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Abstract

In the central nervous system, microvessel-neuron interactions appear highly coordinated. The
rapid simultaneous responses of the microvasculature, neurons, and glia to focal ischemia in
experimental ischemic stroke suggest that these responses could be viewed in a unitary fashion,
rather than as individual components. The “neurovascular unit” consists of microvessels
(endothelial cells—basal lamina matrix—astrocyte end-feet [and pericytes]), astrocytes, neurons and
their axons, and other supporting cells that are likely to modulate the function of the “unit.” Each
cell component generates an inflammatory response to ischemia. Matrix metalloproteinase
(MMP)-9 was first associated with hemorrhagic transformation following focal ischemia in an
experimental model. A series of studies of ischemic stroke patients also suggests a relationship
between MMP-9 levels and several consequences of ischemic injury, including hemorrhagic
transformation. Recent experimental work suggests specific cell sources for MMP-9 generation
and for matrix proteases from four distinct families that could impact neurovascular unit integrity.

Keywords
matrix metalloproteinases; ischemic stroke; inflammation; matrix proteins; neurovascular unit

Introduction

Focal cerebral ischemia, thrombosis, and inflammation are intimately related. Thrombotic
occlusion of a brain-supplying artery leads to focal regions of ischemia, which initiate both
cellular inflammation and innate inflammatory processes. Specific responses of cerebral
microvessels to focal ischemia include (i) loss of the permeability barrier that occurs rapidly,
(ii) degradation of matrix components of the basal lamina, and (iii) inflammatory cell
adhesion to endothelial cell leukocyte adhesion receptors in preparation for transmigration
into the neuropil, with obstruction of capillaries and post-capillary venules.1* The cerebral
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microvascular endothelium, bound to the underlying basal lamina matrix (extracellular
matrix, ECM), provides the interface for activation and transit of inflammatory cells.

Vascular matrix responses to focal cerebral ischemia

This interface consists of endothelial cells, astrocytes and their end-feet, and the subtending
basal lamina matrix layer in capillaries that separates the two cell compartments. In the
larger vessels, a myointima is encased in the basal lamina. Pericytes are also encased within
the basal lamina ECM. Microvessels closer to the brain surface may display the Virchow-
Robin space between the glia limitans and the myointima, which fuses as the vessels dive
deep into the brain to ultimately form the capillary branches.

During focal cerebral ischemia, components of the microvessel basal lamina disappear. This
process begins within hours of ischemia onset and is accompanied by the appearance of one
or both gelatinases (depending upon the model system studied). In the nonhuman primate,
for instance, pro-MMP-2 is up-regulated, along with urokinase (u-PA), cathepsin L, and
heparanase within 1-2 h following the onset of focal ischemia.2>~7 pro-MMP-9 appears in
association with hemorrhagic transformation (Fig. 1). A number of laboratories have studied
the appearance of both gelatinase forms in the setting of intracerebral hemorrhage, as well as
their activating proteases and substrates.

Ischemic stroke and (pro-)MMP-9

Montaner et al. described the relationship between MMP-9 antigen expression in peripheral
blood and hemorrhagic transformations.8-14 Correlations with intracerebral hemorrhage,
ischemic cerebral hemorrhage, and edema were also described. Those studies have
suggested that MMP-9 is associated with cerebral injury of all types. However, an
explanation for the appearance of MMP-9 in all of these settings, and its specific role(s), has
not been provided.

Ischemia and the gelatinases

Curiously, pro-MMP-9 is associated with focal ischemia in rodents, but only hemorrhagic
transformation in primates.215 Several reports have associated MMP-9 with perivascular
astrocytes during ischemia or hemorrhage in the rodent. The finding of MMP-8 and MMP-9
in polymorphonuclear (PMN) leukocytes suggests that the involvement of inflammatory
cells during evolving brain ischemia could provide another source of this gelatinase. This
would fit the interrelationship of thrombosis, ischemia, and inflammation. However, to date,
the exact contribution of MMP-9 from this source, if applicable, has not been worked out.

Biochemical interrelationships among matrix proteases

Activation of the latent gelatinases pro-MMP-2 and pro-MMP-9 is related. Expression of
MT-1 MMP and MT3-MMP (activators of pro-MMP-2) and u-PA (an activator of
plasminogen) are generated swiftly after the onset of ischemia (Fig. 2). Plas-min and
MMP-2 can convert pro-MMP-9 to active MMP-9. Although both gelatinases have been
found in tissues and plasma in animal models of focal ischemia and hemorrhage, the amount
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of the active forms have been variable and inconsistent. Nonetheless, both gelatinases are
known to proteolyze collagen type 1V, fibronectin, aggrecan, elastin, and vitronectin.
Plasmin and MMP-2 can cleave the laminins, and plasmin can also degrade collagen type
IV, fibronectin, and myelin basic protein. Heo et al. have shown in electronmicrographic
studies in the Sprague—Dawley the loss of electron density of the basal lamina in cerebral
microves-sels in the ischemic territory following focal ischemia and that this loss relates to
the appearance of pro-MMP-9.16.17

