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Abstract

Modulation of coagulation has been successfully applied to ischemic disorders of the central

nervous system (CNS). Some components of the coagulation system have been identified in the

CNS, yet with limited exception their functions have not been clearly defined. Little is known

about how events within the cerebral tissues affect hemostasis. Nonetheless, the interaction

between cerebral cells and vascular hemostasis and the possibility that endogenous coagulation

factors can participate in functions within the neurovascular unit provide intriguing possibilities

for deeper insight into CNS functions and the potential for treatment of CNS injuries. Here, we

consider the expression of coagulation factors in the CNS, the coagulopathy associated with focal

cerebral ischemia (and its relationship to hemorrhagic transformation), the use of recombinant

tissue plasminogen activator (rt-PA) in ischemic stroke and its study in animal models, the impact

of rt-PA on neuron and CNS structure and function, and matrix protease generation and matrix

degradation and hemostasis. Interwoven among these topics is evidence for interactions of

coagulation factors with and within the CNS. How activation of hemostasis occurs in the cerebral

tissues and how the brain responds are difficult questions that offer many research possibilities.
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The central nervous system (CNS) plays special roles in hemostasis and is the target of

insults that can significantly alter hemostasis, locally and systemically. Here we address

several issues of current interest concerning the hemostatic system and the CNS, as exposed

by conditions of injury. How activation of hemostasis occurs in the cerebral tissues and how

the brain responds are unfolding stories, which offer many research possibilities. The

overlap among the neuroscience of brain structure and function, the science of hemostasis

and coagulation, and the vascular biology of the CNS has not been systematically explored.

The examples considered here provide a view of the current technological challenges

inherent in exploring this crossover area. This summary cannot be exhaustive.
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Among all topics, those that are under consideration are: (1) the coagulopathy associated

with focal cerebral ischemia (and its relationship to hemorrhagic transformation), (2) the use

of recombinant tissue plasminogen activator (rt-PA) in ischemic stroke and its relationship

to animal models, (3) the impact of rt-PA on neuron and CNS structure and function, and (4)

matrix protease generation and matrix degradation and hemostasis. Interwoven among these

topics is evidence for the expression of hemostatic elements and their interactions with and

within the CNS.

General Considerations

The CNS requires barriers that are essential for its anatomic and functional

compartmentalization. Four general compartments consist of: (1) the plasma, (2) the

vascular and micro-vascular wall, (3) the perivascular space, and (4) the neuropil. Each has

its own characteristics and appears to be constructed for specific purposes. The neuropil

consists of the neurons, their supporting astroglial cells, oligodendroglia, and other cell and

matrix components, and it is the most complex of these compartments. Preservation of the

boundary between the plasma and the neuropil is essential to prevent toxins, pharmacologic

agents, and products of plasma components from entering the neuropil. For example,

thrombin is toxic to neurons and can be generated in CNS disorders. In addition, the brain

uses some elements important to hemostasis in ways not yet fully understood (e.g., t-PA).

The vascular and microvascular walls are dynamic barriers that actively participate in injury

processes. There are considerable limitations to our understanding of whether, and how,

CNS-specific hemostasis proceeds.

CNS-Related Hemostasis

Rosenberg and Aird suggested that the brain has a particular organ-specific relationship to

hemostasis.1 However, the nature of the specificity and the relationship are poorly

understood. The vascular barriers protect the neuropil from peripheral inflammatory events.

The neuropil has been considered an immunologic and inflammation-related sanctuary site.

However, responses of astrocytes, microglia, neurons, and other cells of the CNS

demonstrate that innate inflammatory responses are unique to the neural tissue.2,3 These can

be initiated by processes that also activate coagulation.

The possibility that the brain can regulate hemostasis is suggested by the consequences of

barrier disruption during focal ischemia or closed head trauma. The division between the

vasculature and the neuropil consists of at least three structures that impede movement or

communication between the plasma and its cellular elements and the brain substance itself.

These include: (1) the vascular blood–brain permeability barrier, (2) the vascular matrix

partitions and their special compositions, and (3) the Virchow–Robins space. The role of the

perivascular space (Virchow–Robins space) in transvascular transit and inflammation has

received much attention recently.4,5 This space is open in larger vessels (e.g., pial arteries)

but becomes virtual at the capillary level where the matrices become fused. The functional

importance of the space is under study.

The neuropil of the brain is the largest repository of tissue factor (TF) in the body.

Activation of TF-bound factor VIIa (TF: VIIa) initiates extrinsic coagulation.6 Opening of
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the vascular permeability barrier exposes the neuropil to the plasma compartment. Exposure

of the plasma to perivascular TF results in both local microvessel thrombosis (e.g., during

focal ischemia), as well as systemic consumptive coagulopathies (e.g., during closed cranial

trauma).7,8 Furthermore, within the neuropil cell membranes regulate Ca2+ into the

extracellular space, thereby preventing the terminal depolarization or disruption of neurons

and astrocytes. Hence, it seems essential to separate the ongoing processes of vascular

hemostasis from processes that allow normal cell function within the neuropil, as their

potential interactions, initiated by vascular disruption, can cause irreparable damage in the

neuropil.

Neurovascular Unit

The CNS can be characterized as a group of cell-structure networks that interact with each

other. These include: (1) the endothelial cell network lining the vasculature, (2) the network

formed by the basal lamina, (3) the network formed by perivascular astrocytes, (4) a

potential network formed by pericytes, and (5) the network of neurons that interact with

each other. Taken from the vasculature, the relationship of microvessels to their dependent

neuron/axons has both functional and structural meaning. This is an integrated structure by

virtue of the interposition of astrocytes that are a necessary component of capillaries and

connect to the neuron.

Microvessel blood flow responds to neuronal activation and requires the function of intact

neurons.9 The general observation that neurovascular communication is disrupted under

conditions of ischemia has led to the supposition that microvessel–neuron interactions can

be described by the “neurovascular unit.”10 This conceptual “unit” consists of microvessels

(endothelial cells-basal lamina matrix-astrocyte end feet [and pericytes]), astrocytes, neurons

and their axons, and other supporting cells (e.g., microglia and oligodendroglia) that are

likely to modulate the function of the “unit.” This provides a framework for considering

bidirectional communication between neurons and their supply microvessels with the

participation of the intervening astrocytes (Fig. 1). It also offers a platform for understanding

the evolution of CNS injury processes. The resilience of the “unit” to any reduction in blood

flow or to flow cessation is unclear. But the processes involved in communications and

injury responses are likely to be more complex than presently understood as adjacent units

would be connected through their common microvessels (including astrocytes in a

syncytium) and through dendritic connections. The conceptual framework links microvessel

and neuron function, and their responses, to injury; the structural arrangement links

microvessel components with neurons via the common astrocytes.

Bases for this unitary view are as follows: (1) Ischemic stroke is a vascular disorder with

neurological consequences. (2) Neuron-targeted approaches (ignoring the contribution of

vascular processes) have been uniformly unsuccessful in ischemic stroke trials. (3) Neuron-

vascular communication is proven. (4) Focal ischemic injury occurs in the territory-at-risk

defined by the vasculature. (5) Neuron and microvessel responses to focal ischemia are

acute and simultaneous. (6) Cell–cell and ultrastructural relationships during development

and adulthood are generally predictable. This conceptual framework could also be applied to

considerations of hemostasis in the CNS.
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Compartmentalization of Vascular Hemostasis

The separation of the liquid and cellular compartments is essential for normal function

within the CNS, and the maintenance of vascular hemostasis.

