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Abstract

The blood-brain barrier (BBB) is formed primarily to protect the brain microenvironment from the
influx of plasma components, which may disturb neuronal functions. The BBB is a functional unit
that consists mainly of specialized endothelial cells (ECs) lining the cerebral blood vessels,
astrocytes and pericytes. The BBB is a dynamic structure that is altered in neurologic diseases,
such as stroke. ECs and astrocytes secrete extracellular matrix (ECM) proteins to generate and
maintain the basement membranes (BMs). ECM receptors, such as integrins and dystroglycan are
also expressed at the brain microvasculature and mediate the connections between cellular and
matrix components in physiology and disease. ECM proteins and receptors elicit diverse
molecular signals that allow cell adaptation to environmental changes, and regulate growth and
cell motility. The composition of the ECM is altered upon BBB disruption and directly affects the
progression of neurologic disease. The purpose of this review is to discuss the dynamic changes of
ECM composition and integrin receptor expression that control BBB functions in physiology and
pathology.
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INTRODUCTION

The brain microenvironment is tightly controlled to ensure proper nervous system functions.
The primary layer of protection comes from the blood-brain barrier (BBB) at the capillary
endothelium, and the blood-cerebrospinal fluid (CSF) barrier at the choroid epithelium and
the arachnoid membrane. These barriers separate the blood from the central nervous system
(CNS) microenvironment (Redzic, 2011). In vertebrates, the BBB consists primarily of
endothelial cells (ECs) with specialized tight junctions (TJs) lining the blood vessels,
astrocytic endfeet surrounding the blood vessels, and pericytes embedded in the basement
membranes (BMs) between the ECs and the astrocytes (Figure 1) (Banerjee and Bhat, 2007).
The BBB has multiple functions. As a physical barrier, it restricts paracellular transport of
cells, proteins and water-soluble agents. As a transport barrier, it regulates nutrient supply
and waste removal, through specific transport systems, such as glucose transporter 1
(GLUT-1), and ATP-binding cassette (ABC) transporters, such as P-glycoprotein. As a
metabolic barrier, it contains enzymes that metabolize ATP and neuroactive compounds,
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allowing separation of the central and peripheral pools of neurotransmitters (Abbott et al.,
2006). However, the BBB is neither an absolute barrier nor is it static (Carvey et al., 2009;
Neuwelt et al., 2011). Rather, this dynamic structure is highly regulated by interactions
between its cellular and extracellular matrix (ECM) components along with integrin
receptors. In this review, we discuss the contribution of ECM proteins and integrin receptors
in the regulation of BBB functions in physiology and pathology.

BBB DURING DEVELOPMENT AND PATHOLOGY

During embryonic vascularisation of the brain, the BBB forms in parallel with the blood
vessels. ECs migrate to and proliferate on a fibronectin-rich ECM, and a laminin-containing
BM forms shortly thereafter (Risau and Lemmon, 1988). In brain capillary endothelial cells
(BCEC:s), fibronectin signaling during angiogenesis switches to laminin signaling in adult
stages (Milner and Campbell, 2002). Notably, the regulation of exchange between blood and
CSF and the composition of CSF are different in the fetus and the adult, as evidenced by
higher protein concentrations in CSF and the different plasma-to-CSF ratios in the fetus
(Johansson et al., 2008). Whether this is due to ongoing differentiation of ECs into their
specialized phenotype or to alternative transport mechanisms and changes in CSF volume
during development has been a matter of debate for over 20 years (Engelhardt, 2003;
Johansson et al., 2008; Saunders et al., 2008). However, TJs form and the transport of low-
molecular-weight markers from the blood into the CNS is restricted very early on (Ek et al.,
2006; Saunders et al., 2008). Regardless of the exact time point, formation and maintenance
of the BBB as it exists in the adult entail the interaction of several cell-types and ECM
components.

The BBB is disrupted in many pathological conditions, such as stroke, Multiple Sclerosis
(MS), HIV encephalitis, age-related dementia, and Alzheimer’s Disease (AD) (Abbott et al.,
2006). With the exception of hemorrhagic stroke where blood vessels rupture, disruption of
the BBB refers to a reduction of the barrier tightness and an increase in leakiness, while the
vessels remain largely intact. As a result of these changes in the barrier tightness, several
blood proteins deposit in the brain parenchyma. These deposits do not occur in the healthy
brain and are often observed very early on in disease, sometimes before the onset of clinical
symptoms (Kermode et al., 1990; Huber et al., 2001; Paul et al., 2007). This suggests that
BBB disruption may participate in disease onset and progression.

In stroke, blood flow in the brain is disrupted by bleeding (hemorrhagic stroke) or occlusion
of the vessel by a blood clot (ischemic stroke). Loss of blood flow results in lack of oxygen
and nutrient supply to the brain cells that quickly leads to neurological deficits or death
(Ding and Clark, 2006). While blood flow needs to be quickly restored, the reperfusion of
ischemic tissue following removal of the thrombus can lead to secondary damage due to
oxidative stress induced by the sudden re-exposure to oxygen and inflammatory responses to
the damaged tissue. Local changes in oxygen and nutrient supply as well as in blood flow
and haemodynamic pressure during the different phases of ischemia and reperfusion result
in many interdependent biochemical and cellular events, as reviewed in depth by Sandoval
and Witt (2008). For example, ischemia leads to ATP depletion, ionic imbalance, increased
acidosis and cell swelling, oxidative stress, release of inflammatory cytokines and
chemokines, and upregulation of proteases. Restoration of blood flow increases the pressure
on the damaged ECs and their TJs (Sandoval and Witt, 2008). In addition, reperfusion
results in a fresh supply of leukocytes, which translocate in the CNS triggering a cascade of
cytokine release (Wang et al., 2007). This wide variety of oxidative and inflammatory
responses results in a multitude of effects, including loss of microvascular integrity, loss of
TJ regulation, multi-phasic changes in permeability, proteolytic degradation of BMs, loss of
integrins, loss of cell adhesion, edema, extracellular deposition of plasma proteins, and
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further inflammation (Figure 1) (Hamann et al., 1995; Wang and Lo, 2003; Wang et al.,
2007; Sandoval and Witt, 2008; Baumann et al., 2009; Kwon et al., 2009). Notably, these
processes all contribute to BBB disruption, and although the exact cause-and-effect
relationships of the different pathological changes are hard to establish, they are likely to be
interdependent (Sandoval and Witt, 2008).

CELLULAR PLAYERS OF THE BBB

Endothelial cells

Astrocytes

The ECs of the BBB distinguish themselves from ECs elsewhere by the absence of
fenestrations, increased mitochondria, reduced pinocytosis, absence of class Il major
histocompatibility complex, expression of specialized transporters and the higher abundance
of specialized TJs (Abbott et al., 2006; Zlokovic, 2008; Carvey et al., 2009). TJs are present
between adjacent cells, and the network of parallel, intra-membrane strands of protein acts
as a series of barriers, preventing paracellular transport (Figure 1) (Huber et al., 2001). TJs
can even restrict the movement of ions, such as Na* and CI~, thereby increasing by 50-500-
fold the transendothelial electrical resistance (TEER), a measure of endothelial barrier
properties. In addition to restricting the paracellular permeability, TJs cause polarization of
ECs by dividing them into apical and basal domains. The main proteins forming the TJs at
the BBB are claudin-5, -3 and -12, occludin, junctional adhesion molecules (JAM A, B and
C) and zona occludens proteins (ZO-1, ZO-2, ZO-3). Besides TJs, there are also adherens
junctions (AJs) that are characterized by the intracellular insertion of microfilaments and
comprise proteins, such as VE-cadherin (CD144) and PECAM-1 (CD31). The TJs and AJs
of the BBB have been extensively reviewed elsewhere (Huber et al., 2001; Wolburg and
Lippoldt, 2002; Harhaj and Antonetti, 2004). These properties are not intrinsic to ECs, but
are induced by the CNS environment (Stewart and Wiley, 1981). Moreover, /n vitro cultures
of ECs rapidly lose their barrier properties (Kniesel and Wolburg, 2000), and /n vitro models
of BBB require co-culture and specific ECM coatings (Tao-Cheng et al., 1987; Daneman et
al., 2010). The acquisition of these specialized characteristics by the ECs is mediated by
interactions with the other cellular and ECM components that constitute the BBB as
discussed below.

