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Structure of the meninges and their relation to the sur-
faces of the brain. The meninges comprise a series of 
three membranes that enclose the CNS parenchymal tis-
sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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Anatomy and some definitions 

The brain is a privileged site, 
sheltered from the systemic 

circulation by the Brain 
Barriers

Individual neurons are rarely more 
than 8–20 μm from a brain 

capillary
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faces of the brain. The meninges comprise a series of 
three membranes that enclose the CNS parenchymal tis-
sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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Anatomy and some definitions 
Brain barriers are composed of the:

• endothelial blood- brain barrier
(BBB)

• epithelial blood cerebrospinal
fluid barrier (BCSFB) which
protect the CNS from the
changing milieu of the periphery.
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sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 
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metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
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vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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faces of the brain. The meninges comprise a series of 
three membranes that enclose the CNS parenchymal tis-
sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
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vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
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Meninges: three membraned that 
envelope the brain and the spinal cord

Dura mater: is a thick membrane made
of dense connective tissue that surround
the brain and the spinal cord
Arachnoid mater is responsible for
keeping in the cerebrospinal fluid
Pia mater that firmly adheres to the
surface of the brain and spinal cord
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sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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Anatomy and some definitions 

CSF: an immunologically active
body fluid

The brain and spinal cord float in CSF, 
which provides protective padding

for these delicate tissues and 
contributes to CNS metabolism and 

homeostasis.
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the pia, which closely covers the CNS parenchyma. The 
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nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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Structure of the meninges and their relation to the sur-
faces of the brain. The meninges comprise a series of 
three membranes that enclose the CNS parenchymal tis-
sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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Tight junction
A belt-like region of adhesion 
between adjacent cells. Tight 
junctions regulate paracellular 
flux, and contribute to the 
maintenance of cell polarity by 
stopping molecules from 
diffusing within the plane of the 
membrane.

Abluminal membrane
The endothelial cell membrane 
that faces away from the vessel 
lumen, towards the brain.

Meninges
The complex arrangement of 
three protective membranes 
surrounding the brain, with a 
thick outer connective tissue 
layer (dura) overlying the 
barrier layer (arachnoid), and 
finally the thin layer covering 
the glia limitans (pia). The sub-
arachnoid layer has a sponge-
like structure filled with CSF.

Circumventricular organs
(CVOs). Brain regions that have 
a rich vascular plexus with a 
specialized arrangement of 
blood vessels. The junctions 
between the capillary 
endothelial cells are not tight in 
the blood vessels of these 
regions, which allows the 
diffusion of large molecules. 
These organs include the 
organum vasculosum of the 
lamina terminalis, the 
subfornical organ, the median 
eminence and the area 
postrema.

Receptor-mediated 
transcytosis
The mechanism for vesicle-
mediated transfer of 
substances across the cell, the 
first step of which requires 
specific binding of the ligand to 
a membrane receptor, followed 
by internalization 
(endocytosis).

Adsorptive-mediated 
transcytosis
The mechanism for vesicle-
mediated transfer of 
substances across the cell, the 
first step of which involves 
nonspecific binding of the 
ligand to membrane surface 
charges, followed by 
internalization (endocytosis).

Our understanding of the molecular structure of 
tight junctions derives from studies of both epithelia 
and endothelia (FIG. 4). Among the molecules identified 
as making important contributions to tight junction 
structure are the transmembrane proteins occludin and 
the claudins. Occludin is a 60–65 kDa protein with a car-
boxy (C)-terminal domain that is capable of linking with  
zonula occludens protein 1 (ZO-1; see below). The main 
function of occludin appears to be in tight junction regu-
lation12,22. In the BBB, expression of the proteins claudin 3 
(originally misidentified as claudin 1, now also referred 
to as 1/3), claudin 5 and possibly claudin 12 appears to 
contribute to the high TEER11,20. Junctional adhesion 
mole cules JAM-A, JAM-B and JAM-C are present in 
brain endothelial cells, and are involved in the formation 
and maintenance of the tight junctions. The transmem-
brane proteins are connected on the cytoplasmic side to a 
complex array of peripheral membrane proteins that form 
large protein complexes, the cytoplasmic plaques. Within 
the plaques are adaptor proteins with many protein–
protein interaction domains, including ZO-1, ZO-2 and 
ZO-3; the Ca2+-dependent serine protein kinase (CASK); 
MAGI-1, MAGI-2 and MAGI-3 (membrane-associated 

guanylate kinase with inverted orientation of protein–
protein interaction domains); the partitioning defective 
proteins PAR3 and PAR6; and MUPP1 (multi-PDZ-
protein 1). These help to organize the second class of 
plaque proteins, the regulatory and signalling molecules 
(including the small GTPases) and their regulators, such 
as the regulator of G-protein signalling 5 (RGS5), and the 
transcription regulator the ZO-1-associated nucleic acid-
binding protein (ZONAB). A newly identified protein, 
junction-associated coiled-coil protein (JACOP), may 
anchor the junctional complex to the actin cytoskeleton. 
Cell–cell interaction in the junctional zone is stabilized by 
adherens junctions.

The tight junction has a valuable function not only in 
restricting paracellular permeability (gate function), but 
also in segregating the apical and basal domains of the cell 
membrane (fence function) so that the endothelium can 
take on the polarized (apical–basal) properties that are 
more commonly found in epithelia, such as those of the 
gastrointestinal tract and kidney20. The PAR3–atypical 
protein kinase C (aPKC)–PAR6 complex appears to be 
involved in regulating tight junction formation and in 
establishing cell polarity.

Figure 2 | Cellular constituents of the blood–brain barrier. The barrier is formed by capillary endothelial cells, 
surrounded by basal lamina and astrocytic perivascular endfeet. Astrocytes provide the cellular link to the neurons. 
The figure also shows pericytes and microglial cells. a | Brain endothelial cell features observed in cell culture. The 
cells express a number of transporters and receptors, some of which are shown. EAAT1–3, excitatory amino acid 
transporters 1–3; GLUT1, glucose transporter 1; LAT1, L-system for large neutral amino acids; Pgp, P-glycoprotein. 
b | Examples of bidirectional astroglial–endothelial induction necessary to establish and maintain the BBB. Some 
endothelial cell characteristics (receptors and transporters) are shown. 5-HT, 5-hydroxytryptamine (serotonin); ANG1, 
angiopoetin 1; bFGF, basic fibroblast growth factor; ET1, endothelin 1; GDNF, glial cell line-derived neurotrophic 
factor; LIF, leukaemia inhibitory factor; P2Y2, purinergic receptor; TGFβ, transforming growth factor-β; TIE2, 
endothelium-specific receptor tyrosine kinase 2. Data obtained from astroglial–endothelial co-cultures and the use of 
conditioned medium8,10,24–27,33,45,50,51.
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-Regulate blood flow at the level of capillaries
- Induce the expression of cellular adhesion

molecules in the BBB endothelium

• Astrocytes  
The astrocytic endfeet and the parenchymal
basement membrane form a second barrier of the 
CNS called glia limitans



The neurovascular unit

strategies to counteract selection pressure for an effective
immunosurveillance of the CNS by the adaptive immune
system without endangering CNS homeostasis.

In this review, we summarize how the outer BBB,
BLMB, and BCSFB control the migration of immune cell
subsets across and their dwelling right behind these bar-
riers during immunosurveillance. Furthermore, we pro-
pose that migration of immune cells from the blood stream
into the CNS parenchyma is a process only occurring
during neuroinflammation and requires penetration of a

second barrier, the glia limitans. This a fundamentally dif-
ferent process that, in addition to the multistep interaction of
circulating cells with the vascular wall, requires penetration
of a second barrier lacking in all other organs, and therefore
involves mechanisms that are unique to the CNS.

Principles of the multistep extravasation of immune
cells
The recruitment of circulating immune cells into any given
tissue is mediated by the sequential interaction of different

TRENDS in Immunology 

An!gen
presen!ng

cells

Neurons

Astrocyte

Postcapillary
venule Capillary

CNS parenchyma

Endothelial
basement membrane

Parenchymal
basement membrane

Pericyte

Endothelium
Tight junc!ons

Perivascular
                space

Figure 1. Neuroanatomy of the vascular blood–brain barrier (BBB). The BBB is localized to central nervous system (CNS) microvessels, the capillaries, and post-capillary
venules. The highly specialized endothelial cells (red) establish the barrier proper by their low pinocytotic activity and by sealing the paracellular space with complex tight
junctions. They deposit an endothelial basement membrane (yellow), in which many embedded pericytes (pink) can be found. The endothelial basement membrane is
molecularly distinct from the parenchymal basement membrane (orange), which is deposited by astrocytes and establishes together with the astrocytic endfeet (green) the
glia limitans perivascularis. At the vascular segment of CNS capillaries, the endothelial and parenchymal basement membranes merge and cannot be ultrastructurally
distinguished. However, at the post-capillary venules, these basement membranes separate to provide a cerebrospinal fluid (CSF)-drained perivascular space (blue), in
which antigen-presenting cells can be found. Neurons (gray) are localized in the CNS parenchyma and thus protected from the periphery by this complex vascular structure.

Box 1. Morphology of the brain barriers

The BBB is formed by highly specialized endothelial cells in CNS
microvessels, which inhibit uncontrolled transcellular passage of
molecules by an extremely low pinocytotic activity and restrict the
paracellular diffusion of hydrophilic molecules by an elaborate
network of complex tight junctions between the endothelial cells
(reviewed in [76]). Barrier properties are not intrinsic to CNS
microvascular endothelial cells but rather rely on the continuous
interaction with the underlying endothelial basement membrane and
its embedded pericytes, as well as on the interaction with astrocytes
that produce a second basement membrane known as the parench-
ymal basement membrane and several growth factors and morpho-
gens relevant for barrier maturation and maintenance [77,78].
Astrocytes ensheath the abluminal aspect of the CNS microvessels
with their endfeet, which together with the parenchymal basement
membrane define the glia limitans that marks the border to the CNS
parenchyma [79]. With the exception of CNS capillaries, where the
endothelial and parenchymal basement membranes fuse to form one
composite basement membrane, in all brain parenchymal vessels,
the endothelial and parenchymal basement membranes are structu-
rally and biochemically distinct entities, which define the inner and
outer limits of a CSF-filled perivascular space, in which rare APCs can
be found (reviewed in [79,80]). CSF perivascular spaces open towards
the leptomeningeal/subarachnoidal space on the surface of the brain
and spinal cord, facilitating drainage of extracellular fluids to the CNS
surface and finally into the venous blood flow [81]. Alternatively, CSF
drainage pathways connect directly via the cribriform plate to nasal
lymphatics and deep cervical lymph nodes (summarized in [82]). Both

pathways therefore compensate for the lack of lymph vessels in the
CNS [83]. On the surface of the brain and spinal cord, the
leptomeningeal blood vessels lack the direct ensheathment by
astrocytic endfeet and thus the glia limitans perivascularis [84].
Instead, the entire CSF-drained leptomeningeal space is sealed off
towards the CNS parenchyma by the glia limitans superficialis,
resembling the glia limitans perivascularis and surrounding the entire
surface of the brain and spinal cord (reviewed in [79,80]). Despite
these morphological differences, meningeal CNS microvessels also
establish a functional barrier [85]. Meningeal microvessels have
therefore also been referred to as BBB, although strictly speaking,
leptomeningeal vessels rather establish a barrier between the blood
stream and the CSF-drained leptomeningeal space. Therefore, we
refer to this vascular barrier here as the BLMB. In addition to the
endothelial BBB and BLMB, another major barrier sealing off the CNS
from the changing milieu in the periphery is established by the
epithelial cells of the choroid plexus. Unique claudin-11-induced
parallel oriented tight junction strands around the choroid plexus
epithelium inhibit paracellular diffusion of water-soluble molecules
and thus set up the BCSFB, [86]. The choroid plexus plays a central
role in the formation and regulation of CSF. It extends as a villous
structure from the ventricular walls into the lumen of the brain
ventricles where a single layer of epithelial cells surrounds the
choroid plexus parenchyma harboring an extensive network of
microvessels, allowing free diffusion of molecules across the
endothelial cells through fenestrations and intercellular gaps (re-
viewed in [86]).

Review Trends in Immunology December 2012, Vol. 33, No. 12

580



Specializations of astrocytic perivascular endfeet

Cells 2020, 9, 2622 6 of 19

where di↵erences in the appearance of OAPs were demonstrated between wild-type and agrin-devoid
mice. Although astrocytes lacking agrin express OAPs in their endfeet, these are smaller, less dense,
and, at certain places in astrocyte membranes, they were also absent [40,41]. This e↵ect of agrin is not a
consequence of altered overall expression of AQP4, because neither AQP4 mRNA nor AQP4 protein
levels were changed in agrin-null astrocytes [41]. Moreover, in agrin-null astrocytes, the level of AQP4c
(M23) protein expression remained higher than the expression of AQP4a (M1), which is similar to
wild-type astrocytes [40,41]. The reduced abundance of OAPs in agrin-devoid astrocytes detected by
immunocytochemical staining is therefore solely the consequence of post-translational processes.

The presence of exogenous agrin has been described to a↵ect changes in cell volume in hypoosmotic
conditions [41]. Astrocytes, wild-type or those devoid of agrin, responded to hypotonic stress with
an increase in cell volume when they were grown on coating medium containing the neuronal agrin
isoform A4B8 but not when grown on coating medium devoid of agrin [41]. Wild-type astrocytes
expressing agrin showed a lower increase in cell swelling that agrin-null astrocytes, and fewer and
smaller OAPs were detected [41]. These data are in agreement with the increasing evidence that the
size and dynamic reorganization of OAPs play important roles in the water permeability of astrocytes,
and further strengthen the hypothesis that AQP4 expression and OAPs are important for cell volume
regulation in hypoosmotic conditions [8,36].

Although agrin acts as a key molecule important for increased density of OAPs in astrocyte
endfeet [38], it is only one of the proteins involved in the polarity and clustering of OAPs in
astrocytes (Figure 2).Cells 2020, 9, x FOR PEER REVIEW 6 of 19 
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the AQP4 channel in the plasma membrane. 
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Figure 2. Positioning of individual AQP4 tetramers and OAPs in astrocytes is a↵ected by intracellular
and extracellular proteins. Agrin and laminin, components of the basal lamina, attach to ↵-dystroglycan,
which forms a complex with �-dystroglycan that stretches through the plasma membrane. In the
cytoplasm, it interacts with dystrophin, which binds to F-actin at one end and to ↵-dystrobrevin at the
other end. ↵-Dystrobrevin interacts with ↵-syntrophin, which is directly linked to the AQP4 channel in
the plasma membrane.

entry into the brain occurs in the absence of a4-integrins but
is dependent on LFA-1 [58]. Despite the proven contribution
of LFA-1 and its endothelial ligands ICAM-1 and ICAM-2 in
T cell arrest, polarization, and crawling on the inflamed brain
endothelium in vitro [54], their functional inhibition or ab-
sence in a variety of EAE models has produced contradictory
results, ranging from inhibiting EAE to increasing severity of
EAE or having no effect at all [60–62]. These differences
might be due to a varied contribution of Th1 versus Th17 cells
in the different EAE models investigated. Furthermore, a
recent study has described the presence of alternatively
spliced functional ICAM-1 isoforms that influence EAE
pathogenesis in several ICAM-1 mutant mice [63]. There-
fore, further investigations will be necessary to delineate
fully the role of LFA-1 and its ligands ICAM-1 and ICAM-2 in
the trafficking of different T cell subsets across the brain
barriers.