The Blood/Plasma Compartment

There is so far little evidence that blood (or plasma) is altered in its passage through the

brain, or that the brain offers a significantly different environment that might alter blood

components under normoxic conditions. It simply is not known now. However, the presence

of all coagulation components, and the typical cell components of the blood, provides the

chance for significant injury to the brain substance under conditions of coagulation

activation or breach of the vascular “blood–brain” barrier. Vascular hemostasis prevents

thrombin generation within the microvasculature. Thrombin is itself toxic to the

neuropil.11–13 Local activation of coagulation is associated with microvessel injury.7

Specific studies of anticoagulants in model systems of focal ischemia have demonstrated the

ability of inhibited coagulation to reduce cerebral injury.14

Microvessel Wall

The complexity of the cerebral microvessel wall, and its known differences in structure and

function along the micro-vessel axis from penetrating vessels in the cortex (or

lenticulostriatal arterial sources in the striatum) to the capillaries and return to the venous

outflow, suggests that hemostatic responses may differ regionally, depending on the mode

and site of activation.15,16 TF expression is associated with noncapillary microvessels in the

nonhuman primate.17–20 Another example is that functional properties along the microvessel

axis limit polymorphonuclear (PMN) leukocyte transmigration in the pial vasculature but

not in the post-capillary venules where transmigration occurs.21–23

Endothelium—As in other vascular beds, the endothelial lining is an active barrier against

thrombosis. Its antithrombotic properties derive from the secretion of adenosine, t-PA,

urokinase plasminogen activator (u-PA), and plasminogen activator inhibitor (PAI)-1,

prostacyclin (PGI2), NO, and the heparin sulfate covering, which limit platelet activation

and thrombus extension. PMN leukocyte and platelet adhesion is also prevented under

conditions of normoxia. Thrombomodulin is variably expressed in cerebral microvessel

endothelium under normoxic conditions. Its distribution and expression remain

controversial.17–20 The endothelium provides one component of the blood–brain

permeability barrier, characterized by the interendothelial tight junction (TJ) proteins (i.e.,

claudin-, occludin, and ZO-1, junctional adhesion molecules [JAMs], and cadherins).24,25

Astrocyte End Feet—Juxtaposed to the endothelial monolayer, across from the basal

lamina matrix in the microvasculature, are the astrocyte end feet. Astrocytes contribute to

the development of the matrix of the basal lamina, are adherent thereto, and help stabilize

the permeability barrier. The perivascular astrocyte network communicates directly with

neurons in the neuropil. The astrocyte end feet are a TF repository, found predominantly in

the cortex where it has its highest concentration and also in the subcortical striatum.17 TF is

associated with the cerebral vasculature but with little apparent expression around capillaries
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(in the nonhuman primate). White matter has significantly less TF associated with it, in part

probably because of the lower microvessel density.17 Hence, TF expression is related to

microvessel density within the CNS.

Endogenous inhibition of serine proteases in the extracellular environment is accomplished

by protease nexin (PN)-1.26,27 PN-1, a 43 kDa protein, behaves as the resident antithrombin,

and is found within the astrocyte compartment. It also inhibits u-PA and plasmin.28–30 PN-2

is an inhibitor of factor XIa.26 Both PN-1 and PN-2 reside around the cerebral

microvessels.26,28,31,32

Tissue factor pathway inhibitor (TFPI) is a 34 to 40 kDa single chain polypeptide inhibitor

of thrombin and of factor Xa (and thereby TF:VIIa).33 In the human CNS, TFPI is

associated with perivascular microglia.34 This is borne out by observations in the nonhuman

primate. Whether and how TFPI interacts with TF in the neuropil is not worked out yet.

Basal Lamina—Interposed between the endothelium and astrocyte end feet is the basal

lamina matrix. This offers: (1) a barrier to cell transmigration, (2) attachment points for the

endothelium and astrocytes via integrins and αβ-dystroglycan adhesion receptors, and (3) a

repository for growth factors and potential angiogenic factors. It may also serve as a

mechanosensor.

Sorokin and colleagues have demonstrated regional differences in extracellular matrix

(ECM) composition in the CNS vasculature. Where the Virchow–Robins space exists,

matrix lining the endothelial portion and the glial portion (glial limitans) may have a

different composition.35 As the vasculature dives to become the microvasculature, the

Virchow–Robins space becomes virtual, fusing both surfaces at the precapillary or capillary

level, where matrix components appear to intermingle.

The composition of the cerebrovascular basal lamina matrix varies along the vascular axis

from the pial vasculature to the cortical microvasculature (and from lenticulostriate arteries

in the corpus striatum).35 The matrix of the microvasculature consists of the major

components collagen type IV, laminins, and fibronectin of cellular origin, studded with

nidogen, perlecan, and other minor components (in the nonhuman primate).36 Particularly,

in the proximal cerebral vasculature, ECM composition may dictate function.35

Microvessel Permeability Barrier

The endothelium-matrix-astrocyte assembly in capillaries contributes to the “blood–brain”

permeability barrier. Components of the permeability barrier include the (1) interen-

dothelial TJs, (2) the basal lamina matrix, and (3) matrix adhesion receptors that bind the

endothelial cells (e.g., β1 integrins) and astrocyte end feet (e.g., αβ-dystroglycan and integrin

α6β4) to basal lamina matrix ligands.

The blood–brain permeability barrier is formed by the brain capillary endothelium, which is

distinguished from capillary beds in peripheral organ systems by the presence of epithelial-

like TJs, a lack of fenestrations, and decreased pinocytotic activity.24
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The TJs of the brain microvessel endothelium severely restrict the paracellular diffusion of

virtually all solutes across the endothelium, although molecules that are less than 400 Da

and sufficiently lipophilic (forming fewer than eight hydrogen bonds) can pass through the

plasma membrane of endothelial cells directly.37 However, many of these small lipophilic

substances efflux by multispecific members of the ATP-binding cassette family of

transporters, including P-glycoprotein. These are highly expressed in the luminal membrane

of the brain microvessel endothelium.38 Hence, the polarity of these transporters is an

important feature of the endothelium.

Despite the general homeostatic need to prevent unregulated diffusion of substances from

blood into the neuropil, the permeability barrier is also a dynamically regulated interface

that facilitates the entry of glucose, amino acids, and other essential nutrients via specific

transport proteins into the brain from the peripheral circulation.39–42 Some macromolecules,

such as transferrin and insulin, have specific receptors on the capillary endothelium that

enable carrier-mediated transport of these molecules from blood to brain.43,44

To date, little is known about the ability of coagulation factors to cross the intact barrier,

although the expression of TF in the brain,45,46 together with the observation of extra-

vascular fibrin deposits in ischemic brain,47 suggest that coagulation factors do not typically

enter the neuropil except under conditions of barrier disruption.

Hamann et al demonstrated an association between degradation of the microvessel ECM and

increased permeability,36,48–50 although the specific mechanisms involved remain unclear.

