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ABSTRACT

There is increasing interest in defining the location, content, and role of extracellular matrix (ECM)
components in brain structure and function during development, aging, injury, and neurodegen-
eration. Studies in vivo confirm brain ECM has a dynamic composition with constitutive and
induced alterations that impact subsequent cell-cell and cell-matrix interactions. Moreover, it is
clear that for any given ECM component, the brain region, and cell type within that location,
determines the direction, magnitude, and composition of those changes. This review will examine
the ECM at the neurovascular unit (NVU) and the blood-brain barrier (BBB) within the NVU. The
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discussion will begin at the glycocalyx ECM on the luminal surface of the vasculature, and
progress to the abluminal side with a focus on changes in basement membrane ECM during

aging and neurodegeneration.

Introduction

The vascular blood-brain barrier (BBB) is a dynamic
and complex interface designed to control the
exchange of substances between blood and the brain’s
interstitial fluid."* The BBB can be thought of as the
anatomically central component of the neurovascular
unit (NVU), a structure that includes astrocytes, neu-
rons, pericytes, and microglia. The cellular compo-
nents of the BBB are largely comprised of a monolayer
of brain endothelial cells (BEC) that are in contact
with each other, as well as pericytes and astrocytic
endfeet, via a network of regulatory proteins. The cells
of the BBB, in conjunction with the endothelial gly-
cocalyx and the basement membrane (BM), interact
with perivascular neurons to create a highly regula-
tory environment that forms a barrier, restricting the
passage of molecules between blood and brain. This
barrier also serves to limit the access of cells, such as
leukocytes, that have increased access into the brain
parenchyma during inflammation, to optimize the
neuronal microenvironment and subsequent func-
tion. This review will focus on the origins, compo-
nents and functional roles of the extracellular matrix
(ECM) of the glycocalyx and the BBB. A discussion
regarding the junctional components of the BBB, such

as gap junctions, tight junctions, and the numerous
receptors of the BBB, is beyond the scope of this
article and has been recently reviewed by others.>*
When possible, the effect of normal aging and neuro-
degeneration (with a focus on Alzheimer’s disease) on
the ECM in humans will be discussed, with animal
studies presented when relevant. To avoid confound-
ing, we will avoid studies in the context of significant
vascular disease or trauma, which creates additional
stresses on the vasculature that could affect the
expression of ECM in the BBB.

Brain endothelial cells (ECs) form a polarized intact
monolayer that lines the cerebral blood vessels and
have unique characteristics including: lack of fenes-
trae; circumferential tight junctions between adjacent
endothelial cells; presence of solute carriers that reg-
ulate ion and small molecule transport; expression of
efflux transporters including P-glycoprotein (P-gp),
Breast Cancer Resistance Protein, and Multidrug
Resistance Proteins; low levels of macropinocytosis;
carrier-proteins that can be ubiquitous or specific for
transport of macromolecules and other substances.>>°
Brain ECs of the BBB have a greater density of mito-
chondria than other vasculature, which generates
a higher potential for oxidative stress and other med-
iators that influence the inflammatory response.™”
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Pericytes are multifunctional cells that invest
and support the endothelial layer throughout the
vasculature. Pericytes share some common origins
with smooth muscle cells and electron microscopy
studies have shown that brain pericytes can con-
tain microfilaments that express alpha-smooth
muscle actin, a contractile protein that could con-
fer the ability to regulate blood flow.® The ratio of
pericytes to endothelial cells in the central nervous
system (CNS) tends to be higher than any other
organ in the body indicating additional regulatory
functions.”'® Known roles include: supporting
structural elements of the BBB; regulating vascular
stability; and even angiogenesis.'' Pericytes and
endothelial cells share and are typically separated
by a common BM with attachment points to ECM
components mediated by integrins and less ubi-
quitous cell-ECM receptors such as
dystroglycan.">"* Direct contact between the cells
can also occur at gap junctions, adherens junc-
tions, and peg-and-socket structures that lack
BM.'"* At adherens junctions, the cytoskeletons of
pericytes and endothelial cells are connected by
cadherins and catenins that provide support and
anchor the cells to each other. N-cadherin is one
of the many adherens junction proteins at the
pericyte-endothelium interface, whereas con-
nexin-43 hemichannels actually function as gap
junctions that allow for direct intercellular connec-
tions between endothelial cells and pericytes.'>"*
Pericyte communication with other cells in the
BBB occurs at multiple levels, including direct
contact as well as autocrine and paracrine signal-
ing pathways that optimize BBB function.'’ In the
healthy brain, these highly dynamic and regulated
properties allow for rapid changes in blood flow
that meets the demand for oxygen and nutrients in
the setting of increased neuronal activity.