Astrocytes are glial cells that support neurons by regulating the fluid, electrolyte, amino acid
and neurotransmitter balances in the neuronal microenvironment. They also have roles in
synapse formation and clearance of axonal-derived material (Sofroniew and Vinters, 2010;
Zhang and Barres, 2010; Allaman et al., 2011; Nguyen et al., 2011). They are present
throughout the CNS and form a network with neighboring astrocytes that communicates
with each other through GAP junctions (Rouach and Giaume, 2001). In addition, astrocytes
also form connections with neurons, axons and blood vessels, making them ideally
positioned to respond to multiple signals in their microenvironment.

Astrocytes and, in particular, perivascular astrocytic endfeet cover microvessels in the CNS
and form the glia limitans (Figure 1). Astrocytic coverage of vessel ECs and pericytes is
virtually complete (Mathiisen et al., 2010). On the rare occasion where a gap occurs between
the endfeet, microglial processes can be observed touching the BM (Lassmann et al., 1991;
Mathiisen et al., 2010). Holes in the endfeet coverage of pericytes are more common,
allowing BM contact with neuropil components (Mathiisen et al., 2010). Thus, astrocytes
separate the vessels and their BMs from the brain parenchyma, while still allowing some
direct contacts at specific sites.

Astrocytes are also important for inducing and maintaining EC barrier properties (Janzer and
Raff, 1987; Abbott et al., 2006). In freeze-fracture studies, ECs in co-culture with astrocytes
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Pericytes

for several days have greater TJ numbers, width, length and complexity than ECs in mono-
culture where TJs become fragmented and GAP junctions appear (Tao-Cheng et al., 1987).
Induction of EC barrier characteristics, such as blocked intercellular passage of horseradish
peroxidase, increased glucosamine uptake and visible formation of TJs, can also occur upon
stimulation with astrocyte-conditioned medium (Yamagata et al., 1997). With regard to the
increase in TJs, co-culture models revealed an upregulation of ZO-1 and occludin and the re-
distribution of CD31, claudin-5 and ZO-1 from a diffuse pattern to the cell-borders in ECs in
the presence of astrocytes (Siddharthan et al., 2007; Colgan et al., 2008; Al Ahmad et al.,
2010). The interaction between astrocytes and ECs is bidirectional, since ECs also enhance
growth and differentiation of astrocytes (Mi et al., 2001; Abbott et al., 2006). While
astrocytes induce barrier properties in ECs, induction of endothelial barrier properties during
embryonic development precedes astrocyte differentiation in several species (Daneman et
al., 2010). Thus, while astrocytes most likely regulate the dynamics of the BBB postnatally,
astrocytes cannot be the sole or essential regulator of BBB during embryongenesis.

Pericytes are cells likely derived from the vascular smooth muscle cell lineage that are
embedded in the BM of ECs at the BBB (Allt and Lawrenson, 2001). Pericytes provide a
substantial but incomplete (approximately 30%) coverage of the endothelium (Mathiisen et
al., 2010). They extend processes around capillaries and can contain contractile elements,
such as alpha-smooth muscle actin (Allt and Lawrenson, 2001; Bandopadhyay et al., 2001;
Peppiatt et al., 2006; Mathiisen et al., 2010). Despite a lot of controversy, pericytes appear to
contract and modulate cerebral blood flow in capillaries (Allt and Lawrenson, 2001; Peppiatt
et al., 2006). Pericytes maintain close contact with ECs through peg-socket contacts, which
involve reciprocal interdigitating evaginations from each cell, and GAP junctions and are
important regulators of angiogenisis and the formation of the vascular tree (e.g., via
Transforming Growth Factor-p (TGF-p) and angiopoietin-1) (Allt and Lawrenson, 2001;
Bagley et al., 2005; Lai and Kuo, 2005; Caruso et al., 2009; Fisher, 2009).

The role of pericytes in BBB was studied in mice where pericyte recruitment to the vessels
was abolished by mutations that interfere with Platelet-Derived Growth Factor B (PDGF-B)
signaling through the PDGF receptor beta (PDGFR-B) (Dohgu et al., 2005; Armulik et al.,
2010; Bell et al., 2010; Daneman et al., 2010; Quaegebeur et al., 2010). Daneman et al.
(2010) showed that pericytes are necessary for BBB formation during embryonic
development. Mice with reduced or complete absence of pericytes (due to hypomorphic or
null mutations in Pdgfrb alleles) have increased vessel permeability, which is inversely
correlated with the degree of pericyte coverage. Mice lacking pericytes have increased
transcytosis, aberrant alignment of TJs, and higher expression of molecules, which increase
barrier permeability, such as angiopoietin2 and leukocyte adhesion molecules (LAMS)
(Daneman et al., 2010). Interestingly, these mice still express many BBB-specific genes in
ECs, pointing towards barrier-forming roles of other cell types, such as neural progenitor
cells, at even earlier stages of development (Daneman et al., 2010).

The role of pericytes in the adult was investigated using several adult-viable pericyte-
deficient mouse mutants with a reduction in pericyte coverage (Armulik et al., 2010; Bell et
al., 2010). In the adult, loss of pericytes results in reduced barrier properties due to altered
gene expression in ECs and loss of astrocytic endfeet polarization (Armulik et al., 2010).
Mutations that lead to an age-dependent progressive pericyte loss showed BBB breakdown
associated with brain accumulation of blood proteins, such as 1gG and fibrinogen (Bell et al.,
2010). In addition, age-dependent reduction in TJs and BM proteins in pericyte-deficient
mice precede neurodegenerative changes and impairment of learning and memory (Bell et
al., 2010). These results are supported by /n vitro findings that pericytes induce barrier
functions in ECs, resulting in reduced permeability, reduced intracellular space between
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ECs, increased TEER, increased junctional integrity and secretion of BM components
(Dohgu et al., 2005; Dore-Duffy et al., 2006; Brachvogel et al., 2007; Daneman et al., 2010).

Direct comparisons of the effects of pericytes and astrocytes on induction of EC barrier
properties are sparse. Co-culture models showed that while the effect of pericytes on TJ
protein localization to the cell borders was a lot less than that of astrocytes (Al Ahmad et al.,
2010), TEER and permeability were influenced more by pericytes than astrocytes
(Nakagawa et al., 2007). Barrier properties were maximal in the presence of both cell types.
The evidence presented above indicates that while astrocytes and pericytes work
synergistically to regulate BBB functions, their relative contributions may vary during
different developmental stages or disease activity.

