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Neurovascular unit
A functional unit composed of 
groups of neurons and their 
associated astrocytes, 
interacting with smooth muscle 
cells and endothelial cells on 
the microvessels (arterioles) 
responsible for their blood 
supply, and capable of 
regulating the local blood flow.

Gliovascular unit
A proposed functional unit 
composed of single astrocytic 
glial cells and the neurons they 
surround, interacting with local 
segments of blood vessels, and 
capable of regulating blood 
flow at the arteriolar level and 
BBB functions at the capillary 
level.

Astrocyte–endothelial interactions
at the blood–brain barrier
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Abstract | The blood–brain barrier, which is formed by the endothelial cells that line 
cerebral microvessels, has an important role in maintaining a precisely regulated 
microenvironment for reliable neuronal signalling. At present, there is great interest in 
the association of brain microvessels, astrocytes and neurons to form functional 
‘neurovascular units’, and recent studies have highlighted the importance of brain 
endothelial cells in this modular organization. Here, we explore specific interactions 
between the brain endothelium, astrocytes and neurons that may regulate 
blood–brain barrier function. An understanding of how these interactions are disturbed 
in pathological conditions could lead to the development of new protective and 
restorative therapies.

Neuroscience has traditionally focused on the neurons 
of the central and peripheral nervous systems, and, 
increasingly, on their interactions with the glial cells 
that support their function. It is now becoming clear 
that neurons, glia and microvessels are organized into 
well-structured neurovascular units, which are involved 
in the regulation of cerebral blood flow1. Within 
this organization, further modular structure can be 
detected; in particular, the proposed gliovascular units, 
in which individual astrocytic glia support the function 
of particular neuronal populations and territories, and 
communicate with associated segments of the micro-
vasculature2,3. Several recent studies have highlighted 
the importance of the brain endothelial cells that 
form the blood–brain barrier (BBB) in this modular 
organization, and the physiology and pharmacology 
of the signalling between glia and endothelium that is 
involved in regulating the BBB. Here, we describe the 
properties of the brain endothelium that contribute to 
its barrier function, and how cell–cell interactions lead 
to induction of the specialized features of the BBB and 
associated cell types. We review work showing that the 
BBB is a dynamic system, and discuss the ways in which 
BBB permeability and transport can be modulated. We 
then consider the important role of astrocytes and the 
BBB in brain ion and volume regulation. Finally, we 
discuss some of the pathologies that involve BBB dys-
function, and the development of protective strategies 
for the brain endothelium that may reduce secondary 
neural damage in both acute and chronic neurological 
conditions.

Barriers of the CNS
The cerebral ventricles and subarachnoid space contain 
cerebrospinal fluid (CSF), which is secreted by choroid 
plexuses in the lateral, third and fourth ventricles4. Three 
barrier layers limit and regulate molecular exchange at the 
interfaces between the blood and the neural tissue or its 
fluid spaces (FIG. 1): the BBB formed by the cerebro vascular 
endothelial cells between blood and brain interstitial 
fluid (ISF), the choroid plexus epithelium between blood 
and ventricular CSF, and the arachnoid epithelium 
between blood and subarachnoid CSF5. Individual neu-
rons are rarely more than 8–20 µm from a brain capillary6, 
although they may be millimetres or centimetres from a 
CSF compartment. Hence, of the various CNS barriers, 
the BBB exerts the greatest control over the immediate 
microenvironment of brain cells.

The blood–brain barrier
The BBB is a selective barrier formed by the endothelial 
cells that line cerebral microvessels7–10 (FIG. 2). It acts as a 
‘physical barrier’ because complex tight junctions between 
adjacent endothelial cells force most molecular traffic 
to take a transcellular route across the BBB, rather than 
moving paracellularly through the junctions, as in most 
endothelia11,12 (FIG. 3). Small gaseous molecules such as O2 
and CO2 can diffuse freely through the lipid membranes, 
and this is also a route of entry for small lipophilic agents, 
including drugs such as barbiturates and ethanol. The 
presence of specific transport systems on the luminal 
and abluminal membranes regulates the transcellular 
traffic of small hydrophilic molecules, which provides 
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Choroid plexus
A site of production of CSF in 
the adult brain. It is formed by 
the invagination of ependymal 
cells into the ventricles, which 
become richly vascularized.

