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Summary

The use of tissue plasminogen activator (tPA) as a thrombolytic treatment in ischemic stroke is
limited largely due to concerns for hemorrhagic complications. The underlying mechanisms are
still unknown but evidence is beginning to emerge that tPA interacts with key regulators of the
neurovascular unit (NVU), and that these interactions may contribute to the undesirable side
effects associated with the use of tPA in ischemic stroke. Understanding these connections and
tPA’s normal function within the NVU may offer new insights into future therapeutic approaches.
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Overview

tPA, a highly specific serine protease in the fibrinolytic cascade, is currently the only
thrombolytic agent approved by the US Food and Drug Administration for treatment of
ischemic stroke [1]. However, emerging evidence demonstrates that the beneficial
thrombolytic effects of tPA within the vascular lumen are counteracted by its activities
within the central nervous system (CNS) [2] and clinically, thrombolytic tPA is known to
increase the incidence of intracerebral hemorrhage, a severe complication of stroke that is
associated with high mortality [1]. Therefore, current guidelines recommend thrombolytic
tPA to be used only within the first 3 hours after the onset of symptoms, and this restriction
markedly reduces the number of patients who receive this treatment [1]. Therefore,
understanding the mechanisms that underlie the relationship between tPA and its effect on
cerebrovascular function should facilitate the development of new and safer therapeutic
strategies for treating ischemic stroke.

One of the first studies demonstrating that tPA can negatively affect outcome in focal
cerebral ischemia (FCI) showed that tPA~/~ mice had significantly smaller cerebral infarcts
than wild-type mice, and that intravenous administration of tPA to tPA™/~ mice increased
infarct volume to levels comparable to wild-type controls [2]. This was later confirmed in a
different model of FCI using adenoviral vectors expressing tPA [3]. Studies with the
primary inhibitor of tPA in the CNS, neuroserpin, also showed that blocking tPA activity
can provide neuronal protection and reduce infarct volume [4].
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The mechanism whereby tPA deficiency or its inhibition within the CNS could reduce
infarct size after stroke is not completely understood; however, an important observation
was made when studies showed a correlation between the use of tPA and increased BBB
permeability [5]. Shortly thereafter, Yepes et al provided convincing evidence that tPA is
both necessary and sufficient to induce early opening of the BBB after stroke [6]. This study
demonstrated that tPA~~ mice were protected from early loss of BBB integrity after stroke
(necessary) and that direct injection of recombinant tPA into the cerebrospinal fluid (CSF)
of non-ischemic mice induced a rapid loss of the BBB integrity (sufficient). This study also
provided proof that the opening of the BBB is dependent on the proteolytic activity of tPA,
but not on plasminogen, indicative of the existence of another tPA substrate (see below).

tPA’s mechanism of action within the CNS

The cerebrovascular bed is unique in that normal CNS function requires a highly regulated
extracellular environment to keep the concentrations of most molecules within a narrow
range [7]. Thus, the BBB exists to tightly control the trafficking of substances between the
blood and the CNS, and to facilitate the rapid reestablishment of extracellular homeostasis
following neuronal activity [8]. The physical barrier of the BBB is evident from the inter-
endothelial cell tight junctions and an integral basal lamina, formed by both the endothelial
cells and astrocyte endfeet. However, the BBB is more than just a barrier and its regulation
is complex and dependent on the NVU, which is composed of vascular endothelial cells,
mural cells (vascular smooth muscle cells and pericytes), astrocytes, microglia, neurons and
extracellular matrix, all working together in a coordinated way to regulate the extracellular
environment of the brain parenchyma. (Fig.1 A) [7,8]

The association of tPA with the NVVU and its correlation with BBB permeability is now well
established. Very early after the onset of FCI, tPA activity is increased in ischemic regions
where permeability of the BBB is also elevated [4,6]. In addition, tPA’s action on the BBB
requires interaction with the CNS side of the NVU as high doses of tPA administered
intravenously do not elicit opening of the BBB, whereas low doses of tPA on the CNS side
of the NVU do [9].

Significant efforts have been made to delineate the mechanisms of tPA actions in the CNS,
which resulted in the discovery of several potential downstream mediators including NMDA
receptors [10], matrix metaloprotease 9 (MMP-9) [11], activated protein C (APC) [12], and
platelet-derived growth factor CC (PDGF-CC) [9]. All of these downstream mediators
except APC have been linked directly to the low density lipoprotein receptor-related protein
(LRP) and blocking LRP either with antagonists or specific antibodies reduces BBB
permeability and infarct expansion after FCI [6,13]. LRP can regulate the expression of
MMP-9 in cerebral endothelial cells in culture in a tPA-dependent manner [11], and APC
has been shown to down-regulate tPA-mediated MMP-9 expression in human brain
endothelial cells [12]. However, MMP-9-null mice were not protected from early BBB
dysfunction after FCI (6h) [6], and while deletion of MMP-9 has been shown to reduce BBB
permeability and stroke volume 24 hours after stroke [14], the depletion of circulating
leukocytes completely blocks the rise in MMP-9 activity in the first 24 hours after FCI [15].
This suggests that the early increase in MMP-9 activity after FCI is due to infiltrating
leukocytes, and consistent with this interpretation, MMP-9 is not expressed in either neurons
or astrocytes in the first 24 hours after FCI [16]. These data suggest that MMP-9-mediated
events occur on the luminal side of the NVU and might not be critical for the early response
of the NVU to FCI.

