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They form the blood-brain-barrier (BBB) which strictly controls the exchanges between the blood and the
brain compartments by limiting passive diffusion of blood-borne solutes while actively transporting
nutrients to the brain. Accumulating experimental and clinical evidence indicate that BBB dysfunctions are
associated with a number of serious CNS diseases with important social impacts, such as multiple sclerosis,

gfgxﬁ;n barrier stroke, brain tumors, epilepsy or Alzheimer's disease. This review will focus on the implication of brain

Tight-junction endothelial tight junctions in BBB architecture and physiology, will discuss the consequences of BBB

Neurological disease dysfunction in these CNS diseases and will present some therapeutic strategies for drug delivery to the brain
Drug delivery across the BBB.

Brain endothelium © 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Apical junctional complexes, notably tight junctions, are present in
physiological barriers constituted by a variety of epithelia and in brain
endothelium forming the blood-brain-barrier (BBB) which controls
cerebral homeostasis and provides the central nervous system (CNS)
with a unique protection against the toxicity of many xenobiotics and
pathogens. Conversely, BBB dysfunction has been recently proposed to
be involved in the pathophysiology of a variety of neurological
diseases (inflammatory, infectious, neoplasic and neurodegenerative
diseases). This review aims at presenting the most recent knowledge
of BBB architecture and function and will present novel therapeutic
approaches designed to address these neurological diseases on the
basis of this knowledge.

2. Blood-brain barrier in health
2.1. General description

2.1.1. Localization

The BBB is localized at the interface between the blood and the
cerebral tissue [1,2], formed by the endothelial cells (ECs) of cerebral
blood vessels which display a unique phenotype characterized by the
presence of intercellular tight junctions and the polarized expression
of numerous transport systems. Another blood-brain interface is
localized at the choroid plexus epithelium which controls the
exchanges between the blood and the cerebro-spinal-fluid (so-called
the blood-CSF barrier): these specialized epithelial cells also express
tight junctions and a number of transporters, but will not be described
below for space constraints (for reviews, see [3]).

It is worth mentioning at this point that some restricted brain areas
encompassing circumventricular organs (area postrema and median
eminence, neuro-hypophysis, pineal gland, sub-fornical organ and
lamina terminalis) do not present any blood-CNS barrier and

Tight
junction

constitute specialized sites of physiological cross-talks between the
brain and the periphery (for example regarding food intake or control
of body temperature) [4]; however, they are very limited in size and
will not be described in this review (see [5]).

2.1.2. The neurovascular unit

In close proximity to brain ECs, as shown in Fig. 1, pericytes, glial
cells (especially astrocytes), neurons, together with the basal lamina
(also called lamina basalis) ensheathing cerebral blood vessels, are
indirectly involved in the establishment and maintenance of the BBB:
these various cell types and basal lamina collectively constitute the
‘neurovascular unit’ (NVU), a concept recently proposed to highlight
the functional interactions which control BBB integrity.

2.1.2.1. Endothelial cells. Brain ECs differ significantly from non-brain
ECs by (i) the absence of fenestration correlating with the presence of
intercellular tight junctions (TJs), (ii) the low level of non specific
transcytosis (pinocytosis) and paracellular diffusion of hydrophilic
compounds, (iii) a high number of mitochondria, associated with a
strong metabolic activity and (iv) the polarized expression of
membrane receptors and transporters which are responsible for the
active transport of blood-borne nutrients to the brain or the efflux of
potentially toxic compounds from the cerebral to the vascular
compartment [6,7]. In brief, the hallmark of brain endothelium in
mammals is its highly restricted and controlled permeability to
plasmatic compounds and ions, reflected by a very high trans-
endothelial electrical resistance [7,8].

2.1.2.2. Basal lamina. The basal lamina of the cerebral endothelium is
constituted by 3 apposed layers, one produced by ECs and containing
laminin-4 and -5, one being astrocyte-derived, containing laminin-1
and -2 and the collagen IV-containing middle one, contributed by both
cell types [9]. All three layers are also made of various types of
collagen, glycoproteins and proteoglycans [2,10]. Although its

Fig. 1. The neurovascular unit. A. Electron microscopy (TEM) of rat brain section showing a neurovascular unit. This complex includes microvessel endothelial cells, based on basal
lamina, pericytes embedded in basal lamina, astrocytes end-feet and in vicinity some neurons. B. Confocal microscopy 3D-reconstruction of rat brain section showing part of cerebral
vascular tree: endothelial cells (green) are surrounding with astrocytes (red), which are visualized with von-Willebrand factor and glial fibrillary acidic protein staining respectively.
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contribution to BBB integrity has been often underestimated, the basal
lamina must now be considered as a key component of the NVU [11].
Multiple basal lamina proteins, matrix metalloproteases (MMPs) and
their inhibitors, the Tissue Inhibitor of Metalloproteases (TIMPs), are
involved in the dynamic regulation of the BBB in physiological as well
as inflammatory conditions [12].

2.1.2.3. Glial cells, astrocytes. Whereas the role of astrocytes in the
induction and maintenance of BBB integrity has been well documen-
ted for more than two decades [13], the molecular mechanism
mediating their action still remains unclear. Indeed, a number of
astrocyte-released and more generally glial-released factors have
been suggested to contribute to BBB integrity, including glial-derived
neurotrophic factor (GDNF), angiopoietin-1 [14,15] and more recently
angiotensin II [16].

2.1.2.4. Pericytes. Pericytes are present along brain and non-brain
microvessels, within the basal lamina surrounding ECs; interestingly,
brain microvessels are notably rich in pericytes and the pericytes/ECs
ratio has been correlated with the barrier capacity of the endothelium.
Pericytes are actively involved in maintenance of the integrity of the
vessel [17], vasoregulation [18] and restricted BBB permeability.

2.1.2.5. Neurons. Brain endothelium, perivascular astrocytes and
pericytes are in close contact with neuronal projections, allowing
neuronal mediators to affect cerebral blood flow and vessel dynamics.
However, the precise physiological or pathophysiological conse-
quences of neuronal input onto the BBB still remain largely unknown.

2.1.3. In vitro BBB models

In line with the understanding of the aforementioned cell-cell
interactions taking place at the BBB, most in vitro BBB models
proposed so far are based on co-cultures of brain ECs and astrocytes
(or glial cells) [19] in two-chamber cell culture systems (Fig. 2A). In

A Static BBB models 1

Brain side

B Dynamic 3-D flow BBB model

2

particular, whereas bovine brain endothelial cells alone only partly
recapitulate BBB properties, a co-culture system with rat glial cells has
been extensively validated as a reference BBB model [20]. Because
these cells express TJs and a number of membrane transporters, they
constitute a valuable alternative or complement to the epithelial cell
lines Caco-2 and MDCK, currently used for drug screening by
pharmaceutical industries because of their very high permeability
restriction [21]. Alternative BBB models are also available, using pig,
mouse, rat or human brain ECs [15,22-28]. In addition, stable
immortalized rat EC lines were produced and validated as in vitro
models of brain endothelium: first the RBE4 cell line [29-31], followed
by a number of other cell lines [32-35] have been widely used for
biochemical, immunological and toxicological studies. More recently,
we produced the human hCMEC/D3 brain EC line which retains most
of the morphological and functional characteristics of brain endothe-
lial cells (i.e. expression of TJs and the polarized expression of multiple
active transporters, receptors and adhesion molecules), even without
co-culture with glial cells, thus appearing as a unique in vitro model of
the human BBB [36-38]. Recently, three dimensional flow conditions
(Fig. 2B) [39] were able to further decrease significantly drug
permeability [40]. All together, these in vitro BBB models will help
screening new drugs as well as unraveling the molecular mechanisms
of BBB control in physiological conditions and BBB dysfunctions in
various CNS diseases.

2.2. Intercellular junctions

Tight junctions between brain endothelial cells are structurally
quite similar to epithelial TJs (this issue): they are constituted by three
major transmembrane proteins (or protein families), occludin,
claudins and Junction Associated Molecules (JAMs), and several
cytoplasmic proteins including Zonula Occludens (Z0O) -1, ZO-2, ZO-
3, which interact with these transmembrane proteins in multi-protein
complexes linked to the actin cytoskeleton (Fig. 3) [2]. However, EC-

Brain endothelial cells
- Primary endothelial cells:
bovine (Cecchelli et al., 1999)
porcine (Meyer et al., 1990)
rat (Perrigre ot al., 2007)
MOUSe (Caisne et al., 2005)
human (Persidsky et al., 1997; Biernacki et al., 2005)
- Endothelial cell lines:
bovine : SV-BEC (Durieu-Trautmann et al., 1991)
porcine : PBMEC (Teifel M & Friedl, 1996)
rat : RBE4 (Roux et al., 1994)
mouse : bEnd5 (Laschinger & Engelhardt B, 2000}
human : hCMEC/D3 (Weksler et al., 2005)

Co-culture or not with

- Glial cells / Astrocytes (Ceccheli et al., 1999)

- Pericytes (Zozulya et al., 2008)

- Astrocytes and Pericytes (Nakagawa et al., 2007)

- Neurons (Stanness et al., 1999)

Fig. 2. Modeling the blood-brain-barrier and neurovascular unit in vitro. Static BBB models (A) use brain ECs (1), primary brain ECs or EC lines, grown in the upper compartment of
Boyden chambers. In order to model the NVU, various other cell types (glial cells, pericytes or neurons) can be co-cultured in the lower compartment (2). Recently described dynamic
three-dimensional flow BBB models (B) provide an interesting model to study brain EC properties under flow conditions, based on observations that pulsatile flow induces further

differentiation of cultured brain ECs to a BBB phenotype.
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Fig. 3. Tight junctions on the blood-brain-barrier. Left: Electron microscopy of rat brain section showing a tight junction (TJ) between two cerebral endothelial cells. Right: Schematic
view of cerebral TJ. Cerebral endothelial cells have close intercellular contacts due to the presence of tight junctions (TJs) constituted by transmembrane proteins: occludin, claudins
(claudin-3 and -5) associated with actin cytoskeleton via cytosolic proteins, such as the ZO family. Peripherally to TJs are localized JAMs and proteins of Adherens Junctions, such as

VE-cadherin which is also associated with actin cytoskeleton via catenins.

specific accessory proteins were identified in brain endothelium TJs,
such as cingulin, AF-6 and 7H6 [41], whereas some epithelial TJ
proteins have not been detected so far at the BBB (like the CRUMBS/
PALS-1/PAT-] and PAR-3/PAR-6/aPKC complexes) [42,43]. Moreover,
whereas epithelial tight junctions, including choroid plexus epithelial
cells, mostly contain claudin-1, -2 and -11 [44], brain endothelial TJs
express claudin-3 and -5 and possibly claudin-12 [45,46]. In particular,
claudin-5 was shown to actively contribute to BBB integrity, inasmuch
as claudin-5 knock-out mice display severe BBB dysfunction and
permeability increase [47]. Accumulating further evidence indicates
that claudin-3 and -5 are involved, together with occludin, in BBB
genesis [46,48] and control of paracellular permeability [49-52].

The regulation of TJs appears to be mediated by multiple signaling
pathways (for review: [2]). Early in vitro experiments pointed to cAMP
as a major regulator of TJs in brain ECs [53]. Several evidences suggest
that phosphorylation and/or degradation of occludin and ZO-1
regulates TJs [54]. Later, serine/threonine phosphorylation of occludin
was associated to a decrease in paracellular permeability, whereas
tyrosine phosphorylation of ZO-1 was associated to an increase in
paracellular permeability [55,56]; also, VEGF was shown to affect T]
assembly and increase BBB permeability by promoting occludin
phosphorylation [57] and/or degradation [58,59]. In addition, TJs are
regulated by the activation of small G proteins of the Rho family (Rho
GTPases) coupled to various receptors of vasoactive compounds
(Bradykinin, angiotensin II) as well as adhesion molecules (ICAM-1)
or reactive oxygen species: activation of Rho GTPases leads to actin
cytoskeleton rearrangements and increases paracellular permeability
as well as trans-endothelial migration of leukocytes [37,60,61].

Interestingly, crosstalk between components of TJs and Adherens
junctions was proposed to contribute to T] regulation: first, extra-
cellular calcium, known to control Adherens junctions integrity
via cadherins was also shown to regulate TJs. More recently, the
functional relationship between AJs and TJs was further documented
by the demonstration that VE-cadherin at AJs upregulates the
expression of claudin-5 at TJs, through activation of the transcription
factor Fox01 [62].

2.3. Physiological function of the BBB

As mentioned above, the BBB is responsible for strictly controlling
the exchanges between the blood and brain compartments, by (i)
preventing the paracellular diffusion of hydrophilic solutes, (ii)
mediating the active transport of nutrients to the brain, (iii) effluxing
hydrophobic molecules and drugs from the brain to the blood and (iv)
regulating the trans-endothelial migration of circulating blood cells
and pathogens.

2.3.1. Solute permeability

Because of the presence of TJs, BBB permeability to blood borne
solutes [63] largely depends on their molecular weight and lipophilic/
hydrophilic characteristics. A number of algorithms are available,
which help anticipate the BBB permeability of drug candidates on the
basis of their structural features [64,65], but they remain insufficiently
predictive [66]. Hydrophilic nutrients, such as amino acids, are
actively transported through the brain endothelium by a variety of
membrane transporters, notably the large family of Solute Carrier
transporters (SLC) [67]. In addition, although most proteins are not
able to diffuse across TJs, some of them efficiently cross the BBB by
receptor-mediated transport, as described for transferrin, insulin,
insulin-like growth factor, leptin or LDLs [68-70].

Conversely, efflux transporters of the ATP Binding Cassette (ABC)
family transport a large panel of lipophilic molecules, in particular
xenobiotics, against a concentration gradient by ATP hydrolysis
[63,71]. The most active ABC-transporters at the BBB are P-
glycoprotein (P-gp) encoded by the multidrug resistance gene
(MDR1 or ABCB1), multidrug resistance proteins (MRPs, or ABCC
proteins) and the breast cancer resistance protein (BCRP or ABCG2)
[72,73].

2.3.2. Trans-endothelial migration of circulating leukocytes

Leukocyte trans-endothelial migration, known as extravasation or
diapedesis, involves a complex set of adhesion molecules at the
surface of leukocytes and vascular endothelial cells [74] (Fig. 4).
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Fig. 4. Trans-endothelial migration through the blood-brain-barrier. Leukocyte trans-endothelial migration proceeds in several steps that are highly controlled by various adhesion
molecules (selectins, LFA-1, VLA-4, CD44) and their respective counter-receptors (selectin ligands, ICAM-1, VCAM-1, CD44) expressed by ECs. After tethering and rolling, firm
adhesion and trans-endothelial migration of leukocytes are mediated by the formation of apical membrane protrusions, termed transmigratory cups, at the surface of ECs. Whether
these structures support paracellular (1) and/or trans-cellular (2) migration in vivo is still debated.