Astrocytes are the most common sub-type of
glial cell, a group defined as non-neuronal cells
that provide structural and metabolic support to
neurons.'® Glial cells also include oligodendro-
cytes, microglia, and ependymal cells, which do
not have established roles in the normal physiol-
ogy of the BBB. Astrocytes perform myriad tasks
essential for BBB function including: neurovascu-
lar coupling; release of chemokines and glutamate;
ionic buffering; control of brain pH; metaboliza-
tion of dopamine and other substrates by

monoamine oxidases; uptake of glutamate and y-
aminobutyric acid by specific transporters; and
production of antioxidant compounds like glu-
tathione and enzymes such as superoxide
dismutases.'”"®

Endothelial cells, pericytes, and to a lesser
extent astrocytes (via their endfeet), come together
to establish the microvasculature of the brain.
Studies of changes in the microvasculature with
aging or neurodegeneration are often confounded
by the concurrent presence of vascular disease,
such as strokes and microinfarcts. Despite these
concerns, it is generally accepted that brain vessel
density (vessels per area) decreases throughout the
brain with normal aging.'”*® In most organs,
aging also results in thickening of the vasculature
that reflects changes in BM.>° BM thickening is
due, in part, to carbonyl stress induced by methyl-
glyoxal followed by the formation of advanced
glycation endproducts that alter brain ECs.
Subsequent changes to receptor for advanced gly-
cation end products (RAGE), occludin and ZO-1
also promote the expression of pro-inflammatory
interleukins, such as IL-6 and IL-8.*' The func-
tional implications of less microvascular density,
concurrent with vessel thickening in the aging
brain, include less perfusion to deep structures in
watershed regions and slower vascular reactivity to
flow and pressure changes.”> Less is known about
specific changes in BBB physiology during normal
aging. It is probable that healthy aged brains retain
BBB function, although changes in transporters
have been found.”>**** In contrast to normal
aging, it is controversial whether vessel density or
morphology changes in Alzheimer’s disease (AD)
relative to age-matched controls.”>** AD brains
demonstrate decreases in the function of certain
BBB proteins such as GLUT-1, a glucose receptor
that is a key transporter."*’ It is possible that AD
neuropathologic progression, which occurs on
a regional basis throughout the brain with plaques
of amyloid beta (Abeta) and neurofibrillary tangles
of tau, influences the microvasculature in an ana-
logous manner that precludes consistent measures
of vessel density, morphology and physiology
across brain regions. Brain EC, pericytes and
astrocytes all contribute to deposition of BBB
ECM throughout the vasculature.> The contribu-
tion of neurons to this ECM is variable, as



individual neurons display unique biosynthetic
signatures depending on the region of the brain
and the specific cell layer.***’

Glycocalyx and perivascular parenchymal
ECM

The endothelial glycocalyx serves as the initial gate-
keeper for barrier functions at the luminal side of the
BBB.”**' The thickness and structure of the glycoca-
lyx layer varies from approximately 0.2 pm in capil-
laries to over 5.0 um in large arteries.’* Although the
luminal surface of brain capillaries has a significantly
greater area of glycocalyx coverage than other organs,
there is no consensus as to whether brain glycocalyx
differs with respect to depth or consistency of thick-
ness relative to the vasculature of other parts of the
body.”>**** The glycocalyx is comprised of proteogly-
cans, glycosaminoglycans (GAGs), glycoproteins and
associated plasma proteins (Figure 1). These compo-
nents vary in their contribution to glycocalyx struc-
ture ~ and  permeability  throughout  the
microvasculature.’>*> Proteoglycans are core pro-
teins, often anchored to the apical membrane of
endothelial cells, and to which 1 or more GAG chains
are covalently attached. As such, they are generally
considered to function as the most important “back-
bone” molecules of the glycocalyx. There is a notable
variation among the proteoglycan core proteins with
regard to their size, number of attached GAG chains,
and whether or not they are bound to the cell mem-
brane. Core groups of proteoglycans comprised of
syndecans and glypicans have a firm connection to
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the endothelial membrane via membrane spanning
domains or a glycosylphosphatidylinositol anchor,
respectively. Other proteoglycans, such as biglycan
and versican, are secreted after assembly and GAG
modification.’®*' These proteoglycans are less teth-
ered to the endothelium and can even diffuse into the
bloodstream.

GAG chains are ubiquitous in the glycocalyx
and confer additional difficulty in characterizing
the exact components of ECM in the BBB.?' The
GAG polymers of disaccharides (composed of
a uronic acid and a hexosamine) have variable
lengths that are modified by sulfation and/or (de)
acetylation. Classification of the glycosaminogly-
cans depends on which uronic acid or hexosamine
is incorporated and on the pattern of sulfation.
There are at least five types of GAGs: heparan
sulfates (HS), chondroitin sulfates (CS), dermatan
sulfates (DS), keratin sulfates (KS) and the non-
sulfated GAG, hyaluronan (HA). In the vascula-
ture, heparan sulfate proteoglycans (HSPGs), i.e.,
syndecans, glypicans, constitute a high proportion
of the proteoglycans present in the glycocalyx.>
The second most common GAG in the endothelial
glycocalyx is chondroitin sulfate/dermatan sulfate
(the latter can be regarded as a separate class of
a type B chondroitin sulfate), i.e., versican and
biglycan, with reportedly a 4:1 ratio of HS to CS
in the vasculature.’®” Less well studied, especially
in brain glycocalyx, is the expression of keratan
sulfate GAGs (i.e., phosphacan), although it should
be noted that some CS/DS proteoglycans (i.e.,
aggrecan) can have a KS GAG chain. Regardless
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Figure 1. Glycocalyx of the brain vasculature. To focus on ECM, note that gap junctions, tight junctions, and regulatory molecules are
not shown. Heparan sulfate proteoglycans (HSPGs), Proteoglycans (PGs), Chondroitin sulfate proteoglycans (CSPGs), Endothelial cell