Transcellular versus paracellular diapedesis
Although endothelial ICAM-1 and ICAM-2 are essential
for T cell crawling on the endothelium, passage of low
numbers of T cells across brain endothelial monolayers
can still be observed in the absence of ICAM-1 and ICAM-2

[54], suggesting different options for T cell diapedesis
across the endothelial brain barriers. In principle, T cells
can choose two alternative pathways to cross endothelial
barriers. Extravasation of immune cells across vascular
beds in peripheral tissues usually occurs through the
endothelial junctions via the paracellular pathway. Inves-
tigations of immune cell diapedesis across the BBB into the
inflamed CNS by means of transmission electron micros-
copy have invariably observed immune cell diapedesis to
occur through the endothelial cells, that is, via a transcel-
lular pathway, leaving the tight junctions morphologically
intact (summarized in [64]). Only recently, transcellular
diapedesis of immune cells through pores formed by the
endothelial cells has received more attention and has been
repeatedly observed in several studies (summarized in [8]).
The complexity of the CNS endothelial tight junctions
might favor transcellular over paracellular diapedesis be-
cause migration of T cells though BBB or BLMB tight
junctions requires their coordinated opening and reseal-
ing. Furthermore, extended T cell crawling in search of a
site permissive for diapedesis is only observed on barrier-
forming CNS endothelium in vitro and in vivo, but not on
brain endothelial cell monolayers that fail to establish a
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Figure 5. Molecular mechanism involved in T cell migration across the glia limitans. Upon breaching the endothelial cell layer, T cells have to penetrate the endothelial
basement membrane (yellow) characterized by the localization of prevalent a4-laminin and patchy deposits of a5-laminin [66]. Although a4-laminin promotes T cell
migration, a5-laminin inhibits T cell diapedesis. In the perivascular or leptomeningeal space (blue), high amounts of chemokine CXC ligand (CXCL)12 produced by
endothelial cells and astrocytes are required to retain chemokine CXC receptor (CXCR)4+ immune cells in this space (shown on the left). Upregulation of CXCR7 during
experimental autoimmune encephalomyelitis (EAE) on the abluminal side of the brain endothelial cells leads to rapid internalization or luminal translocation of CXCL12,
allowing the release of CXCR4+ immune cells from the perivascular compartment (shown on the right). Granulocyte–macrophage colony-stimulating factor (GM-CSF)
secreted by encephalitogenic T cells recruits myeloid cells such as monocytes or dendritic cells into the cerebrospinal fluid (CSF)-drained perivascular/leptomeningeal
spaces; most likely in a CCL2/CCR2-dependent manner. Leptomeningeal macrophages are required to trigger T cell diapedesis across the glia limitans because they are the
source of active matrix metalloproteinases MMP-2 and MMP-9  [87]. MMP-2 and MMP-9  cleave the extracellular matrix receptor b-dystroglycan from the astrocyte end-feed
(green cells, shown on the right), which allows T cell penetration across the glia limitans into the central nervous system (CNS) parenchyma. Inhibition of CXCR7 or lack of
MMP-2 and MMP-9  activity leads to immune cell accumulation in the perivascular space and amelioration of the clinical signs of EAE, supporting the notion that immune
cell infiltration of the CNS parenchyma is necessary to trigger disease.
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AQP4, a small 30-kDa monomer, is a hydrophobic

transmembrane protein with cytosolic amino and carboxy

terminal ends (Verkman, 2005). The molecule spans the cell

membrane 6 times, forming 5 interhelical loops



Examples of bidirectional astroglial–endothelial induction 
necessary to establish and maintain the BBB. 
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Tight junction
A belt-like region of adhesion 
between adjacent cells. Tight 
junctions regulate paracellular 
flux, and contribute to the 
maintenance of cell polarity by 
stopping molecules from 
diffusing within the plane of the 
membrane.

Abluminal membrane
The endothelial cell membrane 
that faces away from the vessel 
lumen, towards the brain.

Meninges
The complex arrangement of 
three protective membranes 
surrounding the brain, with a 
thick outer connective tissue 
layer (dura) overlying the 
barrier layer (arachnoid), and 
finally the thin layer covering 
the glia limitans (pia). The sub-
arachnoid layer has a sponge-
like structure filled with CSF.

Circumventricular organs
(CVOs). Brain regions that have 
a rich vascular plexus with a 
specialized arrangement of 
blood vessels. The junctions 
between the capillary 
endothelial cells are not tight in 
the blood vessels of these 
regions, which allows the 
diffusion of large molecules. 
These organs include the 
organum vasculosum of the 
lamina terminalis, the 
subfornical organ, the median 
eminence and the area 
postrema.

Receptor-mediated 
transcytosis
The mechanism for vesicle-
mediated transfer of 
substances across the cell, the 
first step of which requires 
specific binding of the ligand to 
a membrane receptor, followed 
by internalization 
(endocytosis).

Adsorptive-mediated 
transcytosis
The mechanism for vesicle-
mediated transfer of 
substances across the cell, the 
first step of which involves 
nonspecific binding of the 
ligand to membrane surface 
charges, followed by 
internalization (endocytosis).

Our understanding of the molecular structure of 
tight junctions derives from studies of both epithelia 
and endothelia (FIG. 4). Among the molecules identified 
as making important contributions to tight junction 
structure are the transmembrane proteins occludin and 
the claudins. Occludin is a 60–65 kDa protein with a car-
boxy (C)-terminal domain that is capable of linking with  
zonula occludens protein 1 (ZO-1; see below). The main 
function of occludin appears to be in tight junction regu-
lation12,22. In the BBB, expression of the proteins claudin 3 
(originally misidentified as claudin 1, now also referred 
to as 1/3), claudin 5 and possibly claudin 12 appears to 
contribute to the high TEER11,20. Junctional adhesion 
mole cules JAM-A, JAM-B and JAM-C are present in 
brain endothelial cells, and are involved in the formation 
and maintenance of the tight junctions. The transmem-
brane proteins are connected on the cytoplasmic side to a 
complex array of peripheral membrane proteins that form 
large protein complexes, the cytoplasmic plaques. Within 
the plaques are adaptor proteins with many protein–
protein interaction domains, including ZO-1, ZO-2 and 
ZO-3; the Ca2+-dependent serine protein kinase (CASK); 
MAGI-1, MAGI-2 and MAGI-3 (membrane-associated 

guanylate kinase with inverted orientation of protein–
protein interaction domains); the partitioning defective 
proteins PAR3 and PAR6; and MUPP1 (multi-PDZ-
protein 1). These help to organize the second class of 
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Cell–cell interaction in the junctional zone is stabilized by 
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The tight junction has a valuable function not only in 
restricting paracellular permeability (gate function), but 
also in segregating the apical and basal domains of the cell 
membrane (fence function) so that the endothelium can 
take on the polarized (apical–basal) properties that are 
more commonly found in epithelia, such as those of the 
gastrointestinal tract and kidney20. The PAR3–atypical 
protein kinase C (aPKC)–PAR6 complex appears to be 
involved in regulating tight junction formation and in 
establishing cell polarity.

Figure 2 | Cellular constituents of the blood–brain barrier. The barrier is formed by capillary endothelial cells, 
surrounded by basal lamina and astrocytic perivascular endfeet. Astrocytes provide the cellular link to the neurons. 
The figure also shows pericytes and microglial cells. a | Brain endothelial cell features observed in cell culture. The 
cells express a number of transporters and receptors, some of which are shown. EAAT1–3, excitatory amino acid 
transporters 1–3; GLUT1, glucose transporter 1; LAT1, L-system for large neutral amino acids; Pgp, P-glycoprotein. 
b | Examples of bidirectional astroglial–endothelial induction necessary to establish and maintain the BBB. Some 
endothelial cell characteristics (receptors and transporters) are shown. 5-HT, 5-hydroxytryptamine (serotonin); ANG1, 
angiopoetin 1; bFGF, basic fibroblast growth factor; ET1, endothelin 1; GDNF, glial cell line-derived neurotrophic 
factor; LIF, leukaemia inhibitory factor; P2Y2, purinergic receptor; TGFβ, transforming growth factor-β; TIE2, 
endothelium-specific receptor tyrosine kinase 2. Data obtained from astroglial–endothelial co-cultures and the use of 
conditioned medium8,10,24–27,33,45,50,51.
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Figure 1. Cellular and molecular properties of the BBB. (A) A schematic comparison of the BBB capillaries with the continuous nonfenestrated, continuous
fenestrated, and discontinuous capillaries found in peripheral organs. (B–F) Schematics of the molecular composition of junctional complexes of BBB ECs (B)
and of ECs in peripheral organs (C), peripheral endothelial fenestra (D), and transport mechanisms in CNS ECs (E) and peripheral ECs (F). (G and H) Electron
micrographs of a mouse brain EC (G) and a mousemuscle EC, which is densely packed with vesicles (arrows; H). BCRP, breast cancer resistance protein; GLUT1,
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junctions but is found outside the organized TJs and AJs complexes [159,160]. However, it plays a
very important role in angiogenesis with a mechanosensory function and is involved in the regulation
of vascular integrity as PECAM-1-deficient mice show impaired BBB junctional integrity [161–163].
CD99 is an additional protein localized in the endothelial cell junctional complexes, outside of TJs or
AJs [164,165]. This protein is a highly O-glycosylated type I transmembrane protein not belonging to
any protein family. CD99 mediates leukocyte tra�cking across the BBB, with any additional role in
BBB junctional integrity remaining to be shown [166]. A schematic representation of the molecular
composition of the junctional complexes of the BBB endothelium as known today is illustrated in
Figure 2.

Although a large number of molecules localized at the cell-to-cell contacts of the BBB within TJ, AJs
and beyond has thus been described, their dynamic interplay and regulation during CNS homeostasis
and how their expression and localization changes during neurological disorders when BBB function
is impaired remains to be investigated in more detail. In addition, species di↵erences in the expression
of molecular constituents of the BBB junctional complexes have been described [94,167,168], an aspect
that is important when aiming to translate observations from animal models to the human BBB.
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Figure 2. Schematic representation of the junctional complexes of the BBB. The proteins that compose
the tight and adherens junctions are connected to the cytoskeleton via intracellular sca↵olding proteins,
ZO-1, ZO-2 and AF-6. Despite being expressed at low levels by the BBB endothelial cells [106],
the subcellular location and function of claudin-12 remains to be defined. The forms of the individual
proteins were adapted from Servier Medical Art (http://smart.servier.com/), licensed under a Creative
Common Attribution 3.0 Generic License.

4. The Epithelial Blood-Cerebrospinal Fluid Barrier of the Choroid Plexus

The development and maintenance of the CNS is assured by the cerebrospinal fluid (CSF), found
in the spinal and brain subarachnoid space, cisterns, sulci and in the cerebral ventricles [169,170].
Importantly, the CSF is produced by the ChP, a highly vascularized secretory tissue that extends
into all four cerebral ventricles. The ChP folds out from the ventricular walls and is composed of a
highly vascularized stroma that is surrounded by a monolayer of epithelial cells [171]. Because the
dense network of capillaries that irrigate the ChP is fenestrated and thus permissive to the passage
of blood derived molecules, the epithelial cells surrounding the ChP stroma build a BCSFB [18,172].
Accordingly, the molecules that di↵use from the blood across the ChP vascular wall reach the ChP
stroma but are hindered by the epithelial BCSFB to reach the CSF [37].

TJs  and AJs are localized between 
adjacent endothelial cells are core 
elements actively involved in the 
establishment of a paracellular 

barrier, which limits free diffusion of 
ions and molecules at cell-cell 

junctions, adopting a “gate” function. 



Routes of transport across the BBB 

Only molecules with a low molecular 
weight (under 400–600 Da) and of 
positive charge can cross the BBB

• The glucose transporter GLUT-1 
(SLC2A1) is also highly enriched 
in the BBB endothelium, 
allowing for glucose delivery to 
the CNS 
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The brain endothelial transporters that supply the 
brain with nutrients include the GLUT1 glucose carrier, 
several amino acid carriers (including LAT1, L-system 
for large neutral amino acids), and transporters for 
nucleosides, nucleobases and many other substances10. 
Several organic anion and cation transporters identified 
in other tissues and the choroid plexus are also prov-
ing to be expressed on the brain endothelium. Where 
compounds need to be moved against a concentration 
gradient, the energy may come from ATP (as in the ABC 
family of transporters, including P-glycoprotein (Pgp) 
and multidrug resistance-related proteins, MRPs), or 
the Na+ gradient created by operation of the abluminal 
Na+,K+-ATPase. Some transporters (for example, GLUT1 
and LAT1) are bidirectional, moving substrates down 
the concentration gradient, and can be present on both 
luminal and abluminal membranes, or predominantly 
on one. Quantification of GLUT1 expression on luminal 
and abluminal endothelial membranes is complicated by 
the fact that some antibodies do not recognize the trans-
porter when the C-terminal is masked, as it may be in 
the luminal membrane23. Among the efflux transporters, 
Pgp is concentrated on the luminal membrane24, whereas 
the Na+-dependent transporters are generally abluminal, 

specialized for moving solutes out of the brain25,26. They 
include several Na+-dependent glutamate transporters 
(excitatory amino acid transporters 1–3; EAAT1–3)27, 
which move glutamate out of the brain against the large 
opposing concentration gradient (<1 µM in ISF compared 
with ~100 µM in plasma) (FIG. 2). The clear apical–basal 
polarity of brain endothelial cells noted above is hence 
reflected in their polarized transport function20,28.

Induction of BBB properties
What causes the endothelium of blood vessels growing into 
the brain during development to become so specialized? 
It has been clear from the earliest histological studies that 
brain capillaries are surrounded by or closely associated 
with several cell types, including the perivascular endfeet 
of astrocytic glia, pericytes, microglia and neuronal proc-
esses (FIG. 2). In the larger vessels (arterioles, arteries and 
veins), smooth muscle forms a continuous layer, replacing 
pericytes1. Neuronal cell bodies are typically no more than 
~10 µm from the nearest capillary6. These close cell–cell 
associations, particularly of astrocytes and brain capil-
laries, led to the suggestion that they could mediate the 
induction of the specific features of the barrier phenotype 
in the capillary endothelium of the brain29.