Recently, Osada et al demonstrated that binding of β1 integrins to their matrix substrates

(collagen IV and laminin) stabilizes the expression of the TJ protein claudin-5 in primary

murine brain endothelial cells, and that direct interference with this interaction reduces

claudin-5 expression and increases paracellular permeability.51 Furthermore, direct

intracerebral injection of a function-blocking antibody against β1 integrin caused local

extravasation of immunoglobulin G from the blood into the neuropil.51 Although this

constitutes the first demonstration of a direct link between specific adhesion receptor–matrix

interactions and the essential functional and structural integrity in primary brain capillary

endothelial cells, it is not yet known what causes the decrease in adhesion receptor

expression and matrix proteins in the context of ischemic injury. The signaling cascades for

these events are under study.

Neuropil

The interactions within this complex of astrocytes, microglia, and oligodendroglia that

support neuron and axon viability, and the contributions of hemostasis, are incompletely

understood. The composition of the neuropil is regionally distinct and follows the

microvessel arrays in respective regions. Discussion of the structure and the function of this

compartment are beyond the scope of this article.

However, as noted earlier, TF and PN-1 are expressed by astrocytes, and TFPI by

microglia.26,34 Sappino et al demonstrated the presence of t-PA in the neuropil (in the

rodent).52 mRNA for prothrombin has been detected by neuronal cells in the CNS.53 One

inference, that is teleologically satisfying, is that the presence of procoagulants and their
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inhibitors/ modulators in the CNS could be intended to limit hemorrhage extension into the

tissue, and the effects of thrombin, should leakage of the microvasculature occur.

The nature, distribution, and function of the members of the hemostatic system in this regard

are not well characterized. It can be assumed that these proteins may have very different

functions in the neuropil than they do in the vascular compartment (see later). For instance,

t-PA and uPA can serve to promote neurite outgrowth during development.

Specific Considerations of Interactions of Hemostatic Components in the

CNS

Some of our current understanding of the hemostatic system in the CNS is derived from

animal model systems intended to mimic the human condition of ischemic stroke. In part,

the need for such models reflects the silent nature of the hemostatic system unless it is

challenged, and our poor understanding of the injury mechanisms in human stroke. The

plethora of animal models of focal cerebral ischemia and their relevance to ischemic stroke

is a topic for separate consideration.54–57 However, an appreciation of the inherent

limitations of such models is central to understanding the pathophysiology of stroke in

humans, the hemostatic system, and the activation of coagulation, as well as the actions of

potential pharmacologic interventions.

The most appropriate model of ischemic stroke is human stroke. In no other animal system

does stroke occur as frequently, unless a surgical manipulation is employed. Infrequently, in

aged nonhuman primates receiving atherogenic diets vascular thrombosis can occur.58 This

means that current modeling for experimental stroke reflects limitations for translating

observations to the human disease.

• There are significant differences within the CNS and neuropil among species.

Pääbo and colleagues have demonstrated clear genotypic differences between

higher primates and humans, in terms of CNS gene expression.59 Nonetheless, the

primate has distinct advantages for studying the impact of focal ischemia on

cerebral tissue relative to thrombosis and hemorrhage.54 Agyrencephalic species

have a number of features that are distinct from primates.60 Species differences also

exist in response to induced focal ischemia. For instance, middle cerebral artery

(MCA) occlusion has been reported to result in the release of matrix

metalloproteinase (MMP)-9 in rodent ischemia,61,62 but MMP-2 in nonhuman

primate ischemia.63,64

• Technical considerations exist among model systems independent of species

differences. For instance, with regard to the quantitation of protease expression

generated in the neuropil during focal ischemia (e.g., [pro-]MMP-2 and

[pro-]MMP-9; see below). This could also apply to the generation of serine

proteases of the coagulation system.

• Gene deletion constructs may vary with regard to phenotype when challenged with

MCA occlusion, and several may display the same phenotype. The physiological

and genotypic compensation that allow development to adulthood may not be
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obvious (Tables 1–3). However, to display a response that is phenotypic, a

challenge to the CNS may be required. For studies of the brain, a particular issue

with gene deletion constructs are potential differences in (1) MCA anatomy (e.g.,

multiple MCAs or branches), and/or (2) microvessel density in the CNS that can

alter injury volumes induced by MCA occlusion. Differences among rat strains

with regard to injury volume are known.65

• Significant differences in coagulation responses are known to exist among

species.66

Ultimately, these limitations may have important implications for the results of animal

experiments, their interpretation, and their relevance to human CNS function. For instance,

the use of models devised to generate CNS focal hemorrhages by methods unrelated to the

human stroke condition (e.g., direct collagenase injection or Rose–Bengal photothrombosis)

are likely to alter hemostasis.

Hence, differences among species regarding hemostatic proteins and cerebral protein

expressions, technical issues among studies of cerebral expression, and concerns about the

appropriateness of animal models contribute to our limited understanding of the manner in

which hemostatic elements interact in the CNS environment.

Focal Cerebral Ischemia and Responses of the Hemostatic System

Focal ischemic injury is a consequence of thrombosis of a brain-supplying artery or

arteriolar system. Approximately, 56 to 80% of these occlusions result from atherosclerotic

(artery-to-artery) or cardiogenic sources.67,68 The ischemic injury following thrombosis of a

cerebral artery is intricately allied to local inflammatory changes and microvessel

thrombosis, as well as the various cell subtypes of the neurovascular unit.3 Approximately

65% of the patients have some form of hemorrhagic transformation, as a consequence of the

ischemic injury.69 This also has been observed in the nonhuman primate model of MCA

occlusion.54 Furthermore, in humans, the use of antithrombotic agents increases the

incidence of hemorrhage transformation, most apparently in patients receiving

anticoagulants or those receiving plasminogen activators.70,71 Nonetheless, the mechanisms

by which tissue injury develops in response to focal ischemia remain poorly understood. It is

in this context of incomplete and often contradictory information about the evolution of

ischemic injury that alterations in hemostasis and coagulation system activation should be

considered.

Processes of Ischemic Injury

The cerebral microvessel-tissue interface displays both acute and early active responses to

ischemia. Focal ischemia results in damage to the vascular-tissue barriers, with increases in

microvessel permeability within the first hours after MCA occlusion.23,54

Thrombin activation occurs within the vascular wall, as demonstrated by the accumulation

of fibrin in the wall and in the abluminal space, as during focal ischemia (Fig. 2).23,54 This

reflects exposure of perivascular TF to the plasma column when microvessel barrier

disruption occurs. Fibrin deposition may also occur in the perivascular compartment around
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some microvessels. The reduction in patency caused by the accumulation of fibrin, activated

platelets, and/or activated PMN leukocytes contributes to the focal “no-reflow”

phenomenon. Also evident is the upregulation of P-selectin and other PMN leukocyte

adhesion receptors on the endothelium of postcapillary venules in the ischemic territory.21,22

These events occur acutely during focal ischemia and are distributed heterogeneously in the

core of injury.

Alterations in Hemostasis in the Circulation

Embolization of platelet-containing material has been visualized in the context of symptoms

or by direct observation during ischemic strokes.72–75 This supports causality.

