accordingly. A study employing MRI to address the therapeutic
efficacy of tPA administered 1 or 4 hours after stroke induction found that tPA was
beneficial at the early, but detrimental at the late time point [111]. More recently, Nagai et al
[112] found that the size of the infarcted area determines the positive or negative effect of
tPA, in that smaller infarcts show better outcomes with the use of tPA, while in larger ones
tPA has a detrimental effect. Therefore, it appears that, similarly to what has been observed
clinically, parameters such as time from onset of symptoms (duration of ischemia) and size
of infarcted area, in other words the severity of the stroke, determine the protective or
neurotoxic effect of exogenous recombinant tPA and of endogenous tPA likewise.

The argument as to whether tPA is neurotoxic or neuroprotective could be continued ad
infinitum and it could well be the case that it is both: the protective function is undoubted
and has prompted its use as a stroke therapeutic; the neurotoxic property would need to be
confirmed by identifying (an) actual toxicity mechanism(s).

Many different suggested toxicity mechanisms have actually been proposed and deciphered
to an extent. For starters, tPA is thought to affect vessel tone [113, 107]. This has been
proposed to induce hemodynamic alterations that ultimately hamper the perfusion of the
ischemic area, so that hypoperfusion ensues despite restoration of vessel patency [107]. The
effect on the vessel tone is considered a direct one on smooth muscle cells, to which tPA
signals via integrin avβ3 in a non-proteolytic fashion to induce vasoconstriction. The
signaling is terminated by the binding of PAI 1 on to tPA, the internalization on the integrin-
tPA-PAI 1 complex via LRP-mediated endocytosis and the dissociation of the tPA-PAI 1
complex from the integrin followed by its breakdown [114].

tPA was also found to exacerbate brain edema thus leading to worsening of neurological
outcomes in two types of brain injury unrelated to ischemia: brain trauma [115] and
intracerebral hemorrhage [116, 117]. A potential mechanism to explain the exacerbation of
brain edema comes from stroke models and involves the action of tPA on the Blood Brain
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Barrier (BBB): it was shown that tPA can disrupt the BBB via LRP-mediated signaling to
brain vascular endothelial cells. The signaling does not involve the proteolytic function of
tPA, but rather its binding to LRP [118]. Another popular explanation states that tPA
activates matrix metalloproteases (MMPs) and more specifically MMP-9 [119, 120]. It also
induces MMP-9 expression, which is then activated from its precursor form by the action of
tPA [121]. MMPs are established culprits in the opening of the BBB in ischemia and also
during the reperfusion injury, when tPA thrombolysis is complicated by intracerebral
hemorrhage [122, 123]. Thus, tPA functions both proteolytically to activate MMP-9 and
non-proteolytically to induce its expression. In agreement with the proposed mechanism,
MMP inhibition reduces infarct size after focal cerebral ischemia and protects against
intracerebral hemorrhage as a consequence of tPA thrombolysis [124, 125, 126].

More direct effects of tPA on the brain parenchyma have been considered responsible for its
neurotoxic function. tPA was reported to cleave the NR1 subunit of the NMDA receptor and
thus increase calcium influx via this subtype of glutamate receptor, an event predicted to
exacerbate excitotoxic injury in the ischemic penumbra [101]. This cleavage event was later
questioned [127], although the association with the NDMA receptor was not: tPA was
instead suggested to interact with the NR2B subunit of the receptor without inducing any
proteolytic event, but rather potentially affecting the receptor function [128]. Independently
of the actual mechanism, tPA appears to interfere with glutamate receptors, which are
important mediators of excitotoxicity in the course of ischemic stroke.