Figure 3 | Pathways across the blood–brain barrier. A schematic diagram of the endothelial cells that form the blood–
brain barrier (BBB) and their associations with the perivascular endfeet of astrocytes. The main routes for molecular 
traffic across the BBB are shown. a | Normally, the tight junctions severely restrict penetration of water-soluble 
compounds, including polar drugs. b | However, the large surface area of the lipid membranes of the endothelium offers 
an effective diffusive route for lipid-soluble agents. c | The endothelium contains transport proteins (carriers) for glucose, 
amino acids, purine bases, nucleosides, choline and other substances. Some transporters are energy-dependent (for 
example, P-glycoprotein) and act as efflux transporters. AZT, azidothymidine. d | Certain proteins, such as insulin and 
transferrin, are taken up by specific receptor-mediated endocytosis and transcytosis. e | Native plasma proteins such as 
albumin are poorly transported, but cationization can increase their uptake by adsorptive-mediated endocytosis and 
transcytosis. Drug delivery across the brain endothelium depends on making use of pathways b–e; most CNS drugs enter 
via route b. Modified, with permission, from REF. 8 © (1996) Elsevier Science.
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The brain endothelial transporters that supply the 
brain with nutrients include the GLUT1 glucose carrier, 
several amino acid carriers (including LAT1, L-system 
for large neutral amino acids), and transporters for 
nucleosides, nucleobases and many other substances10. 
Several organic anion and cation transporters identified 
in other tissues and the choroid plexus are also prov-
ing to be expressed on the brain endothelium. Where 
compounds need to be moved against a concentration 
gradient, the energy may come from ATP (as in the ABC 
family of transporters, including P-glycoprotein (Pgp) 
and multidrug resistance-related proteins, MRPs), or 
the Na+ gradient created by operation of the abluminal 
Na+,K+-ATPase. Some transporters (for example, GLUT1 
and LAT1) are bidirectional, moving substrates down 
the concentration gradient, and can be present on both 
luminal and abluminal membranes, or predominantly 
on one. Quantification of GLUT1 expression on luminal 
and abluminal endothelial membranes is complicated by 
the fact that some antibodies do not recognize the trans-
porter when the C-terminal is masked, as it may be in 
the luminal membrane23. Among the efflux transporters, 
Pgp is concentrated on the luminal membrane24, whereas 
the Na+-dependent transporters are generally abluminal, 

specialized for moving solutes out of the brain25,26. They 
include several Na+-dependent glutamate transporters 
(excitatory amino acid transporters 1–3; EAAT1–3)27, 
which move glutamate out of the brain against the large 
opposing concentration gradient (<1 µM in ISF compared 
with ~100 µM in plasma) (FIG. 2). The clear apical–basal 
polarity of brain endothelial cells noted above is hence 
reflected in their polarized transport function20,28.

Induction of BBB properties
What causes the endothelium of blood vessels growing into 
the brain during development to become so specialized? 
It has been clear from the earliest histological studies that 
brain capillaries are surrounded by or closely associated 
with several cell types, including the perivascular endfeet 
of astrocytic glia, pericytes, microglia and neuronal proc-
esses (FIG. 2). In the larger vessels (arterioles, arteries and 
veins), smooth muscle forms a continuous layer, replacing 
pericytes1. Neuronal cell bodies are typically no more than 
~10 µm from the nearest capillary6. These close cell–cell 
associations, particularly of astrocytes and brain capil-
laries, led to the suggestion that they could mediate the 
induction of the specific features of the barrier phenotype 
in the capillary endothelium of the brain29.

Figure 3 | Pathways across the blood–brain barrier. A schematic diagram of the endothelial cells that form the blood–
brain barrier (BBB) and their associations with the perivascular endfeet of astrocytes. The main routes for molecular 
traffic across the BBB are shown. a | Normally, the tight junctions severely restrict penetration of water-soluble 
compounds, including polar drugs. b | However, the large surface area of the lipid membranes of the endothelium offers 
an effective diffusive route for lipid-soluble agents. c | The endothelium contains transport proteins (carriers) for glucose, 
amino acids, purine bases, nucleosides, choline and other substances. Some transporters are energy-dependent (for 
example, P-glycoprotein) and act as efflux transporters. AZT, azidothymidine. d | Certain proteins, such as insulin and 
transferrin, are taken up by specific receptor-mediated endocytosis and transcytosis. e | Native plasma proteins such as 
albumin are poorly transported, but cationization can increase their uptake by adsorptive-mediated endocytosis and 
transcytosis. Drug delivery across the brain endothelium depends on making use of pathways b–e; most CNS drugs enter 
via route b. Modified, with permission, from REF. 8 © (1996) Elsevier Science.
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The brain endothelial transporters that supply the 
brain with nutrients include the GLUT1 glucose carrier, 
several amino acid carriers (including LAT1, L-system 
for large neutral amino acids), and transporters for 
nucleosides, nucleobases and many other substances10. 
Several organic anion and cation transporters identified 
in other tissues and the choroid plexus are also prov-
ing to be expressed on the brain endothelium. Where 
compounds need to be moved against a concentration 
gradient, the energy may come from ATP (as in the ABC 
family of transporters, including P-glycoprotein (Pgp) 
and multidrug resistance-related proteins, MRPs), or 
the Na+ gradient created by operation of the abluminal 
Na+,K+-ATPase. Some transporters (for example, GLUT1 
and LAT1) are bidirectional, moving substrates down 
the concentration gradient, and can be present on both 
luminal and abluminal membranes, or predominantly 
on one. Quantification of GLUT1 expression on luminal 
and abluminal endothelial membranes is complicated by 
the fact that some antibodies do not recognize the trans-
porter when the C-terminal is masked, as it may be in 
the luminal membrane23. Among the efflux transporters, 
Pgp is concentrated on the luminal membrane24, whereas 
the Na+-dependent transporters are generally abluminal, 

specialized for moving solutes out of the brain25,26. They 
include several Na+-dependent glutamate transporters 
(excitatory amino acid transporters 1–3; EAAT1–3)27, 
which move glutamate out of the brain against the large 
opposing concentration gradient (<1 µM in ISF compared 
with ~100 µM in plasma) (FIG. 2). The clear apical–basal 
polarity of brain endothelial cells noted above is hence 
reflected in their polarized transport function20,28.

Induction of BBB properties
What causes the endothelium of blood vessels growing into 
the brain during development to become so specialized? 
It has been clear from the earliest histological studies that 
brain capillaries are surrounded by or closely associated 
with several cell types, including the perivascular endfeet 
of astrocytic glia, pericytes, microglia and neuronal proc-
esses (FIG. 2). In the larger vessels (arterioles, arteries and 
veins), smooth muscle forms a continuous layer, replacing 
pericytes1. Neuronal cell bodies are typically no more than 
~10 µm from the nearest capillary6. These close cell–cell 
associations, particularly of astrocytes and brain capil-
laries, led to the suggestion that they could mediate the 
induction of the specific features of the barrier phenotype 
in the capillary endothelium of the brain29.

Figure 3 | Pathways across the blood–brain barrier. A schematic diagram of the endothelial cells that form the blood–
brain barrier (BBB) and their associations with the perivascular endfeet of astrocytes. The main routes for molecular 
traffic across the BBB are shown. a | Normally, the tight junctions severely restrict penetration of water-soluble 
compounds, including polar drugs. b | However, the large surface area of the lipid membranes of the endothelium offers 
an effective diffusive route for lipid-soluble agents. c | The endothelium contains transport proteins (carriers) for glucose, 
amino acids, purine bases, nucleosides, choline and other substances. Some transporters are energy-dependent (for 
example, P-glycoprotein) and act as efflux transporters. AZT, azidothymidine. d | Certain proteins, such as insulin and 
transferrin, are taken up by specific receptor-mediated endocytosis and transcytosis. e | Native plasma proteins such as 
albumin are poorly transported, but cationization can increase their uptake by adsorptive-mediated endocytosis and 
transcytosis. Drug delivery across the brain endothelium depends on making use of pathways b–e; most CNS drugs enter 
via route b. Modified, with permission, from REF. 8 © (1996) Elsevier Science.
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brain with nutrients include the GLUT1 glucose carrier, 
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for large neutral amino acids), and transporters for 
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and LAT1) are bidirectional, moving substrates down 
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on one. Quantification of GLUT1 expression on luminal 
and abluminal endothelial membranes is complicated by 
the fact that some antibodies do not recognize the trans-
porter when the C-terminal is masked, as it may be in 
the luminal membrane23. Among the efflux transporters, 
Pgp is concentrated on the luminal membrane24, whereas 
the Na+-dependent transporters are generally abluminal, 

specialized for moving solutes out of the brain25,26. They 
include several Na+-dependent glutamate transporters 
(excitatory amino acid transporters 1–3; EAAT1–3)27, 
which move glutamate out of the brain against the large 
opposing concentration gradient (<1 µM in ISF compared 
with ~100 µM in plasma) (FIG. 2). The clear apical–basal 
polarity of brain endothelial cells noted above is hence 
reflected in their polarized transport function20,28.

Induction of BBB properties
What causes the endothelium of blood vessels growing into 
the brain during development to become so specialized? 
It has been clear from the earliest histological studies that 
brain capillaries are surrounded by or closely associated 
with several cell types, including the perivascular endfeet 
of astrocytic glia, pericytes, microglia and neuronal proc-
esses (FIG. 2). In the larger vessels (arterioles, arteries and 
veins), smooth muscle forms a continuous layer, replacing 
pericytes1. Neuronal cell bodies are typically no more than 
~10 µm from the nearest capillary6. These close cell–cell 
associations, particularly of astrocytes and brain capil-
laries, led to the suggestion that they could mediate the 
induction of the specific features of the barrier phenotype 
in the capillary endothelium of the brain29.

Figure 3 | Pathways across the blood–brain barrier. A schematic diagram of the endothelial cells that form the blood–
brain barrier (BBB) and their associations with the perivascular endfeet of astrocytes. The main routes for molecular 
traffic across the BBB are shown. a | Normally, the tight junctions severely restrict penetration of water-soluble 
compounds, including polar drugs. b | However, the large surface area of the lipid membranes of the endothelium offers 
an effective diffusive route for lipid-soluble agents. c | The endothelium contains transport proteins (carriers) for glucose, 
amino acids, purine bases, nucleosides, choline and other substances. Some transporters are energy-dependent (for 
example, P-glycoprotein) and act as efflux transporters. AZT, azidothymidine. d | Certain proteins, such as insulin and 
transferrin, are taken up by specific receptor-mediated endocytosis and transcytosis. e | Native plasma proteins such as 
albumin are poorly transported, but cationization can increase their uptake by adsorptive-mediated endocytosis and 
transcytosis. Drug delivery across the brain endothelium depends on making use of pathways b–e; most CNS drugs enter 
via route b. Modified, with permission, from REF. 8 © (1996) Elsevier Science.
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CSF and tissue are combined, highlighting the dynamic 
nature of both the choroid plexus/CSF axis and of the intrin-
sic state of the responding cells [18, 78]. Factors in the blood 

are also transported across the BCSFB. One example is 
folate, which is transcytosed and released in exosomes into 
the CSF to reach the brain parenchyma [55]. This choroidal 

Fig. 5  The choroid plexus regulates neural stem cells and brain func-
tion. a Schema of adult mouse brain showing ventricular system and 
the choroid plexuses in each ventricle: LV, lateral ventricle, 3V, third 
ventricle, 4V, fourth ventricle). b Schemas showing coronal sections 
of the mouse brain at different stages of embryonic development 
and in the adult. Orange dots show location of neural progenitors in 
the ventricular zone of the developing brain (E12.5 and E14.5). Red 
dots show ventricular-subventricular zone (V-SVZ) and subgranular 
zone (SGZ) adult neural stem cell niches. With aging, proliferation 
and neurogenesis decrease in the adult brain. Changes in the colour 

of the choroid plexus and CSF below represent changes in the cho-
roid plexus secretome and CSF composition from development 
through aging. c Schema showing a model of the choroid plexus as 
a hub, which integrates signals from the circulation and the brain that 
reflect the physiological state. In addition to being a source of factors 
via transport and synthesis, the choroid plexus is a sensor of different 
states. By dynamically altering its secretome in response to input sig-
nals, the choroid plexus modulates stem cell behaviour in adult neural 
stem cell niches, can affect physiology and contribute to pathology

The choroid plexus regulates neural stem cells and brain function
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Figure 1. Intercellular junctions between CNS microvascular endothelial cells forming the BBB and between choroid plexus epithelial cells forming the 
BCSFB. (A) Schematic of the localization of the brain barriers in parenchymal microvessels (B) and the choroid plexus in the ventricles (C) in a coronal 
brain section. (B) Localization (top) and molecular composition (bottom) of endothelial BBB AJs and TJs. AJs at the BBB are established by the homophilic 
interaction of cis dimers of transmembrane VE-cadherin in between adjacent endothelial cells. The cytoplasmic tail of VE-cadherin binds the armadillo family 
proteins p120- and B-catenin, which, via interaction with A-catenin and afadin (AF-6), mediate the link to the actin cytoskeleton. Nectins are transmembrane 
proteins belonging to the immunoglobulin (Ig) superfamily that form homodimers in cis and contribute to AJ formation by adhering to nectins on the adjacent 
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Figure 1. Cellular and molecular properties of the BBB. (A) A schematic comparison of the BBB capillaries with the continuous nonfenestrated, continuous
fenestrated, and discontinuous capillaries found in peripheral organs. (B–F) Schematics of the molecular composition of junctional complexes of BBB ECs (B)
and of ECs in peripheral organs (C), peripheral endothelial fenestra (D), and transport mechanisms in CNS ECs (E) and peripheral ECs (F). (G and H) Electron
micrographs of a mouse brain EC (G) and a mousemuscle EC, which is densely packed with vesicles (arrows; H). BCRP, breast cancer resistance protein; GLUT1,

Profaci et al. Journal of Experimental Medicine 2 of 16
Blood–brain barrier review https://doi.org/10.1084/jem.20190062

• Fenestration: small 
pores raging from 70 to 
100 nm in diameter

• Permit rapid exchange 
of water and larger 
solutes between plasma 
and interstitial fluid

Figure 1. Cellular and molecular properties of the BBB. (A) A schematic comparison of the BBB capillaries with the continuous nonfenestrated, continuous
fenestrated, and discontinuous capillaries found in peripheral organs. (B–F) Schematics of the molecular composition of junctional complexes of BBB ECs (B)
and of ECs in peripheral organs (C), peripheral endothelial fenestra (D), and transport mechanisms in CNS ECs (E) and peripheral ECs (F). (G and H) Electron
micrographs of a mouse brain EC (G) and a mousemuscle EC, which is densely packed with vesicles (arrows; H). BCRP, breast cancer resistance protein; GLUT1,

Profaci et al. Journal of Experimental Medicine 2 of 16
Blood–brain barrier review https://doi.org/10.1084/jem.20190062



Overall drainage of brain
metabolites diffusing into
the CSF : a function that
is particularly relevant to
brain development and in
adulthood for the
maintenance of brain
homeostasis and brain
repair.
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macrophages of the perivascular spaces and microglia which 
are stable resident populations.

Molecular control of the development of the choroid plex-
uses is only beginning to be revealed, and has focused on the 
plexus of the 4th ventricle or of the lateral ventricles. The 
epithelium of the choroid plexuses develops from the dorsal 
region of the neural tube. Gdf7 encodes a protein secreted 
by this region. The lineage of cells expressing Gdf7 shows 
that this population generates all the epithelial cells of the 
choroid plexuses of the third and fourth ventricles and only 
the anterior part of the plexuses of the lateral ventricles [30]. 
The posterior part of these plexuses originates from a region 
not expressing Gdf7 but whose differentiation is depend-
ent on the tissues expressing this gene [30]. The Otx2 gene, 
which encodes a transcription factor containing a homeo-
domain important for the development of the CNS, plays a 
major role in the formation of the plexuses. Indeed, the four 
plexuses are absent after conditional deletion of this gene 
at E9 in mice [64]. Both proliferation and differentiation of 
choroidal epithelial cells are dependent on Notch signalling 
and neurogenin2 [60]. In fact, the situation is very complex 
because some molecules play a role for some anatomical 

sites and not for others. At present, we do not have a detailed 
molecular characterization of the dynamics of plexus for-
mation. It is, however, interesting to note that some factors 
involved in this formation also play a role in tumors derived 
from the choroid plexus such as TWIST A, TRPM3 [58, 62].