Systemic Coagulopathy—Case-control and other series have demonstrated increases in

plasma fibrinogen,76 thrombin-antithrombin (T-AT) complex,77–80 and factor VIII,80,81

following ischemic stroke. Protein C levels decrease,77,79 and D-dimer levels increase and

have been attributed to ongoing thrombosis early following stroke onset.77,78 Furthermore,

numerous sources have confirmed that platelets are activated in the early moments following

ischemic stroke onset.81–90 This has been taken to reflect coagulation system activation as a

cause of arterial thrombosis, but this could also represent evidence for thrombotic events

initiated by focal ischemia.

One source for activation of circulating coagulation factors could be release of procoagulant

material from the injured brain. Evidence for systemic TF release from the CNS, during

focal ischemia, is meager, however. Studies of TF-related procoagulant activity in the

nonhuman primate within 24 hours of MCA occlusion failed to demonstrate detectable

release of TF or TF:VIIa in the circulation (del Zoppo GJ, Mori E, unpublished data, 1989).

The possibility of coexpressed inhibitor (e.g., TFPI) was not recognized at the time.

However, a recent consecutive series reported by Undas et al demonstrated increased

circulating TF and factor XIa levels in patients within 72 hours of the onset of an ischemic

event.91

Recent interest has extended to plasma TFPI levels in clinical stroke subtypes and the

possible association of TFPI polymorphisms with stroke risk. In case-control studies,

heparin-releasable TFPI was increased in a cohort of patients with first ever lacunar

infarction.92 Two prospective clinical studies indicated that plasma TFPI levels decrease in

stroke patients (in a Japanese population and a Chinese population).93,94 Separately, a third

study indicated an increase in TFPI activity early after ictus, but a decrease in free TFPI

later.95 However, the pathophysiologic significance of these changes is not known. More

recently, a survey of 455 patients from the Women’s Health Initiative found that baseline

TFPI levels were associated with stroke risk, and that the use of postmenopausal hormone

treatment did not mitigate this risk.96 The roles that TFPI polymorphisms may play in stroke

risk are so far uncertain, and may be population dependent.97,98

Thrombin generation accompanies the vasculopathy of atherosclerosis in the acute/subacute

events in the cerebral microvasculature during ischemic stroke. This has been observed

indirectly as an increase in circulating T-AT complexes.77–80 During experimental ischemia

in two rodent models (CD1 male mice and Sprague–Dawley rats), use of human
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antithrombin resulted in a decrease in infarction volume and partial amelioration of the

neurologic deficits following complete MCA occlusion,99 implying that an excess of

thrombin was generated over antithrombin levels.

The alterations in hemostasis and coagulation observed in the circulation during ischemic

stroke are not easily separated from the processes that may antedate and cause the ischemic

event(s).

Local Coagulopathy—The coagulopathy generated during focal ischemia is local (see

below). The local microvessel thrombosis, resulting from fibrin generation, is in part due to

TF exposure to the plasma.17,100 Studies by Okada et al demonstrated that inhibition of

TF:VIIa activity could significantly reduce fibrin deposition in the intravascular

compartment.47 Separately, Niiro et al reported that TF expression in rodent brain increased

in the neuropil and in microvessels by 24 hours reperfusion after MCA occlusion101 and that

infusion of rhTFPI attenuated infarction volume, and decreased micro-vessel fibrin

deposition.101

Limited studies of cerebral tissue suggested the acute upregulation of TFPI on microglia in

the ischemic territory. Although a systemic coagulopathy, associated with severe closed

head trauma,8 has not been unequivocally demonstrated following ischemic stroke, there is

strong evidence that thrombosis of the cerebral microvasculature occurs acutely following

MCA occlusion.

Gene Deletion Constructs of Coagulation Factors

To determine the possible roles of coagulation factors within the brain to normal cerebral

function and during injury, the consequences of gene deletions of coagulation factors are of

interest. Some genes relevant to hemostasis have been knocked out in mice, and the

phenotypes or the developmental abnormalities have been reported.

Murine TF knockout preparations are embryonic lethal, demonstrating the importance of TF

to the viable organism and brain; but can be rescued with very low levels of human TF.102

However, no reports of the impact of focal ischemia with these constructs have appeared so

far. Targeted deletion of coagulation factors, including factors II,103 V,104 and X105 result in

embryonic or perinatal lethality due to defects in vascular development or fatal hemorrhage.

For instance, no apparent abnormalities in blood vessel or organ development have been

demonstrated in neonates deficient in factor X. However, factor X deficiency results in

embryonic and perinatal lethality due to fatal hemorrhage.105

Although mice deficient in factors VII,106 VIII,107 IX,108 XII,109 and XIIIa110 are not

embryonic lethal, they are prone to mild or life-threatening hemorrhage, except for factor

XII-knockout mice. Factor VII deficient mice suffer intra-abdominal or intracranial

hemorrhage leading to death in the neonatal phase, despite normal embryonic

development.106

Factor IX−/− mice appear normal, and can survive unless injury leading to fatal bleeding,

including intracranial hemorrhage, occurs, although sudden death has also been reported.108
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There are few reports describing resistance to ischemic injury in mice lacking coagulation

factors so far. On the basis of a clinical cohort study, Salomon et al reported that severe

factor XI deficiency could be protective against ischemic stroke in humans.111 Moreover,

Kleinschnitz et al demonstrated that deficiency of factor XII protects mice from ischemic

injury at 24 hours following 15 minutes transient MCA occlusion, without increasing

hemorrhage.112

Meanwhile, the effects of the deletion or alteration of coagulation factors on the function of

the neurovascular unit, or the CNS processes, during ischemic events remains to be

elucidated.

Intervention with Anticoagulants and Other Antithrombotics in Ischemic

Stroke

In the treatment of ischemic stroke patients, antithrombotic agents have efficacy in specific

settings. For instance, anti-platelet agents (e.g., aspirin [ASA], dipyridamole [DP], the

combination of low-dose ASA/extended release DP, and clopidogrel) have efficacy in the

secondary prevention of ischemic events following a signal event.113–115 Anticoagulants

have been used for prevention of cardioembolic stroke in patients with nonvalvular atrial

fibrillation (NVAF).116–121 Both the new oral antithrombin dabigatran, and the new oral

antifactor Xa inhibitors rivaroxaban and apixaban have a lower risk of hemorrhagic

transformation than patients receiving vitamin K inhibitors for NVAF.122–126 The reasons

for this are so far unclear.

Acute intervention with specific antithrombotic agents can improve neurological outcome in

clinical and experimental settings. Recombinant plasminogen activator (rt-PA) is currently

approved for treatment acutely within 3.0 hours (and in some jurisdictions up to 4.5 hours)

of symptom onset in selected patients.127–129

Although application of low-molecular-weight heparins (LMWHs) in early or subacute

stroke does not have benefit for patient outcome,130–133 acute intervention with the LMWH

enoxaparin has been shown to provide benefit in rodent models of focal cerebral ischemia.14

Although a follow-on acute intervention study was initiated, commercial interest flagged,

and a trial in patients was not undertaken. Similarly, parenteral application of antiplatelet

integrin αIIbβ3 inhibitors decreases evidence of focal “no reflow” phenomenon in the

ischemic territory.134,135 Furthermore, this strategy has been shown to significantly decrease

injury volume in rodent models of MCA occlusion.135 No clinical application has been

pursued. A separate program with abciximab in stroke failed to demonstrate efficacy.136,137

The Plasminogen Activator System and the Central Nervous System

Under normoxic conditions, t-PA is constitutively expressed by the endothelium of

noncapillary microvessels (7.5–30.0 μm diameter) in the striatum of the nonhuman

primate.138 Zlokovic et al demonstrated that t-PA expression is low in capillary-depleted

brain of the rodent.139 It would appear that t-PA content of the cerebral microvasculature
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may be relevant to the maintenance of microvessel patency. Its physiologic regulation and

that of u-PA and PAI-1 in relation to microvessel reactivity are not known.

