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General Introduction to Barrier Mechanisms
in the Central Nervous System

Norman R. Saunders, Katarzyna M. Dziegielewska, Kjeld Mgllgard,
and Mark D. Habgood

Abstract There are five exchange interfaces between the peripheral circulation
(blood), the cerebrospinal fluid (CSF) and the brain: (i) meninges, (ii) blood vessels,
(iii) choroid plexuses, (iv) circumventricular organs and (v) ependyma (neuroepen-
dyma in embryos). All five interfaces have distinctive morphological and physio-
logical properties; the first three are characterised by intercellular tight junctions
that provide important structural basis for limiting molecular exchange across their
interfaces. Cells that form these interfaces are also sites of extensive exchange
mechanisms (transporters) that control entry and exit of a wide variety of molecules
into the brain. Secretion of CSF by the choroid plexuses which flows through the
ventricular system, and the exchange of substances between the CSF and brain is an
important mechanism for the control of the characteristic composition of the brain
interstitial fluid. Understanding of the complexity of barrier mechanisms is essential
for evaluation of the effects of inflammatory conditions affecting the brain, whether
in the adult or during development.

1 Introduction

It is becoming increasingly apparent that inflammation may play a significant role
in a wide range of neurological disorders, both acute and chronic. The underlying
question is to what extent different blood—brain barrier mechanisms may be affected

N.R. Saunders (P<)

Department of Pharmacology and Therapeutics, University of Melbourne,
Parkville, VIC 3010, Australia

e-mail: n.saunders @unimelb.edu.au

K.M. Dziegielewska ¢ K. Mgllgard * M.D. Habgood
Department of Pharmacology and Therapeutics, University of Melbourne,
Parkville, VIC 3010, Australia

Institute of Cellular and Molecular Medicine, The Panum Institute, University of Copenhagen,
Kgbenhavn, Denmark
e-mail: kdzie @unimelb.edu.au; kjm @sund.ku.dk; mhabgood @unimelb.edu.au

© Springer International Publishing Switzerland 2017 1
R. Lyck, G. Enzmann (eds.), The Blood Brain Barrier and Inflammation,
Progress in Inflammation Research, DOI 10.1007/978-3-319-45514-3_1


mailto:n.saunders@unimelb.edu.au
mailto:kdzie@unimelb.edu.au
mailto:kjm@sund.ku.dk
mailto:mhabgood@unimelb.edu.au

2 N.R. Saunders et al.

by inflammation and whether they are involved in some of these disorders, either as
a part of the primary cause or as a secondary consequence.

It will thus be essential to have a comprehensive knowledge of these mechanisms
in the normal brain as a basis for studying and understanding pathological condi-
tions. However, current understanding of normal mechanisms is incomplete, many
questions remain unanswered, and the field requires much further work.

Historically “blood-brain barrier” is an old term dating back nearly a hundred
years. It was first used by Lena Stern (“barriere hémato-encéphalique”, [105])
although most in the literature attribute it to Ehrlich [34], Lewandowsky [66] or
Goldmann [43]; none of whom actually used the term (see [95]). “Blood—brain bar-
rier” was generally used, and still is by some to this day, solely to describe a struc-
tural mechanism preventing entry of substances into the brain, originally illustrated
by the use of dyes administered parenterally. Stern herself, perhaps because of her
training as both a medical doctor and physiologist, appreciated that the “barrier” had
much wider functional implications. This was not fully appreciated until the second
half of the twentieth century (see, e.g. [27, 28]).

In this introduction, we provide a summary of what is known of the structural
and functional properties of the brain barrier interfaces both in the adult and in the
developing brain, particularly where they may be relevant to understanding changes
that may occur in inflammatory conditions.

2 Barriers of the Brain

It is now recognised that in adult brain there are five barrier interfaces between the
blood (the periphery) and central nervous system (CNS) (see Fig. 1). The outer
meningeal surface of the brain has at least three barrier structural components
(Fig. 1a). Nabeshima et al. [80] provided an early ultrastructural description of this
surface of the brain in several species, identified tight junctions in the layer of cells
at the border of the arachnoid with the dura and designated this the arachnoid bar-
rier layer. They also identified the vessels within the subarachnoid space as having
extensive tight junctions. Mgllgard and colleagues [15] have carried out a detailed
immunohistochemical and confocal microscopical study of the barriers over the
surface of the brain in fetal and adult human and rat material. These authors distin-
guish three separate barrier interfaces: (i) blood—arachnoid—outer CSF interface, as
described by Nabeshima et al. [80]; (i) blood—pia microvessel-outer CSF interface
(sometimes incorrectly used as a surrogate for the blood—brain barrier itself, as
pointed out by [15]); and (iii) the brain end feet—outer CSF interface (Fig. 1).
Traditionally the meningeal barrier has been viewed purely as a physical barrier;
however, it is now clear that particularly during brain development the arachnoid
layers have a significant functional role in secreting growth factors and mitogens
[30]. Detailed studies of the molecular properties of this layer, as recently per-
formed for the blood—brain and blood—CSF barriers (see below), have yet to be
undertaken.

The best-known and most studied barrier interfaces are the blood—brain barrier
itself across the cerebral blood vessels (Fig. 1b) and the blood—cerebrospinal fluid
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Fig. 1 Schematic diagram (centre left) of the five main barrier interfaces (a—e) in the brain and an
additional one in the embryo (f). The barrier-forming cellular layers at each interface are coloured
green. (a) Meningeal barrier: o-CSF outer cerebrospinal fluid, SAS subarachnoid space, BV blood
vessels, f~BV fenestrated BV, bm basement membrane, g/ glia limitans, # tight junctions (arrow
heads). (b) Blood—brain barrier: cerebral blood vessels (BV). Tight junctions between the endo-
thelial cells (EC) restricting the paracellular cleft; PC pericytes, AE astroglial end feet. (¢) Blood—
CSF barrier: choroid plexuses. CPEepithelial cells, tight junctions (arrowheads). Blood vessels
(BV) are fenestrated and do not form a barrier (arrows). (d) Circumventricular organs: tanycytes
(TC), specialised ependymal cells of these brain areas connected by tight junctions (arrowhead),
entry into the rest of the brain prevented by tight junctions between astroglial cells (GC). (e)
Ependyma in adult brain. Apart from specialised tanycytes, ependymal cells are linked by gap
junctions; there is no restricted exchange of even large molecules, such as proteins, between CSF
and interstitial space of the brain (solid arrows). (f) Embryonic CSF-brain barrier. In early brain
development, strap junctions (open arrowheads) are present between adjacent neuroepithelial cells
(NE); these form a barrier restricting the movement of larger molecules, such as proteins, but not
smaller molecules such as sucrose (From Saunders et al. [97])
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barrier (Fig. lc) across the choroid plexuses. Both these sites possess a critical
structural feature, namely, tight junctions, between adjacent cells in the interfaces
[14]. These junctions are responsible not only for a physical barrier function
between the blood and the CNS, but they are also essential as an underpinning for
the cellular transport properties of cells forming the interfaces. Without a diffusion
restraint between cells of these interfaces, any cellular transport functions across the
barriers would be ineffective. There is an important morphological difference in the
site of the tight junctions in these two interfaces. At the blood-brain barrier, tight
junctions are between endothelial cells of blood vessels, while in choroid plexuses
they are between adjacent epithelial cells, and the blood vessels in the plexus stroma
are fenestrated and do not hinder the movement of molecules from the blood into
the extracellular space of the plexuses. Other cells that are thought to contribute to
the properties of the blood-brain barrier are astrocytes, the end feet of which encir-
cle the cerebral endothelial cells, and the pericytes situated within the basement
membrane that surrounds the endothelial cells (Fig. 1b).

This complex of cells forming the blood—brain barrier is sometime referred to as
the “neurovascular unit” [81]. An additional morphological feature, which is
thought to contribute to the properties of the blood—brain barrier, is a lack of pino-
cytotic vesicles in the cerebral endothelial cells. Although little studied, this lack of
pinocytotic vesicles does not appear to be a feature of epithelial cells in the choroid
plexuses. These cells by contrast are able to transport macromolecules, such as pro-
teins, from blood into CSF, which may involve endocytotic (at the blood side of the
choroid plexus) and exocytotic (at the CSF side) mechanisms [33, 67, 70, 100].

Another barrier interface is that of the circumventricular organs (pineal gland,
area postrema, median eminence, subfornical organ) between the outer and inner
CSF and the brain tissue (Fig. 1d). The blood vessels in the circumventricular organs
(Fig. 1d) do not possess diffusional barrier properties. In these regions, a physical
barrier between the CSF and the brain is provided by tanycytes [64], which are spe-
cialised ependymal cells connected by tight junctions at their apices; they are only
found associated with circumventricular organs. Entry into brain parenchyma
beyond the circumventricular organs is prevented by tight junctions between astro-
glial cells (Fig. 1d).

In the adult brain, there is an interface between the ventricular CSF and the brain
tissue formed by ependymal cells that are derived developmentally from the neuro-
epithelium that lines the wall of the cerebral ventricles in the developing brain.
Apart from the regions where circumventricular organs abut on the ventricular CSF
and tanycytes provide a barrier interface, throughout the rest of the ventricular sys-
tem, the ependymal cell layer (Fig. 1f) does not present a diffusional restraint on
movement between the CSF and brain interstitial fluid of even large molecules such
as proteins [14]. These adult ependymal cells are joined by gap junctions. However,
in the embryo and early fetus, the situation is different (Fig. 1f). Here the cells of the
neuroepithelium are joined by membrane specialisations called strap junctions [79].
These strap junctions, unlike tight junctions, have a spiral distribution along the
long axis of the neuroepithelial cells perpendicular to the CSF surface of the neuro-
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epithelium. This is in contrast to the belt-like arrangement of tight junctions at the
apex of epithelial cells such as those in the choroid plexuses. These junctions have
been shown to be impermeable to all but very small molecules (286 Da) in fetal
sheep [40] and mouse embryos [113]. As brain development progresses, these junc-
tions have been shown in the mouse to become permeable to increasingly larger
molecules so that by postnatal day 20, there is no restriction on the permeability of
molecules of the size of many plasma proteins (70 kDa, [113]).

3 Cellular Components of the Neurovascular Unit

The components of this brain barrier interface interact in ways that are not yet fully
understood. But it is possible to define individual contributions of some of the dif-
ferent cell types and the manner in which they interact with each other. The most
studied and best understood are of course the endothelial cells themselves. These
provide numerous influx and efflux transporter mechanisms that are the key compo-
nents in defining the internal milieu of the brain, provision of metabolically impor-
tant molecules and exclusion or removal of potentially toxic molecules. These will
be described in separate sections below. The molecular composition and structure of
tight junctions are both described in the chapter by Wolburg and in Bauer et al. [9].

Astrocytes in the adult brain have foot processes that encircle almost the entire
circumference of the blood vessels. This encirclement is a process that begins in
rodents just before birth and accompanies vascularisation of the brain, which is
complete by 3 weeks of age [16]. There has been a long-held and persistent [83]
belief in the blood—brain barrier field that astrocytes are essential for the formation
of tight junctions during brain development in spite of much evidence to the con-
trary (reviewed in [95]). This belief is based mainly on in vitro experiments in which
tight junctions between isolated cerebral endothelial cells form more effectively in
the presence of cocultured astrocytes [1]. The other frequently cited paper is that of
Janzer and Raff [54]. These authors injected purified rat astrocytes into the anterior
chamber of the eye of adult syngeneic rats. The astrocytes formed aggregates that
were claimed to become vascularised by 48 h. Therefore, it was proposed that the
astrocytes had induced the formation of tight junctions in the nonneural blood ves-
sels that had entered the aggregates of astrocytes. However, these authors did not
have any evidence for the formation of tight junctions as this would have required
electron microscopy. When the studies were repeated by Holash et al. [50], who did
use electron microscopy, results showed that aggregates of astrocytes in the anterior
eye chamber of the rat were poorly vascularised and did not have ultrastructural
characteristic of cerebral capillaries. It seems surprising that anyone would suggest
that astrocytes would be responsible for tight junction formation in the early stages
of brain vascularisation: blood vessels already have tight junctions and are imper-
meable to intravascular tracers prior to differentiation of astrocytes [24, 35]. In the
early postnatal period of intense vascularisation in the rodent brain, it is possible
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that astrocytes may play a role in tight junction formation and/or stabilisation; this
is suggested by the deletion experiments of Ma et al. [74]. In the adult brain, astro-
cytes are thought to be involved in modulation and maintenance of barrier proper-
ties [1, 2, 26].

Aquaporin 4 Astrocytic end feet contain a high concentration of aquaporin 4
(AQP4) water channels and are considered important for water homeostasis in the
normal brain. Part of the evidence for this comes from experiments in which the
AQP4 gene has been deleted (AQP4—/—); in these animals acute water intoxication
caused osmotic oedema without disruption of the blood—brain barrier as assessed by
electron microscopy and Evans blue injection [77]. On the other hand, AQP4-
deficient mice subjected to permanent middle cerebral artery occlusion (to produce
vasogenic oedema) for 24 h had much better survival and neurological outcomes
than the wild-type mice [77]. However, in normal brain, it is unclear how the high
concentration of AQP4 channels in astrocytic end feet is integrated into brain water
homeostasis. No specific water channels have yet been identified in cerebral endo-
thelial cells. It is unclear how much and by what route(s) water crosses the cerebral
vascular endothelium. On the face of the available observations, there would appear
to be a functional mismatch between the lack of water channels in the endothelial
cells and a high concentration of AQP4 in astrocytic end feet. As discussed below,
it has been proposed that water transfer across cerebral endothelial cells may be via
ion co-transporters and the glucose uniport GLUT1 [75]. Possibly water exchange
also occurs via Virchow—Robin spaces around penetrating arteries and the extension
of this pathway via the extracellular matrix which surrounds cerebral blood vessels
[55] although as yet there is no functional evidence for this.

Pericytes are a less studied component of the neurovascular unit. As illustrated in
Fig. 1b, they lie outside the endothelial cells embedded in the basement membrane/
extracellular matrix. They appear to play a role in controlling capillary blood flow
[46] although this has been disputed [48]. However, this difference in interpretation
of optical imaging studies of capillary flow appears to depend on a redefinition of
pericytes as smooth muscle cells by the latter authors [S]. Pericytes are clearly
important for some aspects of blood—brain barrier function as under pathological
conditions, they undergo changes such as migration, proliferation or differentiation
[31, 32]. Although it is frequently asserted that pericytes play an important role in
vascular and tissue homeostasis and maintenance of the blood—brain barrier by their
interactions with other constituents of the neurovascular unit [5, 31], the mecha-
nisms involved are unclear; some of the signalling mechanisms thought to be impor-
tant for communication between pericytes and other constituents of the neurovascular
unit have been reviewed by ElIAli et al. [37] who also comment on a possible role
for pericytes in immune responses affecting the blood—brain barrier, a topic that has
been reviewed by Hurtado-Alvarado et al. [52]. A more clearly defined role for
pericytes is their contribution to barrier properties of blood vessels in the developing
brain. Thus, PDGF-f-deficient mice lack pericytes around their cerebral vessels and
show increased permeability during embryogenesis ([72], confirmed by [24]). In
addition to the lack of pericytes, these animals show increased expression of genes
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associated with vascular permeability such as leukocyte adhesion molecules. Using
non-lethal PDGFR-$ mouse mutants, Armulik et al. [4] showed regulation of spe-
cific gene expression pattern in the blood-brain barrier and polarisation of astro-
cytic end feet around cerebral blood vessels. The mutants showed increased
permeability to water and a range of molecular tracers, which appeared to be due to
increased endothelial transcytosis, a process that in the intact blood—brain barrier is
characteristically low. The endothelial cell tight junctions in the mutants appeared
to be functionally and ultrastructurally intact.

An important component of the neurovascular unit is the extracellular matrix,
which contributes to the endothelial and the parenchymal basement membranes.
The former is produced by the endothelial cells and contains pericytes, whereas the
latter is laid down by astrocytes and demarcates the perivascular space (Fig. 1b). A
detailed description of this structure is to be found in an accompanying chapter by
Sorokin.

4 Influx Mechanisms of the Blood—Brain Barrier

The main influx mechanisms in cerebral endothelial cells are summarised in Fig. 2.
Only some of these are described here because of limitations of space.

Glucose The first described and probably the most important glucose transporter is
GLUT-1 (SLC2al, solute-linked carrier (SLC) transporters), and its gene Slc2al is
expressed in both the cerebral endothelial cells [25] and choroid plexus epithelial
cells [68, 69]. GLUT-1 is a facilitative transporter (i.e. transports glucose down a
concentration gradient at a higher rate than would occur by diffusion). GLUT-1 is
the main member of this family in cerebral endothelial cells [38], but expression of
the genes for Sic2a3, a8, al2 and al3 has also been described in mouse cerebral
endothelial cells [25]. Slc2al has been detected in rodent choroid plexus [69, 78]
expressed at a slightly higher level in the embryo [69]. Other glucose-transporting
genes in this family that have been identified in rat choroid plexus are Sic2a3, a4,
a8, al2, al3 and al5, but only Slc2al2 is expressed at a level that is likely to be
functionally significant at fivefold higher in the adult [69].

SLCS transporters are sodium—glucose co-transporters [114]. Slc5al, a5 and a6
have been identified in mouse cerebral endothelial cells [25], and Slc5a6 and al0
have been identified in mouse choroid plexus [68]. There is good evidence for glu-
cose transport into the brain in both adults [84, 85] and neonates [109]. Much of this
is probably mediated by GLUT-1 (SLC2al); the critical importance of this trans-
porter is demonstrated by the severe clinical effects that occur in people with
GLUT-1 deficiency [53]. The functional importance of all the other glucose trans-
porters that have been identified at the blood-brain and blood—CSF barriers is
unclear, as current methods for studying glucose transport do not distinguish
between their possible roles. This reflects a general problem where many transport-
ers for the same substrate have evolved. It is clear that at least in the case of GLUT-1
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(cys) Glu (cys) (his) Mn* Fe

glucose ala, cys, adenine transferrin lactate Na*, K*
his, pro adenosine ketones other ions
met, trp

BRAIN

Fig. 2 Diagram of main inward transporters in cerebral endothelial cells. There is now detailed
information on the molecular identity of the transporters involved in this wide range of transporter
systems in the adult and developing brain [25, 38, 78]. Similar data are available for adult and
developing choroid plexuses [68, 96]. Note that heavy metals bind to some amino acids and trans-
ferrin receptors. Because of vulnerability of developing brain to heavy metals, this transport may
contribute to fetal or newborn neurotoxicity; ala alanine, cys cysteine, Fe’* iron, Glu glutamate, his
histidine, MCT monocarboxylate transporter, MeHg methyl mercury, met methionine, Mn’* man-
ganese, Pb** lead, pro proline, trp tryptophan, Zn?* zinc (From Saunders et al. [93])

this apparent redundancy is insufficient to compensate for the loss of GLUT-1 func-
tion [53]. It is possible that studies of deletions of other glucose transporters may
shed light on their contribution to glucose transport in the brain.

Amino Acids There is now substantial molecular information available on the
expression of a large number of SLC transporters for amino acids both at the blood—
brain and the blood—CSF (choroid plexus) barriers. Much less is known about amino
acid transporters at the other brain interfaces. Early studies demonstrated the trans-
port of a whole range of amino acids from blood into brain [84, 86]. Oldendorf [85]
found that generally essential amino acids were transported to a much greater extent
than non-essential amino acids. Amino acid carriers or transporters were originally
classified according their electrical charge at physiological pH. Independent carriers
for neutral, basic [90] and acidic amino acids [88] were defined. Subcategories were
proposed when it was found that there was some degree of substrate specificity
within one general class. There are of course many individual amino acids within
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each carrier group with competition within this group but not across carriers. With
the advent of cloning and mRNA sequencing techniques, the molecular basis for the
carrier systems became much clearer, with many more discovered than implied by
the original classification. Christensen et al. [17] made a plea that the original des-
ignation should be retained because it is immediately apparent what the function of
the amino acids transported is, e.g. EAACI for excitatory amino acid carrier, along
with three designations: GLAST (for glutamate and aspartate transporter) and GLT1
and GLTP (glutamate transporters). These designations may not be particularly
clear or helpful to the uninitiated, but they are still included in some databases. It is
now recognised that amino acid transporters fall into the general category of SLCs.
The main families are:

(i) SLC1A1 to A7, high-affinity glutamate and neutral amino acid transporter
family [60].
(i) SLC3A1 and A2; SLC7A1-Al14. Mainly cationic amino acid transporters;
some are transporters for large and small neutral amino acids [41].
(iii)) SLC43A1-A3. Facilitator system L-amino acid transporters [11].

It is outside the scope of this introductory chapter to review these carrier systems
in detail; current information can be found for both the blood—brain barrier and
blood—CSF barriers [25, 68, 69, 78, 94, 96]. However, two general points are worth
noting. Firstly, amino acid transporters are one of the many functional systems
active within brain barriers that might be disrupted by inflammation. This therefore
needs to be considered when evaluating results of experiments or clinical conditions
in which there appears to be involvement of blood—brain barrier interfaces in inflam-
matory conditions. Secondly, it is clear that disorders of transport of some individ-
ual amino acids can result in significant neuropathology. For example, loss of
function by mutations in the glutamate transporter SLC1A1 causes dicarboxylic
aminoaciduria associated with mental retardation in humans [6]. The velocardiofa-
cial syndrome (VCFS, Shprintzen syndrome) appears to be due to deletion of the
gene for a cationic amino acid transporter, SLC7A4 [104]. It is notable that several
SLCs may transport the same amino acid, yet a defective gene for one transporter
can result in severe developmental defects. It seems reasonable to conclude that if
inflammation interferes with one or more amino acid SLCs during development,
there may well be serious subsequent developmental defects.

Monocarboxylate Transport A family of monocarboxylate transporters (MCTs),
some of which are proton linked, is involved in transport of monocarboxylates (e.g.
pyruvate, lactate and ketone bodies) across plasma membranes. These are the 14
members of the SLC16 family [44].

The equivalence of SLC16 family members nomenclature and their MCT desig-
nation is a bit of an illogical muddle, because MCTs were named in the order in
which they were functionally characterised, whereas the SLC16 members were
named as their cDNA sequences became available. Only for four is there good evi-
dence of involvement in monocarboxylate transport in humans [45]; these are
SLC16A1 (MCT1), SLC16A3 (MCT4), SLC16A7 (MCT2) and SLC16A8 (MCT3).
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a SLC 16a10 || g1

100um

Fig. 3 Immunohistochemistry of influx transporters in sagittal and coronal sections from E15 and
adult rat choroid plexus: SLC 16al0 (a, al, b), The rectangle in (a), from E15 is shown at higher
magnification in (al). For comparison, adult choroid plexus stained for the same transporter is
shown in (b). (a) The rostral-most leaflet of the lateral ventricular choroid plexus facing the gan-
glionic eminence (GE) demonstrates a very strong reactivity in contrast to the caudal-most leaflet
facing the developing hippocampus (HIP). (al) At higher magnification, immunostaining fills the
entire cytoplasm apical to nuclei (V) and down along basolateral membrane (arrowheads) sparing
empty glycogen spaces in epithelial cells of rostral leaflet. Caudal leaflet is also positively stained
and shows a more uniform cytoplasmic reactivity. (b) Adult choroid plexus shows virtually no
immunostaining for SLC 16al0. a, scale bar 500 pm. al, scale bar 50 pm. b, scale bar 100 pm
(From Saunders et al. [96])

SLC16A1 (MCT1) is involved in transport of monocarboxylates across the
endothelial cells of the blood-brain barrier [44, 45] and epithelial cells of the cho-
roid plexus [61] in the adult brain. Slc16a2 (MCTS8), a6 (MCT7), a8 (MCT3), a9
(MCT9), al2 (MCT12) and al3 (MCT13) genes have been identified in adult mouse
choroid plexus [78, 96]. Slc16a2 is a thyroid hormone transporter, which is expressed
at similar levels in embryonic and adult choroid plexus; the others are all monocar-
boxylates transporters and expressed at a lower level in the rat embryonic plexus
compared to the adult [96]. The only Slc16 transporter that is expressed at a higher
level in mouse and rat embryonic choroid plexus is Slc16al0 [68, 96]; Slc16al0
transports tyrosine, the amino acid precursor of the thyroid hormones tri- and tet-
raiodothyronine. SLC16a10 has been shown to transport both triiodothyronine and
tetraiodothyronine in transfected COS1 cells [42]. The finding of very high expres-
sion in rodent embryo choroid plexus [68, 96] together with demonstration of
immunohistochemical presence of the protein (Fig. 3) suggests that it may play an
important role in thyroid hormone transport in early brain development. The expres-
sion of monocarboxylate transporters appears to have been less studied in the
embryonic brain barrier interfaces. Apart from a high expression of Slc/6al0
(MCT10) in embryonic mouse and rat choroid plexus [68, 96], nothing else seems
to be known about monocarboxylate transporters in the embryonic choroid plexus.
Triiodothyronine, T3, and thyroxine, T4, are essential for normal brain develop-
ment. Inadequate delivery of T4 to the developing brain, usually due to iodine defi-
ciency, results in cretinism [91, 100]. The choroid plexuses in the embryonic brain
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are prominent compared to vascularisation of the rest of the brain [57]; thus, it may
be that MCT10 in the choroid plexuses along with TTR, a thyroid hormone carrier
highly expressed throughout development, is the major mechanism by which thy-
roxine is delivered to the brain in early stages of its development. This complements
the low developmental expression of Slcolcl, the main thyroid hormone transporter
expressed at the blood-brain interfaces in the adult [63].

Developmental Regulation of Energy Substrate Transporters The finding of a high
expression of glucose transporters in the embryonic brain, but not of those trans-
porting lactate and other monocarboxylates [96], suggests that the embryonic brain
may be similar to the adult brain in being exclusively dependent on glucose metabo-
lism as a source of energy, as suggested previously by Vannucci and Vannucci [110]
and unlike the postnatal brain in which monocarboxylate transport appears to be
functionally significant, at least in rodents [65, 109].

Other Transport Systems Information on other important transported molecules
(e.g. vitamins, metals, peptides and proteins) can be found in Davson and Segal [29]
and Spector [102].

5 Efflux Mechanisms of the Brain Barrier Interfaces

ATP-binding cassette (ABC) efflux transporters are an important mechanism in the
adult brain at both the blood—brain and blood—CSF barriers [47]. They actively
exclude a large number of toxic but also potentially therapeutic compounds from
the brain. At the blood-brain barrier interface (Fig. 4), the efflux transporters that
have been best studied are ABCB1 (P-glycoprotein or MDR1) and ABCG2 (breast
cancer resistance protein, BCRP). ABCC2 (multidrug resistance protein 2, MRP2)
and ABCC4 (MRP4) have also been demonstrated at the blood-brain barrier inter-
face [106]. In cerebral capillary endothelial cells (blood-brain barrier), PGP [92],
BCRP [20], MRP2 [8], MRP4 [8] and MRP5 [82] are localised to the luminal mem-
brane where they export compounds into the blood. At the blood—CSF interface,
ABCCI (multidrug resistance protein 1, MRP1) appears to be the predominant
efflux transporter, but ABCC4 (MRP4) and ABCG2 (BCRP) are also present [36,
106]. Here MRP1 and MRP4 are localised to the basolateral membranes where they
export compounds into the stroma of the plexus [36, 76]. The subcellular localisa-
tion of PGP in choroid plexus is not clear (see [97]). These transporters bind com-
pounds that have been conjugated to transport motifs (glutathione, glucuronic acid
or sulphated), which confers a wide range of substrate specificity and considerable
overlap between transporters (see Fig. 4 and [73]). Some of the differences in mech-
anism by which the efflux transporters act are illustrated in Fig. 4. There are prob-
ably species differences in the level of expression and functional capacity of these
various efflux transporters, and it is known that their expression changes with age
during brain development at both interfaces [25, 36, 63, 98, 111]. For example,
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BRAIN

Fig. 4 Main outward transporters in cerebral endothelial cells. Some, e.g. PGP (P-glycoprotein),
restrict entry into the cell. For others, e.g. MRP (multidrug resistance protein), ligand (drug or
toxin) combines with glutathione, glucuronic acid or sulphate within cells before efflux (From
Saunders et al. [93])

BCRP expression in rat choroid plexus is highest in embryos (20-fold compared to
adult). In contrast there is practically no change in expression level for BCRP in the
brain between the embryo and adult [36]. Possibly other members of this large
group of transporters will be identified to be functional efflux transporters at one or
more of the brain barrier interfaces. Knowledge of the presence and effectiveness of
efflux transporters in the developing brain is essential for assessing what risk mater-
nal exposure to drugs and toxins may pose to the embryonic and fetal brain as well
as in premature infants. It is also essential to consider whether changes in these
mechanisms might occur in pathological conditions such as inflammation.

6 Brain Barriers Regulate CSF Secretion

An essential component of the internal environment of both the adult and develop-
ing brain is the stability of the ionic composition of CSF, which is usually assumed
to reflect that of brain interstitial fluid. Stability of the interstitial fluid and the CSF
is important for the main function of the CNS, namely, generation and transmission
of nerve impulses. One of the main functions of the epithelial cells of choroid
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plexuses in the lateral, third and fourth ventricles is secretion of CSF. The extent to
which brain interstitial fluid may contribute to CSF within the ventricular system
has been a matter of unresolved dispute for many years [29, 103].

The principal drivers of CSF secretion are intracellular carbonic anhydrase and
Na/K-ATPase in the apical membrane of choroid plexus epithelial cells [29] with
various ion channels in the basolateral and apical membranes also making an impor-
tant contribution. Detailed electrophysiological and molecular studies by Brown and
colleagues in Manchester and Damkier and colleagues in Aarhus are well and exten-
sively reviewed in Damkier et al. [22]. A summary of the transporters and ion chan-
nels currently thought to be involved in CSF secretion in the adult and developing
choroid plexus is shown in Fig. 5. The crucial information about the location of these
channels and transporters is from the studies of Brown, Damkier and colleagues as
indicated in Fig. 5 legend. Recent gene deletion studies of the Damkier group are
beginning to unravel the functional importance of individual components of the
complex array of transporters and channels involved in CSF secretion [18, 19, 23].

Developing Choroid Plexus Several solute carrier (Slc) gene products involved in
CSF secretion are differentially expressed in development (Fig. 5). Thus, some of
the transporters of sodium, the major extracellular cation, are enriched in the embryo
(Slc6al3, Slc4a4) and others in the adult (e.g. Slc5a5, Slc24a4). Similarly, anion
transporters for Cl- and HCO;™ are also fundamental for CSF secretion. These
transporters belong to the Sic4 family. Two that are upregulated in embryonic cho-
roid plexus are Slc4al (CI"-HCO; exchanger) and Slc4a4 (Na*-HCO;~ co-
transporter); see Saunders et al. [96]. In fetal rat and mouse choroid plexus, the
levels of carbonic anhydrase and Na+/K+ ATPase are much less than in the adult
[57, 68]. Thus, in the adult Atp/a2 (Na+/K+ ATPase) was upregulated over greater
than sevenfold, and the carbonic anhydrases (CA5b, CAS, CA13) were upregulated
four to ninefold [68]. The low expression of Na+/K+ ATPase and carbonic anhy-
drases in fetal choroid plexus probably accounts for the much lower CSF secretion
rate in fetal [39] and neonatal brains [7, 56].

Functional studies on individual ion transporters in developing brain or choroid
plexus have not been published, but it is possible to infer ion transport function
from studies of CSF and plasma ion composition in the developing brain. It was
shown many years ago that ion gradients between CSF and plasma are a character-
istic of brain homeostasis. Some ion gradients are established very early in brain
development, for example, Mg ** in early fetal life in monkeys [11] and CI~ in fetal
sheep [12] and neonatal rats [3]. This indicates that ion transport mechanisms are
functional early in brain development. This is probably amongst the best evidence
of the effective function of barrier mechanisms in the developing brain, but it has
been largely ignored in favour of the implausible belief that the blood—brain barrier
in the embryo or fetus is absent or otherwise defective see Saunders et al (2014).

CSF Turnover, Flow and Drainage The absolute volume and CSF secretion rate in
the mammalian brain are directly related to the size of the brain (e.g. 0.325 pL.min™!
in mouse and 350 pLmin~' in man), but the turnover of CSF is very similar as is the
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secretion rate related to the size of the choroid plexuses, in the range 0.38 %/min in
man to 0.89 %/min in mouse [29]. This latter observation strongly suggests that
most of the CSF originates from plexus secretion. Once secreted, there is a flow of
CSF from the lateral ventricles through the third ventricle into the fourth ventricle
via the aqueduct of Sylvius. The flow is generated in part by a pressure gradient
from the lateral ventricles to the fourth ventricle but aided by cilia on the cells of the
ependymal lining of the surface of the ventricles. As the CSF passes through the
different ventricles, additional secreted fluid is added, and the composition of the
CSF in different ventricles is slightly different [29]. CSF in the fourth ventricle
leaves the inner ventricular system via the foramen of Magendie and the foramina
of Luschka into the subarachnoid space, which surrounds the outer surface of the
brain. The traditional view is that CSF flows into the dorsal subarachnoid space and
from there is reabsorbed into the superior sagittal sinus on the venous side of the
cerebral circulation via the arachnoid villi or arachnoid granulations in man [29].
However, this has been challenged by Johnston who has provided evidence that
significant CSF drainage occurs along cranial and spinal nerves with absorption
occurring into lymphatic vessels situated outside the CNS; the primary route appears
to be via the cribriform plate into lymphatics in the submucosa of the respiratory and
cribriform epithelia [58, 59].

Sink Effect of CSF This is an important functional concept introduced by Davson
in the 1960s [28, 87]. Estimates of brain extracellular space (ECS) using standard
markers such as inulin or **SO, were only a few percent, i.e. much lower than in
other tissues of the body. Oldendorf and Davson [87] proposed that this was because
the CSF acted as a “drain” or “sink” removing the slowly penetrating markers as
rapidly as they entered the CSF and brain (ECS) space. The experimental evidence
for this was obtained by comparing the brain and CSF spaces when the marker was
administered continuously intravenously or via ventriculocisternal perfusion or
both; the combination gave values of around 9 % which was taken at the time as the
best available estimate of brain ECS [87]. Subsequent estimates using a variety of
techniques gave values of 15-20% depending on the technique and brain region
examined (see [107]). These values contrasted with the values estimated by electron
microscopists as close to if not actually zero ([50, 115]; see [107]). It is as well to
remember that all morphology is an artefact and the skill is in interpreting the arte-
facts in relation to functional data. Most tissue preservation techniques cause sub-
stantial shrinkage so it is perhaps not surprising that ECS volume in electron
micrographs appeared to be negligible. This discrepancy between the EM and phys-
iological estimates of ECS has recently been resolved by Knott and his colleagues
who compared chemical fixation with a new ultrafast high-pressure freezing tech-
nique to preserve brain tissue. Using this new method, their estimate in the brain
region they examined was 15.5 % [62]. This approach is important not only because
it resolves the discrepancy between physiological and morphological estimates of
brain ECS; it also gives a more realistic image of the relation between different cel-
lular components in the brain. For example, chemical fixation shows complete
encirclement of capillaries by astrocytic end feet, whereas rapid cryofixation
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revealed only a partial coverage of about two thirds. The functional significance of
this is that solutes passing through the capillary wall from blood have more direct
access to the neurons [62]. Brain ECS is reduced in some pathological conditions,
e.g. ischaemia and/or hypoxia [112], but increased in others, e.g. experimental
immune encephalomyelitis [99]. It is thus important to consider whether ECS vol-
ume might be altered in other inflammatory conditions. Detailed and scholarly
reviews of the wide range of experimental evidence on the relation between CSF
and brain ECS have been provided by Hladky and Barrand [49] and Spector et al.
[103]. The review by Hladky and Barrand [49] is of particular value because it
assesses the limitations of many studies in this field and suggests alternative expla-
nations for some published data.

7 Conclusion

The brain barriers consist of multiple structural interfaces between the blood, CSF
and brain, each with its own specific features. The cells of these interfaces contain a
large variety of transporters that provide the distinctive aspects of the internal envi-
ronment of the brain as well as supplying essential nutrients. Physical barrier func-
tions are provided by the structural components of the brain interfaces, while efflux
transporters provide additional specific protective mechanisms. Many of these
mechanisms are present in embryonic brain and some may be more active than in
the adult. In studying the effects of inflammation on the blood—brain barriers, it is
important to consider that both the multiple interfaces and their various cellular
functional mechanisms may be affected differentially.
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Topological Aspects of the Blood—Brain
and Blood—Cerebrospinal Fluid Barriers
and Their Relevance in Inflammation

Friederike Pfeiffer, Andreas F. Mack, and Hartwig Wolburg

Abstract In both multiple sclerosis and its animal model, experimental autoim-
mune encephalomyelitis, the blood—brain barrier (BBB) is known to be compro-
mised at the level of postcapillary venules. In addition to this segment of blood
circulation, recent research has focused on the role of the choroid plexus (CP),
which is crossed by encephalitogenic T-cells to enter the cerebrospinal fluid (CSF)
and to reach the subarachnoid space (SAS). Here, cytokines can activate local
antigen-presenting cells to enhance the transmission of inflammatory cells from the
subpial vasculature into the SAS to evoke meningitis- and encephalitis-related dis-
eases. However, overcoming the endothelium in the postcapillary venules and the
epithelium in the CP do not seem to be the only mechanisms in the induction pro-
cess of inflammation. Rather, as there is continuity between the stroma of the CP
and the SAS, this continuity could serve as a direct pathway for inflammatory cells.
In this review, we describe the morphological properties of barrier-related cells in
both the brain vasculature and the CP to draw attention to possible mechanisms of
the processes of inflammation in the central nervous system. We focus on
permeability-related structures, such as tight junctions in endothelial cells of the
BBB and in endothelial and epithelial cells of the CP, which represent the main site
of the blood—CSF barrier proper.
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1 Introduction

The original finding by Paul Ehrlich [16] that an intravenously administered dye did
not stain the brain tissue, together with the complementary observation of his col-
league Edwin Goldmann [28] that the very same dye, if applied into the cerebrospi-
nal fluid (CSF), did stain the brain tissue, led to the concept of biological barriers
between blood and brain (the blood-brain barrier [BBB]) and between blood and
CSF (blood—CSF barrier [BCB]) [16, 28]. For a detailed description of the history
of the BBB concept, see Saunders et al. [72]. Ehrlich and Goldmann used trypan
blue as a tracer. The restricted access of the tracer to the brain after vascular admin-
istration led to the conclusion that there must be a barrier between the blood and the
brain (the BBB), whereas the free access of trypan blue to the brain from the sub-
arachnoid space (SAS) or the cisterna magna to the brain tissue made it clear that
there is no CSF-brain barrier. Instead, because no dye spread into the circumven-
tricular organs (CVOs) and the choroid plexus (CP), the existence of the BCB was
compellingly demonstrated.

The cellular basis of these barriers was unclear for decades. Today, we know that
in most vertebrates the barrier is located within the endothelium (endothelial BBB)
and in the epithelial cells of the CP and the tanycytes of the CVOs (glial BCB). The
endothelial cells of the BBB are not the only cells forming the barrier. It has been
proposed that endothelial cells, astrocytes, pericytes, neurons, and the extracellular
matrix (ECM) constitute what is now called the neurovascular unit (NVU) [2, 33].
The structures responsible for the restriction of the paracellular flux among endo-
thelial cells (in the BBB) and among glial cells (in the BCB) were identified as tight
junctions (TJs) [12, 31, 68, 86]. Today, molecules constituting the TJs have been
identified as members of the occludin and claudin protein families [8, 32]. In par-
ticular, the TJs of the BBB have a unique molecular anatomy that is distinct from
that of endothelial cell TJs in the body. In addition, there may be a complex cross-
talk between tight and adherens junctions [79].

The BBB is under the control of brain-specific factors, which are widely unde-
fined. The intracerebral control is indirectly indicated by the fact that BBB proper-
ties cannot be maintained when BBB endothelial cells are kept in culture, where
they are not exposed to the influence of the brain environment (see below). In the
brain, the perivascular space (PVS) is extremely narrow. At the level of capillaries,
there is a single common basal lamina bordering the basal endothelial membrane
and the astroglial endfoot membrane, forming the perivascular glial limiting mem-
brane (for more details, see below). For clarity, we should state that in this chapter
we use the term “basal lamina” for an ECM that is called by many authors “base-
ment membrane.” We want to avoid this term because the basement membrane is
not a membrane, but a membrane-associated lamina. Pericytes are frequently
embedded within, and completely surrounded by, the gliovascular basal lamina. At
the capillary segment, no PVS is apparent. In the adjacent postcapillary venules and
precapillary arterioles respectively the PVS gradually widens and is continuous
with the Virchow—Robin space, which is best visible at the surface of the brain
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where blood vessels penetrate the brain parenchyma perpendicular to the brain sur-
face. In this chapter, we focus on the topological properties of T-cell immigration
into the central nervous system (CNS) during neuroinflammatory diseases such as
multiple sclerosis (MS).

2 Brain Inflammation in Human Diseases
and Animal Models

During inflammatory conditions in the CNS immune cells immigrate into the CNS
and can be detected in the CNS parenchyma and in the CSF. This is a relatively new
insight, because for many decades the CNS had been recognized as a site of immune
privilege. The reasons for this view were the presence of the BBB, the absence of
lymphatic vessels, and the inability to generate immune responses to immunogenic
material [53, 65]. The endothelial BBB has often been regarded as the obvious place
of entry into the CNS for the circulating immune cells. However, the CP has recently
been considered to be an alternative entry site for circulating lymphocytes in the
pathogenesis of inflammatory diseases [41, 67].

2.1 Multiple Sclerosis

The prevalence of MS varies around the world but there is a geographic preference
for individuals living in northern latitudes, with Caucasians being especially vulner-
able. Both environmental factors and genetic predisposition enhance the suscepti-
bility to developing MS [59, 70]. Invading immune cells cause focal demyelinated
lesions in the CNS, leaving axons partially demyelinated and also leading to a vari-
able extent to axonal loss. In addition, glial scar formation is observed. The current
view on the pathogenesis of MS assumes that inflammation is the driving force of
demyelinating lesion formation. Therefore, extensive research efforts to ameliorate
tissue injury have been directed toward modulating the immune response and thus
preventing the formation of new plaques. Immune cells involved in the destruction
of myelin may enter from PVSs, the meninges or the CSF [42, 65]. The inflamma-
tory nature of MS lesions has been very well described by pathological studies. The
inflammatory infiltrates are mainly composed of T lymphocytes, B lymphocytes,
and of resident and immigrated antigen-presenting cells (APCs) such as macro-
phages and dendritic cells. Class I and II MHC antigens, adhesion molecules, che-
mokines and their receptors, and various immune effector molecules are expressed
in the different forms of MS defined by different compositions of infiltrating cells.
Clonal expansion of CD8 and CD4 T cells and also B cells indicates that the inflam-
matory reaction is mediated by a CNS antigen. Yet, the driving force of the inflam-
matory process is not yet fully discovered. In addition, there is still a debate as to
whether neurodegeneration occurs independently of inflammation [42].
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At what site do encephalitogenic T cells enter the brain to start the destructive
cascade? To study leukocyte trafficking into the CNS, researchers depend on the
one hand on human samples, and on the other hand on animal experiments. As
access to human tissue from patients suffering from MS is limited, research greatly
depends on animal models that display certain features of the human disease. The
most commonly used animal model to investigate inflammation in MS is experi-
mental autoimmune encephalomyelitis (EAE). Some of the current therapies used
to treat MS have been successfully established and tested in EAE models.

2.2 An Animal Model for MS: Experimental Autoimmune
Encephalomyelitis

Experimental autoimmune encephalomyelitis mimics MS in many regards; yet,
there are some differences in the composition of inflammatory cells. Although it is
generally accepted that MHC class I CD8 T cells play a dominant role in MS patho-
genesis, EAE is mainly driven by MHC class II CD4 T-cells, because of the mode
of immunization with myelin antigens in complete Freund’s adjuvant. The role of
CDS8 T-cells in the development of EAE is still under investigation, but the differ-
ences in T-cell predominance may explain why some new experimental therapies
were effective in EAE, but failed in MS [23]. To render investigations more compli-
cated, CD8 T-cells also seem to play a protective role in both EAE and MS. In addi-
tion, the composition of immune cells mediating MS pathogenesis is variable
among patients [23]. To overcome the limitations of the EAE model, new models
have been designed that mimic the disease more closely. In a transgenic mouse
model for relapse-remitting MS (RRMS), where mice carry a T cell receptor that is
specific to myelin oligodendrocyte glycoprotein (MOG) peptide, the mice sponta-
neously develop relapse-remitting EAE [64]. In addition, attempts were made
toward “humanized mice,” where genes or cells from MS patients were transferred
into mouse hosts [75]. So far, only single human genes have been transferred to
mice, but it may be possible to transfer larger blocks or even entire chromosomes in
the future [84].

2.3 Lymphocyte Entry into the CNS

Lymphocytes encounter different barriers to where they can enter the CNS: the
BBB, the BCB, and the blood—leptomeningeal barrier [19, 60]. The molecular com-
position of TJs of these barriers differs [62], which results in different permeability
properties under inflammatory conditions, but also different rates of lymphocyte
extravasation. During EAE, inflammatory cuffs located at meningeal brain vessels
or around the ventricles were accompanied by dye leakage into the brain tissue.
Only some of the parenchymal cuffs showed dye leakage and thus BBB
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claudin-1 CD45 Hoechst

b periventricular cuffs ¢  parenchymal cuffs
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Fig. 1 Inflammatory cuffs in the chronic phase of experimental autoimmune encephalomyelitis
(EAE; day 50, score 1 (according to Pfeiffer et al. [62]). Hoechst dye (stains nuclei) was injected
intravenously to visualize leakage of the vessels. Examples of cuffs with dye leakage: (a) claudin-1
is diffusely expressed at the meningeal vessels; the cuff shows leaked dye. (b) Tight junctions of
the epithelium of the choroid plexus express claudin-1, and the cuff shows dye leakage. (c)
Parenchymal vessels of wild-type mice do not express claudin-1. This cuff is accompanied by dye
leakage. Red: claudin-1, green: CD45-positive inflammatory cells, blue: Hoechst dye, 534D in
size. Bars: 50pm

permeability (Fig. 1). Sealing the BBB by ectopic expression of claudin-1 in trans-
genic mice reduced BBB leakage for blood-borne tracers and endogenous plasma
proteins, but had no effects on immune cell trafficking across the BBB during
EAE. Sealing the BBB in these experiments led to a reduction of disease burden in
the chronic phase of EAE in this model [62], highlighting the importance of an
intact BBB to the severity of the disease course.

2.4 BBB Permeability During CNS Inflammation

As with any chronic brain inflammation, vascular permeability is affected in MS
patients. Generally, the BBB is more severely disturbed in active compared with
inactive lesions and normal-appearing white matter, but changes are also observed
at these sites. During inflammation, leukocyte migration and also proinflammatory
cytokines account for disturbance of the BBB. Once chronic inflammation has been
established, vascular changes associated with BBB dysfunction persist, even if the
inflammation is cleared [42].

In humans, changes at the BBB can be observed as an early event in the develop-
ment of new lesions in MS, which was associated with inflammation [38, 60].
Amelioration of clinical symptoms was observed when CNS inflammation is
resolved and the BBB function restored [44], suggesting a causal relationship
between immune cell trafficking and BBB function, as described in EAE. TJ
abnormalities are associated with BBB leakage and demyelination in the white mat-
ter of MS patients [39] and are persistent in the progressive phases of the disease
[45]. Whether abnormal TJs can also be observed in gray matter of patients is still
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debated [45, 80]. BBB alterations and loss of TJ integrity are also observed in the
cerebral cortex of EAE mice [21]. Molecular alterations of BBB TJs during inflam-
mation are discussed below.

2.5 Cortical Inflammation in MS

Postcapillary venules are not the only site of the vascular tree affected by the accu-
mulation of encephalitogenic leukocytes. Lymph follicle-like structures could be
observed within the perivascular or meningeal compartments during progressive
MS [74]. Along these lines, the degree of meningeal T-cell inflammation correlated
with the extent of axonal loss in the spinal cord [6]. This entrapment of inflamma-
tion in the brain and spinal cord may explain the failure of current treatments in the
progressive stages of MS, as they mainly target the peripheral immune system.

In addition to white matter damage, cortical demyelination can be observed in
MS. Interestingly, the majority of cortical demyelination occurs in subpial band-like
plaques. They are mainly associated with outer portions of the cortex and penetrate
to a variable extent into the cortical tissue. Subpial cortical plaques that show active
demyelination are always associated with meningeal inflammation [42]. Recently, it
was shown that active cortical lesions are associated with T- and B-cell infiltration
in the meninges [14, 34, 49], a fact that may reflect the differing architecture of the
meningeal vessels compared with postcapillary venules. Interestingly, active corti-
cal lesions associated with meningeal inflammation arise at sites where the circula-
tion of CSF is impaired, suggesting that soluble inflammatory factors might diffuse
into the cortex to induce demyelination either directly or indirectly through microg-
lial activation [42]. These results indicate that the meninges play a crucial role in
establishing inflammation in the CNS.

2.6 The Two-Wave Model for Lymphocyte Entry

Preceding these findings in human tissue specimens, myelin-specific T-cells have been
shown to migrate to the meninges, where antigen-presenting phagocytes activate them
in the SAS during the preclinical phase of EAE [7, 30, 40]. After the activated autoreac-
tive effector T-cells have entered the CNS, further immune cells are recruited [9]. In
addition, an increase in immune cell numbers and inflammatory mediators in the
meninges correlated with clinical relapses in a mouse model rather than BBB perme-
ability and immune cell accumulation in the CNS [71]. According to these data, a two-
wave model has been proposed [7, 40, 67]. In this model, immune cells would first
transit the meninges as part of the immune surveillance. Leukocyte access to the paren-
chyma would only occur when meningeal inflammation persists. In the first wave,
T-cells traverse the BCB from the systemic circulation into the CSF [67]. As described
above, the endothelium of the CP is different from that of the BBB, although the epi-
thelium contains TJs [91]. From the CSF, the T-cells are able to circulate through the
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ventricular system into the SAS of the meninges where they meet resident APCs. In
case these T-cells encounter myelin-loaded APCs, they are activated and mediate the
recruitment of additional inflammatory cells, leading to BBB impairment and influx of
the second wave of peripheral leukocytes into the CNS [71, 73]. Apparently, proinflam-
matory mediators can diffuse across the pia mater into the parenchyma of the CNS,
enabling them to act directly on oligodendrocytes, neurons, and microglia [26]. Taken
together, it seems highly likely that the CP and the meninges are a gateway to the brain
during the onset of inflammation. Future therapies should therefore also be aimed at
blocking the first-wave response in the meninges from initiating the second-wave
response within the CNS. Therefore, researchers have already started to investigate
alternative methods of drug delivery, for example, the direct route from the nasal
mucosa to the brain should reach the SAS and bypass the BBB, as described in 1979
[36, 37]. Along these lines, Duchi et al. [15] showed that the intranasal administration
of glatiramer acetate, which is an approved treatment for MS, was more effective at
treating EAE than subcutaneous administration.

2.7 Neuromyelitis Optica

In a related inflammatory disease of the human CNS, neuromyelitis optica (NMO)
autoantibodies that stain astrocytic processes in the perivascular and superficial glia-
limiting membrane have been identified to react with aquaporin-4 (AQP4) [46, 47].
These antibodies are destructive toward astrocytes, but also toward myelin, oligoden-
drocytes, and axons. In the meantime, T-cell-mediated autoimmune reactions toward
AQP4 have also been identified in patients with NMO [81]. Thus, NMO seems to be
an autoimmune disease directed against an astrocytic antigen, leading to primary
astrocytic damage followed by demyelination and neurodegeneration.

3 Topology of the Blood—Brain and Blood-Cerebrospinal
Fluid Barriers

3.1 The Endothelial Side of the Barrier

The BBB is essential for the homeostasis of the microenvironment in the neural
parenchyma and thus for the normal function of the brain. Strictly speaking, the
BBB is located in the TJs of the brain capillary endothelial cells [12, 68], which are
compactly integrated into the brain neuropil. This is the view of the BBB of cell
biologists, whereas the neuroimmunologists’ view of the BBB focuses on the post-
capillary venules. The morphological and molecular properties of the endothelial
cell TJs of the BBB are different from those of endothelial cells outside the brain,
and from the fenestrated blood vessels in the CP and CVOs as well. Fenestration of
endothelial cells is generally a feature of high permeability [22]; nevertheless,
fenestrated endothelial cells are also interconnected by TJs.
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The differences among different types of endothelial cells can best be visualized
by means of the freeze-fracture technique, which allows characterization of the
molecular anatomy of membranes (Fig. 2). Briefly, the most important point con-
cerning the freeze-fracture technique is the cleavage of the biological membrane,
which consists of two lipid layers between which the membrane proteins are
inserted. The cleavage is possible because the middle of the membrane is hydropho-
bic and therefore a kind of predetermined breaking point. After the frozen mem-
brane is cleaved, the fracture faces are shadowed with platinum and carbon resulting
in a freeze-fracture replica that can be placed on an electron microscopic grid and
observed under a transmission electron microscope. Membranes can be visualized
twofold: if we look from the cell interior to the split membrane, only the external
half, the so-called E-face, is exposed. Behind the E-face, we have to imagine the
extracellular space or the intercellular cleft. If we look from outside the cell, only
the internal half, the so-called protoplasmic fracture face, or P-face, is exposed.
Behind the P-face, we have to imagine the cytoplasm of the cell. In freeze-fracture
replicas, TJs appear as a network of strands with a certain complexity. The high
complexity of the TJ network in brain endothelial TJs in comparison with all other
nonbrain endothelial TJs was the first distinct feature that is special to the BBB
junctions and is detected by freeze-fracturing [54].

Another paradigm describing the appearance of TJs in freeze-fracture analysis
concerned the association of strands with one or the other leaflet of the membrane
[88]. In vivo, the epithelial TJ network is associated nearly completely with the
P-face (Fig. 2d), whereas the BBB network of TJs is associated with both the inner
(P-face) and the outer leaflet (E-face) of the junctional membrane (Fig. 2a). In vitro,
where the influence of brain-derived factors is lost, the TJs are almost completely
associated with the E-face (Fig. 2b): the morphology switched to that of nonbrain
endothelial TJs (Fig. 2c, taken from Miihleisen et al. [52]), indirectly assuming that
the TJs of the BBB are under the control of the brain microenvironment [88].
However, it is not understood whether and how alterations of TJs (e.g., during
development) might correlate with functional properties, such as increasing electri-
cal resistance or decreasing permeability [72]. Nevertheless, transfection with
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Fig. 2 Freeze-fracture replicas of different types of tight junctions (TJs). (a) Endothelial cells of
the blood—brain barrier (BBB) showing the typical TJs within the brain. The TJ particles are asso-
ciated equally with both the P-face (PF) and the E-face (EF). (b) TJs of cultured BBB endothelial
cells. The P-face association is strongly reduced; most particles are associated with the E-face.
(¢) Complementary replica of TJs between arterial endothelial cells from the rabbit carotid artery
(taken from Miihleisen et al. [52]). On the left (¢”), the P-face is shown, where no TJ particles are
associated with the TJ ridges. At the identical site, the complementary replica on the right
(¢”) shows all TJ particles associated with the TJ grooves at the E-face. This situation resembles
that in cultured BBB endothelial cells. GJ gap junction, V membranous vesicles. (d) Freeze-
fracture replica from a mouse intestinal epithelium with the dense P-face-associated network of TJ
strands. (e) Cultured HEK cells transfected with the cDNA of claudin-1. This transfection resulted
in a completely P-face-associated TJ network resembling that in epithelia in vivo (from coopera-
tion with the group of Ingolf Blasig, Berlin-Buch, Germany)
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cDNA of claudin-5 resulted in the formation of E-face-associated TJs, and transfec-
tion of claudin-1 or claudin-3 in the formation of P-face-associated TJs (Fig. 2e)
[24, 25, 63] suggesting that changing the stoichiometry of claudins might cause
different expression of TJ networks, even under pathological conditions.

In the CVOs it is essential that the neurosecretory neurons obtain access to the
vasculature to release their hormones, or vice versa, to “sense” signal molecules
from the blood stream. To this end, the vessels have to be highly permeable, and
indeed they have been found to be fenestrated.

3.2 The Glial Side of the Barriers

The quality of endothelial TJs depends on the brain microenvironment, which con-
sists of astrocytes, pericytes, neurons, microglia, and the ECM. All these compo-
nents are summarized in the term NVU, as introduced above [2, 33]. In the mature
brain, astrocytes embrace vessels by sending end-feet toward the perivascular basal
lamina [50], which is a constituent of the ECM.

The astroglial membranes contacting the basal lamina are characterized by the
occurrence of orthogonal arrays of particles (OAPs; Figs. 3, 10). Like TJs, these
particle arrays can be best investigated by freeze-fracturing. At spots where the
astroglial membrane is not in direct contact with the basal lamina, the density of the
OAPs is reduced (Fig. 3). Astrocyte polarity is defined by the ratio of OAPs in both
astroglial membrane domains, the perivascular endfoot membrane and the non-end-

R

Fig. 3 Freeze-fracture replica of a superficial astrocytic endfoot membrane domain from the optic
nerve of the rat. On the right, the density of the orthogonal arrays of particles (OAPs) is high; on
the left, the membrane turns away from the contact with the basal lamina (row of asterisks), and
here, at the non-endfoot membrane domain, there are almost no OAPs, indicating the importance
of the basal lamina for the OAP-related polarization of the astrocyte. The gap junction (GJ)
between the two adjacent astrocytic processes is evidence that this membrane domain cannot be
covered by a basal lamina. Bar: 0.5pm
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foot membrane. Interestingly, this glial OAP-related polarity is decreased during
EAE [85] and other pathological conditions.

Today, it is well established that OAPs consist of the water channel protein AQP4
[93]. Thus, the OAP-related polarity correlates with an AQP4-related polarity.
Aquaporins mediate water movements among the intracellular, interstitial, vascular,
and ventricular compartments, which are under the strict control of osmotic and
hydrostatic pressure gradients [5, 10, 89, 90]. For the relationship between AQP4
and the BBB, we have to state that the BBB characterized by a dense meshwork of
endothelial P-face-associated TJ strands (see above) is somehow connected to highly
polarized astrocytes. As we describe below, the BBB can then be characterized by a
mutual relationship of two phenomena: complex TJs highly associated with the
P-face, and the high AQP4/OAP-related polarity of glial cells. If this causative rela-
tionship is disturbed, as in manifold pathological processes, both TJ complexity and
AQP4/OAP-related polarity are reduced. On the other hand, genetic deletion of
AQP4 has been described not to disrupt the BBB [17]. Therefore, the role of AQP4
expression and AQP4 distribution in the maintenance of the BBB remains unclear.

The abluminal endothelial membrane directly faces the basal lamina, which also cov-
ers the astroglial end-feet, at least within the capillary bed. In the postcapillary venules,
there are two different basal laminae, the endothelial and the glial laminae. Between
these basal laminae there is a PVS [61] that is continuous with the Virchow—Robin space
and plays an important role in CNS inflammation (see Engelhardt [18] and below).

The membrane domain of the astroglial end-feet is of particular importance for
the brain physiology, because it is the place where potassium and water channels are
co-localized. When K* increases in the extracellular space of the synaptic region, it
is taken up by astroglial cells followed by a depolarization of the glial membrane
potential. K* is then immediately redistributed in the astrocyte and extruded where
the membrane potential is not depolarized (“spatial buffering”). The gate of extru-
sion of K* at the astroglial endfoot membrane is mainly the K* channel, Kir4.1. The
uptake of K* is accompanied by osmotic water entry. Astrocytes swell during spatial
buffering if water cannot leave the cell at those domains of the glial cell surface
where the extracellular space is huge in comparison with the interstitial space of the
neuropil. As a consequence, the astroglial endfoot is not only the site of K* extru-
sion, but the site of water outflow through AQP4 water channels as well [66].

The question arises as to what the mechanism is for developing and retaining the
perivascular arrangement of AQP4 exactly in the endfoot membrane domain. The
basal lamina is an obligatory constituent of each endothelial and epithelial cell, giv-
ing rise to a polarity characterized by basolateral and apical membrane domains
[96]. The astroglial end-feet are covered by a glial basal lamina both at the superfi-
cial border and at the perivascular border (Fig. 10). The glial basal lamina contains
many compounds of the ECM such as laminins, fibronectin, collagens, and diverse
heparin sulfate proteoglycans such as perlecan or agrin. Agrin plays a role that has
only been recognized in the last few years. Originally, this molecule was character-
ized to be responsible for the clustering of the acetylcholine receptors at the motor
endplate [51]. Recent data suggest that agrin might play a role in the induction and/
or maintenance of the polarity of astrocytes [56, 57, 83].
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Fig. 4 Ultrathin section of
the choroid plexus of the
mouse brain showing
TJ-connected epithelial
cells (the rwo upper
arrows) and blood vessels
within the stroma of the
choroid plexus, consisting
of fenestrated endothelial
cells interconnected by TJs
as well (lower arrow)

The BBB in mammals is constitutively associated with highly polarized astrocytes,
and this polarity might be essentially caused by agrin [76, 90]. However, agrin is not the
only agent to polarize the astrocyte. There are other components located in the mem-
brane of astrocytic end-feet such as the dystrophin—dystroglycan complex (DDC),
which is in contact with both the ECM and the cytoskeleton. At the surface of the brain,
in the superficial glial limiting membrane, lack of dystroglycan (i.e., in the GFAP-Cre/
dystroglycan null mouse) [58] led to a reduction in OAPs, but not the AQP4 protein.
This suggested that dystroglycan might play a role in AQP4 clustering, at least in super-
ficial end-feet. Unexpectedly, in the perivascular glial limiting membrane and thus at the
BBB, the lack of dystroglycan led to a veritable reduction in AQP4 expression and not to
a reduction in the ability to cluster AQP4 molecules to OAPs [58]. However, the authors
were not able to show an influence of dystroglycan on the TJ network at the BBB.

Another aspect of the glial side of the barrier is the epithelial border between blood
and CSF, the BCB. It is formed by the CP epithelial cells, and the tanycytes and pitui-
cytes of the CVOs, which also belong to the family of astroglial cells [95]. The differ-
ence between CP cells and CVO glial cells is that the main function of the CP is the
production of the CSF, and to this end the CP vessels within the stroma have to be
permeable to allow contact between blood and the epithelium of the CP (Fig. 4) [91].
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These epithelial cells of the CP can be referred to as ependymoglial cells [95] as
they are in continuity with the ependyma of the periventricular lining, but they are
not identical. The main differences between the ependyma and CP are the presence
of a basal lamina in the CP, the absence of a basal lamina in the ependyma, and the
TJ barrier properties of the epithelium of the CP not found in the ependyma.
Remarkably, the fenestrated blood vessels in the stroma of the CP are not free of
TJs, despite their high permeability [48]. These TJs contain claudin-5, like all other
endothelial cells, but in the freeze-fracture replica, the TJs are associated with the
P-face and not with the E-face. This finding is puzzling and has not yet been
explained, because all other claudin-5-positive TJs in peripheral and brain endothe-
lial cells are associated with the E-face (Fig. 5).