Cellular Changes in Stroke

BBB permeability increases after ischemia/reperfusion in stroke patients (Kastrup et al.,
2008; Israeli et al., 2010) and in animal models of cerebral ischemia (Baumann et al., 2009).
EC cultures exposed to hypoxic conditions /n vitro also show reduced TEER and increased
paracellular permeability (Mark and Davis, 2002; Yamagata et al., 2004; Koto et al., 2007).
These defects in the BBB are associated with loss of endothelial TJs (Sandoval and Witt,
2008). In in vitro experiments, hypoxia/reoxygenation, to mimic ischemia/reperfusion in
vivo, caused a reduction and disruption of staining for TJ proteins claudin-5, occludin, ZO-1
and ZO-2 at the plasma membrane of confluent ECs (Mark and Davis, 2002; Koto et al.,
2007). This appears to be due to, at least for some proteins, a redistribution of the TJ
proteins away from cell-cell contacts rather than a reduction in TJ protein or RNA levels,
and entails a transient effect with restoration of TJs upon reoxygenation (Mark and Davis,
2002; Koto et al., 2007).

Astrocytes may be less sensitive to ischemia than ECs because of increased glycolytic
capacity and high endogenous anti-oxidant content and might initially protect EC TEER /n
vitro during hypoxia (Kondo et al., 1996; Haseloff et al., 2005). However, astrocytes are
clearly affected by hypoxia over time. Transmission electron microscopy (TEM) of middle
cerebral artery occlusion (MCAQ) in rats showed that astrocytic endfeet swell due to
osmosis and obstruct the vessel lumen or lose contact with the vessels (Figure 1) (Melgar et
al., 2005; Kwon et al., 2009). The percentage of microvascular surface that was covered by
astrocytic endfeet reduced gradually from 94% in sham-operated animals to 74% after 4
hours and 16% after 16 hours, to almost non-existent after 48 hours (Kwon et al., 2009). In
accordance, pericytes are found to migrate away from the vessels in models of ischemia and
BBB disruption, breaking through the BMs that ensheets them (Dore-Duffy et al., 2000;
Melgar et al., 2005; Nishioku et al., 2009). In contrast, microglia appear to increase their
proximity to the vasculature by rapid process extension in a model of local opening of the
BBB by laser ablation (Nimmerjahn et al., 2005). This indicates that, in addition to direct
changes in BBB permeability by TJ disruption, contact with BBB supportive cells is also
lost, which is likely to enhance BBB disruption.

MATRIX RECEPTORS OF THE BBB

Two main receptors/adhesion proteins are involved in the cell-cell and cell-matrix
interactions of the BBB: dystroglycan and integrins. Dystroglycan consists of a highly
glycosylated extracellular alpha subunit and a transmembrane beta subunit (Moore and
Winder, 2010). Integrins are a family of transmembrane glycoprotein heterodimers of alpha
and beta chains, which bind several ECM ligands and activate a wide range of signaling
pathways (Hynes, 1992; Hynes, 2002). Table 1 lists the expression patterns for dystroglycan
and integrins in cells of the BBB. Dystroglycan is expressed in perivascular astrocytes,
neurons, and ECs (Zaccaria et al., 2001; Engelhardt and Sorokin, 2009; Moore and Winder,
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2010), and integrins are present on all cell types involved in BBB formation. Notably, the
detection of specific integrins or their subunits on cells of the BBB varies between studies
due to differences in detection methods, developmental or physiological state of the tissue,
location within the brain, and the presence of an ECM ligand (McGeer et al., 1990; Paulus et
al., 1993; Pinkstaff et al., 1999; Sixt et al., 2001; Milner and Campbell, 2002; Wang and
Milner, 2006).

The matrix receptors perform two major functions: First, they regulate signaling pathways to
allow cell adaptations to changes in the microenvironment (Hynes, 2002; Moore and
Winder, 2010). Second, they form a physical link between the ECM and the cytoskeleton,
thereby anchoring the cells in place and regulating their motility. Integrins signal mainly by
a) activating signaling pathways upon binding to ECM ligands, b) activating latent forms of
growth factors, or c) via transactivation of growth factor receptors. Integrin activation by
ECM ligands affects key cellular processes, such as survival, proliferation, differentiation
and migration through signaling pathways, such as focal adhesion kinase/c-Jun N-terminal
kinase (FAK/INK), Ras/ERK (MAP kinase), and the small GTPases such as Rho, Rac and
Cdc42 (Giancotti and Ruoslahti, 1999; Miranti and Brugge, 2002). Astrocyte-expressed
integrins avp6 and avp8 (Milner et al., 2001; Cambier et al., 2005) are major activators of
latent TGF-P (Annes et al., 2003) through mechanical conformational changes (Munger et
al., 1999) and proteolytic mechanisms (Mu et al., 2002), respectively. Integrins activate
growth factor receptors, such as PDGF receptor and Epidermal Growth Factor (EGF)
receptor, through several mechanisms (Moro et al., 1998; Giancotti and Ruoslahti, 1999;
Miranti and Brugge, 2002; Schwartz and Ginsberg, 2002; Yamada and Even-Ram, 2002;
ffrench-Constant and Colognato, 2004). Integrin and growth factor receptors can share
common downstream signal transduction pathways, such as FAK/JNK and MAP kinase
(Schwartz, 1997). As a result integrin activation by ECM ligands might potentiate growth
factor receptor activation. In the presence of ECM and growth factors, growth factor
receptor transactivation can occur by co-clustering with integrins, as described for example
for PDGFRP in the presence of PDGF with av3 integrin binding to vitronectin, or f1
integrin binding to fibronectin (Miyamoto et al., 1996; Schneller et al., 1997). Moreover,
integrins can transactivate growth factor receptors in the absence of growth factor ligands,
thus allowing for direct regulation of cellular responses to changes in the extracellular
environment. Examples include tyrosine phosphorylation of EGF receptor, PDGFRf and
vascular endothelial growth factor (VEGF) receptor-3 by binding of p1-integrin to ECM
ligands such as collagen or fibronectin, even in the absence of EGF, PDGF-B, or VEGF
respectively (Sundberg and Rubin, 1996; Moro et al., 1998; Wang et al., 2001).
Phosphorylation of EGF receptor by binding of p3-integrins to fibronectin or fibrinogen has
also been documented (Moro et al., 1998; Schachtrup et al., 2007). Other mechanisms of
cross-talk between integrins and growth factor receptors include modulation of receptor
expression and receptor compartmentalization (Miranti and Brugge, 2002).

Cells that regulate BBB permeability express a variety of integrins that regulate diverse
biological functions (Table 1). ECs express several laminin-binding receptors, including
a6pl, dystroglycan and a3p1, in addition to the collagen IV receptor a1p1 and a
vitronectin receptor avp3 (Engelhardt and Sorokin, 2009). Astrocytes also express the
laminin receptors dystroglycan and a.6p4, both of which mediate astrocyte adhesion to
laminin /n vitro (Milner et al., 2008a), vitronectin receptors avp8 and avp5 and fibronectin
receptor a5p1 (Engelhardt and Sorokin, 2009). As cells express multiple matrix receptors,
they interact with a wide range of ECM ligands, as indicated in Table 2 for the CNS.
Integrins have multiple functions at the BBB. Fibronectin-stimulated proliferation and
survival of BCECs are mediated by fibronectin-binding integrins a5p1 and avp3 through
the MAP kinase pathway (Wang and Milner, 2006). In contrast, EC growth arrest is
observed on laminin through a2p1 integrin activation (Mettouchi et al., 2001). Adhesion
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and migration of astrocytes are mediated by the vitronectin-binding integrins avp5 and
avp8, respectively (Milner et al., 1999).