Interstitial fluid
(ISF). The extracellular fluid 
filling the ‘interstices’ of the 
tissue, and bathing the cells.

a selective ‘transport barrier’, permitting or facilitating 
the entry of required nutrients, and excluding or effluxing 
potentially harmful compounds10. Finally, a combina-
tion of intracellular and extracellular enzymes provides 
a ‘metabolic barrier’: ecto-enzymes such as peptidases 
and nucleotidases are capable of metabo lizing peptides 
and ATP, respectively, whereas intracellular enzymes 
such as monoamine oxidase and cytochrome P450 (1A 
and 2B) can inactivate many neuroactive and toxic com-
pounds13. Large hydrophilic molecules such as peptides 
and proteins are generally excluded, unless they can be 

transferred by specific receptor-mediated trans cytosis, 
or by the less specific adsorptive-mediated transcytosis14. 
However, the brain endothelium has a much lower degree 
of endocytosis/transcytosis activity than does peripheral 
endothelium, which contributes to the transport-barrier 
property of the BBB. Hence, the term ‘blood–brain barrier’ 
covers a range of passive and active features of the brain 
endothelium. As the tight junctions severely restrict entry 
of hydrophilic drugs, and there is limited penetration of 
larger molecules such as peptides, strategies for drug deliv-
ery to the CNS need to take these features into account.

Most studies of the BBB have concentrated on the 
brain capillary endothelium, the largest surface area for 
blood–brain exchange. Similar properties are found in 
the endothelium of brain arterioles and venules, although 
these segments of the microvasculature may be more 
leaky15 and subject to greater modulation (see below). 

Functions of the BBB. The BBB has several roles8,10,16. It 
supplies the brain with essential nutrients and mediates 
efflux of many waste products. It restricts ionic and fluid 
movements between the blood and the brain, allowing 
specific ion transporters and channels to regulate ionic 
traffic, to produce a brain ISF that provides an optimal 
medium for neuronal function5. ISF is similar in com-
position to blood plasma, but has a much lower protein 
content, and lower K+ and Ca2+ concentrations but higher 
levels of Mg2+. More importantly, the BBB protects the 
brain from fluctuations in ionic composition that can 
occur after a meal or exercise, which would disturb syn-
aptic and axonal signalling17. The barrier helps to keep 
separate the pools of neurotransmitters and neuroactive 
agents that act centrally (in the CNS) and peripherally (in 
the peripheral tissues and blood), so that similar agents 
can be used in the two systems without ‘crosstalk’. Because 
of its large surface area (~20 m2 per 1.3 kg brain) and the 
short diffusion distance between neurons and capillaries, 
the endo thelium has the predominant role in regulat-
ing the brain micro environment. The choroid plexus 
epithelium (the blood–CSF barrier, responsible for CSF 
production, FIG. 1) also contributes to this process18, as 
well as having other roles (for example, in growth factor 
secretion)19. Finally, continual turnover and drainage of 
CSF and ISF by bulk flow helps to clear larger molecules 
and brain metabolites, further aiding homeostasis of the 
brain microenvironment5.

The BBB phenotype. A great deal is now known about 
specific features of the brain endothelium that contribute 
to its barrier properties (whether physical or chemical) 
and distinguish brain endothelium from the endothelium 
of peripheral tissues.

The tight junctions are more complex in the brain 
endothelium, seen in freeze–fracture images as a net-
work of strands formed by intramembranous particles, 
and occlude the intercellular cleft more effectively11,20. 
These junctions significantly restrict even the move-
ment of small ions such as Na+ and Cl–, so that the 
transendo thelial electrical resistance (TEER), which is 
typically 2–20 ohm.cm2 in peripheral capillaries, can be 
>1,000 ohm.cm2 in brain endothelium21.

Figure 1 | Location of barrier sites in the CNS. Barriers are present at three main sites: 
the brain endothelium forming the blood–brain barrier (BBB) (1), the arachnoid epithelium 
(2) forming the middle layer of the meninges, and the choroid plexus epithelium (3), which 
secretes cerebrospinal fluid (CSF). At each site, the physical barrier is caused by tight 
junctions that reduce the permeability of the paracellular (intercellular cleft) pathway. 
In circumventricular organs (CVOs, not shown), which contain neurons specialized for 
neurosecretion and/or chemosensitivity, the endothelium is leaky. This allows tissue–
blood exchange, but as these sites are separated from the rest of the brain by an external 
glial barrier, and from CSF by a barrier at the ependyma, CVOs do not form a leak across 
the BBB. Modified, with permission, from REF. 163 © (1990) Kluwer Academic.
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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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Adherens junction
A cell–cell junction also known 
as zonula adherens, which is 
characterized by the 
intracellular insertion of 
microfilaments. If intermediate 
filaments are inserted in lieu of 
microfilaments, the resulting 
junction is referred to as a 
desmosome.