Most neuroscientists do not seem to be aware of the fact that the basal lamina
of the epithelial cells of the CP is continuous with the superficial glial limiting
membrane. As a consequence, the pial tissue and the SAS are continuous with
the stroma of the CP. This fact was already described and illustrated by Brightman
and Reese [12] and emphasized by Reichenbach and Wolburg [69], and is of
consequence in the context of leukocyte trafficking to the brain parenchyma
under inflammatory conditions (see below) [12, 69]. The cerebral wall, delimited
outside by the superficial glial limiting membrane and on the ventricular side by
the ependyma, recedes abruptly to a single cell layer underlined by the basal
lamina (Fig. 6) [87].

Thus, the epithelium of the CP can be topologically defined as a single cell layer
adjacent to both the brain surface and the ventricle (for the situation of tanycytes
and pituicytes, see Wolburg et al. [87, 95]). The ependyma can consistently be
defined as a layer in contact with the ventricle, but not with the surface of the brain.
The question arises as to whether or not this situation has an impact on our under-
standing of the inflammation in the brain (see below).

3.3 Water Movements in the Brain

Blood circulation and flow of the CSF are essential for the maintenance for ionic
and water balance in the brain. Recently, some authors have suggested that peri-
vascular water movement might play a major role in cerebral water balance. As
mentioned above, these PVSs filled with fluid are continuous with the Virchow—
Robin space and finally with the SAS. This space around larger blood vessels is
located in between the astroglial end-feet and the vessel wall, thus behind the
BBB. As this space communicates with the outer CSF, namely the SAS, some
authors have suggested a re-circulation of the CSF. This water movement might
have an important function for the removal of waste products from the brain
parenchyma [35, 55]. As the brain parenchyma lacks lymphatic vessels and the
corresponding drainage, this water movement involving astroglial end-feet has
been termed the “glymphatic pathway.”
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Fig. 5 Freeze-fracture replicas of (a) epithelial and (b, ¢) endothelial TJs of the choroid plexus of
the mouse. The epithelial TJs are parallel-stranded; the endothelial TJs have particle rows on the
P-face and particle-free grooves on the E-face. This observation is unexplained, because claudin-5
known to be expressed here is believed to form E-face-associated TJs. Bars: 200nm
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Fig. 6 Toluidine blue-stained semithin section of the choroid plexus of the mouse brain. Below, there
is the cerebral wall, limited on the left by the superficial glial limited membrane. Where this limiting
membrane approaches the ependyma, the cerebral wall is reduced to the monolayer of the plexus
epithelium. Here, between the brain surface and the ventricle, there is only one single cell layer

4 Barrier-Related Cellular Characteristics of Epithelial Cells
of the Choroid Plexus and Vascular Endothelial Cells
During Inflammation

As discussed in the second paragraph of this chapter, immune cells breach the brain
barriers and enter the CNS during inflammation. Yet, it remains unresolved whether
the course and severity of an inflammatory disease are determined mainly by the
immigration of encephalitogenic T-cells from vessels into brain, or via the CP.

Here, we want to look more closely at the anatomy of the brain and its intercon-
nected spaces to reveal alternative and plausible routes for leukocyte trafficking into
the CNS (see also Fig. 10).

The continuity of the SAS with the stroma of the CP, as explained above, has an
important impact on our understanding of brain inflammation (Fig. 10). It is gener-
ally believed that during inflammation, T-cells, monocytes or bacteria overcome in
a first step the fenestrated capillaries in the CP to enter the stroma, and in a second
step the epithelial cells of the CP, with their TJ-based barrier, to enter the brain ven-
tricle. From there, the cells can obtain access to the external CSF via the foramina
of Luschka and Magendie to reach the SAS and the Virchow—Robin space. Reaching
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Fig.7 Low
magnification of an
electron micrograph of a
parenchymal cuff in the
cerebellum of a mouse
subjected to active EAE.
The postcapillary venule
is filled with various
inflammatory cells. The
cell marked by an asterisk
is caught during
transcellular
transmigration into the
perivascular space (PVS).
The PVS reaches from
the subendothelial basal
lamina on the left to the
perivascular glial limited
membrane, as indicated
by the two-sided arrow

the SAS and the Virchow—Robin space could of course also be achieved by over-
coming pial vessels, but this is highly restricted by the BBB properties of these
nonfenestrated vessels. Therefore, inflammatory cells could pass the “detour” of
going through the fenestrated vessels in the CP to reach the stroma and thus the
SAS. The use of this pathway, however, has not been shown experimentally, because
the existence of inflammatory cells in the CSF was generally taken as evidence of
their transepithelial transmigration through the epithelium of the CP. To our knowl-
edge, nobody has y considered the alternative, more direct route from the stroma to
the SAS so far. Instead, in vitro models of bacterial encephalitis used epithelial cells
of the CP cultured on Transwell filters in two different modes: as a standard system,
in which the CP cells grew in the upper compartment on the filter and were oriented
apically to the upper (“CSF”) compartment, or as an inverted system, in which the
CP cells grew below the filter in the lower compartment, but were oriented basally
to the upper (“blood”) compartment [78]. A closer look on how polymorphonuclear
neutrophils and monocytes transmigrate through CP cells in this model provided
evidence for two processes: transcellular and paracellular diapedesis [77]. However,
the alternative route from the stroma to the SAS was not considered in this experi-
mental approach.

For diapedesis across the BBB, inflammatory immune cells can take the transcel-
lular or the paracellular pathway [77]. The transcellular route requires well-
coordinated membrane dynamics culminating in the formation of a pore across the
endothelial cytoplasm. The paracellular route depends on the release or replacement
of the complex architecture of junctional molecules. In recent years, a multitude of
studies have provided evidence for the existence of both pathways [1, 13, 29, 65, 96].
Without doubt, electron microscopic analysis can most precisely reveal the site of
diapedesis (Figs. 7 and 8) [20].
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Fig. 8 Immunohistochemical micrographs showing a parenchymal cuff in the cerebellum of an
EAE mouse 16 days after immunization. (a) Clinical score 3 (according to Pfeiffer et al. [62]),
CD45-positive cells (red) in the PVS between the endothelial and glial basal lamina positive for
agrin [29]. (b) 20 days after inflammation induction, clinical score 1 (according to Pfeiffer et al.
[62]), CD45-positive cells (red) in the PVS between the endothelial and glial basal lamina positive
for laminin [29]. Bar in a: 50 um, in b: 10 um

One detailed electron microscopic analysis elucidated the pathway of diapedesis
of the T-cells across the inflamed BBB in situ in mice afflicted with acute EAE [92].
The main and most convincing observation was the consistent stability and mainte-
nance of TJs. The high resolution of electron microscopy allowed identification of
the site of transmigration that occurred at places directly adjacent to the intact and
tightly closed endothelial junctions. In some cases, transcellular transmigration was
also observed as emperipolesis. This classical term was formerly defined as a kind
of uptake of a cell by another, without degradation of the ingested cell. Yet, the
transmigrating cell was rather observed to be guided through the endothelium.
There was a dramatic alteration of the endothelial cell morphology, which was again
characterized first of all by the maintenance of TJs, but in addition and importantly
by the formation of endothelial cavities resembling sluice-like chambers interpreted
by the authors as “transmigration compartments.” The luminal membrane was
folded, forming luminally directed domains of the sluice chambers, which are
immigrated by the mononuclear cells. Later on, the transmigration compartment
closed in the luminal direction and opened in the abluminal direction, giving access
to the subendothelial space. The former luminal membrane was now re-addressed
as a novel abluminal membrane requiring a basal lamina. This complex morpho-
logical observation is far from being understood in molecular terms.

It is still unclear under what conditions the inflammatory cells take the para- or
the transcellular route. In any case, it is striking that most if not all reports dealing
with paracellular transmigration (together with or without transcellular transmigra-
tion) are in vitro studies. This is true for both transendothelial transmigration in the
brain parenchyma and transepithelial transmigration in the CP. Interestingly,
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occludin

Fig. 9 Immunohistochemical staining of EAE inflammatory cuffs consisting of CD45-positive
cells. The clinical score is 2 (according to Pfeiffer et al. [62]). (a): Occludin is present as a TJ
molecule. (b) Claudin-3 seems to be down-regulated or degraded. Bar in a: 20 um, in b: 50 um

Abadier et al. [1] have described an influence of cell surface levels of endothelial
ICAM-1 in determining the cellular route of T-cells [1]. In response to exposure to
high levels of endothelial ICAM-1 the transcellular diapedesis was rapidly initiated,
whereas exposure to intermediate levels evoked predominantly the paracellular
transmigration. Whether this I[CAM-1-related mechanism has some relevance in the
in vivo situation is not known.

During inflammation of the brain, the gliovascular complex is doubly injured by
impairment of the endothelial, barrier-related TJs and the reduction in the polarity
of the astroglial cells by redistribution of AQP4.

Wolburg et al. [94] described the selective loss of claudin-3 during EAE and
interpreted it as the cause of BBB leakage (Fig. 9b) [94]. Other proteins of TJs,
such as claudin-5 or occludin, remained unchanged (Fig. 9a). However, Bennett
etal. [11] observed a dramatic relocalization of the adapter protein ZO-1, located
between the junction and the submembranous cytoskeleton, in coincidence with
increased vascular permeability before the onset of clinical signs of the demye-
linating disease [11]. Moreover, BBB disruption has been observed in EAE to
precede the invasion of encephalitogenic T-cells [43]. The authors showed that
the small molecule LY-317615 (enzastaurin) suppressed the transmigration of
T-cells and induced the expression of the TJ proteins claudin-3 and claudin-5 and
the TJ-associated protein ZO-1. Enzastaurin is an inhibitor of the protein kinase
(PKC)-B, which in turn is involved in the expression of the angiogenic factor
VEGF. Thus, PKCp seems to stabilize the BBB under EAE conditions.
Accordingly, overexpression of claudin-1 reduced BBB leakage in EAE and
attenuated its clinical course, suggesting the key role of TJs in inflammation-
related BBB dysfunction [4, 62]. Furthermore, administration of the plant-
derived compound (RS)-glucoraphanin had a protective effect against the
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Fig. 10 Schematic diagram depicting the topological relationship between the BBB and the
blood- cerebrospinal fluid barrier. Note that the basal lamina of the pial surface is continuous with
the basal lamina and stroma of the epithelium of the choroid plexus. Possible entry sites of immune
cells (pink cells) into the brain (arrows) have been indicated

disturbance of ZO-1, and claudin-1, -3, and -5 [27]. In a similar manner, idazoxan,
an imidazoline-2 receptor ligand, has been described to protect the BBB against
EAE-related damage by amelioration of the expression of ZO-1, occludin, clau-
din-5, and JAM [82]. Taken together, the rescue of the TJ appears promising in
providing protection against an inflammation-dependent increase in BBB
permeability.

The second paradigm of BBB damage during inflammation addressed here is
the reduction of astrocyte polarity, as observed in EAE in vivo. As already intro-
duced above, astrocytes are highly polarized cells in the sense that the molecular
equipment of the endfoot membrane is completely different from that of the paren-
chymal membrane. For a brief reminder of the introduction, in the endfoot mem-
brane there is a strong accumulation of OAPs, which represent the morphological
correlate of the water channel protein AQP4. In the parenchymal membrane, the
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density of these OAPs is dramatically reduced (Fig. 3). However, AQP4 is not
inserted into the membrane as a single protein or protein cluster, but is part of a
molecular complex named the DDC consisting of AQP4, syntrophin, dystrophin,
dystrobrevin, o- and p-dystroglycan. a-Dystroglycan is attached to the outer mem-
brane surface and binds to laminin and agrin, and B-dystroglycan is a transmem-
brane protein. In addition, a further member of the DDC is the potassium channel
Kir4.1 [89]. In EAE, Agrawal et al. [3] have demonstrated that f-dystroglycan is
specifically involved in the penetration of inflammatory cells across the astroglial
basal lamina [3]. f-Dystroglycan is selectively cleaved by matrix metalloprotein-
ases (MMPs) 2 and 9 secreted by macrophages entering the CNS. Accordingly,
MMP2 and MMP9 double knockout mice conferred resistance to leukocyte migra-
tion into the CNS across the glial basal lamina by preserving dystroglycan protein.
We were able to support this finding by showing the specific loss of f-dystroglycan
in the postcapillary venules during EAE [85], obviously by MMP2/9-dependent
cleavage of p-dystroglycan. As at this identical location (postcapillary venule) the
OAPs have reduced their polarity by increasing their density in the astroglial paren-
chymal membrane domain [85], the loss of B-dystroglycan seems to destabilize the
DDC and allow the OAPs to populate “forbidden” membrane domains in the sense
that normally this domain is not populated by OAPs. As reported earlier, the GFAP-
Cre/dystroglycan null mouse, in which specifically the astrocytes are devoid of
dystroglycan, revealed the involvement of dystroglycan in a twofold manner: by
forming OAPs from AQP4 molecules at the superficial glial limited membrane and
by inducing AQP4 expression at the level of the BBB. Although the astrocyte-
specific dystroglycan deficiency cannot be compared with the MMP-dependent
dystroglycan cleavage, the different experimental approaches prove the signifi-
cance of dystroglycan for the stability of the DDC at the gliovascular border.

5 Conclusions

Inflammation of the CNS involves overcoming the endothelial BBB in the postcap-
illary venules, the glial BCB, or the meningeal barrier. The breakdown of the BBB
is the classical pathway that includes deterioration of the ECM and the TJs. Indeed,
both are highly dynamic structures that are under the close control of the brain
microenvironment. It has been a seminal discovery to identify the TJs between the
endothelial cells as the barrier proper between blood and brain, but up to now we
have not succeeded in understanding the complex process of control and regulation
of TJs of the BBB. The simple observation that epithelial, but not endothelial cells,
are able to form a high resistance and low permeability barrier in vitro, sheds light
on the importance of the brain microenvironment in the formation and maintenance
of the barrier in vivo. This microenvironment consists of endothelial cells, pericytes,
microglial cells, astrocytes, neurons and the ECM in between, which itself forms a
microcosmos of its own. All of these different cellular and extracellular components
operate together to establish the NVU.
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An increase in the permeability of the different barriers in the CNS seems to be
a stereotypic response of pathological processes such as stroke, inflammation,
tumor, or neurodegenerative diseases. The disturbance of the barriers in both the
postcapillary venules and the CP seems to be involved in the pathogenesis of inflam-
mation. In particular, the migration path of inflammatory T-cells from fenestrated
blood vessels into the stroma of the CP seems to be plausible and generally accepted.
The pathway from there through the epithelium of the CP into the ventricle and
from there through the foramina into the outer CSF in the SAS is assumed as well.
The alternative pathway from the stroma directly to the SAS is possible because of
the continuity of both of these spaces, which is a long-standing anatomical insight.
However, this continuity seems to be forgotten by many authors in the field, and to
be the basis for the pathway from the stroma directly to the adjacent SAS. This
pathway could be of significant importance in the explanation of inflammation pro-
cesses such as cortical MS, meningitis, or encephalitis.
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The Contribution of the Extracellular Matrix
to the BBB in Steady State and Inflammatory
Conditions

Melanie-Jane Hannocks, Jula Huppert, Xueli Zhang, Eva Korpos,
and Lydia Sorokin

Abstract The delicate neurons in the central nervous system are protected from the
circulation by the blood-brain barrier (BBB), which prevents the transmigration of cells
and harmful substances from entering the brain. Much attention has focused on the
cellular components (endothelial cells and astrocyte endfeet) of this barrier, but it is
becoming increasingly obvious that the noncellular components, specifically the base-
ment membranes (BMs), play a crucial role in the integrity of the BBB. Not only do the
BMs help to maintain barrier tightness through their actual presence, but also their
distinct composition plays an important role in the regulation of their cellular counter-
parts. In this chapter we will describe the different BMs that are found in the BBB and
present findings from an animal model of autoimmunity that have revealed consider-
able information on the function of the different BMs in maintaining BBB integrity.

1 The Blood-Brain Barrier

The neurons within the central nervous system (CNS) are extremely sensitive to any
change in their microenvironment and, therefore, to keep them in a stabile milieu, the
CNS is protected from the circulation by what is known as the blood-brain barrier
(BBB). This barrier is established at the level of the microvasculature, where
exchange of gases and the controlled transport of nutrients required for optimal neu-
ronal transmission occurs and acts also to keep toxins and invading cells out of the
CNS. The architecture of the BBB is unique and is constituted by both cellular and
noncellular components. Highly specialized endothelial cells line the cerebral ves-
sels and form the foundation of the BBB. Characteristic of these endothelial cells are
complex tight junctions that interconnect adjacent cells and inhibit the free paracel-
lular diffusion of solutes. They are also devoid of fenestrae and exhibit an extremely
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Fig. 1 Schematic representation depicting the cellular and BM components of the BBB. Inserts
show the relationship of the different BMs to their cellular counterparts in different regions of the
vascular bed: arterioles, capillaries and postcapillary venules (PCV)

low pinocytotic activity. At the abluminal side of the endothelial cells is the endothe-
lial basement membrane (BM) (Fig. 1) in which pericytes are embedded and are
considered critical for the development of the tight junctions [3, 8]. Unique to the
vasculature of the CNS is the presence of a second BM subjacent to the ensheathing
layer of astrocytic endfeet, known as the parenchymal BM [31], which together with
the endothelial BM encloses the perivascular space. It has been proposed that signal-
ling between the pericytes and astrocyte endfeet regulates the deposition of paren-
chymal BM components [3] as well as pericyte differentiation [47].
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At sites where arterioles from the subarachnoid space penetrate into the CNS, the
endothelial and parenchymal BMs are separated from each other by a layer of
smooth muscle cells and a layer of pial cells and their associated BMs (Fig. 1). At
the level of capillaries, the endothelial and parenchymal BMs appear fused in trans-
mission electron microscopy, thereby, occluding a perivascular space. Our focus in
this chapter is on the contribution of the extracellular matrix, and specifically of
basement membranes, to the BBB.

2 The Extracellular Matrix of the CNS

As in all tissues, the extracellular matrix (ECM) of the CNS is of two types:
basement membranes and the interstitial matrix. The interstitial matrix of the
CNS, however, is unique as it lacks the fibrillar collagens typical of the stroma
of most tissues. The reasons for this are the presence of a bony skull, which
protects the brain from pressure or impact from outside forces, and the fact that
the bulky collagen fibres would interfere in the precise intercommunication
between neurons. Rather, the CNS interstitial matrix is a highly hydrated gel-
like matrix composed of proteoglycans, hyaluronan, tenascins and link proteins
that cushion the neuronal cell bodies and glial cells [19, 28]. By contrast, the
basement membranes are sheet-like networks that are restricted to the vascula-
ture and the pial surface of the brain and therefore interact directly with cellular
components of the BBB. They are comprised of two independent networks,
namely, the collagen IV network and the laminin network, that are linked
together by the heparan sulphate proteoglycans, perlecan and agrin [5], and the
nidogens [11]. Of all the BM components, the laminins are considered to be the
biologically active components and show great diversity, with up to 18 different
isoforms existing. Each isoform is characterized by a distinct o, § and y chain
composition that imparts biochemically and functionally distinct characteristics
to the BM.

At the BBB, the endothelial BM underlies the endothelial monolayer and appears
immediately subjacent to the parenchymal BM that underlies astrocyte endfeet at
the CNS border. Endothelial BMs of most vessels in the CNS contain laminin 411
(composed of laminin o4, B1, y1 chains) and laminin 511 (composed of laminin «5,
B1,y1 chains), while the parenchymal BM is characterized by the presence of lam-
inin 211 [31]. At sites where the pial layer comigrates with arterioles into the CNS
parenchyma [23], laminin a1 is also detected at the outer border to the CNS paren-
chyma [31]. In addition to the laminins, the heparan sulphate proteoglycans also
show differential localisation in the endothelial and parenchymal BMs, with per-
lecan occurring mainly in the endothelial BM and agrin occurring in the parenchy-
mal BM [1]. Unpublished data from our laboratory also suggest differential
localization of collagen IV isoforms in these two BMs. This molecular distinction
between the endothelial and parenchyma BMs suggests that they contribute differ-
ently to BBB integrity and/or function.
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Table 1 Laminin receptors expressed in the CNS [48]

Laminin isoforms Laminin 511 Laminin 411 Laminin 211*

Receptors Lu/B-CAM MCAM a-Dystroglycan
Integrin a3p1 Integrin a3p1
Integrin a6p1 Integrin a6p1

Integrin avf1
Integrin avp3
Integrin a5p1

‘Integrin «7f1 is also a major laminin 211 receptor but has not been reported to occur in the CNS

3 Laminin Receptors on Endothelium and Astrocyte Endfeet

In order to signal different functions to the cellular components of the BBB, the endo-
thelial and parenchymal BM components must interact with cell surface receptors that
belong either to the integrin or non-integrin class of receptors. The latter includes
Lutheran blood group glycoprotein (Lu/B-CAM) [26, 38] and melanoma cell adhe-
sion molecule (MCAM) [10], two members of the Ig (immunoglobulin) superfamily
that occur on CNS endothelium, and a-dystroglycan, a component of the dystrophin
glycoprotein complex expressed in the brain on astrocyte endfeet [1, 35] (Table 1).

By contrast, the integrins are a large family of heterodimeric receptors, each
composed of an o and P subunit that contain extracellular, transmembrane and cyto-
solic domains [15]. Those reported to be expressed at the BBB and involved in BM
binding include the 1 and B3 integrins, in particular, integrins a6p1 [31], avp1/
avp3 [4], alpl, and a5P1 [21] expressed on endothelial cells and integrin «3f1 [9],
the precise localization of which (endothelial versus astroglial components) remains
unclear (Fig. 2 and Table 1).

While it is not known precisely which receptor binds to which component in the
endothelial and parenchymal BMs at the BBB, it is known from in vitro analyses
that Lutheran blood group glycoprotein interacts only and with high affinity to lam-
inin a5 [17, 26], and MCAM binds specifically to laminin o4 [10] (Table 1), sug-
gesting that they probably contribute to the anchorage of the endothelial cells to the
endothelial BM. Similarly, integrin «a6f1, a3p1, a5p1 and avp3/avb1 can all bind to
laminin o5 [18, 30] and integrin «a6p1 can also bind to laminin a4 [12] and, hence,
may additionally contribute to cerebral endothelial cell anchorage to its BM. A
recent study has shown that specific elimination of integrin f1 from endothelial
cells reduces cell-cell adhesion due to changes in the cycling of the adherens junc-
tional molecule VE-cadherin from the cell surface to intracellular endocytotic com-
partments in peripheral vessels [46]. This raises the possibility that (1
integrin-mediated binding to the endothelial BM may also affect endothelial
junctional tightness. However, since cerebral endothelial cells have complex tight
junctions, it is not clear whether adherens junction molecules, such as VE-cadherin,
CD99 and CD99L2 [42], play as important a role in CNS vessels as they do in
peripheral tissues. Whether changes in cycling or turnover of such junctional mol-
ecules could be affected by endothelial BM components has not yet been investigated.
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Fig. 2 Schematic representation depicting the possible associations between the BMs and their
cellular counterparts at the level of PCVs. Immune cells transmigrate across the BBB at sites
where there is little or no laminin 5 in the endothelial BM due to direct effects of laminin a5 on
immune cell migration; whether laminins also affect endothelial cell tightness has not been
investigated

However, one study has reported in vitro downregulation of the tight junction mol-
ecule claudin 5 in response to antibody inhibition of integrin f1 [25], supporting the
concept that adhesion of the endothelial cells to their BM may contribute to BBB
integrity by affecting junctional tightness.

In comparison to cerebral endothelium, astrocyte endfeet express relatively low
levels of p1 integrins [31], and current data suggest that the main ECM receptor at
this site is a-dystroglycan which binds with high affinity to laminin a2 and agrin
[24, 36], thereby, anchoring the astrocyte endfeet to the parenchymal BM [1]. In
addition, a-dystroglycan-mediated binding to the parenchymal BM acts to localize
the water channel, aquaporin-4, specifically at the astrocyte endfeet and to prevent
brain oedema [35] (Fig. 2).
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4 Contributions of the Basement Membranes to BBB
integrity

4.1 Genetic Defects

Although limited, there is some data on genetic diseases or gene elimination studies
in mice that provides information on the significance of specific cell-matrix interac-
tions at the BBB. The most significant are the reported mutations in the collagen a1
and o2 chains that constitute the collagen type IV heterotrimer and which result in
microhaemorrhages within the brain in small vessel disease [13, 16, 29, 39].
Surprisingly, given the integral role of collagen type IV as a structural component
of the BM, mice carrying such collagen type IV mutations do not have a lethal phe-
notype but can survive until birth or even beyond. Similarly, patients with collagen
IV mutation do not have reduced life spans, but rather experience frequent micro-
bleeds predominantly in the brain that cumulatively lead to neurological dysfunc-
tion, but which can also occur in other organs such as the kidney, skin and retina [14,
41]. This suggests that collagen I'V [a1], [&2], the most common isoform in vascular
BMs, is not solely responsible for a functional BM but rather that it is the interplay
of all BM components. This is further supported by analyses of mice lacking lam-
inin a4 expression, one of the major laminin chains expressed by endothelium from
the time of initial blood vessel formation [37], which also show perinatal bleeding
in most organs including the CNS. This phenotype is rescued by the expression of
laminin o5 around the time of birth, which normally does not occur until after week
3 [34]. Not only are endothelial BM components important but also those of the
parenchymal BM: loss of or mutations in laminin o2 resulting in congenital muscu-
lar dystrophy can also be associated with abnormalities in the white matter as a
result of increased vascular permeability [2]. Furthermore, astrocyte-specific dele-
tion of laminin y1 or dystroglycan in mice has also been described to lead to brain
haemorrhaging [7] or gliosis [22], respectively. Animal studies involving the loss of
integrin av from glial cells have shown that haemorrhaging occurs during embry-
onic and neonatal development [20], stressing the need for cell-parenchymal BM
interactions in BBB integrity. Interestingly, the deletion of integrin av [20], a5 [40]
or a6 [6] subunits from the endothelium has no reported effect on BBB function.

4.2 Autoimmune Diseases

While the BBB protects the delicate neurons from damage by the entry of noxious
substances and invading cells, the brain is not exempt from autoimmune reactions
or tissue damage due to injury or infection. Under such inflammatory conditions,
the integrity of the BBB is challenged. Studies on experimental autoimmune
encephalomyelitis (EAE), an animal model of autoimmunity to myelin that resem-
bles several aspects of multiple sclerosis in humans, have revealed considerable
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information on the function of the BBB, in particular the BMs. Because the bio-
chemical composition of the endothelial and parenchymal BMs is distinct, EAE
provides an excellent model to study the relative contributions of these two BMs to
the barrier function of the BBB to immune cells.

4.2.1 Leukocyte Transmigration Across the Endothelial BM

EAE is a T cell-mediated disease where T cells recognizing CNS antigens extrava-
sate from the circulation at the level of postcapillary venules into the CNS to elicit
an immune response and subsequent extravasation of monocytes and macrophages
that contribute most significantly to demyelination events and disease symptoms
(reviewed in [27]).

Before coming into contact with the endothelial BM, the leukocytes need to
cross the endothelial monolayer involving multiple steps: attachment, rolling, adhe-
sion, crawling and diapedesis [44]. The endothelial BM of postcapillary venules
shows an ubiquitous distribution of laminin o4 and patchy distribution of laminin
aS [31], with leukocyte extravasation occurring exclusively at sites of little or no
laminin o5 expression [31, 45]. Mice that lack laminin a4 have a compensatory
uniform distribution of laminin o5 in all endothelial BMs [45] and display signifi-
cantly reduced disease symptoms when employed in EAE studies due to decreased
diapedesis of the T cells across the endothelial BM. In vitro studies have demon-
strated that laminin o5 directly inhibits T cell migration [45], thereby, accounting
for the reduced migration across CNS postcapillary venules in laminin a4 knockout
mice. However, whether endothelial laminins can also affect expression or junc-
tional localization of cell-cell adhesion molecules and, hence, endothelial barrier
tightness is not clear. The tight junction-associated molecule claudin 3 [43] has been
reported to be downregulated at sites of leukocyte extravasation in EAE, but whether
a causal association exists between the absence of laminin a5 and the loss of claudin
3 at these sites has not been investigated. Using immunofluorescence staining, no
association between the adherens junction molecules VE-cadherin, CD99, CD99L.2
and ESAM and laminin a5 could be detected [45]. However, the relevance of adhe-
rens junctions in leukocyte transmigration across CNS postcapillary venules has not
been demonstrated as it has been in peripheral tissues (reviewed in [42]).

4.2.2 Leukocyte Transmigration Across the Parenchymal BM

Once the leukocytes have crossed the endothelial BM, they accumulate within the
perivascular space between the endothelial and parenchymal BMs (Fig. 3a).
Interestingly, even though the leukocytes have already extravasated from the lumen
of the postcapillary venules, there are no symptoms of EAE until the outer paren-
chymal BM is breeched and leukocytes enter into the CNS parenchyma. This high-
lights the importance of the parenchymal BM and associated astrocyte endfeet in
the barrier properties of the BBB.
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ﬁ Endothelial cell

Pericyte
<« Astrocyte with end-feet
og Leukocytes
=== Endothelial BM
== Parenchymal BM

Fig. 3 Immune cell transmigration across the BBB. (a) Schematic representation of the PCV
depicting immune cell diapedesis of the endothelial cell layer; accumulation of the immune cells
between the endothelial and parenchymal BMs, forming a perivascular cuff; and finally immune
cell infiltration into the CNS parenchyma where they illicit disease effects. (b) Immunofluorescent
staining of a perivascular cuff. Pan-laminin antibody (white) and anti-CD45 antibody (green) visu-
alize the BMs and leukocytes, respectively, on 5 pm mouse CNS sections. Arrow heads (yellow)
mark the inner endothelial and outer parenchymal BMs, while arrows (blue) depict the leukocytes
both within and outside the cuff. Scale bar=15 pm

The transmigration of the leukocytes across the parenchymal BM is dependent
on chemotactic signals [32] as well as the disruption of the dystroglycan-medi-
ated anchorage of the astrocyte endfeet to the parenchymal BM [1]. Both steps are
regulated by the focal and restricted activity of metalloproteinase (MMP)-2 and
MMP-9 [1], which in turn are regulated by cytokines (TNF-o/IL-17 versus INF-y)
derived from the infiltrating leukocytes [32] (Fig. 3a). These events are hypothe-
sized to facilitate the transmigration of the leukocytes across the parenchymal
BM; however, precise mechanisms remain to be defined. It is clear, however, that
MMP-2 and MMP-9 do not act to digest the BM components of the parenchymal
BM (reviewed in [33]), although selective cleavage of defined bonds between
ECM molecules or portions of ECM molecules not detectable with current tools
cannot be excluded. The loss of astrocyte endfeet anchorage to the parenchymal
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BM is likely to affect the intermolecular interactions between the BM compo-
nents and thereby its barrier function, as well as potentially affecting astrocyte-
astrocyte interactions.

5 Conclusion

The integrity of the BBB is vital to maintain the stable milieu for neuronal function.
Much of the research to date has focused on the cellular components of the BBB,
and only minor attention has been given to the noncellular components. However, it
is now clear that both components are required and, in particular, it is the interaction
of the two that maintains a tight barrier. The specific composition as well as the
structural arrangement of the BMs plays a critical role. Genetic mutations in colla-
gen IV or laminin a2 have shown that slight changes to the BM structure render the
BBB less stable. While we have gained insight to the contribution of the endothelial
and parenchymal BMs to the BBB from the EAE model, further research is needed
to address whether the laminin a-chains affect endothelial adhesion and junctional
molecules in addition to the migration modes of the extravasating immune cells.
Whether these mechanisms are distinct to those as a result of tissue injury which, in
contrast to autoimmune diseases, are antigen independent, is also not known.
Understanding how BBB integrity is maintained and how the individual compo-
nents function may eventually lead to developing anti-inflammatory therapies or
even improving drug delivery.
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Pathophysiology of the Blood-Brain Barrier
in Neuroinflammatory Diseases

Petra Majerova and Andrej Kovac

Abstract Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple
sclerosis, and amyotrophic lateral sclerosis are neurodegenerative disorders that
result in progressive dysfunction and loss of neurons in the central nervous system
(CNS). A strong link between neurodegeneration and chronic inflammation has
recently been demonstrated. Neuropathological studies suggest that the neuroin-
flammatory responses might begin before significant neuronal loss, which supports
the hypothesis that neuroinflammation might play an important role in the patho-
genesis of most neurodegenerative disorders. Chronic neuroinflammation contrib-
utes to increased glial activation and proliferation, leading to the release of
detrimental pro-inflammatory factors. The inflammatory processes promote changes
in brain capillaries, such as loss of tight junction proteins, atrophy of pericytes,
thickening of the basement membrane as a result of the accumulation of basement
membrane proteins, and increased permeability to small molecules and plasma pro-
teins. These changes accelerate transmigration of peripheral cells into the brain
parenchyma. In this work, we discuss the role of neuroinflammation in neurodegen-
erative diseases. We review the impact of immune responses on the CNS, resulting
in blood—brain barrier changes during neurodegeneration.

1 Introduction

Homeostasis of the central nervous system (CNS) is essential for its normal func-
tioning and is maintained by the highly specialized brain endothelial structure, the
blood-brain barrier (BBB). Astrocytes, neurons, pericytes, and microglia communi-
cate with endothelial cells and are collectively referred to as the neurovascular unit.
The BBB strictly controls the exchange of cells and molecules between blood and
the CNS [30]. BBB disruption is associated with numerous pathological conditions
that affect the CNS, such as ischemia, infections, epilepsy, tumors, and
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neuroinflammatory diseases including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), Huntington’s disease (HD), multiple sclerosis (MS), and amyotrophic
lateral sclerosis (ALS).

Neuroinflammatory events may begin before significant loss of neural tissue dur-
ing the process of neurodegeneration, which supports the hypothesis that neuroin-
flammation might be associated with the progress of neurodegenerative diseases
and the modulation of pathogenesis. Whether inflammatory processes modulating
BBB permeability precede the process of neurodegeneration or are the consequence
of disease pathology remains to be demonstrated.

In neurodegenerative disorders associated with chronic neuroinflammation,
immune response driven by glial cells triggers the disruption of the BBB.
Inflammatory processes affect the BBB by increasing vascular permeability, enhanc-
ing migration of immune cells, altering transport systems, or influencing the role of
the BBB as a signaling interface. These changes can range from mild and transient
“BBB opening” to chronic breakdown, impairing neuronal activity and leading to
neuronal damage and cognitive dysfunction [39]. Proinflammatory signaling mole-
cules, such as cytokines, chemokines, and adhesion molecules produced by glial
cells, neurons, and endothelial cells, respectively, cooperate to determine BBB
properties and to control leukocyte—endothelial adhesion. These mediators play a
prominent role in regulating blood-to-brain cell migration, perpetuating inflamma-
tion, and thus exacerbating the disease pathology [23, 104] (Fig. 15.1).

Although the role of neuroinflammation during neurodegeneration remains
unclear, findings from experimental models and clinical studies have demonstrated
a significant contribution of inflammation to pathological features and symptoms.

2 Multiple Sclerosis

Multiple sclerosis is a human chronic inflammatory disease of the CNS, leading to
demyelination and neurodegeneration. MS, as an autoimmune disease, affects both
the brain and the spinal cord. The most common form is relapsing-remitting MS,
which affects more than 85 % of patients with MS. MS is more common in women
than in men [20]. MS occurs in genetically predisposed young adults exposed to
unknown environmental triggers [19]. Genome-wide association studies and meta-
analysis identified 23 associated loci outside of the human leukocyte antigen
genomic region [3, 53, 64].

Neuropathologically, MS is characterized by extensive focal and disseminated
infiltration of mononuclear cells in the white and gray matter. Infiltration of autore-
active immune cells causes inflammatory response and neurodegenerative processes
characterized by the development of multiple demyelinated plaques found in prox-
imity to blood vessels, significant axonal damage and loss, and finally irreversible
damage to the CNS [103]. Acute lesions display disruption of the BBB, as demon-
strated by intravenous administration of gadolinium chelate diethylenetriamine pen-
taacetic acid, a contrast dye that can be visualized by magnetic resonance imaging
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Fig. 15.1 Role of inflammatory processes in CNS diseases. Increased concentration of inflam-
matory agents (reactive oxygen species, cytokines, chemokines, etc.) is related to numerous neuro-
degenerative diseases such as Alzheimer’s disease, multiple sclerosis, Parkinson disease’s and
Huntington’s disease. In Multiple Sclerosis T-cells proliferate and infiltrate the CNS through the
upregulation of adhesions molecules on the brain endothelial cells. T-cells in the presence of cyto-
kines differentiate into Th17 cells, which secrete IL-17, that can stimulate further production of
inflammatory agents in astrocytes. T-cell contact induces expression of IL-6, reactive oxygen spe-
cies and nitric oxide in astrocytes, which contribute to damaging myelin sheath on neurons and to
fully development of MS. In Alzheimer’s disease, amyloid-p peptides (Ap) produced by cleavage
of amyloid precursor protein (APP) and misfolded tau species, induce microgliosis, astrogliosis and
trigger increased expression of inflammatory agents. Production of inflammatory molecules upreg-
ulate APP, further post-translational modifications of tau protein in neuronal cells and neurovascular
unit changes. On the other hand, inflammatory agents such as cytokines could have a protective role,
they could differentiate microglia into phagocytic cells capable of degrading AP and tau.
Huntington’s disease is associated with mutant form of Huntingtin (mHtt) protein. Toxic intracel-
lular polyglutamine inclusions increase the intracellular Ca®* due to NMDA receptor binding, lead
to mitochondrial dysfunction with ROS production, and to axonal transport disruption due to mHtt/
HAPI1 complexes. Subsequently, increased amount of intracellular Ca** activated enzymes such as
caspases and calpains, which finally cleaved mHitt into toxic N-terminal fragments and triggering
apoptosis. Microglia cells expressing mHtt contribute to neuronal degeneration. Pathogenesis of
Parkinson’s disease is characterized by abnormal intracellular accumulation of insoluble alpha-
synuclein aggregations in the form of Lewy bodies in dopaminergic (DA) neurons due to a muta-
tion. Compare to HD, neuronal death is a result of mitochondrial dysfunction with ROS production,
an intracellular increase of Ca”*, oxidative stress and alterations in the ubiquitinproteasomal system.
Created alpha-synuclein aggregates trigger microglia cells to produce ROS

(MRI), and postmortem evidence of focal microvascular leakage [75, 82]. Whether
BBB dysfunction precedes immune cell infiltration or is the consequence of peri-
vascular leukocyte accumulation remains to be established.

Recruitment of CD4* T cells into the cerebral interstitium is the most significant
consequence of BBB inflammation in MS. In physiological conditions, only a few
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peripheral immune cells are present in CNS. Nevertheless, the luminal side of BBB
is in constant contact with patrolling cells and this immune surveillance is critical
for the organism to respond to any pathological process in the CNS [74]. Studies
using a rat model for experimental autoimmune encephalomyelitis showed T-cell
binding and diapedesis through leptomeningeal vessels and through the BBB [5].
Acute inflammatory lesions are infiltrated mainly by CD4* and CD8* T-and B-cells.
Active (demyelinating) lesions at a later stage show an abundance of macrophages
and reactive proliferating astrocytes.

The migration of immune cells from blood into the brain parenchyma occurs
through a process involving tethering, rolling, adhesion, and finally extravasation
across the BBB. The capture and rolling are mediated by the selectin family of
adhesion molecules and their sulfated, sialylated, and fucosylated glycoprotein
ligands [89]. The most efficient tethering molecules are P-selectin and L-selectin.
Their most important ligand is P-selectin glycoprotein ligand-1 (PSGL-1), which is
glycosylated sialomucin expressed on leukocytes. In vivo studies using mice defi-
cient in PSGL-1 showed that PSGL-1 is the predominant P-selectin ligand expressed
during inflammation. The anchoring of rolling leukocytes is achieved by interac-
tions between antigen-4 and vascular cell adhesion molecule (VCAM-1) [99].
Leukocytes extravasate the BBB through tiny spaces into the brain parenchyma
[32]. The process is regulated by proinflammatory cytokines [117] and leads to
pathological lesions of MS (sclerotic plaques). The plaques growing by radial
expansion result in abnormalities in normal-appearing white matter [38, 72].

The interaction of T-cell receptors on migrated CD4* T lymphocytes with myelin
antigens, presented by major histocompatibility complex (MHC) class II expressed
on brain-resident microglia and astrocytes leads to the activation of glia, subsequent
to an immune attack on the myelin—oligodendrocyte complex and a destructive
inflammatory response. The increase in the local concentration of proinflammatory
mediators, such as cytokines and chemokines, reactive oxygen species (ROS), and
enzymes, induces alterations of the endothelium of the BBB, leads to leukocyte—
endothelium interactions, enhanced leukocyte transmigration across the BBB, and
perpetuating inflammation, thus exacerbating the MS pathology [82].

The further leukocyte migration may be stimulated by reduced junctional integ-
rity and may contribute to structural modifications of endothelial junctions and thus
increased BBB permeability during inflammatory processes.

In active lesions, immune active T-cells, microglia, and astrocytes release Thl
cytokines, including interferon-gamma (IFN-y), tumor necrosis factor-alpha (TNF-
a), interleukin-1-beta (IL-1B), and interleukin-6 (IL-6), that initiate and sustain
inflammatory responses. The cytokines induce increased expression of endothelial
selectins and immunoglobulin superfamily molecules: intercellular adhesion mole-
cule-1 (ICAM-1) and VCAM-1. IFN-y can alter the organization of the tight (occlu-
din) and adherens junctions (vascular endothelial cadherin [VE-cadherin]) of
endothelial cells, and TNF-o and IL-1f induce expression of nitric oxide synthase,
together promoting injury of the BBB [75, 97].

The cytokines act as the main stimuli for chemokine production. Elevated levels
of CCL (2, 3,4, 5,7, 8) and CXCL10 have been described in MS patients [113].
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Chemokines then change low affinity, selectin-mediated interaction of leukocytes
with endothelial cells into the higher affinity, integrin-mediated interaction that
leads to transendothelial migration of blood-borne cells. Taken together, in MS,
cytokines, chemokines, and adhesion molecules cooperate to control leukocyte—
endothelial adhesion and transmigration of blood-borne cells through the BBB, thus
escalating the disease process.

Alterations of BBB integrity not only involve the alterations of the tight junc-
tions, but also include changes in expression of the ATP-binding cassette transport-
ers. The P-glycoprotein (P-gp) is upregulated on astrocytes and downregulated on
endothelial cells within the active and inactive MS lesions, whereas ABCG2 is unal-
tered on endothelial cells in active lesions and increased in chronic lesions [69].

In summary, observations derived from in vitro experiments, animal models, and
patient studies support the hypothesis that BBB disruption represents an early event
in MS pathogenesis, preceding the infiltration of blood-borne cells that leads to
myelin degradation and destruction of the CNS.

2.1 Alzheimer’s Disease

Alzheimer’s disease, the most common form of dementia, is characterized by
cerebrovascular and neuronal dysfunctions leading to a progressive decrease in
cognitive functions [7]. On the histopathological level, AD is defined by the pres-
ence of extracellular amyloid plaques composed of amyloid-beta (AP) peptide
aggregates and neurofibrillary tangles formed of hyperphosphorylated, truncated,
and aggregated tau protein [51, 54, 87]. In addition to the classic neuropathologi-
cal features, accumulation of activated immune cells has been documented in the
AD brain, indicating a contribution of neuroinflammation to the pathogenesis of
this disease [122].

Microglia are the key players in the brain immune system. The loss of cellular
branching, transition from ramified to round shape morphology, and modified
expression of numerous cell surface receptors are characteristic of activated microg-
lia that are present in areas affected by AD pathology. Clusters of reactive microglia
with upregulated expression of a variety of inflammatory cytokines (IL-1f, IL-6,
and TNF-a) are often associated with amyloid plaques [96], and in and around neu-
rofibrillary tangles [24, 98]. Activated microglial cells showed increased expression
of class II histocompatibility antigen near amyloid deposits in the senile plaque
[81]. Microglia in AD also express high levels of MHC class I receptors [112], C3
and Clq [66], IL-1 or ferritin [92]. In AD changes in astrocytes occur. Glial fibril-
lary acidic protein (GFAP)-positive, hypertrophically activated astrocytes have been
located in the proximity of senile plaques. The number of S100 calcium-binding
protein B-positive astrocytes correlates with the number of neurofibrillary tangles
[42]. However, no significant correlation between GFAP upregulation or excitatory
amino-acid transporter 2 (EAAT2) downregulation and amyloid or tau pathology
was observed [102].
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Transgenic (Tg) animal models recapitulate many neuroinflammatory changes
seen in humans. Dense clusters of activated microglia with hundreds of upregulated
genes are associated with extracellular deposits of amyloid beta protein in APP23
amyloid Tg mouse. Mutations in one of them, TREM-2, have been linked to the
development of dementia [40]. In P301S tau transgenic mice, microglia activation
preceded tangle formation, immunosuppression with FK506-attenuated tau pathol-
ogy, and increased lifespan of the animals [123]. We have shown that expression of
truncated tau-induced inflammatory response manifested as upregulation of immune
molecules, such as CD11a, CD11b, CD18, CD4, CD45, and CD68. The number of
immune reactive microglia and astrocytes progressively increased with neurofibril-
lary tangle load, suggesting that activated glial cells might be involved in the
immune response targeting tau pathology [126]. Reactive astrocytes have been
found in the brain parenchyma of transgenic mice overexpressing the London
mutant of the amyloid precursor protein, APP [V7171I]. These reactive astrocytes
produced an increased amount of proinflammatory molecules and upregulated
expression of nitric oxide synthase [56].

Besides activation of immune cells, numerous cerebrovascular abnormalities,
including endothelial and pericyte damage, reduced glucose transport, increased
expression of proinflammatory molecules by activated cells and microvascular
degeneration, were observed in AD [12, 127].

The idea that cerebrovascular changes might be the initial events of AD patho-
genesis was proposed more than 30 years ago [48]. According to the two-hit vascu-
lar hypothesis, vascular changes lead to BBB dysfunction and cerebral hypoperfusion,
initiating a cascade of events resulting in dementia [128].

In AD, the brain endothelium is often degenerated and this leads to the accumu-
lation of AP on the outer side of the basement membrane of capillaries, promoting
a local neuroinflammatory vascular response. A high number of AD patients exhibit
vascular pathology and develop cerebral amyloid angiopathy (CAA) and cerebral
infarcts. In patients with predominantly capillary CAA, loss of tight junction pro-
teins of the BBB is accompanied by a massive inflammatory response [15].

Inflammatory changes in cerebrovascular endothelium are an integral part of AD
pathology. There is an increased immunoreactivity for [CAM-1 and microvessel-
associated monocyte chemoattractant protein (MCP-1) on the cerebrovascular
endothelium of AD patients [41, 49]. In comparison with non-AD microvessels, the
AD microvessels release significantly higher levels of a number of inflammatory
factors including TNF-a, transforming growth factor-f (TGF-f), nitric oxide (NO),
thrombin, cytokines such as IL-1f, IL-6, IL-8, and matrix metalloproteinases
(MMPs) [49]. TGF-p1 is a multifunctional cytokine that has an intense effect on
vasculogenesis, angiogenesis, and maintenance of vessel wall integrity. In AD,
TGF-B1 has been detected to form part of senile plaques and neurofibrillary tangles
[114]. Significantly higher levels of TGF-p1 were also found in serum and CSF of
AD patients compared with nondemented elderly controls [17]. The chronic overex-
pression of TGF-P1 triggered an accumulation of basement membrane proteins and
resulted in AD-like cerebrovascular amyloidosis and microvascular degeneration in
a Tg mouse model, confirming its critical role in BBB changes seen in AD [121].
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Many independent studies showed that various Af species are toxic to endothe-
lial cells from the brain [90, 116] or other organs [9, 107, 110]. Treatment of
endothelial cells with AP has been shown to induce activation of mitogen-acti-
vated protein kinases and increased production of proinflammatory cytokines and
ROS [80].

Plasma-derived A is transported through the BBB by the receptor for advanced
glycation end products (RAGE) [22]. RAGE is upregulated in brain vasculature
from AD, suggesting that it might play a role in the accumulation of Ap within the
brain. Interestingly, after interaction of AP with RAGE, endothelial cells upregulate
expression of C-C chemokine receptor type 5 and MMP-2, which promotes T cells
crossing the BBB [27, 78]. Elimination of Af from the brain is effected via the bulk
flow of CSF and through the transcytosis process mediated by low-density lipopro-
tein receptor-related protein (LRP-1) and P-gp [33]. Systemic inflammation induced
by injection of lipopolysaccharide (LPS) into mice downregulated the expression of
transporters LRP-1 and P-gp, which correlated with impaired AP efflux [34, 63].

In contrast to A, very little is known about the interaction between BBB and tau.
In one of our studies, we showed that exposure of brain endothelial cells to tau does
not evoke any significant responses. However, when glial cells were present, inflam-
matory mediators produced by these cells, such as NO, cytokines ,and chemokines,
significantly modified endothelial properties, such as transendothelial electrical
resistance and permeability for small molecules [71].

Whether the blood-borne immune cells infiltrate the brain in AD has been highly
controversial. Several authors reported that the chronic neuroinflammation seen in
neurodegeneration is provided exclusively by resident CNS cells without influx of
leukocytes from the blood [28, 105]. Others described hematopoietic cells entering
the brain in AD and possibly contributing to inflammatory processes [13, 37, 91,
111]. Recently, accumulating evidence has supported the notion that infiltrating
peripheral cells play a significant and critical role in regulating amyloid depositions
in the brain [45].

In summary, the inflammatory changes in the cerebrovascular endothelium are
common in AD and despite intensive research, the exact mechanisms by which they
contribute to the pathogenesis of AD are not completely understood. Moreover, it is
clear that BBB and inflammation both play an important role in AD and it is there-
fore worth putting more effort into understanding their interplay in the course of this
devastating neurological disease.

3 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a neurodegenerative disease affecting upper and
lower motor neurons in the brain and spinal cord resulting in progressive muscle
atrophy, fatal paralysis, and death [94]. Most cases of ALS are sporadic. About
5-10 % are cases of genetically linked familiar ALS that can be caused by mutation
in the Cu/Zn superoxide dismutase (SOD1) gene [68, 93].
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The neurodegenerative process in ALS is accompanied by sustained inflamma-
tion in the brain and spinal cord [11]. In humans and animal models of ALS, gliosis
with accumulation of a large number of microglia and astrocytes is observed in
brain and spinal cord tissue [76, 124]. Astrocytes in ALS are defective in clearing
glutamate because of a loss of EAAT2/GLT1 transporter. Approximately 60—70 %
of ALS patients have up to 95 % loss of the EAAT?2 protein in the motor cortex and
spinal cord. Loss of EAAT2/GLT1 transporter was also described in SODI mice
and correlates with neuronal loss [79].

The generation and wide use of transgenic rodent models expressing mutant
SOD1 has significantly contributed to the understanding of ALS pathogenesis. A
functional impairment of the BBB and the blood—spinal cord barrier (BSCB) that
might contribute to disease pathogenesis and precede motor neuron death was
described in the G93A SODI transgenic mouse strain, which carries a human
mutant Cu/Zn superoxide dismutase transgene. SOD1 mutant mice display protein
aggregates in the mitochondrial intermembrane space [120]. The mitochondria
from SODI transgenic mice have altered calcium-buffering properties, which have
an effect on calcium-mediated excitotoxicity, leading to neuronal death [21]. Other
authors have also shown that overexpression of SOD1 in a transgenic mouse model
attenuated BBB disruption by superoxide anion during ischemia [67]. Garbuzova-
Davis et al. [43] demonstrated capillary alterations and increased albumin permea-
bility in the brainstem and spinal cord at initial (presymptomatic) and late stages
(symptomatic) of the disease in SOD1 mice. Electron microscopy showed highly
vacuolated and degenerated endothelial cells, perivascular edema, downregulation
of tight junction proteins, microhemorrhages, and swelling of astrocyte end-feet
adjacent to capillaries. Compared with SOD1 transgenic mice, the SOD1 rat model
of ALS demonstrated alterations of the capillaries, such as perivascular swollen
astrocyte end-feet, reduced ZO-1 mRNA synthesis and IgG leakage only at a late
(symptomatic) stage [86].

These observations were confirmed by Zhong et al. [125], who also showed
microvascular barrier damage in the spinal cord preceded by neuroinflammation.
Their analyses showed decreased expression of tight junction proteins such as ZO-1,
occludin, claudin-5 before disease onset. On the other hand, markers of endothelial
activation, such as ICAM-1, and inflammation, such as MCP-1 and cycloxygen-
ase-2 (COX-2), remained unchanged.

Damage to BSCB and BBB was demonstrated in studies on post-mortem tissues
from sporadic and familiar ALS patients. In the brains of ALS patients, inflamma-
tion and activation of immune cells are associated with neuronal death. Studies in
the 1980s reported deposits of IgG and C3/C4 complement in the spinal cord and
cortex in the brain from ALS patients, suggesting BSCB and BBB damage [25].
Engelhardt and Appel [31] observed perivascular inflammation and breakdown of
the BBB, leading to leakage in the brain. They detected the presence of IgG in
motor neurons and the presence of activated macrophages, mainly in the territory of
degenerating pyramidal tracts and ventral horns. Henkel et al. [57] demonstrated
decreased synthesis of the mRNA of occludin and ZO-1 in lumbar spinal cord tissue
from ALS patients. Similarly, Garbuzova-Davis et al. [44] showed a significant
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decrease in the expression of ZO-1, occludin, and claudin-5 proteins in the white
and gray matter of the medulla and the cervical spinal cord in patients with the spo-
radic form of ALS. Angiogenesis, compensating for vascular insufficiency, was also
detected. Additionally, the increased expression of P-gp and breast cancer resistance
protein (BCRP) was determined in the spinal cords of ALS patients and SOD1 ani-
mal models. This suggests that rather than dose adjustments, the combination of
P-gp/BCRP inhibitors and anti-ALS therapies might be necessary [62].

The human ALS tissues showed abnormal perivascular accumulation of base-
ment membrane protein collagen IV, possibly resulting from an imbalance between
MMPs and the tissue inhibitors of metalloproteinases. This may, over a long period
of time, alter the BBB/BSCB transport mechanisms [44]. However, studies showing
opposing results are also available [83].

In summary, the inflammatory changes, together with BBB and BCSB damage,
are widely observed in humans and animal models of ALS and should be considered
a primary target for successful drug development.

3.1 Parkinson’s Disease

Parkinson’s disease is a complex progressive neurodegenerative disorder character-
ized by motor symptoms, including bradykinesia with resting tremor, rigidity, and
gait disturbance [46]. The major neuropathological hallmarks of PD are progressive
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc),
the presence of a-synuclein (a-syn) inclusions called Lewy bodies, and chronic
inflammation. The cause of PD is unknown, but chronic inflammation can act as an
environmental factor and may increase the susceptibility to PD and finally promote
the degeneration of dopaminergic neurons. PD can be triggered by diseases that
induce systemic infections, such as pneumonia and respiratory and gastrointestinal
infections [1].

Inflammatory responses manifested by glial reactions, T-cell infiltration, and
increased expression of detrimental proinflammatory cytokines are recognized as
prominent features of PD. Activated microglia can be seen in early stages of the
disease and parallels the degeneration of dopaminergic neurons [47]. They are
distributed not only in the SNpc and putamen, but also in other brain regions of
PD patients and are associated with a-syn-positive Lewy neurites [61].
Accumulation of intrinsically disordered protein a-syn actively secreted or
released by dying neurons to the extracellular space of the brain leads to microg-
lial activation, CD4+ and CD8+ T-cell infiltration, and increased production of
proinflammatory cytokines, such as IL-1a, IFN-y, IL-18, TNF-a, and IL-10 [55].
The higher levels of cytokines, mainly IL-1p, TNF-a, and IL-2, were also found
in the CSF and serum of PD patients, indicating peripheral inflammation [6, 84,
85]. A massive astrogliosis is present in SNpc in some PD patients [58]; the
majority of cases showed only a mild increase in the number of astrocytes and in
immunoreactivity for GFAP [109].
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The microgliosis and astrogliosis alter BBB permeability. Increased levels of
cytotoxic peripheral CD4+ and CD8+ T-lymphocytes infiltrate the SNpc of PD
patients and animal models [14]. Clinical studies also demonstrated progressive
impairment of barrier integrity and IgG depositions surrounding degenerating neu-
rons during PD progression [50, 70, 77, 88]. Additionally, deficiencies in cerebral
blood flow have been demonstrated with PET imaging [2]. These findings support
early work by Faucheux et al. [36], who found that PD patients have alterations in
the histological appearance of endothelial cells within the SNpc.

Evidence from animal studies indicate a direct link among inflammatory pro-
cesses, a-syn, and BBB permeability during PD pathogenesis. Peripheral inflam-
mation induced by LPS injection does not have any effect on BBB permeability in
a-syn knock-out mice; however, it significantly alters the barrier in wild-type ani-
mals [65]. A recent study showed that a-syn can be transported bi-directionally
through the BBB, and LRP-1, but not P-gp, may be involved in its efflux from the
brain. Interestingly, LPS-induced inflammation increased the uptake of a-syn in
the blood-to-brain direction, indicating the possible role of blood-borne a-syn in
brain pathology [106]. Increased expression of LRP-1 was observed in PD
patients, suggesting that alteration in a-syn transport might contribute to PD
pathogenesis [119].

The risk of PD may be influenced by environmental exposure and nongenetic fac-
tors. The role of environmental factors in PD development was first described in the
1980s. Various toxin-induced animal PD models, including the 6-hydroxydopamine
rats and 1-methyl-1,2,3,6-tetrahydropyridine (MPTP) mice, also show BBB disrup-
tion, as demonstrated by increased permeability for FITC-albumin and horse radish
peroxidase and decreased expression of the tight junction proteins ZO-1 and occludin
[16, 18]. In PD models, neuroinflammation as a consequence of the action of environ-
mental factors is integrally associated within the areas affected by pathology and may
be a major contributor to the BBB changes, finally promoting neurodegeneration.

Recent publications showed that there is a decreased expression of P-gp in BBB
disruption areas [4, 118]. As P-gp is one of the major efflux transporters at the BBB,
the accumulation of xenobiotics, such as MPTP or 1,1-Bis(4-chlorophenyl)-2,2,2-
trichloroethane (DDT), in the brain could be partially associated with P-gp reduc-
tion or dysfunction [115].

In summary, neuroinflammation and BBB changes are integral parts of PD and
should be considered an important therapeutic target in future drug development
programs.

3.2 Huntington’s Disease

Huntington’s disease is an autosomal dominant neurodegenerative disease linked to
mutations in the huntingtin (htt) gene leading to degeneration of neurons, predomi-
nantly in the caudate putamen and cortex [52]. The mutant htt causes movement
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disturbances, psychiatric symptoms and cognitive decline. Although the mechanism
by which mutant htt causes neurodegeneration remains unclear, evidence supports
inflammation as being a key player in HD pathogenesis. It is possible that increased
inflammation in HD brains is a consequence of neuronal death that is a direct result
of mutant htt neurotoxicity. On the other hand, accumulation of mutant htt in glia
may increase the vulnerability of neurons to excitotoxic stimuli and directly cause
inflammation in the CNS [100].

The role of inflammation in HD pathogenesis was supported by microarray pro-
filing, which revealed expression of inflammation-related genes in brain regions
from HD patients [59]. Postmortem studies of HD brains revealed accumulation of
activated microglial cells in regions affected by HD, especially in the basal ganglia
and the frontal cortex [95]. The presence of immunoreactive microglia was seen in
the presymptomatic stage of HD and increased as it progressed [108]. Increased
microglial activation was also shown in a R6/2 mouse model of HD [101]. Astrocyte
reactivity is an early feature of HD. GFAP immunoreactivity is detected in the stria-
tum of presymptomatic carriers and it increases with disease progression [35].
Furthermore, the astrocytes from HD produce more VEGF through an IkB kinase-
nuclear factor kB-dependent pathway [60]. Interestingly, no clear evidence for the
activation of astrocytes in most models of HD exists.

Cytokines are increased in HD. Bjorkqvist et al. [8] determined increased
amounts of proinflammatory cytokines, such as IL-6 and IL-8, in plasma samples
and striatum. Both cytokines, IL-6 and IL-1b, are also increased in the R6/2 mouse.
Studies with neutralizing antibody confirmed the hypothesis that IL-6 produced by
peripheral immune cells might contribute to pathology in the R6/2 model [10].
IL-1b, another member of the proinflammatory cytokine family, is increased in HD
sera and in brain lysates of the R6/2 model [29]. Increased production of proinflam-
matory cytokines together with impaired migration properties of microglia and
peripheral monocytes [73] may lead to chronic exacerbated inflammation, and thus
contribute to HD pathology.

Two recent studies investigated the impairment of BBB in HD. Drouin-Ouellet
et al. [26] found that mutant huntingtin protein aggregates were present in compo-
nents of the neurovascular unit of R6/2 mice and HD patients. This was accompa-
nied by an increase in blood vessel density, in addition to BBB leakage in the
striatum of R6/2 mice, which correlated with the decreased expression of occludin
and claudin-5. The study revealed a significant increase in cerebral blood flow in the
cortical gray matter of HD patients. The results published by Hsiao et al. [60] fur-
ther broaden the field, by measuring the blood vessel density and vascular reactivity
using MRI. The results in several different knock-in models indicate that vascular
density and reactivity are noticeably changed when mutant htt is expressed in both
neurons and astrocytes.

In summary, all the above-mentioned studies clearly demonstrated that BBB is
compromised in both HD patients and animal models of the disease. However,
further studies are needed to investigate at what stage of the disease this
process begins.
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4 Conclusion

It is becoming increasingly evident that neuroinflammation plays a crucial role in
the development and progression of many neurodegenerative disorders. Chronic
neuroinflammation associated with neuronal damage includes extended activation
of microglia and astrocytes followed by increased secretion of detrimental proin-
flammatory cytokines and chemokines. The prolonged inflammation affects the
BBB, which in turn supports the infiltration of blood-borne cells into the brain
parenchyma that further intensifies the inflammatory process. In future research,
suppression of the inflammatory events at the site of the BBB should be explored as
a therapeutic strategy against neuroinflammatory diseases.
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Leakage at Blood-Neural Barriers

Patric Turowski

Abstract Permeability of blood vessels in the brain and retina is usually very low
and dominated by the restricting properties of the blood-brain and blood-retinal bar-
riers, respectively. The highly specialised endothelium pervading the brain and the
retina displays low permeability due to the nearly complete absence of transcellular
transport (with the exception of that of specific nutrients and metabolites) and also
to highly differentiated tight junctions. Importantly, the neuroglial cells that are part
of cerebral and retinal blood vessels appear to be the main driver for inducing and
maintaining these specialised properties of the endothelium. During many trau-
matic, inflammatory or degenerative neuro- and retinopathologies, this neurovascu-
lar unit is compromised leading to reduced vascular endothelial barrier properties
and detrimental leakage of blood components into nervous tissue. Importantly,
many extracellular permeability-inducing factors such as histamines, kinins, growth
factors and lipids can trigger endothelial leakage in varying ways, but in most cases,
pathological leakage occurs through consecutive or parallel opening of the paracel-
lular space (characterised by tight junction protein loss) and induction of transcel-
lular vesicles (possibly caveolae). Both pathways are regulated by complex often
overlapping protein phosphorylation and GTPase networks, which lends credence
to efforts to limit leakage at the BBB and BRB by specific signalling antagonists.
Finally, leakage pathways are also exploited to facilitate drug delivery to the brain.