An additional mechanism that regulates vascular permeability is integrin-mediated
regulation of VE-cadherin. Integrins and cadherins transduce signals to the cell cytoskeleton
to modulate cellular behavior, such as migration and attachment. While integrins signal
upon binding to ECM proteins, cadherins mediate cell-cell adhesion processes (Dejana et al.,
2009). Interestingly, signaling through integrin receptors alters the cadherin junctions
between ECs. Activation of avp3 integrin results in disruption of VE-cadherin localization
at AJs in ECs resulting in increased vascular permeability (Alghisi et al., 2009). Activation
of avp3 integrin by fibronectin disrupts localization of VE-cadherin via Src activation
(Wang et al., 2006b). Disruption of VE-cadherin localization is associated with increased
tyrosine phosphorylation of catenins and dissociation of -y-catenin from VE-cadherin (Wang
et al., 2006b). Tyrosine phosphorylation of VE-cadherin is associated with increased
permeability of centrally-derived vascular endothelium (Shen et al., 2011). It is therefore
possible that decreases in VE-cadherin-mediated cell-cell interaction of ECs in the CNS as a
result of integrin activation may provide a mechanism for the coordination of BBB
permeability in response to extracellular signals.

Integrin-deficient mice have elucidated the role of avp8 integrin in BBB functions: av
integrin knock-out (KO) mice developed hemorrhage, but ECs and pericytes appeared
normal, while vessel attachment to parenchymal neuroepithelial cells, glia, and neuronal
precursors was interrupted (McCarty et al., 2002). Follow-up studies with conditional av
KO in ECs, neurons or glia showed that the hemorrhage is due to loss of av in radial glial
cells and astrocytes (McCarty et al., 2005). While av associates with 1, f3, p5, p6 and p8
subunits, only the B8 integrin KO mice showed similar intracerebral hemorrhage, indicating
that avp8 was the integrin involved in regulating vascular permeability (Zhu et al., 2002;
McCarty, 2009). Targeted deletion of B8 in the brain from vascular ECs or from migrating
neurons had no effect, but deletion from neuroepithelium, from which astrocytes derive,
resulted in hemorrhage and leaky vasculature during development (Proctor et al., 2005).
While avp8 is a receptor for vitronectin and thus involved in cell adhesion, strikingly, the
phenotype of the avp8 KO is mimicked by KO of active TGF-p1 and TGF-3 (Mu et al.,
2008). Interestingly, TGF-p is secreted in a latent form and binding to av integrin resulted
in TGF-P activation through release from the latent binding protein (McCarty, 2009;
Nishimura, 2009). Importantly, TGF- is involved in the regulation of EC differentiation,
BM protein secretion and BBB formation (Kose et al., 2007). Astrocytic avp8 integrin
activation of TGF-p induces EC differentiation (Cambier et al., 2005). Thus, these findings
suggest that avp8 can affect the BBB through TGF-p -mediated EC differentiation.

Matrix Receptors in Stroke

After a stroke, cell contact with the vessels is often lost, suggesting a change in the receptors
that anchor the cells in place. In baboons, levels of several integrins and dystroglycan were
reduced after MCAO (Okada et al., 1996; Wagner et al., 1997; Tagaya et al., 2001; Milner et
al., 2008b). The number of vessels that stained positive for a1 or 1 integrin showed a
reduction of roughly 30% after 2 hours and even 75% 24 hours after MCAO in the ischemic
core, indicating an early loss of a1p1 from ECs (Tagaya et al., 2001). In astrocytes, a
marked decrease in the laminin-binding proteins a6p4 and dystroglycan was observed in a
similar time frame 2—4 hours after MCAO, coincident with astrocyte swelling (Wagner et
al., 1997; Tagaya et al., 2001; Milner et al., 2008b). Loss of integrin-ECM binding may not
only result in loss of cell anchoring, but could also lead to detachment-mediated cell death
(anoikis), through loss of integrin signaling (Sandoval and Witt, 2008). While several
integrins are downregulated in stroke, upregulation of integrins is also observed. In ECs
after MCAO, avp3, which is otherwise only present during angiogenesis, is induced in
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selected microvessels (Okada et al., 1996; Wang and Milner, 2006). In addition, integrins
mediate the secondary inflammation that follows stroke and are particularly important for
leukocyte rolling and diapedesis (Ley et al., 2007).

ECM PROTEINS OF THE BBB IN PHYSIOLOGY

Laminin

In addition to the cellular players, ECM proteins are vital components of the BBB playing
both structural and modulatory roles. ECM proteins in the BMs of the microvessels in the
CNS between the ECs and the astrocytic endfeet are involved in BBB functions (Figure 1).
BMs are extracellular matrices associated with cell surfaces. They form a sheet-like
structure and support epithelia and vascular ECs (Yurchenco and Patton, 2009). BMs consist
of structural elements (e.g., type IV collagens and elastin), specialized proteins (e.qg.,
laminins, entactin/nidogen, fibronectin, and vitronectin), and proteoglycans (e.g., heparan
sulfate proteoglycans (HSPG) perlecan and agrin) (Barber and Lieth, 1997; Lukes et al.,
1999; Fukuda et al., 2004; Yurchenco et al., 2004; Agrawal et al., 2006; Baumann et al.,
2009; Cardoso et al., 2010). Assembly and organization of BMs in general involve
polymerization of laminins and collagens, linkage by nidogens and a critical regulatory role
of laminin (Yurchenco et al., 2004; Yurchenco and Patton, 2009).

The BBB, located at the capillaries and postcapillary venules in the CNS, contains two BMs:
a vascular wall/endothelial BM and a parenchymal BM of the glia limitans of astrocytes
(Sixt et al., 2001; Owens et al., 2008). Under normal conditions, the two BMs are in close
contact and appear as one under light microscopy (Sixt et al., 2001). The parenchymal BM
is formed by astrocytes and its ECM composition differs somewhat from other BMs,
containing mainly laminin isoforms 1 and 2 as discussed in detail below (Sixt et al., 2001;
van Horssen et al., 2005; Owens et al., 2008). In contrast, most ECM proteins are
ubiquitously expressed at the BM. The parenchymal BM also lines the perivascular space
and forms a barrier for leukocyte migration into the brain parenchyma, which results under
inflammatory conditions in the perivascular cuff, consisting of infiltrating leukocytes (van
Horssen et al., 2005).

The BM is involved in barrier formation at several levels. First, with its anatomical location
between ECs and astrocytes, the BM is ideally positioned to directly regulate barrier
function (Barber and Lieth, 1997). Second, the BM provides physical support for the
different cells and anchors them into place. Third, BM components are ECM ligands that
might regulate cellular processes and signaling between the different cell types through their
interactions with integrin and other ECM receptors (Lukes et al., 1999; Sixt et al., 2001;
Tilling et al., 2002; Agrawal et al., 2006; Owens et al., 2008; Cardoso et al., 2010). Thus,
while ECM proteins of the BM are secreted by the endothelial and parenchymal cells, the
relationship between cells and ECM is bidirectional in that, once secreted, the ECM proteins
interact with the cells to induce and maintain barrier properties (Table 1 and 2).