During human development, choroid plexuses undergo 
several morphological modifications known as maturation 
or differentiation. The conventional classification, which 
is still widely used was first described by Shuangshoti and 
Netsky [136]. It deserves to be completed and nuanced. Nev-
ertheless, because it is still widely used today, we outline it 
below. Choroid plexuses develop differently depending on 
their ventricular location. We will describe first the devel-
opment of the plexuses of the lateral ventricles and then 
we will specify some of the characteristics of the third and 
fourth ventricle plexuses.

• Stage I corresponds to the infolding of the two presump-
tive territories of the choroid plexus bulging into the lat-
eral ventricles. These two rudiments are separated by a 
thin median structure forming the choroidal or ventricu-
lar roof. The epithelium is pseudo-stratified with cen-

Fig. 2  Cartoon representing the main choroid plexus functions. Neu-
roprotective functions result from the capacity of the choroid plexus 
epithelium to secrete the CSF (blue arrow) that allows maintenance of 
brain homeostasis, and from its ability to prevent the entry or increase 
the efflux of various deleterious compounds. The latter aspect 
involves the combined action of efflux transporters and tight junc-
tions that seal the paracellular pathway (orange arrows and crosses). 
The choroid plexus is also an important source of biologically active 
molecules involved in brain development, stem cell differentiation 

and brain repair, that are either transported from blood or synthetized 
by the epithelium (green arrows). The stromal and epithelial choroid 
plexus cells are sensitive to physiological changes in brain homeo-
stasis and to peripheral or central insults such as inflammation (red 
arrows), often responding by a rapid secretion of chemokines. This 
sentinel function, and their implication in the control of immune cell 
traffic between the blood and the CSF (blue cell) confer to the choroid 
plexuses a function of neuroimmune surveillance of the brain that is 
reinforced when the organism is challenged

The current understanding of CSF functions, 
go far beyond a drainage function
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(reviewed in [149]). The transporter ABCC1 may also 
restrict the penetration of plasma unconjugated bilirubin into 
CSF [45 ], and thus contribute to protect the brain in case of 
moderate transient hyperbilirubinemia, such as occurring 

in neonatal jaundice. The expression in the choroidal epi-
thelium of ABCB1 and ABCG2, two hallmark transport-
ers of the BBB, is debated [44, 91, 119]. Given their sup-
posedly apical/subapical localization, these proteins would 
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Molecular determinants of the neuroprotective functions in the BCSFB



Towards understanding immunosurveillance of the CNS:
Immunesurveillance is an extensive bidirectional communication

that takes place between
nervous and immune system in both health and disease. 

BBB

BCSFB The same molecules, including
cytokines, neurotransmitters
and trophic factors, participate
as mediators in both directions.

Immunosurveillance of the CNS
requires the migration of
circulating immune cells either
across the endothelial BBB or
across the epithelial BCSFB in
the absence of
neuroinflammation.



While the capillaries
represent a barrier for
solutes and ions, leukocyte
trafficking is regulated at
the level of the post-
capillary venules where the
endothelial cells express
specific adhesion
molecules



In the absence of
inflammation, immune
cells keep patrolling
throughout the
cerebrospinal fluid
where they interact
with nervous system
cells regulating
acquisition of memory,
learning and behaviour
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Checkpoints for disease liability: autoimmunity to myelin

a

b

Central memory T cells Exposure to APCs 
during surveillance

T cells return to blood 
via thoracic duct

• Self antigen

• Pathogen

• Cross-reactive or 
degenerate for self 
antigen

• Dual specificity 

• T cells show high-affinity self reactivity to sequestered CNS antigens that are not expressed in the thymus (clonal 
ignorance)

• T cells that show dual specificity for self and pathogens can be activated during pathogen challenge

• Peripheral immunization with self antigen (e.g. acute disseminated encephalomyelitis after rabies vaccination)

• Increased self antigen uptake by meningeal macrophages owing to parenchymal inflammation and decreased uptake 
of myelin-rich exosomes by microglial cells

• Activation of APCs in subarachnoid space by systemic inflammation or cytokine imbalance

• Antigen presentation by intrathecal B cell aggregates after immortalization with EBV

• Choroid plexus macrophages and DCs (sample blood)

• Epiplexus cells (sample ventricular CSF containing solutes 
from white matter (+++) and grey matter (+))

• Meningeal macrophages in brain (sample solutes in 
interstitial fluid from grey matter (+++) and white matter (+))

• Perivascular APCs in Virchow–Robin spaces (sample 
concentrated interstitial fluid from white matter and grey 
matter in perivascular channels)

• Meningeal macrophages in spinal cord (sample interstitial 
fluid from white matter (+++) and grey matter (+))

• Cervical lymph node DCs (sample solutes drained from CSF 
via afferent lymphatics)

Specificity:

lesions) contained more inflammatory cells in the white 
matter than in the grey matter of individual lesions87. 
Therefore, it remained uncertain whether APC-
mediated T cell re-stimulation in the SAS could poten-
tially be relevant for the pathogenesis of subpial lesions 
in multiple sclerosis.

One concern regarding the interpretation of the 
multiple sclerosis autopsy studies relates to the lengthy 
disease duration before tissue examination. In addition, 
experimental observations have indicated that demyeli-
nating cortical inflammation can be remarkably tran-
sient91. Although MRI is not sensitive for detecting focal 
subpial lesions in patients with multiple sclerosis, it has 
nonetheless indicated cortical injury in the form of tis-
sue atrophy early during the course of multiple sclero-
sis92. To try to understand what type of tissue pathology 
early in the multiple sclerosis disease course led to tis-
sue atrophy, we studied biopsy material. In this regard, 
biopsies to test for suspected tumours or infections have 
occasionally diagnosed clinical cases of cerebral white 

matter inflammatory demyelination, and the majority of 
such cases are eventually found to exhibit typical signs 
and symptoms of multiple sclerosis93,94.

To examine the pathological characteristics of 
subpial demyelination early in multiple sclerosis, we 
studied the cortical tissue obtained during stereotactic 
white matter biopsies of 138 patients, as such proce-
dures involve passing a biopsy instrument through the 
cortex, a small core of which is removed en passant 10. 
The majority of these cortical tissues were spatially 
removed from the white matter biopsy target, so they 
represented a 1 mm random sample of cerebral cortex 
from early-stage multiple sclerosis cases with a median 
time from symptom onset to biopsy of about 30 days. 
We observed demyelinating lesions in nearly 40% of 
cases, with subpial demyelinating lesions being pre-
sent in slightly more than 10% of cases10. These cortical 
demyelinating lesions had an inflammatory character, 
typified by perivascular and parenchymal lympho-
cyte infiltrates that included CD4+ and CD8+ T cells as 

Figure 3 | Immune surveillance of the central nervous system: T cell–APC interactions and checkpoints for 
autoimmunity.  a | Memory T cells of varied T cell receptor (TCR) specificities cross into the cerebrospinal fluid (CSF)  
in a manner that is independent of their antigen specifity (left panel). In the CSF, they are exposed to a diversity of 
antigen­presenting cells (APCs), which display different arrays of central nervous system (CNS) antigens according to their 
location (centre panel). If no antigen (self­ or pathogen­derived) is recognized by the T cell, it exits the subarachnoid space 
along with the CSF, crossing the cribriform plate in channels along the entering olfactory afferents (not shown) and 
draining to the nasal mucosa. From here, T cells use afferent lymphatics to access deep cervical lymph nodes (DCLNs) 
and ultimately re-enter the blood circulation from the thoracic duct. b | The threshold for T cell­mediated autoimmunity 
to myelin or other self antigens can be lowered in varied ways, which are here termed checkpoints for disease liability. 
DC, dendritic cell; EBV, Epstein–Barr virus.
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• Choroid plexus macrophages and DCs APCs localized to these
compartments will
continuously be exposed to 
all CNS antigens and thus
ensure immunosurveillance
of the CNS. 
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Figure 1. Intercellular junctions between CNS microvascular endothelial cells forming the BBB and between choroid plexus epithelial cells forming the 
BCSFB. (A) Schematic of the localization of the brain barriers in parenchymal microvessels (B) and the choroid plexus in the ventricles (C) in a coronal 
brain section. (B) Localization (top) and molecular composition (bottom) of endothelial BBB AJs and TJs. AJs at the BBB are established by the homophilic 
interaction of cis dimers of transmembrane VE-cadherin in between adjacent endothelial cells. The cytoplasmic tail of VE-cadherin binds the armadillo family 
proteins p120- and B-catenin, which, via interaction with A-catenin and afadin (AF-6), mediate the link to the actin cytoskeleton. Nectins are transmembrane 
proteins belonging to the immunoglobulin (Ig) superfamily that form homodimers in cis and contribute to AJ formation by adhering to nectins on the adjacent 
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• Choroid plexus macrophages and DCs
• Meningeal macrophages in the brain and 

spinal cord
• Perivascular APCs in Virchow-Robin 
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Structure of the meninges and their relation to the sur-
faces of the brain. The meninges comprise a series of 
three membranes that enclose the CNS parenchymal tis-
sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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• T cells show high-affinity self reactivity to sequestered CNS antigens that are not expressed in the thymus (clonal 
ignorance)

• T cells that show dual specificity for self and pathogens can be activated during pathogen challenge

• Peripheral immunization with self antigen (e.g. acute disseminated encephalomyelitis after rabies vaccination)

• Increased self antigen uptake by meningeal macrophages owing to parenchymal inflammation and decreased uptake 
of myelin-rich exosomes by microglial cells

• Activation of APCs in subarachnoid space by systemic inflammation or cytokine imbalance

• Antigen presentation by intrathecal B cell aggregates after immortalization with EBV

• Choroid plexus macrophages and DCs (sample blood)

• Epiplexus cells (sample ventricular CSF containing solutes 
from white matter (+++) and grey matter (+))

• Meningeal macrophages in brain (sample solutes in 
interstitial fluid from grey matter (+++) and white matter (+))

• Perivascular APCs in Virchow–Robin spaces (sample 
concentrated interstitial fluid from white matter and grey 
matter in perivascular channels)

• Meningeal macrophages in spinal cord (sample interstitial 
fluid from white matter (+++) and grey matter (+))

• Cervical lymph node DCs (sample solutes drained from CSF 
via afferent lymphatics)

Specificity:

lesions) contained more inflammatory cells in the white 
matter than in the grey matter of individual lesions87. 
Therefore, it remained uncertain whether APC-
mediated T cell re-stimulation in the SAS could poten-
tially be relevant for the pathogenesis of subpial lesions 
in multiple sclerosis.

One concern regarding the interpretation of the 
multiple sclerosis autopsy studies relates to the lengthy 
disease duration before tissue examination. In addition, 
experimental observations have indicated that demyeli-
nating cortical inflammation can be remarkably tran-
sient91. Although MRI is not sensitive for detecting focal 
subpial lesions in patients with multiple sclerosis, it has 
nonetheless indicated cortical injury in the form of tis-
sue atrophy early during the course of multiple sclero-
sis92. To try to understand what type of tissue pathology 
early in the multiple sclerosis disease course led to tis-
sue atrophy, we studied biopsy material. In this regard, 
biopsies to test for suspected tumours or infections have 
occasionally diagnosed clinical cases of cerebral white 

matter inflammatory demyelination, and the majority of 
such cases are eventually found to exhibit typical signs 
and symptoms of multiple sclerosis93,94.

To examine the pathological characteristics of 
subpial demyelination early in multiple sclerosis, we 
studied the cortical tissue obtained during stereotactic 
white matter biopsies of 138 patients, as such proce-
dures involve passing a biopsy instrument through the 
cortex, a small core of which is removed en passant 10. 
The majority of these cortical tissues were spatially 
removed from the white matter biopsy target, so they 
represented a 1 mm random sample of cerebral cortex 
from early-stage multiple sclerosis cases with a median 
time from symptom onset to biopsy of about 30 days. 
We observed demyelinating lesions in nearly 40% of 
cases, with subpial demyelinating lesions being pre-
sent in slightly more than 10% of cases10. These cortical 
demyelinating lesions had an inflammatory character, 
typified by perivascular and parenchymal lympho-
cyte infiltrates that included CD4+ and CD8+ T cells as 

Figure 3 | Immune surveillance of the central nervous system: T cell–APC interactions and checkpoints for 
autoimmunity.  a | Memory T cells of varied T cell receptor (TCR) specificities cross into the cerebrospinal fluid (CSF)  
in a manner that is independent of their antigen specifity (left panel). In the CSF, they are exposed to a diversity of 
antigen­presenting cells (APCs), which display different arrays of central nervous system (CNS) antigens according to their 
location (centre panel). If no antigen (self­ or pathogen­derived) is recognized by the T cell, it exits the subarachnoid space 
along with the CSF, crossing the cribriform plate in channels along the entering olfactory afferents (not shown) and 
draining to the nasal mucosa. From here, T cells use afferent lymphatics to access deep cervical lymph nodes (DCLNs) 
and ultimately re-enter the blood circulation from the thoracic duct. b | The threshold for T cell­mediated autoimmunity 
to myelin or other self antigens can be lowered in varied ways, which are here termed checkpoints for disease liability. 
DC, dendritic cell; EBV, Epstein–Barr virus.
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Structure of the meninges and their relation to the sur-
faces of the brain. The meninges comprise a series of 
three membranes that enclose the CNS parenchymal tis-
sues and the CSF. The outermost membrane is the tough 
fibrous dura, which is beneath the inner surface of the 
skull. CSF is constrained between the two inner mem-
branes: the arachnoid, which lies under the dura; and 
the pia, which closely covers the CNS parenchyma. The 
fluid-filled SAS is criss-crossed by a dense stroma and 
traversed by arterial vessels that supply the brain and spi-
nal cord. These vessels penetrate the CNS parenchyma 

and are lined by the arachnoid and pia for several milli-
metres from the site of parenchymal entry, giving rise to 
perivascular spaces (termed Virchow–Robin spaces) that 
are directly continuous with the SAS. Such CNS perivas-
cular spaces are enclosed and delimited by an endothe-
lial basement membrane on the abluminal side of the 
vessel wall and the glia limitans (specifically the glia 
limitans perivascularis) on the parenchymal side of the 
perivascular space (see below and FIG. 1). The external 
surface of the brain and spinal cord are covered by a net-
work of astrocytic processes along with the parenchymal 

Figure 1 | CSF­mediated drainage of interstitial fluid and CNS antigens to deep cervical lymph nodes.  a | A human 
head in midline sagittal section, showing revelant anatomical structures (namely the ventricle, choroid plexus, central nervous 
system (CNS) parenchyma, lymphatics and deep cervical lymph nodes (DCLNs)) in schematic form. b | Arachnoid granulations 
in relation to the subarachnoid space and brain parenchyma. c | Subpial vasculature in relation to subarachnoid space and 
brain parenchyma, indicating the anatomy discussed in the main text. The inset shows the cellular components of cerebral 
capillaries, the glia limitans and the basement membranes in relation to the perivascular space. CSF, cerebrospinal fluid.
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fluid from white matter (+++) and grey matter (+))
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lesions) contained more inflammatory cells in the white 
matter than in the grey matter of individual lesions87. 
Therefore, it remained uncertain whether APC-
mediated T cell re-stimulation in the SAS could poten-
tially be relevant for the pathogenesis of subpial lesions 
in multiple sclerosis.