Other direct effects of tPA on the brain parenchyma have been proposed in the kainate
excitotoxicity model: tPA was shown to exert its toxicity in both proteolytic (plasmin-
mediated) [129] and non-proteolytic [130, 131, 132] fashions. By generating plasmin as a
protease, tPA could be cleaving laminin and other important components of the brain
extracellular matrix and inducing neuronal anoikis (apoptosis by loss of pro survival
signaling from contacts with the extracellular matrix) [133]. Plasmin could also be activating
MCP-1, which is a chemokine recruiting monocytes and also microglia, the brain resident
immune cells, to the site of injury [134]. In agreement with a role of plasmin in recruitment
of inflammatory cells, chemotaxis defects have been observed in palsminogen deficient
mice [135]. Microglia have been implicated as important mediators of cell death in kainate
excitotoxicity [130] and, interestingly, tPA functions in a non-proteolytic fashion to activate
microglia in the same model [131, 132] and to cause monocytes to adhere to sites of
inflammation [136]. Administration of tPA directly into sites of intracerebral hemorrhage to
aid in the breakdown of the hematoma is accompanied by significant infiltration by
inflammatory cells [137] in addition to exacerbating the edema, as mentioned before [116,
117]. This could be a result of microglial activation (mediated by tPA) and microglial
chemotaxis (mediated by plasmin) followed by inflammatory cell recruitment from the
bloodstream or a direct chemotactic effect of plasmin and/or adhesion effect of tPA on
circulating monocytes. Finally, MMP-9 activity has been implicated as an important
pathophysiologic factor in kainate excitotoxicity [138] and MMP inhibition was shown to
protect from kainate toxicity and associated leukocyte recruitment [139]. MMP-9
upregulation and activation are non-proteolytic and proteolytic functions of tPA accordingly,
as mentioned above.

Elucidation of the neurotoxicity mechanisms of tPA affords the potential to modify our
therapeutic approach to stroke in different ways. Identification of downstream mediators of
tPA toxicity could allow selective inhibition of these with combination therapy, so that the
direct fibrinolytic effect remains intact while toxicity is abolished. Combination of tPA with
MMP inhibitors could, for example, prevent the neurotoxic sequelae of MMP activation and
BBB breakdown that occur in the course of tPA thrombolysis [124, 125, 126]. Prevention of
MMP-9 upregulation could potentially be achieved, on the other hand, by statin treatment
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[140]. Alternatively, toxicity attributed to tPA functions unrelated to its proteolytic one
could be avoided by engineering the protein, so that it no longer exerts these functions,
provided that the proteolytic one remains intact. As an example, microglial activation by
tPA has been mapped primarily to the N-terminal fibronectin finger domain of tPA [132].
Deletion of the whole domain is predicted to decrease the fibrin specificity of tPA, an
undesirable effect. Single aminoacid substitutions or even deletion of smaller regions could,
however, prevent microglial activation from happening while preserving fibrin specificity.
Importantly, many of the neurotoxic functions of tPA seem to be non-proteolytic in nature.
In addition to microglial activation mentioned already, these functions include effects on
vessel tone [107, 113, 114] and LRP-mediated opening of the BBB [118] and upregulation
of MMP-9 [121]. It is also conceivable that the binding of inhibitors to tPA does more than
to render the protease inactive. The tPA/inhibitor complex could have functions not shared
by tPA or the inhibitor separately, so that the termination of the proteolytic activity allows
these non-proteolytic, potentially neurotoxic functions to come into play. Interestingly, it
was recently shown that a small peptide known to prevent the binding of PAI1 to tPA, but
not affecting the half-life of tPA or its fibrinolytic efficiency, is capable of reducing the
neurotoxicity of exogenously administered tPA [110].

Finally, a portion of the neurotoxicity of tPA is undoubtedly proteolytic in nature, mediated
potentially by tPA itself [101] or by generation of plasmin [129, 133, 134] and/or MMPs
[119, 120]. However, this toxicity still allows room for intervention, as it may be
distinguished from the desirable fibrinolytic activity temporally, spatially and/or
functionally. In other words, toxicity ensues when tPA is administered late in the course of
ischemia, when it leaks through a compromised BBB to the brain parenchyma and/or when
it acts on cells/systems other than the fibrinolytic one. In accord with such dissociation
between fibrinolytic and other proteolytic/neurotoxic functions of tPA, the neuronal-specific
tPA inhibitor neuroserpin has been reported to have neuroprotective properties when
administered in ischemia on its own [141, 142] or in combination with tPA [143]. However,
the exact mechanism(s) of neuroserpin protection has(ve) not been elucidated yet, and it was
not addressed whether the fibrinolytic effect of tPA was compromised from the co-
administration of neuroserpin.