Tethering or rolling of leukocytes is followed by their firm adhesion to
endothelium which precedes diapedesis. Although tethering is
generally mediated by selectins, it appears in brain to be mostly
mediated by the integrins VLA-4 (a4p1) and o4P7 [34]. The
endothelial adhesion molecules ICAM-1, VCAM-1 and PECAM-1,
belonging to the superfamily of immunoglobulins, actively contribute
to the firm adhesion and/or migration of distinct subsets of leukocytes
to the CNS through cytokine-activated brain endothelium [75,76].
Also, CD44, a polymorphic family of related membrane proteoglycans
was shown to play a pivotal role in lymphocyte trafficking [77,78].
Recently, it has been shown that leukocytes were able to induce the
formation of endothelial membrane protrusions, containing ICAM-1,
VCAM-1 and CD44, linked to the actin cytoskeleton: because these
structures appear to support leukocyte trans-endothelial migration,
they are known as ‘transmigratory cups’ [79]. After migrating across
TJs, in the classical paracellular pathway, leukocytes interact with
CD99 and PECAM-1, present in the intercellular endothelial cleft,
between TJs and the endothelial basal lamina. In inflammatory
conditions, JAM-A is redistributed from intercellular junctions to the
endothelial apical membrane where they bind the leukocyte integrin
LFA-1 (aLP2) [80,81], thus possibly contributing to leukocyte
diapedesis and migration to the brain [82,83]. More recently, the
prion protein PrP¢ was unexpectedly identified as an additional
junctional adhesion molecule involved in the trans-endothelial
migration of monocytes [84].

In addition to the migration of leukocytes across cell-cell junctions
(i.e. paracellular migration), the existence of a transcellular migration
pathway has recently been highlighted [85-87] (for review see
[86,88]). The previously described transmigratory cups are associated
to both paracellular and transcellular migration [86]. These structures
are in close contact with ICAM-1, caveolin-1 and the vesiculo-vacuolar
organ [89]. More recently, some other structures has been described
as actin-rich podosome-like membrane protrusions of leukocytes,
able to extend transiently through EC and these could be associated to
crawling and/or trans-endothelial migration of leukocytes [85,86].
Even if transcellular trans-endothelial migration has been proven in
brain EC [90], the relative importance of paracellular versus
transcellular endothelial migration in brain EC is still matter of debate
[86,89].

Because immunosurveillance exists in the CNS under physiological
conditions with infiltration of activated leukocytes (essentially T
lymphocytes and monocytes) across the cerebral endothelium, the
former conception that the CNS was an immune privileged site has
been recently tempered [91]. This has been recently dramatically

highlighted by the occurrence of severe JC virus infection in multiple
sclerosis patients treated with anti-VLA-4 monoclonal antibody
natalizumab in whom leukocyte patrolling is presumed to be impaired
(see below) [92,93].

3. Blood-brain barrier in diseases

In a variety of neurological (inflammatory, infectious, neoplasic
and neurodegenerative) diseases, BBB dysfunctions have been
described, not only as a late event, but more interestingly as putatively
involved in the early steps of disease progression. Two related but
distinct types of BBB dysfunction will be documented below: (1)
increased permeability, ie. passive diffusion of blood-borne sub-
stances through BBB TJs, associated with edema formation and (2)
massive cellular infiltration across the BBB.

3.1. BBB dysfunction in multiple sclerosis

Multiple sclerosis (MS) is a neuro-inflammatory, slowly progres-
sing and invalidating disease affecting 0.05%-0.15% of Caucasians
[94], mostly young adults, hence with a considerable social and
economic impact [95]. A key factor in MS progression appears to be
BBB alteration in genetically predisposed individuals, leading to
increased vascular permeability and leukocyte infiltration into the
brain [96,97].

3.1.1. Alteration of solute permeability in MS

Various animal studies on experimental autoimmune encephalo-
myelitis (EAE), the most commonly used MS animal model, suggest
that disease severity could be correlated with alteration of BBB
integrity, whereas limitation of the disease could be achieved by
preventing BBB alterations (Fig. 5) [98-100]. At the molecular level,
occludin dephosphorylation was shown to be timely associated with
the onset of clinical signs [100] and was indeed recently suggested to
mediate the permeability increase in response to angiotensin I, acting
via its ATI receptor expressed by brain endothelial cells [16].

Additional observations on brain tissue from MS patients further
pointed to a correlation between BBB permeability increase and loss
or delocalization of brain endothelial junction proteins, like occludin,
VE-cadherin or ZO-1 [101,102]. However, interpretation of these data
(primary lesions, secondary damage or reparation default) remains a
matter of debate [101]. Such an increase in BBB permeability in active
MS lesions, commonly referred to as ‘BBB opening’, is visualized using
magnetic resonance imaging (MRI) by monitoring the diffusion of
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decreased occludin and ZO-1
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Basal lamina

1, Tight junctions alteration
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MMPS  MMP2

3. Lymphocytes trans-endothelial migration

Increased trans-endothelial migration

Fig. 5. Blood-brain-barrier alterations in multiple sclerosis. Accumulating data suggest the contribution of BBB dysfunction in the onset and progression of multiple sclerosis (MS).
Several mechanisms account for alteration of TJ integrity (1): decreased expression of occludin and ZO-1 and changes in occludin phosphorylation status. In addition, activated MMPs
directly contribute to alteration of basal lamina (2). Finally, up-regulation of the expression of several adhesion molecules by brain ECs supports the increased trans-endothelial

migration of leukocytes (3) observed in MS.

gadolinium, a contrast agent of small molecular weight, through brain
endothelial TJs [103].

BBB permeability has been well documented to be increased by
MMPs, in line with early reports showing that intracerebral injection
of MMPs increased brain capillary permeability [104]. More recently,
various data in animal and clinical studies further highlighted the role
of MMPs in the pathophysiology of MS [12,105]. In particular, the
serum MMP9 level in MS patients was correlated with the BBB
dysfunction index, as measured by MRI using gadolinium as a contrast
agent [103,106].

3.1.2. Increased trans-endothelial migration of leukocytes in MS

Although the etiology of the disease still remains elusive, it was
hypothesized that systemic infection or inflammation might enhance
the expression of adhesion molecules on brain ECs, allowing activated
lymphocytes and monocytes to access the CNS (Fig. 5) [95]. Indeed,
overexpression of leukocyte adhesion molecules by brain ECs (ICAM-
1, VCAM-1, E-selectin) has been extensively documented in brain
lesions of MS patients, compared with normal appearing white matter
or control tissue [107-109]. Accordingly, it was established that IFN-3,
a current treatment in MS known to delay inflammation-associated
disease relapses, could prevent the increase in ICAM-1 expression by
brain ECs in response to the inflammatory cytokine TNF-a [110] and
decrease VLA-4 expression by lymphocytes [111,112]. Moreover,
whereas early reports indicated that anti-VLA-4 antibodies could
delay or prevent the onset of EAE in rodents [77,113], a similar
approach (using the anti-VLA-4 monoclonal antibody natalizumab)
was shown to significantly decrease the number of relapses in MS
patients [92,93] and has now been approved for clinical use.
Interestingly, antibodies against the recently identified adhesion
molecule ALCAM (activated leukocyte cell adhesion molecule), the
expression of which by brain endothelium is up-regulated in MS
lesions, were similarly shown to improve the functional outcome of
EAE in rodents, indicating that ALCAM, together with ICAM-1 and
VCAM-1, are involved in leukocyte trafficking into the CNS in
inflammatory conditions [114].

It must be stressed that BBB permeability increase and leukocyte
infiltration in the brain are two related, although distinct, conse-
quences of CNS inflammation. Indeed, whereas CD4+ IL-17-produ-
cing T lymphocytes (Th17) were recently identified as major actors in
disease progression, at least part of their pathological role may be
mediated by IL-17 which is able to disrupt brain endothelium TJs [115-
117]. In addition, circulating monocytes have been shown, after
crossing the BBB, to acquire dendritic cell function and further
enhance the infiltration of Th17 lymphocytes by releasing chemokines
across the BBB [116,118]. Whereas gadolinium-enhanced MRI allows
imaging of increased BBB permeability, recent MRI developments
(using ultra small particles of iron oxide, so-called USPIO) aim at
tracking infiltrated monocytes/macrophages and may thus provide a
valuable complementary imaging strategy in MS [119,120].

3.2. BBB dysfunction in stroke

Acute obstruction of cerebral blood vessel by clot formation
triggers a complex series of cellular and molecular events in the
brain parenchyma (membrane depolarization of neurons and astro-
cytes, release of excitatory amino acids and K* ions in interstitial
fluids, increase of intracellular Ca®>* levels), ultimately leading to
dramatic cell damage within hours [121]. While administration of
neuroprotective agents has generally failed as a potential treatment,
thrombolysis by tissue plasminogen activator (tPA) within hours after
the onset of the symptoms so far remains the only efficient therapy in
stroke [122]. However, it soon appeared that the ischemia/reperfusion
sequence of events initiates perivascular inflammation and BBB
permeability increase which largely contribute to brain damage,
thus leading to the concept that stroke is primarily a cerebrovascular
disorder [123].

3.2.1. Altered BBB permeability in stroke

Early reports already pointed to rapid alterations of brain
endothelium after cerebral ischemia and reperfusion, an early phase
occurring minutes after reperfusion, followed by a second phase
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several hours after ischemia [124-126]. Release of oxidants, proteo-
lytic enzymes and inflammatory cytokines were shown to alter the
BBB permeability properties, leading to brain edema formation [121].
Accordingly, MMPs released by activated leukocytes affect the
integrity of the NVU, degrading the basal lamina and TJ-associated
protein complexes (Fig. 6) [12,127-129]. In particular, MMP9 seems to
play a critical role, as suggested by the absence of BBB disruption after
transient ischemia in MMP9 gene deficient mice and the demonstra-
tion of its contribution to hemorrhages after stroke and thrombolysis
by t-PA treatment [127,130]. Whereas tPA permeability across the BBB
is physiologically controlled by an LDL receptor-dependent mechan-
ism, BBB breakdown after stroke will lead to passive diffusion of tPA
into the brain which may account for its reported neurotoxic side
effects [131]. New thrombolytic agents, with no apparent neurotoxic
effect, may be useful for designing alternative therapeutic strategies
[132].

In conclusion, the complex cellular and molecular changes leading
to BBB breakdown after an ischemia/reperfusion event remain to be
further understood, before novel treatments of brain edema and
stroke prevention can be proposed.

3.2.2. Increased trans-endothelial migration of leukocytes in stroke

Some recent data suggest that leukocyte infiltration into the brain
parenchyma might contribute to cerebral ischemia/reperfusion injury
[133,134]. Following stroke, circulating activated leukocytes will
migrate towards the ischemic lesion, release inflammatory cytokines
and activate the various NVU cell types [135]. In particular, increased
expression of ICAM-1 by brain ECs facilitate the trans-endothelial
migration of leukocytes [136,137], in line with the experimental
evidence that treatment with anti-ICAM-1 blocking antibodies
reduced brain injury in a rat model of cerebral ischemia [138]. Also,
transgenic mice deficient in ICAM-1 or in its integrin receptor LFA-1
failed to present cerebral infiltration of leukocytes following cerebral
ischemia as compared with wild-type animals and had a significantly
better functional outcome [139]. Based on these preclinical encoura-
ging data, a randomized, double-blind, placebo-controlled, clinical
trial using injection of a monoclonal anti-ICAM-1 antibody was
performed, but failed for reasons which remain to be clarified
[140,141].

3.3. BBB dysfunction in brain tumors
Neovascularisation in primary brain tumors is correlated with

tumor progression and morbidity phenotypes [142]. Angiogenesis-
related BBB alterations have been well documented both in terms of

N. Weiss et al. / Biochimica et Biophysica Acta 1788 (2009) 842-857

structural changes of the cerebral vasculature and related perme-
ability increase. In addition, it was recently emphasized that brain ECs
may closely interact with brain tumor stem cells such as gliobastoma
stem cells [143] and maintain their stemness [144].

3.3.1. Increased BBB permeability in brain tumors

Newly formed blood vessels in primary brain tumors were shown
to present an abnormal overall structure, being more tortuous than
normal brain vessels, lined with an altered basal lamina [145]. In
addition, loss of expression of the TJ proteins claudin-3 and occludin
were reported in primary experimental and human brain tumors
[145,146]. Recent data showed that VEGF, an angiogenic growth factor
known to be produced at a high level in brain tumors [147,148],
promoted endocytosis of the endothelial cell adhesion molecule VE-
cadherin, leading to disruption of the endothelial barrier function and
increase in endothelial permeability [149].

Moreover, the level of occludin expression was proposed to be
inversely correlated with brain tumor grading and with the degree of
enhancement in CT scans, corresponding to the blood-to-brain
diffusion of contrast products [146]. All together, these observations
provide compelling evidence that primary brain tumor-associated
angiogenesis induces structural and functional alterations of the BBB.

3.3.2. Increased trans-endothelial migration of metastatic tumor cells
in the brain

Cells originating from peripheral primary tumors, such as breast
cancer or melanoma, can circulate in the blood flow to the brain and
form cerebral metastases, invariably associated with bad prognosis.
Studies on the mechanisms involved in the trans-endothelial migra-
tion of these metastatic cells across the BBB further highlighted the
crucial contribution of VEGF, which is highly expressed by breast
carcinoma cells [150], and MMPs [151].

In addition, the leukocyte adhesion molecule CD44 was shown to
contribute to the adhesion of metastatic breast carcinoma cells to
brain vascular endothelium. Regarding the mechanisms of their
subsequent trans-endothelial migration, data suggest a major role of
the chemokine CXCL12 (or SDF-1a) expressed in the brain and its
counter-receptor CXCR4 present at the surface of metastatic tumor
cells [152,153]. Indeed, blocking the CXCR4-dependent intracellular
pathways (PI3Kinase activation, intracellular Ca®>* increase) pre-
vented the trans-endothelial migration of a breast cancer metastatic
cell line through cultured human brain ECs [152]. Moreover,
preliminary results indicated that adhesion of breast carcinoma
cells on cultured brain ECs induced the formation of actin-rich apical
membrane protrusions (unpublished observations), similar to the
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trans-migratory cups underneath leukocytes known to mediate
leukocyte diapedesis [154]. In the same line, small-cell lung cancer
cells were reported to cross brain endothelium by inducing a
reorganization of the endothelial actin cytoskeleton through activa-
tion of Rho GTPase [155]. In conclusion, some metastatic tumor cells
appear to share with activated leukocytes the expression of multiple
adhesion molecules and chemokine receptors which provide them
with the capacity to adhere to brain endothelium, to activate it and
finally to cross the BBB. Following trans-endothelial migration, these
tumor cells will receive multiple local inputs which will sustain their
survival, migration and proliferation towards the formation of brain
metastases [156].