One concern regarding the interpretation of the 
multiple sclerosis autopsy studies relates to the lengthy 
disease duration before tissue examination. In addition, 
experimental observations have indicated that demyeli-
nating cortical inflammation can be remarkably tran-
sient91. Although MRI is not sensitive for detecting focal 
subpial lesions in patients with multiple sclerosis, it has 
nonetheless indicated cortical injury in the form of tis-
sue atrophy early during the course of multiple sclero-
sis92. To try to understand what type of tissue pathology 
early in the multiple sclerosis disease course led to tis-
sue atrophy, we studied biopsy material. In this regard, 
biopsies to test for suspected tumours or infections have 
occasionally diagnosed clinical cases of cerebral white 

matter inflammatory demyelination, and the majority of 
such cases are eventually found to exhibit typical signs 
and symptoms of multiple sclerosis93,94.

To examine the pathological characteristics of 
subpial demyelination early in multiple sclerosis, we 
studied the cortical tissue obtained during stereotactic 
white matter biopsies of 138 patients, as such proce-
dures involve passing a biopsy instrument through the 
cortex, a small core of which is removed en passant 10. 
The majority of these cortical tissues were spatially 
removed from the white matter biopsy target, so they 
represented a 1 mm random sample of cerebral cortex 
from early-stage multiple sclerosis cases with a median 
time from symptom onset to biopsy of about 30 days. 
We observed demyelinating lesions in nearly 40% of 
cases, with subpial demyelinating lesions being pre-
sent in slightly more than 10% of cases10. These cortical 
demyelinating lesions had an inflammatory character, 
typified by perivascular and parenchymal lympho-
cyte infiltrates that included CD4+ and CD8+ T cells as 

Figure 3 | Immune surveillance of the central nervous system: T cell–APC interactions and checkpoints for 
autoimmunity.  a | Memory T cells of varied T cell receptor (TCR) specificities cross into the cerebrospinal fluid (CSF)  
in a manner that is independent of their antigen specifity (left panel). In the CSF, they are exposed to a diversity of 
antigen­presenting cells (APCs), which display different arrays of central nervous system (CNS) antigens according to their 
location (centre panel). If no antigen (self­ or pathogen­derived) is recognized by the T cell, it exits the subarachnoid space 
along with the CSF, crossing the cribriform plate in channels along the entering olfactory afferents (not shown) and 
draining to the nasal mucosa. From here, T cells use afferent lymphatics to access deep cervical lymph nodes (DCLNs) 
and ultimately re-enter the blood circulation from the thoracic duct. b | The threshold for T cell­mediated autoimmunity 
to myelin or other self antigens can be lowered in varied ways, which are here termed checkpoints for disease liability. 
DC, dendritic cell; EBV, Epstein–Barr virus.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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Principles of the multistep extravasation of 
immune cells during inflammation

A focus on Multiple Sclerosis



1396: Earliest Recorded Case of MS

Sister Lidwina van Schiedam fell while ice skating in 1396 and 
subsequently developed numerous symptoms characteristic of MS.



From Sister Lidwina to the present…

• 1868—Jean-Martin Charcot describes the disease and finds 
MS plaques (scars) on autopsy.

“Multiple sclerosis is often one of the most difficult problems

in clinical medicine.” (Charcot, 1894)

• 1878—Louis Ranvier describes the myelin sheath 

(the primary target of MS in the central nervous system)

• 1981—1st MRI image of MS is published.

• 1993—The first disease-modifying agent for MS—
Betaseron—is approved in the U.S

• Today there are more than a dozen medications approved in 
the U.S. for the treatment of MS

Jean-Martin Charcot
(1825-1893)

Louis-Antoine Ranvier
(1835 – 1922)



MS is considered an   IMMUNE-MEDIATED disease caused by:

Genetic
Predisposition

Environmental
Trigger

Immune-mediated Attack
In CNS at multiple sites

Loss of Myelin
& Nerve Fiber

ü Smoking 

ü Obesity in adolescence

ü Low vitamin D levels

ü Exposure to the Epstein-

Barr virus

ü The DRB1*1501 allele 

HLA (human leukocyte

antigen) that confer T-

and B-cell reactivity to 

specific myelin protein

peptides

ü Many of the SNPs are associated

with genes that are important for

either the differentiation of

pathogenic T-cell species or for

the modulation or reprogramming

of their effector functions (eg,

cytokine secretion of T cells)



• A first neurologic event
suggestive of
demyelination

• Individuals with CIS are at
high risk for developing
clinically definite MS if the
neurologic event is
accompanied by multiple,
clinically silent
(asymptomatic) lesions on
MRI typical of MS

Clinically Isolated 
Syndrome (CIS)



How is the disease course treated?

• More than a dozen disease-modifying therapies are 
FDA-approved for relapsing forms of MS:
• daclizumab (Zinbryta®) 
• glatiramer acetate (Copaxone®; Glatopa® )
• interferon beta-1a (Avonex®, Plegridy®, Rebif®)
• interferon beta-1b (Betaseron® and Extavia®) 
• dimethyl fumarate (Tecfidera®)
• fingolimod (Gilenya®) 
• teriflunomide (Aubagio®) 
• alemtuzumab (Lemtrada®) 
• mitoxantrone (Novantrone®)
• natalizumab (Tysabri®) 
• ocrelizumab (Ocrevus®) 

What do the disease-
modifying drugs do?

All reduce attack frequency 
and severity, reduce scarring 
on MRI, and probably slow 

disease progression.

These medications do not:
• Cure the disease
• Make people feel better
• Alleviate symptoms





What happens in MS?

...cross the blood-brain barrier…

…launch attack on myelin & nerve fibers...

“Activated” T cells...

myelinated nerve fiber myelinated nerve fiber



positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
endothelial cells: T cells crawl significantly longer
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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positive for LFA-1, the ligand for ICAM-1, and for a4b1-
integrin but not for a4b7-integrin, the ligand for VCAM-1,
respectively. Similarly, in MS lesions, LFA-1+ inflamma-
tory cells accumulate around venules with high endothelial
expression of ICAM-1 [43,44]. In contrast to EAE, VCAM-1
expression has been described on CNS microvessels in
some [45]  but not in other [46]  MS lesions. However, in
human CNS microvessels, the CS1 domain of a spliced
variant of fibronectin (FN-CS1) could serve as an alterna-
tive ligand for a4-integrins as recently observed in vitro
[47].

The functional involvement of LFA-1!ICAM-1- and
a4b1-integrin!VCAM-1-mediated T cell adhesion to in-
flamed CNS endothelium in vitro has been proven by
multiple assays investigating T cell adhesion to inflamed
cerebral vessels [48,49]  or to cultured brain microvascular
endothelial cells in adhesion assays [47,50–53]. However,
these studies were performed under static conditions omit-
ting physiological flow, and the precise involvement of
these molecules in T cell arrest versus post-arrest T cell
behavior on the brain endothelium such as T cell polariza-
tion or T cell crawling to sites of diapedesis could not be

determined. In vitro time lapse imaging techniques have
more recently shown that 3 min after cytokine-stimulated
arrest on primary brain endothelial cells, encephalitogenic
Th1 cells polarize and begin to crawl on the surface of the
brain endothelial cells, preferentially against the direction
of flow, to find sites permissive for diapedesis across the
endothelial barrier [54]. Although T cell arrest on the brain
endothelial cells involves a4-integrin!VCAM-1 and LFA-
1!ICAM-1 interactions, T cell polarization and crawling
are exclusively mediated by LFA-1 binding to endothelial
ICAM-1 and ICAM-2 [54]. In the absence of endothelial
ICAM-1 and ICAM-2, T cells lose their ability to polarize
and crawl and the few that remain attached to the brain
endothelium seem repeatedly to undergo a4-integrin!
VCAM-1-mediated arrest [54]. Mechanosensing of the flow
is a characteristic of the T cells, which could also crawl
against the flow in the absence of endothelial cells on
purified ICAM-1 and ICAM-2, but not on VCAM-1 [54].
By contrast, the necessity for the T cells to crawl long
distances to find a site for diapedesis is a unique charac-
teristic of the highly specialized barrier forming CNS
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Figure 3. Molecular mechanisms involved in T cell migration across the endothelial blood–leptomeningeal barrier (BLMB). Recognition of antigen on leptomeningeal
macrophages by T cells in the subarachnoidal space triggers inflammatory events leading to the upregulation of adhesion molecules on endothelial cells of leptomeningeal
vessels (red cells). P-selectin that is stored in Weibel–Palade bodies of meningeal blood vessel endothelial cells is rapidly released on the endothelial cell surface allowing
P-selectin glycoprotein ligand (PSGL)-1-mediated rolling of T cells and the reduction of their velocity. The chemokines that trigger G-protein-dependent integrin activation
are not yet characterized. Leukocyte function-associated antigen (LFA)-1!intercellular adhesion molecule (ICAM)-1- and a4 b1-integrin!vascular cell adhesion molecule
(VCAM)-1-dependent T cell arrest is followed by T cell crawling at velocities of 10–12  mm/min (calculated from [3]) preferentially against the direction of flow on the luminal
surface of the inflamed leptomeningeal microvascular endothelial cells. After transcellular or paracellular diapedesis, T cells crawl in random directions along the abluminal
side of the leptomeningeal vessels and eventually interact with leptomeningeal macrophages.
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All the silicone layers (blue/green/teal) are 300 mm thick.
‘‘Top’’ and ‘‘Bottom’’ channels perfuse media, while the ‘‘Top Connecting Layer’’ and ‘‘Bottom Connecting Layer’’ demarcate the top
and bottom compartments, respectively. The ‘‘Membrane Layer’’ provides a supporting framework for the membrane. The topmost
PDMS reservoirs store the excess media and are exposed to the outside-incubator environment for gas exchange. Similarly, all the
other device components are all gas-permeable and are sterilized by autoclaving. During flow set-up, the 18 gauge needles fitted with
silicone tubings are inserted in the four holes in the Top Connecting Layer. (c) Immunofluorescence staining on BLECs grown in the
mSiM-CVB flow system, induced by PCM in the basal compartment, for the junctional markers ZO-1 (green), VE-cadherin (green) and
claudin-5 (green). Each staining is representative of two independent experiments performed on two distinct devices, Scale bar, 20mm.
(d) Schematic of the settings for live cell imaging of the T cell/BLEC interactions under flow. T cells are perfused on the apical (top)
side of the device and migrate in a multi-step process across the BLEC monolayer. T cells can also crawl in the subendothelial layer
above the membrane. The 50-nm pores in the silicon membrane prevent their passage into the basal (bottom) compartment of the
device. The working distance of the device (distance between microscope objective and T cells) is 1.180mm. (e) A temporal snapshot
to illustrate the resolution and focusing-stability under flow from two videos recorded at 10! magnification (EC Plan-Neofluar 10!/
0.30 Ph1). BLECs were cultured and TNF-activated as described in the main text. The pictures show the BLECs to illustrate image
clarity and the stability of focus from the start (00min) to the end (34min 55 s) of the recording session under flow. The arrows show
area where the BLECs are elongated after stimulation with TNF-a. The time is displayed on the top left of the video (min:s format).
Scale¼ 50 mm.
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silicone tubings are inserted in the four holes in the Top Connecting Layer. (c) Immunofluorescence staining on BLECs grown in the
mSiM-CVB flow system, induced by PCM in the basal compartment, for the junctional markers ZO-1 (green), VE-cadherin (green) and
claudin-5 (green). Each staining is representative of two independent experiments performed on two distinct devices, Scale bar, 20mm.
(d) Schematic of the settings for live cell imaging of the T cell/BLEC interactions under flow. T cells are perfused on the apical (top)
side of the device and migrate in a multi-step process across the BLEC monolayer. T cells can also crawl in the subendothelial layer
above the membrane. The 50-nm pores in the silicon membrane prevent their passage into the basal (bottom) compartment of the
device. The working distance of the device (distance between microscope objective and T cells) is 1.180mm. (e) A temporal snapshot
to illustrate the resolution and focusing-stability under flow from two videos recorded at 10! magnification (EC Plan-Neofluar 10!/
0.30 Ph1). BLECs were cultured and TNF-activated as described in the main text. The pictures show the BLECs to illustrate image
clarity and the stability of focus from the start (00min) to the end (34min 55 s) of the recording session under flow. The arrows show
area where the BLECs are elongated after stimulation with TNF-a. The time is displayed on the top left of the video (min:s format).
Scale¼ 50 mm.
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mSiM-CVB flow system, induced by PCM in the basal compartment, for the junctional markers ZO-1 (green), VE-cadherin (green) and
claudin-5 (green). Each staining is representative of two independent experiments performed on two distinct devices, Scale bar, 20mm.
(d) Schematic of the settings for live cell imaging of the T cell/BLEC interactions under flow. T cells are perfused on the apical (top)
side of the device and migrate in a multi-step process across the BLEC monolayer. T cells can also crawl in the subendothelial layer
above the membrane. The 50-nm pores in the silicon membrane prevent their passage into the basal (bottom) compartment of the
device. The working distance of the device (distance between microscope objective and T cells) is 1.180mm. (e) A temporal snapshot
to illustrate the resolution and focusing-stability under flow from two videos recorded at 10! magnification (EC Plan-Neofluar 10!/
0.30 Ph1). BLECs were cultured and TNF-activated as described in the main text. The pictures show the BLECs to illustrate image
clarity and the stability of focus from the start (00min) to the end (34min 55 s) of the recording session under flow. The arrows show
area where the BLECs are elongated after stimulation with TNF-a. The time is displayed on the top left of the video (min:s format).
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Figure 2. Induction of BBB characteristics in CD34þ ECs by pericyte-conditioned medium. (a) Scheme of the different culture
conditions used to test the BBB induction. (b) Timeline of experimental procedures: scheme of the PCM production and luminal or
abluminal administration to the CD34þ-derived ECs followed by Lucifer Yellow (LY) permeability assay, immunofluorescence stainings,
and live cell imaging under physiological flow. (c) Lucifer Yellow (LY) permeability assay: the permeability was measured across
monocultures of CD34þ-derived ECs (monoculture), CD34þ-derived ECs co-cultured with pericytes (co-culture), or pericyte-
conditioned medium at the abluminal (PCM abluminal) or luminal (PCM luminal) side. Bars show means" SD of three independent
experiments performed at least in duplicate for each condition. Statistical analysis: one-way ANOVA followed by Dunnett’s multiple
comparison test ****p< 0.0001. (d) Immunofluorescence stainings for the junctional proteins VE-cadherin (red), ZO-1 (green),
claudin-5 (green) and for F-actin (red) in CD34þ-derived ECs grown in monoculture, in co-culture with pericytes or with PCM
administered at the abluminal or luminal side are shown. The pictures show a more jagged VE-cadherin and ZO-1 fluorescent staining
in the co-culture and PCM conditions (arrows). The claudin-5 staining is also more prominent and continuous in the co-culture and
PCM abluminal conditions (arrows). Scale bar, 50mm. (e) Immunofluorescence staining for ICAM-1 and ICAM-2 (red), VCAM-1
(green), on CD34þ-derived ECs grown in co-culture with pericytes or with PCM administered at the abluminal side, non-stimulated
(NS) or stimulated with TNF-a for 16 h. Scale bar, 20mm.
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Lab on chip  model to study the multi-step cascade of T cells extravasation

strategies to counteract selection pressure for an effective
immunosurveillance of the CNS by the adaptive immune
system without endangering CNS homeostasis.