Laminins are glycoproteins with several isoforms, comprising a combination of alpha, beta
and gamma chains (Miner et al., 2004; Hallmann et al., 2005). At the BBB, the four main
laminin isoforms are laminin411, 511, 111 and 211. Laminin411, consisting of laminin
chains a4plyl and also called laminin 8, and laminin511 (a5p1y1 or laminin 10) are
secreted by the ECs and are present in the endothelial BM, as is the case throughout the
body (Sorokin et al., 1994; Sixt et al., 2001; Tilling et al., 2002). In contrast, laminin111
(a1plyl, laminin 1) and laminin211 (a2p1y1, laminin 2) are specific for the brain
microvasculature. Laminin 1 and 2 are secreted by astrocytes and located in the
parenchymal BM, and their secretion is regulated by pericytes (Sorokin et al., 1994; Sixt et
al., 2001; Tilling et al., 2002; Armulik et al., 2010).
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Laminin is essential for BM assembly (Miner et al., 2004) and mice KO for the major
subunit laminin -y1, which is present in all BM laminin isoforms, lack BMs resulting in
embryonic death at E5.5 (Smyth et al., 1999). Other mutations in laminin subunits also lead
to disrupted BMs (Miyagoe et al., 1997; Miner et al., 1998; Halfter et al., 2002; Knoll et al.,
2007). Laminin may affect barrier functions, since BCECs show increased TEER when
grown on laminin (Tilling et al., 1998). Moreover, local formation of inflammatory cuffs
does not occur in areas where Laminin a5 is present in the BM, suggesting a possible barrier
function for leukocyte infiltration (Sixt et al., 2001; Wang et al., 2006a). More detailed
studies are needed to show a causal relationship between laminin and the inhibition of
leukocyte migration.

Collagen IV and Fibronectin

Nidogen

Collagen IV and fibronectin are secreted by ECs, astrocytes and pericytes and found in the
periphery and in the vasculature of the CNS. They have an important function in BM
assembly, as collagen IV stabilizes the BM by retaining laminin, nidogen and perlecan
(Poschl et al., 2004). Similar to laminin, both collagen IV and fibronectin affect the barrier
properties of ECs as shown by the increased TEER of BCECs /n vitro (Tilling et al., 1998).
In addition, fibronectin stimulates the proliferation and survival of BCECs in vitro (Wang
and Milner, 2006). Null mutations of either fibronectin or collagen IV are embryonic lethal
due to mesoderm defects or impaired BM stability respectively; and more modest mutations
in the Col4al gene are associated with fragile vessels, which predispose to stress-induced
hemorrhage and adult-onset stroke in humans and mice (George et al., 1993; Poschl et al.,
2004; Gould et al., 2006; Alamowitch et al., 2009).

Nidogen, also called enactin, is a protein component of most BMs that links laminin and
collagen 1V and binds to many other ECM proteins. Nidogen does not appear to be
necessary for BM formation since KOs of nidogen, both in Caenorhabditis elegans and
mice, still form BMs that appear normal (Kang and Kramer, 2000; Murshed et al., 2000).
However, nidogen plays a role in BM structure, since nidogen KO mice show reduced BMs
specifically in brain capillaries (Dong et al., 2002). In addition, antisense treatment of
astrocytes in culture that normally express nidogen results in astrocyte detachment (Grimpe
etal., 1999). Thus, loss of nidogen might compromise the BBB.

Agrin and Perlecan

Agrin and perlecan are heparan sulphate proteoglycans found in the BM (lozzo et al., 1994;
Burgess et al., 2000; Agrawal et al., 2006; Wolburg et al., 2009). Agrin undergoes
differential splicing, and the splice variants have different expression patterns and functions
(Smith and Hilgenberg, 2002). B/z-containing isoforms are expressed in neurons and are
essential for the formation of neuromuscular junctions, while non-neuronal cells express
only the B/z-negative forms found in the BM (Gautam et al., 1996). Interestingly, the
distribution of agrin in BMs is restricted to vascular endothelium that performs a barrier
function, such as in the CNS, testes and thymus (Barber and Lieth, 1997). Moreover, the
time frame of agrin appearance in CNS vessels coincides with that of BBB formation during
development, suggesting that agrin has a role in barrier formation (Barber and Lieth, 1997).
The exact mechanism by which agrin contributes to the barrier is unknown, but agrin is a
major binding protein for a-dystroglycan and, thus, could be involved in anchoring ECs and
astrocytes to the BM (Gesemann et al., 1998). Agrin might also be involved in other barrier
properties. For example, in the presence of agrin, TJs contain occludin, while leaky vessels
of human glioblastoma that lack agrin also lack occludin and claudin-5 (Rascher et al.,
2002). Agrin might also influence astrocyte polarization and aquaporin 4 clustering into
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orthogonal arrays of particles, but their significance to BBB maintenance is unknown (Noell
et al., 2009).

Perlecan, also called heparan sulfate proteoglycan 2 (HSPG2), is a component of most BMs
throughout the body and also an important constituent of cartilage (Knox and Whitelock,
2006). It might help to stabilize BMs. Perlecan KO mice are embryonic-neonatal lethal and
show deterioration of brain vesicles and myocardial BM, possibly due to mechanical stress
(Arikawa-Hirasawa et al., 1999; Costell et al., 1999). Mice lacking perlecan in the BM of
the ECs have dilations and microvessel bleeds (Hallmann et al., 2005).

Secreted Protein, Acidic and Rich in Cysteine (SPARC)

SPARC (also called BM-40 or osteonectin) is not a structural component of the BM in the
way that laminin, collagen IV and fibronectin are. Instead, this matricellular protein
mediates cell-matrix interactions (Brekken and Sage, 2000). SPARC is expressed in CNS
blood vessels and astrocytes in spatiotemporal manner (Vincent et al., 2008). It has several
functions and may affect blood vessels, for example by inhibition of VEGF-stimulated EC
proliferation (Brekken and Sage, 2000). SPARC KO mice showed no apparent changes in
BBB properties, despite obvious disruptions of vascular BMs in the periphery (Arnold et al.,
2010). SPARC actually promotes barrier dysfunction in EC monolayers (Goldblum et al.,
1994), inhibits collagen I'V-mediated increase in TEER of low TEER BCECs /n vitro
(Tilling et al., 2002), and has counter-adhesive properties that result in rounding of ECs,
inhibition of EC spreading and loss of focal adhesions through a tyrosine-kinase-dependent
pathway (Motamed and Sage, 1998).

ECM PROTEINS IN STROKE

After a stroke, several changes occur in the ECM of the brain. While BMs of the BBB are
degraded, new ECM proteins are deposited in the parenchyma, either by secretion of ECM
proteins, such as the chondroitin sulfate proteoglycan neurocan and osteopontin from
activated glia, or by leakage of plasma proteins, such as fibrinogen, into the CNS (Baumann
et al., 2009; Schachtrup et al., 2010). The significance and consequences of these changes
may vary with the time point after injury. Some of the changes, such as loss of BMs,
contribute directly to BBB disruption, and others mediate secondary inflammation and
further BBB breakdown. On the other hand, altered ECM composition may also inhibit or
initiate remodeling and repair in the parenchyma (Ellison et al., 1999; Gould et al., 2006).

Loss of basement membranes

The degradation of the BMs after a stroke is very striking and can be observed by TEM or
immunohistochemistry for BM proteins (Del Zoppo et al., 2006; Kwon et al., 2009).
Notably, the changes in BMs only occur at later time points after injury, while the changes
in matrix receptors occur early within a few hours (Kwon et al., 2009). TEM shows the
dramatic change from a well-defined, sharply delineated and electron-dense BM to a fuzzy,
faint and low-density appearance at 12-48 hours after MCAO (Kwon et al., 2009).
Subarachnoid hemorrhage or MCAOQ, followed by reperfusion in baboons and rats, results in
BBB disruption and breakdown of BM collagen IV 2472 hours after injury (Hamann et al.,
1995; Hamann et al., 2002; Scholler et al., 2007). Similarly, MCAO and reperfusion (24
hours) also resulted in a reduction in laminin and cellular fibronectin (Hamann et al., 1995).
Other BM proteins, such as agrin, SPARC and perlecan, are also degraded after ischemia
(Fukuda et al., 2004; Baumann et al., 2009). Perlecan is degraded soon after MCAO and
shows a 50% reduction after only 2 hours (Fukuda et al., 2004).