3.4. CNS infection

3.4.1. Bacterial meningitis

Because of the existence and function of the BBB, most blood-
borne pathogens are excluded from the brain. Only a few bacteria are
able to enter the brain and evoke inflammation and disease. Among
them, Neisseiria meningitidis (also known as meningococcus), Strep-
tococcus pneumoniae and Haemophilus influenzae which multiply
extracellularly, as well as Group B Streptococcus and Escherichia coli K1
in newborn, and Listeria monocytogenes which multiplies within
macrophages can invade the meninges, causing meningitis, or the
cerebrospinal fluid (CSF) after entering the bloodstream.

3.4.1.1. Increased BBB permeability by bacterial secretions. Whereas L.
monocytogenes and other intracellular pathogens appear to cross the
BBB within leukocytes as ‘Trojan horses’, the extracellular pathogens
mentioned above have developed individual strategies which allow
them to adhere to and cross brain endothelium, thus exhibiting brain
tropism (Fig. 7). These bacteria induce, by releasing lipopolysacchar-
ide (LPS) and/or toxins, the secretion of multiple cytokines and other

inflammatory components (TNF-«, IL13, PAF, MMPs, TGF31, caspases)
which are all able to increase microvascular permeability, including in
the brain [157]. Indeed, the CSF level of some of them (TNFa, IL13,
TGFP1) in children was correlated with the clinical outcome [158,159],
whereas the CSF level of MMP9 was correlated with neurological
impairment [160,161]. These inflammatory cytokines are known to
increase the trans-endothelial migration of leukocytes which, when
infiltrated in the brain compartment, can locally release cytokines and
MMPs, thus amplifying the activation of brain endothelium and the
inflammation within the CNS [162]. In addition, direct lesion of brain
ECs may affect BBB integrity and facilitate brain infection as in the case
of S. pneumoniae which secretes pneumolysin, a hemolysin forming
transmembrane pores in brain ECs [163], and LPS inducing EC
apoptosis [164].

3.4.1.2. Trans-endothelial bacterial entry in the brain. Recent experi-
mental data led to a better understanding of the mechanisms
mediating the trans-endothelial migration of E. coli K1, N. meningitidis
and S. pneumoniae across the BBB [165,166]. These bacteria display
individual attributes which allow them to adhere to brain endothe-
lium by interactions with endothelial receptors, as shown in Fig. 7. In
the case of N. meningitidis, bacterial adhesion to ECs is mediated by
elongated multimeric structures known as type IV pili. The formation
of actin-rich membrane processes involved in bacteria internalization
is highly reminiscent of the leukocyte trans-migratory cups; more-
over, the signaling pathways activated in ECs in response to the
adhesion of N. meningitidis are similar to those induced by activated
leukocytes, indicating that bacteria may interfere with leukocyte-EC
interaction and hamper host inflammatory response [166,167].

3.4.2. Viral infection of the CNS
Infection by HIV and other neurotropic viruses such as West-Nile
or Chikungunia virus highlighted the pathophysiological importance
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Fig. 7. Pathogens crossing the blood-brain-barrier. Circulating bacteria release active factors (LPS, toxins, etc.) inducing the local production by the host of various inflammatory
cytokines (TNFq, IL1B, PAF, TGF31) and MMPs which in turn alter both brain endothelial TJs and the basal lamina and ultimately increase BBB permeability. In addition, bacteria use
various membrane proteins expressed by cerebral ECs as receptors to cross the BBB by transcytosis. Escherichia coli K1 strain mainly responsible for meningitis in newborn interacts
by the external membrane proteins OmpA and FimH with their respective receptors gp96 and CD48 on brain ECs. This interaction triggers transcytosis through brain ECs.
Streptococcus pneumoniae interacts by the cholin binding protein A to PAF on ECs. In addition to secreting multiple cytokines and other inflammatory components (TNF-c, IL1(,
PAF, MMPs, TGF31, caspases) which are able to increase trans-endothelial migration, S. pneumoniae secretes pneumolysin, a hemolysin forming transmembrane pores in brain ECs
and LPS inducing EC apoptosis. Neisseiria meningitidis (also known as meningococcus) interacts by his type IV pili with a yet not identified brain endothelial receptor. Once they have
adhered on EC, they are able to induce the formation of actin-rich membrane processes highly reminiscent of the leukocyte trans-migratory cups which support their trans-

endothelial migration.
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of BBB crossing for viral spreading and, conversely, the role of the BBB
as an obstacle for pharmacological treatment.

3.4.2.1. Altered BBB permeability in viral CNS infection. Various
immunohistological studies of post-mortem brain tissue from patients
with HIV encephalitis revealed a reduced expression of claudin-5 and
occludin by brain endothelium [168]; accordingly, in vitro interaction
of HIV-infected human lymphocytes with primary human brain ECs
also induced a loss of these TJ proteins [168]. In the same line, a recent
report demonstrated that HTLV-I-infected lymphocytes increased
brain endothelial permeability in vitro via IL-1ac and TNF-at secretion
and that BBB breakdown was associated with endothelial TJ
disorganization and alteration in the expression pattern of T] proteins
such as ZO-1 [36].

3.4.2.2. Trans-endothelial migration of virus-infected leukocytes. Some
neurotropic viruses can cross brain endothelium by transcytosis, i.e.
HIV, HTLV-1 or cytomegalovirus (CMV) [169,170], likely after macro-
pinocytosis of free viral particles.

In addition, trans-endothelial migration of infected leukocytes
constitutes an alternative route for entry into the CNS [171,172].
Infection was shown to increase the expression of adhesion molecules
(integrins and selectins), in infected monocytes, lymphocytes and
macrophages, favoring paracellular trans-endothelial migration of
infected cells [170,173,174]. Moreover, this process is dependent upon
several chemokines expressed in the brain in response to HIV
infection and in inflammatory conditions, like CXCL12 (SDF-1a),
CCL2 (MCP-1) and CX3CL1 (fractalkine): indeed, elevated levels of
CXCL12 were detected in CSF and in brain tissue of HIV-infected
patients [175,176], whereas high levels of the receptors of CXCL12 and
CX3CL1 (CXCR4 and CX3CR1, respectively) were observed in HIV-
infected monocytes [177,178]. Finally, HIV- and HTLV-I-infected cells
were shown to produce high levels of MMPs which likely affect basal
lamina integrity at the BBB and contribute to enhance their trans-
endothelial migration to the brain [179,180].

3.5. Neurodegenerative diseases and BBB dysfunction

Age-related neurodegenerative diseases, such as Parkinson's and
Alzheimer's disease (AD), constitute a major public health problem in
western countries. Although BBB has long been dismissed in this type
of CNS disease, recent data strongly suggested that BBB dysfunction
might contribute to disease progression [181-183].

3.5.1. Altered BBB permeability in neurodegenerative diseases

Early observations of post-mortem brain tissue from AD patients
pointed to a number of brain endothelium alterations: decreased
number of mitochondria, increased number of pinocytosis vesicles,
collagen accumulation in basal lamina and necrosis [184]. More
recently, various clinical investigations of AD patients using gadoli-
nium-enhanced MRI or biochemical methods, such as assessment of
the CSF/blood albumin ratio, detected functional alterations of the BBB
by measuring permeability increase compared to age-matched controls
[185]. More recently, identification and functional characterization of
peptides and proteins transport through the BBB [ 186-188], brought up
a comprehensive view of the transport of AR through cerebral
endothelium. AP peptide influx into the brain is mediated by the
receptor for advanced glycosylation products (RAGE) [189] and is
dependent on AP chaperones, apoE and apo] [190]: apoE2 and apoE3,
but not ApoE4, block the transport of AR to the brain [191]. The
clearance of AP out of the brain is mediated by the lipoprotein receptor
protein (LRP)-1 [192]. This transport activity of AP is altered in AD
patients (Fig. 8). Indeed, the AD characteristic AR amyloid peptide
deposits observed in senile plaques and perivascular spaces were
suggested as a consequence of age-dependent decrease of AP
clearance (due to lower expression of LRP-1) and increase in AP
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Fig. 8. The blood-brain-barrier in Alzheimer disease. In healthy condition (right), AR
amyloid peptide is transported to brain by the receptor for advanced glycosylation
products (RAGE) and cleared from the brain to the blood by LDL-Receptor-Proteins
(LRPs). In Alzheimer's disease (left), these transport systems are impaired. RAGE is
overexpressed and the expression of LRPs is decreased, leading to the accumulation of
AP in the brain.

influx to the brain (due to increased expression of RAGE [189,193-
195]). In addition, soluble forms of LRP-1 that normally sequester
blood AR peptide and reduce its influx into the brain are detected in
lower amounts, which may contribute to further increase brain Ap
levels [196]. The role of LRP-2 in AR efflux and in AD is still debated
[196]. Altogether these observations strongly suggest that age-
dependent alteration of AR transport across the BBB may significantly
contribute to AD progression.

In the same line, increased BBB permeability associated with a loss
of TJ] integrity was also demonstrated in animal models of temporal
epilepsy or status epilepticus [197].

3.5.2. Increased trans-endothelial migration in Alzheimer's disease

Increased expression of ICAM-1 in senile plaques was reported in
human and primate brain tissues, suggesting an inflammatory
component in their formation and involvement in AD progression
[198,199]. In addition, cerebral infiltration of T lymphocytes has been
recently described in AD patients, in line with previous reports in
Parkinson's disease [199-203]. Furthermore, AP is able to induce
monocytes infiltration through the BBB by a mechanism that
implicates RAGE and PECAM-1 [204].

In conclusion, accumulating experimental as well as clinical
evidence support the concept that BBB dysfunctions significantly
contribute to the progression of a number of inflammatory, infectious
or neoplasic diseases of the CNS. Furthermore, additional data, based
on a better understanding of the molecular mechanisms of BBB
function, point to a putative and so far unsuspected role of the BBB in
the initiation of various neurodegenerative diseases, in particular
following age-dependent alterations of its transport properties, as
suggested in AD patients. Besides, even when altered in these
situations, the BBB has long been considered as a major obstacle for
drug delivery to the CNS. Although still not resolved so far, this key
question has been addressed by various strategies which will be
briefly considered below.

4. Therapeutic approaches

Because of the existence of the BBB, the first approach ever used to
target drugs to the CNS was to try to circumvent it by direct intra-CSF
or intra-cerebroventricular injections, in particular to target che-
motherapy to some brain tumors. However, drug diffusion from the
CSF to the brain parenchyma being usually poorly efficient [205],
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convection-enhanced delivery of drugs into brain tumors via
implanted catheters, or by post-surgery implantation of drug-
impregnated wafers within the resection cavity, have been used as
alternative strategies to treat patients with aggressive gliomas [206].

More recently, progresses in the understanding of the specific
structural and functional characteristics of the BBB have helped design
alternative therapeutic approaches for drug targeting to the brain by
(i) increasing BBB permeability, (ii) modulating transporter expres-
sion and/or activity, (iii) taking advantage of receptor-mediated
transport across the BBB, (iv) designing viral, chemical and cellular
vectors with the capacity to cross the BBB (Fig. 9).

4.1. Increase BBB permeability

Local drug administration via intracerebral implants offers only
little benefit to patients with brain tumors due to limited diffusion of
the drug in brain tissue [207]. Hence, temporary disruption of the BBB
was considered and achieved by intracarotid infusions of hyperosmo-
tic solutions of chemical agents, mannitol or alkyl glycerol [208].
Among them, mannitol has been the most widely investigated [209]:
mannitol causes reversible shrinkage of brain ECs by water efflux,
leading to TJ disruption and increased drug diffusion to the brain. This
strategy was proposed for enhanced delivery of anti-cancer drugs,
viral vectors or nanoparticles [102,209,210]. However, the risk of toxic
side effects may limit this strategy to highly aggressive and life-
threatening diseases.

Transient BBB opening could also be performed by using
ultrasound with or without contrast products, e.g. microbubbles
[211,212]. This alternative strategy may limit neuronal damage by
targeting a restricted brain area for BBB opening and drug delivery,
even if the molecular mechanisms of permeability changes remain
largely unknown [211-216]. Interestingly, this new approach was
recently proposed for thrombolysis after acute ischemic stroke [213]
and might be of interest for delivery of a plethora of substances such as
immunoglobulins, viral vectors, plasmid DNA, siRNA, mRNA or high
molecular weight drugs [217].

Besides, pharmacological approaches to increase BBB permeability
are based on our knowledge that vasoactive mediators affect
endothelial permeability by binding to apical membrane receptors
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and triggering intracellular signal transduction leading to changes in
junctional complexes [218]. Indeed, bradykinin being known to
increase the permeability of intra-tumoral blood microvessels, RMP-
7, a bradykinin analog, was tentatively used to increase drug delivery
to brain tumors; however a randomized, double-blind, placebo-
controlled, phase II clinical study in recurrent malignant glioma failed
to confirm previous preclinical data [219].

4.2. Modulate efflux transport activity at the BBB

It has been mentioned above that the BBB permeability properties
are not only dependent upon the presence of endothelial TJs, but also
upon the polarized expression of a number of ABC-transporters which
protect the brain by effluxing into the blood a wide variety of
hydrophobic, potentially neurotoxic compounds. These transporters
are also responsible for poor delivery and poor overall efficacy of a
number of active drugs, including anti-cancer and anti-viral drugs. It is
worth mentioning that the anti-viral drugs successfully used in anti-
HIV therapy (abacavir, zidovudine, efavirenz, tenofovir, emtricitabine)
are ABC-transporter substrates, which cannot efficiently get access to
virus-infected brain cells, leading to the concept of CNS as a viral
reservoir for HIV. As a consequence, blocking ABC-transporter activity
at the BBB was proposed as a strategy to increase cerebral delivery of
anti-HIV drugs [71,220,221]. Experimental evidence strongly supports
this hypothesis, by demonstrating that intracerebral concentrations of
several HIV protease inhibitors are largely increased in brains of P-gp
knock-out mice compared with wild-type animals, or after adminis-
tration of P-gp blockers in wild type mice [222,223].