A notion has surfaced that endogenous plasminogen activation could limit episodic

microvessel thrombosis and ischemic injury. However, there has been little indication of t-

PA upregulation during focal ischemia in any model system as a physiologic response to

ischemia.140

Alterations in PA Component Release

In the initial moments following MCA occlusion in the nonhuman primate, u-PA and PAI-1

antigen and activity are released.140 As u-PA and PAI-1 are found in both the plasma and

the ischemic neuropil, the putative source is the endothelium. This is confirmed by

localization of the antigens within the microvasculature in the ischemic regions over time

from ischemia onset (Fig. 3).64 No innate t-PA is generated in excess of baseline levels in

the tissue. Although mRNA for t-PA has been identified in rodent brain under normoxia, the

exact cell sources were not described.52 No association of t-PA antigen with cells within the

neuropil was identified in the nonhuman primate.64

Plasminogen Activation in Ischemic Stroke

Acute thrombus lysis in ischemic stroke, developed in parallel with studies of coronary

artery thrombosis and thrombolysis, underscored the need for rapid intervention.141 The

hypothesis tested was that acute intervention would allow vascular reperfusion of affected

cerebral structures, to abort the progression of tissue injury. Unknown at the time was

whether the risk of hemorrhage would counter the benefits of arterial recanalization and

injury reduction.141

Ischemic Stroke—In the early 1980s, assessment of the potential for streptokinase and u-

PA to achieve recanalization of occluded brain-supplying arteries within 6 hours of

symptom onset was undertaken.142,143 Recanalization was achieved with intravenous

infusion (e.g., rt-PA) and intra-arterial (e.g., single chain u-PA) techniques.144 Efficacy with

a significant increase in the number of patients displaying minimal or no deficits by the

modified Rankin scale score (mRS = 0–1) was demonstrated for rt-PA use within 3 hours of

symptom onset in selected patients, a benefit durable for at least 12 months.127,128 A recent

report has shown that benefit could be demonstrated in the interval 3.0 to 4.5 hours from

symptom onset.129

A significant increase in the incidence and the severity of hemorrhagic transformation is

associated with the use of rt-PA (alteplase) in ischemic stroke.127–129,145,146 However, with

acute intervention, the possibility of vascular reperfusion, and its potential benefits, may

outweigh the potential negative consequences of hemorrhagic transformation.127–129,145,146

Exogenous rt-PA (alteplase, 9 or 18 mg/kg) increased blood–brain barrier permeability in

Wistar rats, and increased permeability of the barrier is predictive of hemorrhagic

transformation in ischemic stroke in humans.147,148 The timeframe involved appears to be

patient population dependent. This is evident when the relationship of parenchymal

hemorrhage (PH) in control patients is compared with those receiving rt-PA in Phase III
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placebo-controlled trials within 3.0 hours of symptom onset.127–129,145,146 This emphasizes

the need to understand the processes contributing to the evolution of injury during focal

cerebral ischemia, and the baseline factors and molecular differences that distinguish patient

populations in terms of injury development.

Experimental Focal Ischemia—Overgaard et al demonstrated that human rt-PA

(alteplase, 10–20 mg/kg) could reestablish flow in a thromboembolic model of focal cerebral

ischemia in the rat, and thereby significantly decrease injury volume and mortality.149–151

Subsequent studies from several laboratories have confirmed this observation in focal

ischemia models in the rat.55,56

Model systems have demonstrated that hemorrhagic transformation is related to degradation

of the microvessel basal lamina matrix.36,48 Whether the generation or release of plasmin

and its sources during focal ischemia and PA exposure contribute to this evolution is not yet

worked out. However, a dependence upon postischemic injury evolution and matrix

degradation would partly explain the time dependence of the severity of hemorrhage

observed in other model systems in the CNS152 and human stroke.145,146

These studies have drawn attention to the possible interactions of PA components with

structural elements in the CNS.

Gene Deletion Constructs of the Plasminogen Activator System

Murine gene deletion constructs of u-PA, t-PA, plasminogen, and PAI-1 have been prepared

that are viable and very well characterized.153–157 Each of these alters the development of

CNS injury following the challenge of MCA occlusion.158–161

How each component of the plasminogen system affects injury processes initiated during

ischemic stroke is not understood completely. There are few reports showing a connection

between the deficit in the genes coding for proteins of the PA system and the poststroke

evolution of cerebral injury. As shown in Table 1, the deletion of genes relevant to

fibrinolysis leads to either decrease or increase in the infarction volume in murine MCA

occlusion models.158–160 Some of these outcomes are compatible with earlier studies

showing that plasminogen knockout mice or α2-antiplasmin knockout mice produce a

reduction and/or an increase in spontaneous lysis of fibrin clots, respectively.157,158

Although deletion of PAI-1 produced an increase in infarction volume, overexpression of

PAI-1 decreased or increased injury volume depending upon the duration of MCA

occlusion.158,161

The limitations of those observations are that while the preservation of the cerebral

microcirculation associated with increased production of plasmin (leading to high

endogenous thrombus lytic activity) might account for the reduction in injury volume, (1)

the probability of alternative or compensatory pathways of fibrinolysis, (2) changes in the

interactions among astrocytes, neurons, microglia, and endothelial cells (elements of the

neurovascular unit) caused by the gene deletion, or (3) an increased amount of edema could

variously affect the outcome of injury volume. The mechanism(s) relevant to the PA

component are not known. When considered in a linear fashion with regard to injury
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volume, it is not possible to consistently relate the individual PA system components to each

other based on the knockout studies alone.162 Hence, it is so far not possible to know how

the components of the PA system work together under ischemic conditions in the brain.

This, incidentally, also applies to studies reported below. These observations offer

opportunities for understanding better how the CNS works.

Each of the murine constructs presents an interesting condition that could involve significant

changes in the barriers in the CNS during ischemia, alterations in peripheral inflammation

and in inflammatory responses of individual cells, and/or changes in the manner in which

cell–cell communication may take place in the neuropil. These considerations are

speculative as there has been little pursuit of the impact of the loss of PA system members

on individual cell functions in the CNS. Below, we examine one aspect that has raised

tension with clinical observations.

rt-PA, Neuron Function, and Neuron Injury

Plasminogen activators have been implicated in the development of the CNS.52,163,164

Specific components of the PA system play distinct roles in CNS development and function.

This is not surprising as many cells harbor receptors for PA components.165 The evidence

for specific functions in the adult CNS is complex, and contradictory, and the story is not

complete.

Among these components, t-PA has received considerable attention. Sappino et al described

the localization of t-PA and PN-1 in the adult mouse brain,52 while u-PA mRNA has been

shown to be expressed in the adult brain.166 The role(s) and the mechanisms of PA action in

individual reports are often difficult to define, in part because the methodologies and the

settings of experimental testing have often not been fully described.