BM proteins are degraded by proteolysis, mainly by matrix metalloproteinases (MMPSs) and
plasmin (Liotta et al., 1981; Lukes et al., 1999; Fukuda et al., 2004). These enzyme systems
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are important for ECM degradation during remodeling, and their activity is highly regulated.
In addition to transcriptional regulation, and the presence of inhibitors, plasmin and MMPs
are secreted in their inactive zymogen forms and require activation (Lukes et al., 1999;
Sachs et al., 2007). However, in pathological conditions, such as stroke, an upregulation of
MMPs and their activation systems is evident (Clark et al., 1997; Lukes et al., 1999; Chang
et al., 2003; Candelario-Jalil et al., 2009). Microvascular collagen and perlecan can be
degraded ex vivo by ischemic brain tissue proteases. Together with laminin, they are
degraded by mixtures of MMP-2 or -9 and plasmin, or by the cycteine proteases cathepsin B
and L (Fukuda et al., 2004). Perlecan appears to be most sensitive to degradation by
cathepsin B and L, which only appear upon ischemia. This might explain why it is degraded
before the other BM proteins (Fukuda et al., 2004). Degradation of the BM is related to
increased BBB disruption, secondary inflammation, edema, and hemorrhagic
transformation, and inhibiting MMPs may be beneficial for treating stroke, as reviewed
elsewhere (Morancho et al., 2010).

ECM proteins deposited in stroke

Osteopontin—Osteopontin (OPN) is a secreted glycosylated phosphoprotein that can bind
several integrin receptors including avpl, avp3, avpb, a4pl, a5p1, a8pl, a9pl, and
CD44 and can act on several cell types (Ellison et al., 1999; Meller et al., 2005). OPN is not
normally present in the brain, except during development, or after induction in gliomas or
ischemic injury (Ellison et al., 1998; Wang et al., 1998a; Chen et al., 2011). After ischemia,
OPN is expressed in neurons, macrophages and astrocytes in the neonate, while in the adult
brain OPN is upregulated in microglia and macrophages around the infarct zone (Ellison et
al., 1998; Wang et al., 1998a; Chen et al., 2011). Interestingly, expression of the OPN
receptor avp3 also increases in astrocytes and is associated with astrocyte migration to the
OPN-rich infarct zone (Ellison et al., 1998). Glial scar formation by activated astrocytes
could limit the expansion of the injured zone and protect the surrounding tissue (Ellison et
al., 1999). It is unclear whether astrocyte migration is due to OPN deposition, or whether
another mechanism is involved. Nevertheless, OPN appears to be beneficial after an
ischemic insult: intracerebroventricular injection of OPN reduces infarct volume and
improves functional recovery following neonatal hypoxia/ischemia in rat pups (Chen et al.,
2011). Moreover, although lack of endogenous OPN does not affect infarcts in CNS as
shown in OPN KO mice, injected OPN has direct protective effects on neurons after
ischemia (Meller et al., 2005).

Fibrinogen—TFibrinogen is a major plasma protein and acute-phase reactant that is secreted
by the liver and that has a major role in blood coagulation. In normal conditions, fibrinogen
circulates in the blood stream and cannot enter the CNS parenchyma because of the BBB. In
stroke, fibrinogen is the major protein component of thrombotic emboli that occlude blood
vessels (Figure 2) (Schultz and Arnold, 1990; Okada et al., 1994; Ninomia et al., 2000;
Murray et al., 2010). Fibrinogen also leaks in the brain after stroke to form fibrin deposits
and may thus participate to secondary damage by increasing inflammation and inhibiting
repair processes in the CNS (Figure 2) (Adams et al., 2007b; Ryu et al., 2009). In a stroke
model for hypoxia/ischemia, brain damage is decreased in fibrinogen-deficient mice
suggesting that fibrinogen participates in ischemic neurodegeneration (Adhami et al., 2006).
During thrombus formation, fibrinogen acts as a bridging molecule for activated platelets,
causing platelet aggregation through binding to GPIIb/Ila (integrin a;pB3) on the platelet
surface (Shattil et al., 1985). Stabilization of the occluding thrombus occurs when fibrinogen
is converted to insoluble fibrin by enzymatic removal of fibrinopeptide A and B by thrombin
and crosslinking by factor X111 at the end of the coagulation cascade (Yang et al., 2000;
Mosesson, 2005). In the occluded area, ischemia and hypoxia result in extra fibrin deposits
in the microvasculature, where they negatively influence reperfusion. This sequence has
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been demonstrated in post-mortem human brains (Heye and Cervos-Navarro, 1996) and in
animal stroke models (Okada et al., 1994; Tabrizi et al., 1999; Zhang et al., 1999; Ninomia
et al., 2000; Adhami et al., 2006).

Fibrin must be cleared from the vessel to re-establish blood flow (delivery of oxygen and
glucose), which is necessary to prevent further tissue damage and neuronal death (Ding and
Clark, 2006). Two major mechanisms are responsible for fibrin clearance. In fibrinolysis,
fibrin is enzymatically degraded to soluble products by plasmin (Sidelmann et al., 2000;
Lijnen, 2001). Plasminogen activators (PA), tissue-type PA (tPA) or urokinase (UPA),
activate plasminogen to plasmin, a reaction that is enhanced on a fibrin or cell surface
(Hoylaerts et al., 1982; Ranby, 1982; Miles and Plow, 1985; Ellis et al., 1991; Gong et al.,
2001). Fibrin breakdown is regulated at different levels. For example, plasminogen activator
inhibitor-1 (PAI-1) is released from activated platelets and from ECs where it is upregulated
in ischemic regions after stroke (Booth et al., 1985; Booth, 1999; Zhang et al., 1999).
Fibrinolysis by tPA in stroke has been extensively studied (Wang et al., 1998b; Sheehan and
Tsirka, 2005; Adibhatla and Hatcher, 2008; Gravanis and Tsirka, 2008) and forms the basis
of thrombolytic therapy with recombinant tPA, currently the only FDA-approved treatment
for stroke (1995) (Murray et al., 2010).

A second mechanism of fibrin clearance was recently described. Lam et al. (2010) showed
that microemboli injected in mice (fibrin clots, cholesterol emboli or microspheres) that had
not been cleared by fibrinolysis and haemodynamic forces within 48 hours can undergo
extravasation in the following days. /n7 vivo two-photon microscopy and high-resolution
confocal and electron microscopy showed engulfment of intravascular microemboli by
endothelial membrane and the extravascular localization of the microembolus several days
later (Lam et al., 2010). The cellular and molecular mechanisms that underlie this
phenomenon have not yet been elucidated. However, translocation across the EC layer after
the engulfment is likely to involve disruption of intercellular TJs, or the formation of a large
transcellular channel, as well as ECM remodeling, suggested by the importance of MMP2/9
activity (Lam et al., 2010). This mechanism, together with increased BBB permeability,
might contribute to the extravascular fibrin deposits observed in several stroke models
(Okada et al., 1994; Ninomia et al., 2000; Baumann et al., 2009).