1 Rationale

Leakage within the cardiovascular system is the consequence of endothelial hyper-
permeability and can be the cause, or a significant co-morbidity, of a variety of
pathologies ranging from cancer and inflammation to metabolic diseases such as
diabetes. In the nervous system, blood vessels are highly specialised rendering the
endothelium uniquely impermeable. Due to its restricted exchange properties, this
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vascular bed has been called the blood-brain barrier (BBB), with its main function
to control the ionic and molecular microenvironment of the nervous system. The
inner vasculature of the neuroretina fulfils a similar role and is termed blood-retinal
barrier (BRB). In the following BBB will also be used as a generic term covering all
blood-neural barriers unless otherwise specified. Whilst neurotoxic components are
mostly excluded from the CNS, cellular and molecular crosstalk between the
periphery and the brain parenchyma is allowed [1]. The BBB is often compromised
in disease and is characterised by uncontrolled passage of leucocytes and macro-
molecules contributing to oedema and irrevocable CNS damage. Dysfunctional
BBB is a pathological hallmark of stroke or trauma [69] but also neuroinflammatory
diseases such as multiple sclerosis [2, 4]. In addition, disorders originally consid-
ered exclusively neurological in their aetiology, such as Parkinson’s and Alzheimer’s
disease or amyotrophic lateral sclerosis, are accompanied, or possibly even caused,
by BBB dysfunction [31, 50, 76]. Similarly, diseases of the neuroretina such as age-
related macular degeneration and diabetic retinopathy are associated with a dys-
functional blood-retinal barrier [56]. Unsurprisingly, stemming vascular leakage by
targeting molecules in permeability pathways has become a key therapeutic strategy
for many of these diseases [75].

2 Measuring Vascular Permeability

The continuous endothelium lining the blood vessels constitutes a regulated size-
selective, semipermeable layer that regulates transport of fluid and solutes between
the blood and the interstitium. The vascular system needs to be sufficiently perme-
able to allow vital exchange of small molecules (gases, nutrients and waste prod-
ucts) between the blood and the underlying tissue. This basal permeability differs
significantly between vascular beds and is in line with the physiological needs of the
tissue in question. Thus, filtration rates are, for instance, high in the vasculature of
the kidney but very low in the brain.

Decades of painstaking analyses by physiologists have provided a theoretical
framework to vascular permeability [105]. From a cell biologist’s perspective, this
description of permeability by equations can be a drab and sometimes confusing
affair. However, it delivers clear functional parameters, which have to be matched
by endothelial structures and macromolecules. In the following we give a simplified
view of the physiologists’ perspective and highlight some of the main parameters of
permeability, which we consider to be important both experimentally and
conceptually.

Importantly, physiologists have recognised that the vast capillary network fan-
ning out across each tissue was indeed the area of molecular exchange. To fit
experimental data to mathematical equations, the endothelium was viewed as a
thin, semipermeable membrane that is dotted by a large number of small pores
(of around 4.7 nm) and relatively few larger pores of around 30 nm [97]. In this
model the small pores mediate relative unhindered flux of water and very small
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molecules, whilst the larger pores allowed limited movement of macromolecules.
This original model has been refined in many ways, for instance, by modelling the
intervascular spaces not as pores but as narrow slits to include knowledge of mor-
phological equivalents such as paracellular clefts between endothelial cells [38].
Compared to the complex underlying biological structures, these models are
based on simple assumptions. Nevertheless, they allow the description of fluid
transport in single vessel segments with high accuracy [73, 79, 97, 105]. Solute
movement across the endothelial wall, if unhindered, can primarily be described
by Fick’s law of diffusion with concentration gradients being the driving force.
However, in reality biological solute flux across the endothelium is dominated by
molecular size, charge restrictions and osmotic forces. As a result the more com-
plex Starling equation describes fluid flux across endothelial ‘membranes’ as the
product of (i) the relevant surface area across which exchange can occur, (ii)
hydraulic conductivity and (iii) net filtration pressure. Hydraulic conductivity can
be measured experimentally and is a coefficient describing the leakiness of the
endothelial barrier to water. Net filtration pressure is the sum of the hydrostatic
and osmotic forces across the walls of the exchanging vessel. It is defined by a
combination of the hydrostatic pressure within the vessel relative to the intersti-
tium, the oncotic pressure difference and the reflection coefficient. The reflection
coefficient described the relative sieving properties for a given solute. Lastly,
measurements in isolated microvessels can also be heavily influenced by convec-
tion, i.e. the solvent drag, as well as local changes in solute concentrations near
flow-through pores or slits.

Overall, this means that differences in permeability can be observed during
change of (i) the available exchange surface (for instance, the number of perfused
capillaries), (ii) hydrostatic pressure (which is influenced by blood pressure and
vascular compliance), (iii) macromolecule composition of the blood or (iv) the fil-
tration properties of the endothelial barrier (through regulated opening or altered
transcellular transport phenomena).

Cell biologists often measure permeability by a Miles-type assay, where a dye is
introduced into the circulation and subsequently its net accumulation is measured in
the tissue [74, 94]. Within the strict framework set out by physiologists, a Miles
assay does not deliver any parameter of vascular permeability [11, 79]. First, it mea-
sures the combination of interstitial and intravascular dye (albeit with the latter
making minimal contribution). More crucially, however, it does not take into con-
sideration the removal of dye by vascular reabsorption or lymphatic clearance. In
addition, in cases of altered dye flux into the tissue, the Miles assay cannot distin-
guish between changes in true permeability (i.e. affecting hydraulic conductivity or
reflection coefficient) and in hydrostatic pressure (through blood pressure changes
or vasorelaxation). Nevertheless, the Miles assay has contributed enormously to our
understanding of oedema and permeability-inducing factors such as vascular endo-
thelial growth factor and histamine [79, 134].

In vitro measurements on cultured endothelial cells (optionally in conjunction
with mural cells) have also contributed to our understanding of permeability, in
particular its underlying signalling and mechanisms of endothelial ‘opening’. For
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this usually the diffusive flux of dyes or ions is measured in either primary endothe-
lial cells or established cell lines [34, 88].

Excellent reviews such as by Dvorak and colleagues [21, 79] describes the physi-
ology and cell biology of basal permeability and acute and chronic leakage of the
general vasculature. In the following we will focus on the vasculature pervading the
nervous systems.

3 Basal Water and Solute Transport at Blood-Neural
Barriers

Basal physiological permeability at vascular blood-neural barriers is very low.
Hydraulic conductivity is considerably lower than in muscle and the reflection coef-
ficient to proteins is maximal [38]. Indeed, the endothelium of the BBB is continu-
ous and not fenestrated, thus forcing water and small molecule flux to occur in
between or through the cells (paracellularly and transcellularly, respectively) [26].
Furthermore, the presence of complex junctions, which seal the paracellular space
and act as molecular sieves, restricts movement of molecules of all sizes. Lastly,
fluid-phase transcytosis (also referred to as pinocytosis) is virtually absent at the
non-inflamed BBB.

Undoubtedly, the high vascular barrier function of the nervous system must
have evolved to preserve the delicate environment of neurons and restrict
oedema formation which is particularly damaging in the brain due to its rigid
encasement and which can thus easily lead to nerve cell and capillary compres-
sion [17].

Nevertheless, the brain and retina are metabolically highly active and require
nutrients at high rates as well as adequate waste management. Therefore, a tight
vascular BBB and BRB must go hand in hand with sophisticated, specific and selec-
tive transport mechanisms for nutrients, immune cells and waste [104]. Lipid-
soluble, non-polar molecules as well as oxygen and carbon dioxide can diffuse
unrestrictedly along concentration gradients into the brain. In addition, many essen-
tial polar nutrients, such as glucose and amino acids, are transported by specific
solute carriers. Larger molecular weight proteins and peptides generally enter the
CNS via receptor-mediated or closely related adsorptive transcytosis. In turn, ATP-
binding cassette (ABC) transporters, such as P-glycoprotein and other multidrug
resistance-associated proteins, act as active efflux pumps and prevent entry of lipid-
soluble compounds into the CNS. The presence of ABC transporters is the single
most important reason why efficient delivery of lipid-soluble therapeutic agents into
the brain remains a major challenge. Lastly, leucocyte transmigration through the
vascular BBB occurs by harnessing a membrane-intensive, primarily transcellular
apparatus [9, 127, 128]. Transport properties of BBB endothelial cells are crucially
supported by exceptional apico-basal polarisation of the described transport sys-
tems, enabling preferential transport to or from the brain even against concentration
gradients [130].
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For baseline permeability the architecture and molecular structure of paracel-
lular junctions constitute a molecular equivalent, which is compatible with the
physiological measurements, in as much as they constitute a sieving fence. These
interendothelial junctions consist of proteins of adherens junctions (AJs) and tight
junctions (TJs) which, in endothelial cells and in contrast to epithelial cells, are not
organised in distinct bands but are intermingled and functionally interdependent
[123]. Endothelial AJs consist of the transmembrane protein vascular endothelial
(VE)-cadherin in homotypic interactions with neighbouring VE-cadherin mole-
cules, both in cis and trans [28]. VE-cadherin adhesion is regulated by post-trans-
lational modifications (mainly phosphorylation on tyrosines and serines) and
association with a-, B-, y- and p120 catenins, which regulate connection with the
actin cytoskeleton and internalisation of AJs. AJ interaction and sensing are essen-
tial in the development of cell-cell contacts, the endothelial response to shear stress
and the transmission of cytoskeletal force between adjacent cells. AJs also modu-
late and integrate growth factor signalling with connectivity cues. Disruption of
AlJs leads to leakage and oedema, at least in the periphery [24]. In turn artificial
increase of the adhesiveness of Als leads to relative impermeability and reduced
leucocyte transmigration [107]. The importance of AJs in the development and
maintenance of the BBB and BRB lies undoubtedly in their priming the formation
of stable TJs [123].

TJs are protein complexes dynamically connecting adjoining epithelial and ECs
[119]. By separating luminal from abluminal cellular surfaces, TJs, and to a lesser
degree adherens junctions [28], regulate apico-basal diffusion of endothelial mem-
brane components (both lipids and proteins) as well as the passage of solutes and
cells through the paracellular space. TJs are composed of transmembrane proteins
which regulate cell-cell interactions and the lateral organisation of junction strands.
Amongst these claudins (CLDNs) are by far the most dominant found in BBB TJs.
In mammals they constitute a family of >20 proteins, which form the structural fabric
of TJs through homophilic and heterophilic interactions, occurring both in cis and
trans [41]. Depending on its type, a claudin can either seal the paracellular space or
form a pore for small molecules, ions or even water. At least three CLDNs with
fence-forming properties (3, 5 and 12) have been identified in BBB ECs [43, 123]. It
is yet unclear if pore-forming claudins are expressed at the BBB. Atthe BBB CLDN5
regulates paracellular transport of small (<800 dalton) blood solutes [82]. Occludin
is another transmembrane protein present in all epithelial and endothelial TJs, which
regulates certain aspects of paracellular diffusion and TJ organisation in vitro [119,
123]. Other transmembrane proteins of TJs include junctional adhesion molecules
(JAMs) [51] and, at tricellular junctions, the points where three cells meet, the angu-
lins (with lipolysis-stimulated lipoprotein receptor (LSR) particularly specific for the
BBB) [113] which can additionally recruit tricellulin [43]. Enhanced leakage in LSR
knockout mice mirrors that of a CLDNS knockout with enhanced permeability to
low but not high molecular weight blood solutes. CLDNSs, occludin, junctional adhe-
sion molecules, tricellulin and LSR associate further with cytoplasmic proteins inte-
gral to TJ function, such as zona occludens proteins ZO-1, ZO-2 and ZO-3, cingulin,
binding partitioning defective proteins PAR-3 and PAR-6, MAGI and MUPP1 and
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AF-6 [119, 123]. This results in a densely packed space beneath the cell membrane
(zonula occludens) which dynamically links the integral membrane proteins to the
cytoskeleton and a multitude of intracellular signalling proteins. It is noteworthy that
many of the described molecular features of TJs are not exclusive to the BBB and
cannot fully explain the exceptional solute and electrical impermeability of the cere-
bral vasculature.

The complete lack of fenestrae and nearly undetectable level of fluid-phase tran-
scytosis in healthy BBB endothelium [26] might be due to the lack of a glycoprotein
called plasmalemmal vesicle-associated protein-1 (PLVAP or PV-1). PV-1 is a
major component of the diaphragm of fenestrated endothelium and is a major struc-
tural component of caveolae and fenestrae [45, 117]. Recently, another protein,
Mfsda2, was shown to suppress transcytosis in brain EC [12].

Additional factors that influence the filtration behaviour of the BBB and BRB are
glycocalyx [62] and the basement membrane (laid down by the endothelium and
pericytes) [114]. Taken together, in the case of a healthy BBB, the basal permeabil-
ity requirements of the brain are fully catered for by absence of fluid-phase trans-
cytosis and fenestrae and the presence of sophisticated interendothelial junctions.
This virtually impermeable endothelium is then rendered sufficiently open by spe-
cific and selective transport machineries.

4 Pathophysiological Leakage

A pathologically weakened and open blood-neural barrier could provide a better
access for leucocytes and thus immune response. Openness may also be beneficial
to resolve oedema itself [19]. Nevertheless, it is generally accepted that a disrupted
BBB has adverse effects on the CNS, provoking neuronal damage and degeneration.
BBB disruption has been observed during traumatic and ischemic brain injury [69]
and neuroinflammatory [2] and neurodegenerative diseases [50]. Sight-threatening
ischemic diseases of the retina are also often associated with a leaky and dysfunc-
tional BRB [56]. The BBB of some neuropathologies such as multiple sclerosis or
its animal model experimental autoimmune encephalomyelitis (EAE) has been
extensively studied, and thus much detail is known about the nature and mecha-
nisms of associated barrier breakdown. In others, in particular neurodegenerative
diseases with long-term pathogenesis and a paucity of availability of relevant ani-
mal models, details of barrier breakdown are still emerging and often unclear. For
instance, uptake of a therapeutic antibody in rodent models of AD was minimal and
not found to be widespread in the brain [13]. Other important uncertainties relate to
the question of whether BBB dysfunction is the cause or consequence of a particular
disease [118]. Whilst it is clear that this cannot be generalised — each neurological
disease may well have a completely distinct underlying pathogenesis — there is
increasing evidence both from epidemiological and experimental studies that BBB
dysfunction may constitute the initiating trigger in many cases. It is undisputed that
chronic vascular breakdown will contribute significantly to morbidity of these
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diseases, thus justifying increasing investment into anti-leakage therapies for neuro-
and retinopathies.

Just like basal permeability, pathological leakage (be it in the brain or not) is
restricted to the microvascular bed [79]. However, it does not only affect capillaries
and extends to other areas of the microvasculature in particular postcapillary
venules. Importantly, this part of the vascular tree is compliant to inflammatory
leucocyte migration [36], illustrating just one aspect of the close relationship
between the barrier function to molecules and to cells. In the retina where vascular
behaviour can be more easily imaged than in the brain, Barber and Antonetti
reported that pathophysiological leakage during diabetes extends to arterioles and
postcapillary venules [10].

From a physiological point of view, leakage and oedema can be the consequence
of changes to the available exchange surface (the number of capillaries), hydrostatic
or osmotic pressure differences and/or the size cut-off of the barrier. The main para-
metric changes of the endothelium of the diseased BBB are therefore increased
hydraulic conductivity and reduced reflection coefficient, thus permitting enhanced
flux of water and of solutes of larger sizes. Accordingly, aberrations in both paracel-
lular and transcellular pathways have been observed in the disrupted BBB [116]. In
cultured cells these two pathways can be distinguished relatively easily: Paracellular
leakage leads to a change in ionic conductance, whilst transcellular leakage will not
affect electrical resistance across the endothelium. Most notably though, the debate
regarding whether transcellular leakage occurs and if so whether it is of relevance
in vivo is still active (see below).

A variety of factors extrinsic to the endothelial cell drive BBB breakdown, and
these vary greatly between individual pathologies. Traditional vasogenic agents
such as histamines and kinins have been shown to lead to leakage at the BBB exper-
imentally and during neurological disease [30, 48, 49, 101, 102]. Bradykinin ana-
logues have even been explored to open the BBB for pharmaceutical purposes [35].
Growth factors such as vascular endothelial growth factor (VEGF)-A, TYMP and
TGF-f play a major role in neuroinflammatory diseases [4, 22, 116]. Inflammatory
mediators such as the cytokines IL1p, TNFa and INFy and the chemokines CCL2
and CXCLS are also major contributors to BBB or BRB breakdown in particular
since most conditions of leakage at blood-neural barriers are accompanied by some
form of inflammation [100].

Extracellular proteases in particular the metalloproteinases MMP2 and MMP9
through direct action on junctions (see below) have been found in neuroinflamma-
tory lesions close to sites of enhanced leakage [108]. Concordantly, MMP inhibition
can attenuate leakage in modelled pathologies. Thrombin triggering endothelial
leakage signalling can also act as a luminal leakage factor, just as free radicals and
certain lipid compounds such as prostaglandin, sphingosine-1-phosphate or lyso-
phosphatidic acid [37, 44, 54, 85, 92]. Dysfunctional BBB in Alzheimer’s disease
may (amongst many other factors) be triggered by binding of amyloid to endothelial
cells [52]. Direct binding of infectious agents with BBB endothelial cells also
causes barrier disruption and may be critical in the pathogenesis of bacterial and
viral meningitis and encephalitis. Viruses and virus components (e.g. HIV, measles



88 P. Turowski

virus) or bacteria and their components (e.g. E. coli, Streptococcus, cholera and
pertussis toxins) (reviewed in [116]) can bind to BBB endothelial cells and trigger
barrier disruption either by direct signalling or by downregulating barrier determi-
nants such as TJ proteins [53]. MicroRNA secreted, e.g. by metastatic cells, can also
modulate barrier properties of cerebral endothelial cells, presumably to facilitate
subsequent transendothelial migration [124].

S The Paracellular Leakage Pathway

Our understanding of the molecular structure and assembly of adherens and tight
junctions delivers an excellent explanation for the barrier function of BBB and BRB
endothelial cells under baseline conditions, mainly dominated by impermeability
and sieving. However, the dynamic rearrangements that occur within the paracel-
lular space during pathological leakage are yet to be defined on the molecular but
especially the structural level. Excessive transport is accompanied by the phospho-
rylation and adhesive properties of TJ and adherens junction complexes, resulting in
altered junctional protein interactions and localisation [123]. Concomitant reorgan-
isation of the actin cytoskeleton also contributes to permeability, with contractile
forces thought to render the paracellular space more compliant to modification
[116]. Such changes give rise to rearrangements in the extracellular adhesive por-
tions of proteins, for instance, different architectures of cis and trans interactions of
adherens junction cadherin dimers have been resolved by X-ray crystallography
[16]. However, possible consequences of such dimer rearrangements for the overall
strand structure and paracellular channels or pores remain purely speculative. For
TJ strand modulation, the available ultrastructural information is even sketchier. A
clearer mechanism is provided in situations where junction (in particular TJ) protein
expression is reduced at the paracellular membrane. Intuitively, the functional out-
come is assumed to be fewer junction strands with overall reduced sieving and seal-
ing properties. Indeed, loss of tight junction proteins is a hallmark of many
neurovascular diseases. In models of traumatic or neuroinflammatory disease, such
as EAE or middle cerebral artery occlusion, the TJ proteins occludin, CLDN3 and
CLDNS5 and LSR have been shown to be downregulated from vessels in the vicinity
of focal points of leakage [55, 65, 89, 113, 129]. In multiple sclerosis pathological
examination of brains has revealed significantly reduced immunoreactivity of many
TJ and AJ proteins [2]. The loss of occludin from microvessels is also a hallmark of
diabetic retinopathy [10, 25].

TJ proteins are lost by one or several mechanisms: Transcriptional downregula-
tion can directly reduce the expression of TJ proteins [53, 120, 133]. Post-
translational modification especially phosphorylation has been shown to induce
enhanced junction protein endocytosis [77, 86]. Lastly, loss of TJ protein can be the
consequence of protease action. For instance, matrix metalloproteinases (MMPs),
most notably MMP9, are activated by reactive oxygen species, vascular endothelial
growth factor and inflammatory cytokines in many CNS pathologies [26, 116].
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MMP activation leads to the degradation of EC basement membrane and enhanced
phosphorylation and cleavage of TJ proteins. Subsequent degradation of the inter-
endothelial junctions is then thought to lead to weakened TJ strand architecture or
in extreme cases to the complete loss of paracellular junctions.

However, definitive proof of a direct relationship of pathologically altered para-
cellular junctions with endothelial hyperpermeability is missing. Correlative map-
ping of the region of low TJ expression with areas of hyperpermeability would
certainly go a long way towards this goal [89]. The retinal vasculature with its
intrinsic accessibility may be particularly well suited for high-resolution imaging
in vivo and in situ [106].

Osmotic opening of the BBB, explored in search of strategies to deliver che-
motherapy to the brain (see also below), appears to involve disruption of junc-
tion strands and opening of gaps between endothelial cells [46, 95]. However,
there is no hard evidence that the same happens during pathology. In fact,
despite clear reduction of junction protein staining in disease such as stroke,
MS, Alzheimer’s and diabetic retinopathy or in experimental models thereof,
actual disrupted junctions are rarely seen by EM [61]. It is particularly notewor-
thy that ultrastructural junction changes, if reported in pathogenesis, occur
much later than when leakage and oedema can be measured, suggesting that
paracellular changes may mechanistically underpin chronic failures of the BBB
and BRB [57, 60].

6 The Transcellular Leakage Pathway

Vascular leakage in brain and retinal diseases can occur via a paracellular or trans-
cellular route or indeed through a combination of both. It is somewhat surprising,
therefore, that most reviews focus on the paracellular pathway despite there being
considerable evidence that the transcellular path may occur. Reasons for this may
be that pore-sized channels (often referred to as vesiculo-vascular organelles) [33]
do not exist in BBB endothelium. Furthermore, the healthy BBB mostly lacks
vesicular structures required for fluid-phase transcytosis [112]. In contrast, at the
diseased BBB, fluid-phase transcytosis could occur: Under various pathological
conditions, including diabetes, the BBB and BRB are associated with increased
number of caveolar vesicles [14, 46, 47]. However, the role of caveolae in endothe-
lial trans-cellular transport has been viewed with scepticism and is still the subject
of intense debate [98, 111], ever since their formal description by Palade in 1953
[87]. Physiologists have argued that vesicular transport does not fulfil the depen-
dence of macromolecular flux on hydrostatic pressure and convection. It has also
been argued that intraendothelial, tracer-filled caveolar vesicles visualised by EM
could have backfilled from the material that has entered the interstitial space
through leaky junctions. The observation that caveolin (CAV)1-knockout mice,
which lack caveolae altogether, do not as predicted display lower but on the con-
trary significantly higher overall leakage, appeared to ring the death knell for



90 P. Turowski

caveolar transcytosis [64]. However, it should be noted that caveolae can sense
mechanical pressure [23] and also form important endothelial signalling platforms,
e.g. for endothelial nitric oxide synthase (eNOS) [32], the absence of which
undoubtedly changes overall signalling behaviour and presumably the architecture
of the paracellular space. Thus, the constitutive CAV 1 knockout could conceivably
push the endothelial cell phenotype from one with intact gating function by AJ and
TJ to another with substantial deficiencies in this area. Indeed, another work in the
same CAV1-knockout mice demonstrated that VEGF-A-induced leakage was
attenuated, suggesting that whilst basal permeability was not dependent on caveo-
lae, pathological leakage was [21]. Furthermore, caveolae have been shown to be
instrumental for lipid transport into the cell [110], whilst Schnitzer and colleagues
have shown that antibodies specifically targeting caveolae are pumped rapidly and
at substantial rates across wild type but not CAV I-negative endothelium in vivo
[84]. Nevertheless, the question remains as to the quantitative contribution of cave-
olar transcytosis to macromolecular transport across the endothelium, in particular
in the brain.

Plasmalemmal vesicles and CAV1-associated processes have been frequently
described during early brain oedema, often preceding the disruption of TJs. Thus,
early brain oedema has been associated with increased expression of CAV1 [78].
VEGEF, undoubtedly a mediator of acute BBB dysfunction, induces pinocytotic ves-
icles in BRB [47] and blood-tumour barrier endothelium in conjunction with
increased expression of caveolin-1 and caveolin-2 [136]. Bradykinin also induces
transcellular transport within blood-tumour barrier endothelium with increased
expression of caveolin-1 and caveolin-2 [67]. Our laboratory has shown that
methamphetamine-induced leakage in isolated cerebral endothelial cells is restricted
to a transcellular, presumably caveolar pathway [72]. More recently, in yet unpub-
lished experiments, we have extended these observations to the intact brain, i.e.
occurring within a functional neurovascular unit (Chang and Turowski, unpublished
observation). Lastly, in a rodent model of stroke, early BBB leakage is associated
with increased caveolae and transcytosis (absent in CAV 1-knockout mice), whilst
the second disruption of the BBB occurring after approximately 2 days is associated
with TJ reorganisation [57].

Taken together, whilst transcellular flux appears negligible at the healthy BBB,
there is a lot of direct and indirect evidence suggesting that it constitutes a poten-
tially important route of leakage and possibly the most prominent pathway in dis-
ease and inflammation. Admittedly, the jury is still out to decide if caveolae are
functionally responsible, and further research will always be hampered by caveolae
being multifunctional units mediating transport as well as signalling. Experimental
separation of these different functions will always confound interpretation and pos-
sibly impede future research in this area. Notably, caveolae through CAV1 could
also constitute the molecular crossroad where transcellular and paracellular path-
ways meet as CAV1 can mediate internalisation of the TJ protein occludin [70].
Likewise, nitric oxide signalling might constitute a molecular crossroad between
the paracellular and transcellular leakage pathways [39].
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7 Endothelial Signalling During BBB or BRB Leakage

The properties of the vascular barrier and its permeability are controlled by a com-
plex system of interacting signalling networks [39, 58]. Naturally, its precise nature
depends heavily on the cell-intrinsic and cell-extrinsic stimuli. At the level of the
plasma membrane signal, specific receptor-protein tyrosine kinases or GPCRs are
activated to trigger intracellular changes such as Ca2* transients; activation of vari-
ous protein kinases, including src family kinases, Akt, and certain PKC isoforms.
Subsequent fundamental changes to the assembly and contractility of the actin net-
work are especially important to changes to intercellular junction proteins. Keys for
dynamic rearrangements of the cytoskeleton during endothelial hyperpermeability
are thoA GTPAse and its downstream protein kinases such as ROCK or MLCK. In
addition, direct modification of AJ and TJ proteins, mostly by reversible phosphory-
lation, appears to act in concert with the cytoskeletal force changes. These pathways
mostly modulate junctions and thus intuitively the paracellular leakage pathway. As
discussed before junction modulation often also involves modulation of expression
levels, and thus classical nuclear pathways of transcriptional activation and repres-
sion are also vitally important during the leakage response. For transcellular leak-
age, molecules such as eNOS and endocytic regulators (such as SNARES and Rab
GTPases) in addition to the aforementioned signalling pathways appear to be
required for caveolar assembly, fission and fusion. In addition, transcytosis relies on
microtubular traffic rather than actin contractility.

It is commonly assumed that signalling pathways that regulate permeability in
the periphery also fulfil key roles at the BBB. However, in view of the unique prop-
erties of the endothelial cells in the brain and the retina, it should come as no sur-
prise that many signalling pathways leading towards permeability are significantly
different. On the one hand, a fair number of pro-leakage signalling components are
clearly the same in the periphery and at the BBB and/or the BRB. For instance, Src
family protein kinases, PKC isoforms, various actin regulators such as rhoA as well
as nitric oxide and reactive oxygen species, via molecules such eNOS and NADPH
oxidase, all have key roles in mediating BBB leakage in various neurological dis-
eases [37, 116]. Moreover, cAMP has a clear role in preserving endothelial barrier
function in all vascular beds, with astrocyte-mediated elevation of endothelial
cAMP undoubtedly an important determinant specifying BBB impermeability [90].
On the other hand, signalling towards leakage at the BBB and BRB may use certain
molecules to completely different effect. For instance, whilst the protein kinase Akt
enjoys an undisputed role in inducing permeability in the periphery, in particular in
that induced by VEGTF, it is not involved at the BBB in vitro or in vivo [48]. Instead,
Akt is likely to mediate BBB stabilisation, for instance, in response to Ang-1 [68].
VE-cadherin phosphorylation, which occurs frequently during vascular leakage in
the periphery [86], also occurs in the brain where it appears to be mediated by an
unusual pathway involving Ca2*, AMPK and eNOS [71]. At the same time, the role
of AMPK at the BBB is not restricted to a permeability-inducing role: its enhanced
activity has also been associated with the opposite effect, such as barrier protection
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during LPS-induced BBB leakage [121, 131]. Similarly, certain PKC isoforms have
been associated with both permeability- and barrier-enhancing activities depending
on the neuronal vascular environment [42, 115]. Thus, exact experimental represen-
tation of the neural microenvironment and the permeability-inducing factor are
clearly critical when attempting to understand leakage at blood-neural barriers and
developing anti-leakage therapies. Here, it should also be noted that signalling path-
ways are mostly explored in cultured endothelial cells where culture conditions and,
if used, cell immortalisation procedures may influence signalling processes signifi-
cantly leading to results with little relevance to in vivo events (Turowski, unpub-
lished observations).

Whnt signalling and associated nuclear signalling of beta-catenin play a pivotal
role in the development of the BBB [63, 137], in particular the establishment of the
tight junction complex that characterises the mature BBB [7]. Wnt signalling path-
ways appear to continue to operate to maintain BBB homoeostasis, and thus defec-
tive wnt signalling may contribute to pathological BBB breakdown [66].

Taken together, relatively little is known about leakage-specific signalling at the
blood-brain barriers. Inference from permeability studies in the periphery as well as
generalisation within the BBB should therefore be made with caution.

8 BBB/BRB Function and Dysfunction: Nature and Nurture

Endothelial cells of different vascular beds display very different molecular signa-
tures resulting in extremely divergent phenotypes with glomerular and cerebral
endothelial cells on each end of the spectrum [83, 96]. The isolation and culturing
in vitro of endothelial cells from various vascular beds have revealed that many of
the specific traits of endothelial cells are dependent on their immediate environment
in vivo since they are rapidly lost in isolation. However, yet other traits are never
lost indicating that the endothelial phenotype is controlled by both nature and nur-
ture. Until recently, the BBB was considered a relatively homogeneous vascular
bed. Whilst there are obviously clear differences between endothelial cells at the
arterial and venous side of vascular trees, other differences are more surprising and
often less well understood on a functional level [89]. For instance, the endothelial
barrier antigen (EBA) has long been used to demarcate barrier endothelial cells
within the CNS. However, EBA staining reveals striking heterogeneity not only
between functionally different vessels within the brain but also within single venules
[103]. Neither the environmental cues nor the functional consequences for such
heterogeneity on single-cell level are known.

The influence of the environment on the vascular phenotype is particularly well
illustrated in circumventricular organs, where junctional protein expression in endo-
thelial cells is low and basal vascular permeability is not in line with other cortical
areas [93]. Clearly, the brain vasculature has the capacity to adapt its barrier proper-
ties to functional needs, in this case to act as a conduit through which signals flow
into and out of the brain. Similarly, albeit not to same degree, the vascular barrier in
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the hippocampus appears to be comparatively more prone to change during patho-
logical insult [76, 125], which again may indicate a functional need to facilitate
communicative exchange with the periphery [122].

Functional differences within the CNS microvasculature exist with respect to
barrier function. Generally, postcapillary venules have leakier junctions and thus
predicted higher basal permeability [1]. In agreement, leucocyte entry to the brain
parenchyma occurs in postcapillary venules but not capillaries [36]. In addition,
pathological barrier breakdown does not affect the entire microvascular bed of the
retina equally [10]. Clearly, the regulation of endothelial phenotype and conse-
quently vascular permeability at the BBB and BRB relies strongly on environ-
mental cues. Indeed, blood-neural barriers effectively represent the integrated
response of a group of cells, which intimately interact and communicate via phys-
ical interactions and soluble extracellular factors. Pericytes, astrocytes, perivascu-
lar macrophages and microglia are other cells within this so-called neurovascular
unit [26].

On the abluminal side, endothelial cells in the brain and the retina are surrounded
by pericytes, with which they share a basement membrane. Pericyte coverage at the
BBB and BRB is the highest of all vascular beds, with EC to pericyte ratios typi-
cally ranging between 1:1 and 3:1 [5]. During embryonic development pericytes are
essential for BBB induction [6, 27]. Pericytes are also key in providing the signals
that maintain the BBB phenotype of the endothelial cells under their control. A
pericyte-deficient BBB features increased macromolecular permeability with
increased cytoplasmic vesicles but with intact polarisation and a continued lack of
fenestrae. At the healthy BBB, pericytes also suppress plasmalemmal vesicle-
associated protein (PLVAP), a marker for fenestrated EC and transcytosis, which is
normally only found in non-CNS endothelial cells [26, 109]. Canonical wnt signal-
ling appears to be particularly important since its endothelial loss of function in
mice results in reduced CLDNS5 and elevated expression of PLVAP [137]. Pericytes
also regulate the lipid transporter Mfsda2 which suppresses transcytosis in brain EC
[12], indicating that pathological transcellular leakage may be intimately linked to
pericyte health. Indeed, pericytes also strongly influence BBB function during dis-
ease. Accordingly, dysfunctional pericyte-endothelial interactions appear to drive
the pathogenesis of neurodegenerative diseases such as Alzheimer’s disease [76]. In
addition, pericyte-secreted VEGF may contribute to stroke [8].

Astrocytes ensheath CNS blood vessels further, either directly or via the paren-
chymal basement membrane. They regulate neuronal function and coordinate
multitudinous signals from neurons, the BBB and their microenvironment during
such instances as neurovascular coupling that links neural activity to blood flow
[91]. Astrocytes also strongly influence both BBB TJs and transport properties [1]
with astrocyte-secreted factors increasing TJ expression and transendothelial
resistance in cultured endothelial cells, presumably by inducing sustained barrier-
protective cAMP signalling in the endothelial cells [90, 99]. In neuroinflamma-
tory diseases, astrocytes are key responders and, by secreting a multitude of
cytokines factors such as VEGF-A, induce the dysfunctional BBB phenotype
from within the parenchyma [3, 4, 22].
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CNS immune cells include microglia, which are highly ramified, phagocytic
cells found throughout the CNS. They contribute to innate and adaptive immune
responses and neuronal homoeostasis [40]. Perivascular BBB macrophages reside
between the basal lamina and astrocytic foot processes, where they are involved in
first-line CNS immune surveillance and antigen presentation. Their activation
affects the BBB with an increased secretion of cytokines contributing to increased
permeability and leucocyte infiltration [29].

BBB properties are not only regulated by the immediate cellular environment but
also through peripheral inflammatory cytokines [100, 122]. More surprisingly is the
recent discovery by Braniste et al. who showed that gut microbiota influences the
embryonic development and permeability of the BBB by regulating TJ expression
[15]. The molecular determinant for BBB regulation by gut bacteria in these experi-
ments was proposed to be butyrate, which can also improve the intestinal-epithelial
barrier. Undoubtedly, BBB homoeostasis is regulated both on a local and a global
level.

9 Opening the BBB for Therapeutic Drug Delivery

The protective nature of the BBB has limited the effectiveness of many systemi-
cally administered treatments for severe neurological disease. In particular, gli-
oma patients are disproportionally disadvantaged and fail to benefit from the
advances that have been made in the development of cancer drugs [126, 135].
This demonstrates that even where there may be alterations to tumour vascular
barrier function, at the invasive edge where the barrier remains intact, there is
restriction of drug delivery. In most CNS disease, therefore, the selectiveness of
the TJs, the lack of effective fluid-phase transcytosis and in addition the high
effectiveness of the many drug efflux pumps at the BBB make it virtually impos-
sible to attain pharmacologically meaningful drug levels in the brain
parenchyma.

Ever since the discovery that the BBB could be experimentally disrupted,
research has attempted to open the barrier transiently during intravenous drug
administration. Various strategies have been tried or proposed with varying success.
Osmotic opening has been one of the earliest techniques to be explored and shown
to aid drug delivery to the brain [80]. Direct modulation of junctions by targeting
CLDNS5 by siRNA has also been shown to improve drug delivery to the brain [20].
In addition this opening appears to work both ways since it could also be used to
resolve existing oedema during experimental stroke [19]. Similarly, the use of lumi-
nally acting permeability-inducing factors such as bradykinin, lipoprotein A or
methamphetamine or functional analogues has been proposed or experimentally
trialled [35, 85, 125]. However, for all these methods, the destructive effect on the
BBB and/or neurons may produce disproportional harm and may thus not be useful
as a general strategy for drug delivery, in particular in cases of degenerative and
chronic disease. Other techniques are not based on the global opening of the barrier.
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Various strategies exploit receptor-mediated transcytosis at the BBB, essentially
piggybacking a specific (in most cases the transferrin) receptor with antibody-linked
drugs [81, 132]. Nanoparticle-mediated delivery, which is also mostly dependent on
endothelial transcytosis, is another much explored mechanism for drug delivery to
the brain [59]. However, whilst these latter strategies avoid general opening of the
BBB, they would still not restrict specific drug delivery to a specific area within the
brain. It is debatable if local specificity of drug delivery is essential for the majority
of neurological diseases. Nevertheless, focused ultrasound in combination with
microbubbles has been shown to allow transient local opening and enhanced drug
delivery to areas of interest [18].

10 Conclusion

Understanding vascular leakage at blood-neural barriers is critically important to
deliver solutions for a variety of neurological diseases, notably in order to find ways
to seal and normalise the vascular barrier and the underlying neuronal environment,
but also in many instances to open this biological obstacle to deliver drugs more
effectively to the brain. BBB research has in many respects entered a new age as
invaluable knowledge collected during decades of ultrastructural, physiological and
pharmacological research is now being combined with integrative cell and develop-
ment biology and systematic omics to tackle the many remaining challenges posed
by this sophisticated structure, which is less of wall and more of a reactive and
multi-faceted border.
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Blood-Brain Barrier Transporters
and Neuroinflammation: Partners
in Neuroprotection and in Pathology

Victoria Makrides, Elena Dolgodilina, and Daniela Virgintino

Abstract The blood-brain barrier (BBB) controls brain access of molecules and
cells, communicates immune status to the central nervous system (CNS), and coor-
dinates responses. Almost all solutes reach the brain from the blood through BBB
transendothelial transporters that are often differentially localized on luminal and
abluminal endothelial membranes. Therefore, BBB transporters crucially regulate
CNS homeostasis and physiological responses to internal and external stimuli.
Although the main functions of inflammatory processes are to remove the causes of
the insult, to clear necrotic tissue, and to initiate tissue repair, these signals are often
associated with further CNS damage in neuroinflammation. The BBB can aid adap-
tive responses; however, one hallmark of neuroinflammation is a breakdown of the
tight endothelial barrier resulting in BBB opening, vascular leakage, and the loss of
control over transendothelial transport. Thus, neuroinflammation often leads to
pathological changes in CNS functions, such as those associated with the chronic
age-related neuropathologies, Alzheimer’s disease and Parkinson’s disease,
mechanical or physical insult and injury to the CNS (traumatic brain injury), infec-
tion, oncogenic diseases, and chronic autoimmune diseases, such as, multiple scle-
rosis and diabetes mellitus. Here, we review responses of selected ATP-binding
cassette, solute carrier, receptor, and vesicular BBB endothelial transporters to neu-
roinflammatory mediators and diseases. Much remains to be learned concerning
interactions of age, gender, genetics, microbiome, circadian cycle, diet, exercise,
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medication, etc., in neuroinflammatory processes. Crucially, in many regards, it is
still unclear what tips the system from providing protective to effecting destructive
responses.

1 Introduction

The blood—brain barrier (BBB) has a complex relationship with the immune system.
It is simultaneously charged with controlling brain access by and egress of mole-
cules and cells, communicating peripheral status to the central nervous system
(CNS), and responding to peripheral and CNS stimuli [1]. The endothelial cells of
the BBB form an interface between the blood and the CNS tissue and interstitial
fluid (ISF). The barrier properties of endothelial cells are conferred by the expres-
sion of contiguous tight junctions (TJs), which virtually seal paracellular capillary
pathways, coupled with a lack of endothelial fenestrations. These features effec-
tively minimize solute diffusion and cellular movement between the blood and the
brain [2—4]. Although there is a small but detectable paracellular diffusion of water-
soluble molecules through the TJs, and some small lipid soluble substances do dif-
fuse transcellularly through the endothelial plasma membranes. However, almost all
other solutes are transported through the BBB by active pump, carrier, receptor
protein, and vesicular mechanisms that are often differentially localized on the two
endothelial plasma membranes (luminal vs abluminal). Therefore, BBB transport-
ers serve as key regulators of CNS homeostasis. For example, comparison of the
solute concentrations of brain ISF amino acids with plasma or cerebrospinal fluid
(CSF) concentrations reveals steep gradients that are strongly influenced by BBB
transporter activity. These data support the crucial roles of BBB transport in control-
ling physiological responses to internal and external perturbations [5-9].

Neuroinflammation can be broadly characterized as CNS responses to inflamma-
tory signals. In general, inflammation is induced by primary stimuli (e.g., diseases,
traumas, toxins), which activate cells (i.e., in the CNS the microglia, astroglia, and
endothelial cells) to produce cytokines (e.g., interleukins such as IL-1f and IL-6, and
tumor necrosis factor [TNF a]), chemokines (e.g., CCL2, CCL5, CXL1), secondary
messengers (e.g., nitric oxide [NO], prostaglandins) or reactive oxygen species (ROS)
[1]. The primary functions of inflammatory responses are to remove the causes of the
insult, to clear necrotic tissue, and to initiate tissue repair. Unfortunately, in neuroin-
flammation these signals are often associated with further CNS damage [1, 10].

The BBB in general and BBB localized transport proteins specifically are impor-
tant mediators of CNS—immune system interactions and communication.
Microvascular endothelial cells of the brain both produce and transport various
inflammatory signals, mediators, and effectors. In this manner, the BBB participates
in communicating immune status between the immune system and the CNS [11,
12]. Although the up- or downregulation of BBB transporters as a consequence of
neuroinflammatory stimuli can provoke CNS damage, it can also aid adaptive
responses by restricting access to and/or removing neurotoxic agents from the CNS,
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and/or promoting the influx of important components for repair. Adaptive responses
to inflammatory mediators include, for example, the induction of sickness behav-
ior, defined as physiological and behavioral responses including fever, decreased
activity, and social isolation [12, 13]. However, one hallmark effect of neuroin-
flammation is the breakdown of the tight endothelial barrier, resulting in BBB
opening, increased paracellular permeability or vascular leakage, and the conse-
quent loss of BBB control over transendothelial transport [12, 13]. Therefore,
although responses can be protective and promote adaptive physiological out-
comes, neuroinflammatory processes often lead to pathological changes in CNS
functions, such as are associated with chronic age-related neuropathologies, for
example, Alzheimer’s disease (AD) and Parkinson’s disease (PD), and with CNS
mechanical or physical insult, injury (traumatic brain injury [TBI]), infection, or
oncogenic diseases, and chronic autoimmune diseases such as multiple sclerosis
(MS) and diabetes mellitus (DM).

The focus of this review is on BBB transporters known to be affected by or par-
ticipate in neuroinflammatory responses. First, the salient features of selected ATP
binding cassette (ABC) efflux pumps, solute carrier (SLC) transporters, and
receptor-mediated and vesicle-associated transport proteins expressed in BBB are
summarized (Table 1). Figures 1 and 2 illustrate their transport mechanisms, sub-
strates, and endothelial membrane localization. Finally, a brief overview of several
neuroinflammatory diseases, injuries, or insults is presented, each followed by a
summary of what is known about the contributions and regulation of the aforemen-
tioned transporters in the context of these inflammatory processes (Figs. 3 and 4).

2 BBB Transporter Proteins

2.1 ATP-Binding Cassette Transporters

The Human Genome Organization classifies the 51 genes encoding the human
ABC superfamily as grouped into seven sub-families (ABC-A to ABC-G) [14, 15].
The generic ABC transporter protein structure is a variable number of N terminal
transmembrane (TM) domains (TMD) linked to a cytoplasmic nucleotide (ATP)
binding domain (NBD); this motif (TMD with NBD) may or may not be repeated
to end in a second ATP binding domain (referred to as full vs half transporters,
respectively). The current theory is that ABC transporters evolved as a response
to environmental toxins; as such they are potent and efficient efflux pumps that
harness energy from ATP hydrolysis to transport drugs, xenobiotics, and metabo-
lites [16] (Fig. 1a). In the brain, ABC pumps are highly expressed in microvascu-
lar endothelial cells and to a lesser extent in other neurovascular unit ((NVU];
i.e., astrocytes, pericytes) and immune cells (microglia), where they mediate
transport between the brain and the blood stream (Fig. 1, Table 1). Consequently,
they contribute to brain detoxification, neuroprotection, neuroregeneration, and
overall normal CNS physiology.
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In the BBB, as in other barrier membranes, ABC transporters play a key role in
the ADMETox profile of drugs (i.e., drug absorption, distribution, metabolism,
excretion, and toxicity). They both control and limit concentrations of substrates
with high passive permeability and facilitate the excretion of substrates (and their
conjugates) with low passive permeability [17]. The transporters localized to the
endothelial luminal membrane actively pump chemicals that have diffused into cells
back to the blood, and therefore directly mediate the barrier function of the BBB
[18]. Additionally, for abluminal transporters to mediate the net flux of drugs from
the periphery to the brain their substrates must first pass the luminal membrane
transporters many of which are efflux pumps with overlapping substrate specificity
with abluminal transporters. Thus, the extent to which abluminal ABC transporters

<
<

Fig. 1 Blood-brain barrier transporters, mechanisms, substrates, and endothelial membrane localiza-
tion. (a). Diagram of the blood-brain barrier (BBB) ATP-binding cassette (ABC pumps), solute carrier
(SLC), organic ion transporting peptides (SLCO), receptor-mediated and vesicle-associated transport
mechanisms, and selected substrates. ABC pumps catalyze the movement of substrates by harnessing
energy released from ATP hydrolysis to ADP (indicated by curved solid lines with arrows) [37, 154].
Direction of transport is indicated by solid lines and arrows through circular symbols indicating trans-
porter proteins. Solute carrier transporters operate by three mechanisms, uniport, antiport, and/or
symport. Direction of transport is shown as solid arrows through ovals representing transporters.
Uniporters transport substrates along their concentration gradient, antiporters require exchange of
substrates between membrane faces, and symporters require co-transport of two or more substrates
(e.g., amino acid [AA] and sodium ion [Na*]). Some SLCs combine antiport with symport transport
of substrates, i.e., Na* symport with AA coupled with proton antiport [52]. Uniport is indicated by a
single arrow in the direction of transport. Antiport is indicated by small circles between two oppositely
oriented arrows. Symport is indicated by two arrows in the same orientation. Receptor-mediated
transport of substrates is shown through vesicles (i.e., caveolae and clathrin-coated pits). The scheme
shows Af internalization and transendothelial transport. Direction of transport is shown by arrows
with dotted lines. Internalized receptors recycling to membranes are indicated by solid arrows. Soluble
transporters are labeled sReceptors. Substrate key: aKG alpha keto glutarate, OA~ organic anions, OC*
organic cations, NC nonpolar compounds, A amyloid beta peptides, 7H thyroid hormones. (b).
Simplified scheme showing membrane localization of selected ABC pumps, SLC, RMT, and vesicle-
associated proteins of an endothelial cell cross-section through the nuclear region (Fig. 2a—i). The
closely associated BBB cell types that with endothelial cells comprise the neurovascular unit (i.e.,
pericytes, astrocytes, and neurons) and the brain interstitial space are not shown individually, but are
jointly referred to as brain. The endothelial membranes are shown as separated by the nucleus
(nucleus), a transcytotic vesicle (caveolae) is indicated, as are tight junction (TJ) proteins sealing
apposing endothelial membranes. Transporters are shown localized to the luminal facing (capillary
lumen) and abluminal (brain) membranes. The transport proteins are grouped as: ABC pumps, SLCs,
SLCO, and vesicular and receptor associated transport (receptors). Transporter key: ABC pumps are
CERP/ABCAI1, MRP1/ABCCI1, MRP4/ABCC4, P-gp/ABCB1, BCRP/ABCG2; SLC carriers are
GLUTI1/SLC2A1, LAT1/SLC7AS, MCT8/SLC16A2, SNAT3/SLC38A3, OAT3/SLC22A8, SLCO
transporters are OATP1A4/SLCO1A4, and OATP1C1/SLCOI1CI1. Receptors are LRP1 low-density
lipoprotein receptor-related protein-1, sLRPI soluble LRP1, RAGE receptor for advanced glycation
end products, and the caveolae-associated protein CAV 1/caveolin-1. The net direction of substrate
transport is indicated by arrows with broken lines [8, 10, 12, 15, 50, 67, 73, 76, 105, 114, 122, 137,
153-155]
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Fig. 2 Brain microvascular expression and localization of selected ABC pumps, SLCs, and RMT
and vesicle-associated transport proteins. (a—c¢) Representative adult human parahippocampal cor-
tex tissue sections double immunolabeled for P-glycoprotein/ABCB1 (P-gp) (a, ¢, green) and glial
fibrillary protein (GFAP) (b, ¢, red), and imaged using confocal microscopy; nuclei were stained
with TOPRO-3 (a—c, blue). Images a—c were reprinted with permission from Virgintino et al. [29].
(d-i) Representative images of mouse brain tissue sections stained for LAT1 (e, f, green), GLUT1
(d, £, h, i, blue), SNAT3 (g—i, green), and laminin (Lam; i, red), nuclear counter staining was car-
ried out with POPRO-1 (white), and sections were imaged by confocal microscopy. d—f and g—i are
of the same sections respectively. All three transporters are localized to both luminal and abluminal
membranes. Scale bars are as shown. Images were reprinted with permission from Ruderisch et al.
[8]. (j-p) Representative images of human cerebral cortex sections double immunolabeled for
caveolin-1 (Cavl; k, 1, m, o, p; red) and p-glycoprotein (P-gp; j, 1, m, n, p, green), with nuclear
counterstaining using TOPRO-3 (blue). j-1 Both Cavl and P-gp are detected on the wall of cortex
microvessels and partly co-localize on the luminal membrane; at a higher magnification (m) the
P-gp signal is localized on the endothelial cells and prevails on the luminal membrane, whereas
Cavl concentrates on the abluminal membrane (unpublished data). (n—p) P-gp stain appears con-
centrated on the luminal compartment of endothelial cells (arrow). Cavl stains the entire cyto-
plasm, luminal staining shows fine puncta (n—p, arrow), and abluminal staining shows more
intense, large puncta (o, arrowhead). (h) Merged image with co-localization in the endothelial
luminal compartment (arrow). Note in m, n, and p, P-gp expression on pericytes (pericyte nucleus,
P in m). Scale bars are as shown. Images shown in n—p were reprinted with permission from
Virgintino et al. [94] (a—c Virgintino et al. [29] — Fig. 3g—i. 7 June 2016: RightsLinks license num-
ber 3883041124960; d—g Ruderisch et al. [8] — Figs. 1c—f and 3a, b. 7 June 2016: author, have the
right to reuse in a book; n—p Virgintino et al. [94] — Fig. 2f-h. 7 June 2016: author, have the right
to reuse in a book)



112 V. Makrides et al.

Fig. 2 (continued)

can deliver therapeutics to the CNS is influenced by the substrate affinities and pro-
tein expression and activity of the uptake and efflux transporters, and the level of
passive substrate permeability [18]. In this way, transporters contribute to the BBB
bottleneck for drug delivery to the CNS [19].

There are three identified signaling patterns regulating ABC transporter expression
and activity at the BBB: (1) activation of nuclear receptors by endogenous metabolites,
nutrients, and xenobiotics, directly increasing levels of multiple ABC transporters; (2)
ligand-bound receptors that activate signaling pathways, which activate downstream
transcription factors modulating ABC expression; and (3) activation of signaling
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Fig. 3 Neurovascular expression of GLUT1/SLC2A1, P-gp, and GFAP in human telencephalon
during early fetal development. (a, d, g) GLUT1 localization in BBB endothelial cells at 10 weeks’
(a), 12 weeks’ (d), and 18 weeks’ (g) gestation. (a) Representative vascular field of a section
immunostained with anti-GLUT1 antibodies (green), nuclei are counterstained with propidium-
iodide (red), and imaged using confocal microscopy; note the localization of the transporter on
both the luminal and abluminal endothelial membranes (unpublished data). d and g Ultrathin sec-
tions immunolabeled for GLUT1, with 5-nm gold particles and silver enhancement, imaged using
electron micrscopy; gold particles show the higher density of the transporter on abluminal and
lateral endothelial membranes at both 12 and 18 weeks. This is an asymmetrical distribution that
already reflects the transporter functional activity as observed in the adult brain. Additionally, in
(d) a coated vesicle and a caveolae (arrows), and the TJs (double arrows) are labeled with gold
particles; a few particles are also seen within the cytoplasm and the glial end-feet. In (g) particles
also decorate GLUT1 associated with uncoated (arrowhead) and coated (double arrowheads)
vesicles, in addition to junctional lateral membranes (arrow). E endothelial cells, P pericytes, G
astroglial cells. Images in d and g were reprinted with permission from Virgintino et al. [110]. (b,
¢, e, f, h, i) Telencephalon coronal sections from human fetuses stained with anti-P-gp and anti-
GFAP antibodies, and imaged using confocal microscopy. (b, e, h) P-gp/ABCB1 (green) and
GFAP (red) expression in the ventricular zone of the fetal telencephalon at 12, 18, and 22 weeks
respectively. Nuclei were counter-stained with TOPRO-3 (blue). At the earliest developmental
stages both endothelial cells and GFAP-reactive radial glia-like cell bodies express high levels of
P-gp; in glial cells, P-gp expression gradually decreases, and at 22 weeks the transporter is only
expressed by endothelial cells (unpublished results). (¢, f, i) P-gp is precociously expressed by
endothelial cells (12 weeks) and is clearly concentrated on the luminal endothelial membrane at 18
and 22 weeks; in nonventricular zone regions neither radial glia cells nor astrocytes (labeled with
GFAP) express the P-gp. Scale bars are 10 pm. Image in ¢ was reprinted with permission from
Virgintino et al. [29]; all other images are previously unpublished (¢ Virgintino et al. [29] — Fig. 5c.
10 June 2016: RightLinks license number: 3885560928199; d, g Virgintino et al. [156] — Fig. la,
b. 10 June 2016: RightsLinks license number 3885560560317)
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Fig. 4 Neuroinflammatory disease effects on the BBB transporter and TJ proteins. (a—d)
Representative images of tissue sections from adult human brains. Hippocampal tissue sections
from control (a, b) and mesial temporal lobe epilepsy (MTLE) patients (¢, d) were stained for
P-gp/ABCBI1 (green) and GFAP (red) expression; nuclei are counter-stained with TOPTO-3
(blue). Stained sections were imaged using confocal microscopy. (b, d) High magnification images
from the boxed regions on a and ¢ respectively. High expression of P-gp appears restricted to the
luminal side of microvascular endothelial cells (b, d; arrows) and is not detectable on GFAP-
positive astrocytes in both control (a, b) and MTLE (e, d) samples. P-gp expression appears up-
regulated in the section from an MTLE patient (¢, d) vs the control section (a, b) [136]; (unpublished
data). (e—j) Murine cortical tissue sections from healthy mice (e-g) and mice with experimental
autoimmune encephalomyelitis (EAE), a murine model for multiple sclerosis (h—j). Tissue sec-
tions were stained with antibodies raised against caveolinl (Cavl; red) (e—j) in double labeled
sections with claudin5 (CLDNS5; green) in (g, j). For all panels, nuclei were counterstained with
TOPRO-3 (blue). In healthy mice, endothelial Cav1 forms a regular linear pattern (e-g), whereas
in mice with EAE, it accumulates within the endothelial cytoplasm (h—j). In control microvessels
(g), CLDNS staining forms a linear and continuous pattern throughout the endothelial profiles. In
EAE mice (j), CLDNS is lost and its pattern is only recognizable as rows of fine puncta, including
at the origins of vessel branches. Images shown in panels e, g, h, i were reprinted with permission
from Errede et al. [96]; all other images are previously unpublished (e, g, h, j Errede et al. [96] —
respectively Figs. 4a, i, d and 8d. 10 June 10: RightsLinks license number 3885561342159)
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Fig. 4 (continued)

pathways that rapidly and reversibly reduce ABC transport activity [18]. The activation
of nuclear receptors, such as pregnane X receptors (PXRs), arylhydrocarbon receptor
(AhR), constitutive androstane receptor (CAR), vitamin D receptor (VDR), and the
peroxisome proliferator-activated receptor (PPAR), generally upregulates ABC trans-
porter expression. Ligand binding results in the translocation of ligand-receptor com-
plexes to the nucleus for binding to the promoter regions of target genes to facilitate
transcriptional complex assembly. In the nucleus, some receptors heterodimerize (e.g.,
9-cisretinoic acid receptor [RXR], and CAR) before binding the promoter [18, 20].

Stress signals often trigger activation of nuclear factor-kappa light-chain
enhancer of activated B-cells (NF-kB), which is a key transcription factor. For
example, inflammation, glutamate, and oxidative stress stimulate NF-kB signaling
via p53 or N-methyl-D-aspartate (NMDA) receptor pathways. Additionally, signal-
ing via tumor necrosis factor receptor 1 (TNFR1) activates both NF-kB and activa-
tor protein 1 (AP-1)-mediated transcription [15, 18, 21]. Overall, the responsiveness
of ABC transporters to endogenous and exogenous stimuli underscores their impor-
tance in regulating CNS homeostasis.
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2.1.1 Subfamily A Member: CERP (ABCA1)

The ABC transporter sub-family A member 1 gene (ABCAI) codes for a protein
(cholesterol efflux regulatory protein, CERP/ABCA1) displaying the prototypic full
ABC structure with two symmetrical halves each containing TMD and NBD motifs.
It is reported to be primarily expressed in the BBB on abluminal endothelial mem-
branes (Fig. 1b, Table 1) [22]. CERP is an efflux pump for cholesterol and phospho-
lipids from cell membranes to the lipid-poor apolipoproteins, apolipoprotein E
(ApoE) in the brain, and apolipoprotein AI (ApoA-I) at the periphery [23]. It partici-
pates in the first step for the catalysis of high-density lipoproteins (HDL). In that
regard it is best known for the genetic defects in ABCA/ causing the autosomal,
co-dominant Tangiers disease, which, when homozygous, leads to the complete
absence of HDL. The localization of ABCAI1 primarily on abluminal membranes
supports a role in brain cholesterol homeostasis through the lipidation of ApoE [22].
The latter has also been implicated in A transport, although this is controversial.
One group reported overexpression of ABCAL1 in a mouse model by stimulation of
liver X receptors (LXR), which increased circulating cholesterol and brain ApoE
levels and decreased brain amyloid 3 (AP) [24]. The same authors reported that
knockout ABCA1 mice (Abcal~~) had lowered cholesterol and ApoE, but demon-
strated no change in A [24]. Although a second group reported the knockout to be
deficient in HDL overall, they showed decreased ApoE and increased Ap in the
brain [25]. However, it has been recently suggested that rather than transporting Ap
itself, ABCAT1 causes ApoE lipidation, which then interacts more efficiently with
AP for efflux by lipoprotein receptor-related protein 1 (LRP1) and ABCB1 [26].

Substrates In the brain, CERP mediates the efflux of cholesterol and phospholip-
ids to ApoE; however, it has been suggested that this might be an indirect conse-
quence of the formation of lipid-rich microdomains rather than direct ABCA1
binding (Table 1) [27].

BBB Localization ABCAI is localized mainly on brain capillary endothelial ablu-
minal membranes, but also to a lesser extent on luminal membranes (Fig. 1b,
Table 1) [22, 25].

Regulation Stimulation of the activity of the liver (LXR) and peroxisome (PPARa,
PPARY) nuclear receptors increases mRNA expression and both luminal and ablu-
minal BBB protein expression of ABCA1 [24].

Diseases CERP is involved in brain tumors and AD (Table 1) [15, 25, 28].

2.1.2 Subfamily B Member: MDR1/P-gp (ABCB1)

In humans, the ABCBI gene codes for the well-known 170-kDa protein, named
variously permeability glycoprotein-1 (P-gp), multidrug resistance protein-1
(MDRI1), or cluster of differentiation 243 (CD243). Hereafter, it is referred to as
either P-gp or ABCBI in the text and in the figures. It has the prototypic full ABC
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transporter structure with two associated TMD/NBD domains separated by the sub-
strate binding domain. P-gp is relatively ubiquitously expressed in barrier mem-
branes throughout the body. One of the highest levels of protein expression is in
brain microvascular endothelial cells localized to luminal membranes (Figs. 1b and
2j—n) [21, 29]. In the BBB, P-gp regulates the distribution and bioavailability of
substrates and removes toxic metabolites and xenobiotics from cells and tissues,
including the efflux of compounds from the CNS. It has been suggested that hydro-
phobic substrates, which diffuse from the blood into endothelial luminal mem-
branes, are directly extracted from the lipid bilayer (the hydrophobic vacuum
cleaner or flippase models). Therefore, lipophilic drugs that are P-gp substrates are
transported out of the BBB, without accessing the endothelial interior [18].

There are a number of known polymorphisms affecting the expression or activity
of P-gp that are hypothesized to influence drug resistance and the progression of
various neuropathologies, for example, epilepsy, AD, schizophrenia, and other ill-
nesses [16]. Currently, 1,630 single-nucleotide polymorphisms (SNPs) have been
described, 56 of which are nonsynonymous, i.e., code for a different amino acid.
However, even synonymous SNPs, such as C3435T, which codes for an isoleucine
in exon 26, can affect the P-gp expression, substrate affinity, and drug resistance of
carriers. Ethnicity has been shown be correlated with the genotypic prevalence of
SNPs, in addition to P-gp haplotypes (i.e., the inheritance of several linked SNPs).
For example, C3435T is linked to G2677T/A (nonsynonymous single nucleotide
polymorphism [nsSNP] in exon 21) and G1236T (synonymous SNP in exon 12).
The CGC genotype is most common among people of African descent, whereas
TTT is prevalent in Asian and Indian ethnicities [16].