Under conditions of normoxia, in experimental systems, t-PA is synthesized by neurons and

appears to participate in (1) hippocampal neuron function and responses,167 (2)

epileptogenesis,168,169 and (3) excitotoxic injury of neurons.170 u-PA has been shown to

participate in (1) forebrain postnatal development (along with u-PAR),171 (2)

epileptogenesis (along with u-PAR),169,172 and (3) neuron and axonal growth in the CNS.164

Microglia appear to require t-PA for proper function in phagocytosis.173

Tsirka et al have demonstrated that the genetic absence of t-PA prevents the excitotoxic

generation of neuron injury (in the hippocampus).170 It had been suggested that rt-PA

(alteplase) could promote neuron injury during ischemic stroke. Wang et al reported that

injury volumes were significantly smaller in t-PA−/− mice (129/Sv and C57BL/6

backgrounds) subject to transient ischemia, than wild-type companions (Table 1).159 In both

animal strains, infusion of human rt-PA at 0.9 to 1.0 mg/kg increased infarction

volumes.159,174 The increase in injury volume was attributed directly to neuron injury, based

on the ability of rt-PA (alteplase) to potentiate NMDA receptor signaling,175 evidence of

direct proteolytic cleavage of the NR1 subunit of that receptor by rt-PA,175 and t-PA

expression in the hippocampus and amygdala.168
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Concerns were raised that the proteolytic activity could be associated with the serum in

which cells were grown. Furthermore, studies demonstrated that modulation of the NR2B

component of the NMDA receptor by rt-PA (alteplase, 100 μg/mL) increased ethanol-

withdrawal seizures in mice (C57BL/6 background).168 Concerns regarding technical

aspects of the observations have appeared. Recently, evidence has been provided that low-

molecular-weight contaminants (potentially, the excipient L-arginine) in commercial

preparations of human rt-PA (alteplase) could be responsible for cell toxicity, and similarly

contaminants in plasmin preparations could stimulate neuron Ca+2 flux.176 Previously, Yi et

al demonstrated that reduction in infarction volume in the MCA occlusion model in the

Sprague–Dawley rat occurred when rt-PA (alteplase), the S478A mutant of t-PA, or

denatured rt-PA were given by intracerebroventricular injection compared with control.177

Those studies suggest that some nonfibrinolytic effects observed may be off-target from the

serine active site.

The use of rt-PA in some model systems has been taken as support for the impression that rt-

PA is injurious to neurons in the CNS. In general, however, these studies have not taken into

account the importance of species differences with regard to coagulation system activation.

Korninger et al have demonstrated that for ex vivo thrombus lysis, nonhuman systems

require a 10-fold higher concentration of human t-PA than human-relevant thrombus lysis

systems.66 Often with non-thromboembolic models of MCA occlusion, the use of rt-PA has

been associated with an increase in infarction volume (see later). In the nonhuman primate,

no change in infarction volume was observed at several doses of rt-PA (alteplase or

duteplase).178 In culture, injury to cells occurs consistently at suprapharmacologic

concentrations of rt-PA (del Zoppo GJ, Gu Y-H, unpublished data, 2009 and see also, refs.

179–181). Furthermore, there is no clear indication that treatment with rt-PA appropriately

results in a worsening of the injury territories in human stroke patients independent of

hemorrhage. Therefore, further investigation of the interactions of the PA system and its

substrates within the neurovascular unit is required to understand better the roles of the PA

system.

Matrix Degradation in Focal Ischemia

A clinically relevant notion that has emerged is that rt-PA might cause hemorrhage by

increasing the generation of active matrix proteases, particularly gelatinases.182

Loss or alterations of the basal lamina matrix integrity,36,49,57,183–187 and rapid

reorganization of micro-vessel endothelial cell and astrocyte matrix adhesion receptors

occurs during focal ischemia.36,48,57,184,188–191 Of the ECM components, collagen IV,

laminin, and fibronectin decrease significantly.36,48,192,193 Perlecan, which is soluble, is

most sensitive to focal ischemia,57 with domain V being released in this setting.194 A

plausible explanation for the ECM changes seen following MCA occlusion is the acute

appearance of active matrix-cleaving proteases in the ischemic territory. However, no study

to date has shown a clear causal relationship between active protease appearance and basal

lamina ECM disruption during ischemia. Generally, the relationships have been

correlational.
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Heo et al first described the acute appearance of pro-MMP-2 in ischemic tissue and the

association of pro-MMP-9 with hemorrhagic transformation in the primate.63 Rosenberg et

al have explored the role(s) that gelatinases play in the loss of the permeability barrier,

neuron injury, and the evolution of infarction.61,195–201

We have shown that members of four families of matrix-altering enzymes acutely increase

following MCA occlusion in the nonhuman primate: (1) (pro-)MMP-2 and (pro-)MMP-9,63

and the activation system for pro-MMP-2,64 (2) serine proteases, including u-PA,64 (3)

cathepsin-L,57 and (4) hep-aranase.36,57 Their individual involvement in brain injury is now

certain.57,61–63,182,187,202–208 It is unclear whether and how they act in concert.

Among the serine proteases, plasmin can degrade collagen, laminin, fibronectin, and myelin

basic protein.209,210 Plasmin also activates pro-MMP-2 and pro-MMP-9, as well as pro-

MMP-1 and pro-MMP-3.140,211,212 Results concerning PAs in rodent MCA occlusion have

been conflicting.158,159,213–216 In the primate, u-PA is upregulated 2 hours following MCA

occlusion by both endothelial cells and neurons, implying that for u-PA microvessel and

neuron reactivity are connected.140 Other proteases (e.g., thrombin) are also generated

during ischemia, by contact of the plasma with the perivascular TF.17,100

Because thrombin is generated within the microvasculature during focal ischemia, the

possibility that it may also be a contributor to matrix degradation can be considered.

Substrates of thrombin include laminin α chain and fibronectin.217 Alterations in the

generation of thrombin, and modulation of the coagulation system during focal ischemia,

may change this distribution. Thrombin can also stimulate cells to generate proteases with

collagen IV degrading capabilities.218 Furthermore, the exogenous PA exposure may have a

specific impact here as well.

MMPs, Zn2+ endopeptidases, degrade collagen IV, laminins, fibronectin, perlecan, and other

matrix proteins, assist the migration of normal and transformed cells,211,219–222 and

contribute to microvessel remodeling.223 The MMPs can be modulated by their inhibitors

TIMP-1, TIMP-2, and TIMP-3,219,224 and other proteases (e.g., thrombin).188,225 The

inactive gelatinases pro-MMP-2 and pro-MMP-9 are released from vascular endothelium,

leukocytes, and other cells during inflammation.220–222 pro-MMP-2 is activated by

membrane-bound MT1- and MT3-MMP, plasmin, and other proteases.226–228

In the setting of experimental focal ischemia, it is not known whether the proteases are

released in active form and degrade microvessel ECM directly. Considerable experimental

work employing focal ischemia models has focused on the active gelatinases.174,198,229–237

In the primate, MMP-2 antigen is found throughout the ischemic core acutely,64 but only the

inactive pro-MMP-2 form is observed by high-sensitivity zymography.63 Less than 1% of

the total MMP-2 in ischemic basal ganglia appears to be active.63

A review of published studies indicates technical issues that could confound confirmation of

matrix-cleaving activity in tissue derived from ischemia models, including (1) retention of

plasma from unperfused brain samples,61,198,199,231,234–243 (2) the presence of hemorrhage,

(3) activation of samples during extraction,198,230,231,233–236,238,240,244 (4) inconsistencies

in assigning molecular masses to active forms,198,201,231,245 and (5) the absence of sufficient
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details in the manuscript to be certain of the preparation methods. For gelatinases,

publications variously report the expression of pro-MMP-2

only,63,64,201,203,230,233,235–237,239,245 active MMP-2,198,231,234,237 pro-MMP-9

only,61,239,242 active MMP-9,245 or both.174,198,229–237 Furthermore, no study has identified

ECM degradation products of active proteases in CNS ischemia, except perlecan.194 Hence,

attention to the methodologies used and the specificities of outcomes is very important to the

interpretation of the studies here.