(EC), Hyaluronan (HA), Immunoglobulins (Ig), Red blood cells (RBC).
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of the GAG, modifications such as sulfation alter
subsequent cell-matrix and matrix-matrix interac-
tions that determine functional effects. Moreover,
proteoglycans can bind to a variety of GAG chains
and the proportion of the GAG chains they bind
changes in a dynamic fashion during injury and
inflammation.”” This results in inconsistent
nomenclature. As an example, syndecan-1 proteo-
glycan is often referred to as an HSPG, due to
binding of heparan sulfate GAGs, when it actually
contains as many chondroitin sulfate GAG chains
as heparan sulfate GAG chains.”® As a further
example of the complexity, it is worth noting that
dozens of sulfation patterns may exist per disac-
charide resulting in theoretically thousands of dif-
ferent combinations with unique functions and
biological activity. Moreover, aging and neurode-
generation alter sulfation in a dynamic fashion
that is unpredictable.

It is difficult to know the exact composition of
GAGs in the glycocalyx as the presence of the non-
sulfated GAG, hyaluronan (HA), was initially
underappreciated due to losses of this carbohy-
drate  during  tissue = processing. HA,
a disaccharide polymer of glucuronic acid/
N-acetyl glucosamine, is the only GAG with no
core protein and can range from 2 to 25,000 dis-
accharides with a size span from 1->2x10*
kDa.’>*® HA is a significant component of the
vasculature throughout the body and serves a key
role in regulating the permeability of the
glycocalyx.*! In the brain, HA is assembled at the
cytosolic side of the cell membrane and is extruded
from the surfaces of cells by the action of HA
synthases 1-3 (HAS) in endothelial cells and astro-
cytes. Whether specific HA synthases have effects
on the size of HA produced is a matter of debate,
but there is some evidence that the three isoforms
of mammalian hyaluronan synthases have distinct
enzymatic properties. Comparisons of hyaluronan
secreted into the culture media by stable HAS
transfectants showed that HAS1 and HAS3 gener-
ated hyaluronan with broad size distributions
(molecular masses of 2 x 10° to approximately 2
x 10° Da), whereas HAS2 generated hyaluronan
with a broad, but extremely large size (average
molecular mass of >2 x 10° Da). Newly synthesized
HA is constantly and rapidly processed in the
extracellular milieu into fragments ranging from

2 to 25,000 disaccharides by several mechanisms,
including the activity of hyaluronidases. There are
six hyaluronidase-associated genes in humans, but
the primary hyaluronidases in the brain are hya-
luronidases 1-3. Hyaluronidase activity and HA
degradation are accelerated and upregulated by
inflammation and ischemia.*>** HA’s association
with cells is mediated by binding to its cellular
receptors, such as CD44.*** HA size determines
receptor binding with lower molecular weight
(MW) forms favoring TLR2 over CD44 and
RHAMM. Activation of the TLRs incites inflam-
mation, thereby perpetuating a cycle of cellular
injury.*~>°

HA is highly hydrophilic and functions as
a scaffold for assembly and organization of multi-
ple other ECM components. This interaction con-
fers stability and modulates subsequent cell-ECM
functions, but HA itself is a simple repeating dis-
accharide that is not linked to a core protein.”
Proteins with specific HA binding domains are
called hyaladherins and are present throughout
tissues and plasma. Hyaladherins are also found
inside cells indicating a role for HA within intra-
cellular compartments.”’ Hyaladherins in the gly-
cocalyx include: tumor necrosis factor-inducible
gene 6 protein (TSG-6); the protein complex Inter-
alpha-inhibitor (Ial), and the chondroitin sulfate
proteoglycan (CSPG) versican, which are present
in quantities that remain to be established. The
association of HA with TSG-6 is of particular
interest, as this secreted protein is thought to miti-
gate inflammation and provide tissue protection in
many organs including the brain after traumatic
injury.”>>* TSG-6 is constitutively expressed in
the brains of adult rodents and likely organizes
HA during glial scar formation in the CNS.>*
Moreover, TSG-6 alters the structure of HA via
its direct crosslinking of HA chains, which
enhances HA-receptor interactions, and perhaps
contributes to the anti-inflammatory effects of
HA.>>™” Recent studies of hyaluronidase treat-
ment indicate that eliminating HA has subsequent
functional effects on the BBB, with substantial
increases in passage of larger molecules such as
150 kDa dextran, based on real-time images of
single blood vessels using 2 photon microscopy.”®