Perivascular endfeet
The specialized foot-processes 
of perivascular astrocytes that 
are closely apposed to the 
outer surface of brain 
microvessels, and have 
specialized functions in 
inducing and regulating the 
BBB.

Pericyte
A cell of mesodermal origin, 
and contractile-phagocytic 
phenotype, associated with the 
outer surface of capillaries.

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.

R E V I E W S

44 | JANUARY 2006 | VOLUME 7  www.nature.com/reviews/neuro



© 2006 Nature Publishing Group 

Basal lamina

Apical membrane

Cingulin, JACOP, PAR3/6,
CASK, 7H6, Itch, MUPP1,
MAGI-1–3, ZONAB
AF6, RGS5

α-, β-, γ-Catenin,
Desmoplakin,
p120ctn, ZO-1

Actin/vinculin-based
cytoskeleton

ZO-1

ZO-2

ZO-3

VE-cadherin

PECAM

JAMs,
ESAM

Claudin 3, 5, 12
Occludin

Basolateral
membrane

Tight
junction

Adherens
junction

Orthogonal arrays of 
particles
(OAPs). The organized arrays 
(square lattice) of 
intramembranous particles 
detected by the freeze–
fracture technique in certain 
astrocyte processes. First 
identified on the polarized 
endfeet on blood vessels and 
in the outer glial layer (glia 
limitans) below the pia, they 
have subsequently been shown 
to contain specific protein 
complexes held together by 
structural proteins.

Basal lamina
The extracellular matrix layer 
produced by the basal cell 
membrane, used as an 
anchoring and signalling site 
for cell–cell interactions.

Astrocytes show a number of different morpho-
logies, depending on their location and association 
with other cell types. Of the ~11 distinct phenotypes 
that can be readily distinguished, 8 involve specific 
interactions with blood vessels30. There is now strong 
evidence, particularly from studies in cell culture, that 
astrocytes can upregulate many BBB features, leading 
to tighter tight junctions (physical barrier)31,32, the 
expression and polarized localization of transporters, 
including Pgp24 and GLUT1 (REF. 33) (transport barrier), 
and specialized enzyme systems (metabolic barrier)9,34–36. 
More recently, some of the other cell types present at 
the BBB, including pericytes, perivascular macrophages 
and neurons, have also been shown to contribute to 
barrier induction37–43. Given the complexity of the bar-
rier properties of the BBB, and the anatomical relation-
ships of the associated cells, it is not surprising to find 
synergistic inductive functions involving more than 
one cell type. For example, astrocytes are necessary for 

the correct association of endothelial cells and peri-
cytes in tube-like structures in vitro38, which suggests 
that interactions between the three cell types are also 
required for proper cerebral capillary differentiation 
in vivo.

The converse induction, in which brain endo-
the lium enhances the growth and differentiation of 
associated astrocytes, has also been shown44,45. Indeed, 
upregulation of the endothelial enzyme γ-glutamyl 
transpeptidase (γGTP) involves a two-way induction 
with astrocytes46, and co-culture results in the upregu-
lation of antioxidant enzymes in both endothelial cells 
and astrocytes47.

Specializations of astrocytic perivascular endfeet. 
Astrocytes are derived from ependymoglia of the 
developing neural tube, and retain some features of 
their original apical–basal polarity, together with 
more specific polarization of function in relation to 
particular cell–cell associations of the adult28,30. The 
perivascular endfeet of astrocytes, which are closely 
applied to the microvessel wall, show several special-
ized features characteristic of this location, including 
a high density of orthogonal arrays of particles (OAPs) 
containing the water channel aquaporin 4 (AQP4) 
and the Kir4.1 K+ channel, which are involved in ion 
and volume regulation (see below). The OAPs/AQP4 
polarity of astrocytes correlates with the expression of 
agrin, a heparin sulphate proteoglycan, on the basal 
lamina11,48. Agrin accumulates in brain microvessels at 
the time of BBB tightening, and is important for the 
integrity of the BBB20. The agrin splice variant Y0Z0 
is a specific component of the endothelial basal lamina 
of CNS capillaries. Agrin is required for the segregation of 
AQP4 to the perivascular astrocytic endfeet, mediated 
by agrin binding to α-dystroglycan (a member of the 
dystrophin–dystroglycan complex, DDC), which couples 
to AQP through α1-syntrophin, another member of 
the DDC. α-Syntrophin also binds to Kir4.1, which 
explains the co-localization of Kir4.1 and AQP4. The 
precise localization of this complex array of membrane 
proteins in the astrocytic endfeet, anchored by agrin in 
the basal lamina, provides part of the evidence that this 
extracellular matrix makes an important contribution 
to the inductive influences between the endothelium 
and astrocytes.