Species differences in protease expression during focal ischemia between primate (pro-

MMP-2) and mouse strains (pro-MMP-9) accentuate this problem.57,203 Gene deletion

studies provide only an indirect impression of the impact of specific matrix proteases on

evolving ischemic injury,174,203,204,233,246 and are subject to significant limitations. These

include compensatory changes during development, several MMP-9−/− constructs with

different phenotypes, failure to identify other protease families, unknown cell sources, and

the appearance of similar injury phenotypes with different gene constructs (e.g., within the

PA family, for instance).162 These concerns argue strongly for knowing the enzyme cell

sources precisely, and their impact on matrix structures.

MMP Gene Deletion

Putative protection of the permeability barrier is conferred by knockout of the gene encoding

MMP-2 or MMP-9 in animal models of ischemia.203,233,247–249 On the basis of several

previous reports that showed the contribution of (pro-) MMP-2 or (pro-)MMP-9 to cerebral

tissue damage after focal ischemia, the consequences of MMP deficiency on cerebral stroke

have been investigated in vivo. As shown in Table 2, there is inconsistency whether

knockout of either gelatinase gene leads to reduction of infarction volume. The variable

results may be attributable to differences among strains of mice used, stroke model type,

and/or length of focal ischemia (transient or permanent). Tejima et al used MMP-9 knockout

mice to assess the role of MMP-9 in brain edema formation after cerebral hemorrhage;

edema decreased in the MMP-9−/− mice compared with wild-type mice.204 The role of

MMP-9 on glial scar formation after focal ischemia was also investigated. Copin and

Gasche assigned MMP-9 deficient mice to transient MCA occlusion and showed no

differences in the number of reactive astrocytes within the glial scar between the wild-type

mice and MMP-9 knockout mice, although some reduction of macrophage infiltration

appeared in MMP-9 deficient mice.250

In general, both MMP-2 and MMP-9 gene deletions result in decreased injury volume

following short-term ischemia (and reperfusion). The reasons for this are unclear.

Furthermore, it is not possible to relate the decrease in infarction volume in these models to

either the gelatinase or the PA pathways (see Table 1), specifically.

rt-PA and MMP Generation

The association of increased risk of hemorrhagic transformation with exposure to exogenous

PAs is so strong as to be considered causal. However, the exact molecular mechanism (s)

have not been defined. Potential explanations for the development of PH in this setting

include damage to the microvascular permeability barrier by (1) plasmin, MMPs, and/or
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other matrix proteases, (2) alteration in hemostasis in the setting of injury, (3) both, or (4)

other processes. Direct action of plasmin generated by PAs on the matrix has been preferred.

Given the interest in gelatinase [(pro-)MMP-2 and (pro-)MMP-9] function and their ease of

detection by zymography, the possibility that rt-PA (alteplase) could promote MMP-9

expression has received considerable attention (Table 3).

Among the MMPs activated by rt-PA (alteplase usually), MMP-9 has been proposed as the

conduit, owing to numerous studies associating ischemic injury with increased expression of

MMP-9 in rodent brain.197,236,251,252 However, the relative contribution of active MMP-9

(or MMP-2, or other matrix proteases) has not yet been unequivocally proven. Nonetheless,

several experimental studies have tested this thesis, by reporting the effects of rt-PA on

gelatinase production in cells and animal models, and the relation of MMP-9 generation to t-

PA gene deletion (Table 3). The mechanisms by which rt-PA could increase (pro-)MMP-9

content in brain models are not known. Careful review of several of the reports also indicate

increases in (pro-)MMP-2 levels.

Wang et al showed that exposure of primary rat cortical astrocytes to 5 μg/mL of rt-PA

(alteplase) stimulated an 88 kDa protease attributed to MMP-9 and both 72 and 66 kDa

forms of MMP-2 levels in conditioned media.253 A follow-on study reported that only 2 to

10 μg/mL of rt-PA or 100 to 250 μg/mL of u-PA increased MMP-9 release into conditioned

media.181 Both studies demonstrated that MMP-2 also increased above background. Here, as

elsewhere, increases were less than 2-fold above background. Separate studies using human

cerebral microvessel endothelial cells of commercial origin demonstrated that 1 to 20 μg/mL

of rt-PA (alteplase) induced MMP-2 and MMP-9.179 pro-MMP-3 secretion by bEnd.3 cells

(a transformed murine brain endothelial cell line) was induced by exposure to 10 to 30

μg/mL of rt-PA (alteplase).180 To examine the potential impact of rt-PA in the brain,

alteplase (10 mg/kg) was given intravenously in spontaneously hypertensive rats (SHRs)

after MCA occlusion in an embolic model of focal ischemia and hemorrhage.174,254 In two

reports, rt-PA (alteplase) increased MMP-9 generation, but not MMP-2.

In two reports so far, t-PA−/− mice (on a C57BL/6 background) displayed lower MMP-9

levels than their wild-type littermates.174,179 In the latter study, infusion of rt-PA (alteplase,

10 mg/kg) increased the MMP-9 levels.

Overall, those studies attempt to build a relationship between rt-PA infusion or exposure and

increased (pro-) MMP-9 generation or cell secretion. There are some important caveats in

building a case for causality. To date, there is no clear evidence that (pro-)MMP-2 or

(pro-)MMP-9 are responsible for microvessel matrix degradation in the setting of ischemia.

Although those studies and others suggest that (pro-)MMP-9 or (pro-)MMP-2 might be

stimulated by rt-PA (alteplase), concentrations of rt-PA above 1 μg/mL in culture and 1

mg/kg in animals do not match the human dosage, and high concentrations (up to 10 mg/kg

in vivo) can generate off-target effects and cell injury.177 Potential contributions of the

excipient and/or components of the rt-PA preparations to these effects must be examined.

Technical issues include the presence of serum in cultures or the inability to remove all

serum as presented by MMP-2 in astrocyte cultures,255,256 the presence of microglial
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cells,256 attribution of lysis bands to a particular gelatinase when the standards are not

species identical,255 and/or the failure to use appropriate quantitative methods for

zymography.63,255 The presence of contaminants or biologically active elements (e.g., L-

arginine) in rt-PA preparations has been suspected, and can affect studies of this type.176

The use of highly purified species-specific t-PA is necessary but is limited by supply.