4.3. Control receptor-mediated transport through the BBB

Multiple active transport systems are present at the BBB, which
control nutrient access to the CNS across the BBB [205]. Taking
advantage of these various receptor-mediated transport systems
expressed at the luminal side of brain ECs has long been a tempting
approach to deliver drugs to the brain compartment. The most studied
and best characterized receptors in this field are the transferrin and
insulin receptors [224,225] which are known to be internalized after
ligand binding and to mediate transcytosis of their ligand to the
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abluminal side of the BBB. Multiple proofs of principle for the
feasibility of such approaches have been provided by various
investigators for more than two decades, using drugs of interest
covalently linked to these ligands or to ligand-mimicking anti-
receptor antibodies, or incorporated in targeted liposomes or
nanoparticles [68,226-229]. However, it must be emphasized that,
to our knowledge, no successful clinical trials have been reported yet,
suggesting that the drug delivery efficacy attainable by this strategy
remains very low at the present time. More recently, similar strategies
have been proposed using the LRP-1/LRP-2 receptors or the diphteria
toxin receptor [230] and validation of these alternative approaches is
in progress. Conversely, it is worth mentioning that inhibition of
RAGE, which as mentioned above, mediate AR peptide influx into
the brain, is currently tested as a potential therapeutic strategy in
AD [231].

4.4. Cellular vectors

Based on our current knowledge of the mechanisms of leukocyte
migration across the BBB, several studies were recently focused on the
capacity of bone-marrow-derived cells or neural precursor cells
(NPCs) to migrate across brain ECs. It has been shown in rodents
that genetically engineered bone-marrow-derived cells were able to
cross the BBB, which might be of great interest for the cerebral
delivery of genes, enzymes, growth factors in neurological diseases
[232]. It must be stressed however that, although strategies of
allogenic bone marrow cell transplantation have been proposed in
MS, their efficiency is still debated [233,234].

Neural precursor cells, when injected intravenously in several
animal models of neurological diseases (MS, Parkinson's or neurode-
generative metabolic diseases), were recently documented to cross
the BBB and to significantly improve the outcome of the correspond-
ing disease [235-242]. Recent evidence suggests that these cells may
mimic leukocytes in interacting with brain microvascular ECs and
cross the BBB using an active mechanism [243]. Although technical or
ethical concerns have to be considered, it is then tempting to speculate
that systemic delivery of neural precursor cells might constitute a
clinical alternative in the future.

5. Conclusion

The BBB is present at the interface between the brain and the
periphery. It strictly controls the exchanges between both compart-
ments, by actively transporting nutrients to the brain and protecting
the CNS from various xenobiotics and pathogens. Its extremely low
permeability is due to inter-endothelial T]s and the activity of multiple
efflux transport systems. In addition, migration of circulating cells,
notably activated leukocytes, across the BBB is a finely regulated
dynamic process, responsible for the low-level but significant
immunological survey of the brain in physiological conditions.

BBB dysfunction, often referred to as “BBB opening”, has long been
known to constitute a key feature of the progression of several CNS
diseases, as a consequence of neuro-inflammation. A closer observa-
tion of these pathological situations, based on a better knowledge of
the biology of the BBB, led to the understanding that increased BBB
permeability, clinically detected by gadolinium diffusion in MRI
analysis, may or may not be accompanied by increased leukocyte
migration across the BBB, these two events being clearly distinct on a
molecular basis. In addition, experimental data strongly suggest that
impaired clearance of the amyloid AP peptide across the BBB might
largely contribute to the formation of AR brain deposits and AD
progression, thus suggesting a causative role of BBB dysfunction in a
neurodegenerative disease.

It is likely that the recent progresses in our current knowledge of
T] regulation, transport activity and leukocyte transmigration at the
BBB will pave the way to novel therapeutic strategies for CNS

diseases. Just like anti-VLA-4 antibody treatment has recently
appeared as a beneficial approach to limit leukocyte infiltration to
the brain in MS, the identification of various active transport systems
or other membrane proteins at the BBB may allow for the
development of new brain-targeted strategies to efficiently deliver
drug to the CNS. Finally, systemic delivery of hematopoietic stem cells
or neural precursor cells, based on the ability of these cells to cross
the BBB, might constitute in the future alternative approaches for
drug delivery to the brain in the context of aggressive neurodegen-
erative diseases.

Acknowledgements

The authors are grateful to Professor Jean-Jacques Hauw for helpful
discussions, to Pierre Bourdoncle (Cell Imaging Platform of the Cochin
Institute/IFR A Jost), Alain Schmitt and Jean-Marc Massé (Electron
microscopy Platform of the Cochin Institute/IFR A Jost) for their
expert contribution to the confocal and electron microscopy analysis.

References

[1] Y. Persidsky, S.H. Ramirez, ]. Haorah, G.D. Kanmogne, Blood-brain barrier:
structural components and function under physiologic and pathologic condi-
tions, J. Neuroimmune Pharmacol. 1 (2006) 223-236.

[2] H.Wolburg, A. Lippoldt, Tight junctions of the blood-brain barrier: development,
composition and regulation, Vascul. Pharmacol. 38 (2002) 323-337.

[3] KM. Dziegielewska, J. Ek, M.D. Habgood, N.R. Saunders, Development of the

choroid plexus, Microsc. Res. Tech. 52 (2001) 5-20.

N. Murakami, Y. Sakata, T. Watanabe, Central action sites of interleukin-1 beta for

inducing fever in rabbits, ]. Physiol. 428 (1990) 299-312.

MJ. McKinley, RM. McAllen, P. Davern, M.E. Giles, ]J. Penschow, N. Sunn, A.

Uschakov, BJ. Oldfield, The sensory circumventricular organs of the mammalian

brain, Adv. Anat. Embryol. Cell Biol. 172 (2003) III-XII 1-122, back cover.

[6] M.W. Brightman, Y. Kadota, Nonpermeable and permeable vessels of the brain,

NIDA Res. Monogr. 120 (1992) 87-107.

M.A. Petty, E.H. Lo, Junctional complexes of the blood-brain barrier: permeability

changes in neuroinflammation, Prog. Neurobiol. 68 (2002) 311-323.

N.J. Abbott, L. Ronnback, E. Hansson, Astrocyte-endothelial interactions at the

blood-brain barrier, Nat. Rev. Neurosci. 7 (2006) 41-53.

LS. Perlmutter, H.C. Chui, Microangiopathy, the vascular basement membrane

and Alzheimer's disease: a review, Brain Res. Bull. 24 (1990) 677-686.

[10] D.R. Abrahamson, Recent studies on the structure and pathology of basement
membranes, J. Pathol. 149 (1986) 257-278.

[11] T.M. Berzin, B.D. Zipser, M.S. Rafii, V. Kuo-Leblanc, G.D. Yancopoulos, D.J. Glass,
J.R. Fallon, E.G. Stopa, Agrin and microvascular damage in Alzheimer's disease,
Neurobiol. Aging 21 (2000) 349-355.

[12] V.W. Yong, Metalloproteinases: mediators of pathology and regeneration in the
CNS, Nat. Rev. Neurosci. 6 (2005) 931-944.

[13] R.C. Janzer, M.C. Raff, Astrocytes induce blood-brain barrier properties in
endothelial cells, Nature 325 (1987) 253-257.

[14] S. Hori, S. Ohtsuki, K. Hosoya, E. Nakashima, T. Terasaki, A pericyte-derived
angiopoietin-1 multimeric complex induces occludin gene expression in brain
capillary endothelial cells through Tie-2 activation in vitro, J. Neurochem. 89
(2004) 503-513.

[15] S.W. Lee, WJ. Kim, Y.K. Choi, H.S. Song, MJ. Son, LH. Gelman, Y,J. Kim, KW. Kim,
SSeCKS regulates angiogenesis and tight junction formation in blood-brain
barrier, Nat. Med. 9 (2003) 900-906.

[16] K. Wosik, R. Cayrol, A. Dodelet-Devillers, F. Berthelet, M. Bernard, R. Moumdjian,
A. Bouthillier, T.L. Reudelhuber, A. Prat, Angiotensin II controls occludin function
and is required for blood brain barrier maintenance: relevance to multiple
sclerosis, J. Neurosci. 27 (2007) 9032-9042.

[17] P.Lindahl, B.R. Johansson, P. Leveen, C. Betsholtz, Pericyte loss and microaneur-
ysm formation in PDGF-B-deficient mice, Science 277 (1997) 242-245.

[18] C.M. Peppiatt, C. Howarth, P. Mobbs, D. Attwell, Bidirectional control of CNS
capillary diameter by pericytes, Nature 443 (2006) 700-704.

[19] S. Nakagawa, M.A. Deli, S. Nakao, M. Honda, K. Hayashi, R. Nakaoke, Y. Kataoka,
M. Niwa, Pericytes from brain microvessels strengthen the barrier integrity in
primary cultures of rat brain endothelial cells, Cell. Mol. Neurobiol. 27 (2007)
687-694.

[20] R. Cecchelli, B. Dehouck, L. Descamps, L. Fenart, V.V. Buee-Scherrer, C. Duhem, S.
Lundquist, M. Rentfel, G. Torpier, M.P. Dehouck, In vitro model for evaluating
drug transport across the blood-brain barrier, Adv. Drug Deliv. Rev. 36 (1999)
165-178.

[21] P. Garberg, M. Ball, N. Borg, R. Cecchelli, L. Fenart, R.D. Hurst, T. Lindmark, A.
Mabondzo, J.E. Nilsson, TJ. Raub, D. Stanimirovic, T. Terasaki, J.O. Oberg, T.
Osterberg, In vitro models for the blood-brain barrier, Toxicol. In Vitro 19 (2005)
299-334.

[22] K.Biernacki, J.P. Antel, M. Blain, S. Narayanan, D.L. Arnold, A. Prat, Interferon beta
promotes nerve growth factor secretion early in the course of multiple sclerosis,
Arch. Neurol. 62 (2005) 563-568.

[4

[5

[7

8

[9



(23]

[24]

(25]

(26]

[27]

(28]

(29]

(30]

(31]

[32]

(33]

[34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

N. Weiss et al. / Biochimica et Biophysica Acta 1788 (2009) 842-857

C. Coisne, L. Dehouck, C. Faveeuw, Y. Delplace, F. Miller, C. Landry, C. Morissette, L.
Fenart, R. Cecchelli, P. Tremblay, B. Dehouck, Mouse syngenic in vitro blood-brain
barrier model: a new tool to examine inflammatory events in cerebral
endothelium, Lab. Invest. 85 (2005) 734-746.

J. Meyer, U. Mischeck, M. Veyhl, K. Henzel, HJ. Galla, Blood-brain barrier
characteristic enzymatic properties in cultured brain capillary endothelial cells,
Brain Res. 514 (1990) 305-309.

N. Perriere, S. Yousif, S. Cazaubon, N. Chaverot, F. Bourasset, S. Cisternino, X.
Decleves, S. Hori, T. Terasaki, M. Deli, ].M. Scherrmann, ]. Temsamani, F. Roux, P.O.
Couraud, A functional in vitro model of rat blood-brain barrier for molecular
analysis of efflux transporters, Brain Res. 1150 (2007) 1-13.

Y. Persidsky, M. Stins, D. Way, M.H. Witte, M. Weinand, K.S. Kim, P. Bock, H.E.
Gendelman, M. Fiala, A model for monocyte migration through the blood-brain
barrier during HIV-1 encephalitis, J. Immunol. 158 (1997) 3499-3510.

K.A. Stanness, J.F. Neumaier, TJ. Sexton, G.A. Grant, A. Emmi, D.O. Maris, D. Janigro,
A new model of the blood-brain barrier: co-culture of neuronal, endothelial and
glial cells under dynamic conditions, Neuroreport 10 (1999) 3725-3731.

A. Zozulya, C. Weidenfeller, HJ. Galla, Pericyte-endothelial cell interaction
increases MMP-9 secretion at the blood-brain barrier in vitro, Brain Res. 1189
(2008) 1-11.

M. Aschner, V.A. Fitsanakis, A.P. dos Santos, L. Olivi, ].P. Bressler, Blood-brain
barrier and cell-cell interactions: methods for establishing in vitro models of the
blood-brain barrier and transport measurements, Methods Mol. Biol. 341 (2006)
1-15.

F. Roux, O. Durieu-Trautmann, N. Chaverot, M. Claire, P. Mailly, ].M. Bourre, A.D.
Strosberg, P.O. Couraud, Regulation of gamma-glutamyl transpeptidase and
alkaline phosphatase activities in immortalized rat brain microvessel endothelial
cells, J. Cell. Physiol. 159 (1994) 101-113.

F. Roux, P.O. Couraud, Rat brain endothelial cell lines for the study of blood-brain
barrier permeability and transport functions, Cell. Mol. Neurobiol. 25 (2005)
41-58.

LE. Blasig, H. Giese, M.L. Schroeter, A. Sporbert, D.I. Utepbergenov, I.B.
Buchwalow, K. Neubert, G. Schonfelder, D. Freyer, I. Schimke, W.E. Siems, M.
Paul, R.F. Haseloff, R. Blasig, *NO and oxyradical metabolism in new cell lines of
rat brain capillary endothelial cells forming the blood-brain barrier, Microvasc.
Res. 62 (2001) 114-127.

0. Durieu-Trautmann, N. Foignant-Chaverot, ]J. Perdomo, P. Gounon, A.D.
Strosberg, P.0. Couraud, Immortalization of brain capillary endothelial cells
with maintenance of structural characteristics of the blood-brain barrier
endothelium, In Vitro Cell. Dev. Biol. 27A (1991) 771-778.

M. Laschinger, B. Engelhardt, Interaction of alpha4-integrin with VCAM-1 is
involved in adhesion of encephalitogenic T cell blasts to brain endothelium but
not in their transendothelial migration in vitro, J. Neuroimmunol. 102 (2000)
32-43.

M. Teifel, P. Friedl, Establishment of the permanent microvascular endothelial
cell line PBMEC/C1-2 from porcine brains, Exp. Cell Res. 228 (1996) 50-57.
PV. Afonso, S. Ozden, M.C. Prevost, C. Schmitt, D. Seilhean, B. Weksler, P.O.
Couraud, A. Gessain, .A. Romero, P.E. Ceccaldi, Human blood-brain barrier
disruption by retroviral-infected lymphocytes: role of myosin light chain kinase
in endothelial tight-junction disorganization, ]. Immunol. 179 (2007) 2576-2583.
G. Schreibelt, G. Kooij, A. Reijerkerk, R. van Doorn, S.I. Gringhuis, S. van der Pol,
B.B. Weksler, L.A. Romero, P.O. Couraud, ]. Piontek, LE. Blasig, C.D. Dijkstra, E.
Ronken, H.E. de Vries, Reactive oxygen species alter brain endothelial tight
junction dynamics via RhoA, PI3 kinase, and PKB signaling, FASEB ]. 21 (2007)
3666-3676.