Disruption of the BBB, extravasation of fibrin clots and hemorrhagic stroke with ruptured
blood vessels all result in fibrin(ogen) deposition in the brain. Fibrin(ogen) interacts with
different cell types in the brain through a variety of integrin binding sites within the
fibrinogen molecule (Adams et al., 2004; Adams et al., 2007b) and, in that way, may
aggravate the damage after stroke. Fibrin exerts proinflammatory functions in the CNS
primarily as an activator of microglia, the resident immune cells of the brain and spinal cord
(Adams et al., 2007a). Fibrin binding to the integrin app; (also called CD11b/CD18, Mac-1
or complement receptor 3) receptor in microglia occurs through a binding site in its gamma
chain (y390-39) which is exposed in fibrin and immobilized fibrinogen, but not in soluble
fibrinogen (Ugarova et al., 2003; Flick et al., 2004; Adams et al., 2007a). A study in our
laboratory by Adams et al. (2007a) shows that the binding of fibrin to apfB2 on microglia
results in microglia activation, which is characterized by an increase in cell size and
induction of phagocytosis. The activation of microglia by fibrin is inhibited when the
interaction of fibrin -y390-396 and Mac-1 is blocked, by M1/70 antibody against CD11b or
fibrin 377-3% peptide or in mice that have a mutation in the Mac-1 binding site of
fibrinogen (fibrinogen y390-396A) (Flick et al., 2004). Inhibition of the interaction of
fibrinogen with the microglial a\p, receptor suppressed neurologic symptoms and
inflammatory demyelination in animal models of MS (Adams et al., 2007a). Importantly,
none of these inhibitory mechanisms interferes with the clotting function of fibrinogen,
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making this interaction an attractive therapeutic target (Adams et al., 2007a; Adams et al.,
2007h).

In addition to microglia activation, fibrinogen increases inflammation by promoting
leukocyte translocation and EC permeability (Languino et al., 1993; Languino et al., 1995;
Petzelbauer et al., 2005; Sahni et al., 2009). Fibrin(ogen) binds to VE-cadherin in ECs via a
site in its beta-chain (815-42), which is only exposed after removal of fibrinopeptide B
during fibrin formation (Gorlatov and Medved, 2002). Blocking the interactions of fibrin
with VE-cadherin using Bp15-42 inhibits transmigration of leukocytes across Human
Umbilical Vein Endothelial Cells (HUVECS) /n vitro (Petzelbauer et al., 2005). /n vivo, the
infarct size from myocardial reperfusion injury is significantly lower in fibrinogen KO mice
than in wild-type mice, confirming a role for fibrinogen in that process (Petzelbauer et al.,
2005). Increased translocation of leukocytes across the EC barrier in the presence of
fibrin(ogen) fragments is likely due to the physical linkage of ECs and leukocytes by
fibrin(ogen) (Petzelbauer et al., 2005). The inhibitory fibrin BB15-42 peptide shows
therapeutic promise. When administered in reperfusion injury models in the presence of both
leukocytes and fibrinogen, it reduces infarct size, myocardial inflammation and scar
formation (Petzelbauer et al., 2005). Other receptors for fibrinogen in ECs include ICAM-1
and CD54, which can also facilitate leukocyte adhesion and transendothelial migration
(Languino et al., 1993; Languino et al., 1995).

Regeneration is also affected by ECM. In addition to ECM expressed in situ (Kwok and
Fawcett, 2011), BBB disruption directly contributes to the inhibition of regeneration via
fibrinogen leakage in the CNS. Fibrinogen that enters the CNS upon increased BBB
permeability inhibits neurite outgrowth by either directly interacting with neurons
(Schachtrup et al., 2007) or by stimulating the secretion of inhibitory proteoglycans from
astrocytes (Schachtrup et al., 2010). These mechanisms might also hinder recovery after
stroke (Figure 2). Fibrinogen causes inhibition of neurite outgrowth /n vitro on two different
rodent cell types, cerebellar granule neurons and superior cervical ganglia neurons
(Schachtrup et al., 2007). The inhibition by fibrinogen is concentration-dependent and is
observed not only at its physiological concentration in the plasma, but also at concentrations
10-fold less at 0.3 mg/ml. Fibrinogen is as potent as myelin in inhibiting neurite outgrowth.
Fibrinogen (Aas72_574) binds to the avp3 integrin receptor expressed on neurons, which
results in phosphorylation of the EGF receptor, mediating inhibition of neurite outgrowth
(Schachtrup et al., 2007). In addition to inhibition of neurite outgrowth, induction of
astrocyte activation and glial scar formation by fibrinogen may contribute to the inhibition
of axon regeneration. In a mouse model of stab wound injury, genetic loss of fibrinogen
suppressed astrocyte activation and neurocan deposition (Schachtrup et al., 2010). Neurocan
secreted from activated astrocytes inhibits neurite outgrowth (Friedlander et al., 1994; Asher
et al., 2000). Decrease of neurite outgrowth in cortical neurons by conditioned medium from
fibrinogen-treated astrocytes was rescued by chondroitinase ABC that degrades
proteoglycans such as neurocan (Schachtrup et al., 2010). In this case, the effect of
fibrinogen is not through direct binding of fibrinogen to integrins, but through regulation of
the bioavailability of TGF-B (Schachtrup et al., 2010). Indeed, fibrinogen was identified as a
novel carrier of the latent form of TGF-f (Schachtrup et al., 2010). Upon BBB disruption,
fibrinogen-bound latent TGF- interacts with local perivascular astrocytes, leading to active
TGF-p formation, which induces reactive astrocytosis by regulating the TGF-p/Smad
signaling pathway, resulting in scar formation (Schachtrup et al., 2010). Therefore,
fibrin(ogen) influences both the occurrence of stroke as the main component of thrombotic
emboli and the development of secondary edema through its interactions with CNS cells as a
ligand for integrin receptors or a carrier for growth factors in the CNS.
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ING REMARKS

The extracellular environment undergoes frequent changes during development, upon
adaptation to physiological needs, and during disease pathogenesis. Changes in ECM
composition affect functions of the cells forming the BBB via a multitude of ECM receptors
that transduce signals to coordinate cellular responses with changes in their environment.
Moreover, expression of ECM receptors and secretion of ECM proteins by cells at the BBB
is tightly regulated at different developmental stages or during disease. Therefore, the
presence of multiple ECM components at the brain microvasculature in close contact with
the cells forming the BBB represent an ideal system to regulate the dynamic changes of
BBB functions. Indeed, changes in BBB functions correlate with changes in ECM
composition. This is evident by the reduction of ECM ligands, such as laminin, fibronectin,
and collagen 1V, and their receptors that coincides with increased BBB permeability in
several stroke models (Figure 1) (Hamann et al., 1995; Tagaya et al., 2001; Fukuda et al.,
2004). Moreover, the functional importance of integrins and ECM proteins in BBB
functions was demonstrated in genetic models (Arikawa-Hirasawa et al., 1999; Smyth et al.,
1999; Dong et al., 2002; McCarty et al., 2002; Gould et al., 2006). Notably, ECM proteins
can activate integrin receptors to regulate cell survival, motility and responses to growth
factors (Milner et al., 1999; Milner and Campbell, 2002; ffrench-Constant and Colognato,
2004; Adams et al., 2007b). Thus, ECM proteins and their receptors are emerging
multifaceted regulators of BBB functions.