Careful attention to these issues could make an already challenging endeavor more

reproducible and remove the uncertainty regarding the MMP types that may be active. In

short, the mechanisms by which rt-PA can promote hemorrhage in cerebral tissues subject to

ischemic injury remain unresolved and are a complex target for investigation.

Relation of rt-PA to Barrier Degradation

Several studies have linked activation of MMPs by rt-PA to permeability barrier

leakage.174,179,257 There are also reports that in addition to degrading ECM proteins,

MMP-9 degrades TJ proteins directly.198,258,259

Despite numerous studies showing correlations among pro-MMP-9 activation, matrix

degradation, and increased barrier permeability, there have also been reports that rt-PA

increases barrier permeability via receptor-mediated processes independent of MMP-9.260

This would seem to be supported by a recent study demonstrating that exogenous rt-PA

exacerbated permeability barrier disruption following focal ischemia even with complete

knockout of MMP-9, indicating that the effect of rt-PA on the barrier is (or can be)

independent of pro-MMP-9 activation.261

Precise definitions of the events that occur at the micro-vessel barriers and in brain tissue

(and individual cells) are required, with a foundation of understanding cell–cell interactions

in the CNS.

Summary

It is now axiomatic that ischemic stroke is a vascular disorder that involves alterations in

hemostasis, resulting from and promoting the activation of coagulation and platelets. It is

known that interactions exist between vascular hemostasis and the neuropil under conditions

of injury, and that endogenous expression of some coagulation factors exists in the CNS.

Brain injury can disrupt the hemostatic protections afforded the CNS vasculature. Some

modulators of the initiation of coagulation (e.g., TF) reside in the CNS. Notably, focal

ischemia (ischemic stroke) can perturb the coagulation system in the circulation, and also in

cerebral tissue. What is not known are the details and purpose of cellular expression of

coagulation factors in the neuropil. How coagulation factors affect vascular characteristics in

the CNS (e.g., the permeability barriers) is unexplored.

The structure and function of the neuropil is intricately tied to the microvasculature as

represented in the neuro-vascular unit. High quality focal ischemia model studies have

demonstrated that the coagulopathy occurs locally within the microvasculature of the

ischemic territory-at-risk, when the plasma column is exposed to the perivascular TF during

disruption of the microvessel permeability barrier. There is some understanding that

components of the plasminogen-activator system are involved in CNS development, and that
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perivascular expression of TF and serine protease inhibitors can affect vascular and tissue

injury. These and other changes emphasize the prevailing stability of hemostatic elements in

the CNS, and suggest that some elements may have non-hemostasis-related function.

The integrity of the microvessel basal lamina is essential for maintenance of the

permeability barrier; its disruption is associated with hemorrhagic transformation. How

hemostasis in the neurovascular unit intersects with these matrix processes is yet to be

worked out, despite considerable recent study. Limitations in these studies should be

instructive. These include species differences in CNS structure, protein expression, and

responses to ischemia; technical aspects of modeling and sampling in tissue suffused with

edema; and, concentration/dose aspects of reagent interventions (e.g., rt-PA). Gene deletion

mutants of coagulation factors, PA components, and gelatinases have been applied to study

of CNS functions. With normal phenotypes, challenge with MCA occlusion has provided

observations about infarction volume. However, with exception, those studies have not

worked out mechanisms for the functions of the affected genes.

Consideration of these studies raises many questions about the roles of hemostatic and

coagulation processes in normal brain. Due to our patchy knowledge about these CNS

processes, under conditions of normoxia and ischemic injury, there are many opportunities

for future research. However, clear guidance is required.
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Fig. 1.
A schematic diagram of the “neurovascular unit,” a framework that depicts the connection

of cerebral microvessels to neurons via the intervening astrocytes. Astrocyte end-feet form a

part of the cerebral microvessel. Adapted from del Zoppo.10
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Fig. 2.
Evidence of fibrin formation in the cerebral microvessel wall within 4 hours following the

onset of focal ischemia (in Papio anubis/ cynocephalus).23 Shown is a complex occlusion

within a postcapillary venule (approximately 15 μm diameter) and the formation of fibrin in

the vascular wall, the extravascular space, and within the occlusion. Fibrin (white

arrowhead) is found among degranulated platelets and a single polymorphonuclear

leukocyte within the occlusion. Fibrin is seen in the microvessel wall and the extravascular

space (black arrowheads). Other deposits of fibrin can be seen.
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Fig. 3.
Time course of plasminogen activator responses to focal ischemia after middle cerebral

artery occlusion (MCA:O), and MCA:O/ reperfusion in the basal ganglia of Papio anubis/

cynocephalus.64 Nuclear deoxyuridine triphosphate (dUTP) incorporation defines regions of

cellular injury in the basal ganglia. The distributions reflect the appearance by

immunohistochemistry of individual plasminogen activator (PA) components associated

with microvessels in the injured regions. Note that no upregulation of tissue plasminogen

activator (t-PA) was observed. Each diagram represents the composite of three iterations

(different subjects), with the hatched regions depicting 100% of the subjects displaying

expression of the PA component of interest. Control tissues demonstrated no evidence of

dUTP incorporation, u-PA, u-PAR, PAI-1, or t-PA expression.
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Table 1

Effect of MCA occlusion on gene deletion mutants of components of the plasminogen activator system

Targeted gene Strain Infarction Middle cerebral artery occlusion stroke model References

t-PA−/− – ↓ Persistent 158

129/Sv + C57BL/6 ↓ Transient 159

129/Sv + C57BL/6 ↑ Transient 160

u-PA−/− – ~ Persistent 158

PAI-1−/− C57BL/6J ↑

Overexpression of PAI-1 C57BL/6 ↓ 161

↑ Transient

Plasminogen−/− C57BL/6J ↑ Persistent 158

α2-antiplasmin−/− 129/SvJ + C57BL6/J ↓

Abbreviations: MCA, middle cerebral artery; PAI-1, plasminogen activator inhibitor-1; t-PA, tissue-type plasminogen activator; u-PA, urokinase-
type plasminogen activator.

Note: ↑ indicates increase; ↓, decrease; and ~, no change or no effect.

Infarction volume changes are seen, usually measured at 24 hours after onset of focal ischemia.

Semin Thromb Hemost. Author manuscript; available in PMC 2014 July 03.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

del Zoppo et al. Page 39

Table 2

Effect of MCA occlusion on gene deletions mutants of the gelatinases (pro-)MMP-2 and (pro-)MMP-9

Targeted gene Strain Infarction Middle cerebral artery occlusion stroke model References

MMP-2−/− C57BL/6 ~ Transient, permanent (intraluminal) 247

C57BL/6J ↓ Transient (intraluminal) 248

MMP-9−/− CD-1 ↓ Permanent (intraluminal) 62

CD-1 ↓ Transient (intraluminal) 203

C57BL/6 ~ Permanent (direct coagulation) 249

C57BL/6J ↓ Transient (intraluminal) 247

129/SvEv ~ Permanent (intraluminal, direct coagulation) 234

↓ Transient (intraluminal)

129/SvEv ~ Transient (intraluminal) 261

MMP-2−/− MMP-9−/− C57BL/6J ↓ Transient (intraluminal) 248

Abbreviations: MCA, middle cerebral artery; MMP, matrix metalloproteinase.

Note: ↓ indicates decrease and ~, no change or no effect.
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