In this review, we summarize how the outer BBB,
BLMB, and BCSFB control the migration of immune cell
subsets across and their dwelling right behind these bar-
riers during immunosurveillance. Furthermore, we pro-
pose that migration of immune cells from the blood stream
into the CNS parenchyma is a process only occurring
during neuroinflammation and requires penetration of a

second barrier, the glia limitans. This a fundamentally dif-
ferent process that, in addition to the multistep interaction of
circulating cells with the vascular wall, requires penetration
of a second barrier lacking in all other organs, and therefore
involves mechanisms that are unique to the CNS.

Principles of the multistep extravasation of immune
cells
The recruitment of circulating immune cells into any given
tissue is mediated by the sequential interaction of different

TRENDS in Immunology 

An!gen
presen!ng

cells

Neurons

Astrocyte

Postcapillary
venule Capillary

CNS parenchyma

Endothelial
basement membrane

Parenchymal
basement membrane

Pericyte

Endothelium
Tight junc!ons

Perivascular
                space

Figure 1. Neuroanatomy of the vascular blood–brain barrier (BBB). The BBB is localized to central nervous system (CNS) microvessels, the capillaries, and post-capillary
venules. The highly specialized endothelial cells (red) establish the barrier proper by their low pinocytotic activity and by sealing the paracellular space with complex tight
junctions. They deposit an endothelial basement membrane (yellow), in which many embedded pericytes (pink) can be found. The endothelial basement membrane is
molecularly distinct from the parenchymal basement membrane (orange), which is deposited by astrocytes and establishes together with the astrocytic endfeet (green) the
glia limitans perivascularis. At the vascular segment of CNS capillaries, the endothelial and parenchymal basement membranes merge and cannot be ultrastructurally
distinguished. However, at the post-capillary venules, these basement membranes separate to provide a cerebrospinal fluid (CSF)-drained perivascular space (blue), in
which antigen-presenting cells can be found. Neurons (gray) are localized in the CNS parenchyma and thus protected from the periphery by this complex vascular structure.

Box 1. Morphology of the brain barriers

The BBB is formed by highly specialized endothelial cells in CNS
microvessels, which inhibit uncontrolled transcellular passage of
molecules by an extremely low pinocytotic activity and restrict the
paracellular diffusion of hydrophilic molecules by an elaborate
network of complex tight junctions between the endothelial cells
(reviewed in [76]). Barrier properties are not intrinsic to CNS
microvascular endothelial cells but rather rely on the continuous
interaction with the underlying endothelial basement membrane and
its embedded pericytes, as well as on the interaction with astrocytes
that produce a second basement membrane known as the parench-
ymal basement membrane and several growth factors and morpho-
gens relevant for barrier maturation and maintenance [77,78].
Astrocytes ensheath the abluminal aspect of the CNS microvessels
with their endfeet, which together with the parenchymal basement
membrane define the glia limitans that marks the border to the CNS
parenchyma [79]. With the exception of CNS capillaries, where the
endothelial and parenchymal basement membranes fuse to form one
composite basement membrane, in all brain parenchymal vessels,
the endothelial and parenchymal basement membranes are structu-
rally and biochemically distinct entities, which define the inner and
outer limits of a CSF-filled perivascular space, in which rare APCs can
be found (reviewed in [79,80]). CSF perivascular spaces open towards
the leptomeningeal/subarachnoidal space on the surface of the brain
and spinal cord, facilitating drainage of extracellular fluids to the CNS
surface and finally into the venous blood flow [81]. Alternatively, CSF
drainage pathways connect directly via the cribriform plate to nasal
lymphatics and deep cervical lymph nodes (summarized in [82]). Both

pathways therefore compensate for the lack of lymph vessels in the
CNS [83]. On the surface of the brain and spinal cord, the
leptomeningeal blood vessels lack the direct ensheathment by
astrocytic endfeet and thus the glia limitans perivascularis [84].
Instead, the entire CSF-drained leptomeningeal space is sealed off
towards the CNS parenchyma by the glia limitans superficialis,
resembling the glia limitans perivascularis and surrounding the entire
surface of the brain and spinal cord (reviewed in [79,80]). Despite
these morphological differences, meningeal CNS microvessels also
establish a functional barrier [85]. Meningeal microvessels have
therefore also been referred to as BBB, although strictly speaking,
leptomeningeal vessels rather establish a barrier between the blood
stream and the CSF-drained leptomeningeal space. Therefore, we
refer to this vascular barrier here as the BLMB. In addition to the
endothelial BBB and BLMB, another major barrier sealing off the CNS
from the changing milieu in the periphery is established by the
epithelial cells of the choroid plexus. Unique claudin-11-induced
parallel oriented tight junction strands around the choroid plexus
epithelium inhibit paracellular diffusion of water-soluble molecules
and thus set up the BCSFB, [86]. The choroid plexus plays a central
role in the formation and regulation of CSF. It extends as a villous
structure from the ventricular walls into the lumen of the brain
ventricles where a single layer of epithelial cells surrounds the
choroid plexus parenchyma harboring an extensive network of
microvessels, allowing free diffusion of molecules across the
endothelial cells through fenestrations and intercellular gaps (re-
viewed in [86]).
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Figure 5. In vitro live cell imaging of the T cell-BBB interactions under flow. (a) A temporal snapshot illustrating that the different T-
cell-BLECs interactions have been made with several frames taken from a video recorded with a 20! magnification (LD Plan-Neofluar
20!/0.4 Korr Ph2). The CD34þ ECs were cultured in the top channel of the flow chamber with the PCM in the bottom channel for six
days, and the CD34þ ECs were stimulated with TNF (10 ng/mL) 16 h before starting to record the video. Th1 cells are allowed to
accumulate on the BLECs monolayer at a low flow rate of 0.1 dyne/cm2 for 4min from the first frame after the first Th1 cells appear in
the field of view, then the flow rate was set to 1.5 dyne/cm2 for 30min (shear phase). Each row is showing a specific behavior of the
Th1 cells with the BLECs with the example of two different cells one highlighted with a blue arrow and the other one with a yellow
arrow. The first row illustrates the diapedesis event where T cells start to arrest (1min 20 s) and then polarize and firmly adhere
(5min) to the BLECs. Then, the T cells start to transmigrate through the BLECs monolayer (5min 35 s) and take more (23min, blue
arrow) or less (7min 45 s, yellow arrow) time to complete diapedesis. The pore size of 50 nm prevents the leukocytes from crossing
the silicon membrane; cells are trapped in the subendothelial spaces and can still be followed and identified by their darker gray shape
in comparison of the BLECs monolayer (23min). The second row illustrates the crawling event where T cells first arrest (1min 20 s)
and then polarize and firmly adhere (3min) to the BLECs. Then, the T cells start to form a leading edge with a lot of small protrusions
(5min 25 s, blue arrow and 13min 45 s, yellow arrow) and actively move on the BLECs against the direction of the flow until they even
disappear from the field of view (13min 45 s, blue arrow and 29min 50 s, yellow arrow). The third row illustrates the probing event
where T cells first arrest (1min 20 s) and then polarizes and firmly adheres (4min 40 s) to the BLECs. Then, the T cells remained
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junctions but is found outside the organized TJs and AJs complexes [159,160]. However, it plays a
very important role in angiogenesis with a mechanosensory function and is involved in the regulation
of vascular integrity as PECAM-1-deficient mice show impaired BBB junctional integrity [161–163].
CD99 is an additional protein localized in the endothelial cell junctional complexes, outside of TJs or
AJs [164,165]. This protein is a highly O-glycosylated type I transmembrane protein not belonging to
any protein family. CD99 mediates leukocyte tra�cking across the BBB, with any additional role in
BBB junctional integrity remaining to be shown [166]. A schematic representation of the molecular
composition of the junctional complexes of the BBB endothelium as known today is illustrated in
Figure 2.

Although a large number of molecules localized at the cell-to-cell contacts of the BBB within TJ, AJs
and beyond has thus been described, their dynamic interplay and regulation during CNS homeostasis
and how their expression and localization changes during neurological disorders when BBB function
is impaired remains to be investigated in more detail. In addition, species di↵erences in the expression
of molecular constituents of the BBB junctional complexes have been described [94,167,168], an aspect
that is important when aiming to translate observations from animal models to the human BBB.
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all four cerebral ventricles. The ChP folds out from the ventricular walls and is composed of a highly 

vascularized stroma that is surrounded by a monolayer of epithelial cells [171]. Because the dense 

network of capillaries that irrigate the ChP is fenestrated and thus permissive to the passage of blood 

derived molecules, the epithelial cells surrounding the ChP stroma build a BCSFB [18,172]. 

Accordingly, the molecules that diffuse from the blood across the ChP vascular wall reach the ChP 

stroma but are hindered by the epithelial BCSFB to reach the CSF [37]. 

In accordance to the endothelial BBB, TJs and AJs are present in the BCSFB epithelium, ensuring 

not only the barrier function but also the apicobasal polarity of the BCSFB [173]. Claudin-1, claudin-

2, claudin-3 and claudin-11, together with occludin and ZO-1, were identified to be expressed in the 

TJs of the BCSFB [100,174–176]. JAM-A, but not JAM-B, is found in the epithelium of the BCSFB, while 

JAM-C is only present in the BCSFB of the ChP of the fourth ventricle [125,131,149]. In the epithelial 

monolayer, TJs are apically localized and distinguishable from the AJs, which are in the basolateral 

compartment [149]. Claudin-1-deficient mice die post-natal due to failure of epidermal barrier 

Figure 2. Schematic representation of the junctional complexes of the BBB. The proteins that compose
the tight and adherens junctions are connected to the cytoskeleton via intracellular sca↵olding proteins,
ZO-1, ZO-2 and AF-6. Despite being expressed at low levels by the BBB endothelial cells [106],
the subcellular location and function of claudin-12 remains to be defined. The forms of the individual
proteins were adapted from Servier Medical Art (http://smart.servier.com/), licensed under a Creative
Common Attribution 3.0 Generic License.

4. The Epithelial Blood-Cerebrospinal Fluid Barrier of the Choroid Plexus

The development and maintenance of the CNS is assured by the cerebrospinal fluid (CSF), found
in the spinal and brain subarachnoid space, cisterns, sulci and in the cerebral ventricles [169,170].
Importantly, the CSF is produced by the ChP, a highly vascularized secretory tissue that extends
into all four cerebral ventricles. The ChP folds out from the ventricular walls and is composed of a
highly vascularized stroma that is surrounded by a monolayer of epithelial cells [171]. Because the
dense network of capillaries that irrigate the ChP is fenestrated and thus permissive to the passage
of blood derived molecules, the epithelial cells surrounding the ChP stroma build a BCSFB [18,172].
Accordingly, the molecules that di↵use from the blood across the ChP vascular wall reach the ChP
stroma but are hindered by the epithelial BCSFB to reach the CSF [37].
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entry into the brain occurs in the absence of a4-integrins but
is dependent on LFA-1 [58]. Despite the proven contribution
of LFA-1 and its endothelial ligands ICAM-1 and ICAM-2 in
T cell arrest, polarization, and crawling on the inflamed brain
endothelium in vitro [54], their functional inhibition or ab-
sence in a variety of EAE models has produced contradictory
results, ranging from inhibiting EAE to increasing severity of
EAE or having no effect at all [60–62]. These differences
might be due to a varied contribution of Th1 versus Th17 cells
in the different EAE models investigated. Furthermore, a
recent study has described the presence of alternatively
spliced functional ICAM-1 isoforms that influence EAE
pathogenesis in several ICAM-1 mutant mice [63]. There-
fore, further investigations will be necessary to delineate
fully the role of LFA-1 and its ligands ICAM-1 and ICAM-2 in
the trafficking of different T cell subsets across the brain
barriers.

Transcellular versus paracellular diapedesis
Although endothelial ICAM-1 and ICAM-2 are essential
for T cell crawling on the endothelium, passage of low
numbers of T cells across brain endothelial monolayers
can still be observed in the absence of ICAM-1 and ICAM-2

[54], suggesting different options for T cell diapedesis
across the endothelial brain barriers. In principle, T cells
can choose two alternative pathways to cross endothelial
barriers. Extravasation of immune cells across vascular
beds in peripheral tissues usually occurs through the
endothelial junctions via the paracellular pathway. Inves-
tigations of immune cell diapedesis across the BBB into the
inflamed CNS by means of transmission electron micros-
copy have invariably observed immune cell diapedesis to
occur through the endothelial cells, that is, via a transcel-
lular pathway, leaving the tight junctions morphologically
intact (summarized in [64]). Only recently, transcellular
diapedesis of immune cells through pores formed by the
endothelial cells has received more attention and has been
repeatedly observed in several studies (summarized in [8]).
The complexity of the CNS endothelial tight junctions
might favor transcellular over paracellular diapedesis be-
cause migration of T cells though BBB or BLMB tight
junctions requires their coordinated opening and reseal-
ing. Furthermore, extended T cell crawling in search of a
site permissive for diapedesis is only observed on barrier-
forming CNS endothelium in vitro and in vivo, but not on
brain endothelial cell monolayers that fail to establish a
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Figure 5. Molecular mechanism involved in T cell migration across the glia limitans. Upon breaching the endothelial cell layer, T cells have to penetrate the endothelial
basement membrane (yellow) characterized by the localization of prevalent a4-laminin and patchy deposits of a5-laminin [66]. Although a4-laminin promotes T cell
migration, a5-laminin inhibits T cell diapedesis. In the perivascular or leptomeningeal space (blue), high amounts of chemokine CXC ligand (CXCL)12 produced by
endothelial cells and astrocytes are required to retain chemokine CXC receptor (CXCR)4+ immune cells in this space (shown on the left). Upregulation of CXCR7 during
experimental autoimmune encephalomyelitis (EAE) on the abluminal side of the brain endothelial cells leads to rapid internalization or luminal translocation of CXCL12,
allowing the release of CXCR4+ immune cells from the perivascular compartment (shown on the right). Granulocyte–macrophage colony-stimulating factor (GM-CSF)
secreted by encephalitogenic T cells recruits myeloid cells such as monocytes or dendritic cells into the cerebrospinal fluid (CSF)-drained perivascular/leptomeningeal
spaces; most likely in a CCL2/CCR2-dependent manner. Leptomeningeal macrophages are required to trigger T cell diapedesis across the glia limitans because they are the
source of active matrix metalloproteinases MMP-2 and MMP-9  [87]. MMP-2 and MMP-9  cleave the extracellular matrix receptor b-dystroglycan from the astrocyte end-feed
(green cells, shown on the right), which allows T cell penetration across the glia limitans into the central nervous system (CNS) parenchyma. Inhibition of CXCR7 or lack of
MMP-2 and MMP-9  activity leads to immune cell accumulation in the perivascular space and amelioration of the clinical signs of EAE, supporting the notion that immune
cell infiltration of the CNS parenchyma is necessary to trigger disease.
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entry into the brain occurs in the absence of a4-integrins but
is dependent on LFA-1 [58]. Despite the proven contribution
of LFA-1 and its endothelial ligands ICAM-1 and ICAM-2 in
T cell arrest, polarization, and crawling on the inflamed brain
endothelium in vitro [54], their functional inhibition or ab-
sence in a variety of EAE models has produced contradictory
results, ranging from inhibiting EAE to increasing severity of
EAE or having no effect at all [60–62]. These differences
might be due to a varied contribution of Th1 versus Th17 cells
in the different EAE models investigated. Furthermore, a
recent study has described the presence of alternatively
spliced functional ICAM-1 isoforms that influence EAE
pathogenesis in several ICAM-1 mutant mice [63]. There-
fore, further investigations will be necessary to delineate
fully the role of LFA-1 and its ligands ICAM-1 and ICAM-2 in
the trafficking of different T cell subsets across the brain
barriers.