The lecticans are specific brain CSPGs charac-
terized by structural similarities: a central core



protein that binds CS GAG side chains; an
N-terminal globular G1 domain with a link
domain that binds HA, and a C-terminal G3
domain with a lectin-type sequence. The lecticans
include: the large aggrecan that contains an addi-
tional G2 domain, three forms of versican (VO, V1,
and V2), neurocan, and brevican.® Individual lec-
tican molecules differ in the number of CS-GAG
chains attached to their core proteins, with over
one hundred GAG side chains being found in
aggrecan, which can be over 400 kDa, and as little
as zero to five GAG chains being found in brevi-
can and neurocan. Lecticans are produced by sev-
eral cell types in the CNS, including neurons and
astrocytes, and are well studied for their contribu-
tion to perineural nets (PNNs) in the brain par-
enchyma. It is worth noting that brevican,
aggrecan, neurocan and versican differ in their
relevance to the glycocalyx in the adult brain.
Neurocan is present primarily during develop-
ment, brevican has low levels of expression in
adult brain and aggrecan is dominant in the
PNNs, leaving versican as the primary CSPG in
the adult brain vasculature and glycocalyx.”®

Additional components of the glycocalyx
include well-studied ECM components and
families of endothelial cell adhesion molecules,
such as selectins, integrins, and immunoglobulins.
Many of the ECM molecules in this group are
small glycoproteins (for example, the selectins)
with short sugar residues and branched carbohy-
drate chains that work in conjunction with trans-
membrane proteoglycans, such as syndecans and
glypicans, to provide support by connecting the
glycocalyx to the EC membrane.**

Sulfated GAGs and HA sequester water, stabi-
lize the gel-like structure of the glycocalyx, and
along with glycoproteins, interact with cell-
adhesion molecules and soluble constituents of
the glycocalyx.” Plasma and endothelium-derived
soluble components include albumin, circulating
HA, proteoglycans (e.g., thrombomodulin), and
clotting factors, such as fibrinogen and antithrom-
bin III. The resulting interface serves to maintain
a balance between plasma and endothelium that
functions to optimize vascular homeostasis.
Subsequent small chain modifications and size
changes can alter the interaction of GAGs and
HA with these constituents, resulting in significant

TISSUE BARRIERS (&) e1651157-5

differences in vascular permeability and function
over time and under different stresses.’*®"®
Consequently, there is great interest in how GAG
sulfation and other ECM modifications affect cell-
cell and cell-ECM interactions that have effects on
physiology during aging and

neurodegeneration.

microvascular

Glycocalyx and associated ECM changes in aging

The glycocalyx is a delicate structure that is easily
lost during tissue retrieval or fixation. As such,
changes in the glycocalyx ECM with age are diffi-
cult to quantify and are often measured as part of
the content that includes the abluminal side of the
BBB. Although it is likely that changes in the
glycocalyx are reflected in the relevant ECM mole-
cules present in the brain parenchyma, precise
measures of isolated glycocalyx would advance
understanding of changes in its barrier contribu-
tion with age. To that end, a recent study of
microvessel glycocalyx in easily accessible tissues,
such as skin, found thickness decreased with aging
and correlated with measures of reduced barrier
function (as measured by intravital microscopy) in
both mice and humans.*> Other studies provide
only indirect evidence of potential changes in gly-
cocalyx ECM with aging. As an early example,
a moderate increase in HA concentration was
found in the brain tissue of 30 month-old rats
compared to tissues from younger rats by electro-
phoretic separation of GAGs.** More recently, HA
content, as measured by a highly sensitive assay,
has been reported to increase with normal aging,
especially in general brain gray matter.®> However,
others report that HA expression might decrease
in non-gray matter regions of the brain.*® Studies
of brain regions in normal aging indicate HA
accumulation was higher in aged brain relative to
young brain in the cerebral cortex and cerebellum,
but not in other regions examined. In contrast,
CSPGs did not change with aging in any of the
brain regions examined. HA and CSPGs coloca-
lized with a subset of neuronal cell bodies and
astrocytes, and at the microvasculature.’” In spe-
cific studies of the vasculature, which should pri-
marily reflect the content on the luminal side,
brain microvasculature isolated from the gray mat-
ter cortex from aged mice showed significantly
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greater HA content and synthesis than young
mice.®® The increase in HA in aging reflected
increased activity of HAS2, the primary source of
HA in the brain.