Substrates P-gp transports a broad range of cationic amphiphilic and lipophilic
compounds [21]. Substrates include a wide variety of drugs (e.g., colchicine, tacro-
limus, and quinidine), chemotherapeutic agents (e.g., etoposide, doxorubicin, and
vinblastine), cardiac glycosides (e.g., digoxin), immunosuppressive agents, gluco-
corticoids (e.g., dexamethasone), human immunodeficiency virus (HIV)-type 1
antiretroviral therapeutics (e.g., protease inhibitors, non-nucleoside reverse tran-
scriptase inhibitors), in addition to naturally occurring or endogenous molecules
(e.g., lipids, steroids, xenobiotics, peptides, and bilirubin; Table 1). P-gp is also
inhibited by a number of antagonists, including atorvastatin, amlodipine, cyclospo-
rin A, dexniguldipine, disulfiram, GF120918, LY475776, LY335979, MS-209, nife-
dipine, OC144-093, pluronic L61, PSC-833, quinidine, R101933, S9788, VX-710,
XR-9576, V-104, and verapamil [30].

BBB Localization Overall, P-gp is highly expressed on luminal membranes of brain
capillary endothelial cells (Figs. 1b and 2j—n, Table 1) [21, 29]. It is also expressed on
abluminal membranes; however, expression has been shown to be heterogeneous [31].
On some endothelial cells, localization is restricted to luminal endothelial membranes;
moreover, on some microvascular tracts it is completely absent [29].

Regulation Several signaling pathways regulate P-gp expression: (1) TNFa sig-
naling through TNFRI1 results in endothelin 1 (ET1) release, which signals through



118 V. Makrides et al.

nitric oxide synthase (NOS) and protein kinase Cp (PKCp) via endothelin B recep-
tors to alter P-gp expression [10]. (2) P-g expression is regulated by the nuclear
receptors: PXR, CAR, AhR, PPAR«a, VDR, and glucocorticoid receptor (GR). A
number of drugs, dietary constituents, and nutraceuticals (PXR, CAR, PPAR«,
VDR, and GR) and environmental contaminants (AhR) are ligands for these recep-
tors [18]. (3) Glutamate signaling by NMDA receptors, cyclooxygenase 2 (COX2),
and the prostaglandin E, (PGE,) receptor EP1 upregulates P-gp expression and
activity [10]. (4) Astrocyte-derived TGF-B1 has been shown to upregulate P-gp
activity and mRINA expression. Recently, TGF-f1 was also shown to regulate P-gp
in the developing BBB in guinea pigs [32, 33]. In addition to pathways that upregu-
late P-gp expression or activity, vascular endothelial growth factor (VEGF) signal-
ing through flk-1 and Src kinase has been shown to rapidly (within minutes),
specifically, and reversibly inhibit P-gp activity in isolated brain capillaries. Age-
related decline in P-gp protein expression has been suggested to contribute to the
progression of neurodegeneration [34]. The intracerebroventricular injection in rats
of low doses of VEGF increases the accumulation of P-gp substrates without open-
ing TJs [18].

In cancer cell lines, several microRNAs (miRNAs) (e.g., miR-451) and long
noncoding RNAs ([IncRNA]; e.g., MRUL) have been identified that directly control
P-gp expression [35, 36].

Diseases MDRI is involved in brain tumors, ischemic stroke, AD, MS, PD, amy-
loid lateral sclerosis (ALS), and HIV-related neuropathy (Table 1) [15, 37].

2.1.3 Subfamily C, Members: MRP1 (ABCC1) and MRP4 (ABCC4)

Multidrug resistance associated protein-1 (MRP1) is encoded by the ABCCI gene
and was the first member of the ABCC family to be cloned. In addition to the canon-
ical P-gp structure with two TMD and two NBDs, MRP1 contains a third N-terminal
TMD with five TM helices, an intracellular loop, and an extracellular N-terminus.
Overall, it shares only 15 % primary sequence homology with P-gp. In contrast,
MRP4, encoded by ABCC4, has the standard P-gp-like core structure lacking the
additional N-terminal region [38]. Although present on both membranes, MRP1 is
predominantly expressed on abluminal BBB membranes [39], whereas MRP4 is
localized to the luminal membranes (Fig. 1b) [40]. MRP1 has been shown to efflux
many endo- and xenobiotic organic anions. Its preferred endogenous substrates are
lipophilic compounds conjugated with glutathione (GSH), glucuronate, or with sul-
fate (e.g., bile salts) [40, 41]. MRPI transport of GSH is complex. Some substrates
are co-transported with GSH; however, for others, although GSH stimulates MRP1
efflux, there is no reciprocal effect on GSH [42]. Nonetheless, MRP1 may regulate
processes, such as oxidative stress, that are influenced by GSH [41]. In addition, by
transporting arachidonic acid derivatives, for example, the inflammatory cytokine
LTC,4, MRP1 also plays a role in leukotriene-mediated inflammatory responses [42].
Furthermore, data from mouse models for AD crossed with Abccl~'"knockout mice
were consistent with MRP1-mediated BBB efflux of Ap [43].
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Twenty-three documented nsSNPs have been reported for ABCC1, two of which
are known to affect substrate binding (e.g., G1299T causes Arg433Ser mutation), or
protein expression (G128C results in Cys43Ser substitution) [16]. Protein levels
have also been reported to respond to activation of the ApoE receptor, ApoER2,
which controls both MRP1 and P-gp levels [37, 44]. Similarly, in a second report by
the same group, LXLR was also reported to control protein expression of both ABC
transporters, this implies that abluminal MRP1 expression might be coordinated in
some way with expression of luminal P-gp. Additionally, preliminary studies sug-
gest that several mi-RNAs downregulate mRNA levels of ABCCI [41].

Substrates MRP1 effluxes a wide variety of organic anions, preferentially trans-
porting GSH, glucoronate, or sulfate hydrophobic conjugates (Table 1) [21]. MRP4
transports nucleoside monophosphate analogs, cyclic nucleotides, prostaglandins,
reduced GSH conjugates, and some organic anions [21, 45].

BBB Localization MRPI is localized predominantly on abluminal membranes,
although some groups have reported luminal localization (Fig. 1b) [39, 40]. MRP4 is
localized on luminal and abluminal brain microvascular endothelial cell membranes
(Fig. 1b) [40].

Regulation Several transcription factors have been reported to regulate ABCCI
gene expression, including Spl (through GC elements), c-jun/junD complexes
(through putative AP-1 sites), and MYCN (through putative E-box elements), the
tumor suppressor p53, and Notchl (through a CBF1 element) [46].

Diseases MRPI is involved in epilepsy, brain tumors, ischemic stroke, HIV-
related neuropathy PD and MRP4 has been shown to be altered in epilepsy and
diabetes [15, 21].

2.1.4 Subfamily G, Member BCRP (ABCG2)

The ABCG?2 gene codes for the breast cancer resistance protein (BCRP) transporter,
which like all subfamily G members, are structurally half-transporters. Additionally,
unlike all other ABC transporter families, the G family transporter NBD is
N-terminal to the TMD. BCRP is thought to homo- or heterodimerize, or possibly
form larger oligomers, and it has been suggested that oligomerization might control
BCRP activity [17, 47, 48]. In humans, BCRP is expressed in the luminal mem-
branes of brain capillary endothelial cells (Fig. 1b, Table 1) and its substrate speci-
ficity, which overlaps that of P-gp, includes a broad range of antivirals, anticancer
drugs, and antibiotics. BCRP has been shown to associate with a 75 kD transmem-
brane glycoprotein member of the immunoglobulin super family of receptors,
CD147, which is upregulated in the microvascular endothelium and other NVU
cells of AD patients. Although 17 naturally occurring nsSNPs have been described
in ABCG?2, only one (i.e., C625A causing Q141K mutation) has an effect on protein
activity. It is a loss-of-function mutation that reduces activity by ~50%. Since
BCRP effluxes urate, the C625A nsSNP increases plasma uric acid and has been
shown in certain populations to be a risk factor for gout and for cardiovascular
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illnesses, such as hypertension, stroke, diabetes, metabolic syndrome, and coronary
heart disease. Drug selection can result in a substitution at Arginine 482 that can
change substrate affinity [49].

Substrates BCRP transports a diverse array of substrates, including porphyrin and
porphyrin-like compounds, and hydrophobic positively and negatively charged
molecules (Table 1) [30, 49].

BBB Localization BCRP is localized on the luminal endothelial membrane
(Fig. 1b, Table 1) [50].

Regulation The promotor region contains several putative transcriptional binding
sites including those for Sp1 and activator protein-1 (AP-1). However, unlike P-gp,
ABCG?2 expression is only minimally affected by PXR or CAR activity. Expression
is stimulated by the hypoxia inducible factor 1 (HIF1) binding to a hypoxia response
element (HRE) in the promoter [49]. The serine—threonine kinase, RAC-alpha
serine/threonine-protein kinase (Akt1/PKB), has been shown to regulate internal-
ization of BCRP from the membrane by an unknown mechanism [49].

Diseases BCRP is involved in epilepsy, brain tumors, AD, MS, PD, ALS, and HIV-
related neuropathy (Table 1) [15, 37].

2.2 Solute Carrier Transporters

The superfamily of SLC genes is the largest group of ATP-independent transporters
and currently includes ~400 members, assigned to 52 families [51, 52]. A common
feature of all SLC proteins is the presence of one or more transmembrane domains
(TMs), whereas the substrate specificity of SLC transporters is diverse: inorganic cat-
ions and anions; organic anions; essential metals; amines; organic, fatty, and amino
acids; nucleosides; lipids; bile salts; peptides. Several studies involving microarray
and qPCR analysis of mRNA isolated from highly purified brain endothelial cells or
in situ hybridization identified a number of BBB-enriched SLC genes [5, 53, 54]. In
total ~50 SLC genes were shown to be significantly or strongly expressed. The very
high expression of the following SLC members was confirmed by both approaches:
glucose transporter (SLC2A1), amino acid transporters (SLC6A6, SLC7AS,
SLC38A3, SLC38AS5), organic anion transporter (SLC22AS8), monocarboxylate
transporters (SLC16A1, SLC16A2), and the zinc efflux transporter (SLC30A1).

2.2.1 SLC2: Facilitative Glucose Transporter Family Member:
GLUT1 (SLC2A1)

The SLC2A1 gene codes for a 55-kDa (in BBB endothelial cells) facilitative trans-
porter for glucose called glucose transporter 1 (GLUT1). Structurally GLUT1 con-
tains 12 TM helices, cytosolic N and C termini, and a single N-linked oligosaccharide
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site. GLUT]1 transporters function as simple carriers that transport substrates along
their chemical gradient [55, 56]. As glucose is the main energy source for neurons, the
GLUT! transporter is critically important for normal brain function [50]. In the adult
brain, GLUT1 is predominantly localized on both luminal and abluminal BBB endo-
thelial membranes (Figs. 1b and 2d, f, h, 1) [8, 50]. Redistribution between membranes
can serve as an important regulatory mechanism for glucose consumption. It has been
suggested that the ratio of luminal to abluminal expression of GLUT-1 might control
the net BBB influx of glucose. Moreover, ~40 % of total GLUT1 is intracellular and,
thus, for certain stimuli, can be rapidly incorporated into membranes [57, 58].

Mechanism and Substrates GLUT]1 is alow affinity (~3 mM) sodium-independent
facilitative transporter for glucose and other hexoses (Fig. 1a, Table 1; galactose,
mannose, glucosamine).

BBB Localization GLUT] is asymmetrically distributed in the endothelial mem-
branes with abluminal localization normally approximately 3—4 times higher than
luminal localization (Figs. 1b and 2d, f, h, i, Table 1) [50, 59].

Regulation Wnt/B-catenin was shown to regulate BBB endothelial GLUT1 expres-
sion [10, 54]. Expression is also regulated by HIF-1 [50].

Diseases GLUT]1 is involved in AD, epilepsy, stroke, and diabetes. GLUT1 expres-
sion increases in ischemic and hypoxic stroke, and decreases in AD and other forms
of neurodementia (Table 1) [50, 57, 60-62].

2.2.2 SLC7A-SLC3A2: Neutral Amino Acid Transporter (LAT1-4F2hc)

The SLC7AS (LAT1) gene encodes the catalytic subunit of a heterodimeric obliga-
tory sodium-independent amino acid exchanger. The LAT1 catalytic subunit con-
tains 12 TM helices. The SLC3A2 gene codes for the associated subunit called
4F2hc/CD98. The 4F2hc protein is a type II membrane glycoprotein with a single
TM domain, and intracellular N terminus, and an extracellular domain that is
homologous with bacterial a-glucosidases. To form the functional transporter
(LAT1-4F2hc), the LAT1 protein is linked by a disulfide bond to the associated
glycoprotein, 4F2hc [63-67]. LAT1 is highly expressed in the BBB and localized on
both luminal and abluminal endothelial membranes, thus supplying the brain with
essential amino acids, levodopa (L-DOPA) and thyroid hormones, T3, T4 (Figs. 1b
and 2e, f) [8]. LAT1-4F2hc is a high-affinity (micromolar K,, values), obligatory
exchanger (1:1) with a broad specificity for branched and aromatic amino acids. As
an exchanger, it functions to equilibrate the relative concentrations of substrates
across a membrane. However, it can mediate net uptake via tertiary-active transport
by exchanging extracellular substrates with intracellular substrates that have been
accumulated by, for example, a sodium—amino acid symporter or a facilitative trans-
porter [65, 66, 68]. Recently, LAT1-4F2hc has been shown to be recruited by lyso-
somal-associated transmembrane protein 4b (LAPTM4b) to the lysosomes where it
is required for activation of mammalian target of rapamycin complex 1 (mTORC1),
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which regulates cell growth, via V-ATPase following essential amino acid or Leu
stimulation [69]. 4F2hc also mediates B-integrin signaling, cell fusion, and cell pro-
liferation. It is possible that 4F2hc integrates integrin signaling and amino acid
transport [70].

Mechanism and Substrates LAT1/4F2hc is a sodium-independent, obligatory
exchanger (1:1 stoichiometry) for large neutral amino acids, including 2-aminobi-
cyclo-(2,2,1)-heptane-2-carboxylic acid (BCH), L-DOPA, and thyroid hormones
(Fig. 1, Table 1) [66, 70].

BBB Localization LLAT1 localizes on both luminal and abluminal endothelial
membranes (Figs. 1b and 2e, f, Table 1) [8].

Regulation Membrane localization is regulated by association with 4F2HC and
LAPTM4b [66, 69]. Wnt/B-catenin was shown to regulate LAT1 BBB endothelial
expression [10, 54].

Diseases LAT1-4F2hc is involved in brain tumors and systemic inflammation
(lipopolysaccharide [LPS]; Table 1) [71, 72].

2.2.3 SLC16A: Monocarboxylate and Thyroid Hormone Transporter
Family Member: MCT8 (SLC16A2; aka XPCT, MOT8, MCT?7)

The SLC16A2 gene codes for a protein with 12 TMs, intracellular C and N termini, and
a large intracellular loop between TMs 6 and 7. This topology has been confirmed for
one family member (MCT1) for which there is also a proposed 3D model. MCT&8 con-
tains the consensus sequence for an N-terminal PEST domain, which is generally asso-
ciated with rapid protein turnover. However, it is unknown if this is true for MCTS8 and
deletion of the PEST sequence does not reduce substrate binding. MCT8 is a high-
affinity thyroid hormone (TH) transporter for iodothyronines Ty, T3, 1T, and 3,3’-T,
(K,, values 2-5 pM), but not sulfated and sulfamated iodothyronines or aromatic amino
acids (Phe, Tyr, and Trp). Unlike several other family members neither protons nor
sodium are co-transported. MCT8 is ubiquitously expressed, including in brain
microvessels where it likely transports T; across the BBB. Mutations in the SLCI6A2
gene (located on the X chromosome) can cause severe X-linked psychomotor retarda-
tion and impaired TH brain uptake, leading to abnormal normal brain development
[73]. Many mutations in the SLC16A2 gene have been identified [74].

Mechanism and Substrates MCTS transports T2, T3, rT3, T4 substrates by a
facilitative diffusion mechanism in which the chemical gradient provides the energy
for transport (Fig. 1a, Table 1) [73].

BBB Localization MCTS is localized to abluminal BBB endothelial membranes
(Fig. 1b, Table 1).

Regulation MCTS protein expression decreases with age [74].

Diseases MCTS is regulated by PGE, in systemic inflammation (Table 1) [72, 75].
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2.2.4 SLC22A: Organic Cation, Anion, and Zwitterion Transporter
Family Member: OAT3 (SLC22A8)

The SCL22A8 gene codes for a 12-TM protein with a large glycosylated extracel-
lular loop (between TMs 1 and 2) that mediates homodimerization, and a large post-
translationally modified intracellular loop (between TMs 6 and 7). OAT3 is localized
on abluminal BBB endothelial membranes where it may efflux o-ketoglutarate
(aKG) for organic anion uptake. Human OAT3 can transport a wide variety of
endogenous compounds, including cAMP, cortisol, prostaglandins E, and F,,. It has
also been shown to transport drugs, including benzylpenicillin, tetracycline, valacy-
clovir, zidovudine, adefovir, cidofovir, tenofovir, and the activated form of oseltami-
vir, the H, receptor antagonists cimetidine, famotidine, ranitidine, and fexofenadine,
the diuretics bumetanide, furosemide, and torasemide, the nonsteroidal anti-inflam-
matory drugs indomethacin, salicylate, ketoprofen, and ibuprofen, the cholesterol-
lowering drugs pravastatin and rosuvastatin, the cytostatic methotrexate and
topotecan, the antihypertensive drug quinaprilat, the antidiabetic drug sitagliptin,
and the neuroprotective drug edaravone sulfate. Additionally, OAT3 transports some
xenotoxins [76].

Mechanism and Substrates OAT3 exchanges dicarboxylate against a wide vari-
ety of organic anions (Fig la, Table 1). It is thought to be involved in the clearance
of neurotransmitter metabolites and drugs from the brain [76].

BBB Localization OAT3 is localized on abluminal endothelial membranes
(Fig. 1b, Table 1) [76].

Regulation Human OAT3 gene expression has been shown to be up-regulated by
hepatocyte nuclear factor HNF-1 and repressed by promoter methylation. The
SLC22A8 promoter contains a cAMP-response element (CRE) that is activated by
CRE binding proteins. Human OAT3 activity is stimulated by epidermal growth
factor (EGF), PGE, and agents that activate protein kinase A PKA or protein kinase
C (PKC). Several drugs such as COX-2inhibitors or angiotensin-converting enzyme
inhibitors may change the activity or function of OAT3 [76].

Diseases The activity and expression of OAT3 was shown to decrease in an LPS
model of systemic inflammation. This is consistent with the observation that ele-
vated PGE, decreases OAT3 activity (Table 1) [72, 75, 76].

2.3 SLCO (formerly SLC21A) Superfamily

The superfamily of organic anion transporting polypeptides consists of six families
(OATP1-6) and each family has subfamilies (e.g., OATP1A, OATP1B, OATPIC)
for atotal of 11 human, individually identified transporters. By a sodium-independent
antiporter mechanism, SLCO transporters mediate uptake of many organic endog-
enous and exogenous molecules, including bile acids, steroid and thyroid hormones
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and their conjugates, and numerous drugs and toxins. The two members highlighted
below (SLCO1A2/OATP1A2 and SLCO1C1/OATP1C1) have been shown to be
expressed in BBB endothelium and to be involved in responses to neuroinflamma-
tory insults [77].

2.3.1 Human Family Member SLCO1A2/0OATP1A2 (aka SLC21A3/
OATP-A/OATP); Rodent Family Members: Slcolad/mQOatpla4,
rOatpla4 (aka Slc21a5, Oatp2)

In humans the OATP1A2 transporter coded for by the SLCOIA2 gene is 670 amino
acids, with 12 putative membrane spanning domains and cytoplasmic N and C termini
[77, 78]. OATP1A2 has been shown to be expressed in placenta, the small intestine,
the liver, and the kidney, and in the brain in the BBB and ciliary epithelium [77-79].
In rats, Slcola4 mRNA co-localized with von Willebrand factor ([vWF]; endothelial
cell marker) and not with glial fibrillary acidic protein ([GFAP]; astrocyte marker)
gene expression. Likewise, in rats, Oatpla4, and in humans, OATP1A2, protein
expression localized to both BBB endothelial membranes, but not the closely situated
astrocyte end-feet membranes [79, 80]. OATP1A2, like most OATP super family
members, is thought to be an organic ion exchanger [77]. There are data indicating that
some OATP transporters may have more than one, possibly interacting, substrate bind-
ing sites [77]. OATP1A2 has been shown to mediate the high-affinity transport of
substrates such as dioxin and may be responsible for the accumulation of dioxin in the
brain observed in P-gp (Mdrl~-) knockout animals [79, 80]. Additionally, OATP1A2
has also been shown to be responsible for the BBB influx of enkephalin (8;-opioid
receptor agonist) [80].

Substrates OATP1A2 transports bile salts (unconjugated and conjugated bile
acids), organic anions and cations, and other amphipathic substrates, including
many drugs, drug conjugates, and small peptides, e.g., cardiac glycoside digoxin,
d-opioid peptides, dehydroepiandrosterone sulfate (steroid hormone precursor),
thyroxine (T4), and triiodothyronine (T3; Fig. 1a, Table 1) [77, 80].

BBB Localization OATP1A?2 is localized on both luminal and abluminal BBB
membranes (Fig. 1b, Table 1) [79].

Regulation OATP1A2 protein is upregulated by PXR and the promoter is activated
by CAR [77].

Diseases OATP1A2 is involved in stroke, systemic infections (LPS model; Table 1)
[72, 75, 81].

2.3.2 SLCO Transporter Member: SLCO1C1/OATP1C1 (aka OATP-F)
The SLCO1C1 gene encodes for a 12 TM protein (with cytoplasmic N and C ter-

mini) that mediates the sodium and pH-independent uptake of thyroid hormones in
brain tissues. OATP1C1 has narrow substrate specificity and a high affinity for the
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thyroid hormones T4, rT3, T4 sulfate, but not T3. OATP1CI is a main thyroid hor-
mone transporter at the BBB. Polymorphisms in the SLCOICI gene have been
associated with fatigue and depression in patients suffering from hyperthyroidism.
Multiple splice variants are known.

Mechanism and Substrates OATPICI is a high-affinity (nM K,, values), pH-
independent transporter of bile salts and the thyroid hormones, T4, sT4, and T3
(Fig. 1a, Table 1) [74, 77]. It has been suggested that OATP1C1 has two T, binding
sites (high and low affinity) [74]. However, the exact mechanism of transport is
poorly understood [77].

BBB Localization OATPI1C1 is localized on abluminal endothelial membranes
(Fig. 1b, Table 1) [77].

Regulation Protein expression of OATP1CI is inversely related to thyroid hor-
mone concentration and brain capillary levels increase in hypothyroid rats and
decrease in hyperthyroid animals [74].

Diseases OATP1CI1 has been shown to be regulated in the LPS model for systemic
inflammation (Table 1) [77].

2.4 Receptor- and Vesicle-Mediated Transport

Large molecular weight solutes entering the brain via an intact BBB do so by tran-
scytosis. There are three types of endocytic vesicles that occur at the BBB: (1)
clathrin-coated pits; (2) caveolae; (3) macropinocytic vesicles. The specific trans-
cytosis of large macromolecules is mediated by receptors or by charge-based
absorptive-mediated transcytosis (AMT). Receptor-mediated transport mechanisms
involve ligand interactions with receptors at the BBB endothelial apical plasma
membrane that cause complexes of ligand-bound receptors to form. The receptor—
ligand clusters trigger endocytosis in clathrin-coated pits or caveolae (Fig. 1a). The
plasma membrane invaginates to form a vesicle that is released at the opposite fac-
ing cell membrane. Ligand dissociation occurs either during transit or upon exocy-
tosis [14, 82]. Alternatively, nonspecific bulk-phase or fluid-phase transcytosis
(FMT), where soluble plasma molecules are randomly taken up with bulk plasma,
can result in transendothelial transport. However, in healthy BBB, FMT occurs at a
low frequency, usually mediated by caveolae, and to an even lesser extent by the
more abundant, but negatively charged clathrin-coated pits [83].

24.1 Low Density Lipoprotein Receptor-Related Protein 1 (LRP1) Receptors

Low-density LRP1, which is variously known as the a-2-macroglobulin receptor
(a2MR), ApoER, or cluster of differentiation 91 (CD91), is an integral plasma
membrane receptor involved in receptor-mediated endocytosis. The LRPI gene
codes for a multimeric protein composed of two noncovalently bound subunits, a
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515-kDa extracellular o subunit and an 85-kDa transmembrane and cytoplasmic 3
subunit. The o subunit has four ligand binding sites containing cysteine-rich
complement-type repeats that bind more than 30 ligands, including ApoE and Ap.
Other ligands include extracellular matrix proteins, growth factors, proteases, pro-
tease inhibitor complexes, and other proteins involved in lipoprotein metabolism
[84-86]. As a result of proteolytic digestion of membrane-bound LRP1, the pro-
tein also exists in a soluble form (sLRP1) that circulates in plasma and CSF [85].
The LRP1 cytoplasmic domain contains two NPxY, one YXXL, and two di-leucine
motifs that bind cytoplasmic proteins modulating receptor activity. Ligand-bound
LRP1 is constitutively endocytosed by a clathrin-dependent mechanism to lyso-
somes for ligand degradation and LRP1 receptor is recycled back to plasma mem-
branes. Additionally, LRP1 interacts in a phosphorylation-dependent manner with
scaffolding and signaling proteins to modulate endocytotic and signaling activity.
For example, PKCa phosphorylation of serine (S) and threonine (T) residues on
LRPI allows disabled-1 binding, which decreases endocytosis by 25 %, whereas
phosphorylation of S residues by protein kinase A PKA increases endocytosis
[85]. Also, it can partner with other plasma membrane proteins that affect LRP1
activity. By these mechanisms, LRP1 participates in regulating lipoprotein metab-
olism, cell differentiation and motility, and BBB integrity, in addition to the pro-
gression of neurodegenerative diseases, cancer, and other pathological conditions
[84, 85, 87].

Mechanism and Substrates Bound LRP1 is constitutively endocytosed to lipo-
somes for ligand degradation and recycling of the empty receptors to the plasma
membrane [85]. LPR1 binds more than 40 ligands, including aggregated LDL,
ApoE, APP, AP, a2M, tissue plasminogen activator, proteinase inhibitors, blood
coagulation factors, receptor-associated protein, and aprotinin (Fig. 1, Table 1) [50,
84-87].

BBB Localization LRP1 is localized to abluminal endothelial capillary mem-
branes (Fig. 1b, Table 1) [50, 84-86].

Regulation LPR1 transcription is suppressed by the vascular sterol regulatory ele-
ment binding protein SREBP2 [85]. GLUT1/SLC2A1 deficiency has been shown to
increase SREPB?2 levels and thereby decrease LRP1 expression. LRP1 endocytotic
activity is regulated by phosphorylation on S, T, and tyrosine (Y), which can down-
or up-regulate endocytotic activity.

Diseases LRP1 is involved in AD (Table 1) [50, 84-88].

2.4.2 Receptor for Advanced Glycation End Products

The receptor for advanced glycation end products (RAGE) belongs to the major
histocompatibility complex class III gene family. Structurally, it is a 35-kD protein
composed of an extracellular ligand binding domain, a TMD and a short cytoplas-
mic signaling domain. It is expressed on a number of cell types, including BBB



BBB transporters and neuroinflammation 127

endothelial cells; however, its expression in endothelial cells is normally low and it
is only up-regulated by pathological states or during aging [89]. RAGE has a num-
ber of functions depending on the cell type. A main function is as a pattern recogni-
tion receptor for the innate immune system. It was named for its ability to bind
advance glycation end-products (AGEs). These are glycated lipids or proteins that
have formed as a result of exposure to sugars and are prevalent in aging and in the
development of inflammatory and degenerative diseases. RAGE also binds a large
number of cytokines and regulatory molecules, such as Ap, transthyretin, etc. [89].
RAGE activation, which increases proinflammatory cytokines and oxidative stress,
has been shown to exacerbate many neurodegenerative diseases [89, 90]. Antagonism
of RAGE activity using chemical inhibitors or soluble RAGE ([sSRAGE]; a naturally
occurring isoform that is a RAGE inhibitor) in animal models of neurodegenerative
diseases has been shown to attenuate inflammation [89].

Mechanism and Substrates RAGE mediates receptor transcytosis. The substrates
are AGEs, S100/calgranulins, HMGB-1 (amphoterin), B-sheet fibrils, and ,-integrin
Mac-1 (Table 1) [90].

BBB Localization RAGE is localized on luminal endothelial membranes (Fig. 1,
Table 1) [89].

Regulation Ligand binding and initiates positive feedback, increasing RAGE pro-
tein expression [91].

Diseases RAGE is involved in AD, PD, MS, Huntington’s disease, ALS, and other
neurodegenerative diseases, diabetes, rheumatoid arthritis, inflammatory bowel dis-
ease, atherothrombosis, etc. (Table 1) [88-90].

2.4.3 Caveolin-1

The CAVI gene encodes for an integral membrane protein, caveolin-1 ([CAV1];
21-24 kDa), which has cytoplasmic N and C termini. Members of the caveolin fam-
ily, such as CAV 1, are the main scaffold protein components of caveolae. Caveolae,
are spherical plasma membrane invaginations composed of lipids (i.e., cholesterol,
glycosphingolipids) and lipid-anchored proteins that mediate raft-dependent,
clathrin-independent endocytosis. The main role of caveolae is to compartmentalize
signaling molecules, and BBB caveolar membranes contain numerous receptors,
including RAGE and LRP1 in addition to other signaling molecules [50, 92, 93].
Caveolae regulate the endocytosis, transcytosis, and signaling in the lipid-based
endothelial microdomain and thereby control BBB transcellular permeability [50].
High levels of CAV1 are ubiquitously expressed in most tissues, including BBB
brain microvascular endothelial cells (Figs. 1b and 2m, o, p) [94]. It has been sug-
gested that CAV 1 might coordinate the activities of various BBB cell types [95]. For
example, the importance of CAV1 in NO and calcium signaling has been demon-
strated in CAV1 knockout mice. CAV1 also influences levels of TJ proteins, with
either the loss or increase shown to have different effects in different experimental
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models (Fig. 4) [96]. The TJ proteins occludin (OCLN) and zonula occludens-1
(ZO1) are associated with CAV1 in the caveolae-related glycated lipid rafts. There
is evidence that CAV 1 may regulate TJs by controlling degradation by matrix metal-
loproteinase 9 (MMP-9) [95, 97]. Additionally, both in vitro and in vivo studies have
shown that P-gp and CAV 1 interactions occur within the BBB caveolae. CAV1 tyro-
sine phosphorylation is known to regulate P-gp activity and thereby control accumu-
lation of substrates in BBB endothelial cells [29]. CAV 1 responds to shear stress by
increasing plasma membrane expression and therefore acts as a flow sensor [92].

Mechanism Caveolae transport proteins of high molecular weight and ligand-
bound clusters of various transporters (Fig. 1, Table 1). Transendothelial transport is
initiated by caveolae detachment from the luminal membrane. This results in forma-
tion of endocytic vesicles, which are transported to the basal membranes, where
they fuse and release their contents into the interstitial space [98].

BBB Localization In cortical microvessels CAV1 is primarily expressed on lumi-
nal membranes in association with caveolae, but expression can also be seen
throughout the membranes and in the cytoplasm (Figs. 1 and 2, Table 1) [94].

Regulation CAV1 regulates the plasma membrane formation and detachment of
caveolae through a tyrosine phosphorylation-dependent mechanism [29]. Several
inflammatory mediators have been shown to regulate CAV1 expression. CAV/ pro-
moter activity is regulated by TNFa, and IL-15. Vascular endothelial growth factor
(VEGF) down-regulates CAV1, as does activation of the endothelial cell CCL
receptor, CCR2 [95]

Diseases In BBB, CAV1 dysfunction has been linked to MS (Fig. 4) [96], ischemic
stroke, infections, and other inflammatory diseases, in addition to effects on endo-
thelial barrier permeability (Figs. 1, 2, and 4, Table 1) [95, 99, 100, 101].

3 Impacts of Acute and Chronic Neuroinflammatory
Diseases and Insults on BBB Transporters

Communication between the immune system and the CNS provide mechanisms for:
(1) immune system surveillance of the CNS to remove noxious agents, and to pro-
tect and repair brain tissue during and after assault; and (2) brain monitoring of
peripheral immune status to coordinate appropriate physiological and behavioral
responses [1, 11, 13, 102]. To accomplish this without jeopardizing the brain’s secu-
rity, the NVU establishes a privileged region for immune surveillance between the
capillary ablumen and the brain parenchyma proper. Bounded by the astrocyte (glia
limitans) and pericyte/endothelial basal membranes, this region has been likened to
a “two-walled castle moat” [3]. Low levels of memory/effector T cells continually
breach the outer wall (i.e., abluminal capillary barrier), but only trigger immune
responses if they encounter specific antigens. Immune cell activation leads to the
production of cytokines and proteases that can result in the bridging of the inner
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wall (i.e., the glia limitans) permitting the influx into the CNS of infiltrating inflam-
matory cells [1, 3, 11, 102].

Physiological brain homeostasis and therefore, normal neuronal activity, is
highly dependent on a functional brain vasculature, which, by extension, criti-
cally contributes to the well-being of the whole body. The failure of the BBB
functional and morphological integrity required to preserve a normal brain milieu
can be a dire consequence of many diseases, one that can rapidly lead to further
degeneration [10]. However, before and in addition to BBB failure, there can also
be an insidious loss of brain vascular density, surface area, and diameter (thin-
ning). This is a part of normal aging, which can be exacerbated by the disease
state [10, 50, 103—105]. Up- and down-stream signaling can lead to abnormal
expression of vascular transporters, receptors, etc., and other pathological
changes. Together, microvascular morphological and functional abnormalities
can diminish neurotoxin clearance and have a negative impact on blood flow and
BBB transport, and consequently, the delivery of nutrients, energy substrates,
and other necessary substances.

Here, we focus specifically on the impact on and involvement of BBB transport
mechanisms for selected diseases and insults with a significant neuroinflammatory
etiology, for example, AD, MS, PD, epilepsy, stroke, TBI, diabetes, and cerebral
and peripheral infections (HIV). This is a sample of the many diseases in which, for
better or worse, the BBB plays a crucial role [10, 12, 72, 106]. Although these dis-
eases all have unique triggers, they share many common mechanisms, including
immune system activation, in addition to, for many diseases, the deposition of mis-
folded or aggregated proteins [89]. This is area of research that expands as it
becomes clearer that the etiology of many diseases, including psychiatric illnesses,
such as depression and schizophrenia, involve significant neuroinflammatory under-
pinnings affecting the BBB and vice versa [10, 13, 72, 102].

3.1 Neuroinflammation and Age

A large proportion of research into the neuroinflammatory impacts on the BBB
is carried out in young adult human subjects and animal models. However, it is
well recognized that many effects are influenced by developmental stage, and
additionally, that the immune system responses can be age-dependent [107,
108]. Additionally, brain sensitivity is known to be heightened at various devel-
opmental stages, i.e., during pregnancy, infancy, childhood, and advanced age
the brain is particularly vulnerable to chemical and infectious challenges.
Exposure during early development can have a permanent impact on brain mat-
uration, and likewise, for different reasons, the aged brain is especially vulner-
able to sustained neuropathological changes following acute or chronic insults
[1, 50, 105, 108].

However, the protective function of the placental barrier is apparently rein-
forced during pregnancy by an increasingly functional fetal BBB [29]. For
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example, the hallmark BBB TJ proteins, CLDN5 and OCLN, and the ABC
transporter, P-gp, and GLUT1 proteins can be detected as early in fetal develop-
ment as the telencephalon stage at a gestational age of 12 weeks (Fig. 3) [29,
109]. This is a period that occurs soon after pre-plate formation and vasculariza-
tion, and which coincides with the beginning of cerebral cortex formation [29].
By mid-gestation, P-gp was shown to co-localize with CAV1 on abluminal
membranes suggestive of efflux activity regulated by endothelial caveolae
(Fig. 3) [29]. At 12 weeks’ gestation, the solute carrier glucose transporter
GLUT!1 protein is primarily localized on abluminal endothelial membranes.
Luminal GLUT1 localization increases in weeks 18 and 22 in human fetal brains
(Fig. 3) [110]. The early expression of transporters during brain development
and BBB differentiation may thus complement the protective functions of the
placental barrier against endo- and xenobiotics and other inflammatory insults
[10, 29, 105, 108-111].

In the fetal and perinatal periods the majority of the pathogenic stimuli leading
to brain damage arise from: (1) hypoxia—ischemia, which leads to excitotoxicity
and oxidative stress; and/or (2) maternal—fetal or post-natal infection/inflammation
that stimulates IL-1p, IL-6, and TNFa signaling [108, 112]. Using an LPS model
for sustained systemic inflammation during early development in rats, Stolp and
co-workers [113] found sustained impacts on BBB barrier tightness, and suggested
that this might be due to long-term alterations in TJ distribution. They also observed
areduction in white matter suggestive of a developmental delay, as total white mat-
ter volume had recovered by adulthood. In this regard, it was shown TGF-f1,
which crosses the placenta and can therefore be derived from blood or brain
sources, regulates BBB expression of P-gp in early development [32, 33]. Several
inflammatory pathological conditions, such as gestational diabetes and preeclamp-
sia, may result in increased maternal and therefore fetal circulating TGF-f1. In
addition, perturbed TGF-P1 levels can be caused by early or delayed gliogenesis,
such as can occur in fetal alcohol syndrome and autism, all of which may alter P-gp
expression and increase the exposure of the fetus to endo- or xenotoxins, and can
contribute to acute and/or potentially long-lasting brain damage [33].

At the other end of the age spectrum, the inflammatory profile of microglia has
been shown to increase in humans, nonhuman primates, rodents, canines and
other species with advanced age. Normal aging is associated with increased levels
of immune mediators and the hyper-activation of microglia in response to immune
challenges. For example, it was shown that in aged mice peripheral LPS resulted
in prolonged elevation of IL-1f, IL-6, and TNFa. The increased pro- and decreased
anti-inflammatory cytokine production translates into a greater risk of developing
AD, PD, stroke, brain tumors, etc. [1, 13, 108]. In addition, there is evidence for
a neurovascular uncoupling with ageing. The relatively small (~20 %) reductions
in cerebral blood flow (CBF) reported for normal aging correlate with lowered
protein synthesis in the brain [50]. Severer decreases in CBF that result in distur-
bances in ISF pH, and water, glutamate, and lactate balance, and which in extreme
cases can lead to impaired ATP synthesis and diminished neuronal function, cor-
relate with chronic neurodegenerative diseases [50].
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3.2 Alzheimer’s Disease

Alzheimer’s disease is characterized by chronic neuroinflammation and neurovas-
cular dysfunction that initially targets the hippocampal and neocortical regions.
AD-related neurodegeneration produces progressive cognitive impairment (demen-
tia) and eventually whole-body organ failure. Secretion of neuroinflammatory
mediators from brain microvessels, such as NO, cytokines (e.g., TNFa, TGFf1,
IL-1pB, and IL-6), chemokines (e.g., CCL2 and IL-8), prostaglandins, MMPs, and
leukocyte adhesion molecules, have been shown to be elevated in AD [114].
Although, the exact molecular mechanisms underlying AD remain controversial,
there are two agreed upon hallmarks: (1) an accumulation of extracellular neuro-
toxic AP oligomers in both the soluble form (APO) and as senile plaques on brain
blood vessels and in the parenchyma; and, (2) intracellular neurofibrillary tangles
(NFT) of hyperphosphorylated aggregates of the microtubule-associated protein,
tau [50, 104, 115-118]. AP peptides (constituting senile plaques) are produced
when the initial product from cleavage of the transmembrane amyloid precursor
protein (APP) by (-secretase is further digested by the y-secretase complex forming
AP40 and AP42. There are a large number of intersecting mechanisms that control
brain ISF AP levels including: (1) Ap production; (2) BBB receptor-mediated influx
and efflux of free Af; (3) sequester and/or BBB transport of protein-bound A (e.g.,
to ApoE); (4) AP degradation; (5) CNS removal via ISF-CSF bulk flow; and (6) Ap
oligomer aggregation in the CNS [88]. Oxidative stress due to genetic (e.g., ApoE
e4 allele), lifestyle (e.g., smoking, lack of exercise, high caloric intake), medical
(e.g., stroke, hypertension, diabetes, TBI) or risk factors for aging have been pro-
posed to be triggers for AD [118, 119]. The evidence suggests that at least initially,
both increased AP production and tau hyperphosphorylation, leading to amyloid
plague and NFT formation respectively may be protective responses to oxidative
stress [104, 118].

Mutations in a number of genes (presenilinl, presenilin2, amyloid precursor pro-
tein, ApoE) correlate with an increased risk for developing AD, virtually all of
which increase the production and/or accumulation of AP. For example, more than
25 deleterious APP mutations have been identified, most of which increase cerebral
Ap load and cause autosomal dominant, early onset AD [50, 119, 120]. Recently, an
APP coding mutation (A673T), which reduces A production by ~40 %, was identi-
fied. The APP A673T mutation protects against both AD and age-related cognitive
decline supporting the theory that reducing AP load is neuroprotective [120].
However, for late onset AD there is no increase in AP production, and therefore it is
thought that Ap accumulation is primarily due to defects in Af clearance across the
BBB, or by bulk flow along Virchow—Robin arterial spaces [50, 85]. The major
routes for AP brain influx and efflux are mediated by BBB-localized RAGE and
LRP1 receptors respectively. CNS accumulation of A has been attributed to the
synergistic effects of RAGE up-regulation and the down-regulation of LRP1 and
increased sLRP1 shedding that occur with age and Ap exposure [85]. Some ABC
transporters, including CERP and P-gp, have also been suggested to influence Ap
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levels [15, 28]. Reduced Af brain clearance gives rise to A plaque deposition on
blood vessels and attendant cerebral amyloid angiopathy (i.e., cerebral vessel wall
fragility and recurrent lobar intracerebral micro-hemorrhages) [28, 50].

3.2.1 AD and BBB Transporters

ABC Transporter, CERP In humans, a loss-of-function variant of ABCAI
occurs in the general population at a rate of 1:500 people. This variant is associ-
ated with low levels of circulating ApoE and a high risk of AD and cerebrovascu-
lar disease [28]. The authors suggest that because low ApoE is associated with
increased AD that the ABCA loss-of-function variant might increase AD risk,
primarily by decreasing cerebral ApoE levels and consequently increasing the Ap
burden. The authors further noted that the increased risk for AD and cerebrovas-
cular disease are independent of the increased incidence of atherosclerosis, sup-
porting the hypothesis that BBB dysfunction, cerebrovascular disease, and AD
share common mechanisms [28].

ABC Transporter, P-gp A number studies of both AD and non-AD subjects have
shown an inverse correlation between P-gp levels and A plagues (in addition to dis-
ease progression in AD) [15]. Recently a positron emission tomography (PET) study
in AD patients demonstrated a reduction in the transport of the P-gp substrate (R)-''C
verapamil in several cortical brain regions, compared with healthy control individu-
als, providing direct evidence for reduced P-gp function in AD patients [15]. This
finding was mirrored in a mouse model for AD over-expressing human APP (Tg2576
mice) in which P-gp activity was decreased 70 % and P-gp protein decreased 60 %
[15]. The mechanism underlying these decreases has been recently shown to involve
the Ap 40 peptide-mediated ubiquitination, internalization, and proteasomal degrada-
tion of P-gp [121]. In vitro studies using isolated mouse capillaries have demon-
strated that P-gp can mediate AP efflux [15, 122]. Inhibition of P-gp in a mouse
model increases AP levels within hours [15]. Mice that lack P-gp at the BBB (knock-
outs for mdrla and mdrib genes) have reduced clearance of AP from the CNS and
lower levels of LRP1 in brain capillaries. Crossing mdrla/mdrib null mice with
APP-overexpressing mice accelerates the accumulation of AB and amyloid deposi-
tion. This supports the model that AP clearance through the BBB occurs through P-gp
efflux from BBB in concert with abluminal LRP1 influx from the brain [15, 50, 105].

Solute Carrier Transporter, GLUT1 Reduced BBB GLUT1 expression has been
reported for individuals with AD and other forms of neurodementia [50, 123, 124].
PET studies have demonstrated that individuals diagnosed with age-associated cog-
nitive decline have significantly reduced glucose uptake before conversion to
AD. These deficits are more pronounced in AD patients and involve the frontal
cortices. Reductions in glucose utilization in the hippocampus during normal aging
can predict cognitive decline years in advance of a clinical diagnosis. Consistent
with this concept, pre-symptomatic early-onset autosomal dominant familial AD
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individuals carrying mutations in the presenilin-1 gene show widespread AD-like
reductions in glucose utilization in the absence of structural brain atrophy [50].
Furthermore, AD animal models that are additionally heterozygous for the GLUT1
gene (Glutl*~) exhibit the early onset of degenerative structural changes of the
BBB, and reductions in cerebral vascularization and blood flow. These animals
exhibit increased A load, neuronal loss and dysfunction, and cognitive impairment.
Taken together, reduced GLUT1 expression has a strong impact on AD cerebrovas-
cular and neuronal degeneration [61].

Receptor-Mediated Transporter, LRP1 LRP1 is a major efflux transporter for
AP across the BBB. Radiolabeled AB bound on the abluminal endothelial mem-
brane was shown to be rapidly effluxed to the blood [85]. Also, from 70-90 % of
blood AP can be sequestered by circulating sLRP1. This creates a brain to blood
gradient that further drives brain efflux [85]. LRP1 has been shown to mediate inter-
nalization of several ligands, including ApoE and Kunitz protease inhibitor contain-
ing APP precursors, which are components of AP senile plaques, are genetically
associated with AD, and may influence AP efflux [84, 125]. During AD, LRP-1
transport of AP out of the CNS is affected by a number of factors, including oxida-
tive stress, in addition to transcriptional factor and other associated protein levels.
By stimulating oxidative stress, senile plaques set up a positive feedback loop in
which oxidized LRP1 and sSLRP1, which have significantly lower AP binding affini-
ties, increase the AP load [85]. A number of mechanisms contribute to decreased
LRP1 expression and activity during normal aging and in AD, and therefore
increased Ap load. For example, AD and age decrease GLUT1 expression, and AD
increases in serum response factor (SRF) and myocardin (MYOC), all of which
increase SREB2 (GLUT!1 directly and SRF/MYOC transactivates SREB2). SREB2
suppresses LRP1 transcription and consequently surface expression [85, 125].
Along with age, AP exposure increases SLRP1 formation, thereby reducing ablumi-
nal membrane levels of LRP1. AD correlates with the down-regulation of vascular
mesenchyme homeobox gene 2, (MEOX?2) which promotes LRP1 proteosomal deg-
radation, decreasing plasma membrane LRP1. AD leads to decreased AP-LRP1
internalization. For endocytosis, the C-terminal domain of the AB-LRP1 complex
binds to the phosphatidylinositol-binding clathrin assembly protein (PICALM),
which, presumably due to protein conformational changes, rapidly triggers clathrin-
mediated endocytosis of AB-LRP1. In AD, PICALM expression is down-regulated,
reducing clearance of AB-LRP1 and increasing the Af load [85, 105].

Receptor-Mediated Transporter, RAGE RAGE contributes to AD by mediating
the influx of AP across the BBB, and by stimulating inflammatory and procoagu-
lant responses, specifically in endothelium. Furthermore, a correlation between low
plasma sRAGE and the incidence of neurodegenerative disorders, including AD
and non-AD forms of dementia, has been demonstrated [89]. In the aging brain,
increases in RAGE promote an influx of plasma AP through BBB transcytosis,
NF-kB activation of endothelial and other cells, and proinflammatory (e.g., TNF-a,
IL-6) cytokine secretion [125]. Additionally, RAGE through NF kB-dependent
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mechanisms stimulates apoptosis [88]. RAGE itself is up-regulated by NF-kB, pro-
ducing positive feed-back, leading to chronic inflammation [89].

3.3 Parkinson’s Disease

Parkinson’s disease is the most common neurodegenerative movement disorder,
with symptoms including resting tremor, slowed movement, postural instability,
and muscle rigidity, in addition to nonmotor symptoms. It is an age-dependent dis-
order characterized by the progressive degeneration of dopaminergic neurons in the
substantia nigra (SN). Inclusions within SN neurons called Lewy bodies (LBs),
composed of a-synuclein (a-syn) and ubiquitinated proteins, are a hallmark patho-
logical marker of PD. Studies have shown that normally low CSF levels of total
a-syn are further depressed in PD, whereas levels of CSF oligomerized a-syn are
increased. These observations have led to the suggestion that defective BBB a-syn
transport might contribute to PD [126]. It is unclear whether LBs directly cause
neuronal death and/or function to protect neuronal viability by sequestering smaller
neurotoxic protein aggregates [102]. There is an apparent circadian dysfunction to
PD as several nonmotor symptoms exhibit a diurnal cycle. In addition, L-DOPA
medication used to treat PD is typically administered during the day, because
absorption is higher than at night [127]. Continued administration of L-DOPA can
lead to dyskinesia as a side effect. This has been shown to be due to L-DOPA stimu-
lating increased angiogenesis, which also results in BBB leakage, as illustrated by
increased albumin extravasation, and increases the rapid fluctuations in CNS
L-DOPA concentrations that can be observed in PD [128]. Neuroinflammation is
ubiquitous in PD patients and experimental models of PD. Phagocyte activation,
increased synthesis, and release of proinflammatory cytokines, complement activa-
tion, activation of microglia, and release of ROS have all been described [50].

3.3.1 PD and BBB Transporters

ABC Transporter, P-gp The synonymous C345T polymorphism correlates with
altered P-gp function and expression (e.g., shown to reduce duodenal P-gp by 65-fold).
Changes in expression may be due to linkage with a nonsynonymous missense muta-
tion, G2677(A/T). The C345TT genotype correlates with a twofold higher early onset
of PD than late onset PD. Pesticide exposure significantly exacerbates the risk of PD in
both heterozygous (threefold increased risk in carriers) and homozygous (fivefold
increased risk) C345T carriers [129].

Solute Carrier Transporter, LAT1 Parkinson’s disease is treated with the natu-
rally occurring dopamine precursor L-DOPA, which unlike dopamine, is trans-
ported by system L transporters, such as LAT2/SLC7AS in the intestine and LAT 1 in
BBB endothelium [50, 127]. LAT1 has also been suggested to transport the pesticide
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paraquat, which is used in animal (rodent) models to produce PD symptoms.
However, the significance in humans has not yet been proven [50].

Receptor-Mediated Transporter, LRP1 o-Syn is bidirectionally transported
across the BBB by a saturable mechanism that was proposed to involve LRP1 but
not P-gp, as efflux was not inhibited by the P-gp antagonist, cyclosporine. Brain
a-syn efflux rates were very rapid and measured as ~eightfold higher than Ap efflux
(known to be transported by LRP1) and ~fourfold higher than a-syn influx from the
blood [126].

3.4 Multiple Sclerosis

Multiple sclerosis results in the chronic progressive or relapsing and remitting
destruction of the myelin sheaths surrounding CNS axons. It is thought to be an
autoimmune disease. It has been shown that during MS, and in experimental auto-
immune encephalomyelitis (EAE), a widely used animal model for MS, cytotoxic
T cells are responsible for neuronal cell death, most likely infiltrating the brain via
the BBB [50, 96, 130, 131]. Proinflammatory signals stimulate the BBB to up-
regulate adhesion molecule expression promoting leukocyte diapedesis [50, 96,
130, 132]. The chemokine CCL2, which chemoattracts monocytes, memory
T-cells, dendritic cells, natural killer cells, and microglia, has been shown to be
present in the blood, CSF, and brain of individuals with MS and EAE experimen-
tal animal models [133]. By causing TJ cytoskeletal dissociation and decreased
expression, CCL2 plays a central role in the co-morbid BBB opening observed in
MS and EAE. These CCL2-mediated effects on TJ proteins are lessened by CAV 1
knockout [97].

34.1 MS and BBB Transporters

Vesicular-Associated, CAV1 CAV1 has been shown to be up-regulated in EAE,
especially in demyelinated lesions (Fig. 4) [96, 132]. Reduction of CAV1 was
shown to be protective in an EAE model. EAE-inoculated knockout mice (Cavl~—")
had significant reductions in inflammatory infiltration, reduced lesions and demye-
lination, and preservation of the myelin sheath [132]. The expression of intercellular
adhesion protein 1/CD54) and vascular adhesion protein 1/CD106, which are cru-
cial for T-cell extravasation, has been shown to be strongly up-regulated in wild-
type EAE mice and to co-localize with CAV 1, particularly at infiltration sites within
lesions. CavI~~ knockout mice show no such up-regulation [132]. Furthermore,
although the number of activated peripheral T lymphocytes following inoculation in
Cav~~ mice was comparable with wild-type EAE mice, there was a significant
decrease in the numbers of CNS-infiltrating T-cells indicating that CAV1 plays a
critical role in EAE pathology [132]. There was a significant up-regulation of
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circulating CAV1 in plasma, possibly as a result of caveolae disruption, that corre-
lated with EAE disease progression. The authors suggested that secreted CAV1
serum levels might serve as a biomarker for clinical severity in EAE and MS [132].

3.5 Epilepsy

Recurrent spontaneous seizures, known as epilepsy, constitute one of the most com-
mon neurological pathological conditions, and almost a third of those stricken
exhibit drug-resistant or refractory epilepsy. The underlying causes of epilepsy are
thought to be either unknown or resulting from genetic/developmental, or struc-
tural/metabolic (i.e., TBI, stroke, brain tumors, infections, autoimmune) sources
[134]. Congenital or genetic factors tend to be associated with early (childhood)
development, whereas infections and other types of mechanical brain trauma can
lead to epilepsy at any age [134]. Infections and infestations are the most common
risk factors for seizures and acquired epilepsy [134]. In epilepsy triggered by infec-
tions, although the mechanisms generating acute seizures are multifactorial, a com-
mon underlying factor is the release of inflammatory cytokines [134]. Likewise,
so-called sterile inflammation, a homeostatic repair response to injury triggered by
danger signals, also activates inflammatory pathways. In either case, so-called pat-
tern recognition receptors are activated, resulting in the transcriptional activation of
NFkB-sensitive inflammatory genes. Chronic stimulation of the inflammatory sig-
nals can lead to BBB damage, neuronal cell death, and persistent neuronal hyperex-
citability [134, 135].

3.5.1 Epilepsy and BBB Transporters

ABC Transporters A screen of adults with mesial temporal lobe epilepsy
(MTLE) and hippocampal sclerosis found increased mRNA and protein levels for
P-gp and MRP1-5 in endothelial cells of the BBB [60, 136]. However, whether
this increase is constitutive or induced by chronic seizures and/or drug treatments
is still controversial [60]. Animal models of MTLE indicated transient P-gp over-
expression following seizures, supporting the notion that seizures themselves
regulate P-gp. Conversely, intrinsically high levels of P-gp have been shown to
correlate with cortical developmental abnormalities in humans. A number of ani-
mal models for epilepsy have also been shown to overexpress P-gp, MRP1, MRP2,
and BCRP. Some studies have found increased P-gp levels in nonresponders vs
responders in animal models [60]. Furthermore, functional polymorphisms in
P-gp transporters may also result in pharmacoresistance [137]. Finally, drug
treatment has been shown to upregulate P-gp in BBB via a signaling pathway
initiated by excess extracellular glutamate that activates NF-kB through NMDA
receptors [15].
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Solute Carrier, GLUT1 GLUT] deficiency syndrome due to mutations in GLUT1
leads to impaired BBB glucose transport, which alters brain metabolism and if
untreated results in seizures [60]. PET studies with a glucose analog, fluoro-2-
deoxy-d-glucose (FDG) have shown that in the epileptogenic temporal cortex of
patients with complex partial seizures, both blood flow and glucose metabolism are
altered. According to FDG-PET data, the zone of reduced metabolism aligns with a
region of decreased BBB endothelial membrane glucose transporter activity.
However, no down-regulation in glucose metabolism or transport was observed in
neuropil. In addition, endothelial GLUT 1 protein expression was also down-
regulated around the seizure focus [60].

3.6 Stroke

Stroke refers to an interruption in cerebral blood flow. Hemorrhagic stroke is due to
intracranial bleeding and an ischemic stroke occurs when the cerebral blood flow is
interrupted by either thrombosis or embolism. Cerebral blood flow can be blocked
by either clot formation within cerebral large or small arteries (referred to as large-
vessel thrombosis and lacunar stroke respectively). Stroke can result in sudden
paralysis, impaired speech, vision loss, and death [138]. Cerebral ischemia pro-
duces a progression of events. Initially, within hours, the BBB endothelium under-
goes noticeable cell death (e.g., microvacuoles, an eosinophilic cytoplasm, and
pyknotic nuclei) and consequent BBB barrier compromise. Additionally, during this
time frame, leukocyte infiltration begins. This is followed by a prolonged period
(weeks) marked by the appearance of macrophages and astrocytic proliferation.
Finally, during the chronic stage, a pseudocyst forms [131]. Many of the risk factors
associated with stroke result from reduced CBF. Among the risk factors are aging,
hypertension, diabetes, and hypercholesterolemia. Some risk factors increase the
susceptibility of neurons and other brain cells to injury (aging, diabetes), whereas
others additionally impair protective mechanisms that stabilize CBF during reperfu-
sion post-ischemic events (hypertension, diabetes), making recovery more fragile.
Induction of ROS and systemic and cerebral inflammatory signals are common
mechanisms by which risk factors contribute to the vulnerability to ischemic events
[138]. Additionally, cerebral ischemia—reperfusion injury is often mediated by free
radical triggers that lead to increased BBB permeability, brain edema, hemorrhage,
and inflammation [95].

3.6.1 Stroke and BBB Transporters

Efflux ABC and SLCO Transporters, P-gp, BCRP, OATP1A4 A rat model of
stroke using a transient occlusion of the middle cerebral artery (tMCAO) resulted in a
delayed upregulation (14d post infarct) of Mdrland Slcola4/Oatpla4 (Oatp2) mRNA
and protein in the ischemic penumbra [81]. Contralateral staining for P-gp showed the
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expected co-localization with vWE. P-gp protein was mainly observed in the newly
formed blood vessels. As expected, OAT1A4 protein expression was not observed in
the controls. In ischemic animals, similar to P-gp, the observable OATP1A4 protein
expression coincided with vasculogenesis (at d14) co-localized with endothelial
markers. Bcrp mRNA and endothelial protein expression was significantly up-regu-
lated before that of P-gp and Slcola4/Oatpla4. Berp gene expression (mMRNA and
protein) in the peri-infarcted region was increased by 3 days and remained elevated at
14 days, returning to baseline by 28 days post-infarct [§1]. BCRP has been suggested
to be important for hematopoietic growth and division [81].

Solute Carrier Transporters, GLUT1 Ischemia and hypoxia have been shown to
increase GLUT1 expression and consequently glucose uptake in brain endothelial
cells both in vitro and in vivo conditions [139, 140].

Vesicular-Associated, CAV1 During stroke positive feedback between CAV1 and
NO promotes BBB breakdown during cerebral reperfusion injury. Normally, CAV1
binds and inhibits the endothelial NOS (eNOS). However, during stroke, CAV1 is
down-regulated and eNOS produces high levels of toxic NO that further down-
regulates CAV1. Additionally, NO activates MMPs, degrades TJs, and further
affects BBB functions [95].

3.7 Traumatic Brain Injury (TBI)

Traumatic brain injury (TBI) is defined as biochemical injury of brain tissue result-
ing from either focal (i.e., penetrating) or diffuse (i.e., injury due to nonpenetrating
accelerating or rotational forces) trauma. Neuroinflammation in TBI is mediated by
activated microglial cells [1]. Secondary injury, which can cause a long-lasting and
progressive pathology following an acute event, is caused by various imbalances
such as excess neuroexcitatory neurotransmitters, electrolyte imbalances, injuries
such as ischemia, and mitochondrial dysfunction [1]. TBI activates microglia and
astrocytes, promoting both neuroinflammatory and neuro-repair processes [1]. In
animal models for TBI such as cold injury, BBB breakdown is rapidly induced
within hours following acute TBI. Initially, it involves arterioles and venules at the
lesion edges and is accompanied by spreading edema. Once repair is initiated, BBB
breakdown accompanies angiogenesis at the lesion site [92].

3.7.1 TBI and BBB Transporters

Vesicular-Associated Transport Protein, CAV1 There is a heterogeneous
response of CAV1 to TBI. TBI rapidly induces the up-regulation of CAV1 in arteri-
oles in the lesion in which the BBB is compromised. Additionally, in a later study,
the authors showed a significant increase in phosphorylated CAV1 in these vessels,
which promoted caveolae transcytosis and BBB breakdown. The increase was
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sustained for several days before returning to basal levels. The authors noted that
immediately following TBI fewer capillaries showed BBB breakdown and in those
cells CAV1 was reduced [92, 93].

3.8 Human Immunodeficiency Virus-1 (HIV1) Neurodementia

Human immunodeficiency virus-1 (HIV1) belongs to the Lentivirus genus of the
Retroviridae virus family. HIV1, like all lentiviruses, is a single-stranded posi-
tive-sense enveloped RNA virus that can infect nondividing cells. The viral
strand is reverse transcribed into double-stranded DNA, and integrated into cel-
lular DNA, where it can be latent (dormant) for long periods before being tran-
scribed, packaged, and released [141]. In about half of individuals with HIV1,
infection causes encephalitis and neurobehavioral impairments [142, 143]. HIV1
neuroinvasion, which can take place as early as 10 days post-infection, can occur
through a so-called Trojan horse strategy in which HIV bypasses the BBB by
infecting circulating peripheral monocytes. In infected monocytes the HIV
viruses remain dormant until after the monocytes enter the CNS during routine
immune surveillance and differentiate into macrophages. Once infected mono-
cytes and perivascular macrophages extravasate, they secrete proinflammatory
mediators such as TNFoa and CCL2 [142, 144]. Furthermore, release of the HIV1
regulatory protein, transactivator of transcription (Tat), and the viral envelope
protein, gp120, has been shown to induce oxidative stress and affect BBB perme-
ability [142-144].