B.B. Weksler, E.A. Subileau, N. Perriere, P. Charneau, K. Holloway, M. Leveque, H.
Tricoire-Leignel, A. Nicotra, S. Bourdoulous, P. Turowski, D.K. Male, F. Roux, ].
Greenwood, L.A. Romero, P.0. Couraud, Blood-brain barrier-specific properties of
a human adult brain endothelial cell line, FASEB J. 19 (2005) 1872-1874.

S. Santaguida, D. Janigro, M. Hossain, E. Oby, E. Rapp, L. Cucullo, Side by side
comparison between dynamic versus static models of blood-brain barrier in
vitro: a permeability study, Brain Res. 1109 (2006) 1-13.

L. Cucullo, P.O. Couraud, B. Weksler, .A. Romero, M. Hossain, E. Rapp, D. Janigro,
Immortalized human brain endothelial cells and flow-based vascular modeling:
amarriage of convenience for rational neurovascular studies, . Cereb. Blood Flow
Metab. 28 (2008) 312-328.

B.T. Hawkins, T.P. Davis, The blood-brain barrier/neurovascular unit in health
and disease, Pharmacol. Rev. 57 (2005) 173-185.

E. Assemat, E. Bazellieres, E. Pallesi-Pocachard, A. Le Bivic, D. Massey-Harroche,
Polarity complex proteins, Biochim. Biophys. Acta 1778 (2008) 614-630.

L. Guillemot, S. Paschoud, P. Pulimeno, A. Foglia, S. Citi, The cytoplasmic plaque of
tight junctions: a scaffolding and signalling center, Biochim. Biophys. Acta 1778
(2008) 601-613.

H. Wolburg, K. Wolburg-Buchholz, S. Liebner, B. Engelhardt, Claudin-1, claudin-2
and claudin-11 are present in tight junctions of choroid plexus epithelium of the
mouse, Neurosci. Lett. 307 (2001) 77-80.

S. Liebner, A. Fischmann, G. Rascher, F. Duffner, E.H. Grote, H. Kalbacher, H.
Wolburg, Claudin-1 and claudin-5 expression and tight junction morphology are
altered in blood vessels of human glioblastoma multiforme, Acta Neuropathol.
100 (2000) 323-331.

K. Morita, H. Sasaki, M. Furuse, S. Tsukita, Endothelial claudin: claudin-5/TMVCF
constitutes tight junction strands in endothelial cells, J. Cell Biol. 147 (1999)
185-194.

T. Nitta, M. Hata, S. Gotoh, Y. Seo, H. Sasaki, N. Hashimoto, M. Furuse, S. Tsukita,
Size-selective loosening of the blood-brain barrier in claudin-5-deficient mice,
J. Cell Biol. 161 (2003) 653-660.

(48]

[49]

[50]
[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

(66]
[67]
(68]
[69]
[70]
[71]

[72]

(73]

[74]

[75]

[76]

[77]

853

M. Furuse, K. Fujita, T. Hiiragi, K. Fujimoto, S. Tsukita, Claudin-1 and -2: novel
integral membrane proteins localizing at tight junctions with no sequence
similarity to occludin, J. Cell Biol. 141 (1998) 1539-1550.

M.S. Balda, ].A. Whitney, C. Flores, S. Gonzalez, M. Cereijido, K. Matter, Functional
dissociation of paracellular permeability and transepithelial electrical resistance
and disruption of the apical-basolateral intramembrane diffusion barrier by
expression of a mutant tight junction membrane protein, J. Cell Biol. 134 (1996)
1031-1049.

S. Tsukita, M. Furuse, Occludin and claudins in tight-junction strands: leading or
supporting players? Trends Cell Biol. 9 (1999) 268-273.

S. Tsukita, M. Furuse, M. Itoh, Multifunctional strands in tight junctions, Nat. Rev.
Mol. Cell Biol. 2 (2001) 285-293.

A.S. Wong, B.M. Gumbiner, Adhesion-independent mechanism for suppression
of tumor cell invasion by E-cadherin, ]. Cell Biol. 161 (2003) 1191-1203.

H. Levanony, R. Rubin, Y. Altschuler, G. Galili, Evidence for a novel route of wheat
storage proteins to vacuoles, J. Cell Biol. 119 (1992) 1117-1128.

A. Sakakibara, M. Furuse, M. Saitou, Y. Ando-Akatsuka, S. Tsukita, Possible
involvement of phosphorylation of occludin in tight junction formation, J. Cell
Biol. 137 (1997) 1393-1401.

L.L. Rubin, Endothelial cells: adhesion and tight junctions, Curr. Opin. Cell Biol. 4
(1992) 830-833.

M. Yamamoto, S.H. Ramirez, S. Sato, T. Kiyota, R.L. Cerny, K. Kaibuchi, Y. Persidsky,
T. Ikezu, Phosphorylation of claudin-5 and occludin by rho kinase in brain
endothelial cells, Am. ]. Pathol. 172 (2008) 521-533.

D.A. Antonetti, AJ. Barber, LA. Hollinger, E.B. Wolpert, TW. Gardner, Vascular
endothelial growth factor induces rapid phosphorylation of tight junction proteins
occludin and zonula occluden 1. A potential mechanism for vascular permeability in
diabetic retinopathy and tumors, J. Biol. Chem. 274 (1999) 23463-23467.

W. Wang, W.L. Dentler, RT. Borchardt, VEGF increases BMEC monolayer
permeability by affecting occludin expression and tight junction assembly, Am.
J. Physiol. Heart Circ. Physiol. 280 (2001) H434-440.

T. Hirase, S. Kawashima, E.Y. Wong, T. Ueyama, Y. Rikitake, S. Tsukita, M.
Yokoyama, J.M. Staddon, Regulation of tight junction permeability and occludin
phosphorylation by Rhoa-p160ROCK-dependent and -independent mechanisms,
J. Biol. Chem. 276 (2001) 10423-10431.

P. Adamson, S. Etienne, P.O. Couraud, V. Calder, ]J. Greenwood, Lymphocyte
migration through brain endothelial cell monolayers involves signaling through
endothelial ICAM-1 via a rho-dependent pathway, J. Immunol. 162 (1999)
2964-2973.

TS. Jou, E.E. Schneeberger, W,J. Nelson, Structural and functional regulation of
tight junctions by RhoA and Rac1 small GTPases, ]. Cell Biol. 142 (1998) 101-115.
A. Taddei, C. Giampietro, A. Conti, F. Orsenigo, F. Breviario, V. Pirazzoli, M.
Potente, C. Daly, S. Dimmeler, E. Dejana, Endothelial adherens junctions control
tight junctions by VE-cadherin-mediated upregulation of claudin-5, Nat. Cell
Biol. 10 (2008) 923-934.

E.C. de Lange, Potential role of ABC transporters as a detoxification system at the
blood-CSF barrier, Adv. Drug Deliv. Rev. 56 (2004) 1793-1809.

M.H. Abraham, H.S. Chadha, R.C. Mitchell, Hydrogen bonding. 33. Factors that
influence the distribution of solutes between blood and brain, J. Pharm. Sci. 83
(1994) 1257-1268.

C.A. Lipinski, F. Lombardo, B.W. Dominy, PJ. Feeney, Experimental and
computational approaches to estimate solubility and permeability in drug
discovery and development settings, Adv. Drug Deliv. Rev. 46 (2001) 3-26.

DJ. Begley, ABC transporters and the blood-brain barrier, Curr. Pharm. Des. 10
(2004) 1295-1312.

A. Tsuji, Small molecular drug transfer across the blood-brain barrier via carrier-
mediated transport systems, NeuroRx 2 (2005) 54-62.

U. Bickel, T. Yoshikawa, W.M. Pardridge, Delivery of peptides and proteins
through the blood-brain barrier, Adv. Drug Deliv. Rev. 46 (2001) 247-279.
W.M. Pardridge, . Eisenberg, ]. Yang, Human blood-brain barrier insulin receptor,
J. Neurochem. 44 (1985) 1771-1778.

Y. Zhang, W.M. Pardridge, Rapid transferrin efflux from brain to blood across the
blood-brain barrier, J. Neurochem. 76 (2001) 1597-1600.

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

X. Decleves, A. Amiel, J.Y. Delattre, ].M. Scherrmann, Role of ABC transporters in
the chemoresistance of human gliomas, Curr. Cancer Drug Targets 6 (2006)
433-445,

A.H. Schinkel, U. Mayer, E. Wagenaar, C.A. Mol, L. van Deemter, J.J. Smit, M.A. van
der Valk, A.C. Voordouw, H. Spits, O. van Tellingen, J.M. Zijlmans, W.E. Fibbe, P.
Borst, Normal viability and altered pharmacokinetics in mice lacking mdr1-type
(drug-transporting) P-glycoproteins, Proc. Natl. Acad. Sci. U. S. A. 94 (1997)
4028-4033.

W.E. Hickey, B.L. Hsu, H. Kimura, T-lymphocyte entry into the central nervous
system, ]. Neurosci. Res. 28 (1991) 254-260.

J. Greenwood, C.L. Amos, C.E. Walters, P.O. Couraud, R. Lyck, B. Engelhardt, P.
Adamson, Intracellular domain of brain endothelial intercellular adhesion
molecule-1 is essential for T lymphocyte-mediated signaling and migration,
J. Immunol. 171 (2003) 2099-2108.

N. Oppenheimer-Marks, L.S. Davis, D.T. Bogue, J. Ramberg, P.E. Lipsky, Differential
utilization of ICAM-1 and VCAM-1 during the adhesion and transendothelial
migration of human T lymphocytes, J. Immunol. 147 (1991) 2913-2921.

S. Brocke, C. Piercy, L. Steinman, L.L. Weissman, T. Veromaa, Antibodies to CD44
and integrin alpha4, but not L-selectin, prevent central nervous system
inflammation and experimental encephalomyelitis by blocking secondary
leukocyte recruitment, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 6896-6901.



854

(78]

[79]

(80]

(81]
(82]

(83]

(84]

(85]

(86]
(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

N. Weiss et al. / Biochimica et Biophysica Acta 1788 (2009) 842-857

C.R. Xu, H. Yusuf-Makagiansar, Y. Hu, S.D. Jois, T.J. Siahaan, Structural and ICAM-
1-docking properties of a cyclic peptide from the I-domain of LFA-1: an inhibitor
of ICAM-1/LFA-1-mediated T-cell adhesion, J. Biomol. Struct. Dyn. 19 (2002)
789-799.

C.V. Carman, C.D. Jun, A. Salas, T.A. Springer, Endothelial cells proactively form
microvilli-like membrane projections upon intercellular adhesion molecule 1
engagement of leukocyte LFA-1, J. Immunol. 171 (2003) 6135-6144.

G. Ostermann, K.S. Weber, A. Zernecke, A. Schroder, C. Weber, JAM-1 is a ligand of
the beta(2) integrin LFA-1 involved in transendothelial migration of leukocytes,
Nat. Immunol. 3 (2002) 151-158.

C. Weber, L. Fraemohs, E. Dejana, The role of junctional adhesion molecules in
vascular inflammation, Nat. Rev. Immunol. 7 (2007) 467-477.

T. Chavakis, K.T. Preissner, S. Santoso, Leukocyte trans-endothelial migration:
JAMs add new pieces to the puzzle, Thromb. Haemost. 89 (2003) 13-17.

I. Martin-Padura, S. Lostaglio, M. Schneemann, L. Williams, M. Romano, P.
Fruscella, C. Panzeri, A. Stoppacciaro, L. Ruco, A. Villa, D. Simmons, E. Dejana,
Junctional adhesion molecule, a novel member of the immunoglobulin super-
family that distributes at intercellular junctions and modulates monocyte
transmigration, J. Cell Biol. 142 (1998) 117-127.

P. Viegas, N. Chaverot, H. Enslen, N. Perriere, P.O. Couraud, S. Cazaubon,
Junctional expression of the prion protein PrPC by brain endothelial cells: a
role in trans-endothelial migration of human monocytes, J. Cell. Sci. 119 (2006)
4634-4643.

C.V. Carman, PT. Sage, T.E. Sciuto, M.A. de la Fuente, R.S. Geha, H.D. Ochs, H.F.
Dvorak, AM. Dvorak, T.A. Springer, Transcellular diapedesis is initiated by
invasive podosomes, Immunity 26 (2007) 784-797.

C\V. Carman, T.A. Springer, Trans-cellular migration: cell-cell contacts get
intimate, Curr. Opin. Cell Biol. 20 (2008) 533-540.

E. Dejana, The transcellular railway: insights into leukocyte diapedesis, Nat. Cell
Biol. 8 (2006) 105-107.

B. Engelhardt, H. Wolburg, Mini-review: Transendothelial migration of leuko-
cytes: through the front door or around the side of the house? Eur. J. Immunol. 34
(2004) 2955-2963.

J. Millan, L. Hewlett, M. Glyn, D. Toomre, P. Clark, AJ. Ridley, Lymphocyte
transcellular migration occurs through recruitment of endothelial ICAM-1 to
caveola- and F-actin-rich domains, Nat. Cell Biol. 8 (2006) 113-123.

H. Wolburg, K. Wolburg-Buchholz, B. Engelhardt, Diapedesis of mononuclear
cells across cerebral venules during experimental autoimmune encephalomye-
litis leaves tight junctions intact, Acta Neuropathol. 109 (2005) 181-190.

B. Engelhardt, R.M. Ransohoff, The ins and outs of T-lymphocyte trafficking to the
CNS: anatomical sites and molecular mechanisms, Trends Immunol. 26 (2005)
485-495.

D.H. Miller, O.A. Khan, W.A. Sheremata, L.D. Blumhardt, G.P. Rice, M.A. Libonati,
AJ. Willmer-Hulme, C.M. Dalton, K.A. Miszkiel, PW. O'Connor, A controlled trial of
natalizumab for relapsing multiple sclerosis, N. Engl. ]. Med. 348 (2003) 15-23.
C.H. Polman, PW. O'Connor, E. Havrdova, M. Hutchinson, L. Kappos, D.H. Miller,
J.T. Phillips, ED. Lublin, G. Giovannoni, A. Wajgt, M. Toal, F. Lynn, M.A. Panzara,
AW. Sandrock, A randomized, placebo-controlled trial of natalizumab for
relapsing multiple sclerosis, N. Engl. ]. Med. 354 (2006) 899-910.

JH. Noseworthy, C. Lucchinetti, M. Rodriguez, B.G. Weinshenker, Multiple
sclerosis, N. Engl. J. Med. 343 (2000) 938-952.