On the CNS side of the NVU, tPA appears to regulate the BBB via a different process. Our
recently published data show that platelet-derived growth factor CC (PDGF-CC) is acting
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directly downstream of tPA in the CNS [9]. PDGF-CC is expressed as a latent factor that is
cleaved by tPA to generate active PDGF-CC capable of triggering PDGF receptor o
(PDGFRa) signaling [17]. Injection of active PDGF-CC into the CSF increased the BBB
permeability within 1 hour, suggesting that PDGF-CC signaling is immediate and does not
require gene expression or synthesis. Furthermore, neutralizing antibodies against PDGF-CC
inhibited tPA-induced opening of the BBB as did blockade of PDGFRa. [9].

Both PDGF-CC and its receptor in the NVU are located in perivascular cells surrounding
cerebrovascular arterioles. Transmission electron microscopy also confirms the apparent
formation of edema surrounding cerebrovascular arterioles but not capillaries, within 1 hour
after tPA or PDGF-CC injection. There is no gross destruction of vascular structures within
this time frame even though the extent of Evans Blue extravasation into the brain
parenchyma is significant, suggesting that the activation of PDGF-CC/PDGFRo may
represent a regulated physiological process that controls the BBB.

The activation of PDGF-CC by tPA appears to be dependent on LRP; however, the activity
of active PDGF-CC is not, suggesting that LRP and tPA interact upstream of active PDGF-
CC/PDGFRua interaction [9]. As illustrated in Fig.1B, LRP is present on the astrocyte
endfeet along with PDGFRa. In response to events such as FCI, tPA is secreted and bound
to LRP facilitating the cleavage of PDGF-CC. Active PDGF-CC in turn binds to and
activates PDGFRa leading to the opening of the BBB (Fig. 1C).

Late delivery of tPA (>3h after onset) has been shown to exacerbate intracranial
hemorrhagic transformation, a severe complication of ischemic stroke. However, blockade
of the PDGF-CC/PDGFR signaling pathway with imatinib, a known PDGFR antagonist,
significantly reduces the extent of hemorrhage and improves outcome [9]. These
observations suggest a mechanism whereby tPA might promote the development of
hemorrhagic transformation.

tPA and vascular tone in cerebral vasculature

Local cerebral blood flow increases rapidly in response to neural activity, a phenomenon
termed functional hyperemia or neurovascular coupling. Neurovascular coupling is critical
for the maintenance of substrate and energy supply and for the clearance of metabolic
byproducts [8]. Although the process of neurovascular coupling is still not completely
understood, studies have demonstrated a role for several vasoactive mediators acting
through the perivascular astrocytes [18]. For example, nitric oxide released in response to
NMDA receptor activation plays a critical role in many models of neurovascular coupling.
Other mediators, including extracellular potassium, cyclooxygenase metabolites, and
adenosine have also been shown to be involved [8], and very recent evidence has implicated
endogenous tPA as a direct modulator of neurovascular coupling [19].

The coupling of local neural activity to local blood flow is controlled by both the resistance
vessels on the brain surface (pial arterioles) and the smaller penetrating arterioles.
Interestingly, tPA has been shown to be primarily associated with precapillary arterioles in
the CNS [6,9,20]. Furthermore, tPA has been reported to reduce vessel reactivity to
increased luminal pressure and vasoactive mediators, suggesting that tPA may be involved
in regulating vascular tone [21,22], and systemic delivery of tPA at low concentrations can
directly reduce cerebral vascular resistance and systemic blood pressure [22]. Taken
together, these studies suggest that tPA may modulate cerebrovascular tone during
functional hyperemia.

The prospect that tPA has a role in normal neurovascular coupling has been tested by Park et
al who used a model of whisker stimulation that increases the activity of specific neurons in
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the somatosensory cortex [19]. Compared with wild-type mice, cerebral blood flow in the
corresponding barrel cortex of tPA~/~ mice showed a sustained attenuation after whisker
stimulation, suggesting that tPA is required for neurovascular coupling. In addition,
administration of tPA to tPA~/~ mice restored neurovascular coupling; the NMDA receptor
and activation of nitric oxide synthase were implicated as mediators of this response.

The relationship between tPA-induced neurovascular coupling and opening of the BBB is
not known. However, molecules that control both processes have their commonalities, and
pathways that regulate both are very likely to be interconnected. For example, nitric oxide,
reported to be a downstream mediator of tPA action, induces both opening of the BBB and
neurovascular coupling [19,23]. Thus it is interesting to speculate that the effects of tPA on
the BBB and hemorrhagic transformation in stroke may be causally related to tPA’s role in
regulating cerebral vascular tone and cerebral blood flow.

Conclusions

The regulation of BBB/NVU integrity after FCI plays a critical role in the progression of
lesion development and hemorrhagic transformation, and may hold the key to better
treatments for this devastating disorder. Paradoxically, tPA, the only drug approved to treat
stroke, may prove to be uniquely associated with the risk of hemorrhagic transformation.
However, discovering downstream mediators of tPA like PDGF-CC/PDGFR could be
instrumental in solving this critical dilemma.
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Fig.1.

Neurovascular unit (NVU): (a) Components of the NVU (b) Precapillary arteriole with
intact NVU (c) Response of the NVU to focal cerebral ischemia; endogenous tPA bound to
LRP activates latent PDGF-CC, and active PDGF-CC binds to PDGFRa. Thrombolytic tPA
in the blood can cross a compromised BBB and activate additional PDGF-CC which
exacerbates loss of BBB integrity.
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