3.8.1 HIV Neurodementia and BBB Transporters

ABC Transporters, P-gp, MRP1, and BCRP HIV1 regulates ABC transporters
via cytokine secretion, lipid rafts, Rho/ROCK signaling, NF-kB, and other mech-
anisms. Additionally, drugs used to treat HIV1 are ABC pump inhibitors and
inducers, in addition to substrates. The impacts of HIV1 on ABC pump expres-
sions are variable and differences have been seen in various cell types and species.
In human post-mortem brains P-gp was down-regulated; however, it is not clear if
this resulted from exposure to HIV1 viral proteins or anti-viral therapy effects
[143]. In contrast, brain microvascular in vivo animal and in vitro cell model data
show that P-gp mRNA and protein expression is up-regulated by Tat and gp120
exposure [143]. Treatment of primary rat brain microvascular cells with Tat was
also found to increase BCRP/MRP1 mRNA and protein levels [143].

Vesicular Associated, CAV1 Transport A number of HIV1 effects on BBB TJs
are mediated by CAV1 and silencing CAV1 has been shown to protect TJ integrity
[95]. The HIV 1 protein, Tat, induces redox-activated signals in caveolae, which, via
Ras and RhoA, up-regulate CAV1 and decrease TJ expression. Furthermore, HIV1-
infected monocytes have been shown to increase CAV1 by inducing ERK1/2 and
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Akt. Subsequent CAV1-mediated activation of MMP-9 leads to TJ degradation
[95]. Silencing of CAV1 has also been shown to be protective against the observed
HIV1-associated increases in cerebral AP levels [105].

Receptor-Mediated, VEGFR2 Tat interacts with VEGFR2 and, via signaling
through MEK /2, down-regulates the TJ claudin5 (CLDNS) [143].

3.9 Systemic Inflammation/LPS Models

Peripheral challenges, such as those that occur in bacterial and viral infections and
chronic inflammatory diseases, can result in system-wide inflammation that affects
the CNS in part through the BBB [145]. There are a number of models for assess-
ing effects [72]. One widely used method to study systemic inflammation in ani-
mal models is LPS administration. LPS is an immunogenic proteoglycan found in
the outer membrane of some gram-negative bacteria [72]. Intraperitoneal adminis-
tration of LPS induces the systemic and cerebral increase of inflammatory cyto-
kines and the systemic inflammatory response syndrome, including changes in
temperature and activity [146]. The effects of LPS on the BBB are largely medi-
ated by prostanoids (e.g., PGE,, and NO synthesis by endothelial cells) [72, 146,
147]. Additionally, in other NVU cells, such as astrocytes, LPS broadly induces
pro-inflammatory and cytotoxic pathways, resulting in the production of a number
of substances that affect the BBB, including IL-1p, IL-6, TNF«, and prostaglan-
dins [72].

3.9.1 Systemic Inflammation (LPS Model) and BBB Transporters

ABC Transporter, P-gp Lipopolysaccharide challenge was shown to cause the
rapid release of TNFa that activated signaling through the TNF-R1 receptor, result-
ing in ET-1 release and ETy receptor signaling, strongly down-regulating P-gp [15,
72, 148]. In another study LPS did not significantly change the expression of brain
microvascular Mrp4 protein [146].

Solute Carrier Transporter, LAT1 Gene expression of Lat/ in endothelial capil-
laries was rapidly (within 4 h) and strongly depressed following LPS dosing. This
was followed by a marked increase in Latl during the recovery from endotoxemia,
which by 48 h was approximately three times the control level. These changes in
Lat] mRNA were only moderately reflected in protein levels, which remained
nearly stable at 24 and 48 h post-LPS dosing [71, 72].

SLC and SLCO Transporters, MCT8, OATP1A4, OATP1C1, OAT3

Injection of LPS in either mice or rats resulted in the early down-regulation of mRNAs
for both OATIC1 and SLC16A2 thyroid hormone transporters in endothelial cells, and
mRNA levels rebounded to higher than control levels within 24 h. OAT1CI but not
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MCTS protein in BBB endothelial cells was significantly up-regulated at 24 h after
LPS administration. The authors suggested that systemic inflammation might down-
regulate brain TH uptake [72, 75]. In another study at 24 h post-LPS dosing, the pro-
tein expression of the PGE, transporters, OATP1A4 (decreased 39 %) and OAT3
(decreased 29 %) was significantly decreased [15, 72, 75, 146].

Receptor-Mediated Transporter LRP1, RAGE Repeated dosing with LPS was
found to decrease LRP1 mRNA levels, but not the protein expression of LRP1 or
RAGE [72, 149]. However, LPS was found to stimulate a net increase in brain Ap
levels by other cytokine-mediated and BBB-independent mechanisms [149].

Other Transporters Lipopolysaccharide has been reported to increase expression
of transporters for PGE,, TNFa, leptin, insulin, monamines, lysosomal enzymes,
leukemia inhibitory factor, and gp120 [15, 72]. TNFa was shown to induce an ATP-
dependent transporter of electrophile—glutathione conjugates, RLIP76 (also called
RALBP1).

3.10 Diabetes Mellitus

Diabetes mellitus refers to a number of metabolic diseases that involve chronically
elevated blood glucose levels. If untreated in the short term it can cause diabetic
ketoacidosis and nonketotic hyperosmolar coma and in the long run increases the
risk for cardiovascular disease, vascular dementia, AD, stroke, kidney failure, dam-
age to eyes, ulceration of the feet, etc. [150]. There is strong evidence supporting the
proinflammatory and oxidative impacts of DM on the BBB [57, 118]. Hyperglycemia
can damage endothelial cells and lead to endothelial dysfunction, reduced perfusion
and proliferation, and increased permeability [32]. In both type 1 DM, in which the
pancreas fails to produce sufficient insulin, and type 2 DM, in which cells become
insulin resistant, glucotoxicity activates the pancreatic -cell inflammasome, releas-
ing IL-1f. By binding to its cognate IL1R receptors in islet cells, IL-1p activates
NF-kB transcriptional synthesis of cytokines and chemokines, triggering the
destruction of insulin-secreting B-cells [102]. Many, if not most, diabetic individu-
als face repetitive cycles of hypoglycemia that can lead to severe CNS impairment.
This is in part due to treatment to reduce blood glucose levels, along with an impair-
ment of the counterregulatory adrenomedullary epinephrine responses that would
normally decrease insulin and increase glucagon, coupled with hypoglycemic
unawareness [57].

3.10.1 DM and BBB Transporters

ABC Transporters, P-gp, BCRP, MRP1, and ssMRP4 The impact on the ABC
transporters, P-gp and BCRP, is somewhat controversial and several studies of BBB
expression using rat models have reported contradictory results. Reichel and
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co-workers [150] reported that 14 days of streptozotocin (STZ)-induced diabetes
induced slight increases in gene expression of Abcbhl and Abcg2 mRNA, but no sig-
nificant increase in P-gp or BCRP protein levels. However, several analogous studies
by Liu and co-workers [118] reported decreased levels in BBB-expressed P-gp and
BCRP protein. They further reported that insulin treatment restored normal P-gp
levels [118]. They concluded that insulin activates PKC/NF-kB pathways that directly
regulate P-gp expression and function. An in vitro study using a human brain micro-
vascular model (hCMEC/D3) demonstrated that acute hypoglycemia can up-regulate
P-gp, BCRP, MRP1, and MRP4 mRNA and protein expression. The authors further
reported that repeated hyperglycemic episodes up-regulate P-gp expression [151].

Solute Carrier Transporter, GLUT1 Results concerning the impact of hyperglyce-
mia and diabetes on BBB GLUT1 expression and activity are mixed. Several studies
using STZ-induced rat models for diabetes reported significant decreases in GLUT1
activity and protein expression [57]. The local consumption of glucose was increased
parallel to the moderate but significant decreases in microvessel GLUT1 expression
for chronic but not acute hyperglycemia [57]. In humans, acute hyperglycemia in
nondiabetic subjects also failed to result in statistically significant differences in glu-
cose transport [62]. The consensus from mouse and rat models of hypoglycemia (both
acute and chronic) is that it results in an increase in brain glucose, with some studies
also finding a corollary decrease in brain glycogen. Additionally, increased expression
of GLUT1 mRNA and protein was reported. GLUT1 protein localization was redis-
tributed luminal membranes, suggesting that compensatory mechanisms for increas-
ing brain glucose might be triggered by hypoglycemia [57].

Receptor-Mediated Transporter, RAGE RAGE is activated on cerebral vascula-
ture and, as elsewhere, ligand binding increases the release of ROS, proinflammatory
cytokines, chemokines, MMPs, etc. The inflammatory and oxidative environment
mediated by RAGE hyperactivity enhances the generation of RAGE ligands and
therefore RAGE receptor expression; thereby promoting a positive feedback loop
[57, 90, 91].

4 Concluding Remarks

The interplay between the immune and the neurovascular systems is complex [1].
Immune mediators, for better or worse, have an impact on nearly every aspect of
neurophysiology, from development to learning, psychological well-being, to path-
ological conditions and aging [13]. However, studying the NV U is technically chal-
lenging because of the physiology and morphology of the component cells, in
addition to their close apposition and functional interdependence. This has moti-
vated development of elegant strategies and novel in vitro and in vivo models for
examining and testing individual cell types and their transporters, their functions,
roles, and co-operations. However, for all the progress made, our understanding of
the system clearly remains incomplete. For example, we still do not understand
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what tips the system from providing protective to destructive responses; or how to
tip it back to health. Nor have the impacts of age, gender, genetics, microbiome,
circadian cycle, diet, exercise, medication, and their interactions been fully investi-
gated [1, 13,57, 102, 105, 138]. Beyond the research needed, more powerful analyt-
ics are required. The existing informatics and computational resources (i.e. systems
biology) could be employed to integrate and synthesize information from large
datasets and from studies carried out by different groups. These tools can be used to
facilitate the rational design and analytical interpretation of the multifactorial stud-
ies that are vital for understanding the immune-NVU interactions, and for success-
fully applying that knowledge to the clinic [152].

References

—_

. DiSabato DJ, Quan N, Godbout JP (2016) Neuroinflammation: the devil is in the details.
J Neurochem. 2016; 139(2):136-153. doi:10.1111/jnc.13607
2. Abbott NJ, Ronnback L, Hansson E (2006) Astrocyte-endothelial interactions at the blood—
brain barrier. Nat Rev Neurosci 7(1):41-53. doi:10.1038/nrn1824
3. Coisne C, Engelhardt B (2011) Tight junctions in brain barriers during central nervous sys-
tem inflammation. Antioxid Redox Signal 15(5):1285-1303. doi:10.1089/ars.2011.3929
4. ChenY, Liu L (2012) Modern methods for delivery of drugs across the blood-brain barrier.
Adv Drug Deliv Rev 64(7):640-665, http://dx.doi.org/10.1016/j.addr.2011.11.010
5. Lyck R, Ruderisch N, Moll AG, Steiner O, Cohen CD, Engelhardt B, Makrides V, Verrey F
(2009) Culture-induced changes in blood-brain barrier transcriptome: implications for
amino-acid transporters in vivo. J Cereb Blood Flow Metab 29(9):1491-1502. doi:10.1038/
jcbfm.2009.72
6. Hawkins RA, O’Kane RL, Simpson IA, Vina JR (2006) Structure of the blood—brain barrier
and its role in the transport of amino acids. J Nutr 136(1 Suppl):218s-226s
7. Al Ahmad A, Taboada CB, Gassmann M, Ogunshola OO (2011) Astrocytes and pericytes
differentially modulate blood—brain barrier characteristics during development and hypoxic
insult. J Cereb Blood Flow Metab 31(2):693-705. doi:10.1038/jcbfm.2010.148
8. Ruderisch N, Virgintino D, Makrides V, Verrey F (2011) Differential axial localization along
the mouse brain vascular tree of luminal sodium-dependent glutamine transporters Snat1 and
Snat3. J Cereb Blood Flow Metab 31(7):1637-1647. doi:10.1038/jcbfm.2011.21
9. Dolgodilina E, Imobersteg S, Laczko E, Welt T, Verrey F, Makrides V (2015) Brain interstitial
fluid glutamine homeostasis is controlled by blood—brain barrier SLC7AS5/LAT1 amino acid
transporter. J Cereb Blood Flow Metab. 2016; 36(/7):1929-1941. doi:10.1177/02716
78x15609331
10. Neuwelt EA, Bauer B, Fahlke C, Fricker G, Iadecola C, Janigro D, Leybaert L, Molnar Z,
O’Donnell ME, Povlishock JT, Saunders NR, Sharp F, Stanimirovic D, Watts RJ, Drewes LR
(2011) Engaging neuroscience to advance translational research in brain barrier biology. Nat
Rev Neurosci 12(3):169-182. doi: 10.1038/nrn2995
11. Ransohoff RM, Engelhardt B (2012) The anatomical and cellular basis of immune surveil-
lance in the central nervous system. Nat Rev Immunol 12(9):623-635. doi:10.1038/nri3265
12. Erickson MA, Dohi K, Banks WA (2012) Neuroinflammation: a common pathway in CNS
diseases as mediated at the blood—brain barrier. Neuroimmunomodulation 19(2):121-130.
doi:10.1159/000330247
13. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW (2008) From inflammation
to sickness and depression: when the immune system subjugates the brain. Nat Rev Neurosci
9(1):46-56. doi:10.1038/nrn2297


http://dx.doi.org/10.1111/jnc.13607
http://dx.doi.org/10.1038/nrn1824
http://dx.doi.org/10.1089/ars.2011.3929
http://dx.doi.org/10.1016/j.addr.2011.11.010
http://dx.doi.org/10.1038/jcbfm.2009.72
http://dx.doi.org/10.1038/jcbfm.2009.72
http://dx.doi.org/10.1038/jcbfm.2010.148
http://dx.doi.org/10.1038/jcbfm.2011.21
http://dx.doi.org/10.1177/0271678x15609331
http://dx.doi.org/10.1177/0271678x15609331
http://dx.doi.org/10.1038/nrn2995
http://dx.doi.org/10.1038/nri3265
http://dx.doi.org/10.1159/000330247
http://dx.doi.org/10.1038/nrn2297

144

14.

15.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

V. Makrides et al.

Abbott NJ, Patabendige AAK, Dolman DEM, Yusof SR, Begley DJ (2010) Structure and
function of the blood-brain barrier. Neurobiol Dis 37(1):13-25, http://dx.doi.org/10.1016/j.
nbd.2009.07.030

Mahringer A, Fricker G (2016) ABC transporters at the blood—brain barrier. Expert Opin
Drug Metab Toxicol 12(5):499-508. doi:10.1517/17425255.2016.1168804

. Silverton L, Dean M, Moitra K (2011) Variation and evolution of the ABC transporter genes

ABCBI1, ABCCI1, ABCG2, ABCGS5 and ABCGS: implication for pharmacogenetics and dis-
ease. Drug Metabol Drug Interact 26(4):169-179. doi:10.1515/DMDI1.2011.027

. Jani M, Ambrus C, Magnan R, Jakab KT, Beéry E, Zolnerciks JK, Krajcsi P (2014) Structure

and function of BCRP, a broad specificity transporter of xenobiotics and endobiotics. Arch
Toxicol 88(6):1205-1248. doi:10.1007/s00204-014-1224-8

. Miller DS (2015) Regulation of ABC transporters at the blood—brain barrier. Clin Pharmacol

Ther 97(4):395-403. doi:10.1002/cpt.64

Pardridge WM (2005) The blood-brain barrier: bottleneck in brain drug development.
NeuroRx 2(1):3-14

Li H, Wang H (2010) Activation of xenobiotic receptors: driving into the nucleus. Expert
Opin Drug Metab Toxicol 6(4):409-426. doi:10.1517/17425251003598886

Bernstein H-G, Holzl G, Dobrowolny H, Hildebrandt J, Triibner K, Krohn M, Bogerts B,
Pahnke J (2014) Vascular and extravascular distribution of the ATP-binding cassette trans-
porters ABCB1 and ABCC1 in aged human brain and pituitary. Mech Ageing Dev 141-
142:12-21, http://dx.doi.org/10.1016/j.mad.2014.08.003

Kubo Y, Ohtsuki S, Uchida Y, Terasaki T (2015) Quantitative determination of luminal and
abluminal membrane distributions of transporters in porcine brain capillaries by plasma
membrane fractionation and quantitative targeted proteomics. J Pharm Sci 104(9):3060—
3068. doi:10.1002/jps.24398

Wahrle SE, Jiang H, Parsadanian M, Legleiter J, Han X, Fryer JD, Kowalewski T, Holtzman
DM (2004) ABCA1 is required for normal central nervous system ApoE levels and for lipida-
tion of astrocyte-secreted apoE. J Biol Chem 279(39):40987-40993. doi:10.1074/jbc.
M407963200

Burns MP, Vardanian L, Pajoohesh-Ganji A, Wang L, Cooper M, Harris DC, Duff K, Rebeck
GW (2006) The effects of ABCA1 on cholesterol efflux and Ap levels in vitro and in vivo.
J Neurochem 98(3):792-800. doi:10.1111/j.1471-4159.2006.03925.x

Do TM, Dodacki A, Alata W, Calon F, Nicolic S, Scherrmann JM, Farinotti R, Bourasset F
(2015) Age-dependent regulation of the blood-brain barrier influx/efflux equilibrium of
amyloid-beta peptide in a mouse model of Alzheimer’s disease (3xTg-AD). J Alzheimers Dis
49(2):287-300. doi:10.3233/jad-150350

ElAli A, Rivest S (2013) The role of ABCB1 and ABCAI in beta-amyloid clearance at the
neurovascular unit in Alzheimer’s disease. Front Physiol 4:45. doi:10.3389/fphys.2013.00045
Reboul E, Dyka FM, Quazi F, Molday RS (2013) Cholesterol transport via ABCAI:
new insights from solid-phase binding assay. Biochimie 95(4):957-961. doi:10.1016/j.
biochi.2012.11.009

Nordestgaard LT, Tybjaerg-Hansen A, Nordestgaard BG, Frikke-Schmidt R (2015) Loss-of-
function mutation in ABCA1 and risk of Alzheimer’s disease and cerebrovascular disease.
Alzheimers Dement 11(12):1430-1438. doi:10.1016/j.jalz.2015.04.006

Virgintino D, Errede M, Girolamo F, Capobianco C, Robertson D, Vimercati A, Serio G, Di
Benedetto A, Yonekawa Y, Frei K (2008) Fetal blood—brain barrier P-glycoprotein contributes
to brain protection during human development. J Neuropathol Exp Neurol 67(1):50-61
Chen Z, Shi T, Zhang L, Zhu P, Deng M, Huang C, Hu T, Jiang L, Li J (2016) Mammalian
drug efflux transporters of the ATP binding cassette (ABC) family in multidrug resistance: a
review of the past decade. Cancer Lett 370(1):153-164. doi:10.1016/j.canlet.2015.10.010
Bendayan R, Ronaldson PT, Gingras D, Bendayan M (2006) In situ localization of
P-glycoprotein (ABCB1) in human and rat brain. J Histochem Cytochem 54(10):1159-1167.
doi:10.1369/jhc.5A6870.2006


http://dx.doi.org/10.1016/j.nbd.2009.07.030
http://dx.doi.org/10.1016/j.nbd.2009.07.030
http://dx.doi.org/10.1517/17425255.2016.1168804
http://dx.doi.org/10.1515/DMDI.2011.027
http://dx.doi.org/10.1007/s00204-014-1224-8
http://dx.doi.org/10.1002/cpt.64
http://dx.doi.org/10.1517/17425251003598886
http://dx.doi.org/10.1016/j.mad.2014.08.003
http://dx.doi.org/10.1002/jps.24398
http://dx.doi.org/10.1074/jbc.M407963200
http://dx.doi.org/10.1074/jbc.M407963200
http://dx.doi.org/10.1111/j.1471-4159.2006.03925.x
http://dx.doi.org/10.3233/jad-150350
http://dx.doi.org/10.3389/fphys.2013.00045
http://dx.doi.org/10.1016/j.biochi.2012.11.009
http://dx.doi.org/10.1016/j.biochi.2012.11.009
http://dx.doi.org/10.1016/j.jalz.2015.04.006
http://dx.doi.org/10.1016/j.canlet.2015.10.010
http://dx.doi.org/10.1369/jhc.5A6870.2006

BBB transporters and neuroinflammation 145

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48

49.

50.

Liu L, Liu X-D (2014) Alterations in function and expression of ABC transporters at blood—
brain barrier under diabetes and the clinical significances. Front Pharmacol 5:273.
doi:10.3389/fphar.2014.00273

Baello S, Igbal M, Bloise E, Javam M, Gibb W, Matthews SG (2014) TGF-betal regulation
of multidrug resistance P-glycoprotein in the developing male blood-brain barrier.
Endocrinology 155(2):475-484. doi:10.1210/en.2013-1472

Bartels AL, Kortekaas R, Bart J, Willemsen ATM, de Klerk OL, de Vries JJ, van Oostrom
JCH, Leenders KL (2009) Blood-brain barrier P-glycoprotein function decreases in specific
brain regions with aging: a possible role in progressive neurodegeneration. Neurobiol Aging
30(11):1818-1824, http://dx.doi.org/10.1016/j.neurobiolaging.2008.02.002

Wang Y, Zhang D, Wu K, Zhao Q, Nie Y, Fan D (2014) Long noncoding RNA MRUL pro-
motes ABCB1 expression in multidrug-resistant gastric cancer cell sublines. Mol Cell Biol
34(17):3182-3193. doi:10.1128/MCB.01580-13

Chen Z, Ma T, Huang C, Zhang L, Lv X, Xu T, Hu T, Li J (2013) MiR-27a modulates the
MDRI1/P-glycoprotein expression by inhibiting FZD7/beta-catenin pathway in hepatocellu-
lar carcinoma cells. Cell Signal 25(12):2693-2701. doi:10.1016/j.cellsig.2013.08.032

ElAli A, Hermann DM (2012) Liver X receptor activation enhances blood-brain barrier
integrity in the ischemic brain and increases the abundance of ATP-binding cassette trans-
porters ABCB1 and ABCCl on brain capillary cells. Brain Pathol 22(2):175-187.
doi:10.1111/.1750-3639.2011.00517.x

Kruh GD, Belinsky MG (2003) The MRP family of drug efflux pumps. Oncogene
22(47):7537-7552

Soontornmalai A, Vlaming M, Fritschy J-M (2006) Differential, strain-specific cellular and
subcellular distribution of multidrug transporters in murine choroid plexus and blood—brain
barrier. Neuroscience 138(1):159-169

Nies A, Jedlitschky G, Konig J, Herold-Mende C, Steiner H, Schmitt H-P, Keppler D (2004)
Expression and immunolocalization of the multidrug resistance proteins, MRP1-MRP6
(ABCC1-ABCCS6), in human brain. Neuroscience 129(2):349-360

Cole SP (2014) Targeting multidrug resistance protein 1 (MRP1, ABCCI):
past, present, and future. Annu Rev Pharmacol Toxicol 54:95-117. doi:10.1146/
annurev-pharmtox-011613-135959

Bakos E, Homolya L (2007) Portrait of multifaceted transporter, the multidrug resistance-
associated protein 1 (MRP1/ABCCI1). Pfliigers Arch 453(5):621-641

Krohn M, Lange C, Hofrichter J, Scheffler K, Stenzel J, Steffen J, Schumacher T, Briining T,
Plath A-S, Alfen F, Schmidt A, Winter F, Rateitschak K, Wree A, Gsponer J, Walker LC,
Pahnke J (2011) Cerebral amyloid-p proteostasis is regulated by the membrane transport
protein ABCC1 in mice. J Clin Invest 121(10):3924-3931. doi:10.1172/JCI57867

ElAli A, Hermann DM (2010) Apolipoprotein E controls ATP-binding cassette transporters
in the ischemic brain. Sci Signal 3(142):ra72. doi:10.1126/scisignal.2001213

Hermann DM, Bassetti CL (2007) Implications of ATP-binding cassette transporters for
brain pharmacotherapies. Trends Pharmacol Sci 28(3):128-134

Cole SP (2014) Multidrug resistance protein 1 (MRP1, ABCC1), a “multitasking” ATP-
binding cassette (ABC) transporter. J Biol Chem 289(45):30880-30888. doi:10.1074/jbc.
R114.609248

Nahalkova J, Volkmann I, Aoki M, Winblad B, Bogdanovic N, Tjernberg LO, Behbahani H
(2010) CD147, a y-secretase associated protein is upregulated in Alzheimer’s disease brain
and its cellular trafficking is affected by presenilin-2. Neurochem Int 56(1):67-76

. Moitra K, Lou H, Dean M (2011) Multidrug efflux pumps and cancer stem cells: insights into

multidrug resistance and therapeutic development. Clin Pharmacol Ther 89(4):491
Krishnamurthy P, Schuetz JD (2005) The ABC transporter Abcg2/Berp: role in hypoxia
mediated survival. Biometals 18(4):349-358

Zlokovic BV (2008) The blood-brain barrier in health and chronic neurodegenerative disor-
ders. Neuron 57(2):178-201


http://dx.doi.org/10.3389/fphar.2014.00273
http://dx.doi.org/10.1210/en.2013-1472
http://dx.doi.org/10.1016/j.neurobiolaging.2008.02.002
http://dx.doi.org/10.1128/MCB.01580-13
http://dx.doi.org/10.1016/j.cellsig.2013.08.032
http://dx.doi.org/10.1111/j.1750-3639.2011.00517.x
http://dx.doi.org/10.1146/annurev-pharmtox-011613-135959
http://dx.doi.org/10.1146/annurev-pharmtox-011613-135959
http://dx.doi.org/10.1172/JCI57867
http://dx.doi.org/10.1126/scisignal.2001213
http://dx.doi.org/10.1074/jbc.R114.609248
http://dx.doi.org/10.1074/jbc.R114.609248

146

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

V. Makrides et al.

. Hediger MA, Romero MF, Peng JB, Rolfs A, Takanaga H, Bruford EA (2004) The ABCs of solute
carriers: physiological, pathological and therapeutic implications of human membrane transport
proteins. Introduction. Pflugers Arch 447(5):465-468. doi:10.1007/s00424-003-1192-y

Hediger MA, Clemencon B, Burrier RE, Bruford EA (2013) The ABCs of membrane trans-
porters in health and disease (SLC series): introduction. Mol Aspects Med 34(2-3):95-107.
doi:10.1016/j.mam.2012.12.009

Dahlin A, Royall J, Hohmann JG, Wang J (2009) Expression profiling of the solute carrier
gene family in the mouse brain. J Pharmacol Exp Ther 329(2):558-570. doi:10.1124/
jpet.108.149831

Daneman R, Zhou L, Agalliu D, Cahoy JD, Kaushal A, Barres BA (2010) The mouse blood—
brain barrier transcriptome: a new resource for understanding the development and function
of brain endothelial cells. PLoS One 5(10):e13741. doi:10.1371/journal.pone.0013741
Uldry M, Thorens B (2004) The SLC2 family of facilitated hexose and polyol transporters.
Pflugers Arch 447(5):480-489. doi:10.1007/s00424-003-1085-0

Mueckler M, Thorens B (2013) The SLC2 (GLUT) family of membrane transporters. Mol
Aspects Med 34:121-138. doi:10.1016/j.mam.2012.07.001

Prasad S, Sajja RK, Naik P, Cucullo L (2014) Diabetes mellitus and blood—brain barrier dys-
function: an overview. J Pharmacovigil 2(2):125. doi:10.4172/2329-6887.1000125

Leybaert L (2005) Neurobarrier coupling in the brain: a partner of neurovascular and neuro-
metabolic coupling? J Cereb Blood Flow Metab 25(1):2—-16. doi:10.1038/sj.jcbfm.9600001
Farrell CL, Pardridge WM (1991) Blood-brain barrier glucose transporter is asymmetrically
distributed on brain capillary endothelial lumenal and ablumenal membranes: an electron
microscopic immunogold study. Proc Natl Acad Sci U S A 88(13):5779-5783

Oby E, Janigro D (2006) The blood—brain barrier and epilepsy. Epilepsia 47(11):1761-1774.
doi:10.1111/5.1528-1167.2006.00817.x

Winkler EA, Nishida Y, Sagare AP, Rege SV, Bell RD, Perlmutter D, Sengillo JD, Hillman S,
Kong P, Nelson AR, Sullivan JS, Zhao Z, Meiselman HJ, Wenby RB, Soto J, Abel ED,
Makshanoft J, Zuniga E, De Vivo DC, Zlokovic BV (2015) GLUT!1 reductions exacerbate
Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat Neurosci
18(4):521-530. doi:10.1038/nn.3966

Patching SG (2016) Glucose transporters at the blood—brain barrier: function, regulation and
gateways for drug delivery. Mol Neurobiol. 2016; 22:1-32. doi:10.1007/s12035-015-9672-6
Mastroberardino L, Spindler B, Pfeiffer R, Skelly PJ, Loffing J, Shoemaker CB, Verrey F
(1998) Amino-acid transport by heterodimers of 4F2hc/CD98 and members of a permease
family. Nature 395(6699):288-291. doi:10.1038/26246

Verrey F, Jack DL, Paulsen IT, Saier MH Jr, Pfeiffer R (1999) New glycoprotein-associated
amino acid transporters. ] Membr Biol 172(3):181-192

Verrey F (2003) System L: heteromeric exchangers of large, neutral amino acids involved in
directional transport. Pflugers Arch 445(5):529-533. doi:10.1007/s00424-002-0973-z
Verrey F, Closs EI, Wagner CA, Palacin M, Endou H, Kanai Y (2004) CATs and HATSs: the
SLC7 family of amino acid transporters. Pflugers Arch 447(5):532-542. doi:10.1007/
$00424-003-1086-z

Verrey F, Meier C, Rossier G, Kuhn LC (2000) Glycoprotein-associated amino acid exchang-
ers: broadening the range of transport specificity. Pflugers Arch 440(4):503-512

Ramadan T, Camargo SM, Herzog B, Bordin M, Pos KM, Verrey F (2007) Recycling of
aromatic amino acids via TAT1 allows efflux of neutral amino acids via LAT2-4F2hc
exchanger. Pflugers Arch 454(3):507-516. doi:10.1007/s00424-007-0209-3

Milkereit R, Persaud A, Vanoaica L, Guetg A, Verrey F, Rotin D (2015) LAPTM4b recruits
the LAT1-4F2hc Leu transporter to lysosomes and promotes mTORCI activation. Nat
Commun 6:7250. doi:10.1038/ncomms8250

Fotiadis D, Kanai Y, Palacin M (2013) The SLC3 and SLC7 families of amino acid transport-
ers. Mol Aspects Med 34(2-3):139-158. doi:10.1016/j.mam.2012.10.007


http://dx.doi.org/10.1007/s00424-003-1192-y
http://dx.doi.org/10.1016/j.mam.2012.12.009
http://dx.doi.org/10.1124/jpet.108.149831
http://dx.doi.org/10.1124/jpet.108.149831
http://dx.doi.org/10.1371/journal.pone.0013741
http://dx.doi.org/10.1007/s00424-003-1085-0
http://dx.doi.org/10.1016/j.mam.2012.07.001
http://dx.doi.org/10.4172/2329-6887.1000125
http://dx.doi.org/10.1038/sj.jcbfm.9600001
http://dx.doi.org/10.1111/j.1528-1167.2006.00817.x
http://dx.doi.org/10.1038/nn.3966
http://dx.doi.org/10.1007/s12035-015-9672-6
http://dx.doi.org/10.1038/26246
http://dx.doi.org/10.1007/s00424-002-0973-z
http://dx.doi.org/10.1007/s00424-003-1086-z
http://dx.doi.org/10.1007/s00424-003-1086-z
http://dx.doi.org/10.1007/s00424-007-0209-3
http://dx.doi.org/10.1038/ncomms8250
http://dx.doi.org/10.1016/j.mam.2012.10.007

BBB transporters and neuroinflammation 147

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Wittmann G, Mohacsik P, Balkhi MY, Gereben B, Lechan RM (2015) Endotoxin-induced
inflammation down-regulates L-type amino acid transporter 1 (LAT1) expression at the
blood-brain barrier of male rats and mice. Fluids Barriers CNS 12:21. doi:10.1186/
$12987-015-0016-8

Varatharaj A, Galea I (2016) The blood-brain barrier in systemic inflammation. Brain Behav
Immun. 2016; 16. pii: S0889-1591(16):30055-1. doi:10.1016/j.bbi.2016.03.010

Halestrap AP (2013) Monocarboxylic acid transport. Compr Physiol 3(4):1611-1643.
doi:10.1002/cphy.c130008

Visser WE, Friesema EC, Visser TJ (2011) Minireview: thyroid hormone transporters: the
knowns and the unknowns. Mol Endocrinol 25(1):1-14. doi:10.1210/me.2010-0095
Wittmann G, Szabon J, Mohacsik P, Nouriel SS, Gereben B, Fekete C, Lechan RM (2015)
Parallel regulation of thyroid hormone transporters OATP1cl and MCT8 during and after
endotoxemia at the blood-brain barrier of male rodents. Endocrinology 156(4):1552-1564.
doi:10.1210/en.2014-1830

Koepsell H (2013) The SLC22 family with transporters of organic cations, anions and zwit-
terions. Mol Aspects Med 34(2-3):413-435. doi:10.1016/j.mam.2012.10.010

Hagenbuch B, Stieger B (2013) The SLCO (former SLC21) superfamily of transporters. Mol
Aspects Med 34(2-3):396-412. doi:10.1016/j.mam.2012.10.009

Meier PJ, Eckhardt U, Schroeder A, Hagenbuch B, Stieger B (1997) Substrate specificity of
sinusoidal bile acid and organic anion uptake systems in rat and human liver. Hepatology
26(6):1667-1677. doi:10.1002/hep.510260641

Gao B, Stieger B, Noe B, Fritschy JM, Meier PJ (1999) Localization of the organic anion
transporting polypeptide 2 (Oatp2) in capillary endothelium and choroid plexus epithelium of
rat brain. J Histochem Cytochem 47(10):1255-1264

Gao B, Hagenbuch B, Kullak-Ublick GA, Benke D, Aguzzi A, Meier PJ (2000) Organic
anion-transporting polypeptides mediate transport of opioid peptides across blood—brain bar-
rier. J Pharmacol Exp Ther 294(1):73-79

Dazert P, Suofu Y, Grube M, Popa-Wagner A, Kroemer HK, Jedlitschky G, Kessler C (2006)
Differential regulation of transport proteins in the periinfarct region following reversible
middle cerebral artery occlusion in rats. Neuroscience 142(4):1071-1079. doi:10.1016/j.
neuroscience.2006.07.056

Jones AR, Shusta EV (2007) Blood-brain barrier transport of therapeutics via receptor-
mediation. Pharm Res 24(9):1759-1771. doi:10.1007/s11095-007-9379-0

Hervé F, Ghinea N, Scherrmann J-M (2008) CNS delivery via adsorptive transcytosis. AAPS
J10(3):455-472. doi:10.1208/s12248-008-9055-2

Kang NH, Lee WK, Yi BR, Park MA, Lee HR, Park SK, Hwang KA, Park HK, Choi KC
(2012) Modulation of lipid metabolism by mixtures of protamine and chitooligosaccharide
through pancreatic lipase inhibitory activity in a rat model. Lab Anim Res 28(1):31-38.
doi:10.5625/1ar.2012.28.1.31

Ramanathan A, Nelson AR, Sagare AP, Zlokovic BV (2015) Impaired vascular-mediated
clearance of brain amyloid beta in Alzheimer’s disease: the role, regulation and restoration of
LRP1. Front Aging Neurosci 7:136. doi:10.3389/fnagi.2015.00136

Kang DE, Pietrzik CU, Baum L, Chevallier N, Merriam DE, Kounnas MZ, Wagner SL,
Troncoso JC, Kawas CH, Katzman R, Koo EH (2000) Modulation of amyloid beta-protein
clearance and Alzheimer’s disease susceptibility by the LDL receptor-related protein path-
way. J Clin Invest 106(9):1159-1166. doi:10.1172/jcil11013

Lillis AP, Mikhailenko I, Strickland DK (2005) Beyond endocytosis: LRP function in cell
migration, proliferation and vascular permeability. J Thromb Haemost 3(8):1884-1893.
doi:10.1111/j.1538-7836.2005.01371.x

Deane R, Wu Z, Zlokovic BV (2004) RAGE (yin) versus LRP (yang) balance regulates
Alzheimer amyloid beta-peptide clearance through transport across the blood—brain barrier.
Stroke 35(11 Suppl 1):2628-2631. doi:10.1161/01.STR.0000143452.85382.d1


http://dx.doi.org/10.1186/s12987-015-0016-8
http://dx.doi.org/10.1186/s12987-015-0016-8
http://dx.doi.org/10.1016/j.bbi.2016.03.010
http://dx.doi.org/10.1002/cphy.c130008
http://dx.doi.org/10.1210/me.2010-0095
http://dx.doi.org/10.1210/en.2014-1830
http://dx.doi.org/10.1016/j.mam.2012.10.010
http://dx.doi.org/10.1016/j.mam.2012.10.009
http://dx.doi.org/10.1002/hep.510260641
http://dx.doi.org/10.1016/j.neuroscience.2006.07.056
http://dx.doi.org/10.1016/j.neuroscience.2006.07.056
http://dx.doi.org/10.1007/s11095-007-9379-0
http://dx.doi.org/10.1208/s12248-008-9055-2
http://dx.doi.org/10.5625/lar.2012.28.1.31
http://dx.doi.org/10.3389/fnagi.2015.00136
http://dx.doi.org/10.1172/jci11013
http://dx.doi.org/10.1111/j.1538-7836.2005.01371.x
http://dx.doi.org/10.1161/01.STR.0000143452.85382.d1

148

89

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

V. Makrides et al.

. Ray R, Juranek JK, Rai V (2016) RAGE axis in neuroinflammation, neurodegeneration and
its emerging role in the pathogenesis of amyotrophic lateral sclerosis. Neurosci Biobehav
Rev 62:48-55. doi:10.1016/j.neubiorev.2015.12.006

Vazzana N, Santilli F, Cuccurullo C, Davi G (2009) Soluble forms of RAGE in internal medi-
cine. Intern Emerg Med 4(5):389-401. doi:10.1007/s11739-009-0300- 1

Schmidt AM, Yan SD, Wautier JL, Stern D (1999) Activation of receptor for advanced glyca-
tion end products: a mechanism for chronic vascular dysfunction in diabetic vasculopathy
and atherosclerosis. Circ Res 84(5):489-497

Nag S, Venugopalan R, Stewart DJ (2007) Increased caveolin-1 expression precedes
decreased expression of occludin and claudin-5 during blood-brain barrier breakdown. Acta
Neuropathol 114(5):459-469. doi:10.1007/s00401-007-0274-x

Nag S, Manias JL, Stewart DJ (2009) Expression of endothelial phosphorylated caveolin-1 is
increased in  brain  injury. Neuropathol =~ Appl Neurobiol  35(4):417-426.
doi:10.1111/5.1365-2990.2008.01009.x

Virgintino D, Robertson D, Errede M, Benagiano V, Girolamo F, Maiorano E, Roncali L,
Bertossi M (2002) Expression of P-glycoprotein in human cerebral cortex microvessels.
J Histochem Cytochem 50(12):1671-1676

Zhao YL, Song JN, Zhang M (2014) Role of caveolin-1 in the biology of the blood—brain
barrier. Rev Neurosci 25(2):247-254. doi:10.1515/revneuro-2013-0039

Errede M, Girolamo F, Ferrara G, Strippoli M, Morando S, Boldrin V, Rizzi M, Uccelli A,
Perris R, Bendotti C, Salmona M, Roncali L, Virgintino D (2012) Blood-brain barrier altera-
tions in the cerebral cortex in experimental autoimmune encephalomyelitis. J Neuropathol
Exp Neurol 71(10):840-854. doi:10.1097/NEN.0b013e31826ac110

Song L, Ge S, Pachter JS (2007) Caveolin-1 regulates expression of junction-associated pro-
teins in brain microvascular endothelial cells. Blood 109(4):1515-1523. doi:10.1182/
blood-2006-07-034009

Kim MP, Park SI, Kopetz S, Gallick GE (2009) Src family kinases as mediators of endothelial
permeability: effects on inflammation and metastasis. Cell Tissue Res 335(1):249-259.
doi:10.1007/s00441-008-0682-9

Schubert W, Frank PG, Woodman SE, Hyogo H, Cohen DE, Chow CW, Lisanti MP (2002)
Microvascular hyperpermeability in caveolin-1 (—/—) knock-out mice. Treatment with a spe-
cific nitric-oxide synthase inhibitor, L-NAME, restores normal microvascular permeability in
Cav-1 null mice. J Biol Chem 277(42):40091-40098. doi:10.1074/jbc.M205948200

Gratton JP, Lin M1, Yu J, Weiss ED, Jiang ZL, Fairchild TA, Iwakiri Y, Groszmann R, Claffey
KP, Cheng YC, Sessa WC (2003) Selective inhibition of tumor microvascular permeability by
cavtratin blocks tumor progression in mice. Cancer Cell 4(1):31-39

Bauer PM, Yu J, Chen Y, Hickey R, Bernatchez PN, Looft-Wilson R, Huang Y, Giordano F,
Stan RV, Sessa WC (2005) Endothelial-specific expression of caveolin-1 impairs microvascu-
lar permeability and angiogenesis. Proc Natl Acad Sci U S A 102(1):204-209. doi:10.1073/
pnas.0406092102

Turner MD, Nedjai B, Hurst T, Pennington DJ (2014) Cytokines and chemokines: at the
crossroads of cell signalling and inflammatory disease. Biochim Biophys Acta 1843(11):2563—
2582. doi:10.1016/j.bbamcr.2014.05.014

Bailey TL, Rivara CB, Rocher AB, Hof PR (2004) The nature and effects of cortical micro-
vascular pathology in aging and Alzheimer’s disease. Neurol Res 26(5):573-578.
doi:10.1179/016164104225016272

Ogunshola OO, Antoniou X (2009) Contribution of hypoxia to Alzheimer’s disease: is HIF-
lalpha a mediator of neurodegeneration? Cell Mol Life Sci 66(22):3555-3563. doi:10.1007/
s00018-009-0141-0

Zhao Z, Nelson Amy R, Betsholtz C, Zlokovic Berislav V (2015) Establishment and dysfunc-
tion of the blood-brain barrier. Cell 163(5):1064-1078, http://dx.doi.org/10.1016/j.
cell.2015.10.067

de Vries HE, Kuiper J, de Boer AG, Van Berkel TJ, Breimer DD (1997) The blood—brain bar-
rier in neuroinflammatory diseases. Pharmacol Rev 49(2):143-155


http://dx.doi.org/10.1016/j.neubiorev.2015.12.006
http://dx.doi.org/10.1007/s11739-009-0300-1
http://dx.doi.org/10.1007/s00401-007-0274-x
http://dx.doi.org/10.1111/j.1365-2990.2008.01009.x
http://dx.doi.org/10.1515/revneuro-2013-0039
http://dx.doi.org/10.1097/NEN.0b013e31826ac110
http://dx.doi.org/10.1182/blood-2006-07-034009
http://dx.doi.org/10.1182/blood-2006-07-034009
http://dx.doi.org/10.1007/s00441-008-0682-9
http://dx.doi.org/10.1074/jbc.M205948200
http://dx.doi.org/10.1073/pnas.0406092102
http://dx.doi.org/10.1073/pnas.0406092102
http://dx.doi.org/10.1016/j.bbamcr.2014.05.014
http://dx.doi.org/10.1179/016164104225016272
http://dx.doi.org/10.1007/s00018-009-0141-0
http://dx.doi.org/10.1007/s00018-009-0141-0
http://dx.doi.org/10.1016/j.cell.2015.10.067
http://dx.doi.org/10.1016/j.cell.2015.10.067

BBB transporters and neuroinflammation 149

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Rothaug M, Becker-Pauly C, Rose-John S (2016) The role of interleukin-6 signaling in ner-
vous tissue. Biochim Biophys Acta 1863(6 Pt A):1218-1227. doi:10.1016/j.
bbamcr.2016.03.018

Strazielle N, Ghersi-Egea JF (2013) Physiology of blood-brain interfaces in relation to brain
disposition of small compounds and macromolecules. Mol Pharm 10(5):1473-1491.
doi:10.1021/mp300518e

Virgintino D, Robertson D, Benagiano V, Errede M, Bertossi M, Ambrosi G, Roncali L
(2000) Immunogold cytochemistry of the blood—brain barrier glucose transporter GLUT1
and endogenous albumin in the developing human brain. Brain Res Dev Brain Res
123(1):95-101

Virgintino D, Maiorano E, Errede M, Vimercati A, Greco P, Selvaggi L, Roncali L, Bertossi
M (1998) Astroglia-microvessel relationship in the developing human telencephalon. Int
J Dev Biol 42(8):1165-1168

Engelhardt B, Liebner S (2014) Novel insights into the development and maintenance of the
blood-brain barrier. Cell Tissue Res 355(3):687—699. doi:10.1007/s00441-014-1811-2
Aden U, Favrais G, Plaisant F, Winerdal M, Felderhoff-Mueser U, Lampa J, Lelievre V,
Gressens P (2010) Systemic inflammation sensitizes the neonatal brain to excitotoxicity
through a pro-/anti-inflammatory imbalance: key role of TNFalpha pathway and protection
by etanercept. Brain Behav Immun 24(5):747-758. doi:10.1016/j.bbi.2009.10.010

Stolp HB, Dziegielewska KM, Ek CJ, Potter AM, Saunders NR (2005) Long-term changes in
blood—brain barrier permeability and white matter following prolonged systemic inflamma-
tion in early development in the rat. Eur J Neurosci 22(11):2805-2816.
doi:10.1111/5.1460-9568.2005.04483.x

Zlokovic BV (2011) Neurovascular pathways to neurodegeneration in Alzheimer’s disease
and other disorders. Nat Rev Neurosci 12(12):723-738. doi:10.1038/nrn3114

Makrides V, Shen TE, Bhatia R, Smith BL, Thimm J, Lal R, Feinstein SC (2003) Microtubule-
dependent oligomerization of tau. Implications for physiological tau function and tauopa-
thies. J Biol Chem 278(35):33298-33304. doi:10.1074/jbc.M305207200

Makrides V, Massie MR, Feinstein SC, Lew J (2004) Evidence for two distinct binding sites
for tau on microtubules. Proc Natl Acad Sci U S A 101(17):6746-6751. doi:10.1073/
pnas.0400992101

Feinstein SC, Wilson L (2005) Inability of tau to properly regulate neuronal microtubule
dynamics: a loss-of-function mechanism by which tau might mediate neuronal cell death.
Biochim Biophys Acta 1739(2-3):268-279. doi:10.1016/j.bbadis.2004.07.002

LiuZ, LiT, Li P, Wei N, Zhao Z, Liang H, Ji X, Chen W, Xue M, Wei J (2015) The ambiguous
relationship of oxidative stress, Tau hyperphosphorylation, and autophagy dysfunction in
Alzheimer’s disease. Oxid Med Cell Longev 2015:352723. doi:10.1155/2015/352723
Nelson AR, Sweeney MD, Sagare AP, Zlokovic BV (2016) Neurovascular dysfunction and
neurodegeneration in dementia and Alzheimer’s disease. Biochim Biophys Acta 1862(5):887—
900. doi:10.1016/j.bbadis.2015.12.016

Jonsson T, Atwal JK, Steinberg S, Snaedal J, Jonsson PV, Bjornsson S, Stefansson H, Sulem
P, Gudbjartsson D, Maloney J, Hoyte K, Gustafson A, Liu Y, Lu Y, Bhangale T, Graham RR,
Huttenlocher J, Bjornsdottir G, Andreassen OA, Jonsson EG, Palotie A, Behrens TW,
Magnusson OT, Kong A, Thorsteinsdottir U, Watts RJ, Stefansson K (2012) A mutation in
APP protects against Alzheimer’s disease and age-related cognitive decline. Nature
488(7409):96-99. doi:10.1038/nature11283

Hartz AMS, Zhong Y, Wolf A, LeVine H, Miller DS, Bauer B (2016) AP40 reduces
P-glycoprotein at the blood—brain barrier through the ubiquitin—proteasome pathway.
J Neurosci 36(6):1930-1941. doi:10.1523/jneurosci.0350-15.2016

Wolf A, Bauer B, Hartz AM (2012) ABC transporters and the Alzheimer’s disease enigma.
Front Psychiatry 3:54. doi:10.3389/fpsyt.2012.00054

Simpson IA, Chundu KR, Davies-Hill T, Honer WG, Davies P (1994) Decreased concentra-
tions of GLUT1 and GLUT3 glucose transporters in the brains of patients with Alzheimer’s
disease. Ann Neurol 35(5):546-551. doi:10.1002/ana.410350507


http://dx.doi.org/10.1016/j.bbamcr.2016.03.018
http://dx.doi.org/10.1016/j.bbamcr.2016.03.018
http://dx.doi.org/10.1021/mp300518e
http://dx.doi.org/10.1007/s00441-014-1811-2
http://dx.doi.org/10.1016/j.bbi.2009.10.010
http://dx.doi.org/10.1111/j.1460-9568.2005.04483.x
http://dx.doi.org/10.1038/nrn3114
http://dx.doi.org/10.1074/jbc.M305207200
http://dx.doi.org/10.1073/pnas.0400992101
http://dx.doi.org/10.1073/pnas.0400992101
http://dx.doi.org/10.1016/j.bbadis.2004.07.002
http://dx.doi.org/10.1155/2015/352723
http://dx.doi.org/10.1016/j.bbadis.2015.12.016
http://dx.doi.org/10.1038/nature11283
http://dx.doi.org/10.1523/jneurosci.0350-15.2016
http://dx.doi.org/10.3389/fpsyt.2012.00054
http://dx.doi.org/10.1002/ana.410350507

150

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

V. Makrides et al.

Mooradian AD, Chung HC, Shah GN (1997) GLUT-1 expression in the cerebra of patients
with Alzheimer’s disease. Neurobiol Aging 18(5):469-474

Shibata M, Yamada S, Kumar SR, Calero M, Bading J, Frangione B, Holtzman DM, Miller
CA, Strickland DK, Ghiso J, Zlokovic BV (2000) Clearance of Alzheimer’s amyloid-p(1-40)
peptide from brain by LDL receptor—related protein-1 at the blood-brain barrier. J Clin Invest
106(12):1489-1499

Sui YT, Bullock KM, Erickson MA, Zhang J, Banks WA (2014) Alpha synuclein is trans-
ported into and out of the brain by the blood—brain barrier. Peptides 62:197-202. doi:10.1016/j.
peptides.2014.09.018

Camargo SM, Vuille-dit-Bille RN, Mariotta L, Ramadan T, Huggel K, Singer D, Gotze O,
Verrey F (2014) The molecular mechanism of intestinal levodopa absorption and its possible
implications for the treatment of Parkinson’s disease. J Pharmacol Exp Ther 351(1):114-123.
doi:10.1124/jpet.114.216317

Westin JE, Lindgren HS, Gardi J, Nyengaard JR, Brundin P, Mohapel P, Cenci MA (2006)
Endothelial proliferation and increased blood—brain barrier permeability in the basal ganglia
in arat model of 3,4-dihydroxyphenyl-1-alanine-induced dyskinesia. J Neurosci 26(37):9448—
9461. doi:10.1523/jneurosci.0944-06.2006

Drozdzik M, Bialecka M, Mysliwiec K, Honczarenko K, Stankiewicz J, Sych Z (2003)
Polymorphism in the P-glycoprotein drug transporter MDR1 gene: a possible link between
environmental and genetic factors in Parkinson’s disease. Pharmacogenetics 13(5):259-263.
doi:10.1097/01.fpc.0000054087.48725.d9

Engelhardt B, Ransohoff RM (2005) The ins and outs of T-lymphocyte trafficking to the
CNS: anatomical sites and molecular mechanisms. Trends Immunol 26(9):485-495.
doi:10.1016/}.it.2005.07.004

Lopes Pinheiro MA, Kooij G, Mizee MR, Kamermans A, Enzmann G, Lyck R, Schwaninger
M, Engelhardt B, de Vries HE (2016) Immune cell trafficking across the barriers of the cen-
tral nervous system in multiple sclerosis and stroke. Biochim Biophys Acta 1862(3):461-
471. doi:10.1016/j.bbadis.2015.10.018

Wu H, Deng R, Chen X, Wong WC, Chen H, Gao L, Nie Y, Wu W, Shen J (2016) Caveolin-1
is critical for lymphocyte trafficking into central nervous system during experimental autoim-
mune encephalomyelitis. J Neurosci 36(19):5193-5199. doi: 10.1523/jneurosci.3734-15.2016
Mahad DJ, Ransohoff RM (2003) The role of MCP-1 (CCL2) and CCR2 in multiple sclerosis
and experimental autoimmune encephalomyelitis (EAE). Semin Immunol 15(1):23-32
Vezzani A, Fujinami RS, White HS, Preux PM, Blumcke I, Sander JW, Loscher W (2016)
Infections, inflammation and epilepsy. Acta Neuropathol 131(2):211-234. doi:10.1007/
s00401-015-1481-5

Bozzi Y, Caleo M (2016) Epilepsy, seizures, and inflammation: role of the C-C motif ligand
2 chemokine. DNA Cell Biol 35(6):257-260. doi:10.1089/dna.2016.3345

Lachos J, Zattoni M, Wieser H-G, Fritschy J-M, Langmann T, Schmitz G, Errede M,
Virgintino D, Yonekawa Y, Frei K (2011) Characterization of the gene expression profile of
human hippocampus in mesial temporal lobe epilepsy with hippocampal sclerosis. Epilepsy
Res Treat 2011:11. doi:10.1155/2011/758407

Loscher W, Potschka H (2005) Drug resistance in brain diseases and the role of drug efflux
transporters. Nat Rev Neurosci 6(8):591-602. doi:10.1038/nrn1728

Moskowitz MA, Lo EH, Iadecola C (2010) The science of stroke: mechanisms in search of
treatments. Neuron 67(2):181-198. doi:10.1016/j.neuron.2010.07.002

Vannucci SJ, Reinhart R, Maher F, Bondy CA, Lee WH, Vannucci RC, Simpson IA (1998)
Alterations in GLUT1 and GLUT3 glucose transporter gene expression following unilateral
hypoxia-ischemia in the immature rat brain. Brain Res Dev Brain Res 107(2):255-264

Yeh WL, Lin CJ, Fu WM (2008) Enhancement of glucose transporter expression of brain
endothelial cells by vascular endothelial growth factor derived from glioma exposed to
hypoxia. Mol Pharmacol 73(1):170-177. doi:10.1124/mol.107.038851

Weiss RA (1993) How does HIV cause AIDS? Science 260(5112):1273-1279


http://dx.doi.org/10.1016/j.peptides.2014.09.018
http://dx.doi.org/10.1016/j.peptides.2014.09.018
http://dx.doi.org/10.1124/jpet.114.216317
http://dx.doi.org/10.1523/jneurosci.0944-06.2006
http://dx.doi.org/10.1097/01.fpc.0000054087.48725.d9
http://dx.doi.org/10.1016/j.it.2005.07.004
http://dx.doi.org/10.1016/j.bbadis.2015.10.018
http://dx.doi.org/10.1523/jneurosci.3734-15.2016
http://dx.doi.org/10.1007/s00401-015-1481-5
http://dx.doi.org/10.1007/s00401-015-1481-5
http://dx.doi.org/10.1089/dna.2016.3345
http://dx.doi.org/10.1155/2011/758407
http://dx.doi.org/10.1038/nrn1728
http://dx.doi.org/10.1016/j.neuron.2010.07.002
http://dx.doi.org/10.1124/mol.107.038851

BBB transporters and neuroinflammation 151

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Toborek M, Lee YW, Flora G, Pu H, Andras IE, Wylegala E, Hennig B, Nath A (2005)
Mechanisms of the blood—brain barrier disruption in HIV-1 infection. Cell Mol Neurobiol
25(1):181-199

McRae M (2016) HIV and viral protein effects on the blood brain barrier. Tissue Barriers
4(1):e1143543. doi:10.1080/21688370.2016.1143543

Ivey NS, MacLean AG, Lackner AA (2009) AIDS and the blood-brain barrier. J Neurovirol
15(2):111-122. doi:10.1080/13550280902769764

Bennani-Baiti B, Toegel S, Viernstein H, Urban E, Noe CR, Bennani-Baiti IM (2015)
Inflammation modulates RLIP76/RALBP1 electrophile-glutathione conjugate transporter
and housekeeping genes in human blood-brain barrier endothelial cells. PLoS One
10(9):e0139101. doi:10.1371/journal.pone.0139101

Akanuma S, Uchida Y, Ohtsuki S, Tachikawa M, Terasaki T, Hosoya K (2011) Attenuation of
prostaglandin E2 elimination across the mouse blood—brain barrier in lipopolysaccharide-
induced inflammation and additive inhibitory effect of cefmetazole. Fluids Barriers CNS
8:24. doi:10.1186/2045-8118-8-24

Banks WA, Erickson MA (2010) The blood—brain barrier and immune function and dysfunc-
tion. Neurobiol Dis 37(1):26-32. doi:10.1016/j.nbd.2009.07.031

Hartz AM, Bauer B, Fricker G, Miller DS (2006) Rapid modulation of P-glycoprotein-
mediated transport at the blood—brain barrier by tumor necrosis factor-alpha and lipopolysac-
charide. Mol Pharmacol 69(2):462—-470. doi:10.1124/mol.105.017954

Jaeger LB, Dohgu S, Hwang MC, Farr SA, Murphy MP, Fleegal-DeMotta MA, Lynch JL,
Robinson SM, Niehoff ML, Johnson SN, Kumar VB, Banks WA (2009) Testing the neurovas-
cular hypothesis of Alzheimer’s disease: LRP-1 antisense reduces blood-brain barrier
clearance, increases brain levels of amyloid-beta protein, and impairs cognition. J Alzheimers
Dis 17(3):553-570. doi:10.3233/jad-2009-1074

Reichel V, Burghard S, John I, Huber O (2011) P-glycoprotein and breast cancer resistance
protein expression and function at the blood—brain barrier and blood-cerebrospinal fluid bar-
rier (choroid plexus) in streptozotocin-induced diabetes in rats. Brain Res 1370:238-245.
doi:10.1016/j.brainres.2010.11.012

Sajja RK, Rahman S, Cucullo L (2016) Drugs of abuse and blood-brain barrier endothelial
dysfunction: a focus on the role of oxidative stress. J Cereb Blood Flow Metab 36(3):539—
554. doi:10.1177/0271678x15616978

Margineanu DG (2016) Neuropharmacology beyond reductionism — a likely prospect.
Biosystems 141:1-9. doi: 10.1016/j.biosystems.2015.11.010

Panzenboeck U, Kratzer I, Sovic A, Wintersperger A, Bernhart E, Hammer A, Malle E,
Sattler W (2006) Regulatory effects of synthetic liver X receptor- and peroxisome-proliferator
activated receptor agonists on sterol transport pathways in polarized cerebrovascular endo-
thelial cells. Int J Biochem Cell Biol 38(8):1314-1329. doi:10.1016/j.biocel.2006.01.013
ElAli A, Hermann DM (2011) ATP-binding cassette transporters and their roles in protecting
the brain. Neuroscientist 17(4):423-436. doi:10.1177/1073858410391270

Strazielle N, Ghersi-Egea J-F (2015) Efflux transporters in blood—brain interfaces of the
developing brain. Front Neurosci 9:21. doi:10.3389/fnins.2015.00021

Virgintino D, Robertson D, Monaghan P, Errede M, Ambrosi G, Roncali L, Bertossi M
(1998) Glucose transporter GLUT1 localization in human foetus telencephalon. Neurosci
Lett 256:147-150


http://dx.doi.org/10.1080/21688370.2016.1143543
http://dx.doi.org/10.1080/13550280902769764
http://dx.doi.org/10.1371/journal.pone.0139101
http://dx.doi.org/10.1186/2045-8118-8-24
http://dx.doi.org/10.1016/j.nbd.2009.07.031
http://dx.doi.org/10.1124/mol.105.017954
http://dx.doi.org/10.3233/jad-2009-1074
http://dx.doi.org/10.1016/j.brainres.2010.11.012
http://dx.doi.org/10.1177/0271678x15616978
http://dx.doi.org/10.1016/j.biosystems.2015.11.010
http://dx.doi.org/10.1016/j.biocel.2006.01.013
http://dx.doi.org/10.1177/1073858410391270
http://dx.doi.org/10.3389/fnins.2015.00021

microRNAs in Brain Endothelium
and Inflammation

D. Roig-Carles, C. Cerutti, M.A. Lopez-Ramirez, D. Wu,
David K. Male, H.E. de Vries, and I.A. Romero

Abstract Blood-brain barrier (BBB) dysfunction, characterised by increased per-
meability across brain endothelium and/or leukocyte extravasation into CNS tissue,
is associated with changes in the gene expression profile of brain endothelium and
is therefore potentially controlled by epigenetic factors. MicroRNAs (miRNAs) are
single-stranded, short, non-coding RNA molecules that mediate post-transcrip-
tional gene silencing. Recent studies have demonstrated alterations of miRNA
expression at the BBB in experimental autoimmune encephalomyelitis, in multiple
sclerosis, and in cytokine-stimulated human brain endothelial cells. These results
suggest that brain endothelial miRNAs play a role in the pathophysiology of the
BBB in inflammation. In this chapter, we will first give an overview of miRNA
biology and then review the current knowledge of the role of miRNAs in regulating
BBB function, particularly in the context of multiple sclerosis.

1 Introduction

Blood-brain barrier (BBB) dysfunction is a major hallmark of many central
nervous system (CNS) disorders such as multiple sclerosis and even non-neuro-
logical conditions (e.g. acute systemic infection) and is characterised by
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increased permeability across the endothelium, both para- and trans-cellular,
alteration in the expression of cell-surface receptors and/or transporters and
activation of endothelial cells to support leucocyte extravasation into the CNS
parenchyma [1, 65]. We are just beginning to understand the molecular factors
controlling BBB permeability (for a recent review, see [3]) and the mechanisms
of leucocyte extravasation across brain endothelium [74] under pathological
conditions, but many of these pathophysiological effects are underpinned by
overt acute or chronic changes in gene expression in cerebral endothelial cells.
As an example, activation of cultured human brain endothelial cells (BEC) with
the pro-inflammatory mediators TNFa and IFNy leads to changes in the expres-
sion of approximately 5 % of all genes identified using transcriptome microar-
ray technology [53].

In pathological conditions, changes in the brain endothelial pattern of gene
expression may occur at the transcriptional level, for example, by regulating the
activity and/or expression of transcriptional regulators or, alternatively, following
epigenetic changes involving DNA methylation and/or chromatin remodelling. In
addition, regulation of gene expression has been shown to occur at the post-
transcriptional level, specifically by a class of gene expression regulators termed
microRNAs (miRs or miRNAs for short). In this chapter, we will first briefly review
the biology of miRNAs as their role in regulating BBB function is a relatively novel
concept. Then, we will review our current understanding of the role of brain endo-
thelial miRNAs in inflammation, particularly in the context of multiple sclerosis.
Further research has been carried out on this topic in the context of stroke, and this
is reviewed in [69] and [93].

2 microRNAs

miRNAs are a class of endogenous, 20-25 nucleotide-long highly conserved, single-
stranded, small non-coding RNA molecules that mediate post-transcriptional gene
silencing [14].