HA and CSPG synthesis and accumulation are
associated with glial scar formation after injury in
the CNS.®” These changes are likely mimicked in
the aging brain, which incurs scarring over time,
but direct studies are lacking. Microscopically, HA
and the lecticans appear in densely packed areas of
parenchymal ECM called perineural nets, specia-
lized structures that control plasticity in develop-
ment and aging. A recent study in aged mice has
found that Bral2, a link protein that stabilizes HA
and CSPG interactions in the brain, is reduced in
aged mice with resulting disruption of PNNs.”
PNN function also depends on the GAG chains
of CSPGs. It is generally accepted that C4 sulfation
of GAGs is inhibitory at the same time C6 sulfa-
tion promotes neural plasticity. IHC studies of
aged rats indicate a progressive increase in C4 to
C6 sulfation ratio in PNNs with aging.”' Whether
changes in this ratio are reflected in the aged brain
glycocalyx is unknown. Proteomic analysis of the
aging brain of mice identified multiple changes,
including decreases in enzymes that balance meta-
bolic and oxidative stress, but yielded little infor-
mation on changes in ECM components.”>”>

Glycocalyx and associated ECM changes in
neurodegeneration

Similar to studies in aging, examination of the
glycocalyx of AD brains is difficult and is often
extrapolated from measures of the general brain
parenchyma. Increased HA is found in many areas
of inflammation or ischemia where it inhibits oli-
godendrocyte precursor cell maturation and mod-
ulates signals that can potentiate additional
neuronal injury.*>*””*”> Deposition of HA is
found in areas of brain ischemia that appear as
white matter hyperintensities on MRIL*" Whether
the appearance of HA and its associated ECM is
ultimately beneficial or detrimental to neural plas-
ticity and repair in AD is a matter of ongoing
debate.”® The sizes of HA that mediate specific
functions in the CNS are also an area of active
investigation. Injection of HA of distinct sizes and
modulation of HA size (via hyaluronidase) can

affect the response to injury and ongoing inflam-
matory processes, but whether HA of lower MW is
beneficial or detrimental varies with the experi-
mental model.””””*°>”® Similar to experiments per-
formed in muscle microvasculature by Henry and
Duling in 1999, degradation of HA by hyaluroni-
dase has been recently shown to enhance large
molecule passage through the BBB.*"*®

In addition to difficulties in localization, the time-
line for changes in expression of ECM in human
neurodegeneration is difficult as studies occur post-
mortem. HA content was recently measured using
carefully classified autopsy samples from research
subjects with no AD (CERAD = 0, Braak = 0-1I, n =
12-21), intermediate AD (CERAD = 2, Braak = III-
IV, n=13-18) and high AD (CERAD = 3, Braak = V-
VI, n = 32-40) neuropathology. By histochemistry,
HA was associated with deposits of amyloid and tau,
and was also found diffusely in brain parenchyma,
with overall HA quantity (measured by enzyme-
linked sorbent assays) significantly greater in brains
with high AD neuropathology. Although mean HA
MW was similar among the samples, HAS2 mRNA
was higher in high AD relative to no AD samples.
TSG6 mRNA and protein were also significantly
increased in AD brains.*

It is generally accepted that CSPG accumulation
is increased during neurodegeneration.” Similar
to what has been reported during CNS scar for-
mation, the characteristic lesions of Abeta and
neurofibrillary tangles NFT are surrounded by
reactive gliosis as measured by GFAP positive
astrocytes.®’ This reactive gliotic reaction contains
CSPGs, HSPGs, DSPGs, and HA. CSPG accumu-
lation might be a general reaction to neurodegen-
eration as indicated by higher levels in
Huntington’s Disease and Parkinson’s Disease.”
This increase is mediated, in part by an upregula-
tion of bone morphogenic protein (BMP), which
stimulates astrocytes to increase the synthesis of
CSPGs surrounding neurologic lesions.** Much of
the increase in CSPGs is accompanied by increases
in the C4:C6 sulfation ratio, similar to that noted
during normal aging. Studies in human cortex
with AD showed increased HA, but no overall
change in HSPGs and CSPGs, relative to controls.
However, analysis of cell layers suggests differ-
ences in localized expression of ECM, especially
as it relates to AD neuropathology.”” A connection



between changes in HSPGs and CSPGs with
alterations in the glycocalyx during neurodegen-
eration remains to be established.

Proteomics analysis of brain samples affected
by AD has provided additional information
regarding ECM that might be reflected in the
glycocalyx.*>** Studies in human cortex and hip-
pocampus found broad differences between AD
and age-matched controls that include changes in
ECM, such as down-regulation of tenascin-R, in
the hippocampus.® There is great interest in mak-
ing correlations between proteomic analysis of
CSF, which is available in vivo, with brain tissues
studies, but no specific localization to the glycoca-
lyx was performed.®®

Basement membrane ECM

The BM is a unique construct of ECM at the ablum-
inal surface of the endothelial cell (Figure 2). In the
brain, BM is generally viewed as having endothelial
and parenchymal compartments that are separated
by pericytes.*'®® The endothelial and parenchy-
mal compartments are typically indistinguishable
and in the absence of pericytes appear as one.
Although often thought of as a supportive anatomic
boundary between ECs and the brain, the BM is also
a dynamic interface that provides signals for cell-
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ECM communication. The thickness of the BM is
approximately 40-100 nm and consists of at least
five major forms of ECM proteins: Laminin,
Collagen IV, Nidogen, HSPGs (perlecan and
agrin), and Fibronectin. Organization begins when
a member of the laminin family interacts with cells
(primarily via integrins) to polymerize and then
binds to nidogen, perlecan, and agrin. Subsequent
assembly is mediated by interactions with type IV
collagen to stabilize the network.