Increased BBB permeability during disease alters the ECM composition of the CNS due to
leakage of plasma proteins and deposition of fibrin, which mediates proinflammatory and
neurodegenerative effects by direct interactions with integrin receptors in neurons and glia
(Figure 2). Studies using fibrinogen KO mice, fibrinogen mutants that do not bind integrin
receptors, or fibrin-depleting anti-coagulants demonstrated a causative role for fibrin in
animal models of MS (Adams et al., 2007a), AD (Cortes-Canteli et al., 2010), inhibition of
remyelination (Akassoglou et al., 2002), astrocyte scar formation (Schachtrup et al., 2010),
and ischemia (Adhami et al., 2006). Further studies with genetically modified animals for
other ECM proteins will elucidate their role in BBB functions and their contribution during
disease. Integrins are excellent therapeutic targets since their activity can be modulated by
monoclonal antibodies, many of which are already used in clinical applications. Since
increased BBB permeability is a hallmark of several diseases including stroke, MS, and AD,
targeting the interactions of ECM proteins with their integrin receptors could potentially
lead to novel therapeutic agents for neurologic, neuroinflammatory, and neurodegenerative
diseases.
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Abbreviations

ABC ATP-binding cassette

AD Alzheimer’s Disease

Al adherens junctions

BBB blood-brain barrier

BCEC brain capillary endothelial cells
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BM basement membranes
CNS central nervous system
CSF cerebrospinal fluid
EC endothelial cell
ECM extracellular matrix
EGF Epidermal Growth Factor
GLUT-1 glucose transporter 1
HUVEC human umbilical vein endothelial cell
JAM junctional adhesion molecule
KO knock-out
LAM leukocyte adhesion molecule
MS Multiple Sclerosis
MCAO middle cerebral artery occlusion
OPN osteopontin
PA plasminogen activator
PAI-1 plasminogen activator inhibitor-1
PDGF Platelet-Derived Growth Factor
PDGFRB Platelet-Derived Growth Factor Receptor beta
SPARC Secreted Protein Acidic and Rich in Cysteine
TEER transendothelial electrical resistance
TEM transmission electron microscopy
TGF-p Transforming Growth Factor-beta
TJ tight junction
VEGF Vascular Endothelial Growth Factor
Z0 zona occludens
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Figure 1.

Schematic representation of the BBB before and after ischemia. Healthy microvessels in the
brain consist of specialized ECs with TJs, their surrounding endothelial BM (blue) and
astrocytic (parenchymal) BM (purple) composed of ECM proteins, and an astrocytic endfeet
coverage. Cellular and matrix components of the BBB are connected through a variety of
matrix receptors. Pericytes are found within the endothelial BM and occasionally the
astrocytic endfeet coverage is interrupted to allow contact of microglia and neurons with the
BM. After stroke/ischemia the specialized endothelial characteristics disappear, TJs are lost,
fenestrations appear. The BMs become thinner and there is a marked reduction in matrix
proteins and receptors. The astrocytic endfeet swell up and the contact with the vessels is
lost. There is leakage of fluid, proteins and cells from the vessel lumen. Microglia become
activated and might extend processes toward the blood vessels, while pericytes move away.
White blood cells transmigrate via an integrin-dependent process across the endothelial BM
and via an MMP-dependent process across the parenchymal BM.
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Figure?2.

Fibrin during thrombus formation and secondary damage in stroke. In stroke, a fibrin clot or
fibrin-stabilized thrombus occludes a vessel, stopping blood flow and causing ischemia. The
fibrin clot is cleared enzymatically by fibrinolysis or by extravasation in the CNS. Ischemia—
reperfusion is followed by inflammation and disruption of the BBB. Deposition of fibrin

into the CNS parenchyma results in microglia activation via CD11b/CD18, leading to

increased inflammation; astrocyte activation via TGF-B, resulting in neurocan deposition;
and inhibition of neurite outgrowth through avp3 and EGF receptor. Fibrinogen-induced
proinflammatory and neurodegenerative changes in the CNS may exacerbate damage after

stroke.
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Table 1

Expression of ECM receptors and secretion of ECM ligands by cells of the BBB.

CellsBBB Matrix receptors

Secreted ECM ligands

avp3, a5pl, adpl [£9]

« dystroglycan [ﬁ
Stroke:

- Upregulation avpB3 [* 7,8 ']
- Downregulation of a11, a64, [4]

Endothelial cells | « Integrins: a1pl, a6fl, a6p4, a3pl, avpl,

- Expression P-selectin and E-selectin [5 7 ]

Fibronectin [9‘12]

Collagen IV [9' 11, 1"1

Laminin, Laminin a5 and Laminin a4 [11‘13]
SPARC [14

nidogen-1 [12]

Agrin [lﬁ

a3p1, a5p1, abpl [L 2 16,17

« dystroglycan [ﬁ
stroke:
- Loss of a6p4 and B1 integrin [% 16]

- decrease dystrogycan [1 8 ]

Astrocytes « Integrins: a6p4, alpl, avp8, avp6, avps,

Laminin [13, 19]

Fibronectin [9’ 10]
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Table 2
Location and function of ECM ligands and their receptors at the BBB and changes in physiology and CNS
disease.
ECM ligand ECM receptor/anchor | ECM ligand location and function | ECM ligand changesin CNS
in BBB diseases
Laminin a-dystroglycan Present in endothelial and Stroke model MCAO: BM
isoforms: Integrins: a6p1, laminin reduction over time

Laminin 8 (a4plyl; 411)
Laminin 10 (a5p1y1; 511)
Lamininl (a1plyl; 111)
Laminin 2 (a2p1y1; 211)

a3pl, abpd, avp3/pl,
a5p1, avps, alpl,
a2pl, a7pl

parenchymal BM [.Z, 2]

BM assembly [3]

Ligand for astrocyte endfeet
anchoring through dystroglycan
Increasing TEER of BCEC [4]
Barrier for leukcocyte

translocation (laminin a5) [4]

[
MS: leukocyte degradation
of laminin [6]

Collagen type IV

Integrins: a1pl,
a2pl, a3p1

Present in BM of postcapillary
venules and capillaries [5]

BM stabilization [7]
Increasing TEER of BCEC [4]

Stroke models MCAO,
subarachnoid hemorrhage:

Reduction collagen IV [5 8]
Mutations in col4al linked

with hemorrhagic stroke [9]

Fibronectin

Integrins: a5p1,
a4pl, avp3

Increasing TEER of BCEC [4]
EC proliferation and morphology

49

Stroke model MCAO: loss of
cellular fibronectin [5]

Nidogen (enactin)

Integrins: avp3, a3pl

Stabilization of brain capillary BM;
reduced BM in nidogen1 KO [17]

Agrin (B/z0 isoforms)

a-dystroglycan

EC and parenchymal BM [£4]
barrier formation [13]

Stroke model ischemia and
reperfusion: loss agrin

mRNA and protein [14]
Absence in leaky tumor

vessels [lﬁ
AD: fragmentation at BM

and plaque formation [-Zﬁ

aMp2 (MAC-1)
VE-cadherin

Perlecan a-dystroglycan EC and parenchymal BM [£4] Stroke model in baboons:
g%glrms. p.and B3, Vessel stabilization [£7] loss perlecan [£4]

SPARC Expressed in CNS blood vessels Stroke model ischemia and
and astrocytes in spatiotemporal reperfusion: loss SPARC [14]
manner [1%
Inhibited collagen IV increased
TEER of BCEC in vitro [4]
Inhibits VEGF-stimulated EC
proliferation [20]
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fibrinogen and conversion
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ischemia and MCAO:
upregulation and secretion
of osteopontin by microglia,
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astrocytes [26-50]

Protective [30' 31]
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