It was in the early 1990s when two independent groups identified the first
miRNA, lin-4, in the nematode Caenorhabditis elegans [47, 87]. A second
miRNA, let-7, was discovered in 2000 [62, 68], followed by three different groups
that published their discovery of new miRNAs in Science contributing to the con-
cept of miRNAs as an abundant and distinct group of gene regulators [44—46].
These findings established a new field of research that has grown exponentially
since then. Indeed, miRNAs have been defined as critical regulators for many
biological processes such as differentiation, cell cycle, development, apoptosis
and disease in various model organisms and in humans [26] demonstrating aston-
ishing evolutionary conservation between different vertebrate and invertebrate
species [27].
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Fig. 1 Canonical pathway for the biogenesis of miRNAs. miRNA biogenesis takes place in the
nucleus (violet) and in the cytoplasm (yellow) of the cell. Intergenic, exonic and intronic miRNA
genes are transcribed by RNA polymerase II (RNA pol II) to generate pri-miRNAs or miRtrons,
which are further cleaved by a microprocessor formed by DROSHA and DGCRS or by the spliceo-
some, respectively, to originate the 60-70 nucleotide precursor miRNA (pre-miRNA). pre-miRNA
is exported from the nucleus to the cytoplasm by exportin-5 and further processed by DICER
associated with TRBP in a miRNA/miRNA* duplex. This duplex is cleaved by the RISC complex
(formed by DICER, TRBP and AGO proteins) to originate two mature miRNA species: miRNA
(leading) and miRNA* (passenger). These are incorporated into the RISC complex by AGO2 or
AGO1-4, depending on sequence complementarity, and directed to the target mRNA (black line)
[29, 43, 57, 76]

2.1 Biogenesis

More than a thousand miRNA sequences have been identified in the human genome,
which are located in different regions of the genome. In humans, miRNA genes
have been defined as intergenic (between two genes) and within genes, the latter
being either intronic or exonic [71] (Fig. 1). Currently, it is estimated that 1 % of
human genes encodes for miRNAs [6].
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miRNA biogenesis is a complex and organised process that is compartmental-
ised between the nucleus and the cytoplasm and is classified into two classes,
canonical and non-canonical, based on the transcription process used [29]. The
canonical pathway is mediated by RNA polymerase II (Pol II) and involves the
transcription of the miRNA gene to the primary miRNA transcript, pri-miR or pri-
miRNA, with similar transcriptional mechanisms to protein-coding genes (Fig. 1).
pri-miRNAs are capped, spliced and polyadenylated [48]. Structurally, pri-miRNAs
have a unique imperfect stem-loop structure of approximately 70 nucleotides with
flanking 5’- and 3’-single-stranded ends [95]. Exceptionally, miRNAs containing
Alu repeat elements on their promoter might be processed by RNA polymerase 111
[10]. The pri-miRNA is recognised and cleaved, at one strand of the double-stranded
RNA towards the base of the loop, by a microprocessor complex comprised by the
nuclear enzyme DROSHA (RNase III type endonuclease) and an RNA-binding pro-
tein DGCRS (DiGeorge syndrome critical region gene 8) [30, 32]. The cleaved hair-
pin sequence of 70 nucleotides is the precursor miRNA (pre-miR or pre-miRNA)
[32], and it is actively transported from the nucleus to the cytoplasm associated with
its cofactor Ran coupled to GTP by the nuclear export receptor exportin-5. GTP is
then replaced by GDP inducing exportin-5 to release its pre-miRNA cargo into the
cytoplasm [9, 55]. In the cytoplasm, the terminal loop of the pre-miRNA is cleaved
off by DICER (RNase III endonuclease enzyme) associated with TAR RNA-binding
protein (TRBP) [7] to originate a mature double-stranded miRNA duplex. TRBP
alters the cleaved pre-miRNA and physically bridges DICER with the Argonaute
proteins (Ago) to form the RNA-induced silencing complex (RISC).

The miRNA duplex is composed by a mature miRNA strand, also known as lead-
ing or guide strand, and an miRNA*, also known as passenger or star strand. Mature
miRNAs are incorporated into RISC complexes that together with proteins of the
GW182 family lead the post-transcriptional gene silencing process. Furthermore,
this complex has been found sometimes to be enriched within p-bodies that are
generated as a consequence of the gene silencing process [23]. Traditionally, the
passenger miRNA* strand was believed to be present at a much lower frequency
than the mature miRNA [18, 50] because it appeared to be degraded and removed
from the RISC complex [57]. However, recent evidence shows that the star forms
are functional and they can also mediate post-transcriptional gene regulation.
Currently, it is not understood how one of the miRNA strands is incorporated into
the RISC complex, while the other is degraded. Several studies have observed that
most pre-miRNAs generate a ratio between miRNA and miRNA*, but the loading
of one of the two strands will depend on the cellular type, developmental stage,
environmental factors, availability of their mRNA targets and other factors [17, 43,
70]. As a result of the functional role of both strands, the nomenclature of miRNA/
miRNA* is being replaced by indicating the strand of the pre-miRNA where the
mature miRNA originates, for example, miR-155-5p and miR-155-3p,

The non-canonical miRNAs are structurally and functionally similar to canoni-
cal miRNAs. However, they follow a different maturation pathway, which normally
skips one or several steps of the traditional canonical pathway. For instance, non-
canonical miRNAs have different origins that could include introns, small nucleolar
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RNAs and endogenous small hairpin RNAs or tRNAs (for more information, see
[2]). Furthermore, some non-canonical miRNAs are synthesised independently
from Dicer but mediated by other enzymes such as Agol [29], whereas others are
Drosha and DGCRS independent. Additionally, another miRNA biogenetic path-
way such as that involving the let-7 family of miRNAs is dependent on the activity
of TUTases, terminal uridylyl transferases, that enhance the efficiency of Dicer-
mediated processing [31].

2.2 Function of microRNAs

miRNAs usually repress their target genes at the post-transcriptional level [S] by
either inducing mRNA target degradation or inhibiting its translation [64, 84]. One
single miRNA can potentially regulate hundreds or thousands of different target
mRNAs, and a specific mRNA can potentially be a target for many different miR-
NAs. It has been predicted that more than 1000 miRNAs regulate over 60 % of all
protein-coding genes in mammals [26].

Typically, a mature miRNA recognises target mRNAs by Watson-Crick base
pairing, where the miRNA 5’ region, also known as seed region (2—7 nucleotides of
the 22-25 nt that formed the miRNA), hybridises with the 3> UTR (3’ untranslated
region) of the target mRNA [35]. Depending on the complementarity between the
seed (miRNA) and the match (mRNA) regions, different mechanisms of gene
silencing occur resulting in either mRNA degradation by deadenylation (perfect
match base pairing) or mRNA translation repression (mismatch base pairing) [5,
25] (Fig. 2). The mechanism of miRNA repression of gene expression depends on
the specific features of the mRNA targets and on their abundance. In addition, mam-
malian cells present an mRNA turnover, which is highly variable and can range
from minutes to days making miRNA gene targets difficult to predict [73].

Alongside the well-known gene repression function of miRNAs, recent studies
have highlighted the possibility that some miRNAs bind to their target mRNA in
regions different from the 3’ UTR, promoting the expression of the gene instead of
repressing it (for more information, see [79]).

2.3 Identification of microRNA-mRNA Interactions
2.3.1 Bioinformatic Approach

Computational and experimental approaches to predict miRNA targets based on
miRNA-mRNA pairs have been developed in the absence of high-throughput bio-
logical methods. Several computational approaches that assign putative mRNA tar-
gets to specific miRNAs include databases such as miRanda, PicTar, TargetScan,
mirSV, RNA22, RNAhybrid, PITA and DIANA-microT. These databases were
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Fig. 2 Mechanisms of mRNA target translational repression and degradation by miRNAs. (a)
mRNA undergoing translation in the absence of a bound miRNA. (b) Inhibition of translation
initiation by competition between RISC and eIF4E for cap binding. (¢) Inhibition of translation
initiation at a step after cap recognition, such as by impeding the association of the small and large
ribosomal subunits. (d) Inhibition of translation elongation coupled to premature termination. (e)
Co-translational degradation of nascent polypeptides. (f) mRNA undergoing endonucleolytic
cleavage by Ago2, as guided by a fully complementary miRNA. (g) mRNA undergoing poly(A)
removal by the Ccr4/Not deadenylase (Pac-Man) complex, as directed by a partially complemen-
tary miRNA. Legend: Black square, m7G 5’cap; amber cylinder, protein-coding region; and
AAAAAA, poly(A) tail. Ribosomes are coloured green, nascent polypeptides are brown and the
elF4E subunit of the cap-binding complex is violet; RISC is depicted as a ribonucleoprotein com-
plex comprising an miRNA (red), Ago (pink) and other protein subunits (Adapted from [89])
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developed combining algorithms for predicting mRNA target for miRNAs with the
limited empirical evidence from a few validated target sites for some miRNAs [8,
39, 42, 49, 59]. Overall, algorithms used by databases for predicted targets rely on
cross-species conservation as a requirement to reduce the number of false positives,
but the complex characteristics of miRNAs make computational approaches a dif-
ficult challenge for miRNA target prediction.

For this reason, bioinformatic analyses are just the first step for the validation of
miRNA-mRNA interactions. Once a candidate pair has been selected, an experi-
mental validation of the interaction is usually performed. In addition to target pre-
diction databases, other in silico target prediction tools may involve Chip-seq,
microarray databases and databases that profile the expression pattern of miRNAs
and of mRNAs.

2.3.2 [Experimental Validation of microRNA Targets

Experimental validation of mRNA-miRNA interactions is a complicated and not a
standardised process that requires the combination of different approaches in order
to make results as robust as possible. Typically, experimental validation approaches
include manipulation of cellular miRNA levels, reporter assays and mutation
analysis [81].

Manipulation of miRNA Levels

Chemically synthesised double-stranded miRNA precursors may be transfected
into cells in vitro to mimic upregulation of endogenous miRNAs [33, 66]. However,
the miRNA precursor is transiently expressed with this approach and might not be
sufficient for longer-term studies. Therefore, constitutive miRNA expression has
also been used following transfection of DNA plasmids into cells or transduction
approaches using adenoviruses, adeno-associated viruses, and lentiviruses as deliv-
ery systems [34]. Then, the functional consequences in the expression of the pre-
dicted target gene of interest can be assessed by different methods at the mRNA or
protein level, using either RT?>-qPCR or Western blotting and/or ELISA techniques,
respectively. Furthermore, new approaches are being developed based on pull-down
assays using transfection of labelled miRNA precursors (e.g. biotin) followed by
isolation of RNA complexes using beads (e.g. magnetic beads coated with streptavi-
din) and RT>-qPCR or microarray techniques for identification of pulled mRNA
targets [85].

Gene knockout and antisense technologies are well-established methodologies
to repress miRNA function. Knockout of the miRNA processing enzyme Dicerl can
affect the expression of many mature miRNAs, whereas knockout of the miRNA
(either transient or constitutive) itself or site-directed mutagenesis in the miRNA-
encoding sites might inhibit miRNA-mediated gene regulation [81]. A widespread
technique to inhibit miRNA expression and assess loss-of-function effects is
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transient transfection of modified oligoribonucleotides complementary to the
mature miRNA sequence, also known as antagomirs [36].

Reporter Gene Assay and Mutation Analysis

Both reducing and overexpressing miRNA levels are important methods to verify
miRNA as expression regulators of possible mRNA targets. However, these tech-
niques do not demonstrate whether the changes observed in the levels of the
candidate mRNA target are due to direct binding of the miRNA to its predicted 3’
UTR site. For this reason, reporter gene assays constitute a widely used approach
for the validation of miRNA functions [83]. Reporter genes for these assays may
include EGFP or lacZ, but, due to its short mRNA half-life in mammalian cells,
luciferase is most commonly used [78]. This experimental approach is based on
cloning the 3" UTR of the target mRNA of interest immediately downstream of
the reporter gene open reading frame (ORF) sequence. Then, both plasmid and
miRNA are transfected into cells. Thereafter, the reporter gene is detected
24-48 h after transfection, and the miRNA-mRNA relationship is determined by
the activity of the reporter gene [38]. In addition, mutagenesis of the seed region
in the 3’ UTR of the predicted mRNA target can be applied to this experimental
approach to determine specific binding to the miRNA and assess interactions
between them [83].

3 Role of Cerebrovascular microRNAs
in Neuroinflammation

Many studies have pointed out a role for miRNAs in the regulation of the immune
system [75], and, for example, they appear particularly important in B and T cell
homeostasis and immunological function [20, 37, 91]. This pivotal role suggests
their possible involvement in the development of inflammatory and/or autoimmune
diseases [15]. In the context of the CNS, miRNAs have been shown to be altered in
cells of the immune system and/or in plasma of multiple sclerosis (MS) patients and
of mice with experimental autoimmune encephalomyelitis (EAE), one animal
model of MS (reviewed by [56]) as well as in CNS infections (for an overview, see
[94, 96]). Not only do their levels change in immune cells but they also appear to
regulate immune cell function [56]. For example, miR-326 was one of the first miR-
NAs shown to regulate immune function in MS by suppressing differentiation of
Th17 cells [21]. Comparatively fewer studies have been published demonstrating a
role for miRNAs in regulating the function of CNS-resident cells in neuroinflamma-
tion (again, reviewed in [56]). This field was pioneered by Junker et al. [40], as they
were the first to demonstrate specific changes in the levels of many miRNAs in
acute MS lesions compared to normal-appearing white matter and chronic silent
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lesions, isolated by laser-capture microdissection, and identified several miRNAs
that targeted the regulatory protein CD47 in astrocytes [40].

In the context of the BBB, and specifically of brain endothelial cells, their miRNA
profile has been shown to be altered following cytokine treatment [67]. Cytokine-
induced changes in miRNA expression are time dependent suggesting that miRNAs
are expressed at different stages to either promote or inhibit the inflammatory pro-
cess (Fig. 3). Only a few miRNAs including miR-155-5p and miR-155-3p, miR-
19b-5p, miR-21-3p, miR-23a-5p and miR-29b-1-5p were rapidly upregulated at 2 h
and/or 6 h after cytokine treatment of the human cerebral endothelial cell line,
hCMEC/D3. However, when hCMEC/D3 cells were stimulated with TNFo/IFNy
for 24 h, changes in the levels of many miRNAs were identified (Table 1). Indeed,
32 miRNAs were upregulated including miRNAs previously shown to be involved
in immune responses such as miR-155 and miR-146a and miR-146b [61, 82],
whereas 117 miRNAs were downregulated including miRNAs previously identified
to be abundant in endothelium such as miR-126 and the let-7 family.

Little is known about miRNA regulation under inflammatory conditions in other
cells of the neurovascular unit such as pericytes, and only a few studies have focused
on astrocytes and perivascular microglia/macrophages. For the rest of this chapter,
we will focus on the few studies that have investigated miRNAs in brain endothelium
under inflammatory conditions and only comment briefly on studies on other cells
of the neurovascular unit when applicable (reviewed in [3]).

3.1 Pro- and Anti-inflammatory Cerebrovascular microRNAs:
inflammiRs

In this section, we will review the miRNAs upregulated by inflammation, which are
commonly known as inflammation-associated miRNAs or inflammiRs.

3.1.1 microRNA-155

miR-155 is a well-known inflammiR, which is highly conserved among species and,
in humans, is originated from an exon of a non-coding sequence of the BIC gene
located on chromosome 21q21. Furthermore, miR-155 is related to a wide range of
biological functions including cancer, immunity and haematopoiesis (for a review,
see [24]).

A recent study identified miR-155 as a crucial miRNA in neuroinflammation at
the BBB [54]. It was reported that miR-155-5p was expressed at the neurovascular
unit of both MS patients and mice with EAE. Moreover, miR-155-5p levels rapidly
increased by the effect of inflammatory cytokines in cultured human brain endothe-
lial cells [54]. Functionally, loss of miR-155 in EAE mice and in mice exposed to
acute systemic inflammation induced by lipopolysaccharide (LPS) reduced
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Table 1 Top 6 down- and upregulated miRNAS in hCMEC/D3 stimulated with 100 ng/ml TNFa
and IFNy for 2, 6 and 24 h detected by Agilent v13 miRNA array (n=3)

2h 6h 24 h

Name Fold change SEM | Fold change ‘ SEM | Fold change SEM
Upregulated miRNAs

miR-155-5p 1.30%* 0.02 | 3.73%** 0.01 | 8.99%** 0.85
miR-146b-5p 1.24 0.28 | 1.90* 0.89 | 6.92%%* 0.68
miR-21-3p 3.39%#* 0.02 | 3.59%** 0.07 | 4.69%*%* 0.25
miR-572 0.98 0.12 | 1.08 0.11 | 3.43%** 0.14
miR-575 1.02 0.06 |1.00 0.08 | 3.27%** 0.13
miR-663a 1.00 0.16 | —-1.17 0.20 | 3.09%** 0.23
Down-regulated miRs

miR-30c-5p 0.93 0.02 |0.71* 0.03 | 0.15%** 0.04
miR-324-5p 0.95 0.02 0.92 0.03 | 0.27%** 0.04
miR-361-5p 0.94 0.03 ]0.92 0.05 | 0.31%** 0.05
miR-31-3p 0.96 0.02 09 0.02 | 0.32%** 0.04
miR-27b-3p 0.94 0.04 0.87 0.06 | 0.36%** 0.03
miR-505-3p 1.12 0.02 |1.03 0.02 | 0.3¢%** 0.06

*P<0.05, **P<0.01, ***P<0.001 compared to unstimulated cells

extravasation of systemic tracers into the CNS. Furthermore, in vitro studies on
human brain endothelial cells showed that manipulation of this miRNA led to disor-
ganisation of tight junctions and loss of focal adhesion plaques by targeting mole-
cules involved in cell-cell complexes such as annexin-2 and claudin-1 and focal
adhesion components such as DOCK-1 and syntenin-1. Therefore, miR-155 has
been proposed to act as a negative regulator for BBB function. More recently, miR-
155 inhibition has been shown to promote recovery after experimental stroke in
mouse mediated by upregulation of its target protein Rheb [11]. In this study, in vivo
loss of miR-155 led to improved preservation of tight junctions in microvessels as

<
<

Fig. 3 Microarray profiling of miRNAs in human brain endothelium in response to TNFo/IFNy.
Confluent monolayers of hCMEC/D3 cells were stimulated with TNFo/IFNy (100 ng/ml) at 2, 6 and
24 h. Total RNA was isolated and microarray analysis was performed to determine miRNAs levels.
hCMEC/D3 cells at basal conditions expressed 216 miRNAs. A. The expression levels of miRNAs
are represented on a scatter plot, and signal intensities (SI) of individual miRNAs in control cells are
plotted on the X axis, whereas SI of individual miRNAs in cytokine-treated cells are plotted on the
Y axis. SI values are presented on a log10 scale (n=3). B. Levels of six miRNAs were determined
by RT?>-qPCR in RNA samples used in A. Shown are examples of miRNAs that either decreased
(miR-30c, miR-126) or increased (miR-146a/miR-146ab, miR-155) and an miRNA that remained
unchanged (miR-24) following TNFo/IFNy treatment. RT>-qPCR results are shown alongside the
miRNA relative levels obtained in the microarray analysis for comparison. Control values were
normalised to one, and results are expressed as miRNA levels in TNFo/IFNy-treated cells relative to
those in unstimulated cells. U6B small nuclear RNA was used as an internal standard. *P<0.05,
**P<0.01, **¥*P<0.001 compared to unstimulated cells (=3 with duplicate samples)
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assessed by electron microscopy techniques and by ZO-1 staining. Furthermore,
miR-155-5p has recently found to be involved in monocyte and T cell firm adhesion
to human brain endothelium in vitro [16]. In addition, miR-155-5p has been shown
to mediate ICAM-1 expression, apoptosis, reactive oxygen species and NO genera-
tion in human brain endothelial cells in response to oxidised LDL [51], suggesting
that this miRNA has complex functions in brain endothelial pathological states.
Altogether, these studies would indicate that inhibition of miR-155 may prove a suit-
able molecular target for supporting the cerebral microvasculature in
neuroinflammation.

3.1.2 microRNA-146a and microRNA-146b

The miR-146 family is composed by two miRNAs, miR-146a and miR-146b, that
are encoded on chromosomes 5q34 and 10q24, respectively, and both miR-146
genes have an identical seed region but differ by two nucleotides in their stem-loop
secondary structure [80]. Taganov and colleagues investigated miRNAs involved in
regulation of innate immune response using a monocytic cell line, THP-1, as a
model to investigate its response to microbial components and pro-inflammatory
cytokines [80]. Their observations suggested that bacterial mediators and pro-
inflammatory cytokines such as TNFa induced rapid expression of miR-146a and
miR-146b. Bioinformatic analyses of promoters for miR-146a/miR-146b identified
and validated the presence of NF-kB binding sites as the main sequence region to
promote miR-146 expression [4].

miR-146a appears to be a negative regulator of inflammation under physio-
logical conditions. Furthermore, several studies suggest miR-146a as a molecu-
lar brake on inflammation, oncogenic transformation and myeloid cell
proliferation. The anti-inflammatory role of miR-146a and miR-146b has been
demonstrated in various cells, e.g. human umbilical vein endothelial cells
(HUVECSs), monocytes, astrocytes, T cells and, recently, in brain endothelial
cells [90]. In fact, although the function of miR-146a in brain endothelium is still
unclear, Wu and colleagues demonstrated that miR-146a-5p is upregulated at the
neurovascular unit of both MS patients and mice with EAE and in cytokine-
activated human BEC. Indeed, using a flow-based assay, it was demonstrated that
miR-146a-5p was capable of decreasing leucocyte adhesion to BEC and endo-
thelial expression of VCAM-1 and CCL2 by directly suppressing components of
the NF-kB pathway such as TRAF6, IRAK1, RhoA and nuclear factor of acti-
vated T cells 5 (NFATS) [90].

3.1.3 Other Inflammation-Upregulated miRNAs
Interestingly, miR-21-3p was the third highest miRNA upregulated by TNFa and

IFNy in human brain endothelial cells (Table 1). As miR-21-3p has been reported
to play significant roles in regulating cellular apoptosis, immuno-inflammatory
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responses and the expression of angiogenic factors in various diseases, Ge et al.
postulated that miR-21-3p could exert an important impact on BBB damage after
traumatic brain injury (TBI) as it is highly expressed by brain endothelial cells
[28]. In experimental TBI, increasing miR-21-3p levels reduced Evans blue
extravasation and loss of occludin and claudin-5 in BECs by activating the angio-
poietin-1 and Tie-2 axis, whereas the reverse was observed using antagomirs spe-
cific for miR-21-3p. In addition, we have observed upregulation of miR-21-3p in
human brain endothelium following stimulation with IL-1p (unpublished results).
These observations would suggest that upregulation of miR-21-3p by BECs con-
stitutes a general protective mechanism against inflammation-induced BBB
damage.

While this would indicate that miR-21-3p may have generalised anti-
inflammatory actions on brain endothelium, other regulated miRNAs may be spe-
cific to a particular inflammation-associated pathology. For example, HIV-1 Tat
has been shown to induce the expression of miR-101 in human brain endothelium
leading to suppression of VE-cadherin and increased barrier permeability [60].
Other miRNAs, although not detected or unchanged in cytokine-activated cul-
tured human brain endothelium, may also play an important role in inflammation
at the BBB in other experimental models. For example, expression of miR-26b-5p
and miR-28-3p were also significantly upregulated in bEnd.3 cells treated with
lupus serum and with the complement protein C5a, respectively, and in cortical
brains of a mouse model of lupus [22]. Although the authors performed a bioin-
formatic analysis of potential miRNA gene targets identifying components
involved in inflammation, matrix arrangement, and apoptosis, the functional rel-
evance of these two miRNAs in brain endothelium remains to be confirmed.
Another miRNA, miR-144-3p, has been shown to increase in the cerebral micro-
vasculature of aged rats, leading to downregulation of Nrf2, a basic leucine zipper
protein that regulates the expression of antioxidant proteins that protect against
oxidative damage triggered by injury and inflammation [19]. Interestingly, this
effect was partially reversed by caloric restriction, possibly via its significant anti-
inflammatory effects. Finally, miR-29b-3p appears to negatively regulate BBB
function in a mouse model of hyperhomocysteinemia by suppressing DNMT3b
leading to increased levels of MMPs, in particular MMP9, a known regulator of
BBB permeability in inflammation [41].

3.2 Cerebrovascular Housekeeping miRNAs

The ten most highly miRNAs expressed in hCMEC/D3 cells under basal conditions
were, in this order, miR-21-5p, miR-126-3p, miR-16-5p, let-7a-5p, let-7f-5p, miR-
15b-5p and let-7b-5p [67]. Highly abundant small RNAs such as miR-720 have
been later defined as fragments of other RNAs, in this case a tRNA, and removed
from miRNA databases. However, this miRNA profile may not be specific to cere-
bral endothelium as other studies have shown that primary endothelial cells from
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microRNAs down microRNAs
regulated by upregulated by
TNF + IFN ACM

Fig.4 Summary of miRNAs regulated in hCMEC/D3 cells stimulated with either TNFa and IFNy
or astrocyte-conditioned media (ACM). hCMEC/D3 were stimulated with 10 ng/ml cytokines for
24 h or 50 % ACM in supplemented EGM-2 for 48 h. microRNA profiling was analysed by Agilent
v13 miRNA array for cytokine-stimulated hCMEC/D3 cells and Exiqon miRNA array for ACM-
stimulated ones. Comparison between downregulated miRNAs in cytokine-stimulated cells and
upregulated miRNAs in ACM-stimulated cells identified 45 miRNA candidates in common to both
treatments [67]

different vascular beds do not differ much in their miRNA profile suggesting a pan-
endothelial miRNA signature [58]. Interestingly, the profile of miRNAs in cultured
human brain microvascular endothelium appeared most closely related to that of
HUVECs, whereas those from other vascular beds appeared to differ in the expres-
sion of miR-99b, miR-20b and let-7b. This observation may reflect the well-known
fact that brain endothelium, like endothelium of other vascular beds, de-differentiates
in culture and preservation of their unique phenotype is dependent on culture condi-
tions. Indeed, the pattern of miRNA expression by hCMEC/D3 cells following
incubation with astrocyte-conditioned media, a well-known method of inducing
barrier properties in cultured brain endothelium, appears to be the reverse of that for
many miRNAs altered by cytokines, a treatment that leads to a decrease in barrier
properties [52]. In fact, there was a remarkable overlap in the number of miRNAs
decreased by TNFa and IFNy (barrier-reducing treatment) and those increased by
astrocyte-released factors (barrier-inducing treatment) (Fig. 4), including members
of the miR-30 and miR-125 families but excluding other endothelial-enriched miR-
NAs such as miR-126. Nevertheless, it is thus possible that this signature of 45
miRNAs constitutes a BBB-specific maturation phenotype, although this does not
preclude the possibility that other endothelial miRNAs decreased by inflammatory
stimuli but not increased by astrocyte-conditioned media (e.g. miR-126) may have
important roles in inflammation at the BBB.
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3.2.1 microRNA-125a

miR-125a is a miRNA located on chromosome 19q.13 in the human genome. It
forms part of the miR-125 family together with miR-125b1 and miR-125b2 [71].
The miR-125 family has been reported to be involved in different carcinomas acting
as a promoters or repressors of tumorigenesis [77].

In particular, miR-125a-5p is known for being a tumour suppressor miRNA [13, 88].
Furthermore, it also has an anti-inflammatory function in macrophages by inducing the
formation of type 2 macrophages [86]. At the neurovascular unit, miR-125a-5p was the
first miRNA to be demonstrated to be severely reduced in endothelial cells derived from
MS lesions and in cultured human brain endothelium upon inflammatory stimuli and to
have a functional effect in BECs. Although its mRNA targets in brain endothelium still
remain elusive, miR-125a-5p appeared to directly regulate barrier function in an in vitro
BBB model by decreasing transendothelial electrical resistance and inducing disorgan-
isation of tight junctional complexes. In addition, elevating miR-125a levels partially
reversed cytokine-induced monocyte migration through brain endothelial cell layers
in vitro [67]. These led us to postulate that miR-125a-5p contributed to the maintenance
of a quiescent state in brain endothelium although this may not be a unique feature of
this miRNA as other miRNAs may have effects (for details, see below).

3.2.2 microRNA-98 and let-7g

Members of the let-7 family, which also include miR-98, formed part of the BBB-
specific pattern of miRNA expression [67]. miR-98 and let-7g belong to a highly
conserved miRNA family formed by 12 different miRNAs in mammals [63]. The
let-7 family of miRNAs has been described to be involved in the pathobiology of
cancer, although their role in the endothelium is not clear yet.

Overexpression of miR-98-5p and let-7g-3p in in vitro (BECs) and in vivo (ani-
mal model of localised aseptic meningitis) models of inflammation appears to
reduce leucocyte adhesion to and migration across endothelium, to decrease expres-
sion of pro-inflammatory cytokines and to increase BBB tightness [72]. At least
some of the effects mediated by these two miRNAs appear to be related to the direct
inhibition of the two inflammatory chemokines CCL2 and CCLS5. The significance
of this study lies in the fact that this is one of the first attempts to manipulate cere-
brovascular miRNAs in vivo suggesting their potential use as a therapeutic tool to
prevent BBB dysfunction in neuroinflammation.

3.3 Cerebrovascular microRNAs in Cell-Cell Communication

A recent study has profiled the pattern of miRNAs in extracellular microvesicles
released by inflammation-activated brain endothelial cells [92]. Here, the authors
exposed human brain pericytes to exosomes isolated from supernatants of mouse
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brain endothelial cells treated with a combination of lipopolysaccharide and cyto-
kines such as TNFa, IFNy and IL-6. Exosome-exposed pericytes showed highly
induced mRNA and protein expression of VEGF-B compared to control peri-
cytes, and this angiogenic factor was assumed to be a downstream target of the
miRNAs contained within extracellular microvesicles released following inflam-
matory stimulation. This study gives the first proof of a functional role of brain
endothelial miRNAs in communication with another cell type of the neurovascu-
lar unit. However, the profile of miRNAs released by mouse brain endothelial
cells in extracellular microvesicles under inflammatory conditions appears very
different from the changes observed in intracellular levels of miRNAs of inflam-
mation-activated human brain endothelial cells suggesting that either (a) the
miRNA profile in inflammation-activated brain endothelial cells is species and
stimulus specific or (b) miRNAs released in exosomes do not reflect the intracel-
lular levels of brain endothelial miRNAs. The latter explanation would imply that
individual miRNAs are specifically selected for release into exosomes thereby
opening up the possibility of a role for specific miRNAs in paracrine cell-cell
communication. Indeed, this appears to be the case in HUVECs exposed to high
glucose which appear to selectively transfer miR-503 via microparticles to vascu-
lar pericytes thereby reducing their expression of EFNB2 and VEGFA [12].

4 Conclusions and Further Perspectives

The field of BBB and miRNA biology is still in its infancy. Inflammatory stimuli
induce changes in the levels of cerebrovascular miRNAs characterised mainly by
upregulation of inflammiRs and downregulation of brain endothelial housekeeping
miRNAs, apparently contributing to BBB dysfunction (paracellular permeability
and leucocyte adhesion). However, we are still far from validating cerebrovascular
miRNAs as potential therapeutic or prophylactic targets for BBB dysfunction in
inflammatory and/or autoimmune disorders. First, even though the effects of indi-
vidual miRNAs on cerebrovascular function are slowly being unravelled, we need
to know the combinatorial effects of different miRNAs in specific CNS pathologies
before we contemplate to develop therapies based on miRNAs. Second, in view of
the multiplicity of possible gene targets for each individual miRNA, whether modu-
lating their levels in the cerebrovascular bed may have effects on other endothelial
cellular pathways that may contribute to the pathogenesis of the inflammatory dis-
ease in question needs to be investigated. Finally, knowledge of side effects due to
non-specific delivery of miRNA modulators into other tissues or organs (e.g. liver,
kidney) would also be a prerequisite for validating their therapeutic potential unless
very specific delivery systems targeted at the cerebrovascular bed are developed as
carriers for miRNA modulators (e.g. brain endothelial-specific nanoparticles).
Nevertheless, the potential for manipulating this novel class of regulators of gene
expression for therapeutic purposes is vast and should be given considerable atten-
tion in the near future.
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Abstract The blood-brain barrier (BBB) cellular constituents and their molecular
interactions critically regulate immune activation within the central nervous system
(CNS) such that it is protected from fatal complications of inflammatory processes.
While the mechanisms that prevent leukocyte access to the CNS parenchyma were
originally ascribed to physical barriers comprised of specialized endothelial cells
(ECs) with ensheathing pericytes, astrocyte endfeet, and their basement mem-
branes, it is now established that these walls are, in fact, molecular in nature.
Cellular adhesion molecules, chemoattractants, and the receptors that regulate their
patterns of expression maintain barrier integrity and function, limiting the entry of
leukocytes and their egress into the CNS parenchyma from perivascular spaces.
These molecular mechanisms are also critical for neuroinflammatory responses to
pathogen invasion within the CNS, promoting immune cell interactions at endothe-
lial barriers that ensure local T cell reactivation, a requirement for their role in
pathogen clearance.
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1 Introduction

The blood-brain barrier (BBB) cellular constituents and their molecular interactions
critically regulate immune activation within the central nervous system (CNS) such
that it is protected from fatal complications of inflammatory processes. While the
mechanisms that prevent leukocyte access to the CNS parenchyma were originally
ascribed to physical barriers comprised of specialized endothelial cells (ECs) with
ensheathing pericytes, astrocyte endfeet, and their basement membranes, it is now
established that these walls are, in fact, molecular in nature. Cellular adhesion mol-
ecules, chemoattractants, and the receptors that regulate their patterns of expression
maintain barrier integrity and function, limiting the entry of leukocytes and their
egress into the CNS parenchyma from perivascular spaces. These molecular mecha-
nisms are also critical for neuroinflammatory responses to pathogen invasion within
the CNS, promoting immune cell interactions at endothelial barriers that ensure
local T cell reactivation, a requirement for their role in pathogen clearance.

The role of the BBB in the neuropathogenesis of autoimmune diseases within the
CNS is a controversial topic. While most agree that immune and endothelial cell inter-
actions can contribute to ongoing access of autoreactive mononuclear cells and/or
pathologic antibodies to the CNS parenchyma, there is disagreement on whether a
primary defect in barrier function underlies these processes (Fig. 1). In neuromyelitis
optica (NMO), which is characterized by inflammatory demyelinating lesions in the
spinal cord and optic nerve, studies indicate that granulocyte and macrophage infiltra-
tion is triggered by the CNS entry of anti-aquaporin-4 gamma globulins (AQP4-IgG),
which bind astrocyte endfeet and activate the classical complement cascade [1-3].
While the underlying processes that contribute to the presence of AQP4-IgG within the
CNS are unclear, all studies suggest BBB disruption as a component of the process.

Multiple sclerosis (MS) is an autoimmune disease of the CNS in which the
CNS infiltration of autoreactive mononuclear cells is associated with areas of
demyelination and neurologic disability [4, 5]. In contrast to NMO, MS lesions
occur in all regions of the CNS, without detection of AQP4-IgG within the sera,
diagnostic criteria that distinguish the two diseases [6—8]. Although controversy
exists regarding whether MS is initiated by pathologic events within the CNS
versus the immune system, it is clear that stringent regulatory control mechanisms
that normally limit immune cell entry at the BBB are dysfunctional. Pathologic
abnormalities at the BBB during MS include increased EC expression of cellular
adhesion molecules that arrest leukocytes and altered expression of chemoattrac-
tants that normally prevent the egress of infiltrating leukocytes from perivascular
locations. Studies also indicate critical roles for astrocytes and pericytes in con-
trolling BBB integrity and function during autoimmune inflammation through
expression of vascular endothelial growth factor-A, endothelial cell growth fac-
tor-1, platelet-derived growth factor-p, transforming growth factor-f (TGF-p),
angiopoietins, and Notch as well as formation of gap junctions. This chapter will
discuss the role of the BBB during CNS autoimmune diseases, probing the evi-
dence for and against BBB dysfunction as a primary defect in the loss of immune
privilege observed.
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Fig. 1 Mechanisms of BBB breakdown and maintenance during NMO and MS. Activated leuko-
cytes release a number of inflammatory cytokines that induce the rearrangement of multiple func-
tional proteins responsible for tight junction formation. Using adhesion molecules and cytokines,
leukocytes are able to crawl along the endothelium of the CNS vasculature and extravasate into the
perivascular space. During MS pathogenesis, lymphocytes interact with local APCs presenting
cognate antigen and become reactivated. They are then able to invade the CNS parenchyma where
they cause damage to oligodendrocytes and neuronal axons. In NMO, AQP4-IgG on astrocyte
endfeet and granulocytes perpetuate inflammation allowing lymphocytes to transverse the endo-
thelium using chemokines like CXCL10. Neuroinflammation at the BBB is typically counteracted
by anti-inflammatory cytokines secreted by various cell types, including astrocytes. Pericytes also
help to maintain the integrity of tight junctions by secreting a number of anti-inflammatory cyto-
kines and trophic factors

2 Cytokines and the Blood-Brain Barrier

Cytokines are small (~5-20 kDa) signaling molecules released by a broad range of
cells and act through cell surface receptors to alter cell function. Chemokines, inter-
ferons, interleukins, and lymphokines are considered cytokines, while hormones
and growth factors are generally excluded from this family of proteins. Although
cytokines impact cells in many facets during health and disease, they are particu-
larly important in guiding the immune response and modulate the balance between
humoral and cell-based responses following an immune challenge. Cytokines also
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have very complex interactions with each other in that they can enhance or inhibit
the action of other family members. They also have significant impact on constitu-
ents of the BBB and mediate autoimmune disease processes. There are several
mechanisms by which cytokines are able to exert their effects on the BBB and cells
within the CNS parenchyma. Circulating immune cells can become activated and
begin secreting cytokines that facilitate their transmigration across the BBB in a
very regulated manner by interacting with ECs and then releasing cytokines into the
CNS milieu. While still in circulation, blood-borne cytokines can also affect the
function of the CNS by crossing the BBB and interacting directly with CNS tissue
via saturable transport systems. These types of systems have been described for
interleukin (IL)-1a, IL-1p, IL-6, and tumor necrosis factor (TNF)-a [9], which are
known to launch the immune response and impact the function of cells that make up
the BBB [10]. Of interest, TNF-a and IL- 1§ differentially regulate the inflammatory
phenotype of brain microvascular ECs, with the former eliciting much higher levels
of expression of intercellular and vascular cell adhesion molecules (ICAM and
VCAM)-1 [11].

Cytokines directly impact the function of the BBB and may contribute to the link
between central and peripheral disease. Cytokines released into circulation can limit
the integrity of the BBB and increase its permeability without entering the CNS by
causing damage and destruction of the tight junctions that serve to limit access of
circulating cells and potentially harmful molecules [10]. Exposure of the endothe-
lium to inflammatory mediators like IL-6 and TNF-a has been shown to disorganize
the cell—cell junctions and enhances leukocyte endothelial adhesion and migration
[12]. In animal studies in which mice develop spontaneous autoimmune disease of
the CNS, peripheral upregulation of these T helper-type (Thl) cytokines was
observed to precede brain microvascular EC and astrocyte activation [13]. Similar
findings are observed in MS lesions with redistribution of junctional proteins.

During NMO pathogenesis, AQP4-IgG within the sera of patients alters polarized
expression patterns of aquaporin-4 on astrocytes, which increases the permeability of
human endothelial barriers via soluble mediators released from granulocytes [14]. In
a large cytokine study, it was found that NMO patients have elevated cytokines in the
CSF related to Th17 (IL-6 and IL-8) and Th2 (IL-10 and IL-13) profiles [15-18]. In
MS, cytokine levels in the plasma precede a surge of disease activity marked by areas
of BBB breakdown and infiltration of immune cells and decrease during remission.
In contrast to that seen in NMO patients, the inflammatory cytokines that are charac-
teristic of MS pathogenesis are typically classified as innate, Thl, or Th17 associ-
ated. Together they include interferon (IFN)-y, TNF-a, IL-1f, IL-6, IL-12, IL-17,
IL-18, and IL-23; and can be found in patient sera or cerebrospinal fluid (CSF) [12,
15-17, 19]. Levels of TNF-a in the sera of MS patients correlated with active barrier
damage as measured by albumin ratios [20], and expression of IFN-y, TNF-a, and
IL-6 by infiltrating cells in the perivascular space of MS lesions is evident [21]. In
MS lesions with ongoing immune activity, TNF-a can be detected on ECs and astro-
cytes [22], indicating these cell types participate in the inflammatory process. Further,
IL-17 transcript has been shown to be upregulated in chronic MS brain lesions com-
pared to control patients [23], and numbers of IL-17 mRNA-expressing mononuclear
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cells were increased in the blood and cerebrospinal fluid of MS patients compared to
control individuals [24], suggesting that inflammatory cytokines are prominent in
MS pathogenesis and play a critical role in facilitating leukocyte entry beyond the
endothelial barrier and into the CNS parenchyma.

Following inflammatory events during the pathogenesis of MS, CNS barrier
damage is usually counteracted by anti-inflammatory cytokines like TGF-p1 [25],
IL-10, or IFN-f [12]. In fact, IFN-f was one of the first treatments for MS and con-
tinues to be a standard-of-care drug [26-29]. IFN-f directly affects the BBB, pro-
moting its efficacy by blocking destruction of endothelial tight junctions and
enhancing proteins that facilitate junction integrity, like occludin [30]. Once the
endothelial barrier and the basal lamina of the BBB have been compromised, astro-
cytes, pericytes, and microglia can form a dialogue with the damaged endothelium
that may also be important in BBB repair [31]. In both acute and chronic active MS
lesions, astrocytes appeared to be the sole source of IL-10, concentrated primarily
in association with perivascular endfeet [32]. Interestingly, IL-10 is also expressed
by astrocytic endfeet in noninflammatory controls, suggesting a regulatory role for
IL-10 at the BBB [22]. Similarly, in MS lesions and in normal controls, TGF-p1 is
expressed by CNS ECs; however, this cytokine was found to be highest in acute MS
lesions, i.e., in active inflammatory areas [32], again suggesting a regulatory role for
TGF-B1 at the BBB. Endothelial cells are also known to secrete the cytokine leuke-
mia inhibitory factor, which induces astrocyte differentiation [33], suggesting there
is bidirectional communication between cells that make up the neurovascular unit to
maintain barrier integrity during health and disease.

3 Cell Adhesion at the BBB During Autoimmunity

Cellular adhesion molecules (CAMSs) and chemokines play essential roles in orches-
trating immune and EC interactions at all tissue barriers including the CNS [34].
CAMs, transmembrane proteins located on the cell surfaces of most ECs, mediate
binding of cells to the extracellular matrix or other cells. In most tissues, interac-
tions between CAMs allow immune cells to roll and crawl on the luminal face of the
vascular endothelium, sampling tissue environments for entry cues. Members of the
chemokine superfamily of chemotactic cytokines are among the cues that induce
firm adhesion and transendothelial cell migration of immune cells as they exit the
blood and enter inflamed tissues [35].

Chemokines comprise a large family of small signaling proteins classified into
subfamilies according to positions of conserved cysteine residues at the N-terminus.
Chemokines bind members of the Gai-coupled receptor superfamily. Chemokine
signaling induces conformational changes of members of the integrin subfamily
that convert low-affinity interactions with their CAM receptors to high-affinity ones
that arrest cells at endothelial surfaces. These molecules have a critical role in the
maintenance of immune privilege at the BBB and in the recruitment of inflamma-
tory cells across the BBB during acute disease exacerbations in NMO and MS.
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The immune privileged status of the CNS has recently been altered to “immune
specialized,” reflecting increased knowledge of the importance of immune surveil-
lance in preventing opportunistic infections at this site. Thus, it is now clear that
lymphocytes routinely survey the CNS and, via interactions with perivascular
antigen-presenting cells (APCs), undergo local reactivation in the setting of infec-
tion within the CNS that requires cell-mediated immunity for pathogen clearance.
In noninfectious states, tight junction adaptor proteins link vascular ECs via adher-
ens junctions, comprised of vascular endothelial cadherin and platelet endothelial
cell adhesion molecule (PECAM)-1. This linkage reinforces the barrier against
paracellular movement of immune cells. Another feature that distinguishes endo-
thelial cells of the BBB from others is their low level of CAMs, which limits leuko-
cyte interactions that might restrict migration across the endothelium. Thus, most of
the lymphocytes that enter the CNS during immune surveillance cross the endothe-
lium in the choroid plexus or meninges, sites where the endothelium does not
exhibit the specializations of the BBB and express moderate levels of P-selectin,
E-selectin, and intercellular adhesion molecule (ICAM)-1 [36]. Once lymphocytes
leave meningeal vessels, they localize along abluminal surfaces, essentially crawl-
ing into the CNS along its vasculature. This localization is due to interactions
between the chemokine receptor CXCR4, expressed ubiquitously on leukocytes,
and its ligand, CXCL12, which is expressed by all CNS ECs and exhibits polarized
localization on the parenchymal side of CNS vasculature. CXCL12 is known to
provide the localizing cue for CXCR4-bearing leukocytes entering peripheral lymph
nodes via high endothelial venules (HEVs). HEVs express CXCL12 on their lumina,
capturing leukocytes from the blood. The opposite expression pattern is observed
for CXCL12 within the CNS, which serves to limit leukocyte entry, localizing them
to perivascular spaces where they may encounter APCs that determine their even-
tual fate within the CNS.

During autoimmune diseases of the CNS, leukocytes gain inappropriate access
to the CNS due to breakdown of the BBB. During inflammation, resident glial cells
and ECs display alterations in morphology and expression of CAMs and chemo-
kines that promote leukocyte entry into the CNS parenchyma. Early studies in a
murine model for MS, experimental autoimmune encephalomyelitis, demonstrated
a critical role for immune cell expression of a4p1 (VLA-4), an integrin dimer that
binds vascular cell adhesion molecule (VCAM)-1 on endothelium, in the CNS entry
of autoreactive CD4* T cells [37]. This finding resulted in the development of a suc-
cessful drug treatment for MS, natalizumab, a humanized monoclonal antibody
against VLA-4 that is administered intravenously at monthly intervals. Few studies
have addressed the role of integrin molecules in the pathogenesis of NMO. However,
in two reports, use of natalizumab failed to prevent NMO relapse and, in one case,
precipitated a severe and catastrophic exacerbation [38, 39]. Further studies and
established animal models of NMO are needed to identify the critical adhesion mol-
ecules utilized by infiltrating immune cells during the neuropathogenesis of NMO.

Studies of chemokine expression in NMO patients have revealed increased cere-
brospinal fluid (CSF) levels of IL-8 and CXCL13, which recruit granulocytes and B
cells, respectively [15, 40]. Notably, CXCL13 level in the CSF of NMO patients is
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higher than that in the CSF of MS patients and correlated with the severity of NMO
disease activity as indicated by relapse rate [41, 42]. Given that antibody-independent
functions of peripheral B cells derived from NMO patients are markedly impaired
[42], it is likely that CXCL13-mediated recruitment of these cells into the CNS
plays an important role in NMO pathogenesis. Additionally, there is evidence that
other chemokines, like CXCL10, have a role in the pathogenesis of NMO at the
BBB as sera from patients in the acute phase of NMO exhibit increased expression
of CXCL10 by ECs [43]. CXCLI10 is known to recruit multiple types of leukocytes
including natural killer cells, T cells, and dendritic cells. The co-recruitment of
these immune cells may provide the space and setting for T and B cell reactivation
within perivascular spaces.

While numerous studies have identified increased expression of T cell chemo-
kines within the CNS in animal models of MS, few have shown that they directly
impact on loss of immune privilege at the BBB. Lymphocytes that enter the CNS
during autoimmunity do not appear to pause within perivascular spaces to receive
“checkpoint” instructions, including those that influence the activation of autoreac-
tive immune cells. Examining CNS tissue specimens from non-MS and MS patients,
we have shown a critical role for receptors that modulate the pattern of expression
of CXCL12 at the BBB. Loss of CXCL12 from abluminal surfaces of the BBB and
redistribution of CXCL12 to vessel lumina occur specifically within MS lesions
compared to other neuroinflammatory diseases. In areas of extensive mononuclear
cell infiltration, the expression of CXCL12 on ECs is lost [44], suggesting a role for
immune molecules in regulating chemokine signaling at the BBB during the patho-
genesis of MS.

The chemokine CCL2 has also been linked to BBB dysfunction during MS. CCL2
is elevated during CNS inflammation and is reduced within the CSF of MS patients
during acute relapses [45, 46]. In vitro experiments using BBB models indicate that
CCL2 induces tight and adherens junction remodeling via redistribution of junc-
tional adhesion molecule-A (JAMA) and association of p-catenin with PECAM-1,
the latter of which is then relocated to the plasma membrane [47, 48]. JAMA is a
transmembrane protein that normally maintains EC interactions but acts as a leuko-
cyte adhesion molecule during inflammation [49]. JAMA expression is decreased
within inflammatory lesions in animal models of MS [50], suggesting that its
expression helps maintain BBB integrity and is altered during inflammatory disrup-
tions of the BBB.

4 Immune Cell Trafficking in the CNS

Members of the integrin family are among the most important adhesion molecules
to regulate leukocyte attachment and extravasation across the BBB and into inflamed
tissue. ICAM-1 is a cytokine-inducible adhesion molecule that is upregulated dur-
ing CNS inflammatory diseases, like MS [32, 51]. It is expressed by numerous cell
types, including ECs and astrocytes, and is the ligand for lymphocyte
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function-associated antigen 1 (LFA1) and macrophage antigen 1 (MAC1), which
are expressed by lymphocytes and monocytes, respectively [52]. Within MS lesions,
ICAM-1 is widely expressed on ECs; however, it is also expressed in the surround-
ing adjacent white matter [32, 53], suggesting soluble mediators, like cytokines,
may influence the adhesion molecule’s expression on nearby vasculature, dictating
locations of new lesion formation. Additionally, during inflammation, TNF-a and
IFN-y induce ECs to express VCAM-1, which is bound by activated T cells that
express integrins like VLA-4 to facilitate their entry into the CNS [54]. A detailed
review outlining the molecular events orchestrating leukocyte extravasation across
the CNS endothelium has been recently published [55].

The initial encounter of T cells with their specific neuroantigen usually occurs in
the deep cervical lymph nodes in the context of major histocompatibility complex
(MHC) class II [56, 57]. Entrance of T cells beyond the confines of the perivascular
space typically requires reactivation by interacting with APCs, like macrophages or
dendritic cells, or occasionally pericytes, that express MHC II loaded with cognate
antigen [57]. These APCs are rich in the perivascular space, and, in addition, a popu-
lation of CCR7* dendritic cells are detected in human cerebrospinal fluid and in
inflamed MS lesions [58]. B cells are also able to present antigen and more recently
have been described as interacting with T cells in ectopic lymphoid follicles formed
around the CNS meningeal endothelium, but not in parenchymal lesions, in second-
ary progressive MS patients [59]. Of note, large, subpial cortical lesions are often
found adjacent to B-cell-containing meningeal follicles, suggesting soluble factors,
potentially cytokines, secreted from these structures mediate pathology [60].
Additionally, as opposed to normal microvessels isolated from the human CNS,
microvessels from MS patients express markers of activation as well as significant
levels of MHC II [61], suggesting ECs of the BBB are also able to present CNS anti-
gens to infiltrating T cells. Together, these studies indicate that restimulation of T
cells can occur in multiple locations during the pathogenesis of MS.

Once T cells have extravasated across the BBB and are restimulated, to gain
access to the CNS parenchyma, they must pass through a barrier of extracellular
matrix, called the glia limitans, which can be broken down by matrix metallopro-
teinases (MMPs). MMPs are able to perpetuate the inflammatory response at the
BBB as they induce the cleavage of TNF-a from a cell-bound to soluble form, are
involved in the degradation of the type IV collagen that makes up the glia limitans,
and mediate proteolysis of myelin components during MS. In particular, MMP2 and
MMP?9 are detectable in the CSF of MS patients and are present on endothelial cells,
pericytes, and astrocytes in MS lesions [62]. Once infiltrating leukocytes access the
CNS parenchyma, beyond the BBB, inflammatory mediators are released, which
causes damage to CNS axons, leading to progressive neurodegeneration and persis-
tent disability in MS patients. In an extensive study comparing lesion characteristics
in varying MS disease subtypes, it was found that in progressive stages of disease,
active demyelination and neurodegeneration are seen only in patients with pro-
nounced inflammation in the CNS [63], confirming that immune cell infiltration
beyond the borders of the endothelium and glia limitans can lead to devastating
damage in the CNS parenchyma.
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5 Conclusion

The pathogenesis of NMO and MS requires the breakdown of the BBB and the
entry of leukocytes into the perivascular spaces and surrounding CNS parenchyma.
Activation of immune cells in the periphery likely precedes release of inflammatory
cytokines and/or autoantibodies, which strongly contribute to the loss of BBB integ-
rity. Inflammatory molecules not only cause rearrangement of tight junction pro-
teins, making the endothelium more permeable to soluble mediators and cells, but
also induce the expression of several adhesion molecules and chemokines on cells
that make up the neurovascular unit. During NMO pathogenesis, AQP4-IgG bind-
ing to astrocyte endfeet induces complement-mediated inflammation, encouraging
the recruitment and activation of granulocytes. This perpetuated inflammatory event
typically occurs in the optic nerve and spinal cord, results in demyelination, and can
lead to loss of sensation, paralysis of the limbs, and blindness. In MS, activated T
cells crawl along the CNS vasculature using chemokines and adhesion molecules as
molecular highways. Once in the perivascular space, T cells interact with APCs,
including macrophages and dendritic cells, to become reactivated and begin produc-
ing MMPs. Following degradation of the collagen barrier that makes up the glia
limitans, T cells can then invade the CNS parenchyma and cause damage and
destruction of the myelin sheath, leading to the motor and sensory impairments
commonly seen in MS patients. While the mechanisms underlying the inciting
events of NMO and MS may differ, it is evident that the pathology associated with
both CNS autoimmune diseases is reliant on the compromise of the BBB.
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Pathways Across the Blood-Brain Barrier

Michael Abadier and Ruth Lyck

Abstract The parenchymal blood-brain barrier (BBB) is formed by highly special-
ized vascular endothelial cells of the central nervous system (CNS). As part of the
neurovascular unit (NVU), the BBB builds up a tight barrier between the changing
milieu of the bloodstream and the vulnerable CNS. Yet, during inflammatory dis-
eases of the CNS, immune cells are recruited into the CNS and thus migrate across
the inflamed BBB. In particular, effector T (T.) cells critically contribute to autoim-
mune neuroinflammation such as multiple sclerosis (MS). Extravasation of T, cells
across the inflamed BBB is a well-coordinated multistep process tightly regulated
through cell adhesion molecules, chemotactic factors, and their receptors. An initial
contact between the circulating T, cell and the inflamed endothelial cells of the
BBB mediates slowing down of T cells. Then, integrins on the T cell surface
acquire an activated conformation. This in turn is prerequisite for shear-resistant
arrest that transforms into firm adhesion, crawling, and finally diapedesis. Following
diapedesis, T, cells accumulate in the perivascular space between the two basement
membranes of the NVU. Only after reactivation with their cognate antigen by anti-
gen-presenting cells (APCs), T, cells can breach the parenchymal basement mem-
brane and infiltrate the CNS parenchyma. Interfering with pathological T cell
recruitment into the CNS has been successfully translated into the clinic for the
treatment of MS patients through natalizumab, which blocks extravasation of
immune cells across the BBB. This review introduces the molecular players and
discusses the cellular pathway of T, cell extravasation across the inflamed BBB.
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1 Introduction

The CNS was traditionally regarded as an immune-privileged site where immuno-
surveillance is absent. It was believed that CNS homeostasis would not endure
patrolling of immune cells in search for their specific antigens. Yet, the concept of
CNS immunological ignorance was challenged by evidences from immune-
mediated CNS diseases such as MS or its animal model experimental autoimmune
encephalomyelitis (EAE), in which autoaggressive T, cells migrate into the CNS
parenchyma suggesting that inflammatory neuro-antigen-specific T cells can suc-
cessfully cross the CNS barriers [95]. The first direct evidence that T cells can
cross the BBB came from ultrastructural analysis, in which radioactively labeled
encephalitogenic CD4" T cell blasts were observed beyond the BBB 6 h after injec-
tion into healthy Lewis rats [67]. Hence, although low in number, activated rather
than resting CD4* T lymphocytes were capable of breaching the BBB.

Modern in vitro and in vivo imaging tools, but also early classical electron
microscopy, have been fundamental in resolving the molecular and cellular mecha-
nism of immune cell extravasation across the BBB. In this review we will guide you
through a journey of immune cell extravasation across the inflamed BBB. Thereby,
we will set a particular focus on CD4* T, cells that have been subject of our own
research because of their importance in the pathogenesis of MS. Notably, the extrav-
asation of CD4* or CD8* T cells across the BBB is mediated by discrete molecular
and cellular mechanism [132]. First, we will briefly reiterate barriers of the CNS
followed by an introduction of cytokine-induced inflammatory changes of the BBB
and the molecules involved in T,y cell extravasation. Second, we will discuss the
individual steps leading to the successful extravasation of T, cells. Lastly, we will
describe signaling events that proof the active involvement of BBB endothelial cells
to T,y cell extravasation.

2 Barriers of the CNS

Barriers between the blood and CNS protect the tightly regulated milieu within the
CNS from the more changeable conditions in the bloodstream [3, 54, 133]. The
brain barriers include the endothelial BBB of the CNS parenchymal microvessels,
the blood-leptomeningeal barrier (BLMB), and the blood-cerebrospinal fluid bar-
rier (BCSFB) established by choroid plexus epithelial cells [S3]. At the BBB, endo-
thelial cells establish a physical, transport, and metabolic barrier [3, 54]. Here, the
physical strength of endothelial cell-cell junctions is established by adherens junc-
tions (AJs) and uniquely complex tight junctions (TJs) that restrict paracellular dif-
fusion [156]. In fact, the BBB limits and selectively regulates the exchange of
substances between the blood and the CNS. However, during inflammation immune
cells, e.g., antigen-specific CD4* T, cells, effectively breach the BBB and critically
contribute to neuroinflammatory disease progression, including MS [100], stroke
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[46, 127, 171], Alzheimer’s disease [26, 93, 105, 115, 158, 159], and Parkinson’s
disease [116].

The BBB endothelial cells are part of the NVU, which further harbors the endo-
thelial basement membrane (BM), pericytes embedded into the endothelial BM, and
a second parenchymal BM formed by astrocytes and covered by astrocytic end feet
and neurons [2, 4, 133]. The localization of the BBB is restricted to CNS microves-
sels, i.e., the capillaries, precapillary arterioles, and postcapillary venules. One
unique feature of the BBB microvessels is the presence of two distinct BMs, which
differ in their cellular origin and molecular composition [54]. The endothelial BM
is produced by the BBB endothelial cells and contains the extracellular matrix pro-
teins laminin a4 and a5, while the parenchymal BM is produced by the astrocytic
end feet and contains laminin al and o2 isoforms [14, 54]. The parenchymal BM
together with the astrocytic end feet forms the glia limitans, which covers the entire
abluminal surface of the brain and spinal cord vessels [53]. At the level of the capil-
laries, both BMs fuse to appear as a single BM, while at the postcapillary level, the
BMs can be identified as separate layers. During neuroinflammation the two BMs
delimit the so-called perivascular cuff, filled with immune cells after their migration
across the inflamed BBB. However, infiltration of T, cells into the CNS paren-
chyma requires breaching of the glia limitans and only occurs upon restimulation of
T with their cognate antigen by APCs residing in the perivascular space between
both BMs [53, 54].

3 Cytokines Involved in CNS Inflammation

One hallmark of inflammatory diseases of the CNS is the inflamed phenotype of the
BBB. Inducers of inflammation are cytokines, among them tumor necrosis factor
(TNF)-a, interleukin (IL)-1p, and interferon (IFN)-y. The source of cytokines
within the CNS includes microglia, and the cellular components of the NVU plus
infiltrating immune cells during acute and chronic neuroinflammation [17].
Cytokine-induced inflammation alters the BBB characteristics associated with com-
promised barrier properties, shedding of the glycocalyx, and increased expression
and cell surface presentation of cell adhesion molecules and chemoattractant fac-
tors. These changes altogether have direct effect on the recruitment of T cells
across the inflamed BBB into the CNS parenchyma.

TNF-a is most prominently expressed by macrophages but also by many other cell
types such as neutrophils, eosinophils, T and B cells, and neurons [94]. TNF-« exists
as a membrane bound and as a secreted form [6, 113] and mediates its biological
activities through two different receptors, TNFR1 and TNFR2 [5, 113]. While TNFRI1
is widely expressed within all cell types, the expression of TNFR?2 within the brain is
limited to immune cells, endothelial cells, microglia, and neurons. The involvement
of TNF-a in MS and EAE pathogenesis has been reported in many different clinical
and preclinical studies, respectively. In MS patients TNF-a is significantly elevated in
serum [65, 109, 161, 172] and cerebrospinal fluid (CSF) [138, 172] during
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different phases of disease progression. Postmortem in situ analysis demonstrated
elevated TNF-a at sites of active MS lesions, where TNF-«a is associated with astro-
cytes and macrophages [69, 113]. In the actively induced EAE mouse model of MS,
TNFR1- and TNFR2-deficient C57B1/6 mice develop attenuated EAE with less
inflammatory infiltrates compared to control animals [135]. Neutralizing TNF-o with
function-blocking antibodies was shown protective in EAE [137].

IL-1p is mainly produced by monocytes and macrophages and found systemically
increased in the circulation during inflammation [142]. IL-1f binds to its receptors
IL-1IRI or IL-1RII. While IL-1RI is ubiquitously expressed, IL-1RII is mainly
expressed by macrophages and B cells. The role of IL-1f during inflammation has
been studied in the context of MS pathogenesis. IL-1 was shown to be elevated in
serum samples of MS patients [109]. Among the NVU cells, astrocytes are considered
prominent producers of IL-1f [4]. Notably, IL-1f synthesis by astrocytes can be
induced in a paracrine fashion by TNF-« in a co-culture setup in vitro [48]. Moreover,
IL-1p has a direct effect on the organization of TJs and increases BBB permeability
in vitro [1, 73]. It has been reported that C57BI1/6 mice lacking IL-1RI are resistant to
MOGe-induced active EAE suggesting a crucial role for IL-1p to promote the activity
of encephalitogenic T cells [150]. Another study showed that mice deficient for IL-1o
and IL-1f exhibited significant resistance to EAE, probably due to a failure in induc-
ing Th17 response, whereas single knockout animals did not [110]. On the other hand,
serum level of the naturally occurring IL-1R antagonist IL-1Ra was shown to be ele-
vated during MS exacerbation or in response to IFN-f treatment of MS patients [119].