It is accepted that BM thickening occurs in
response to stress such as sheer forces. The impact
of longstanding vascular flow on the BM has led to
consensus that normal aging results in eventual BM
thickening.’”*® Whether these changes confer func-
tional alteration is less clear. It is also noted that
specific brain regions demonstrate differential
changes in BM ECM with aging in both mouse and
humans.*”~*! Changes with AD are likely similar to
that of aging, with a general increase in BM thicken-
ing, but accurate assessment is again complicated by
the regional changes that are a foundation of AD
progression and classification.”> AD patients with
cerebral amyloid angiopathy (CAA) provide addi-
tional difficulty in the study.*® Although CAA pri-
marily affects arterioles, this pathology induces
alterations in BM that exceed, or at the minimum
differ from, that found in microvasculature without

BM
40-100nm

AN >

| ==

”

ool ]

E o ‘
Luminal/Blood -
== Fibronectin A Dystroglycan

+—&—® Nidogen % Lamiin

Perlecan eassagisic Collagen IV

L*Inlegrin

Figure 2. Extracellular matrix (ECM) in the vascular and parenchymal basement membrane (BM). To focus on ECM, note that gap
junctions, tight junctions, and regulatory molecules are not shown. Endothelial cell (EC), Red blood cells (RBC).
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significant Abeta deposition.”>”® Tt should also be
noted that in most human samples, autofluorescence
and the presence of residual blood contents in brain
specimens can make the differentiation of changes in
ECM content difficult to discern, and can reflect
regional bias that affects analysis within and among
brain specimens.”* Measures of BM ECM are further
complicated by whether the quality is considered in
the evaluation of immunostaining (for example, lin-
ear integrity of the BM) or discrete bands on
electrophoresis.

Laminin

The foundation for BM formation is self-
assembly of laminin, a complicated hetero-
trimer consisting of an alpha chain, a beta
chain, and a gamma chain. Laminin in the
brain is primarily deposited by astrocytes and is
identified by three Arabic numerals based on the
number of the specific chain that contributes to
the composition of the trimer. Five alpha, four
beta, and three gamma chains exist and can
combine to form over 16 different laminin iso-
forms. Only B1 and G1 are typically found in the
brain microvasculature; therefore, alpha chains 1,
2, 4, or 5 determine unique isoforms. Whereas
laminin 411 is secreted by EC throughout the
body, laminin 111 and 211 are secreted by astro-
cytes and regulated by pericytes and thereby
deemed specific for brain microvasculature.”
There are exceptions to the above; the gamma 3
chain demonstrated staining in BM zones of
multiple adult tissues, including the brain,
which was determined by subsequent ultrastruc-
tural immunogold staining to localize specifically
to the basement membrane tissues.”” In addition,
it has recently been found that laminin 421 is
deposited in cerebral vasculature in a murine
model of the BBB in vitro.”

Laminin changes in normal aging

Studies of changes in brain ECM with aging are
complicated by regional differences in expression.
For example, studies in normal aged mice have
found decreases in laminin in the cortex and stria-
tum, but not other regions.”’ In related functional
studies, older (22 months) mice demonstrated
impaired BBB function, which was associated

with age-dependent changes in capillary density,
relative to young mice (3 and 7 months of age).
Decreases in the levels of laminin in vascular base-
ment membranes were also noted in aged mice
relative to young mice.”’

Laminin changes in neurodegeneration
Few studies have specifically examined laminin in
the BBB with neurodegeneration. Studies in trans-
genic APP mice that have cerebral amyloid angio-
pathy indicate a decrease in laminin in
vasculature.”’ Early work in human brain parench-
yma identified punctate deposits of increased
alpha 1 and gamma 1 chains in plaques of Abeta
and in astrocytes of both the gray and white mat-
ter. These data suggest that these laminins and
their specific domains may have distinct functions
in the pathophysiology of AD.”®

In immunohistochemical studies of Braak stage
III-VI AD patients relative to age-matched con-
trols, laminin exhibited patterns of BM fragmenta-
tion in AD and colocalized with beta-amyloid in
senile plaques.”® Fragmentation, which is often
visualized by immunofluorescence-based histolo-
gic analyses, underscores the difficulty in quantifi-
cation that can also affect western blotting and
other measures of ECM. The implications of frag-
mentation, whether defined by histologic appear-
ance or degradation on immunoblotting, for ECM
quality is another consideration when discussing
changes that occur in AD.