Expert Opinion
The prevalence of ischemic stroke, the morbidity and mortality associated with it and the
limited therapeutic means available for its treatment explain and justify the intense research
devoted to the development of stroke therapeutics. Brain tissue is highly sensitive to
ischemia and the temporal window available for treatment before it becomes irreversibly
compromised or deleterious side-effects ensue in the course of therapy is small.

A lot has and can be said about stroke prevention, both primary in the general population
and secondary after a history of stroke or a Transient Ischemic Attack (TIA). Control of
hypertension, hypercholesterolemia, diabetes mellitus, smoking and obesity, adoption of a
less stressful, less sedentary lifestyle and a healthier diet, appropriate use of
pharmacotherapy can all help prevent atherosclerosis, the major culprit behind ischemic
stroke, and clot formation at predisposed vascular sites.

Acute and complete occlusion of a blood vessel by a clot is the initiating event behind the
clinical presentation of a stroke, which is why thrombolytics are and will continue to be a
major area of stroke research. Despite its side-effects and limitations, tPA holds a unique
position among them. Although the advantage of tPA over alternative thrombolytics
(primarily streptokinase) has been criticized, these have yet to demonstrate efficacy and
safety comparable to that of tPA in clinical trials. On the other hand, tPA has repeatedly
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demonstrated efficacy and safety in treating stoke patients, so that its use should not only
continue but also be expanded within the suggested indications. Clearly, the search for novel
thrombolytics should continue. An attractive avenue of research is the modification of the
tPA protein, to augment desirable properties such as thrombolytic efficiency, fibrin
specificity and delayed inhibition and clearance from the bloodstream. Hopefully this
avenue of research will also continue with a different objective, that is the removal of
proposed undesirable side effects, such as hemodynamic perturbations, disruption of the
BBB and the extracellular matrix, induction of edema and recruitment and activation of
inflammatory cells, both microglia and cells of the systemic circulation. Although these side
effects come from in vitro and animal studies and have not been confirmed in human
studies, they offer plausible explanations for the clinically observed tPA toxicity and, more
importantly, suggest ways that this toxicity could be minimized or completely avoided. The
ultimate test and objective is of course the emergence of safer stroke thrombolytics, be it
tPA mutants or altogether different molecules.

The pathophysiology of stroke is quite complex and many different mechanisms leading to
compromise of neurological function are at play at the same time. Research into these
mechanisms promises to identify important therapeutic targets and lead to more successful
therapeutic regimens employing combinations of different agents. Research into the biology
of tPA and its neurotoxicity in brain injury in general and ischemic stroke more specifically
is important for two reasons: first, tPA will and should continue to be increasingly used as a
thrombolytic in stroke in the foreseeable future, so that understanding of its neurotoxicity
may help prevent deleterious side effects by modifying the protein itself or by introducing
other agents in the treatment, which help prevent or limit the severity of these side effects;
second, such neurotoxicity is still operating in the absence of exogenous tPA administration
albeit in a smaller scale due to the presence of endogenous tPA and its prevention can have
its place in the management of stroke, most probably as part of a combination therapy.

The field of ischemic stroke is undoubtedly in need of more effective and safer therapeutics.
tPA research holds and will continue to hold an important place in our attempts to more
effectively treat ischemic stroke.

Conclusion
tPA has long been the single available therapeutic to treat ischemic stroke. Significant side
effects have limited its use to a small number of stroke cases, but enthusiasm about its use is
increasing. Modified tPA versions and altogether different thrombolytics are being tested in
an attempt to increase both efficacy and safety. Combination therapies targeting different
aspects of stroke pathophysiology are constantly being discovered and tried. In parallel to
these avenues of action, research into the biology of tPA holds significant promise to
improve our stroke therapy regimens by turning tPA from a therapeutic means into a key
therapeutic target.
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