Hypothesis

These findings suggest the hypothesis that the integrity of the neurovascular unit, in
particular the microvessel basal lamina and neurons, can be affected by proteases of all four
families (select MMPs, serine proteases, select cysteine proteases, and heparanase). These
proteases are expressed in association with both microvascular and neuronal structures. The
sources of these proteases have not entirely been worked out. Furthermore, the activation of
the latent forms of matrix metalloproteinases has been speculated upon, but the sources of
the activators have not been described. Work here suggests that the glial compartment,
astrocytes, and microglia, may be contributors to vascular matrix degradation.

Experimental Approach

A ready target for investigation is the appearance of pro-MMP-9 in relationship to ischemia-
related hemorrhagic transformation. Heo et al. were the first to demonstrate a relation
between pro-MMP-9 generation and hemorrhagic transformation of the evolving infarction
(Fig. 1).2 The cause(s) of (pro-)MMP-9 generation in association with hemorrhage, whether
it is responsible for the hemorrhage, its substrate in the setting of hemorrhage (e.g., whether
vascular or pericellular), and the precise substrates of activity have not yet been worked out.
The sources and results of these presumed activities have also not been clarified.

There is need to explain all aspects of the appearance of pro-MMP-9 in the clinical settings
of cerebral ischemiga, its relationship to innate inflammation, and the appearance of pro-
MMP-9 in model systems. A unifying hypothesis and explanation for the varied levels of
pro-MMP-9 in both brain tissue and plasma, as well as the relationship to inflammation in
these systems, has not appeared.

Potential cellular sources of (pro-)MMP-2 and (pro-)MMP-9

A survey of experimental work in the rodent suggests that microglial cells and/or astrocytes
may provide a source of pro-MMP-9 and/or pro-MMP-2, when these cells are stimulated
with pro-inflammatory cytokines.18 Each cell type of the neurovascular unit can provide an
inflammatory response and can participate in innate inflammation. Of these cells, microglia,
as resident inflammatory sentinels in the CNS, are of interest. Broadly, stimulation of
microglia can produce gelatinases under experimental conditions. These cells undergo
morphologic changes, when grown on different matrix substrates in vitro and exposed to
experimental ischemia. Indeed, Mabuchi et al. have demonstrated that microglial cells are
activated in the face of evolving ischemic regions when vascular permeability increases.?
Although difficult to distinguish from invading macrophages, their exact position in the
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ischemic region and their morphology are relevant. Those observations and the events
related to increased microvascular permeability suggest that when the microglia in the
ischemic region are exposed to plasma proteins, enhanced activation can occur. Support for
this thesis comes from models of experimental autoimmune encephalomyelitis (EAE). These
suggest further that in vitro experiments with primary microglia and astrocytes, and in
experiments in small animal models, where MMP-9 levels are measured, may be
compounded by the presence of added serum, or extravasated plasma.

A strategy for examining the precise origins of MMP-9 in the setting of hemorrhage during
ischemia should take into account the precise environment of these cells. As a background
for those studies that involve the activation of innate inflammation, the following has been
noted: (1) plasma matrix protease activity can disturb astrocyte—matrix adhesion, (2) pro-
MMP-9 is generated by cerebral tissue in response to exposure to hemorrhage, (3) the
activation and responses of specific cells in the neuropil occurs, and (4) the glial
compartment is important to observations of MMP-9 generation in the setting of
hemorrhagic transformation during focal ischemia. Whether the generation of (pro-)MMP-9
is causal or a result of these injuries is an unresolved question.
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Page 6

*2p = 0.018

pro-MMP-9 pro-MMP-2

Relative tissue contents of pro-MMP-2 and pro-MMP-9 following middle cerebral artery
occlusion (MCA:O) in the nonhuman primate striatum and their association with
hemorrhagic transformation in situ. Significantly increased pro-MMP-9 production is seen
in samples with hemorrhage (solid bars), but not in samples without hemorrhage (hatched
bars). No correlation was observed for pro-MMP-2 (n = 27 subjects).2
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Generation of gelatinase activities and related matrix proteases following middle cerebral
artery (MCA\) occlusion. Proteases and ligands in black have been documented in the
striatum of the nonhuman primate following MCA occlusion, while those in gray have not
been directly observed or do not change in content (e.g., t-PA). pro-MMP-2 and pro-MMP-9
represent the latent inactive forms observed. Those proteases in boxes have been quantified.
The ligands (black) are associated with the cerebral microvasculature. MMP, matrix
metalloproteinase; MT-MMP, membrane-type MMP; u-PA, urokinase plasminogen
activator; t-PA, tissue-type plasminogen activator; MBP, myelin basic protein.2>~7
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