Collagen IV

Collagen type IV (Col 1IV) is the most abundant
fibrous protein within the interstitial ECM and is
secreted by ECs, astrocytes, and pericytes in brain
vasculature.'” In other tissues, Col IV is essential
for regulating cell adhesion and directing tissue
development through its role in chemotaxis and
cell migration, while also providing strength to the
ECM.'"" Col IV consists of polypeptide chains
derived from six different a chains, which can
combine and form three different collagen IV iso-
forms. The Col IV isoform predominantly
expressed in the brain consists of two al and one
a2 chains that fuse to form the collagen IV [a 1
(IV)]2a 2(1V) isoforms.’” Inside cells, the three
alpha-chains assemble forming triple helical



molecules, termed protomers, which oligomerize
outside the cells into a supramolecular network.'®
The self-assembly of the Col IV protomers is asso-
ciated with both lateral (side-by-side) as well as C-
and N-terminal non-covalent bindings of the Col
IV monomers.'” Col IV stabilizes BM by retain-
ing laminin and other ECM proteins, such as
nidogen, and perlecan. Modest mutations in the
Col4al gene are associated with fragile vessels that
predispose to stress-induced hemorrhage and
adult-onset stroke in humans.'*>'** Null muta-
tions of Col IV in mice are embryonic lethal due,
in part, to impaired BM stability.'%°

Col IV changes in aging

Col IV is presumed to contribute to the BM thick-
ening that occurs throughout the body with nor-
mal aging. Hawkes originally reported no change
in Col IV in the brain vasculature with aging.”’
However, in studies of old mice with significant
thickening of capillary basement membranes in
cerebral cortex, hippocampus, and thalamus, wes-
tern blotting and immunocytochemistry experi-
ments actually showed a significant reduction in
Col IV in the cortex and hippocampus with age.”*
In contrast, the brains of aged humans (mean age
of 74) demonstrated increased Col IV accumula-
tion in the BM of cerebral microvessels compared
to those of controls (mean age of 39).% These data
underscore the difficulties in making quantitative
assessments of ECM changes in the BM.

Col IV changes in neurodegeneration

Although it is controversial whether AD neuro-
pathology results in changes in vessel density, it is
likely that there are some alterations in microvas-
cular morphology, such as decreased vessel dia-
meter, which could have clinical correlations with
cognition.'’*'*” One would predict that neurode-
generation should be accompanied by increased
deposition of Col IV reflecting stress on the vas-
culature that enhances the deposition of BM
proteins.*” Early studies in transgenic models
of AD reported BM thickening with increased
collagen content.'°®'*” Similarly, the brains of
11-month-old triple (APP x PS1 x Tau) transgenic
mice showed decreased cerebrovascular volume,
higher levels of Col IV and increased basement
membrane thickness."'’ In contrast, studies in
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transgenic APP mice that have cerebral amyloid
angiopathy, which can confound studies of the
microvascular BM, indicate a significant reduction
in Col IV in vasculature.””

Early studies in humans found a 55% increase
in Col IV content in cerebral microvessels in AD
patients compared to controls.”> Additional inves-
tigations in AD patients also reported a thickening
of the basement membrane together with an
increase in collagen content.'"'”"'* A recent study
notes an increase in Col IV in the microvessels of
subjects with AD, with both subclinical AD
and AD groups similarly demonstrating signifi-
cantly higher levels of Col IV staining than the
control group in frontal and temporal cortex.'"” In
contrast, Christov reports that Col I and III
increased, but Col IV decreased, in AD microves-
sels relative to controls.''® Studies in vitro indicate
collagen deposition influences Abeta fibril forma-
tion, highlighting the possibility that Col IV levels
change, but the direction of the change could be
determined by location in the brain as well as
proximity to the neuropathologic changes
of AD.""” Although studies in humans with CAA
are confounded by the influence of amyloid
deposition on the BM, changes in collagen IV
were not found.”

Nidogen

The laminin and Col IV networks are held
together by nidogens, sulfated monomeric glyco-
proteins also called entactins. In the brain, nido-
gen has been shown to come from ECs as well as
astrocytes and pericytes.'>”> Two isoforms of
nidogen, nidogen-1 and -2 (entactin-1 and -2),
have been identified and consist of three globes
(G1, G2, G3) connected by segments of variable
lengths. In addition to laminin and Col IV, nido-
gen also binds fibulin and perlecan. Antisense
treatment of astrocytes in culture that normally
expresses  nidogen  results in  astrocyte
detachment,'"® which can compromise the BBB.
Studies have found stronger nidogen expression
in immature than in adult brain, and a dramatic
increase of vascular staining in kainate-injured
hippocampus, suggesting a contribution of nido-
gen to both development and reactive
angiogenesis."'> Nidogen-1 is important for
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connecting and stabilizing the self-assembled
layers of laminin and Col IV, and mutation of
nidogen-1 reduces brain capillary BM.'*°
Mutations in nidogen-2 do not have a brain BM
phenotype, but studies of nidogen-1 knockout
mice indicate that nidogen-2 compensates for the
loss of nidogen-1."2%"*!

Nidogen changes in aging

Nidogens function in neural plasticity and one
would predict levels of these glycoproteins are
reduced in normal aging, which is characterized
by decreased plasticity in most organs.'** Indeed,
results from Western blotting and immunocyto-
chemistry experiments showed a significant reduc-
tion in nidogen 2 in the cortex and striatum
during normal aging in mice.”" In contrast, studies
in humans showed an increase in nidogen 2 with
age that might reflect differences in techniques,
regions and concurrent presence of CAA.”