Several inflammatory cell subsets including T and B lymphocytes, NK, and
antigen-presenting cells secrete IFN-y, which binds to its ubiquitously expressed
IFN-y receptor. Co-stimulation of TNF-a with IFN-y increases peripheral vascular
permeability by disrupting junctional distribution of some molecules such as junc-
tional adhesion molecules (JAMs) and vascular endothelial (VE)-cadherin [123,
175]. IFN-y is a signature of CD4* Th1 cells that are believed to be the driving force
for autoimmunity in MS and EAE. Indeed, IFN-y and other Th1 cytokines such as
IL-12 and IL-2 are highly upregulated in serum of MS patients [160]. Also, IFN-y
is detected in chronic active lesions in MS patients. While IFN-y plays a defined
role in the progression of MS, type I IFNs (IFN-a and IFN-f) exert immunosuppres-
sive effects. Noteworthy, the role of IFN-y in MS remains vague due to its opposing
function as proinflammatory or protective cytokine [11, 122].

4 Molecules Involved in Immune Cell Extravasation
During Inflammation

Immune cell extravasation is tightly regulated in terms of immune cell subsets, tar-
get organ, and inflammatory condition. Accordingly, the molecular key players
involved in this process need to be tightly regulated with respect to availability and
activation status. Selectins, G-protein-coupled receptors (GPCRs), chemokines,
integrins, and immunoglobulin-like (Ig-like) cell adhesion molecule (CAM) protein
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families take center stage in the cross talk and adhesive interactions between
immune cells and endothelial cells. Additional molecules of different character such
as VAP-1 and Ninjurin-1 were described to take part in extravasation of some leu-
kocyte subsets across the BBB [74, 84, 124]. In this chapter, we will introduce the
molecules that fulfill critical roles in immune cell extravasation across an inflamed
endothelial layer and in particular across the inflamed BBB.

4.1 Selectins and Selectin Ligands

Selectins belong to the family of type I transmembrane glycoproteins, including L-,
E-, and P-selectin, reviewed in [91, 114]. The basic structure of selectins consists of
a long extracellular N-terminus, a transmembrane domain, and a short cytoplasmic
tail. The N-terminal domain bears a Ca?*-dependent (C-type) lectin domain fused to
an epidermal growth factor (EGF)-like domain and two to nine consensus repeats
with homology to the complementary regulatory (CR) proteins. The lectin domain
binds sugar moieties and is more conserved among the three selectins. L-selectin is
expressed by granulocytes, monocytes, and most lymphocytes, whereas E-/P--
selectins are expressed by inflamed endothelial cells. At the level of meningeal
microvascular endothelial cells, P-selectin is stored in Weibel-Palade bodies and can
be rapidly translocated to the endothelial surface upon inflammatory stimulus. In
contrast, parenchymal endothelial cells of the BBB do not contain an intracellular
reservoir of P-selectin and require de novo synthesis upon inflammation [49, 51, 53].

Although several ligand candidates for selectins exist, P-selectin glycoprotein ligand
(PSGL)-1 is the most studied selectin ligand. PSGL-1 exists as homodimer through a
stabilized interaction of the transmembrane and cytoplasmic domains by juxtamem-
brane disulfide bonds. The transmembrane domain is composed of an extracellular
N-terminal end bearing tyrosine sulfates, followed by a long glycoprotein backbone
with many O-linked carbohydrates. Importantly, the critical O-glycans are located at
threonine 57 near the N-terminal end [98]. The tetrasaccharide sialyl Lewis X (sLe*)
motif located within the O-linked carbohydrates is the binding recognition site of selec-
tins. PSGL-1-to-P-selectin binding is enhanced by sulfated tyrosines, fucose, sialic
acid, and galactose on a single core 2 O-glycan near N-terminus [98]. Notably, naive
CD4+ T cells express nonfunctional PSGL-1 and fail to roll on P-selectin [92]. Upon
activation, PSGL-1 on CD4* Thl cells but not on Th2 cells becomes functional and
supports rolling on inflamed endothelial cells [12, 24, 68, 176]

4.2 Chemokines and Chemokine Receptors

Chemokines are chemotactic cytokines that constitute a family of small proteins
[15, 154]. The chemokines are produced and secreted by various cells, including
stromal cells, fibroblasts, adipocytes, neural cells, and various leukocytes such as
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dendritic cells, monocytes, macrophages, and T helper and effector cells, and fulfill
a multitude of essential roles in development and homeostasis of the body [37]. In
inflammation, chemokines are key players as they orchestrate leukocyte trafficking
by controlling adhesion and chemotaxis. To date, more than 50 chemokines and
nearly 20 chemokine receptors have been identified [64]. Based on the number and
position of highly conserved cysteines in the proteins, chemokines are subdivided
into CXC-, CC-, CX;C- and C-chemokines, where C represents the cysteine and X
any other amino acid(s) in between. With the exception of C-chemokines that pos-
sess only two conserved cysteines, all others have four conserved cysteines forming
disulfide bridges, which determine the tertiary structure of the protein. For immune
cell trafficking, chemokines can be presented on the luminal face of endothelial
cells, reside in vesicles of endothelial cells, or be deposited on the abluminal side of
endothelial cells. For luminal presentation, chemokines bind to glycosaminogly-
cans (GAGs) that are part of the carbohydrate-rich endothelial glycocalyx [131]. A
network of proteoglycans and glycoproteins forms the backbone and connect the
glycocalyx to the endothelium. Chemokine presentation by the vascular cell surface
via binding to GAG of the glycocalyx is a limiting step for chemokine-triggered
leukocyte recruitment [128, 149].

Chemokines bind to chemokine receptors, which are transmembrane proteins of
the rhodopsin subfamily of GPCRs [82]. Chemokine receptors either belong to the
conventional GPCRs or to the atypical chemokine receptors (ACKRs) [163]. The
conventional GPCR chemokine receptors include in humans at least 19 members
and are classified according to the chemokines recognized into CXC-, CC-, CX;C-,
and C-chemokine receptors. The ACKRs include at least four members [13]. They
were assigned “atypical” due to alternative signaling pathways compared to the
conventional chemokine receptors. In general, heterotrimeric G proteins can be acti-
vated by GPCRs upon ligand engagement and thereby act as molecular switches
that turn on intracellular signaling transduction cascades [121]. Pertussis toxin, a
well-known compound that sequesters the Gai subunit and therefore often used to
interfere with conventional GPCR signaling in the analysis of immune cell traffick-
ing, might not interfere with signaling induced through ACKRs [170].

Several chemokines are involved in T,y cell extravasation across the BBB [70].
The lymphoid chemokines, CCL19 and CCL21, are upregulated in BBB endothelial
cells during EAE [8, 41, 85]. Apparently, CCL21 is restricted to inflamed blood
vessels, whereas CCL19 is expressed by leukocytes, astrocytes, and microglia [41].
Additionally, CCR7-positive T, cells, receptor for CCL19 and CCL21, are enriched
within the inflammatory cuffs in the brain and spinal cord of EAE mice [8].
Furthermore, CXCL12 expression levels are elevated in the CSF of MS patients
[80]. In mice afflicted with EAE, CXCL12 is elevated in the spinal cord at the peak
of disease [112]. Importantly, the polarized abluminal expression of CXCL12 in the
healthy CNS is altered during neuroinflammation. Hence, T cells are no longer
entrapped in the perivascular space and infiltrate the CNS during EAE or MS [111,
112]. Similar to homeostatic chemokines, several inflammatory chemokines play a
role in the BBB endothelial cells during inflammation such as CCL2, CCL4, and
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CCLS5. Indeed, these chemokines diffuse toward the luminal surface of BBB endo-
thelial cells during inflammation and contribute to T cell recruitment [129].
Furthermore, mice lacking CCR2 [57, 76] or CCL2 [71] were resistant to EAE
development upon active immunization, yet adoptively transferred wild-type
MOGs3;_ss-specific Ty cells into CCR2 [57] or CCL2 [71] knockout mice, respec-
tively, failed to induce disease. Latter indicates that the expression of CCR2 or
CCL2 in host-derived cells might be central for EAE induction [57,71]. Additionally,
a selective expression for CCR1 was detected at the peak of EAE but lost during
subsequent relapsing phase of EAE [58]. In line, mice treated with anti-CCL3,
ligand for CCR1, showed reduced accumulation of CD4* T, cells in the CNS [58].
Taken together, chemokines within the NVU and their chemokine receptors on the
immune cells essentially contribute to both homeostatic immune cell trafficking and
pathological immune cell recruitment during neuroinflammation.

4.3 Integrins

Integrins are cell adhesion receptors that play pivotal roles in multiple cellular pro-
cesses. They exist as heterodimeric glycoproteins formed by non-covalently linked
o and B subunits [99]. In total 18 a-integrin and 8 B-integrin subunits form 24 of
integrin heterodimers [29, 99]. Each integrin subunit consists of a large extracellular
part, a single transmembrane domain, and a short cytoplasmic tail [55]. Some inte-
grins carry a unique ligand-binding site of ~200 amino acids in their a-subunit, the
so-called inserted (I) domain, and engage their ligands through this a-integrin I
domain. Integrins can adopt three different conformations: bent with closed head-
piece, extended with closed headpiece, and extended with open headpiece. These
conformations allow binding of the ligand with low, intermediate, or high affinity,
respectively [143]. They are named “integrin” because they integrate the intracel-
lular and extracellular environments together. The intracellular domains of the inte-
grin heterodimer bind to cytoskeletal adapter proteins, whereas the extracellular
domains form the binding site to proteins of the extracellular matrix (ECM) or to
cell adhesion molecules on the surface of other cells. Key integrin molecules
involved in immune cell trafficking are lymphocyte function-associated antigen
(LFA)-1 (aLp2, CD11a/CD18), macrophage-1 antigen (Mac)-1 (aMp2, CD11b/
CD18), very late antigen (VLA)-4 (adp1, CD49d/CD29), and adp7.

Signaling of integrins across the plasma membrane is bidirectional. Outside-in
signaling is induced through integrin binding to its counterpart and transduces
signaling into the cell. Inside-out signaling is initiated elsewhere in the cell and
results into a change of integrin conformation [139]. Intracellular integrin adaptor
molecules are essential for both kinds of signaling pathways [77, 83, 139]. In
immune cell trafficking, the adaptor proteins Talin-1 and Kindlin-3 binding to the
integrin B-subunit play important roles in the induction and stabilization of integrin
high-affinity conformation [43, 60, 90, 118, 151].
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4.4 Immunoglobulin-Like Cell Adhesion Molecules

Immunoglobulin-like cell adhesion molecules (Ig-like CAMs) are part of the immu-
noglobulin superfamily (IgSF) that consists of various groups of cell surface or
secreted molecules and fulfill various functions in innate and adaptive immunity
[18, 30]. A signature structure of IgSF members is the presence of one or more
Ig-like domains. Ig-like CAMs are type I transmembrane glycoproteins character-
ized by an N-terminal extracellular domain, a single spanning transmembrane
domain, and a short C-terminal cytoplasmic tail. They mediate cell-cell adhesion
and outside-in signal transduction [10]. Luminal expression of intercellular adhe-
sion molecule (ICAM)-1, ICAM-2, and vascular cell adhesion molecule (VCAM)-1
on the inflamed endothelium is central in T.; cell extravasation across the BBB
under neuroinflammatory conditions [62].

The extracellular domains of ICAM-1 (CD54) and ICAM-2 (CD102) contain
five and two Ig-like domains, respectively [101]. The short cytoplasmic domains of
ICAM-1 and ICAM-2 harbor 28 and 26 amino acids, respectively. LFA-1 is the T
cell integrin binding to the first extracellular Ig-domains of ICAM-1 and ICAM-2
[47, 103, 167]. Additionally, ICAM-1 is a ligand for the integrin Mac-1. Some
reports ascribe a role to Mac-1 in binding ICAM-2, while others fail to identify
interaction between Mac-1 and ICAM-2 [101]. ICAM-1 is uniformly localized to
the surface of endothelial cells, while ICAM-2 is localized to both the junctions and
the surface of endothelial cells [72, 155]. Of note, within the CNS ICAM-1 is also
expressed on non-endothelial cells such as leukocytes, pericytes, epithelial cells,
and glial cells [130]. On in vitro cultured BBB endothelial cells of the mouse,
ICAM-2 is constitutively expressed, whereas the level of ICAM-1 is low under
homeostatic conditions but strongly upregulated upon cytokine stimulation [1, 147].
In MS and or EAE lesions, high levels of ICAM-1 were detected in inflamed CNS
microvessels, microglia, and astrocytes [89, 126, 146] and accompanied by LFA-1-
positive infiltrating mononuclear cells [144].

VCAM-1 (CD106) is made of six or seven extracellular Ig-like domains, a trans-
membrane domain, and a short cytoplasmic tail of 19 amino acids [42]. VCAM-1 is
the endothelial ligand for a4-integrins on the leukocytes, which binds to the first and
the fourth Ig-like domains of VCAM-1 [81]. Only few brain capillaries in vivo or
scattered BBB endothelial cells in vitro express VCAM-1 under unstimulated con-
ditions. Upon inflammation VCAM-1 is strongly upregulated in vivo and in vitro on
BBB endothelial cells [45, 146, 147]. VCAM-1 interaction with VLA-4 or a4f7
plays a crucial role in lymphocyte extravasation across the inflamed BBB in vivo
and cytokine-stimulated human umbilical vein endothelial cells (HUVECsS) in vitro
[32, 44, 88].

Some additional Ig-like CAMs were identified contributing to extravasation of
encephalitogenic immune cell subsets across the inflamed BBB. Namely, these are
ALCAM (CD166) [35], junctional adhesion molecule-like (JAM-L) [9], and mela-
noma cell adhesion molecule (MCAM, CD146) [59, 86, 87]. The extracellular
domains of ALCAM and MCAM are composed of five Ig-like domains, while the
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extracellular domain of JAM-L is composed of two Ig-like domains. In particular,
endothelial ALCAM on the inflamed BBB was suggested as a BBB-specific and
immune cell subset selective trafficking cue [35]. ALCAM can undergo homophilic
interactions or act as a ligand for CD6, a molecule present on T, cells and involved
in the formation of the immune synapse between lymphocytes and antigen-
presenting cells [25, 153, 179]. Since information on the precise step of immune
cell extravasation across the inflamed BBB supported by ALCAM, MCAM, or
JAM-L is scarce, their molecular function will not be discussed at present.

5 Trafficking Laws: How T,; Cells Breach
the Inflamed BBB?

Immune cells use the blood vasculature as a freeway to continuously circulate
through the body. During neuroinflammation T cells migrate into the CNS. To this
end, they have to cross one of the barriers of the CNS. Extravasation across the
inflamed BBB occurs at the level of postcapillary venules, where shear flow is mini-
mal. Importantly, extravasation across the BBB follows sequential events of cell-
cell adhesion and cell-to-cell signaling between T, lymphocytes and the inflamed
endothelial cells of the BBB. The individual steps are named according to the
behavior of the immune cell. The initial contact formation is mediated through cap-
ture and rolling. In the next step, integrin molecules on the surface of the immune
cell become activated. This allows the immune cell to fully withstand shear exerted
by the blood flow for sustained firm adhesion. Importantly, the event of integrin
activation should not be mixed up with the stimulation of T, cells by APCs with
their cognate antigen, as both processes have been referred to as T cell activation
but differ fundamentally. Finally, T cell diapedesis is initiated by crossing the
endothelial monolayer of the BBB and its endothelial basement membrane. At this
point the T cells are entrapped in the perivascular space. Breaching of the paren-
chymal basement membrane only occurs after successful restimulation by APCs. In
the previous section, we introduced the molecules involved in the process of leuko-
cyte trafficking. Now, we will delineate these individual steps of extravasation and
describe the role of each molecule with a specific focus on T.; cell extravasation
across the inflamed BBB.

5.1 Capture and Rolling

The initial transient contact between circulating T cells and the inflamed BBB
occurs through capture and rolling. Capture can be described as an abrupt stop of
the T, cell and is mediated through VL A-4 binding to the high level of VCAM-1 on
the inflamed CNS microvessels [22, 88, 146]. Capture is a process unique to the
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BBB and has also been observed under noninflamed conditions of the BBB [164].
Rolling of T, cells along the luminal face of the inflamed BBB occurs at a speed of
6—7 um/s in inflamed leptomeningeal vessels [126] and 12—18 pm/s in inflamed
spinal cord vessels [21, 134]. Latter is remarkably reduced compared to the blood
flow in inflamed CNS microvessels equaling 1000 pm/s [40, 134]. At the molecular
level, capture is mediated through VLA-4 binding to VCAM-1 on the BBB [40,
164]. Rolling is specifically mediated through binding of leukocyte PSGL-1 to
endothelial E- and P-selectin [78, 79, 134]. Remarkably, absence of E- and P-selectin
and PSGL-1 in a triple knockout mouse model does not ameliorate EAE pathogen-
esis even though T cell rolling is completely absent [78, 79, 134]. Despite their
relative low number, captured T, cells rather seem sufficient to induce disease.

5.2 Integrin Activation

After initial transient contact, T, cells form stronger interactions with the luminal
face of the inflamed BBB leading to full shear-resistant arrest. In vivo live cell imag-
ing showed complete abrogation of this step when the T, cells were treated with
pertussis toxin, which blocks GPCR signaling [164]. In contrast, recent in vitro
studies showed pertussis toxin-independent shear-resistant arrest and sustained
adhesion of freshly stimulated T, cells on inflamed endothelial cells [132, 141,
149]. Moreover, stimulated T, cells were found to arrest on recombinant ICAM-1 in
the absence of chemokines [147]. Thus, the role of chemotactic factors inducing a
signaling cascade that results in a fast activation of preformed integrins on the T
cell warrants further investigation. Regulation of LFA-1 and VLA-4 integrin con-
formation in Ty cells is achieved by the cytoplasmic adaptor proteins Talin-1 and
Kindlin-3 [83]. In particular, Kindlin-3-regulated LFA-1 and VLA-4 activation is
critically involved in the extravasation of T cells across the inflamed BBB as
proven by the lack of EAE development after adoptive transfer of Kindlin-3 mutant
T cells [117]. Thus, activated integrins and in particular the tight regulation of
activation by intracellular adaptors in T, cells take center stage in the interplay with
the inflamed BBB.

5.3 Firm Adhesion

Successful shear-resistant arrest of the T.i cells transforms into firm adhesion. The
critical role of LFA-1 and VLA-4 and their endothelial ligands ICAM-1, ICAM-2,
and VCAM-1 in T, cell firm adhesion to the inflamed BBB has been confirmed by
imaging experiments in vitro and in vivo [20, 126, 147]. A detailed in vitro analysis
revealed that shear-resistant arrest of the T, cells is mediated through either [CAM-1
or VCAM-1, whereas their sustained adhesion relies on endothelial ICAM-1 and
ICAM-2 [147]. Genetic or functional ablation of VCAM-1/VLA-4 or LFA-1/
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ICAM-1 and ICAM-2 demonstrated amelioration or even abrogation of EAE patho-
genesis [1, 27, 28, 50, 130, 178]. In conclusion, the high level of ICAM-1 and
VCAM-1 on the inflamed BBB must be attributed important roles in T, cell recruit-
ment into the CNS.

While adherent to the luminal face of the inflamed BBB, T, cells behave highly
dynamic: Within seconds after arrest, T, cells spread and polarize and then crawl
with preferential direction against the blood flow [20, 147]. Crawling of T, cells
requires endothelial ICAM-1 or ICAM-2 [147, 165]. Lymphocytes display crawling
distances well above 100 pm in vivo during onset of EAE in leptomeningeal
microvessels and in vitro on TNF-o-stimulated BBB endothelial cells [1, 20, 147].
The exceptionally long crawling distances covered by T, cells is a remarkable char-
acteristic of extravasation across barrier-forming CNS microvascular endothelial
cells when compared to non-barrier-forming endothelial cells [148]. Importantly,
variants of the BBB inflammatory conditions with an increased level of ICAM-1
coincided with a reduced crawling speed and distance of T, cells and earlier initia-
tion of diapedesis [1]. Thus, the adhesion molecule profile of the inflamed BBB
tightly controls T, cell shear-resistant arrest, firm adhesion, and the dynamic inter-
action behavior of adherent T, cells.

5.4 Diapedesis

Diapedesis of T, cells, but also of other leukocyte subsets, across an endothelial
layer occurs either through the endothelial cell-cell junction, via the paracellular
pathway, or through a pore formed across the endothelial cell body itself, via the
transcellular pathway [1, 31, 33, 100, 108, 120]. It is suggested that paracellular
diapedesis occurs through a zipper-like replacement of homophilic interactions
of junctional proteins. In contrast, transcellular diapedesis of T, cells presum-
ably leaves the endothelial junction integrity intact but might still involve junc-
tional molecules recruited to the transcellular pore [31]. With respect to the
inflamed BBB, electron microscopic studies strongly supported predominant
transcellular diapedesis of mononuclear immune cell subsets (monocytes, T
cells) in situ across the inflamed BBB [96, 97, 174] or inflamed blood-retina bar-
rier (BRB) [16, 63].

In vitro live cell imaging revealed formation of invasive protrusions by T, cells
during crawling on cytokine-stimulated BBB endothelium (Fig. 1) [1] and non-
BBB endothelial cells [33, 140]. Invasive protrusions contact the apical face of the
endothelial cells, form a pore across the endothelial cell proper, extend toward the
endothelial cell abluminal face, and, presumably, precede both trans- and paracel-
lular diapedesis. It is hypothesized that T, cells probe the endothelial cell surface
to detect permissive sites for diapedesis [31, 100, 120, 145]. Importantly, a mild
but significant loss of barrier properties in IL-1p-stimulated compared to TNF-a-
stimulated BBB endothelial cells did not simply translate into increased paracel-
lular diapedesis. Rather, increased levels of ICAM-1 on the surface of the



198 M. Abadier and R. Lyck

Fig. 1 Ultrastructural analysis of a CD4* T, cell adherent and crawling on IL-1p-stimulated pri-
mary mouse brain microvascular endothelial cells by scanning electron microscopy. Note the
filopodia-like protrusions that form contact between the crawling CD4* T cell and endothelial
cell surface. Scale bar equals 2 pm

IL-1B-stimulated BBB endothelial cells correlated with shorter T cell crawling
distances, increased numbers of diapedesis events, and preferential diapedesis via
the transcellular pathway [1]. On the other hand, lack of endothelial ICAM-1 and
ICAM-2 on cytokine-stimulated BBB endothelial cells derived from ICAM-1™!/
ICAM-2""mice revealed a reduced number and length of invasive protrusions
formed by the T, cell [1]. Unexpectedly, in the rare event of T, cell diapedesis in
the absence of ICAM-1 and ICAM-2 and therefore in the absence of T cell polar-
ization and crawling, transmigration occurred mainly via the transcellular pathway
[1]. Taken together, endothelial ICAM-1 together with ICAM-2 fulfills a critical
role in the regulation of the rate and the pathway of T, cell diapedesis across the
inflamed BBB.

6 Endothelial Signaling Pathways in Immune Cell
Extravasation Across the BBB

We have seen in the previous section that inflamed endothelium of the BBB plays
an active role in orchestrating immune cell recruitment through the expression of
a variety of CAMs and presentation of chemokines [1, 36, 66]. The active role of
endothelial cells during diapedesis has many faces including junctional disassem-
bly, cytoskeletal reorganization, formation of docking structures, and transcellular
pores and likewise important the fast closure of the pore after diapedesis.
Furthermore, several endothelial CAM mediating outside-in signaling events con-
tribute to leukocyte extravasation. Many findings presented here have been
acquired by in vitro imaging or biochemical analysis and therefore are most often
based on in vitro cultured endothelial cells. Due to its outstanding importance for
extravasation, aspects of ICAM-1-mediated downstream signaling are
highlighted.
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6.1 ICAM-1 Downstream Signaling Is a Key Event
in Leukocyte Diapedesis

Upon leukocyte adhesion, the interaction between ICAM-1 and LFA-1 leads to
ICAM-1 clustering on the surface of human umbilical vein endothelial cells
(HUVECsS) forming docking structures, also referred to as transmigratory cup [19,
34]. Analysis of transfected mouse brain endothelioma cell lines revealed that the
cytoplasmic tail of endothelial ICAM-1 and downstream Rho-GTPase signaling are
involved in the diapedesis but not adhesion of T, cells [102]. Experimental cluster-
ing of endothelial ICAM-1 induces downstream signaling events, such as the activa-
tion of small Rho-GTPases, activation of endothelial nitric oxide synthase,
phosphorylation of VE-cadherin, phosphorylation of phosphoinositide-specific
phospholipase C (PLC)-yl1, production of phosphatidylinositol phosphate, and
increased intracellular calcium level [62, 106]. Increased intracellular calcium in
turn activates myosin light-chain kinase and actin cytoskeletal cell contractility and
affects endothelial barrier properties [157, 177]. Thus, ICAM-1 induced signaling
harbors many important features for successful diapedesis of various leukocyte sub-
sets across vascular endothelial cells.

6.2 VE-Cadherin Phosphorylation Tightly Regulates Inmune
Cell Extravasation

The adherens junction protein VE-cadherin is considered essential for maintaining
endothelial cell-to-cell integrity [168]. Antibodies against VE-cadherin disrupt
endothelial junctions and lead to enhanced leukocyte recruitment into inflamed
mouse peritoneum in vivo [61]. Replacement of endogenous VE-cadherin by
VE-cadherin/a-catenin, a non-dissociable fusion construct, led to stabilized junc-
tions that resisted permeability increase during inflammation and reduced leukocyte
recruitment in vivo [136]. Distinct phosphorylation pattern of tyrosine residues in
the VE-cadherin cytoplasmic tail has been identified for the regulation of permea-
bility changes of the endothelial layer or leukocyte diapedesis [7, 169, 173]. Some
conflicting data on the distinct VE-cadherin phosphorylation pattern affecting leu-
kocyte diapedesis might be caused by variations in the specificity of antibody epit-
opes [168]. Again, endothelial ICAM-1 engagement might be involved in the
tyrosine phosphorylation of VE-cadherin through the non-receptor tyrosine kinase
Src [166]. However, this important link between endothelial ICAM-1 and
VE-cadherin phosphorylation awaits further proof particular in the context of
inflamed BBB endothelial cells. Taken together, the dynamic spatiotemporal asso-
ciation between VE-cadherin and its intracellular adaptor molecules depends on
distinct VE-cadherin phosphorylation patterns and is critical for changes of vascular
permeability during inflammation and, in consequence, is a prime candidate for the
regulation of paracellular diapedesis.
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6.3 Pore Formation

T, cells probe the endothelial monolayer by sending long invasive protrusions to
sense a site permissive for diapedesis [1, 33, 141]. As outlined before, T, cell dia-
pedesis across a tight in vitro model of the BBB is via both routes, the paracellular
and the transcellular pathway. Transcellular pores for T, cell diapedesis range from
3 to 6 pm and are referred to as micro-wounds [107, 108]. Mechanistically, endo-
thelial cells form ventral lamellipodia enriched in integrins a5 and 3 that initiate at
the abluminal side and then grow across the pores and close them to reestablish
endothelial cell integrity. F-actin accumulates around the pore and contracts or
forms at the one side of the pore and then closes the pore by ventral movement.
Thus, actin remodeling in the ventral lamellipodium is the key for healing of
diapedesis-induced micro-wounds, which is a fast process that takes only 5-10 min
in vitro. Remarkably, only one third of inflammatory cuffs in the brain of EAE mice
show a compromised barrier through leakage of a small molecular tracer in vivo
[125]. The fast closure of the pore after T cell diapedesis might represent one
important mechanism to restore BBB integrity during inflammatory T, cell recruit-
ment into the CNS.

7 Conclusion

In recent years various aspects of T, cell migration across the inflamed BBB have
been resolved. Despite similarities to the multistep cascade of immune cell extrava-
sation in the periphery, extravasation of T, cells across the inflamed BBB displays
striking peculiarities. Multiple steps follow each other in a tightly regulated and
concerted action to guide the extravasation of immune cells from the circulation
into the CNS parenchyma in a highly dynamic process. Importantly, the inflamed
BBB actively contributes to this process and ensures maintenance of barrier integ-
rity to its best.

Pharmaceutical targeting of immune cell extravasation to prevent or amelio-
rate neuroinflammation has been matter of intense research since the seminal
finding of the critical role of VCAM-1/a4-integrin as trafficking cue in the
development of EAE in the 1990s [23, 178]. Many important studies in the field
finally translated into a humanized monoclonal blocking antibody named natali-
zumab and marketed as Tysabri®, which is applied to reduce relapse rates of
MS patients in the clinic today [52]. In contrast, all clinical trials targeting
ICAM-1 and ICAM-2/LFA-1 interaction with function-blocking antibodies,
namely, Hu23f2G, enlimomab, and efalizumab, aiming to reduce neutrophil
infiltration in ischemic stroke and recruitment of encephalitogenic immune cell
subsets, respectively, remained controversial [39]. Solely, the humanized anti-
body efalizumab, targeting the al.-integrin, was approved for treatment of pso-
riasis patients [152].
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A different strategy to block infiltration of immune cells into the CNS is achieved
through dampening of the inflammatory condition of the BBB with statins, which
are inhibitors of the 3-hydroxy-3-methyl-glutaryl-coenzyme (HMG-Co) A reduc-
tase. HMG-CoA is involved in cholesterol synthesis pathway but presumably exerts
its immunomodulatory and anti-inflammatory effect rather by interfering with pre-
nylation and thus blockade of Rho-GTPase signaling [38]. In fact, a beneficial effect
of statins for a panel of neurological diseases with inflammatory component is
under investigation and might result in new therapeutic uses [104]. A third variant
to target trafficking of encephalitogenic immune cells was discovered through tar-
geting the Sphingosine-1-phosphate (S1P) receptor with its functional antagonist
FTY720 or fingolimod. FTY720 was found to significantly decrease the rate of
relapses in relapsing-remitting MS patients. Originally, its effect was explained by
a blockade of lymphocyte egress from secondary lymphoid tissues. However, recent
studies suggested additional immunomodulatory effects in the treatment of inflam-
matory diseases of the CNS and other organs [162]. In fact, preclinical investiga-
tions in the mouse model revealed protection of the BBB barrier properties and
dampening of VCAM-1 and ICAM-1 expression by FTY720 [75].

Unfortunately, in rare cases treatment with natalizumab or FTY720 correlated
with severe side effects, i.e., the development of progressive multifocal leukoen-
cephalopathy (PML) [56]. Thus, continued research is required to further elucidate
the elaborate process of immune cell migration across the inflamed BBB. Only dis-
tinguished knowledge will allow the design of therapeutics that take advantage of
unique properties of immune cell extravasation across the inflamed BBB without
harmful side effects elsewhere or suppression of homeostatic immune
surveillance.
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Neuroinflammation in Bacterial Meningitis

Philipp Agyeman, Denis Grandgirard, and Stephen L. Leib

Abstract Under physiologic conditions, the brain is a microbiologically sterile site
and is protected from infection by highly specialized barriers, including the hard
bony skull, the tough dura mater, and the restrictive blood—brain barrier (BBB).
Host defense mechanisms in the central nervous system (CNS) are limited and
tightly regulated. Peripheral immune cells and plasma proteins are largely excluded
from the brain parenchyma. Once they have breached the protective barriers and
entered the CNS, bacteria multiply within the cerebrospinal fluid space (CSF)
highly efficiently exhibiting similar kinetics as in vitro and reaching concentrations
of up to 10° CFU/mL.

In response to the multiplying bacteria and their components, i.e., cell wall frag-
ments, lipopolysaccharides, teichoic and lipoteichoic acids, peptidoglycans, bacterial
DNA, and other cytosolic factors, resident cells in the perivascular space and the
meninges release pro-inflammatory signaling molecules. Tumor necrosis factor-o,
interleukin-1p, and IL-6 are released early on and trigger a cascade of other inflam-
matory mediators, including a variety of cytokines, chemokines, platelet-activating
factor, antimicrobial peptides, prostaglandins, matrix metalloproteinases, nitric oxide,
and reactive oxygen species initiating a self-perpetuating inflammatory cascade.

The immediate consequences of the intense inflammatory reaction are a massive
influx of leukocytes, the breakdown of the blood—brain barrier with the formation of
brain edema, and alterations of the cerebral blood flow. This overshooting inflam-
matory reaction to the invading pathogens causes damage to the brain parenchyma
as collateral damage and is the driving pathophysiologic mechanism of inflamma-
tory inner ear damage, brain cortical ischemic injury, and hippocampal apoptosis,
the most frequent histopathological correlates of the neurofunctional sequelae of
bacterial meningitis.
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1 Introduction

Meningitis is an inflammation of the membranes enclosing the brain and spinal
cord. Meningitis may be caused by viral, fungal, or parasitic infection, but is fre-
quently caused by bacteria capable of penetrating the barriers protecting the brain.
The barrier function of the blood-brain barrier (BBB) and the blood—cerebrospinal
fluid barrier (BCSFB) largely excludes peripheral immune cells and plasma pro-
teins in normal physiological conditions, which led to the concept of the central
nervous system (CNS) as a site of immune privilege. The lack of immediate and
sufficient bactericidal activity in the cerebrospinal fluid (CSF) allows bacteria to
multiply almost as efficiently as in vitro, to reach titers of up to 10° colony-forming
units (CFU)/mL and to spread over the entire surface of the brain, the spinal cord,
and along penetrating vessels. This explains that prior to the antibiotic era, bacterial
meningitis almost always led to death.

To gain access to the CNS, bacteria must (a) colonize the host, (b) invade the
bloodstream or cause focal infection in the vicinity of the brain, (c) survive in the
bloodstream, and (d) cross the BBB or the BCSFB (Fig. 1). Bacterial meningitis can
arise from bacteremia if pathogens colonizing the nasopharyngeal and intestinal
mucosa invade the bloodstream or by continuous infection from nearby foci, e.g.,
sinusitis, mastoiditis. It may also follow a breach of the brain barriers by a foreign
body (e.g., cerebrospinal fluid shunt, cochlear implant), a neurosurgical procedure,
or trauma.

Once a pathogen has reached the CNS, a cascade of events follows until the full
symptomatic manifestations of bacterial meningitis. These include the induction of
cytokines and chemokines; activation of inflammatory mediators such as nitric oxide
(NO), reactive oxygen species (ROS), or matrix metalloproteinases (MMP); recruit-
ment of white blood cells to the site of infection; and cytotoxic events. In this chapter,
the pathogenesis of bacterial meningitis and its neurological sequelae are discussed.

2 Pathogenesis of Bacterial Meningitis

2.1 Bacterial Invasion of the Host and Penetration
of the Blood-Brain Barrier

Figure 2 shows the pathogenic steps involved in the development of bacterial
meningitis.

2.1.1 Bacterial Colonization of the Host
Colonization of the host is a common first step of the major bacterial pathogens that

cause meningitis (Table 1). S. pneumoniae, N. meningitidis, and H. influenzae type
B colonize the nasopharynx and are transmitted from person to person by the
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Fig. 1 Selected mechanisms that contribute to the pathogenesis of bacterial meningitis and the
development of brain injury

respiratory route. Injury of the functional integrity of the respiratory tract mucosa
by viral infections [2, 3] and physical damage to the mucosa [4] may increase the
risk of invasive bacterial disease.

To colonize the nasopharyngeal mucosa, a pathogen first has to evade mucosal
defense mechanisms like ciliary clearance [5—-10], secretory immunoglobulin A
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Fig. 2 Pathogenetic steps involved in the development of bacterial meningitis: (i) colonization of
the nasopharynx and invasion of blood capillaries via crossing of the mucosal barrier, the epithelia
and the vascular endothelium; (ii) bacteremia, survival in the blood and crossing of the blood—
brain barrier (BBB); and (iii) bacterial multiplication in the CSF, induction of inflammation, BBB
breakdown, and invasion of blood-derived neutrophils into the subarachnoid and ventricular space
Adherence of bacteria to the mucosal epithelium and colonization are affected by phase variation.
Bacteria cross the mucosal barrier through or between epithelial cells. Once in the bloodstream,
expression of a sufficiently thick capsule is necessary to protect the bacteria from circulating anti-
bodies, complement-mediated bacterial killing, and neutrophil phagocytosis. Bacteria penetrate
the BBB by (i) paracellular passage, (ii) transcellular passage, or (iii) invasion within white blood
cells during diapedesis (intracellular pathogens). Neutrophilic pleocytosis occurs along a chemo-
tactic gradient mainly created by chemokines locally expressed in the brain. Matrix metallopro-
teinases (MMP), such as MMP-8 and MMP-9, facilitate the process of extravasation by degrading
extracellular matrix components of the brain microvasculature

(IgA) [11-13], and lysozyme [14—17]. Secondly, it has to prevail against other
organisms in the aerobic environment of the upper respiratory tract [18—20]. Finally,
it must adhere to the mucosal epithelium [10, 21-25].

Group B streptococcus (GBS) (S. agalactiae), E. coli, and L. monocytogenes col-
onize the gastrointestinal tract and are transmitted by the oral, vaginal, or fecal-oral
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Table 1 Most common bacterial organisms causing meningitis in humans according to broad age
categories. Relative frequency of occurrence in studies performed in different European countries
are given as percentage

Relative frequency of occurrence

Causative organism in selected European countries
Neonatal bacterial meningitis Group B streptococcus 58 %

Escherichia coli 21 %

Listeria monocytogenes 2%

Streptococcus 4%

pneumoniae
Pediatric bacterial meningitis Neisseria meningitidis 50%
beyond the neonatal age Streptococcus 37 %

pneumoniae

Haemophilus influenzae 5%

Adult bacterial meningitis Streptococcus 53 %
pneumoniae
Neisseria meningitidis 27 %

Haemophilus influenzae 3%

Listeria monocytogenes 4%

Adapted from: van de Beek et al. [1]

route. They mainly cause meningitis at the vulnerable extremes of age and in immu-
nocompromised persons. In neonatal meningitis, colonization of the intestinal tract
of the infant follows similar principles as outlined for nasopharyngeal colonization
[26-34]. The food-borne pathogen L. monocytogenes primarily affects immuno-
compromised patients and pregnant women and is transmitted to the fetus through
the placenta or to the newborn during delivery [35, 36].

2.1.2 Invasion of the Bloodstream

To enter the bloodstream at the site of colonization, bacteria penetrate the mucosal
barrier formed by epithelial cells and the lining of the blood vessels formed by the
vascular endothelium (Fig. 2). Depending on the pathogen, the paracellular or tran-
scellular route across the epithelial and endothelial layers is preferred.

Most known mechanisms by which meningeal pathogens invade human epithe-
lial and endothelial cells via the transcellular route take advantage of the ubiquitous
clathrin-mediated cellular endocytosis mechanism [37-39]. This then leads to the
uptake into vacuoles that may either recycle back to the cell surface, fuse with lyso-
somes, or transit to the basolateral cell surface where the bacteria are released out of
the cell [40-42].

Actin rearrangements further enhance bacterial internalization. Some transmem-
brane proteins of the epithelial cell that are targeted by the bacterial pathogen and
initiate endocytosis are polymeric immunoglobulin receptor (pIgR) [43, 44], carci-
noembryonic antigen-related cell adhesion molecule (CEACAM) proteins [45-47],
and epithelial cadherin (E-cadherin) [48, 49].
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Paracellular migration of bacteria across the epithelial barrier is facilitated by
toll-like receptor (TLR)-dependent downregulation of tight junction protein expres-
sion [50] or extracellular degradation of junctional components mediated by bacte-
rial enzymes or bacteria-bound plasmin [51-54].

The final barrier between epithelial cells and mesenchymal cells is the epithelial
basement membrane. Meningeal pathogens may degrade the epithelial basement
membrane by secreting proteolytic enzymes [51, 55], abuse the host’s plasmino-
gen—plasmin system [53, 56-58], and cross the basement membrane in phagocytic
cells [99, 60]. Finally, attachment to extracellular matrix (ECM) components is
important in bacterial infection pathogenesis, and ECM adhesins have been identi-
fied in most meningeal pathogens (e.g., PavA of S. pneumoniae [21], Opc of
N. meningitidis [61], fimbriae of H. influenzae [62], and ScpB of GBS [31]).

2.1.3 Intravascular Survival

Once in the bloodstream, meningeal pathogens are immediately exposed to the
host’s immune defense. Clearance of S. pneumoniae, H. influenzae, and N. menin-
gitidis strongly relies on antibody-mediated opsonization followed by activation of
the complement system. S. pneumoniae and H. influenzae are then taken up by host
leukocytes and killed intracellularly, while the membrane attack complex, formed
by the terminal complement factors, is important for the killing of N. meningitidis
[63]. Patients with impaired opsonization or complement activation (e.g., patients
with sickle cell disease or complement deficiencies) have a higher susceptibility to
invasive infections due to N. meningitidis and S. pneumoniae [64—67].

The polysaccharide capsule, although impeding adherence to the mucosal surface
and entry into epithelial cells [10, 68], is the primary survival factor in the blood-
stream [69]. It shields bacteria against circulating antibodies [70, 71], complement-
mediated bacterial killing [72], and neutrophil phagocytosis [73]. Meningeal
pathogens may also manipulate the complement cascade by enhancing the activity
of regulatory proteins [74-79].

Intravascular survival of the intracellular pathogen L. monocytogenes depends
mainly on its ability to evade intracellular killing in the phagolysosome [80].
Bacterial clearance by phagocytosis is an important early step in listeriosis, but the
intracellular survival of L. monocytogenes facilitates evasion of innate immune
mechanisms (“Trojan-horse” mechanism).

In summary, the intricate defense mechanisms of bacteria against the host immune
system only need to protect few organisms, which may then cause meningitis [81].

2.1.4 Meningeal Invasion
The CNS is a tightly controlled environment. The boundary to the blood is provided

by the endothelial BBB, the epithelial BCSFB, and the arachnoid [82]. Blood-borne
pathogens must cross the BBB or the BCSFB to cause bacterial meningitis. Clinical



Neuroinflammation in Bacterial Meningitis 219

observations and experimental studies link the magnitude of bacteremia with the
risk of meningitis development for most meningeal pathogens [65, 83, 84]. High
bacterial load in the blood alone, however, is not sufficient for the development of
bacterial meningitis. The expression of selected bacterial adhesion and invasion fac-
tors is necessary for the invasion of the CNS [85].

Meningeal pathogens may migrate into the CSF by transcellular or paracellular
migration [85]. The BCSFB may be more vulnerable to bacterial migration via the
paracellular route because the tight junctions between the epithelial cells have a lower
electrical resistance [82]. For L. monocytogenes, the previously described Trojan-
horse mechanism has also been implicated in the invasion of the CNS [86-88].

Direct invasion of endothelial and epithelial cells by meningeal pathogens
involves ligand—receptor interactions between bacteria and host cells followed by
rearrangements of the actin cytoskeleton. This ultimately leads to the uptake of the
pathogen in a vacuole and transcellular transport [42, 85, 89]. Attachment of men-
ingeal pathogens to the tight endothelium of the BBB and the fenestrated endothe-
lium of the BCSFB is facilitated by receptors on the apical side of the endothelial
cells, some of which may be upregulated by inflammation. The 37/67-kDa laminin
receptor is a shared target of cytotoxic necrotizing factor 1 (CNF1)-expressing
E. coli K1, S. pneumoniae, N. meningitidis, and H. influenzae [90-94]. Bacterial
adhesins mediate adhesion to the 37/67-kDa laminin receptor, including CNF1 in
E. coli, choline-binding protein A (CbpA) in S. pneumoniae, secretin PilQ and porin
PorA in N. meningitidis, and porin OmpP2 in H. influenzae [92, 93, 95]. S. pneu-
moniae may also bind to the cell adhesion molecule platelet endothelial cell adhe-
sion molecule-1 (PECAM-1) and pIgR [96, 97].

Fimbriae and pili, hair-like structures frequently found on the surface of bacteria,
are instrumental to bacterial adhesion. Type IV pili mediate attachment, bacterial
aggregation, and persistence of N. meningitidis on brain endothelial cells [98].
Binding of E. coli K1 to brain endothelial cells is facilitated by FimH on type 1
fimbriae CD48 and the association of the outer membrane protein A (OmpA) with
glycoproteins on the cell surface [85]. Attachment of GBS to brain endothelial cells
is facilitated by several adhesins including fibrinogen receptor FbsA, laminin recep-
tor Lmb, and the pilus tip adhesins PilA and Srrl [99-103].

The exact mechanisms by which S. pneumoniae invades the BBB are not yet
known. Partially conflicting in vitro and in vivo data indicate that binding of
S. pneumoniae to transmembrane receptors pIgR and PAFr may trigger clathrin-
mediated cellular endocytosis [41, 97, 104]. Specifically, the interaction of phos-
phorylcholine with PAFr and expression of NanA seem to be necessary for the
invasion of the BBB by S. pneumoniae [40, 105-107].

E. coli invades the BBB following the induction of cytoskeletal rearrangements
and actin condensations through the activation of the Rho family GTPases [85, 108,
109]. The interaction of several E. coli proteins with the BBB has been shown to
facilitate cytoskeletal rearrangements culminating in the uptake of E. coli into a
vacuole [94, 110-117].

For GBS, experimental data support an important role of the fibronectin-binding
protein SfbA and pili in BBB invasion [101, 118]. The expression of fibronectin-
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binding protein OpC has also been shown to be instrumental to the invasion of the
BBB by N. meningitidis [119]. N. meningitidis also form bacterial microcolonies on
the Iuminal face of brain endothelial cells followed by the reorganization of the
intracellular cytoskeleton. This may lead to the opening of intercellular junctions
followed by paracellular penetration of the BBB [98]. Receptor-mediated signaling,
as well as local inflammation with the recruitment of leucocytes, may further mod-
ify tight junctions and allow paracellular penetration [98, 101].

Conflicting evidence exists, whether the transcellular invasion of brain endothe-
lial cells by L. monocytogenes may be mediated by InlA and InIB in a similar fash-
ion as in the intestine and placenta [86, 120].

Bacteremia-independent invasion of the CNS may follow focal infections of
structures close to the brain (e.g., otitis media, mastoiditis, and sinusitis) or after
disruption of the integrity of the skull and meninges (e.g., malformations, trauma,
neurosurgery). In a case series of 87 patients with pneumococcal meningitis, more
than half of the patients had radiological signs consistent with otitis or sinusitis
[121]. In a large observational study, otitis and sinusitis were reported as predispos-
ing conditions in 25 % of patients [122]. This is supported by an experimental
model of S. pneumoniae meningitis, in which a ga/U mutant and its parent pneumo-
coccal strain both caused meningitis following otitis media infection in gerbils,
despite the mutant’s impaired ability to disseminate to the bloodstream following
infection [123].

For L. monocytogenes, S. pneumoniae and N. meningitidis retrograde access to
the CNS via the neural route has also been documented [86, 124, 125]. For L. mono-
cytogenes, however, this mechanism is likely only important in ruminants. These
observations support the notion that meningeal pathogens can gain access to the
CNS by several routes. The relative importance of the different routes of infection
in bacterial meningitis is not exactly known.

3 Induction and Modulation of Inflammation

Our understanding of the cascade of events leading to brain inflammation during
meningitis is mostly based on experimental models, in which bacteria are inocu-
lated intranasally, but more often intracisternally or intracerebrally. These models
do not fully replicate the development of meningitis as observed in patients, espe-
cially when considering the initial anatomical progression from the nasopharynx.
Early recognition of the pathogens involves brain vascular endothelial cells or peri-
vascular macrophages [126], as well as ependymal cells. These may be aided by a
trafficking population of central memory T cells which interact with local antigen-
presenting cells and initiate inflammation. The very recent discovery of functional
lymphatic vessels in the CNS, however, may considerably change the perception on
the role of adaptive immunity in the brain [127]. Leukocytes, mainly neutrophils in
the case of bacterial meningitis, are initially excluded from the CNS, being recruited
later during infection [124—126]. Most pathogens responsible for bacterial meningitis
have been shown to induce inflammation in brain microvascular endothelial cells
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in vitro, which facilitates their invasion through the blood—brain barrier. In experi-
mental GBS meningitis, the early induction of tumor necrosis factor-o (TNF-o) and
interleukin (IL)-1p mRNA expression has been documented in the ependyma and
the meninges [127]. Little is known about the role of perivascular macrophages, but
their depletion has been shown to worsen the clinical symptoms, to increase bacte-
rial counts in the CSF, and to decrease leukocytes extravasation. However, since
higher levels of CSF inflammation were still detected in depleted animals, a local
production of inflammatory mediators in the parenchyma was also suggested [128].

During disease progression, cells in the parenchyma, especially next to the site
of the initial inflammation, also express inflammatory factors, including TNF-o and
IL-1P [127]. Microglia and astrocytes are sentinels in the brain parenchyma that are
able to detect invading pathogens. It is postulated that, as the infection/inflammation
progresses, diffusible bacterial products or host-derived factors penetrate the paren-
chyma, triggering a secondary response.

How the innate immune system recognizes invading pathogens is mostly
determined by its ability to “sense” the bacterial surface. Bacterial pathogens
causing meningitis usually are encapsulated microorganisms. The polysaccha-
ride capsule is a virulence factor which is necessary for establishing invasive
disease by preventing opsonophagocytosis (see above). In vivo, the pneumococ-
cal capsule could also impair recognition by the innate immune system, in par-
ticular the toll-like receptor-mediated pathway [129]. The capsule can partially
cover subcapsular bacterial components, depending on its thickness. For gram-
positive bacteria, immunogenic components comprise teichoic (TA) and lipotei-
choic acids (LTA) and peptidoglycan. For gram-negative bacteria, the endotoxin
lipopolysaccharide (LPS) is recognized by the innate immune system. These
components are released either by autolysis, when bacteria reach sufficient high
density, or by the effect of bacteriolytic antibiotics and trigger the inflammatory
reaction in bacterial meningitis. Specialized extracellular (i.e., toll-like recep-
tors, TLRs) or intracytoplasmic (i.e., NOD-like receptors, NLRs) receptors can
sense the major meningeal pathogens [130-133]. Most cells of the brain express
these receptors, with microglia expressing the full repertoire of TLRs [134].
Brain endothelial cells and macrophages are also known to express these recep-
tors. Negative outcome during bacterial meningitis has been associated with
genetic variations in these pattern recognition receptors (PRR) [135-137]. TLR2
detects cell wall components of gram-positive bacteria, while TLR4 recognizes
those of gram-negative bacteria. TLR9 recognizes bacterial DNA and other com-
ponents. Scavenger receptors (SRs), initially described for their role in the iden-
tification and removal of modified lipoproteins, are found at the surface of
perivascular and meningeal macrophages [138]. SRA-1 (CD204) and SRA-2
(MARCO) can detect N. meningitidis or S. pneumoniae [138]. The G-coupled
receptor protein formyl peptide receptor-like-1 (FPRL-1), which increases the
expression of antimicrobial peptide CRAMP, recognizes S. pneumoniae. Of note,
it seems that the resident immune system in the brain parenchyma may already
be activated during the initial presence of pneumococci in the blood in a
bacteremia-derived meningitis model, even before the development of meningitis
and the recruitment of neutrophils [139].
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3.1 Cytokines and Chemokines

An increase in cytokines and chemokines expression levels has been documented in
the brain parenchyma or the CSF of patients with bacterial meningitis and experi-
mental models [140-143]. Cytokine and chemokine profiles vary in vitro and in
experimental infection models in response to different meningeal pathogens. These
differences are presumably related to pathogen-specific activation of PRR [144—
147] and may in part explain the differences in mortality and morbidity observed in
patients affected by the different pathogens.

The early release of TNF-a, IL-1p, and IL-6 in the course of bacterial meningitis
is part of the initial innate immune answer. The expression of TNF-a and IL-1 is
detected first in the ependyma and the meninges and later in the parenchyma in
experimental meningitis [127]. The initial immune reaction induces a cascade of
inflammatory mediators, including other cytokines and chemokines, antimicrobial
peptides, prostaglandins, MMPs, NO, and ROS.

During bacterial meningitis, TNF-a activity is kept at a sustained high level in
the CSF due to the continuous release of bacterial products into the CSF or by a
positive feedback loop in the inflammatory cascade [148]. Similar to PPR engage-
ment, binding of TNF-a to the TNF-a receptor leads to NF-kB activation resulting
in the expression of further mediators described hereafter. Experimental administra-
tion of TNF-a into the CSF of rabbits or rats induces BBB breakdown, neutrophil
influx, and increased cerebral blood flow (CBF), recapitulating pathophysiologic
changes characteristic of bacterial meningitis in humans [149-154].

IL-1p is released by mononuclear phagocytes, glial cells, and endothelial cells in
the CNS. Caspase-1 in the inflammasome complex activates the precursors of IL-1 or
IL-18 [132, 155-157]. The CSF concentration of IL-1f significantly correlates with
other inflammatory parameters and is a predictor of adverse disease outcome [158].
When experimentally injected into the CSF, IL-1 triggers a meningeal inflammation
without detectable TNF-a activity, whereas the concomitant injection of TNF-o and
IL-1 results in a synergistic increase in leukocyte influx into the CSF [159].

IL-6 is produced by monocytes, endothelial cells, and astrocytes, essentially in
response to IL-1f and TNF-a. Its presence in the CSF of patients with bacterial
meningitis is not correlated with any of the indices of meningeal inflammation or
with disease severity [160]. IL-6 efficiently induces the expression of acute-phase
proteins, fever, leukocytosis, and activation of the complement and clotting cas-
cades [161]. IL-6 also possesses anti-inflammatory properties, by inhibiting TNF-a
and IL-1p production in vitro and inducing IL-1 receptor antagonist [162].

Chemokine levels, including IL-8 (CXCLS), CXC5 (ENA-78), CXCL1 (GROw),
and monocyte chemoattractant protein-1 (MCP-1, CCL2), MIP-1 (CCL3), and
MIP-1 (CCL3), are elevated in the CSF of patients with bacterial meningitis [163,
164]. Cells shown to produce these chemokines upon stimulation include monocyte
macrophages, polymorphonuclear leukocytes, endothelial cells, astrocytes, microg-
lia, and neurons. Chemokines primarily activate and attract leukocytes to the site of
inflammation. By enhancing neutrophil adhesion to endothelial cells, IL-8 regulates
the migration of neutrophils toward the CNS during bacterial meningitis [142].
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IL-10 is an anti-inflammatory cytokine that inhibits the production of TNF-a,
IL-1, IL-6, and IL-8 in vitro. High levels of IL-10 have been found in the CSF of
patients with bacterial meningitis. In experimental meningitis, application of IL-10
decreased brain edema and down-modulated subarachnoid space inflammation
[165]. In addition to IL-10, transforming growth factor-p (TGF-p) also possesses
anti-inflammatory properties, as demonstrated in experimental meningitis, where its
application reduced cerebral edema, intracranial pressure, and CBF [166]. Similarly,
IL-19 is produced by astrocytes in response to S. pneumoniae infection and acts as
an anti-inflammatory modulator [167].

In bacterial meningitis, especially caused by S. pneumoniae, IFN-y levels are
increased in the CSF [157, 168]. IFN-y stimulates nonspecific defense mechanisms
such as phagocytosis or cytokine release by macrophages and polymorphonuclear
leukocytes. In experimental pneumococcal meningitis in mice, the inflammasome
complex initiates the production of IFN-y [157]. IFN-y inactivation results in
increased survival, attenuation of pro-inflammatory cytokines in the CSF, less brain
injury, and improved neurofunctional outcome [169].

3.2  Matrix Metalloproteinases and Related Proteins

MMPs are important role players to the pathogenesis of bacterial meningitis, par-
ticipating in the breakdown of the BBB and the intrathecal production of cytokines,
therefore contributing to the pleocytosis of neutrophils in the CSF [170, 171]. As
endopeptidases are able to degrade ECM components, MMPs facilitate cell migra-
tion, tissue remodeling, and cytotoxicity. MMPs also modulate cytokine production
and release. MMPs and related metalloproteinases, e.g., TNF-a converting enzymes
(TACE/ADAM-17), transform membrane-bound cytokines, cytokine receptors, and
adhesion molecules to their soluble forms by virtue of their sheddase activity. In
return, cytokines such as TNF-a, IL-1, and IL-2 modulate the expression and regu-
lation of MMPs. Most MMPs are not constitutively expressed but produced in
response to increased levels of cytokines, eicosanoids, growth factors, and the pres-
ence of pathogens. Negative regulation of MMP activity is mediated by tissue inhib-
itors of metalloproteinases (TIMP), the specific endogenous inhibitors of MMPs.
These inhibit MMPs by the formation of complexes with pro-peptide containing
inactive and cleaved activated forms of MMPs. Similar to MMPs, TIMPs are also
regulated in response to changing levels of a variety of signaling molecules [172].

Levels of MMP-1, MMP-3, MMP-7, MMP-8, MMP-9, and MMP-10 have been
found to be elevated in the CSF of patients with bacterial meningitis. Modest increases
in TIMP-1 and TIMP-2 levels have also been observed while TIMP-4 was concomi-
tantly downregulated in the CSF of the same patient cohort [173—175]. In the brain
tissue of patients with purulent meningoencephalitis, endothelial cells and infiltrating
leukocytes have been shown to produce MMP-9, TIMP-1, and TIMP-2 [176].

In pediatric patients with bacterial meningitis, MMP-9 levels in the CSF fell by
90 % within 1 week, while TIMP-1 levels continued to rise by 51 % [177]. Persistent



224 P. Agyeman et al.

high levels of MMP-9 may be associated with a negative neurological outcome in
childhood bacterial meningitis [177, 178].

In experimental pneumococcal meningitis, changes in MMP-9/TIMP-1 ratio and
an increase in collagen degradation were observed, resulting in cortical brain dam-
age [179]. MMP inhibitors prevented this effect [180, 181]. Also, combined inhibi-
tion of MMP and TACE led to a reduction of hippocampal apoptosis and preserved
learning capacity of animals that recovered from bacterial meningitis [148, 182].

3.2.1 Neutrophil Invasion

Marked neutrophil pleocytosis in the CSF is a distinctive feature of bacterial men-
ingitis. In response to chemotactic stimuli, neutrophils extravasate across the fenes-
trated endothelium followed by an inverse transmigration across the tight epithelial
ependyma to accumulate in the CSF where they contribute to the deleterious effects
of inflammation in the brain [183-185].

Inflammation induces E-selectin and P-selectin expression on the surface of
endothelial cells. This allows the binding of neutrophils through P-selectin glyco-
protein ligand-1 and other glycosylated ligands [186]. Deficiency in E-selectin or
P-selectin expression resulted in almost complete inhibition of neutrophil influx
when recombinant IL-18 and TNF-a were directly injected into the CSF of mice
[187]. Blocking of selectins by the polysaccharide fucoidan also attenuates CSF
neutrophil pleocytosis in experimental pneumococcal meningitis [188—190]. The
firm adhesion of chemokine-activated leukocytes to the endothelium is mediated by
the binding of integrins to members of the immunoglobulin-like superfamily on the
endothelium, including ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1).
Antibody-mediated blocking of integrins or ICAM-1 decreases leukocyte influx in
experimental meningitis models, confirming an important role for these molecules
in assisting leukocyte entry into the inflamed neural tissue [191-193].

Bacteria-induced transmigration of leukocytes across the BBB or the BCSFB
may occur by the paracellular or transcellular route as determined in in vitro models
[194-197]. Intracellular signaling induced by the interaction of integrins on the
leukocytes with endothelial cell adhesion molecules leads to structural changes in
endothelial cells including remodeling of the actin cytoskeleton. This facilitates
migration of leukocytes either transcellularly or paracellularly [198]. Interestingly,
the early presence of leukocytes in the CSF does not affect bacterial multiplication
in experimental meningitis models [199, 200].

3.2.2 Resolution of the Inflammation

Apart from the production of anti-inflammatory activity of IL-6, IL-10, and TGF-p,
different mechanisms are initiated later during the disease course and participate in
the resolution of inflammation. The clearance of invading neutrophils by apoptosis
is necessary to avoid the excess release of neurotoxic molecules. Experimental
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inhibition of apoptosis in neutrophils by overexpression of the antiapoptotic factor
bcl-2 prolonged the expression of pro-inflammatory cytokines in experimental
pneumococcal meningitis in mice. On the contrary, treatment with roscovitine, a
specific inducer of apoptosis in neutrophils, reduced damage and improved survival
in vivo in the same model [201]. Similarly, TNF-related apoptosis-inducing ligand
(TRAIL) released by microglia triggers leukocyte apoptosis. Elevated levels of
TRAIL are documented in the CSF of patients with pneumococcal meningitis. The
administration of recombinant TRAIL increased leukocyte apoptosis and decreased
inflammation and neuronal apoptosis in experimental pneumococcal meningitis,
while TRAIL knockout animals displayed a worse outcome than wild-type mice
[202].

4 Sites of Damage in Meningitis

Derived from observations in patients and experimental models of bacterial menin-
gitis, the cerebral vasculature, the brain parenchyma (cortex or hippocampus), and
the inner ear are primarily injured by the disease. The morbidity observed in survi-
vors reflects damage to these structures.

Figure 3 shows the histopathology of experimental pneumococcal meningitis
and group B streptococcal meningitis.

4.1 Cerebral Vasculature

The cerebral vasculature is one of the primary sites involved in the development of
meningitis (Fig. 3e). The early activation of endothelial cells by inflammatory medi-
ators, the disruption of endothelial function by meningeal pathogens, and the neu-
trophil influx into the CSF lead to several pathological changes. These include the
disruption of the BBB, brain edema, loss of CBF autoregulation, and focal and
global changes of CBF resulting in cerebral ischemia. Extensive cerebral infarction,
resulting from vasculitis and coagulation disturbances, and circulatory failure due to
septic shock may lead to acute death in bacterial meningitis [203].

4.1.1 Pathology

Subarachnoid space inflammation is a characteristic feature of acute bacterial men-
ingitis. Arterial narrowing has been shown to be a predominant finding in patients
with arterial complication. Vasculitis or vasospasm may lead to brain ischemia.
Additionally, venous thrombosis has been observed in adult patients with pneumo-
coccal meningitis [121, 204, 205]. In fatal cases of neonatal meningitis, inflamma-
tory vasculitis is uniformly present, indicating that the cerebral vasculature of the
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Fig. 3 Histopathology of experimental pneumococcal meningitis (a—c, e) or group B streptococ-
cal meningitis (d). (a) Extensive cortical injury consisting of areas of cortical necrosis. A wedge-
shaped distribution of reduced neuronal density, suggestive of ischemic damage, can be
distinguished from neighboring more healthy cortical tissue (cresyl violet, magnification x 10). (b)
Cortical neuronal loss on the right contains necrotic neurons characterized by cell swelling and
fading of cytoarchitecture and is sharply demarcated from preserved neurons on the upper left
(cresyl violet, magnification x40). (¢) Hippocampal dentate gyrus histology of an infant rat suffer-
ing from pneumococcal meningitis at 42 h after infection. Apoptotic cells are characterized by the
presence of round or oval apoptotic bodies consisting of regularly shaped, often fragmented, dark
chromatin clumps (upper left inset). Apoptotic cells are mostly observed in the inner rim (i.e., the
subgranular zone) of the dentate gyrus (cresyl violet, magnification x40). (d) Dentate gyrus of the
hippocampus of an infant rat infected with group B streptococcus. Large clusters of cells with
uniformly dense and shrunken (pyknotic) nuclear morphology (upper left inset) are observed
throughout the entire blade. (e) Subarachnoid space inflammation consisting of bacteria and
inflammatory cells (asterisk) extending into the Virchow-Robin space (arrowheads) around the
penetrating cortical vasculature (cresyl violet, magnification x 63)

neonate may be particularly susceptible to inflammatory damage, leading to notably
severe structural damage to the neonatal brain [206].