Transcellular versus paracellular diapedesis
Although endothelial ICAM-1 and ICAM-2 are essential
for T cell crawling on the endothelium, passage of low
numbers of T cells across brain endothelial monolayers
can still be observed in the absence of ICAM-1 and ICAM-2

[54], suggesting different options for T cell diapedesis
across the endothelial brain barriers. In principle, T cells
can choose two alternative pathways to cross endothelial
barriers. Extravasation of immune cells across vascular
beds in peripheral tissues usually occurs through the
endothelial junctions via the paracellular pathway. Inves-
tigations of immune cell diapedesis across the BBB into the
inflamed CNS by means of transmission electron micros-
copy have invariably observed immune cell diapedesis to
occur through the endothelial cells, that is, via a transcel-
lular pathway, leaving the tight junctions morphologically
intact (summarized in [64]). Only recently, transcellular
diapedesis of immune cells through pores formed by the
endothelial cells has received more attention and has been
repeatedly observed in several studies (summarized in [8]).
The complexity of the CNS endothelial tight junctions
might favor transcellular over paracellular diapedesis be-
cause migration of T cells though BBB or BLMB tight
junctions requires their coordinated opening and reseal-
ing. Furthermore, extended T cell crawling in search of a
site permissive for diapedesis is only observed on barrier-
forming CNS endothelium in vitro and in vivo, but not on
brain endothelial cell monolayers that fail to establish a
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Figure 5. Molecular mechanism involved in T cell migration across the glia limitans. Upon breaching the endothelial cell layer, T cells have to penetrate the endothelial
basement membrane (yellow) characterized by the localization of prevalent a4-laminin and patchy deposits of a5-laminin [66]. Although a4-laminin promotes T cell
migration, a5-laminin inhibits T cell diapedesis. In the perivascular or leptomeningeal space (blue), high amounts of chemokine CXC ligand (CXCL)12 produced by
endothelial cells and astrocytes are required to retain chemokine CXC receptor (CXCR)4+ immune cells in this space (shown on the left). Upregulation of CXCR7 during
experimental autoimmune encephalomyelitis (EAE) on the abluminal side of the brain endothelial cells leads to rapid internalization or luminal translocation of CXCL12,
allowing the release of CXCR4+ immune cells from the perivascular compartment (shown on the right). Granulocyte–macrophage colony-stimulating factor (GM-CSF)
secreted by encephalitogenic T cells recruits myeloid cells such as monocytes or dendritic cells into the cerebrospinal fluid (CSF)-drained perivascular/leptomeningeal
spaces; most likely in a CCL2/CCR2-dependent manner. Leptomeningeal macrophages are required to trigger T cell diapedesis across the glia limitans because they are the
source of active matrix metalloproteinases MMP-2 and MMP-9  [87]. MMP-2 and MMP-9  cleave the extracellular matrix receptor b-dystroglycan from the astrocyte end-feed
(green cells, shown on the right), which allows T cell penetration across the glia limitans into the central nervous system (CNS) parenchyma. Inhibition of CXCR7 or lack of
MMP-2 and MMP-9  activity leads to immune cell accumulation in the perivascular space and amelioration of the clinical signs of EAE, supporting the notion that immune
cell infiltration of the CNS parenchyma is necessary to trigger disease.
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[21], mediates T cell extravasation into this site [14]. From
the choroid plexus parenchyma, which is outside the CNS, T
cells could reach the CSF-filled ventricles by breaching the
BCSFB (Figure 2). Indirect evidence that T cells use the
BCSFB as entry site into the CNS was provided by the
observation that in healthy individuals T cells found in the
ventricular and lumbar CSF are mainly TCM cells and thus
distinct from T cell subpopulations present in the circulation
or in the inflamed brain parenchyma during EAE or MS
[22,23]. This suggests that, in healthy individuals, CD4+

TCM cells enter the CSF in a regulated manner via the
BCSFB to execute immune surveillance of the CNS. Al-
though constitutive expression of functional ICAM-1 and
VCAM-1 has been described on choroid plexus epithelial
cells [24], their strict localization to the apical aspect of the
choroid plexus epithelial cells [25]  make them unlikely
candidates for mediating T cell migration across the BCSFB
from the basolateral to the apical side. The first molecular
mechanism for T cell migration into the CNS via the choroid
plexus was provided by a recent study in the model of myelin
oligodendrocyte glycoprotein (MOG)-peptide induced EAE
in C57BL/6 mice, demonstrating that encephalitogenic
Th17 cells may penetrate the BCSFB via CCR6 binding
to CCL20, which is produced by choroid plexus epithelial
cells, but not by endothelial cells of the BBB and BLMB in

rodents and humans [26]. CCR6+EGFP-expressing enceph-
alitogenic Th17 cells were found to accumulate and remain
in the leptomeningeal spaces [26], suggesting that they
might trigger neuroinflammation from this site. These
observations suggest that autoagressive T cells orchestrate
the subsequent influx of inflammatory cells during EAE or
MS exclusively from CSF-drained leptomeningeal or peri-
vascular locations. In fact, this was already suggested more
than 20 years ago in a study that followed intravenously
injected radioactively labeled encephalitogenic T cells into
the CNS and found them to remain restricted to perivas-
cular localizations during the initiation and first clinical
episode of EAE [27]. Chemokine CXC ligand (CXCL)12 is
constitutively expressed by CNS endothelial cells and was
recently found to be released at the basolateral site in
murine and human brain tissues [28,29], where it mediates
the retention of CXCR4-expressing encephalitogenic T cells
within the CSF-drained perivascular and leptomeningeal
spaces [28]. CXCR4 therefore inhibits immune cell entry
into the CNS parenchyma during immunosurveillance in
the absence of neuroinflammation.

Breaching the inflamed brain barriers
APCs are strategically localized behind the BBB, the
BLMB, and the BCSFB. Perivascular spaces behind the
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Figure 2. Molecular mechanisms involved in T cell migration across the epithelial blood–cerebrospinal fluid barrier (BCSFB). The choroid plexus might be a preferential T
cell entry site into the central nervous system (CNS) during immunosurveillance, that is, in the absence of neuroinflammation. Circulating T cells extravasate in a P-selectin-
dependent manner across fenestrated capillaries to reach the choroid plexus parenchyma, which is outside the CNS. To reach the CSF-filled ventricles, T cells need to
breach the BCSFB established by choroid plexus epithelial cells. The paracellular pathway is sealed by unique tight junctions between the choroid plexus epithelial cells.
CCR6 + T helper (Th)17  cells may use chemokine CC ligand (CCL)20  expressed by choroid plexus epithelium as a guidance cue to migrate across the BCSFB into the CSF-
filled ventricular space. The high number of central memory T (TCM) cells found in the CSF of humans suggests that this T cell subset preferentially crosses the BCSFB. The
molecular mechanisms used by TCM cells to migrate across the BCSFB are unknown. Functional expression of intercellular adhesion molecule (ICAM)-1, vascular cell
adhesion molecule (VCAM)-1, and under inflammatory conditions, mucosal addressin cell adhesion molecule (MAdCAM)-1 is restricted to the apical surface of choroid
plexus epithelial cells, and is thus not available for the basolateral to apical migration of immune cells across the BCSFB. The choroid plexus is in constant movement and
these adhesion molecules might instead allow T cells to crawl along the surface of the choroid plexus epithelium or alternatively might mediate the adhesion of antigen-
presenting cells, so called epiplexus cells, ensuring their strategic localization behind the BCSFB to present CNS antigens to the T cells during immunosurveillance.
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Although MS is recognized as a noninherited disease, there
are many polymorphisms reported to influence susceptibility
to MS. In particular, MHC haplotype is an important determinant
of susceptibility to MS. In the human, the HLA-DR/DQ haplotype
and the HLA-A3 and HLA-B7 haplotype are known to influence
the susceptibility to or protection from MS among certain
populations (for reviews, see Fugger et al., 2009). Additional
factors that influence risk include polymorphisms in the T cell
receptor b chain (TCR-b), CTLA4, TNF-a, ICAM1, CCR5, IL-10,
IL-4R a chain, IL-2R b chain, IL-7R a chain, IFN-g, CD6, IRF8,
TNFSF1A (TNFRI), vitamin D receptor, and the estrogen
receptor (Fugger et al., 2009). Genome-wide association studies
have identified additional loci on chromosomes 17, 5, and 19,
and a recent large genetic study identified more MS-susceptible
loci on chromosomes 12 and 20, for which the responsible
genes need to be determined (ANZgene, 2009; see Essay by
Zenewicz et al. in this issue). Many of the candidate genes
residing within these loci are expressed in T and B lymphocytes
and regulate the differentiation, activation, and migration of
effector T and B cells, consistent with their potential influence
on MS pathogenesis.
Relapse and Remission
Relapse and remission are among the characteristic features
of MS. What triggers the relapse of MS is not fully understood,
but activation of the innate immune system, for example by
infection, is one reported cause (Sospedra and Martin, 2005).
Deregulation of immunity by memory T and B cells might be
another cause of relapse. a4b1-integrin (VLA4) is an adhesion
molecule expressed by T cells that allows autoreactive T cells
to break through the blood brain barrier and migrate into the
brain parenchyma; thus, one therapeutic strategy is to block
VLA4 signaling using monoclonal antibodies (Yednock et al.,
1992). Osteopontin is a cytokine secreted by activatedmicroglia,
astrocytes, and neurons that binds to VLA4, stimulating the

production of proinflammatory cytokines and blocking apo-
ptosis of autoreactive T cells. These two molecules may co-
operate to induce relapse in the CNS in MS (Hur et al., 2007).
With respect to remission, ab-crystallin mRNA has been identi-
fied as the most abundant mRNA in MS lesions. Mice lacking
ab-crystallin exhibit exacerbated symptoms ofMS, and adminis-
tration of recombinant ab-crystallin improves the symptoms of
relapsing-remitting MS and secondary progressive MS in animal
models (Ousman et al., 2007).

Neuroinflammation: Common and Disease-Specific
Features
Viewed from the perspective of inducers, sensors, transducers,
and effectors, each of the neurodegenerative diseases consid-
ered here is distinguished by a disease-specific mechanism for
induction of inflammatory responses. The distinct pathways for
production of inducers of inflammation—such as Ab, a-synu-
clein, mutant SOD1, and myelin peptide mimetic—and the
specific anatomical locations at which these processes occur
are likely determinants of the specific pathologicial features of
each disease. Remarkably, however, once inducers are gener-
ated, there appears to be considerable convergence in the
sensor, transducer, and effector mechanisms that lead to ampli-
fication of inflammatory responses, neurotoxicity, and neuronal
death. Activation of innate immune cells in the CNS, such as
microglia and astrocytes, is one of the universal components
of neuroinflammation (Figures 1–4). In particular, TLRs and other
pattern recognition receptors expressed on microglia are likely
to play significant roles in initiating inflammatory responses
that are further amplified by astrocytes. Similarly, signal trans-
duction pathways downstream of these receptors that regulate
the activities of the transcription factors NF-kB and AP-1 appear
to play general roles in mediating the production of amplifiers
and effector molecules, such as cytokines (e.g., TNF-a, IL-1b,

Figure 4. Inflammation in Multiple Sclerosis
Infection by bacteria or viruses or other environ-

mental stimuli trigger the activation of microglia

and astrocytes in multiple sclerosis (MS), leading

to the production of proinflammatory cytokines

through activation of the transcription factors

NF-kB and AP-1. Naive T cells recognize myelin-

derived antigen presented in the context of MHC

molecules by antigen-presenting cells. In the pres-

ence of IL-6 and TGF-b, the naı̈ve T cells are

induced to express retinoic acid receptor-related

orphan receptor gt (RORgt) and differentiate into

Th17 cells. Activated microglia and astrocytes

secrete IL-23 and osteopontin, which induce

Th17 cells to secrete IL-17 and TNF-a resulting

in damage to themyelin sheath that protects nerve

axons. Activated astrocytes produce BAFF, a

survival factor for autoreactive B cells, which dif-

ferentiate into plasma cells and produce anti-

myelin antibodies. Activated microglia and astro-

cytes are also sources of reactive oxygen species

(ROS) and nitric oxide (NO), which contribute to

the destruction of the myelin sheath and of the

neurons themselves. Regulatory T cells (Treg)

that express Foxp3 suppress the activity of Th17

cells and thus help to suppress inflammation.
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Although these knockout mice have reduced numbers of 
OPCs and increased myelin abnormalities, remyelination 
still occurs33, suggesting that compensatory mechanisms 
are engaged. In the Cx3cr1 knockout mice, Trem2, which 
encodes a receptor that is highly expressed in microglia 
and can detect lipid components in myelin, is downreg-
ulated. In turn, Trem2 knockout mice exhibit accumu-
lation of debris and ultrastructural indices of defective 
myelin degradation after demyelination60–62. These effects 
are also associated with decreased numbers of oligoden-
drocyte lineage cells, sustained demyelination and axonal 
pathology60,61. Triggering receptor expressed on myeloid 
cells 2 (TREM2) signalling regulates the expression of 
genes involved in myelin debris uptake (Axl) and lipid 
transport and metabolism (Apoe and Lpl)63. Furthermore, 
Trem2 expression is regulated by colony-stimulating 
factor 1 receptor (CSF1R) signalling, and conditional 
knockout of Csf1r in Cx3cr1-expressing cells results in 
debris accumulation after demyelination64. Additional 
receptors that have been implicated in myelin debris 
clearance include Toll-like receptor 4 (TLR4)65, retinoid X 
receptor-α (RXRα)66 and tyrosine protein kinase MER51. 
Together, these findings demonstrate the existence of a 
complex regulatory network in which several receptors 
coordinate debris clearance by microglia after dam-
age and induce expression of additional receptors and 
enzymes that facilitate this process.