Nidogen changes in neurodegeneration

Although studies in transgenic APP mice that have
cerebral amyloid angiopathy and humans with
CAA indicate a decrease in nidogen 2 in vascula-
ture, these studies are confounded by the influence
of amyloid deposition on the BM.”*”" Changes in
nidogen have not been specifically studied in AD
without CAA, but it has been shown nidogen
binds Abeta plaque-associated BM components

in vitro.'*?

Perlecan and agrin (HSPGs)

The HSPGs found in BM are exemplified by per-
lecan and agrin, which promote barrier function.
In the brain, HSPGs come from BEC, astrocytes
and likely pericytes.” Perlecan, also called HSPG2,
is a large multidomain proteoglycan that binds to
and cross-links other components of ECM,
thereby stabilizing BM and ensuring maintenance
of the endothelial barrier function.'** Less is
known about agrin in aging and neurodegenera-
tion. Agrin is also a large HSPG that has barrier
functions and is found extensively in the basal
lamina of the brain microvasculature.'* Agrin’s
connection to the BM has been shown to be
mediated by binding of its amino terminus with
laminin.'?°

Perlecan changes in aging

Age-related increases in the levels of perlecan in
small vessel BM have been noted in wild-type
mice.”” In this same study, capillary density was
decreased and drainage of small molecular weight
dextran along BM was impaired in the hippocam-
pal vasculature of aged mice compared to young
mice, but the role of perlecan in the vessel changes
was not defined.

Perlecan changes in neurodegeneration

In early investigations, no significant difference
was seen in perlecan mRNA levels in the hippo-
campus of AD patients when compared to age-
matched controls.””” However, in studies of cere-
bral microvessels, total uronic acids (surrogates for
perlecan content) were found to be increased
in AD.> Histologic examination of AD brains
showed fragmentation of BM-associated agrin
with immunoreactivity also found within Abeta
plaques and neurofibrillary tangles. Soluble agrin
levels were increased approximately 30% in Braak
stage III-VI AD patients relative to age-matched
controls.” More recent studies support the finding
that HSPGs are ubiquitously present in the BM,
are increased in AD, and significantly correlated
with staining for Abeta.''>!?®

Fibronectin

Fibronectin is a protein dimer comprised of 2
monomers linked by disulfide bonding, and is
secreted by brain ECs, astrocytes and pericytes.
Cellular fibronectin starts out soluble, but incor-
porates with other ECM to become part of the
insoluble BM matrix."* Fibronectin is directly
involved in mediating cell attachment (via integ-
rins) and functions to facilitate the organization of
the interstitial ECM. Fibronectin directly affects
the barrier properties of brain ECs as measured
by TEER, and stimulates the proliferation and
survival of brain ECs in vitro."**!*! Like Col 1V,
null mutations of fibronectin are embryonic lethal,
partly due to impaired BM stability."*?

Fibronectin changes in aging

Early studies reported a substantial decrease of
fibronectin content in ECM that was thought to
contribute to reduced size of brain ECs, changes in



BBB function, and subsequent detrimental effects
on memory.">> Later measures of fibronectin with
aging showed no changes in the large 250 kDa
monomer, at the same time there were decreases
in the 60 kDa monomer, in the brain cortex
microvasculature of aged mice relative to young
mice. As with other ECM findings, the relation-
ship between reduced small monomer fibronectin
and decreased brain vessel density and function in
aged mice was a correlative finding.””

Fibronectin changes in neurodegeneration
Fibronectin exists in plasma and is, therefore,
alogical target as a biomarker for examining changes
in brain BM with AD. Although an early study
showed no differences between AD and controls,
more recent reports found that high molecular fibro-
nectin forms appear more frequently, and at higher
amounts, in the plasma of AD patients compared to
age-matched healthy controls and those with mild
cognitive impairment. 134-136

Immunohistochemistry studies demonstrate cel-
lular fibronectin staining correlates highly with
Abeta in the temporal cortex, but not the frontal
cortex, of AD patients. However, subsequent
quantitative imaging showed high variability in
fibronectin content, which demonstrated an
increase in frontal, but not temporal, cortex
in AD brains relative to age-matched controls.'"
Although studies in humans with CAA are con-
founded by the influence of amyloid deposition on
the BM, changes in fibronectin were not found in
the human samples.”

Summary

The ECM is a dynamic component of the NVU
and the BBB within the NVU. The glycocalyx is
difficult to study in isolation and is comprised of
ECM molecules that are intricately linked.
Glycocalyx ECM components are exposed to
environmental stresses that result in constant
modifications in structure, which elude precise
quantification and labeling with aging or neurode-
generation. BM ECM undergoes less modifica-
tions, but tends to show alterations with age and
neurodegeneration that might reflect responses to
longstanding vascular stress. Measures of any
ECM component are complicated by regional
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variations within the brain and differing techni-
ques to analyze ECM quantity versus quality, all of
which contributes to variable findings with aging
and neurodegeneration.
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