E.M. Frohman, M.K. Racke, C.S. Raine, Multiple sclerosis—the plaque and its
pathogenesis, N. Engl. J. Med. 354 (2006) 942-955.

B. Engelhardt, D. Vestweber, R. Hallmann, M. Schulz, E- and P-selectin are not
involved in the recruitment of inflammatory cells across the blood-brain barrier
in experimental autoimmune encephalomyelitis, Blood 90 (1997) 4459-4472.
H. Lassmann, B. Schwerer, K. Kitz, M. Egghart, H. Bernheimer, Pathogenetic
aspects of demyelinating lesions in chronic relapsing experimental allergic
encephalomyelitis: possible interaction of cellular and humoral immune
mechanisms, Prog. Brain Res. 59 (1983) 305-315.

MJJ. Fabis, G.S. Scott, R.B. Kean, H. Koprowski, D.C. Hooper, Loss of blood-brain
barrier integrity in the spinal cord is common to experimental allergic
encephalomyelitis in knockout mouse models, Proc. Natl. Acad. Sci. U. S. A.
104 (2007) 5656-5661.

R.B. Kean, S.V. Spitsin, T. Mikheeva, G.S. Scott, D.C. Hooper, The peroxynitrite
scavenger uric acid prevents inflammatory cell invasion into the central nervous
system in experimental allergic encephalomyelitis through maintenance of
blood-central nervous system barrier integrity, J. Immunol. 165 (2000)
6511-6518.

L. Morgan, B. Shah, LE. Rivers, L. Barden, AJ. Groom, R. Chung, D. Higazi, H.
Desmond, T. Smith, J.M. Staddon, Inflammation and dephosphorylation of the
tight junction protein occludin in an experimental model of multiple sclerosis,
Neuroscience 147 (2007) 664-673.

J. Kirk, J. Plumb, M. Mirakhur, S. McQuaid, Tight junctional abnormality in
multiple sclerosis white matter affects all calibres of vessel and is associated with
blood-brain barrier leakage and active demyelination, J. Pathol. 201 (2003)
319-327.

A. Minagar, D. Ostanin, A.C. Long, M. Jennings, RE. Kelley, M. Sasaki, ].S.
Alexander, Serum from patients with multiple sclerosis downregulates occludin
and VE-cadherin expression in cultured endothelial cells, Mult. Scler. 9 (2003)
235-238.

E. Waubant, Biomarkers indicative of blood-brain barrier disruption in multiple
sclerosis, Dis. Markers 22 (2006) 235-244.

S. Chandler, KM. Miller, J.M. Clements, J. Lury, D. Corkill, D.C. Anthony, S.E.
Adams, AJ. Gearing, Matrix metalloproteinases, tumor necrosis factor and
multiple sclerosis: an overview, J. Neuroimmunol. 72 (1997) 155-161.

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]
[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

G. Opdenakker, I. Nelissen, J. Van Damme, Functional roles and therapeutic
targeting of gelatinase B and chemokines in multiple sclerosis, Lancet Neurol. 2
(2003) 747-756.

M.A. Lee, ]. Palace, G. Stabler, J. Ford, A. Gearing, K. Miller, Serum gelatinase B,
TIMP-1 and TIMP-2 levels in multiple sclerosis. A longitudinal clinical and MRI
study, Brain 122 (Pt. 2) (1999) 191-197.

L. Bo, J.W. Peterson, S. Mork, P.A. Hoffman, W.M. Gallatin, R.M. Ransohoff, B.D.
Trapp, Distribution of immunoglobulin superfamily members ICAM-1, -2, -3, and
the beta 2 integrin LFA-1 in multiple sclerosis lesions, J. Neuropathol. Exp.
Neurol. 55 (1996) 1060-1072.

P. Dore-Duffy, R. Washington, L. Dragovic, Expression of endothelial cell
activation antigens in microvessels from patients with multiple sclerosis, Adv.
Exp. Med. Biol. 331 (1993) 243-248.

R.A. Sobel, M.E. Mitchell, G. Fondren, Intercellular adhesion molecule-1 (ICAM-1)
in cellular immune reactions in the human central nervous system, Am. J. Pathol.
136 (1990) 1309-1316.

M. Trojano, G. Defazio, C. Avolio, D. Paolicelli, F. Giuliani, M. Giorelli, P. Livrea,
Effects of rIFN-beta-1b on serum circulating ICAM-1 in relapsing remitting
multiple sclerosis and on the membrane-bound ICAM-1 expression on brain
microvascular endothelial cells, J. Neurovirol. 6 (Suppl. 2) (2000) S47-51.

J. Loy, Y. Gasche, L. Zheng, C. Giroud, P. Morel, J. Clements, A. Ythier, G.E. Grau,
Interferon-beta inhibits activated leukocyte migration through human brain
microvascular endothelial cell monolayer, Lab. Invest. 79 (1999) 1015-1025.
C.E. Markowitz, Interferon-beta: mechanism of action and dosing issues,
Neurology 68 (2007) S8-11.

T.A. Yednock, C. Cannon, L.C. Fritz, F. Sanchez-Madrid, L. Steinman, N. Karin,
Prevention of experimental autoimmune encephalomyelitis by antibodies
against alpha 4 beta 1 integrin, Nature 356 (1992) 63-66.

R. Cayrol, K. Wosik, J.L. Berard, A. Dodelet-Devillers, 1. Ifergan, H. Kebir, A.S.
Haqqani, K. Kreymborg, S. Krug, R. Moumdjian, A. Bouthillier, B. Becher, N.
Arbour, S. David, D. Stanimirovic, A. Prat, Activated leukocyte cell adhesion
molecule promotes leukocyte trafficking into the central nervous system, Nat.
Immunol. 9 (2008) 137-145.

E. Bettelli, Y. Carrier, W. Gao, T. Korn, T.B. Strom, M. Oukka, H.L. Weiner, V.K.
Kuchroo, Reciprocal developmental pathways for the generation of pathogenic
effector TH17 and regulatory T cells, Nature 441 (2006) 235-238.

H. Kebir, K. Kreymborg, 1. Ifergan, A. Dodelet-Devillers, R. Cayrol, M. Bernard, F.
Giuliani, N. Arbour, B. Becher, A. Prat, Human TH17 lymphocytes promote blood-
brain barrier disruption and central nervous system inflammation, Nat. Med. 13
(2007) 1173-1175.

S.D. Miller, EJ. McMahon, B. Schreiner, S.L. Bailey, Antigen presentation in the
CNS by myeloid dendritic cells drives progression of relapsing experimental
autoimmune encephalomyelitis, Ann. N. Y. Acad. Sci. 1103 (2007) 179-191.

I. Ifergan, H. Kebir, M. Bernard, K. Wosik, A. Dodelet-Devillers, R. Cayrol, N.
Arbour, A. Prat, The blood-brain barrier induces differentiation of migrating
monocytes into Th17-polarizing dendritic cells, Brain 131 (2008) 785-799.

K.G. Petry, C. Boiziau, V. Dousset, B. Brochet, Magnetic resonance imaging of
human brain macrophage infiltration, Neurotherapeutics 4 (2007) 434-442.

S. Floris, EL. Blezer, G. Schreibelt, E. Dopp, S.M. van der Pol, LL. Schadee-
Eestermans, K. Nicolay, C.D. Dijkstra, H.E. de Vries, Blood-brain barrier
permeability and monocyte infiltration in experimental allergic encephalomye-
litis: a quantitative MRI study, Brain 127 (2004) 616-627.

U. Dirnagl, C. ladecola, M.A. Moskowitz, Pathobiology of ischaemic stroke: an
integrated view, Trends Neurosci. 22 (1999) 391-397.

H.B. van der Worp, J. van Gijn, Clinical practice. Acute ischemic stroke, N. Engl.
J. Med. 357 (2007) 572-579.

K. Benchenane, J.P. Lopez-Atalaya, M. Fernandez-Monreal, O. Touzani, D. Vivien,
Equivocal roles of tissue-type plasminogen activator in stroke-induced injury,
Trends Neurosci. 27 (2004) 155-160.

J. Aronowski, R. Strong, ].C. Grotta, Reperfusion injury: demonstration of brain
damage produced by reperfusion after transient focal ischemia in rats, J. Cereb.
Blood Flow Metab. 17 (1997) 1048-1056.

L. Belayev, R. Busto, W. Zhao, M.D. Ginsberg, Quantitative evaluation of blood-
brain barrier permeability following middle cerebral artery occlusion in rats,
Brain Res. 739 (1996) 88-96.

T. Kuroiwa, P. Ting, H. Martinez, 1. Klatzo, The biphasic opening of the blood-brain
barrier to proteins following temporary middle cerebral artery occlusion, Acta
Neuropathol. 68 (1985) 122-129.

M. Asahi, X. Wang, T. Mori, T. Sumii, J.C. Jung, M.A. Moskowitz, M.E. Fini, E.H. Lo,
Effects of matrix metalloproteinase-9 gene knock-out on the proteolysis of
blood-brain barrier and white matter components after cerebral ischemia,
J. Neurosci. 21 (2001) 7724-7732.

G.F. Hamann, Y. Okada, R. Fitridge, GJ. del Zoppo, Microvascular basal lamina
antigens disappear during cerebral ischemia and reperfusion, Stroke 26 (1995)
2120-2126.

G.A. Rosenberg, E.Y. Estrada, J.E. Dencoff, Matrix metalloproteinases and TIMPs
are associated with blood-brain barrier opening after reperfusion in rat brain,
Stroke 29 (1998) 2189-2195.

J. Montaner, ]. Alvarez-Sabin, C.A. Molina, A. Angles, S. Abilleira, J. Arenillas, J.
Monasterio, Matrix metalloproteinase expression is related to hemorrhagic
transformation after cardioembolic stroke, Stroke 32 (2001) 2762-2767.

K. Benchenane, V. Berezowski, C. Ali, M. Fernandez-Monreal, ].P. Lopez-Atalaya, J.
Brillault, J. Chuquet, A. Nouvelot, E.T. MacKenzie, G. Bu, R. Cecchelli, O. Touzani, D.
Vivien, Tissue-type plasminogen activator crosses the intact blood-brain barrier
by low-density lipoprotein receptor-related protein-mediated transcytosis,
Circulation 111 (2005) 2241-2249.



[132]

[133]
[134]
[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

N. Weiss et al. / Biochimica et Biophysica Acta 1788 (2009) 842-857

J.P. Lopez-Atalaya, B.D. Roussel, C. Ali, E. Maubert, K.U. Petersen, V. Berezowski, R.
Cecchelli, C. Orset, D. Vivien, Recombinant Desmodus rotundus salivary
plasminogen activator crosses the blood-brain barrier through a low-density
lipoprotein receptor-related protein-dependent mechanism without exerting
neurotoxic effects, Stroke 38 (2007) 1036-1043.

G.J. del Zoppo, T. Mabuchi, Cerebral microvessel responses to focal ischemia,
J. Cereb. Blood Flow Metab. 23 (2003) 879-894.

S. Kuroda, B.K. Siesjo, Reperfusion damage following focal ischemia: pathophy-
siology and therapeutic windows, Clin. Neurosci. 4 (1997) 199-212.

A.M. Planas, R. Gorina, A. Chamorro, Signalling pathways mediating inflamma-
tory responses in brain ischaemia, Biochem. Soc. Trans. 34 (2006) 1267-1270.
PJ. Lindsberg, O. Carpen, A. Paetau, M.L. Karjalainen-Lindsberg, M. Kaste,
Endothelial ICAM-1 expression associated with inflammatory cell response in
human ischemic stroke, Circulation 94 (1996) 939-945.

R.L. Zhang, M. Chopp, C. Zaloga, Z.G. Zhang, N. Jiang, S.C. Gautam, W.X. Tang, W.
Tsang, D.C. Anderson, A.M. Manning, The temporal profiles of ICAM-1 protein
and mRNA expression after transient MCA occlusion in the rat, Brain Res. 682
(1995) 182-188.

R.L. Zhang, M. Chopp, Y. Li, C. Zaloga, N. Jiang, M.L. Jones, M. Miyasaka, P.A. Ward,
Anti-ICAM-1 antibody reduces ischemic cell damage after transient middle
cerebral artery occlusion in the rat, Neurology 44 (1994) 1747-1751.

S.G. Soriano, S.A. Lipton, Y.F. Wang, M. Xiao, TA. Springer, ].C. Gutierrez-
Ramos, P.R. Hickey, Intercellular adhesion molecule-1-deficient mice are less
susceptible to cerebral ischemia-reperfusion injury, Ann. Neurol. 39 (1996)
618-624.

Use of anti-ICAM-1 therapy in ischemic stroke: results of the Enlimomab Acute
Stroke Trial, Neurology 57 (2001) 1428-1434.

K. Furuya, H. Takeda, S. Azhar, RM. McCarron, Y. Chen, C.A. Ruetzler, KM.
Wolcott, TJ. DeGraba, R. Rothlein, T.E. Hugli, G.J. del Zoppo, ].M. Hallenbeck,
Examination of several potential mechanisms for the negative outcome in a
clinical stroke trial of enlimomab, a murine anti-human intercellular adhesion
molecule-1 antibody: a bedside-to-bench study, Stroke 32 (2001) 2665-2674.
T. Visted, P.0. Enger, M. Lund-Johansen, R. Bjerkvig, Mechanisms of tumor cell
invasion and angiogenesis in the central nervous system, Front. Biosci. 8 (2003)
€289-304.

RJ. Gilbertson, J.N. Rich, Making a tumour's bed: glioblastoma stem cells and the
vascular niche, Nat. Rev. Cancer 7 (2007) 733-736.

C. Folkins, S. Man, P. Xu, Y. Shaked, D.J. Hicklin, R.S. Kerbel, Anticancer therapies
combining antiangiogenic and tumor cell cytotoxic effects reduce the tumor
stem-like cell fraction in glioma xenograft tumors, Cancer Res. 67 (2007)
3560-3564.

H. Wolburg, K. Wolburg-Buchholz, J. Kraus, G. Rascher-Eggstein, S. Liebner, S.
Hamm, F. Duffner, E.H. Grote, W. Risau, B. Engelhardt, Localization of claudin-3 in
tight junctions of the blood-brain barrier is selectively lost during experimental
autoimmune encephalomyelitis and human glioblastoma multiforme, Acta
Neuropathol. 105 (2003) 586-592.