4.1.2 Disruption of the Blood—Brain Barrier

In meningitis, the permeability of the BBB and BCSFB increases as the result of func-
tionally relevant alterations induced by the disease process. Mainly paracellular leakage
has been studied in this respect. The remodeling of the actin cytoskeleton, the reorgani-
zation of tight junctions, and the enzymatic degradation of tight junctions and basement
membrane components participate in the permeabilization of the BBB [198, 207].
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The meningeal pathogens are able to induce direct damage to endothelial or
epithelial cells. In vitro cytotoxic damage to brain endothelial cells has been seen
with S. pneumoniae, mainly mediated by pneumolysin [208-210], N. meningitidis,
primarily mediated by NO [211], and E. coli K1 [212]. Pneumolysin was also
shown to lead to astrocyte cytoskeleton remodeling in vitro [213], which might
result in BBB disruption. In experimental GBS and S. pneumoniae meningitis,
increased expression of the transcriptional repressor Snaill has been found, leading
to downregulation of tight junction components, like ZO-1, claudin-5, and occludin
[214].

Signaling and effector molecules released during the inflammation process and
changes caused by the interaction of inflammatory cells with the brain barriers also
alter the function of cells constituting the BBB. A variety of cytokines and chemo-
kines have been shown to induce tight junction and cytoskeleton rearrangements
leading to BBB disruption [215-218].

MMPs increase BBB permeability by proteolytic breakdown of the basement
membrane and tight junctions. In experimental meningococcal meningitis in rats,
disruption of the BBB, increased intracranial pressure, and CSF pleocytosis were
observed in parallel to an increase of MMP-9 activity in the CSF 6 h after infection
[170]. Experimental inhibition of MMPs reduces occurrence of intracerebral bleed-
ing and BBB breakdown in mice with meningococcal meningitis [219].

ROS and NO also contribute to BBB disruption via lipid peroxidation and oxida-
tive damage to cell membrane proteins [220]. Neutralization of ROS and NO by
radical scavengers in experimental meningitis prevented cerebral damage including
BBB breakdown [221-224]. Additionally, ROS and NO lead to tight junction and
cytoskeletal reorganization and MMP activation [225].

As a consequence of the increased BBB/BCSFB permeability, potentially harm-
ful molecules found at high concentrations in the blood can accumulate in the CSF,
unfavorably modifying the brain’s microenvironment. On the other hand, CSF pen-
etration of antibiotics is facilitated by BBB opening, therefore improving the effi-
ciency of therapy by increasing antibiotic CSF/serum ratio in comparison to
noninflammatory conditions [226].

4.1.3 Alterations of Cerebral Blood Flow

Marked changes in CBF are observed during bacterial meningitis. Brain edema,
obstructive hydrocephalus, meningitis-associated cerebritis, cerebral infarction and
cerebral venous thrombosis, and status epilepticus may all lead to intracerebral
hypertension [227, 228]. In the advanced disease stages, CBF is usually reduced
[204, 229, 230]. Focal changes in the vasculature, loss of CBF autoregulation, intra-
cranial pressure, and systemic hypotension perturb CBF in bacterial meningitis.

In humans, cerebrovascular changes in bacterial meningitis include segmental
narrowing of vessels, irregularities of vessel walls, and arterial and venous throm-
boses [121, 231-233]. The middle and anterior cerebral arteries or the basilar artery
are frequently affected by stroke associated with bacterial meningitis. Vessel nar-
rowing results in an increased velocity of cerebral blood, an early predictor of cere-
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brovascular complications [121, 204]. Sequelae of vascular complications may
result in hemiparesis or quadriparesis [206, 234, 235].

Disturbance of CBF autoregulation, combined with systemic hypotension, may
lead to cerebral ischemia [236-240]. Alternatively, systemic hypertension may aug-
ment vasogenic edema and intracranial pressure [240, 241], ultimately limiting
CBF. In addition to global cerebral hypoperfusion, vasculitis of large and small
arteries traversing the inflamed subarachnoid space leads to regional hypoperfusion.
This form of ischemic damage (Fig. 3a, b) may be responsible for permanent neu-
rologic sequelae following bacterial meningitis [235, 236].

NO plays a crucial albeit complex role in modulating CBF during meningitis.
Early in the disease, the vasodilatory effect of NO contributes to the hyperemia
induced by the subarachnoid space inflammation. Later, NO generated in the vascu-
lature provides some protection against ischemia by attenuating the effects of the
progressive decline in CBF due to the production of vasoconstrictive factors (see
later discussion).

ROS play a critical role in modulating CBF during meningitis [221, 242-244].
Generation of ROS is localized primarily to the cells constituting the subarachnoid
and ventricular inflammation and the cerebral vasculature, as shown in infant rats
with experimental meningitis [221]. In this model, the cerebral vasculature showed
evidence of marked oxidative alterations, whereas oxidative damage to the brain
parenchyma itself was not documented conclusively [245]. Antioxidant treatment
prevents oxidative vascular damage, hyperemia, CBF decline, and rise of ICP in
experimental pneumococcal and GBS meningitis [221, 222, 243, 244].

The reaction of NO with ROS produces peroxynitrite, a strong oxidant that exerts
cytotoxic effects [220, 246]. Nitrotyrosine residues, a reaction product of peroxynitrite
with proteins, were detected in the meninges, the cortical blood vessels, and inflamma-
tory cells in the brains of patients with bacterial meningitis and corresponding animal
models [220, 247]. Treatment with urate, a peroxynitrite scavenger, reduced the men-
ingeal inflammation, BBB disruption, and intracranial hypertension [247].

Increased endothelin levels are found in the CSF of patients with bacterial men-
ingitis [248]. This potent vasoconstrictive peptide is produced in the CNS by vascu-
lar endothelial cells, astrocytes, and neurons and participates in CBF regulation.
Endothelin synthesis is triggered by cytokines, i.e., TNF-a [249-251], and inhibited
by NO [252]. In experimental pneumococcal meningitis, an endothelin antagonist
(bosentan) significantly prevented the reduction of CBF and attenuated the extent of
cerebral ischemia [253].

4.2 Inner Ear

Unilateral or bilateral sensorineural hearing loss (SNHL) is the most common neu-
rologic sequelae following bacterial meningitis and is found in 5-30 % of survivors
[254-257], with S. pneumoniae causing the highest rate of sensorineural hearing
loss [258-261]. Hearing loss during bacterial meningitis is progressive rather than
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abrupt, and its magnitude depends on the duration of untreated infection [255].
Hearing loss is the direct result of inflammation in the inner ear during the acute
phase of the disease. Magnetic resonance imaging (MRI) studies in humans with
meningitis have confirmed the inflammatory involvement of the inner ear [262]. In
survivors of meningitis, progressive cochlear ossification and spiral ganglion loss
are observed years after the disease [263, 264].

4.2.1 Pathology

During the acute stage of meningitis, suppurative labyrinthitis is usually observed in
the human temporal bone of patients, often accompanied by purulent infiltrate in the
perilymphatic duct [265]. Studies in experimental meningitis have shown that bac-
teria and inflammatory cells are present in the cochlea in the earliest stages of pneu-
mococcal infection [266, 267]. Inflammatory infiltration of the cochlea progresses
via the cochlear aqueduct to the perilymphatic space (scala tympani) and via the
spiral ligament to the endolymphatic space [267-269]. Damage to the blood-laby-
rinth barrier, the hair cells, and the spiral ganglion is observed first at the base and
later at the apex of the cochlea, corresponding to hearing loss first at high then at
low frequencies [270]. The first signs of damage and hearing loss are observed for
hair cells with a partial reversibility of associated hearing loss [270]. Later during
the course of the disease, irreparable ultrastructural inner ear damage, especially the
loss of spiral ganglion neuronal cells, is associated with severe to profound deafness
[266, 271]. Toxic effects of the meningeal pathogen (e.g., pneumolysin from S.
pneumoniae) and inflammatory mediators appear to be responsible for the cyto-
pathic effects [272, 273]. In particular, the production of ROS and NO has been
involved in the pathogenesis of cochlear damage and hearing loss in bacterial men-
ingitis [270]. Treatment with peroxynitrite scavengers or antioxidants attenuated
hearing loss and protected spiral ganglion neuronal cells [274, 275].

4.3 Central Nervous Tissue
4.3.1 Neurologic Sequelae

Bacterial meningitis causes damage to both cortical and subcortical brain structures.
The neurologic sequelae resulting from brain damage include hearing impairment
(see previous discussion), obstructive hydrocephalus, focal sensory-motor deficits,
mental retardation, seizure disorders, and cortical blindness. Behavioral and cogni-
tive sequelae in children and adults after bacterial meningitis are common [276—
281]. Morbidity in patients surviving bacterial meningitis is usually higher with S.
pneumoniae as causative pathogen [122, 254, 282].

Follow-up studies revealed that neurologic sequelae of childhood meningitis persist
for more than 10 years, impacting the school performance of affected children [277,
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279, 283, 284]. In adults tested 0.5—13.5 years after acute bacterial meningitis, 32 % of
155 meningitis survivors suffered from relevant impairment of psychomotor perfor-
mance, speed of cognitive processes, and concentration and memory functions [280].

4.3.2 Pathology

Histological changes are often seen in a focal pattern (Fig. 3a, b). Infarctions in the
frontal, temporal, and parietal lobes, the basal ganglia, the thalamus, as well as peri-
ventricular white matter injuries are found in newborns or children affected by bac-
terial meningitis, leading to cerebral atrophy and hydrocephalus [205, 285-287].
Structural changes were also seen in the temporal lobe and the limbic system of
adult patients [281]. Neuronal loss is associated with a marked activation of astro-
cytes and microglia [288], as well as axonal injury [289, 290]. Furthermore, menin-
gitis induced by gram-negative bacteria is often characterized by the development
of brain abscesses [291, 292].

Apoptotic cell death has been observed in the dentate gyrus of the hippocampus
during meningitis [221, 293, 294] (Fig. 3c) with the presence of condensed, frag-
mented nuclei (Fig. 3c, inset), and the detection of fragmented DNA and active
caspase-3, an effector enzyme involved in the execution of programmed cell death
[295]. A second form of hippocampal neuronal damage with morphologically
distinct features (uniformly shrunken nuclei, clusters of damaged cells) may also be
found in the lower blade of the dentate gyrus cell, spanning the entire width of the
dentate gyrus band (Fig. 3d). This form of hippocampal damage is reminiscent of
ischemia-related neuronal damage [296] and is the preferential pattern of neuronal
injury observed in meningitis caused by GBS [216, 294].

The neuronal injury in the hippocampus is of particular significance because
experimental data suggest that it is related to learning impairment following menin-
gitis [148, 297, 298]. The observation of cell death primarily of immature progeni-
tor cells in the subgranular zone of the dentate gyrus, cells necessary for the
acquisition of new memory, strengthens this hypothesis [294, 295, 299]. Cognitive
impairment and learning disabilities following meningitis may thus be reflected by
damage to the dentate gyrus of the hippocampus [148, 297, 298, 300].

Confirming the findings in animal models, brain sections of patients who died
from bacterial meningitis showed apoptotic neurons with cells staining for the
active form of caspase-3 in the dentate gyrus [301]. Also, volumetric measurements
of the hippocampus by MRI techniques showed unilateral and bilateral hippocam-
pal atrophy in patients surviving meningitis [302], potentially reflecting the apop-
totic loss of neurons observed by histopathology.

4.3.3 Brain Edema and Cerebral Herniation
Cerebral edema in bacterial meningitis may be the combined result of vasogenic,

cytotoxic, interstitial, or osmotic edema [296]. Vasogenic cerebral edema is the con-
sequence of increased BBB permeability, with the extravasation of plasma proteins
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into the brain parenchyma (see earlier discussion) and mainly affects the white mat-
ter [296]. Cytotoxic edema is an increase in intracellular water due to the intracel-
lular accumulation of osmotically effective ions (i.e., sodium, potassium, or
glutamate). Cytotoxic mechanisms include ischemia and the effect of excitatory
amino acids (EAA) [296, 303, 304]. Cytotoxic edema affects the gray and white
matter. The increase of CSF influx due to a more sustained production (increased
blood flow in the choroid plexus) or a decreased resorption (increased CSF outflow
resistance across the arachnoid villi system of the sagittal sinus) is the cause of
interstitial edema [305]. Finally, osmotic edema may be caused by inappropriate
secretion of antidiuretic hormone during the course of bacterial meningitis. The
observed hypoosmolality of serum results in a net influx of water into the brain
[296, 306].

Brain edema is an important contributor to the fatal outcome of bacterial menin-
gitis [121, 307, 308]. Extensive brain edema leads to increased intracranial pressure
culminating in the herniation of brain tissue and compression of the brainstem.

Aquaporins (AQP) are pore-forming membrane proteins regulating water
homeostasis of the brain [309]. In cytotoxic edema, the transcellular influx of water
across the BBB is facilitated by AQP-4, while in vasogenic and interstitial brain
edema, the absence of AQP-4 leads to more severe brain edema by limiting outflow
of CSF [296, 310]. In a mouse model of pneumococcal meningitis, AQP-4 was
significantly upregulated and associated with increased cytotoxic brain edema
[311]. AQP-4 upregulation was also found in the brain of a patient with bacterial
meningitis [312], but not in the CSF of patients with bacterial meningitis [313].

4.3.4 Mediators of Cell Death in Neuronal Tissue

EAAs including glutamate induce neuronal apoptosis and necrosis and appear to
mediate cellular injury in a variety of brain disorders. In bacterial meningitis, isch-
emia and EAA may cause direct neuronal toxicity as suggested from experimental
models or clinical studies [288, 304]. In patients and experimental pneumococcal
meningitis in rabbits, CSF glutamate concentrations were significantly elevated and
correlated with the severity of the disease [314, 315]. The cause for increased con-
centrations of EAA in the brain during meningitis is still poorly understood, but
may be related to BBB disruption. Alternatively, pore-forming cytolysins, like
pneumolysin, may cause the release of glutamate from astrocytes, leading to subse-
quent glutamate-dependent synaptic damage [316]. Kynurenic acid, a nonselective
inhibitor of the neurotoxic effect of EAA acting on NMDA receptors, significantly
attenuated brain injury, both in the cortex and in the hippocampus in an infant rat
model of neonatal meningitis [288, 304].

The intensity and duration of the inflammatory response in bacterial meningitis
correlates with the development of neuronal damage. Meningeal pathogens inter-
fere with the programmed cell death of immune cells, possibly prolonging inflam-
mation. For example, N. meningitidis inhibits apoptosis in neutrophils [317] or
macrophages [318]. Similarly GBS interfere with TLR-2-mediated programmed
cell death in macrophages and microglia [319].
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The brain is one of the most metabolically active organ in the body, therefore
requiring a high rate of oxygen consumption. But because it possesses a high level
of polyunsaturated fatty acid prone to lipid peroxidation, the brain is particularly
vulnerable to oxidative damage caused by ROS. This is also exacerbated by the
high abundance of redox-active metals (iron or copper) and the relative low levels
of endogenous antioxidant [320]. The high concentration of mitochondria in cere-
brovascular endothelial cells might also account for the sensitivity of the BBB to
oxidant stressors [321]. The prevention of BBB disruption, attenuation of lipid
peroxidation, reduction of ischemia in the brain parenchyma, and the reduced
neuronal injury observed with the use of radical scavengers in experimental men-
ingitis underline the role of ROS [322]. Despite these observations, a direct neu-
rotoxic effect of ROS in bacterial meningitis has not been documented conclusively.
Most of the beneficial effects of ROS scavengers in experimental meningitis may
be primarily due to a beneficial effect at the level of the cerebral vasculature [245]
(see previous discussion).

NO may be either neuroprotective or neurotoxic in bacterial meningitis. In its
oxidized form, it can inactivate glutamate receptors, therefore reducing EAA-
mediated excitotoxicity. In its reduced form, it reacts with superoxide and forms
peroxynitrite, which is highly reactive and causes damage to DNA, lipid membranes,
and proteins [323]. Caspase-3-dependent hippocampal apoptosis was reduced dur-
ing experimental pneumococcal meningitis in mice lacking iNOS expression [324].
In contrast, iNOS inhibition by aminoguanidine exacerbates neuronal injury in
experimental GBS meningitis [325].

MMPs may exert direct neurotoxic effects by degrading perineuronal compo-
nents of the ECM, like laminin [326, 327], or the neural cell adhesion molecule
NCAM [328]. Indirectly, the shedding of death receptors ligands (FasL, TNF-a) by
MMPs can induce death in cells that express these ligands, including neurons [329].
Given as adjuvant therapy, MMP inhibitors reduced the extent of cortical damage,
and combined inhibition of MMP and TACE led to a reduction in hippocampal
apoptosis [148, 180, 182]. MMP-TACE inhibitors also improved learning capacity
after experimental pneumococcal meningitis in infant rats [148].

Bacteria themselves may also directly damage neurons. Pneumococci have
been shown to induce cell death in microglia or neurons in vitro [330].
Pneumolysin and superoxide produced by S. pneumoniae have been identified as
the responsible neurotoxic mediators. In vitro, these toxins cause neuronal death
via damage to mitochondria with the subsequent release of the proapoptotic mito-
chondrial factors cytochrome ¢ and AIF [331, 332]. In experimental pneumococ-
cal meningitis in rabbits, pneumolysin co-localized with apoptotic neurons of the
hippocampus, and infection with pneumococcal mutants deficient for pneumoly-
sin and superoxide production caused significantly less damage [331].
Pneumolysin was also shown to induce cochlear hair cell death in the rat [333]
and endothelial cell damage in vitro [209, 210]. Other bacterial pore-forming
toxins such as the beta hemolysin/cytolysin of GBS [334] are able to directly
induce neuronal damage.
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5 Conclusion

The pathophysiology of bacterial meningitis involves a complex interplay between
the invasive pathogen, the anatomical barriers of the CNS, and the immune defense
system of the host. In that context, the BCSFB and BBB play a primordial role, by
restricting access to the brain. Meningeal pathogens have evolved sophisticated
strategies to cross the otherwise hard-to-reach CNS compartment. Doing so, the
successfully invading pathogens initiate a catastrophic cascade of events, involving
the permeabilization of the barrier membranes, the massive recruitment of neutro-
phils, and a deleterious inflammatory reaction. Protecting barrier integrity by target-
ing pathophysiological processes that lead to its impairment, as demonstrated from
experimental evidence using pharmacologic interventions including, e.g., radical
scavengers or MMP inhibitors, is a promising strategy with the potential to reduce
neurofunctional impairment in survivors of the disease.
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Blood Vessels in the Brain: A Signaling Hub
in Brain Tumor Inflammation

Sylvaine Guerit and Stefan Liebner

Abstract Malignant brain tumors are associated with an extremely poor prognosis.
Currently, only limited treatment options are available, resulting in a disappointing
benefit in patient survival. In adults, primary brain tumors, mostly belonging to glio-
blastoma World Health Organization grade IV (GBM; the most malignant glial tumor)
are characterized by infiltrative growth, necroses, and extensive vascular proliferations.
GBM vessels are poorly differentiated, largely lacking regular blood-brain barrier
properties. The vascular abnormalities generate a tumor microenvironment that permits
sustained tumor growth by oxidative stress, metabolic changes, and augmented inflam-
mation. Rudolf Virchow acknowledged the importance of inflammation for tumor
growth as early as the middle of the 19th century. In addition to a plethora of cytokines
and pro-angiogenic factors such as vascular endothelial growth factor, tumor-associ-
ated macrophages have recently been shown to secrete Wnt growth factors that were
proposed to be a trigger of the so-called angiogenic switch of tumors. The Wnt/p-
catenin pathway was implicated in many aspects of angiogenesis and vascular remod-
eling. Moreover, it has been proven to be crucial for brain angiogenesis and endothelial
barrier formation during development and in brain tumors.

Here, we summarize the current concept that the tumor stroma, including blood
vessels and inflammatory cells, is the major driver of cancer progression and discuss
common and conflicting findings in the light of glioma in the central nervous sys-
tem, thereby focusing on the Wnt pathway and the endothelium as a signaling hub.
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1 Introduction

The vascular system in the central nervous system (CNS) confers oxygen and a sup-
ply of nutrients for the demanding metabolic needs of neuronal function. Moreover,
the majority of endothelial cells (ECs) in the CNS exhibit so-called blood—brain
barrier (BBB) characteristics, which prevent the free diffusion of hydrophilic sub-
stances between the blood and the brain [1, 32]. BBB properties in ECs are depen-
dent on the cellular communication between ECs, pericytes (PCs), astrocytes (ACs),
neurons, and perivascular microglia in the neurovascular unit (NVU).

Under pathological conditions, such as trauma, stroke, tumor, and inflammation,
and in neurodegenerative diseases, the organization of the BBB and NVU is ham-
pered at different levels and to different extents [32, 42].

It is widely believed that the Wnt/B-catenin pathway is responsible for CNS
angiogenesis and for the induction of the BBB phenotype [31, 32, 87, 141]. Wnt
signaling is highly conserved in all metazoan organisms and is involved in a wide
variety of developmental and adult processes, conferring diverse effects ranging
from proliferation, apoptosis, migration, and polarization to stem cell maintenance
and differentiation [85]. Currently, 19 different Wnt ligands have been identified
that can potentially bind and signal through ten members of the seven transmembrane-
spanning, G-protein-coupled receptors of the Frizzled (Fzd) family, together with
the co-receptors low-density lipoprotein receptor-related protein (LRP) 5/6. At least
three divergent Wnt signaling pathways can be distinguished. Two of them, the Ca**
and the planar cell polarity pathways, do not require f-catenin as a co-transcription
factor, and therefore are considered to be “noncanonical” Wnt pathways [47, 113,
130]. Compared with the noncanonical Wnt pathways, which are less well charac-
terized, the canonical Wnt pathway, also called the Wnt/p-catenin pathway, is
understood in more detail. The central player of this pathway is the protein p-catenin,
which was first characterized as a scaffold protein, linking the cytoplasmic tail of
classical cadherins — in ECs vascular endothelial (VE)-cadherin (Cdh5) and neuro-
nal (N)-cadherin (Cdh2) — via a-catenin to the actin cytoskeleton. Without Wnt
stimulation, cytoplasmic p-catenin levels are kept low by a degradation complex
consisting of axin, adenomatous polyposis coli, casein kinase la, and glycogen
synthase kinase-3p. In the case of Wnt stimulation, f-catenin can accumulate in the
cytoplasm and translocate to the nucleus, where it interacts with members of the
T-cell factor/lymphoid enhancer factor family to activate the transcription of target
genes. Pathway complexity is further increased by several secreted and soluble Wnt
pathway inhibitors called secreted Fzd-related proteins (sFRPs) and Wnt inhibitory
factor 1. These proteins directly bind and sequester Wnt ligands, thus blocking the
canonical and noncanonical Wnt signaling output [25]. Another class of inhibitors,
the Dickkopf (Dkk) protein family, includes the members Dkk1, 2, 3, 4, with Dkk1
and 4 being accepted as pure inhibitors of Wnt/p-catenin signaling [104]. For a
comprehensive description of the canonical Wnt pathway, the reader is referred to
Duchartre et al. [38].
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The characteristics of the BBB have been shown to be induced during develop-
ment by activation of the Wnt/B-catenin pathway in ECs, driven on the molecular
level by Wnt7a/b released from neural precursor cells and by the non-Wnt ligand
norrin from ACs [31, 141]. In adult vertebrates, canonical Wnt activity is crucial for
the maintenance of the endothelial barrier in CNS vessels throughout lifetime,
which becomes apparent in loss-of-function genetic mouse models for Wnt path-
way components [152, 172]. Indeed, deletion of downstream Wnt signaling compo-
nents specifically in ECs leads to downregulation of the tight junction (TJ) protein
claudin-5 and concomitant upregulation of the permeability-related protein plasma-
lemma vesicle-associated protein [87, 173]. The orphan G-protein coupled receptor
124 (Gpr124) was recently shown to specifically function as an additional Fzd4-co-
receptor for Wnt7a/b [3, 30, 122, 150, 172].

It is well known that aberrant activation of the Wnt pathway can lead to the for-
mation of various neoplasias, and is best described for colorectal cancer, breast
cancer, and the Wnt-type of medulloblastoma in the brain [38, 49]. Although muta-
tions in genes of the Wnt pathways leading to its constitutive activation play a fun-
damental role in the neoplastic development, the Wnt pathways also have a
considerable impact on the so-called tumor stroma, consisting of blood vessels,
extracellular matrix, inflammatory cells, and mesenchymal cells (not in the CNS)
[58, 120].

In the last decade, the tumor stroma has drawn considerable attention as a thera-
peutic target, as tumor angiogenesis and the status of tumor inflammation turned out
to contribute to tumor formation, progression, and metastasis [34, 50, 59]. This also
applies to brain tumors and specifically to human gliomas, of which the glioblas-
toma multiforme (GBM; astrocytoma World Health Organization grade IV) is the
most frequent brain tumor in adult humans with very poor prognosis [115].

The GBM is characterized by its high level of vessel recruitment, which are of
highly aberrant structures and are consequently largely devoid of BBB characteris-
tics, leading to clinically relevant edema formation and poor delivery of systemic
chemotherapeutic agents [90]. Seemingly predisposed to respond to anti-angiogenic
and vessel-normalizing therapy, so far clinical trials have been disillusioning [9].

Moreover, a high degree of tumor inflammation has also been observed in GBM,
which is in line with the long-standing hypothesis first formulated by Rudolph
Virchow that tumor initiation and possibly growth is associated with a chronic
inflammatory reaction [5]. Specifically, it is challenging to develop an integrated
picture for a comprehensive view of the disease, comprising the individually identi-
fied players in the tumor stroma, such as blood vessels, non-tumoral cells of the
neuroectoderm (ACs) and inflammatory cells. Along these lines, little is known
about the link among the Wnt pathways, tumor angiogenesis, and inflammation in
GBM, which we intend to highlight and discuss in this review.

During the late stages of GBM, when necrotic areas form within the tumor
mass, extensive activation of ECs leads to tumor angiogenesis on one hand, and to
recruitment of inflammatory cells on the other. Finally, the glioma vasculature has
been shown to form a niche for glioma cells with stem cell-like properties (for
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simplicity named here “glioma stem cells”, GSCs), which can infiltrate the brain
parenchyma by following the vascular scaffold, thereby further fostering tumor
progression [27].

In this context, the tumor vasculature and in particular the ECs of tumor vessels
may be considered a signaling hub, as they initially serve as a scaffold for the co-
optive growth of glioma cells at an early stage of tumor progression [95, 118].

2 Constituents of Glioma Stroma

2.1 The Vascular Compartment

According to the hypothesis of Judah Folkman, the tumor needs formation and/or
recruitment of vessels to progress as soon as it reaches a size larger than 1-2 mm?
[45]. Tt is well known that several processes such as angiogenesis, vasculogenesis,
and vessel cooption play a role in tumor vascularization, whereas others are still
controversial, such as vascular mimicry and glioma—EC transdifferentiation [62].
Nevertheless, and independently of their origin, the morphology and functionality
of glioma vessels are different from the vessels in the healthy brain tissue.

First, the vessels exert a heterogeneous morphology, are tortuous, and are
especially dilated in the center of the tumor mass [94, 121, 131]. Depending on
the tumor model, vessels demonstrate a pronounced loss of EC junctions and an
increase in fenestrations, underlining compromised BBB function [133, 138].
This has been confirmed at the molecular level with the downregulation of clau-
din-1 and -5 in tumor vessels compared with normal brain vessels [88]. As the
EC layer is affected, the basal lamina and the extracellular matrix (ECM) in
general is altered and can either show an increased or a reduced thickness. The
composition of the ECM in GBM is described in more detail later in this review.
Along with the vessel morphology and ECM alterations, pericyte coverage is
impaired and transporter expression in ECs is altered [7, 24, 149]. Overall, these
modifications lead to an immature phenotype of the tumor vessels and to a partial
loss of BBB function.

Unfortunately, this “opening” of the tumor vessel walls does not necessarily
mean that drug delivery is potentiated in glioma compared with normal brain tissue.
All these morphological issues lead to the abnormal function of these vessels. It is
now well acknowledged that the blood flow is chaotic and sometimes non-existent
in some areas [146, 147]. Using radiolabeled drugs in a brain metastasis model of
breast cancer, Lockman et al. showed that the drug diffusion is heterogeneous within
the brain tumor and is overall reduced compared to peripheral organ metastases
[90]. Along these lines, at the infiltrating sites of GBM, BBB function is only mini-
mally altered, specifically creating the problem of targeting these tumor cells that
potentially confer tumor recurrence after therapy.

Therefore, studying vasculature development and regulation of BBB function is
not only of great interest for improving drug delivery to GBM, but also for tackling
other diseases of the CNS [109, 149]
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2.2 The Inflammatory Compartment

Due to the lack of lymphatic vessels in the brain parenchyma and because of the
BBB properties of microvessels, the CNS tissue is considered an immune-privileged
organ [21, 37]. Nevertheless, in GBM, as in peripheral tumors, inflammatory pro-
cesses occur, leading to recruitment of immune cells.

In CNS inflammation, the first cells that are recruited are the resident microglia.
Upon stimulation these cells become activated and start to acquire properties of
macrophages, such as a motile phenotype and expression of proinflammatory cyto-
kines. In glioma, resident microglia express MHC class I, but fail to upregulate
MHC class II to activate cytotoxic T-cells. Additionally, activated microglia do not
upregulate proinflammatory cytokines such as TNFa, IL6, and IL1; instead, they
express alternative inflammatory cytokines, such as IL10, EGF and VEGF, and
thereby foster further tumor growth [159].

However, microglia are not the only inflammatory cells detected in GBM. GBM,
like peripheral tumors, are characterized by the accumulation of tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells and regulatory T-cells
(Tregs). Nevertheless, TAMs are the major subset of inflammatory cells in
GBM. Interestingly, up to 30 % of the glioma tumor mass can be made up of microg-
lia and macrophages, which do not seem to just fight tumor cells, but may also sup-
port tumor growth and progression by conferring a so-called Th2 inflammatory
status via the release of pro-proliferative cytokines [96, 114].

Interestingly, microglia, in addition to CCL2 and M-CSF-recruited macrophages
from the periphery, were reported to switch to M2 polarization and start to express
Tie-2, contributing to tumor angiogenesis and progression. In the classical polariza-
tion state, also termed M1 polarization, macrophages/TAMs secrete pro-inflammatory
cytokines (IL1p, IL6, TNFa, etc.) and reactive oxygen species and NO, inducing tis-
sue and tumor cell destruction. Instead, the M2-polarized TAMs have pro-tumor
effects by promotion of angiogenesis through the secretion of VEGF, by the secretion
of anti-inflammatory cytokines (IL10, IFNf/y, TGFp etc.) and blockade of CD8*
T-cell infiltration [15, 97, 107]. In GBM the ratio of M1/M2 is in favor of M2, thus
promoting the development of the tumor [37, 66, 142]. More recently, it has been
shown that M2-polarized TAMs also appear to upregulate members of the Wnt path-
way, again contributing to tumor progression (discussed below; Fig. 1).

So far, only few studies have been carried out to elucidate the presence and the
role of myeloid-derived suppressor cells (MDSC), dendritic cells, NK cells, and
B-cells in glioma [37, 81]. The ratio between CD4* and CD8* T cells in GBM is
linked to patient survival, with a higher amount of CD8* cells, correlating with bet-
ter prognosis [80, 91]. Finally, CD4*/FoxP3*/CD25""/CD127"% Tregs were
reported to be particularly frequent in high-grade glioma, but are not detectable in
benign CNS tumors, correlating with the aggressive phenotype of GBM [2, 68].
Specifically, Tregs were shown to closely localize to tumor blood vessels in GBM,
where they may interact with glioma stem cells (GSCs) that were identified to
express programmed death ligand-1 (PD-L1), which interacts with the inhibitory
receptor PD-1 on activated lymphocytes.
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Fig. 1 Schematic representation of brain blood vessels as a signaling hub in brain tumor inflam-
mation. The growing GMB tumor develops a hypoxic state around the areas of necrosis, leading to
the excessive expression of VEGF and subsequent angiogenic activation of the vasculature.
Resident MGs become activated, along with the sprouting vessels, which further recruit GSCs and
inflammatory cells. Among those, macrophages and activated MGs acquire an alternative M2
polarization by the stimulation of glioma-derived factors. Among others, Wnt growth factors are
released from the tumor cells, targeting the M2 TAM:s that in turn also release Wnt and other fac-
tors, such as TGFp and IL10. These factors may further lead to angiogenesis and glioma progres-
sion by acting on GSCs, in addition to suppression of the T-cell-mediated immune response via
Treg recruitment. Ultimately, the brain—blood barrier is severely hampered in the glioma vascula-
ture, supporting the tumor-permissive microenvironment. ECs endothelial cells, PCs pericytes,
SMCs smooth muscle cells, MG microglia, M2 TAM M2-polarized tumor-associated macrophages,
Treg regulatory T-cells, GSCs glioma stem cells, N necrosis, VEGF vascular endothelial growth
factor, TN-C tenascin-C, POSTN periostin

2.3 The Mesenchymal Compartment

Although this review focuses on the role of the vasculature and the Wnt pathway in
tumor stroma regulation of brain tumors in which fibroblasts are usually not found,
it is important to mention their contribution to the tumor stroma in general. In
peripheral tumors, such as carcinomas of the ovary, the mammary gland, the colon,
and the pancreas, fibroblasts exist in an activated state termed ‘“‘tumor-associated
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fibroblasts” (TAFs), being characterized by the expression of the smooth muscle
cell markers desmin, a-smooth muscle actin (xSMA), y-smooth muscle actin
(yYSMA), and the cytoskeletal protein, palladin 4Ig, which controls stress fiber integ-
rity [156]. TAFs can be derived from various sources such as fibroblasts, mesenchy-
mal stem cells (MSCs), pericytes, ECs, and epithelial cells. From epithelial cells
and ECs, TAFs transdifferentiate via a mechanism called epithelial-mesenchymal
transition (EMT) and endothelial-mesenchymal transition (EndMT), respectively.
Interestingly, TAFs express various growth factors and cytokines influencing other
tumor compartments such as tumor cells (SDF-1, TGFB, etc.), ECs (VEGF, SDF-1,
MMP-2, IL-6), and inflammatory cells (IL-1f, IL-8, CCL2/MCP1; for reviews see
Bhowmick et al. and Pietras and Ostman [14, 120]).

In GBM and potentially in other brain tumors, the role of fibroblasts may be
taken over by ACs, which have been shown to express a similar set of factors, such
as SDF-1 and CCL2/MCPI, that can promote migration of neural stem cells (NSCs)
to the inflamed tumor area [50]. The role of ACs in GBM progression is under dis-
cussion. It should be noted that published and the author's own preliminary data
support the notion that ACs can be a source for several Wnt growth factors [23, 86]
(Guerit et al., unpublished data). The way in which Wnt expression by ACs changes
with their activation status has not been addressed so far.

2.4 The Extracellular Matrix Compartment

The ECM of brain tumors, and particularly of GBM, consists of the basement mem-
brane components, collagen I'V, laminin, fibronectin, and tenascin-C (TN-C), lining
the blood vessels, in addition to collagen I, vitronectin, and hyaluronan [11, 26, 65].
Collagen IV and TN-C levels were shown to be upregulated in gliomas and local-
ized at the basement membrane lining the vessel walls in astrocytomas of all grades,
including GBM [20, 116]. Interestingly, as opposed to most other ECM compo-
nents, the tumor cells endogenously produce TN-C, suggesting that TN-C might
pave the way for a tumor growth-permissive microenvironment. It should be men-
tioned that glioma cells have also been shown to produce collagen I and I'V; how-
ever, expression levels are relatively low [116].

Tenascin-C induces proliferation of several cell types, including GBM cells and
ECs [134]. Interestingly, in the whisker hair follicle, TN-C was reported to bind
Wnt3a and to be relevant for downstream [-catenin transcriptional activation,
maintaining stem cells in an undifferentiated state [63]. Whether TN-C has a simi-
lar function in GBM vessels has not been investigated so far. It is, however, worth
noting that TN-C expression has been shown to be induced by B-catenin transcrip-
tion, at least in colorectal cancer, contributing to tumor infiltration [10]. Again, in
GBM this regulatory scheme has not been studied in detail so far. Along with the
upregulation of TN-C, tumor vessels lose the AC-derived ECM component, agrin,
a heparan sulfate proteoglycan, which is crucial for the localization of aquaporin-4
(AQP4) at astrocytic end-feet. This opposing regulation of TN-C and agrin at GBM
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vessels is accompanied by the downregulation of the TJ proteins, claudin-5 and
occludin, suggesting that agrin might have pro- and TN-C has anti-barrier effects
on brain ECs [128]. In addition to the high expression of TN-C in glioma blood
vessels the receptor for TN-C, integrin aV, is found at elevated levels in glioma
tissue next to the protein periostin [102]. Periostin was detected as a promoter of
TN-C incorporation into the ECM and to organize its architecture [77]. Moreover,
periostin, a ligand for aV/B3 and oV/B5 integrins, was recently shown to be
secreted by GSCs and to be involved in the recruitment of M2-polarized macro-
phages [139, 155, 169].

Immunofluorescence studies indicate that collagen XVI is highly upregulated in
gliomas compared to normal brain and that it is localized at tumor cells and vessels
underlying collagen I'V [137]. Regarding collagen IV, glioma vessels show an irreg-
ular, rough distribution around the endothelium, suggesting that the distribution and
localization might be affected by the disrupted cellular organization of the NVU
[116, 129].

The defect in NVU organization may also coincide with the lack of AC-derived
laminin that was shown to be important for pericyte differentiation toward a BBB-
supportive phenotype [162]. Instead, glioma cells secrete a2-, o4-, and a5-laminins,
whereas the glioma vasculature expresses a3- and «5-laminins, which selectively
promote glioma cell migration via the laminin receptor, a3fp1 integrin [75].

In general, ECM proteins are recognized by cells via members of the integrin
family, many of which have been described in cancer, such as aVp3, aVp5, aVf6,
a2fl, a5P1, a6f1, and a6p4 (reviewed in Bandyopadhyay and Raghavan, Caccavari
etal., and Sroka et al. [8, 22, 140]). The most prominent integrins in GMB are aV 3
and aVP5, which are expressed on tumor ACs and on angiogenic ECs [12, 51, 52].
Although V3 inhibition shows a strong anti-angiogenic and anti-tumor effect in a
mouse orthotopic GBM model [93], a phase III clinical trial using a cyclic peptide
selective for aV integrins (cilengitide) failed to demonstrate survival benefit
(CENTRIC, recently reviewed by Tabatabai et al. [143]). The aVf3 ligands vitro-
nectin and tenascin co-localize with «V3 expression on both tumor cells and ECs,
whereas fibronectin (a ligand for p1 integrins) shows diffuse staining throughout
GBMs [153]. Besides its importance for GBM angiogenesis, aV[f3 expression on
the host cells also supports the infiltration of macrophages that in turn effects most
of the transplanted GBM inflammation [73]. Integrins may confer downstream sig-
naling via talin, kindlins, focal adhesion kinase (FAK), Src, and paxillin, amongst
others (for a comprehensive review see Harburger and Calderwood [61]).

In solid tumors, and in GBM in particular, the ECM becomes extensively remod-
eled, both by changes in the expression of individual ECM components and by
ECM degradation, fostering tumor cell invasion, angiogenesis, and immune cell
infiltration. ECM degradation is conferred by a group of enzymes known as matrix
metalloproteinases (MMPs) that can be sub-grouped according to their substrate
specificity (for a review see Konneck and Bechmann [84]). MMPs are released as
pro-forms and have to be activated extracellularly via proteolytic cleavage by mem-
brane-type MMPs (MT-MMPs). Further regulation of the active MMP protein func-
tion is carried out by so-called tissue inhibitors of metalloproteinases (TIMPs; for a
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review see van Hinsbergh and Koolwijk [148]). In GBM, MMP-2 and MMP-9 (a
subgroup of gelatinases MMP) are particularly upregulated; MMP-9 appears to
have prognostic value, as its plasma concentration correlates closely with malig-
nancy and inversely correlates with prognosis [151]. Finally, the ECM is also pro-
cessed by members of the a disintegrin and metalloproteinase (ADAM) family. For
example, ADAMI0 is upregulated in several cancers and has been shown to cleave
VE-cadherin among other substrates, thereby contributing to vascular permeability
(for a review, see van Hinsbergh and Koolwijk [148]).

In general, the ECM can bind and harvest many growth factors, such as the latent
form of TGFp, which is bound by the latent-TGFp-binding protein (LTBP) and
latency-associated peptide [64, 67], and becomes activated by serum proteinases
such as plasmin, catalyzing the release of active TGFp from the complex [18]. This
often occurs on the surface of macrophages where the latent TGFp complex is
bound to CD36 via its ligand, thrombospondin-1 (TSP-1) [175]. Interestingly, under
inflammatory conditions activated macrophages enhance the release of active TGFf
by promoting the activation of plasmin.

In addition, members of the Wnt family are bound to heparan sulfate proteogly-
cans within the ECM and on the cell surface, requiring a lipid modification and
N-glycosylation [19, 100]. Interestingly, the ECM component biglycan was shown
to bind at least Wnt3a and the co-receptor LRP6, and may serve as a reservoir for
Wnt growth factors [13].

Finally, the ECM is a source of pro- and anti-angiogenic factors that are gener-
ated by proteolytic cleavage of plasminogen and collagen XVIII, producing the
fragments angiostatin and endostatin respectively, which are potent inhibitors of
angiogenesis (for a review see Egeblad and Werb and Karlluri [39, 71]).

3 Common Modulators of the Tumor Stroma

As indicated previously, tumor stroma composition is affected by several factors,
which cannot all be discussed in depth in this chapter. Here, we focus on those regu-
lating the vascular and inflammatory compartments.

Formation of new vessels is regulated by a plethora of factors, although the best
described is the vascular endothelial growth factor (VEGF, specifically VEGF-A'%%),
signaling via the VEGF receptor 2 (Flk1/KDR). In GBM, hypoxic glioma cells
located next to necrotic areas secrete VEGF, leading to the stabilization and activa-
tion of the hypoxia-inducible factor (HIF)-la [17, 121]. Since Judah Folkman
established the concept of the “vascular switch” in tumor development, particularly
highly vascularized tumors, such as GBM, have been considered to be dependent on
the vascular supply for their progression. The original idea was quite simple: block-
ing the vascularization of the tumor should lead to the arrest of tumor growth and
ultimately, to the regression of the tumor mass. Despite multiple pre-clinical studies
showing the benefit of anti-angiogenic therapy by targeting the VEGF pathway,
clinical trials have failed to show efficacy regarding the overall survival (for a review
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see Niyazi et al. [105]). However, anti-VEGF therapy increases the progression-free
survival and the quality of life of patients [9]. This may be related to the observed
normalization of the vascular network, based on the diminished vascular activation,
leading to normalized blood supply and reduced edema formation and inflammatory
response within the tumor. Nevertheless, GBM inevitably develops an evasive resis-
tance to anti-VEGF therapy that is related to an increase in necrotic areas due to the
diminished oxygen supply, leading to the upregulation of the hypoxia-regulated
gene stromal-derived factor 1a (SDF-1a) [92]. This in turn augments the recruitment
of inflammatory cells, such as CD45" TAMs, that can release MMP-9, fostering
further angiogenic activation by matrix-derived VEGF [34]. Consequently, novel
therapeutic approaches try to combine anti-angiogenic with anti-inflammatory
treatment.

It should be noted that although preclinical models show increased tumor cell
invasion upon administration of anti-angiogenic therapy, whether this also happens
in human patients is still controversial [76]. For example, treatment with the human-
ized anti-VEGF antibody, bevacizumab (Avastin; Roche), which has been approved
by the FDA for recurrent GBM, may have adverse effects, such as increasing glioma
cell invasion [33].

Regarding vessel stabilization, another key player is the angiopoietin/Tie system
[144]. Specifically, angiopoietin 1 (Angl) via the EC-specific receptor tyrosine
kinase, Tie-2/Tek, stimulates downstream signaling via PI3K/Akt, leading to the
upregulation of endothelial junction molecules and to the recruitment of stabilizing
pericytes [144]. Instead, angiopoietin 2 (Ang2), which also binds to Tie2, inhibits
downstream signaling and therefore confers vessel-destabilizing signals.
Interestingly, long-term dominant expression of endothelial Ang2 leads to chronic
inflammatory reaction in the skin and other organs [44, 136].

This is likely mediated by myeloid cells expressing the Tie2 receptor that were
shown to also support a pro-angiogenic endothelial phenotype [35]. Interestingly, it
has been shown, at least in vitro, that the angiopoietin/Tie2 system interacts with
endothelial Wnt/B-catenin signaling, via the stabilization of f-catenin by Akt, lead-
ing to augmented Notch pathway activation [165]. Although this finding is in line
with our own published results of Wnt and D114/Notch cooperation in the regulation
of vessel stability [129], the relevance in vivo is still unclear.

In GBM, there is increasing evidence that the Wnt/p-catenin pathway may pro-
mote CSC maintenance, for example, by direct interaction of B-catenin and FoxM1
[167]. FoxMI1 can selectively regulate transcription factors that are important for
cancer stem cell (CSC) maintenance, such as Sox2.

Considering that TAMs are recruited by periostin to the vascular stem cell niche
and that TAMs potentially express several Wnt factors such as Wnt7a/b, it is con-
ceivable that this generates a CSC-permissive microenvironment. Along with the
release of pro-angiogenic factors and the induction of MMPs (MMP-2/-9), CSCs
not only maintain the tumor, but can also disseminate into distant brain regions. The
CSC microenvironment is further supported by the release of cytokines, such as
INF-y, IL10, and by TGFf, promoting the M2 polarization of macrophages and Th2
inflammatory status. TGFf was shown to be expressed by glioma cells and by Tregs
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and may directly act not only on glioma cells to promote their growth by targeting
CSCs, but also on effector T-cells, in which it inhibits their differentiation and sub-
sequent activation. Consequently, in the glioma microenvironment, TGFf sup-
presses a proinflammatory response from T-cells and microglia, and at the same
time promotes tumor growth by acting on CSCs (for a review see Balkwill and
Mantovani and Galvao and Zong [6, 50]).

Although it has been suggested that the sonic hedgehog (Shh) pathway might
also be involved in the regulation and maintenance of CSCs through the activation
of smoothened and the downstream activation of the glioma-associated homolog 1
(Glil), there is little evidence of mutations in the Shh pathway in GBM [40, 145,
158]. The latter is also the case for the Wnt pathway and interactions between Wnt
and Shh in GBM require further elucidation.

4 The Wnt Pathway in Tumor Angiogenesis
and Inflammation

4.1 Wntand Angiogenesis

As Whts are responsible for many cellular processes, such as proliferation, polariza-
tion, and apoptosis, targeting this family in the context of cancer and GBM in par-
ticular might be promising.

The Wnt family has been described in the development of glioma and the expres-
sion of some members correlates with glioma grade. Indeed, Wnt5a expression
increases with the grade, as immunostainings show that more than 50 % of the tumor
mass of GBM is reactive for Wnt5a [72, 124, 164]. Moreover, Wnt5a promotes inva-
sion of cancer cells in vitro via Ryk mediated regulation of MMP2 expression [55,
72]. Wnt2 is overexpressed in glioma tumors compared to normal tissue and its
expression is linked to tumor development in a 3-catenin-dependent pathway [124].
Wnt3a and Wntl are also overexpressed in glioma grade III and IV tissues and target-
ing these ligands in GSCs leads to a decrease in invasion and vascularization in a
mouse orthotopic glioma model [74]. Interestingly, the protein Evi/Gpr177/Wntless,
which is crucial for the secretion of all Wnt growth factors, is upregulated in glioma
cells of grades II to IV. General abrogation of Wnt growth factor release from glioma
cells by Evi deletion decreases the tumorigenic capacity of all glioma and GSCs in
particular, likely by activating the noncanonical Wnt pathway [4]. For a list of Wnt
pathway factors that have been described in glioma, the reader should refer to Table 1.

At the same time, expression of Dkk1 correlates with the grade of glioma and is
overexpressed in GBM in particular [171]. Instead, Dkk3 reduces the tumor growth
when overexpressed in a sub-cutaneous model of GBM [60]. In addition to the role
of Wnt ligands and soluble Wnt inhibitors, Fzd receptor regulation may participate
in the development of glioma. Overexpression of Fzd4 is linked to invasiveness in a
clone of human U87 GBM cells through the upregulation of SNAI1 and EMT
markers such as vimentin, aSMA, and vitronectin [69]. Moreover, T-cell factor-4, a
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Table 1 Wnt pathway components shown to affect glioma progression in vivo

Protein Source Role in brain tumor growth References
Wntl ECs, tumor Decreases invasion and vascularization of the [74, 129]
cells tumor mass, promotes vessel normalization

Increases extravasation of T-cells in vitro
Increases proliferation of GSCs

Wnt2 Tumor cells Increases tumor growth, reduces apoptosis [124]
Wnt3a ECs, tumor Increases proliferation of GSCs; promotes [57, 74]
tissue invasion and vascularization

Increases in vitro extravasation of T-cells
Increases macrophage secretion of IL6/IL12 and

TNFa
Wnt5a TAM, tumor | Increases proliferation and invasion of tumor [36, 55, 56,
cells, cells in vitro 72,78, 79]
astrocytes Correlates with microglia/macrophage

recruitment; increases microglia proliferation,
invasion, and cytokine production in vitro
Stimulates production of cytokines by ECs

in vitro

Correlates with invasion and brain metastasis in
breast cancer

‘Wnt5b Breast cancer | Correlates with invasion and brain metastasis in | [79]
cells breast cancer
Dkk1 Tumor cells Expression increases at higher grades, increases | [129, 170]

vascularization and invasion of the tumor,
reduces vascular normalization

Dkk3 Tumor cells Decreases Wnt3a and -5a expression in vitro, [60]
decreases tumor growth and apoptosis in vivo

sFRP1-5 Tumor cells Increased methylation of sFRPs in human GBM | [135]
cell lines

Fzd4 Tumor cells Increases the in vitro invasion properties of U87 | [69]
cells

Evi/Gprl177/ | Tumor cells | Promotes tumorigenesis in glioma cells and [4]

Wnhtless glioma stem cells in vivo

ECs endothelial cells, TAM tumor-associated macrophage, GSCs glioma stem cells, /L interleukin,
TNF tumor necrosis factor, sFRP secreted Fzd-related protein, GBM glioblastoma multiforme

partner of B-catenin transcription factor complex, is overexpressed in glioma grades
IIT and IV and linked to glioma proliferation and invasion [166]. Interestingly,
FoxM1 is necessary for f-catenin nuclear translocation upon Wnt3a stimulation of
glioma cells [167]. Its expression is increased in glioma grades III and IV, and nega-
tively correlates with patient survival, contributing to self-renewal of GSCs, tumori-
genesis, and angiogenesis [53, 167, 168].

Activation of the Wnt pathway is important for physiological brain angiogenesis
[32, 108]. Therefore, it is likely that this pathway may also affect brain tumor angio-
genesis. However, the effects of the Wnt pathway on tumor angiogenesis have
mostly been studied in models of breast and colon cancer; few studies have investi-
gated/appreciated its role in brain tumors and in GBM.
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As described in the introduction, activation of Fzd receptors by Wnt leads to
stabilization of fB-catenin, which can translocate to the nucleus and then act as a
transcription factor. Several publications have shown an increase in the localization
of B-catenin in the nuclei of ECs in glioma vessels [129, 160, 161], indicative of
activation of the Wnt p-catenin pathway in glioma vessels.

Recently, we demonstrated that overexpression of the Wnt ligand, Wntl, or the
soluble Wnt inhibitor Dkk1 by glioma cells leads to effects on tumor formation and
on angiogenesis in vivo. Specifically, Wntl-overexpressing GL261 mouse glioma
cells were implanted intracranially, resulting in the formation of smaller tumors
with fewer vessels compared to controls [129]. Furthermore, we could show that
sustained endothelial Wnt/p-catenin signaling is also able to restore barrier proper-
ties of glioma vessels and results in a more continuous organization of the TJ pro-
teins, claudin-3, -5 and ZO-1, as well as increased recruitment of pericytes.
Overexpression of Dkk1 leads to opposite effects compared to Wntl in the same
glioma model, hence promoting tumor development and abnormal vascularization
[129]. Interestingly, expression of Dkk1 has correlated positively with the glioma
grade [171]. Considering these observations, Dkk1 seems to be promising in target-
ing the vasculature of GBM. However, it cannot be concluded that in general, Wnts
and soluble inhibitors (Dkks, sFRPs) have anti- and pro-tumoral effects respec-
tively. Park et al. described an opposite role of Dkk1 and Dkk2 in melanoma tumor
development [112]. Indeed, Dkk1 decreases tumor size and vessel number in addi-
tion to pericyte coverage, whereas Dkk2 has the opposite effect. In an ischemia
model, Dkk2 has been described to promote angiogenesis and pericyte coverage
[101]. Whether these roles are similar in brain tumors remains to be elucidated. As
a matter of fact, it is highly important to determine the expression profile of each
target in the different cancers before considering any therapeutic intervention.

Like Dkks, other members of the Wnt inhibitors have been described in tumor
development. In 2009, Courtwright and colleagues demonstrated that sFRP2, via
the noncanonical NFAT pathway, promotes vessel formation in different angiogen-
esis models and in subcutaneous angiosarcoma [29]. In a breast cancer model, an
antibody against sFRP2 reduces tumor growth and angiogenesis both in vitro and
in vivo [46]. sSFRP1 and 2 are expressed in malignant glioma cell lines and foster the
survival of glioma cells under starving conditions in vitro [132]. How this may
affect glioma development is not yet fully understood. Interestingly, sSFRP1-5 were
demonstrated to be frequently methylated and consequently silenced, suggesting
that some negative Wnt pathway modulators might be diminished in GBM [135].

Given the importance of the Notch pathway in cell differentiation and function,
it has also been extensively studied in the context of physiological and pathological
angiogenesis [54]. Specifically, Dl14/Notchl1 signaling has been shown to decrease
the endothelial expression of VEGFR2/FIk-1, leading to reduced, VEGF-dependent
vascular sprouting, arterial specification, and vascular quiescence [16, 82]. In par-
ticular, in tumor angiogenesis, inhibition of DII4/Notch signaling by small inhibi-
tors or inhibitory antibodies was demonstrated, leading to increased angiogenic
sprouting with the formation of non-functional vessels that do not support tumor
growth. The Notch pathway was also revealed to directly interact with the canonical
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Whnt/p-catenin pathway in ECs, regulating the angiogenic response and vascular
differentiation [28, 119, 129].

The Wnt pathways not only affect primary brain tumors, but also the formation of
brain metastases derived from peripheral cancers. Because of the BBB properties of
ECs, cancer cells need a specific microenvironment to be able to enter the brain paren-
chyma and to develop a secondary tumor. Interestingly, Klemm et al. described that
Wnt5a/5b are markers of invasive breast cancer cells in brain metastasis. This effect
seems to occur via a noncanonical rather than a -catenin-dependent pathway [79].

This metastatic aspect points out the migration of cells through the EC layer.
This can draw a parallel with the recruitment of immune cells in GBM. Therefore,
it is conceivable that Wnt pathways might also directly act on the inflammatory
tumor response and are not restricted to the vascular compartment.

4.2 Whnt and Inflammation

Inflammation is a player in cancer development. Based on the observation that Wnt
signaling is involved in brain recovery after stroke, traumatic brain injury or
Parkinson’s disease (for a review, see Marchetti and Pluchino [98]), it would not be
surprising if these pathways also contribute to inflammation in glioma.

It has at least been shown that TAMs express several Wnt growth factors, driving
either the canonical (Wnt7a/b) or the noncanonical (Wnt5a, Wnt2) pathway, directly
or indirectly influencing tumor development or angiogenesis [103].

The secreted Wnts may act in an autocrine manner on TAMs as they express the
Fzd receptors Fzd4, 5, 7, and 8 [56, 117]. Indeed, Wnt5a-treated microglia exert
increased invasive capacity and upregulate proinflammatory cytokines (IL1, IL6,
IL12, TNFa, CCL7, CCL12, COX2), and MMP9/13 expression in brain slices
ex vivo [56]. Wnt3a stimulation of macrophages is also able to induce secretion of
IL6, IL12, and TNFa in vitro [57]. Therefore, it may be possible for this regulatory
scheme to occur in brain tumors too, especially in GBM, in which Wnt5a expres-
sion, microglia recruitment and invasion were shown to correlate [36]. Moreover,
Wnt5a may also have a paracrine effect on ECs, as it has been demonstrated that
Whnt5a induces expression of several proinflammatory cytokines via the noncanoni-
cal Ca2+ pathway (IL1p, IL3, ILS, IL6, CCL2, CCLS, and Cox2) and increases
monolayer permeability and Matrigel invasion of aortic ECs [78].

Despite their role in inflammation, macrophages may also play a direct role in
angiogenesis, which has been demonstrated in hindbrain and retina development
[103]. Wnt7b derived from macrophages has been described as a key mediator in
vascular remodeling of hyaloid vessels in the eye of newborn mice [89], an effect
that is in concert with the angiopoietin/Tie2 [127], VEGF [43] and Notch [111]
systems. This effect has also been shown in the context of a tumor, as in breast can-
cer, “invasive” macrophages are enriched in Wnt5a and Wnt7b, suggesting that they
might play a role during the invasion process [110]. Another study showed that
Wnt7b is overexpressed in breast carcinoma and this protein is also detected in the
TAMs. Interestingly, specific deletion of Wnt7b in the TAMs does not affect the
recruitment of immune cells (macrophages and CD3* and B220" B-cells), but leads
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to less vascularized tumors only in the malignant stages. This indicates that TAM-
derived Wnt7b is necessary for the angiogenic switch. Furthermore, in this model,
Wnt7b is able to induce VEGF expression in ECs via B-catenin transcriptional acti-
vation [163]. Whether this also happens in brain tumors remains unclear, but it may
be worth investigating, as on the one hand, macrophage-derived Wnt7b is important
for vascular remodeling in the retina [89, 127], and on the other hand, Wnt7a/b are
crucial during BBB development [31, 141]. Other Wnt factors, such as Wntl, 2, 3a,
5a, 7b, and 10b derived from various cellular sources, have been implicated in path-
ological conditions, such as traumatic brain injury, spinal cord injury, stroke or PD
(for a review see Marchetti and Pluchino [98]).

Moreover, De Palma and colleagues have described a specific subtype of TAM
that promotes angiogenesis. Interestingly, those are characterized by expression of
Tie2, and therefore named Tie2-expressing macrophage (TEM) [35]. Interestingly,
Whnt5a has been shown to regulate Tie2, at least in ECs [99]. Therefore, it may also
play arole in the recruitment of TEM and thus promoting angiogenesis in GBM.

Regarding glioma inflammation, the Notch pathway did not draw particular atten-
tion, although the Notch signaling pathway interacts with modulators of inflammation
such as NF-kB and TGFf [125]. In macrophages, the Notch pathway was identified to
regulate the balance between M1 and M2 macrophage polarization. Specifically,
Notch signaling components, namely DIl4 ligand and the Notchl-ADAMI10—y-
secretase—RBP-J axis, regulate expression of M1 genes, thereby contributing to a pro-
inflammatory phenotype and innate immunity [48, 157]. In ECs, however, DII/Notch
signaling seems to repress an inflammatory reaction by counteracting NF-kB signal-
ing on the transcriptional level [126]. The way in which the Notch and the Wnt path-
ways interact in the context of inflammation has been only poorly investigated.

The reader should also keep in mind that ECs not only receive and respond to
Wht signals, but are also able to secrete Wnts and may therefore play an active role
in immune cell recruitment. Indeed, transmigration of T-cells through the EC mono-
layer is decreased in the presence of soluble Fzd5. This effect depends on the secre-
tion of Wntl or Wnt3a likely from the endothelium and relies on the overexpression
of Fzd3-7 in activated T-cells [154]. In this context, activation of the Wnt/p-catenin
pathway induces expression of MMP2 and MMP9 in activated T-cells, fostering
their migratory phenotype. Whether this also occurs in GBM remains unknown;
however, Lewis lung carcinoma development is impaired in mice lacking the secre-
tion of Wnt factors from ECs [83].

5 Summary and Conclusion

Glioblastoma multiformes are highly vascularized, deadly primary brain tumors. Like
other solid malignant tumors, GBMs have developed mechanisms by which they cir-
cumvent elimination by the immune system. Via the secretion of immune-modulating
factors, GBM cells can lead to the conversion of microglia and macrophages from a
proinflammatory, classic M1 state toward an anti-inflammatory, alternative M2 activa-
tion state. Recruitment of Tregs and other immunosuppressive cells into the tumor
stroma further support the anti-inflammatory environment in GBM, although the
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lymphatic immune system cells play a minor role compared with the microglia-
derived immune response. The highly angiogenic active vascular compartment is a
central player in this scenario, as ECs, in addition to SMCs/PCs, receive signals from
tumor cells such as VEGF, TGFp, and Shh, but also actively contribute to glioma
progression by providing a permissive niche for CSCs, Tregs, and M2 polarized mac-
rophages. Wnt growth factors and Wnt pathway modulators have been implicated in
both glioma angiogenesis and inflammation, interacting with inflammatory pathways
such as TGFp, NF-kB, Notch, and others. In this context, it appears that the effects
exerted by Wnt, but also by other pathways such as Notch and TGF, are highly cell
context-dependent, making systemic treatment of glioma a highly challenging task.

Therefore, rigorous studies are urgently needed to uncover the communications
between glioma cells and the stromal compartment, including blood vessels and
immune cells. This is particularly important during early phases of GBM formation,
when a “decision” toward a more malignant state, including the angiogenic switch,
is made. Therefore, it is highly important to study the contribution of the immune
system to therapy resistance.

To mechanistically understand some of these basic questions, it may be helpful
to investigate other CNS tumors that are genetically better defined, such as medul-
loblastoma. For the latter, four different subtypes have been described, one of which
is characterized by Wnt and another by Shh pathway activation [70, 106].
Interestingly, Shh and Wnt activity are mutually exclusive and could be exploited as
novel targets in the treatment of the disease [41, 123, 174].

To understand the glioma vasculature as a signaling hub in disease progression,
sophisticated genetic mouse models of glioma can be particularly helpful because
of the ability to target individual cell types and to subsequently follow the impact on
tumor progression. The challenges are great, but collaborations between vascular
biologists, immunologists, neuroscientists, and oncologists should foster progress
toward a cure for GBM.
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