Secretion of pro-regenerative factors. Microglia secrete 
a plethora of cytokines and growth factors that influ-
ence oligodendrocyte lineage cell responses (reviewed 
in detail elsewhere36). For instance, microglia express 
factors that directly support beneficial oligodendrocyte 
lineage cell responses; factors that have been identified 
in vivo include activin A, galectin 3, TNF, IGF1 and 
IL-1β (REFS67–71), and those identified in vitro include 

hepatocyte growth factor (HGF), CXC-chemokine 
ligand 12 (CXCL12) and platelet-derived growth fac-
tor AA (PDGF-AA)72–74. Microglia also facilitate OPC 
responses to the extracellular matrix during remyeli-
nation. For example, microglia/macrophages express 
matrix metalloproteinases that degrade chondroitin 
sulfate proteoglycans, which inhibit OPC recruitment 
and differentiation35. In addition, microglia secrete 
transglutaminase 2, which crosslinks laminin and pro-
motes engagement of GPR56 (also known as ADGRG1), 
a member of the adhesion G protein-coupled receptor 
family, on OPCs to regulate their proliferation and dif-
ferentiation75,76. Evidence suggests that the production 
of regenerative factors is influenced by microglial acti-
vation state, as microglia with a regenerative pheno-
type (CD206+) express higher levels of IGF1 (REF.41) and 
activin A41,45 than do microglia with a pro-inflammatory 
phenotype (iNOS+, TNF+ and CD16–CD32+). In addi-
tion, signalling via TREM2 or CSF1R can modulate 
expression of microglial Igf1, the protein product of 
which increases remyelination70; this observation indi-
cates a link between myelin debris uptake and secretion 
of pro-remyelination factors.

Microglial heterogeneity
The microglial population comprises phenotypically 
and functionally diverse subsets. The first evidence of 
microglial heterogeneity came almost 30 years ago when 
immunohistochemical staining of adult mouse brain tis-
sue for the macrophage marker F4/80 revealed regional 
differences in microglial density and morphology77. 
Subsequent work has revealed microglial heterogeneity 
between and within brain regions that translates into dif-
ferences in functional responses in development, home-
ostasis and disease, discussed below. The heterogeneous 
nature of the microglia population in health, injury and 
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Fig. 1 | Pro-remyelination functions of microglia. In addition to supporting oligodendrocyte precursor cell (OPC) 
maintenance in adulthood, microglia regulate remyelination after demyelination. Microglia drive remyelination by 
facilitating OPC recruitment and differentiation into oligodendrocytes, which generate new myelin, in three ways. 
First, they clear inhibitory myelin debris via CX3CR1, triggering receptor expressed on myeloid cells 2 (TREM2) and 
colony-stimulating factor 1 receptor (CSF1R) signalling, and they clear cholesterol via apolipoprotein E (APOE), LXRα, 
ABCA1 and ABCG1. Second, they secrete pro-regenerative factors, such as activin A , insulin-like growth factor 1 (IGF1), 
galectin 3, tumour necrosis factor (TNF) and IL-1β. Third, they modify the extracellular matrix via secretion of matrix 
metalloproteinases (MMPs) and TGM2. Regional differences in remyelination have been observed, but how these 
differences reflect differences in microglial functions is unknown.
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Modulation of microglia/macrophages. Although no 
current drugs selectively target microglia, several can 
modulate microglial responses in vitro and in vivo. For 
instance, screening of >1,000 compounds has identified 
drugs that modulate secretion of the pro-remyelination 
cytokine TNF from human microglia69,110. Of these 
compounds, the anti-fungal amphotericin B was found 
to stimulate TNF secretion110,111 and, in combination 
with macrophage colony-stimulating factor (M-CSF), 
to increase microglia/macrophage recruitment to a 
demyelinated focal spinal cord lesion and increase 
remyelination112. The pro-inflammatory and toxic prop-
erties of amphotericin B probably preclude its use as a 
pro-remyelination therapy, but the results of this study 
provide a proof-of-concept that drugs that enhance 
recruitment of microglia and macrophages can support 
remyelination. They also highlight the beneficial effects 
of M-CSF, which enhances uptake of myelin debris by 
human microglia in vitro (in combination with IL-4 and 
IL-13)32 and reduces myelin loss in the cuprizone model 
of demyelination64.

Another drug of interest is bexarotene, a retinoid X 
receptor (RXR) agonist that is currently being trialled as 
a pro-remyelination drug, which can restore the phago-
cytic capacity of MDMs derived from people with MS66. 
Although the pro-remyelination efficacy of bexarotene 
in vivo and its direct effects on microglia are unknown, 
stimulation of RXRs with a different agonist improves 
myelin debris uptake in focally demyelinated lesions in 
old mice66; whether this improved uptake results from a 
microglia-specific effect is unclear.

Other MS therapies, such as glatiramer acetate113 
and fingolimod114, that are primarily intended to reduce 
inflammation also encourage remyelination in mice in 
association with altered microglia/macrophage responses, 
such as phagocytosis in vivo and pro-inflammatory 
cytokine production ex vivo. However, human microglia 

do not respond to fingolimod in vitro, which might  
indicate that the response is species-specific115.

Conversely, inhibition of microglia and macrophage 
activation by use of the antibiotic minocycline inhib-
its focal remyelination116, although indirect effects on 
immune and neural cells other than microglia could 
also contribute to this effect117. Despite the lack of 
microglia-specific drugs, these observations suggest that 
therapeutic modulation of microglia/macrophages can 
support remyelination.

Pro-remyelination drugs and microglia. Although not 
intended to target microglia and macrophages, several 
drugs that have been trialled for remyelination have been 
shown to influence microglial and macrophage responses 
in experimental models. One such drug is clemastine, 
an anti-muscarinic drug that is currently in clinical tri-
als118. Clemastine was identified from a high-throughput 
in vitro screen for pro-myelination capacity119 and is suf-
ficient to increase remyelination in vivo119. It has a direct 
pro-differentiation effect on isolated OPC cultures119, 
but it can also modulate macrophage inflammatory 
responses in vitro120 and neuroprotective microglial and 
macrophage activation in vivo121.

Another drug that is in clinical trials is quetiapine 
fumarate, an anti-psychotic that increases OPC differen-
tiation in vitro122 and remyelination in vivo123. Although 
the exact mechanism that underpins the regenerative 
properties of quetiapine is unclear, evidence suggests 
that immune modulation is involved. For instance, que-
tiapine dampens microglial responses to inflammatory 
stimuli in culture by reducing secretion of TNF and nitric 
oxide and by impairing activation of the inflammatory 
protein complex nuclear factor-κB (NF-κB)124.

Endogenous factors that are being trialled for remyeli-
nation also have effects on microglia and macrophages. 
Thyroid hormone is being trialled for remyelination125 and 
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� M-CSF
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Fig. 3 | Direct and indirect effects of pro-remyelination drugs on microglia responses. Drugs that have pro-remyelination 
effects in experimental models, some of which are in clinical trials in multiple sclerosis, also influence microglia/macrophage 
responses, including phagocytosis of myelin debris after demyelination (left), increased recruitment and/or proliferation 
of microglia and macrophages (centre) and modulation of inflammatory responses of microglia and macrophages (right). 
Whether these responses are directly induced as a result of drugs affecting microglia or are indirectly induced via other 
cell types remains to be determined. IgM, immunoglobulin M; M-CSF, macrophage colony-stimulating factor ; RXR , 
retinoid X receptor.
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thiol group of GSH, activating the NRF2 pathway by depleting cellular levels of GSH and reducing
cell viability in a dose-dependent manner (Figure 2) [63]. In addition, astrocytes, essential for the
maintenance of the global redox balance in the CNS under normal [64] or pathological conditions [65],
express many antioxidant proteins at high levels. Glial oxidant production and associated antioxidant
functions are physiologically relevant processes necessary to maintain and support the neuronal
circuitry and the brain parenchyma homeostasis; in pathological conditions, they participate to the
oxidative damage and the imbalance of autocrine and paracrine redox signaling. Overexpression of
NRF2 in astrocytes is su�cient to mediate neuroprotection in animal models of PD. This e↵ect may
arise from the export of GSH from astrocytes [66] or alternatively, from the astrocytic ROS uptake.

Wilms and colleagues demonstrated that induction of NRF2 in astrocytes increases production of
GSH, which can exert cytoprotective e↵ects for glial cells and neighboring neurons. They suggested
also that DMF treatment on rat astrocytes is able to reduce cytokine (IL1↵, IL6, and TNF↵) mRNA levels,
although levels of NOS2 mRNA were not significantly reduced [67]. Conversely, Pars and colleagues
underlined that fumaric acids do not directly influence neuroprotective factors gene expression in
rodent astrocytes. Indeed, DMF and MMF have no e↵ect on growth factors and cytokine expression in
lipopolysaccharide (LPS) stimulated astrocytes. This suggests that the proposed neuroprotective e↵ect
of fumaric acid is not mediated by direct stimulation of neurotrophic factors in astrocytes but is rather
mediated by other pathways or indirect mechanisms via other glial cells, like microglia [68].

Another biochemical pathway that may be involved in the microglia mediated protective action
of DMF is the modulation of iron homeostasis. Indeed, while a strong correlation between free iron
and cellular damage in MS and neurodegenerative disorders has been reported, with a significant
accumulation of unbound iron in the brain parenchyma [69,70], microglia cells have been reported to
store iron-bound ferritin and to release it to oligodendrocytes to support myelination [71,72]. Recent
evidence in primary murine microglia indicated that DMF treatment both interacts tightly with iron
metabolism, through the increase of ferritin-bound iron uptake, and promotes an anti-inflammatory
neuroprotective microglia phenotype, likely contributing to beneficial e↵ects on MS [73,74]. Another
action of DMF on microglia activity is the downregulation of purinergic receptors P2Y12 and P2Y6
transcripts in both homeostatic and proinflammatory phenotype [74]: this has the beneficial e↵ect
to reduce the ATP-induced reactivity towards an external injury and thus to promote protective,
anti-inflammatory phenotypes (Figure 3).
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4. DMF Targets in Neurodegenerative Disorders 

Neurodegenerative diseases such as AD, PD, ALS, Huntington’s disease (HD) are characterized 
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of the central and peripheral immune system by controlling the existing neuroinflammation, and by 
reducing oxidative stress [76]. Currently, there are no proven protective treatments available for 
patients with neurodegenerative disorders, while some different drugs can provide relief from the 
associated symptoms but are less effective as the disease progresses. 
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Detrimental aspects
mediated by astrocytes in  MS 

1_ The physical barriers composed of the
BBB and glia limitans are the first line of
defense against immune attacks. Soluble
factors released by reactive astrocytes
promote apoptosis of ECs and
downregulate junction proteins on their
surface, causing the breakdown of the
BBB.

Besides, activated astrocytes lose end
feet around small vessels, leading to the
disruption of glia limitans.



Detrimental aspects
mediated by astrocytes in  MS 

2_Astrocytes also positively recruit
leukocytes to the CNS by producing
chemoattractant molecules and increasing
adhesion molecules on ECs.

3_The recruited leukocytes and CNS-
resident microglia are further activated by
astrocytes to be more effective in damaging
myelin and neurons.



Detrimental aspects
mediated by astrocytes in  MS 

4_ In addition to facilitating demyelination,
astrocytes inhibit remyelination by
inhibiting the recruitment, differentiation
and survival of OPCs.

5_ Last but not least, astrocytes aggravate
the disease by directly causing axonal and
neuronal damage.
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Fig. 2. Schematic model of protective aspects mediated by astrocytes in EAE and MS. Astrocytes have been shown to be indispensable in the amelioration and
recovery of EAE and MS. Astrocyte-derived factors reduce the inflammation-induced activation of ECs and preserve the expression of junction proteins, thereby
reducing the adhesion of immune cells on ECs and restoring the BBB property. At chronic lesions, astrocytes form glial scar to restrain the spread of leukocytes and
inflammation. In addition to limiting the invasion of leukocytes, astrocytes also restrain their activity in the CNS. Astrocytes inhibit the activity of infiltrating T cells
in many ways, including polarizing autoreactive T cells to a regulatory phenotype and inducing the apoptotic elimination of encephalitogenic T cells. Astrocytes have
been found to promote the remyelination by facilitating the migration, proliferation and differentiation of OPCs. Besides, astrocytes enhance the myelin producing
ability of oligodendrocytes by producing cholesterols. Lastly, the neuronal function is safeguarded by astrocytes, which support the survival of oligodendrocytes and
neurons by releasing neurotrophic, anti-inflammatory, and anti-oxidative factors.
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1_ Astrocyte-derived factors reduce the
inflammation-induced activation of ECs and
preserve the expression of junction
proteins, thereby reducing the adhesion of
immune cells on ECs and restoring the BBB
property.

2_ At chronic lesions, astrocytes form glial
scar to restrain the spread of leukocytes
and inflammation.

Protective aspects
mediated by astrocytes in  MS 
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ability of oligodendrocytes by producing cholesterols. Lastly, the neuronal function is safeguarded by astrocytes, which support the survival of oligodendrocytes and
neurons by releasing neurotrophic, anti-inflammatory, and anti-oxidative factors.
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3_ In addition to limiting the invasion of
leukocytes, astrocytes also restrain their
activity in the CNS. Astrocytes inhibit the
activity of infiltrating T cells in many ways,
including polarizing autoreactive T cells to
a regulatory phenotype and inducing the
apoptotic elimination of encephalitogenic
T cells.

Protective aspects
mediated by astrocytes in  MS 
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recovery of EAE and MS. Astrocyte-derived factors reduce the inflammation-induced activation of ECs and preserve the expression of junction proteins, thereby
reducing the adhesion of immune cells on ECs and restoring the BBB property. At chronic lesions, astrocytes form glial scar to restrain the spread of leukocytes and
inflammation. In addition to limiting the invasion of leukocytes, astrocytes also restrain their activity in the CNS. Astrocytes inhibit the activity of infiltrating T cells
in many ways, including polarizing autoreactive T cells to a regulatory phenotype and inducing the apoptotic elimination of encephalitogenic T cells. Astrocytes have
been found to promote the remyelination by facilitating the migration, proliferation and differentiation of OPCs. Besides, astrocytes enhance the myelin producing
ability of oligodendrocytes by producing cholesterols. Lastly, the neuronal function is safeguarded by astrocytes, which support the survival of oligodendrocytes and
neurons by releasing neurotrophic, anti-inflammatory, and anti-oxidative factors.
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4_ Astrocytes have been found to promote
the remyelination by facilitating the
migration, proliferation and differentiation
of OPCs. Besides, astrocytes enhance the
myelin producing ability of
oligodendrocytes by producing
cholesterols.

Protective aspects
mediated by astrocytes in  MS 
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Fig. 2. Schematic model of protective aspects mediated by astrocytes in EAE and MS. Astrocytes have been shown to be indispensable in the amelioration and
recovery of EAE and MS. Astrocyte-derived factors reduce the inflammation-induced activation of ECs and preserve the expression of junction proteins, thereby
reducing the adhesion of immune cells on ECs and restoring the BBB property. At chronic lesions, astrocytes form glial scar to restrain the spread of leukocytes and
inflammation. In addition to limiting the invasion of leukocytes, astrocytes also restrain their activity in the CNS. Astrocytes inhibit the activity of infiltrating T cells
in many ways, including polarizing autoreactive T cells to a regulatory phenotype and inducing the apoptotic elimination of encephalitogenic T cells. Astrocytes have
been found to promote the remyelination by facilitating the migration, proliferation and differentiation of OPCs. Besides, astrocytes enhance the myelin producing
ability of oligodendrocytes by producing cholesterols. Lastly, the neuronal function is safeguarded by astrocytes, which support the survival of oligodendrocytes and
neurons by releasing neurotrophic, anti-inflammatory, and anti-oxidative factors.
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5_the neuronal function is safeguarded by
astrocytes, which support the survival of
oligodendrocytes and neurons by releasing
neurotrophic, anti-inflammatory, and anti-
oxidative factors.

Protective aspects
mediated by astrocytes in  MS 