M.C. Papadopoulos, S. Saadoun, CJ. Woodrow, D.C. Davies, P. Costa-Martins, R.F.
Moss, S. Krishna, B.A. Bell, Occludin expression in microvessels of neoplastic and
non-neoplastic human brain, Neuropathol. Appl. Neurobiol. 27 (2001) 384-395.
RK. Jain, E. di Tomaso, D.G. Duda, ].S. Loeffler, A.G. Sorensen, T.T. Batchelor,
Angiogenesis in brain tumours, Nat. Rev. Neurosci. 8 (2007) 610-622.

K.H. Plate, G. Breier, H.A. Weich, W. Risau, Vascular endothelial growth factor is a
potential tumour angiogenesis factor in human gliomas in vivo, Nature 359
(1992) 845-848.

J. Gavard, J.S. Gutkind, VEGF controls endothelial-cell permeability by promoting
the beta-arrestin-dependent endocytosis of VE-cadherin, Nat. Cell Biol. 8 (2006)
1223-1234.

T.H. Lee, HK. Avraham, S. Jiang, S. Avraham, Vascular endothelial growth factor
modulates the transendothelial migration of MDA-MB-231 breast cancer cells
through regulation of brain microvascular endothelial cell permeability, ]. Biol.
Chem. 278 (2003) 5277-5284.

D. Marchetti, Y. Denkins, J. Reiland, A. Greiter-Wilke, J. Galjour, B. Murry, ]. Blust,
M. Roy, Brain-metastatic melanoma: a neurotrophic perspective, Pathol. Oncol.
Res. 9 (2003) 147-158.

B.C. Lee, TH. Lee, S. Avraham, H.K. Avraham, Involvement of the chemokine
receptor CXCR4 and its ligand stromal cell-derived factor 1alpha in breast cancer
cell migration through human brain microvascular endothelial cells, Mol. Cancer
Res. 2 (2004) 327-338.

A. Sehgal, C. Keener, A.L. Boynton, J. Warrick, G.P. Murphy, CXCR-4, a chemokine
receptor, is overexpressed in and required for proliferation of glioblastoma
tumor cells, J. Surg. Oncol. 69 (1998) 99-104.

C.V. Carman, T.A. Springer, A transmigratory cup in leukocyte diapedesis both
through individual vascular endothelial cells and between them, ]. Cell Biol. 167
(2004) 377-388.

B. Li, W.D. Zhao, Z.M. Tan, W.G. Fang, L. Zhu, Y.H. Chen, Involvement of Rho/ROCK
signalling in small cell lung cancer migration through human brain micro-
vascular endothelial cells, FEBS Lett. 580 (2006) 4252-4260.

F. Lazarini, T.N. Tham, P. Casanova, F. Arenzana-Seisdedos, M. Dubois-Dalcq, Role
of the alpha-chemokine stromal cell-derived factor (SDF-1) in the developing
and mature central nervous system, Glia 42 (2003) 139-148.

K. Stuertz, I. Merx, H. Eiffert, E. Schmutzhard, M. Mader, R. Nau, Enzyme
immunoassay detecting teichoic and lipoteichoic acids versus cerebrospinal fluid
culture and latex agglutination for diagnosis of Streptococcus pneumoniae
meningitis, J. Clin. Microbiol. 36 (1998) 2346-2348.

T. Ichiyama, T. Hayashi, M. Nishikawa, S. Furukawa, Levels of transforming
growth factor beta 1, tumor necrosis factor alpha, and interleukin 6 in

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]
[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]
[184]

[185]

855

cerebrospinal fluid: association with clinical outcome for children with bacterial
meningitis, Clin. Infect. Dis. 25 (1997) 328-329.

M.M. Mustafa, M.-H. Lebel, O. Ramilo, K.D. Olsen, ].S. Reisch, B. Beutler, G.H.
McCracken Jr., Correlation of interleukin-1 beta and cachectin concentrations in
cerebrospinal fluid and outcome from bacterial meningitis, J. Pediatr. 115 (1989)
208-213.

D. Leppert, S.L. Leib, C. Grygar, K.M. Miller, U.B. Schaad, G.A. Hollander, Matrix
metalloproteinase (MMP)-8 and MMP-9 in cerebrospinal fluid during bacterial
meningitis: association with blood-brain barrier damage and neurological
sequelae, Clin. Infect. Dis. 31 (2000) 80-84.

R. Paul, S. Lorenzl, U. Koedel, B. Sporer, U. Vogel, M. Frosch, H.-W. Pfister, Matrix
metalloproteinases contribute to the blood-brain barrier disruption during
bacterial meningitis, Ann. Neurol. 44 (1998) 592-600.

S.L. Leib, D. Leppert, J. Clements, M.G. Tauber, Matrix metalloproteinases
contribute to brain damage in experimental pneumococcal meningitis, Infect.
Immun. 68 (2000) 615-620.

G. Zysk, BK. Schneider-Wald, J.H. Hwang, L. Bejo, K.S. Kim, TJ. Mitchell, R.
Hakenbeck, H.P. Heinz, Pneumolysin is the main inducer of cytotoxicity to brain
microvascular endothelial cells caused by Streptococcus pneumoniae, Infect.
Immun. 69 (2001) 845-852.

D.D. Bannerman, S.E. Goldblum, Direct effects of endotoxin on the endothelium:
barrier function and injury, Lab. Invest. 79 (1999) 1181-1199.

K.S. Kim, Pathogenesis of bacterial meningitis: from bacteraemia to neuronal
injury, Nat. Rev. Neurosci. 4 (2003) 376-385.

X. Nassif, S. Bourdoulous, E. Eugene, P.0. Couraud, How do extracellular
pathogens cross the blood-brain barrier? Trends Microbiol. 10 (2002) 227-232.
N. Doulet, E. Donnadieu, M.P. Laran-Chich, F. Niedergang, X. Nassif, P.0. Couraud,
S. Bourdoulous, Neisseiria meningitidis infection of human endothelial cells
interferes with leukocyte transmigration by preventing the formation of
endothelial docking structures, J. Cell Biol. 173 (2006) 627-637.

Y. Persidsky, D. Heilman, ]. Haorah, M. Zelivyanskaya, R. Persidsky, G.A. Weber, H.
Shimokawa, K. Kaibuchi, T. Ikezu, Rho-mediated regulation of tight junctions
during monocyte migration across the blood-brain barrier in HIV-1 encephalitis
(HIVE), Blood 107 (2006) 4770-4780.

W.A. Banks, E.O. Freed, KM. Wolf, S.M. Robinson, M. Franko, V.B. Kumar,
Transport of human immunodeficiency virus type 1 pseudoviruses across the
blood-brain barrier: role of envelope proteins and adsorptive endocytosis,
J. Virol. 75 (2001) 4681-4691.

G.L. Bentz, M. Jarquin-Pardo, G. Chan, M.S. Smith, C. Sinzger, A.D. Yurochko,
Human cytomegalovirus (HCMV) infection of endothelial cells promotes naive
monocyte extravasation and transfer of productive virus to enhance hemato-
genous dissemination of HCMV, ]. Virol. 80 (2006) 11539-11555.

A.T. Haase, Pathogenesis of lentivirus infections, Nature 322 (1986) 130-136.
R. Peluso, A. Haase, L. Stowring, M. Edwards, P. Ventura, A Trojan Horse
mechanism for the spread of visna virus in monocytes, Virology 147 (1985)
231-236.

M.C. Marcondes, E.M. Burudi, S. Huitron-Resendiz, M. Sanchez-Alavez, D. Watry,
M. Zandonatti, S.J. Henriksen, H.S. Fox, Highly activated CD8(+) T cells in the
brain correlate with early central nervous system dysfunction in simian
immunodeficiency virus infection, J. Immunol. 167 (2001) 5429-5438.

L.A. Romero, M.C. Prevost, E. Perret, P. Adamson, J. Greenwood, P.O. Couraud, S.
Ozden, Interactions between brain endothelial cells and human T-cell leukemia
virus type 1-infected lymphocytes: mechanisms of viral entry into the central
nervous system, J. Virol. 74 (2000) 6021-6030.

J. Hesselgesser, D. Taub, P. Baskar, M. Greenberg, ]. Hoxie, D.L. Kolson, R. Horuk,
Neuronal apoptosis induced by HIV-1 gp120 and the chemokine SDF-1 alpha is
mediated by the chemokine receptor CXCR4, Curr. Biol. 8 (1998) 595-598.

S.V. Westmoreland, J.B. Rottman, K.C. Williams, A.A. Lackner, V.G. Sasseville,
Chemokine receptor expression on resident and inflammatory cells in the brain
of macaques with simian immunodeficiency virus encephalitis, Am. ]. Pathol. 152
(1998) 659-665.

P. Ancuta, R. Rao, A. Moses, A. Mehle, S.K. Shaw, EW. Luscinskas, D. Gabuzda,
Fractalkine preferentially mediates arrest and migration of CD16+ monocytes,
J. Exp. Med. 197 (2003) 1701-1707.

T. Fischer-Smith, S. Croul, A.E. Sverstiuk, C. Capini, D. L'Heureux, E.G. Regulier, M.W.
Richardson, S. Amini, S. Morgello, K. Khalili, ]. Rappaport, CNS invasion by CD14+-/
CD16+ peripheral blood-derived monocytes in HIV dementia: perivascular
accumulation and reservoir of HIV infection, J. Neurovirol. 7 (2001) 528-541.

K. Conant, J.C. McArthur, D.E. Griffin, L. Sjulson, L.M. Wahl, D.N. Irani,
Cerebrospinal fluid levels of MMP-2, 7, and 9 are elevated in association with
human immunodeficiency virus dementia, Ann. Neurol. 46 (1999) 391-398.

P. Giraudon, J.C. Vernant, C. Confavreux, M.F. Belin, C. Desgranges, Matrix
metalloproteinase 9 (gelatinase B) in cerebrospinal fluid of HTLV-1 infected
patients with tropical spastic paraparesis, Neurology 50 (1998) 1920.

B.S. Desai, A.J. Monahan, P.M. Carvey, B. Hendey, Blood-brain barrier pathology
in Alzheimer's and Parkinson's disease: implications for drug therapy, Cell
Transplant 16 (2007) 285-299.

M.P. Mycko, M. Kwinkowski, E. Tronczynska, B. Szymanska, K.W. Selmaj, Multiple
sclerosis: the increased frequency of the ICAM-1 exon 6 gene point mutation
genetic type K469, Ann. Neurol. 44 (1998) 70-75.

B.V. Zlokovic, Neurovascular mechanisms of Alzheimer's neurodegeneration,
Trends Neurosci. 28 (2005) 202-208.

L. Claudio, Ultrastructural features of the blood-brain barrier in biopsy tissue
from Alzheimer's disease patients, Acta Neuropathol. 91 (1996) 6-14.

AJ. Farrall, ].M. Wardlaw, Blood-brain barrier: Ageing and microvascular disease —
systematic review and meta-analysis, Neurobiol. Aging (2007).



856

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]
[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]
[206]

[207]

[208]

[209]

[210]

[211]

[212]

N. Weiss et al. / Biochimica et Biophysica Acta 1788 (2009) 842-857

J.E. Preston, M.B. Segal, G.J. Walley, B.V. Zlokovic, Neutral amino acid uptake by
the isolated perfused sheep choroid plexus, J. Physiol. 408 (1989) 31-43.

B.V. Zlokovic, S. Hyman, J.G. McComb, M.N. Lipovac, G. Tang, H. Davson, Kinetics
of arginine-vasopressin uptake at the blood-brain barrier, Biochim. Biophys. Acta
1025 (1990) 191-198.

B.V. Zlokovic, ].B. Mackic, B. Djuricic, H. Davson, Kinetic analysis of leucine-
enkephalin cellular uptake at the luminal side of the blood-brain barrier of an in
situ perfused guinea-pig brain, ]. Neurochem. 53 (1989) 1333-1340.

R. Deane, S. Du Yan, R.K. Submamaryan, B. LaRue, S. Jovanovic, E. Hogg, D. Welch,
L. Manness, C. Lin, J. Yu, H. Zhu, J. Ghiso, B. Frangione, A. Stern, A.M. Schmidt, D.L.
Armstrong, B. Arnold, B. Liliensiek, P. Nawroth, F. Hofman, M. Kindy, D. Stern, B.
Zlokovic, RAGE mediates amyloid-beta peptide transport across the blood-brain
barrier and accumulation in brain, Nat. Med. 9 (2003) 907-913.

B.V. Zlokovic, Cerebrovascular transport of Alzheimer's amyloid beta and
apolipoproteins J and E: possible anti-amyloidogenic role of the blood-brain
barrier, Life Sci. 59 (1996) 1483-1497.

C.L. Martel, ].B. Mackic, ].G. McComb, ]. Ghiso, B.V. Zlokovic, Blood-brain barrier
uptake of the 40 and 42 amino acid sequences of circulating Alzheimer's amyloid
beta in guinea pigs, Neurosci. Lett. 206 (1996) 157-160.

R. Deane, Z. Wu, A. Sagare, J. Davis, S. Du Yan, K. Hamm, F. Xu, M. Parisi, B. LaRue,
H.W. Hu, P. Spijkers, H. Guo, X. Song, PJ. Lenting, W.E. Van Nostrand, B.V.
Zlokovic, LRP/amyloid beta-peptide interaction mediates differential brain
efflux of Abeta isoforms, Neuron 43 (2004) 333-344.

D.J. Selkoe, Clearing the brain's amyloid cobwebs, Neuron 32 (2001) 177-180.
M. Shibata, S. Yamada, S.R. Kumar, M. Calero, ]. Bading, B. Frangione, D.M.
Holtzman, C.A. Miller, D.K. Strickland, ]. Ghiso, B.V. Zlokovic, Clearance of
Alzheimer's amyloid-ss(1-40) peptide from brain by LDL receptor-related
protein-1 at the blood-brain barrier, J. Clin. Invest. 106 (2000) 1489-1499.

B.V. Zlokovic, C.L. Martel, E. Matsubara, ].G. McComb, G. Zheng, R.T. McCluskey, B.
Frangione, ]. Ghiso, Glycoprotein 330/megalin: probable role in receptor-
mediated transport of apolipoprotein ] alone and in a complex with Alzheimer
disease amyloid beta at the blood-brain and blood-cerebrospinal fluid barriers,
Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 4229-4234.

A. Sagare, R. Deane, R.D. Bell, B. Johnson, K. Hamm, R. Pendu, A. Marky, PJ.
Lenting, Z. Wu, T. Zarcone, A. Goate, K. Mayo, D. Perlmutter, M. Coma, Z. Zhong,
B.V. Zlokovic, Clearance of amyloid-beta by circulating lipoprotein receptors, Nat.
Med. 13 (2007) 1029-1031.

V. Rigau, M. Morin, M.C. Rousset, F. de Bock, A. Lebrun, P. Coubes, M.C. Picot, M.
Baldy-Moulinier, ]. Bockaert, A. Crespel, M. Lerner-Natoli, Angiogenesis is
associated with blood-brain barrier permeability in temporal lobe epilepsy,
Brain 130 (2007) 1942-1956.

M.T. Heneka, M.K. O'Banion, Inflammatory processes in Alzheimer's disease,
J. Neuroimmunol. 184 (2007) 69-91.

M.M. Verbeek, . Otte-Holler, P. Wesseling, D.J. Ruiter, R.M. de Waal, Differential
expression of intercellular adhesion molecule-1 (ICAM-1) in the A beta-
containing lesions in brains of patients with dementia of the Alzheimer type,
Acta Neuropathol. 91 (1996) 608-615.

M.S. Buckwalter, B.S. Coleman, M. Buttini, R. Barbour, D. Schenk, D. Games, P.
Seubert, T. Wyss-Coray, Increased T cell recruitment to the CNS after amyloid
beta 1-42 immunization in Alzheimer's mice overproducing transforming
growth factor-beta 1, ]. Neurosci. 26 (2006) 11437-11441.

J. Miklossy, D.D. Doudet, C. Schwab, S. Yu, E.G. McGeer, P.L. McGeer, Role of ICAM-
1 in persisting inflammation in Parkinson disease and MPTP monkeys, Exp.
Neurol. 197 (2006) 275-283.

T. Togo, H. Akiyama, E. Iseki, H. Kondo, K. Ikeda, M. Kato, T. Oda, K. Tsuchiya, K.
Kosaka, Occurrence of T cells in the brain of Alzheimer's disease and other
neurological diseases, ]. Neuroimmunol. 124 (2002) 83-92.

T. Town, J. Tan, R.A. Flavell, M. Mullan, T-cells in Alzheimer's disease,
Neuromolecular. Med. 7 (2005) 255-264.

R. Giri, Y. Shen, M. Stins, S. Du Yan, A.M. Schmidt, D. Stern, K.S. Kim, B. Zlokovic,
V.K. Kalra, beta-amyloid-induced migration of monocytes across human brain
endothelial cells involves RAGE and PECAM-1, Am. ]J. Physiol. Cell Physiol. 279
(2000) C1772-1781.

A.G. de Boer, I.C. van der Sandt, PJ. Gaillard, The role of drug transporters at the
blood-brain barrier, Annu. Rev. Pharmacol. Toxicol. 43 (2003) 629-656.

M.K. Nicholas, Glioblastoma multiforme: evidence-based approach to therapy,
Expert Rev. Anticancer Ther. 7 (2007) S23-27.

K. Jahnke, N.D. Doolittle, L.L. Muldoon, E.A. Neuwelt, Implications of the blood-
brain barrier in primary central nervous system lymphoma, Neurosurg. Focus 21
(2006) E11.

B. Erdlenbruch, W. Kugler, C. Schinkhof, H. Neurath, H. Eibl, M. Lakomek, Blood-
brain barrier opening with alkylglycerols: biodistribution of 1-O-pentylglycerol
after intravenous and intracarotid administration in rats, J. Drug Target. 13
(2005) 143-150.

RA. Kroll, EAA. Neuwelt, Outwitting the blood-brain barrier for therapeutic
purposes: osmotic opening and other means, Neurosurgery 42 (1998)
1083-1099 discussion 1099-1100.

LL. Muldoon, G. Nilaver, RA. Kroll, M.A. Pagel, X.0. Breakefield, E.A. Chiocca, B.L.
Davidson, R. Weissleder, E.A. Neuwelt, Comparison of intracerebral inoculation and
osmotic blood-brain barrier disruption for delivery of adenovirus, herpesvirus, and
iron oxide particles to normal rat brain, Am. J. Pathol. 147 (1995) 1840-1851.

S. Meairs, A. Alonso, Ultrasound, microbubbles and the blood-brain barrier, Prog.
Biophys. Mol. Biol. 93 (2007) 354-362.

EY. Yang, WM. Fu, RS. Yang, H.C. Liou, KH. Kang, W.L. Lin, Quantitative
evaluation of focused ultrasound with a contrast agent on blood-brain barrier
disruption, Ultrasound Med. Biol. 33 (2007) 1421-1427.

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]
[228]

[229]

[230]

[231]

[232]

[233]
[234]

[235]

[236]

[237]

[238]

[239]

A.V. Alexandrov, R. Mikulik, M. Ribo, V.K. Sharma, A.Y. Lao, G. Tsivgoulis, R.M.
Sugg, A. Barreto, P. Sierzenski, M.D. Malkoff, ].C. Grotta, A pilot randomized
clinical safety study of sonothrombolysis augmentation with ultrasound-
activated perflutren-lipid microspheres for acute ischemic stroke, Stroke 39
(2008) 1464-14609.

K. Hynynen, J. Sun, Trans-skull ultrasound therapy: the feasibility of using image-
derived skull thickness information to correct the phase distortion, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 46 (1999) 752-755.

M. Kinoshita, N. McDannold, FA. Jolesz, K. Hynynen, Noninvasive localized
delivery of Herceptin to the mouse brain by MRI-guided focused ultrasound-
induced blood-brain barrier disruption, Proc. Natl. Acad. Sci. U. S. A. 103 (2006)
11719-11723.

N. Sheikov, N. McDannold, N. Vykhodtseva, F. Jolesz, K. Hynynen, Cellular
mechanisms of the blood-brain barrier opening induced by ultrasound in
presence of microbubbles, Ultrasound Med. Biol. 30 (2004) 979-989.

M.M. Alonso, C. Gomez-Manzano, B.N. Bekele, W.K. Yung, J. Fueyo, Adenovirus-
based strategies overcome temozolomide resistance by silencing the 06-
methylguanine-DNA methyltransferase promoter, Cancer Res. 67 (2007)
11499-11504.

JJ. Raymond, D.M. Robertson, H.B. Dinsdale, Pharmacological modification of
bradykinin induced breakdown of the blood-brain barrier, Can. J. Neurol. Sci. 13
(1986) 214-220.

M.D. Prados, S.J.S. Schold, H.A. Fine, K. Jaeckle, F. Hochberg, L. Mechtler, M.R.
Fetell, S. Phuphanich, L. Feun, TJ. Janus, K. Ford, W. Graney, A randomized,
double-blind, placebo-controlled, phase 2 study of RMP-7 in combination with
carboplatin administered intravenously for the treatment of recurrent malignant
glioma, Neuro-Oncology 5 (2003) 96-103.

S.A. Thomas, Anti-HIV drug distribution to the central nervous system, Curr.
Pharm. Des. 10 (2004) 1313-1324.

PR. Wielinga, I. van der Heijden, G. Reid, ].H. Beijnen, ]J. Wijnholds, P. Borst,
Characterization of the MRP4- and MRP5-mediated transport of cyclic nucleo-
tides from intact cells, J. Biol. Chem. 278 (2003) 17664-17671.

R.B. Kim, M.F. Fromm, C. Wandel, B. Leake, A.]. Wood, D.M. Roden, G.R. Wilkinson,
The drug transporter P-glycoprotein limits oral absorption and brain entry of
HIV-1 protease inhibitors, J. Clin. Invest. 101 (1998) 289-294.

C.B. Washington, H.R. Wiltshire, M. Man, T. Moy, S.R. Harris, E. Worth, P. Weigl, Z.
Liang, D. Hall, L. Marriott, T.F. Blaschke, The disposition of saquinavir in normal
and P-glycoprotein deficient mice, rats, and in cultured cells, Drug Metab. Dispos.
28 (2000) 1058-1062.

W.M. Pardridge, RJ. Boado, Y.S. Kang, Vector-mediated delivery of a polyamide
(“peptide”) nucleic acid analogue through the blood-brain barrier in vivo, Proc.
Natl. Acad. Sci. U. S. A. 92 (1995) 5592-5596.

W.M. Pardridge, J. Eisenberg, J. Yang, Human blood-brain barrier transferrin
receptor, Metabolism 36 (1987) 892-895.

A. Cerletti, J. Drewe, G. Fricker, A.N. Eberle, J. Huwyler, Endocytosis and
transcytosis of an immunoliposome-based brain drug delivery system, J. Drug
Target. 8 (2000) 435-446.

J.M. Koziara, PR. Lockman, D.D. Allen, R.J. Mumper, The blood-brain barrier and
brain drug delivery, J. Nanosci. Nanotechnol. 6 (2006) 2712-2735.

W.M. Pardridge, Vector-mediated drug delivery to the brain, Adv. Drug Deliv. Rev.
36 (1999) 299-321.

K.S. Soppimath, A.R. Kulkarni, TM. Aminabhavi, Chemically modified poly-
acrylamide-g-guar gum-based crosslinked anionic microgels as pH-sensitive
drug delivery systems: preparation and characterization, ]. Control. Release 75
(2001) 331-345.

M. Demeule, ]. Poirier, J. Jodoin, Y. Bertrand, R.R. Desrosiers, C. Dagenais, T.
Nguyen, ]. Lanthier, R. Gabathuler, M. Kennard, W.A. Jefferies, D. Karkan, S. Tsai, L.
Fenart, R. Cecchelli, R. Beliveau, High transcytosis of melanotransferrin (P97)
across the blood-brain barrier, J. Neurochem. 83 (2002) 924-933.

B.V. Zlokovic, The blood-brain barrier in health and chronic neurodegenerative
disorders, Neuron 57 (2008) 178-201.

M. Asheuer, F. Pflumio, S. Benhamida, A. Dubart-Kupperschmitt, F. Fouquet, Y.
Imai, P. Aubourg, N. Cartier, Human CD34+- cells differentiate into microglia and
express recombinant therapeutic protein, Proc. Natl. Acad. Sci. U. S. A. 101 (2004)
3557-3562.

M.S. Freedman, Bone marrow transplantation: does it stop MS progression?
J. Neurol. Sci. 259 (2007) 85-89.

R.Q. Hintzen, Stem cell transplantation in multiple sclerosis: multiple choices
and multiple challenges, Mult. Scler. 8 (2002) 155-160.

Y. Akiyama, O. Honmou, T. Kato, T. Uede, K. Hashi, ].D. Kocsis, Transplantation of
clonal neural precursor cells derived from adult human brain establishes
functional peripheral myelin in the rat spinal cord, Exp. Neurol. 167 (2001)
27-39.

LJ. Fisher, Neural precursor cells: applications for the study and repair of the
central nervous system, Neurobiol. Dis. 4 (1997) 1-22.

R. Laguna Goya, P. Tyers, R.A. Barker, The search for a curative cell therapy in
Parkinson's disease, J. Neurol. Sci. 265 (2008) 32-42.

J.P. Lee, M. Jeyakumar, R. Gonzalez, H. Takahashi, PJ. Lee, R.C. Baek, D. Clark,
H. Rose, G. Fu, J. Clarke, S. McKercher, ]. Meerloo, FJ. Muller, K.I. Park, T.D.
Butters, R.A. Dwek, P. Schwartz, G. Tong, D. Wenger, S.A. Lipton, T.N.
Seyfried, FM. Platt, E.Y. Snyder, Stem cells act through multiple mechanisms
to benefit mice with neurodegenerative metabolic disease, Nat. Med. 13
(2007) 439-447.

L. Mazzini, K. Mareschi, I. Ferrero, E. Vassallo, G. Oliveri, N. Nasuelli, G.D. Oggioni,
L. Testa, F. Fagioli, Stem cell treatment in Amyotrophic Lateral Sclerosis, J. Neurol.
Sci. 265 (2008) 78-83.



N. Weiss et al. / Biochimica et Biophysica Acta 1788 (2009) 842-857 857

[240] S. Pluchino, A. Quattrini, E. Brambilla, A. Gritti, G. Salani, G. Dina, R. Galli, U.

Del Carro, S. Amadio, A. Bergami, R. Furlan, G. Comi, A.L. Vescovi, G. Martino,
Injection of adult neurospheres induces recovery in a chronic model of multiple
sclerosis, Nature 422 (2003) 688-694.

[241] S. Pluchino, L. Zanotti, B. Rossi, E. Brambilla, L. Ottoboni, G. Salani, M. Martinello,

A. Cattalini, A. Bergami, R. Furlan, G. Comi, G. Constantin, G. Martino,
Neurosphere-derived multipotent precursors promote neuroprotection by an
immunomodulatory mechanism, Nature 436 (2005) 266-271.

[242]

[243]

S. Vitry, V. Avellana-Adalid, F. Lachapelle, A.B. Evercooren, Migration and
multipotentiality of PSA-NCAM+ neural precursors transplanted in the devel-
oping brain, Mol. Cell. Neurosci. 17 (2001) 983-1000.

C. Rampon, N. Weiss, C. Deboux, N. Chaverot, F. Miller, D. Buchet, H. Tricoire-
Leignel, S. Cazaubon, A. Baron-Van Evercooren, P.0. Couraud, Molecular
mechanism of systemic delivery of neural precursor cells to the brain: assembly
of brain endothelial apical cups and control of transmigration by CD44, Stem
Cells 26 (2008) 1673-1682.



	The blood-brain barrier in brain homeostasis and neurological diseases
	Introduction
	Blood-brain barrier in health
	General description
	Localization
	The neurovascular unit
	Endothelial cells
	Basal lamina
	Glial cells, astrocytes
	Pericytes
	Neurons

	In vitro BBB models

	Intercellular junctions
	Physiological function of the BBB
	Solute permeability
	Trans-endothelial migration of circulating leukocytes


	Blood-brain barrier in diseases
	BBB dysfunction in multiple sclerosis
	Alteration of solute permeability in MS
	Increased trans-endothelial migration of leukocytes in MS

	BBB dysfunction in stroke
	Altered BBB permeability in stroke
	Increased trans-endothelial migration of leukocytes in stroke

	BBB dysfunction in brain tumors
	Increased BBB permeability in brain tumors
	Increased trans-endothelial migration of metastatic tumor cells in the brain

	CNS infection
	Bacterial meningitis
	Increased BBB permeability by bacterial secretions
	Trans-endothelial bacterial entry in the brain

	Viral infection of the CNS
	Altered BBB permeability in viral CNS infection
	Trans-endothelial migration of virus-infected leukocytes


	Neurodegenerative diseases and BBB dysfunction
	Altered BBB permeability in neurodegenerative diseases
	Increased trans-endothelial migration in Alzheimer's disease


	Therapeutic approaches
	Increase BBB permeability
	Modulate efflux transport activity at the BBB
	Control receptor-mediated transport through the BBB
	Cellular vectors

	Conclusion
	Acknowledgements
	References