Inducing factors. Astrocytes are able to secrete a range 
of chemical agents9,28,36,49. Several of these glia-derived 
factors, including transforming growth factor-β (TGFβ), 
glial-derived neurotrophic factor (GDNF)50, basic 
fibroblast growth factor (bFGF) and angiopoetin 1 
(ANG1, acting on the TIE2 endothelium-specific recep-
tor tyrosine kinase 2), can induce aspects of the BBB 
phenotype in endothelial cells in vitro51. Conversely, 
endothelium-derived leukaemia inhibitory factor (LIF) 
has been shown to induce astrocytic differentiation45. 
The defects in BBB function in some neuropathologies, 
especially those that involve glia (see below), suggest that 
continuing induction during adult life is necessary for 
normal function.

Figure 4 | Molecular composition of endothelial tight junctions. Simplified and 
incomplete scheme showing the molecular composition of endothelial tight 
junctions. Occludin and the claudins — proteins with four transmembrane domains 
and two extracellular loops — are the most important membranous components. 
The junctional adhesion molecules (JAMs) and the endothelial selective adhesion 
molecule (ESAM) are members of the immunoglobulin superfamily. Within the 
cytoplasm are many first-order adaptor proteins, including zonula occludens 1, 2 and 
3 (ZO-1–3) and Ca2+-dependent serine protein kinase (CASK), that bind to the 
intramembrane proteins. Among the second-order adaptor molecules, cingulin is 
important, and junction-associated coiled-coil protein (JACOP) may also be present. 
Signalling and regulatory proteins include multi-PDZ-protein 1 (MUPP1), the 
partitioning defective proteins 3 and 6 (PAR3/6), MAGI-1–3 (membrane-associated 
guanylate kinase with inverted orientation of protein–protein interaction domains), 
ZO-1-associated nucleic acid-binding protein (ZONAB), afadin (AF6), and regulator 
of G-protein signalling 5 (RGS5). All of these adaptor and regulatory/signalling 
proteins control the interaction of the membranous components with the actin/
vinculin-based cytoskeleton. In epithelial cells, tight and adherens junctions are 
strictly separated from each other, but in endothelial cells these junctions are 
intermingled. The most important molecule of endothelial adherens junctions is 
vascular endothelial cadherin (VE-cadherin). In addition, the platelet–endothelial 
cell adhesion molecule (PECAM) mediates homophilic adhesion. The chief linker 
molecules between adherens junctions and the cytoskeleton are the catenins, with 
desmoplakin and p120 catenin (p120ctn) also involved. Itch, E3 ubiquitin protein 
ligase. Modified, with permission, from REF. 20 © (2005) Wiley-VCH.
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Modulation of BBB function
The term barrier suggests a relatively fixed structure, 
but it is now known that many (and possibly most) fea-
tures of the BBB phenotype can be subject to change 
(modulation)16. Some of the first examples of modula-
tion were found in extreme or pathological conditions. 
For example, opening of the BBB’s tight junctions can 
occur in inflammation, contributing to brain oedema52, 
and upregulation of GLUT1 transporter expression 
at the BBB is observed in starvation and hypoxia53,54. 

The protein leptin can enhance the transcytosis of the 
peptide urocortin across the BBB, with implications for 
the regulation of feeding55. Some of the inflammatory 
mediators that increase capillary permeability in the 
periphery (for example, histamine and bradykinin) also 
act on the brain endothelium, although in general higher 
concentrations are required and the effects are more 
localized and short-lasting in the brain56. There is some 
evidence that post-capillary venules are particularly 
vulnerable to opening by inflammatory mediators57,58, 
which is relevant in pathologies such as multiple sclero-
sis (see below). BBB Pgp function is altered in several 
different conditions59. For example, upregulation of Pgp 
over hours to days can occur in oxidative stress60 and 
on treatment with glutamate61. Pgp upregulation by 
steroids appears to involve transcriptional regulation 
via the nuclear pregnane X receptor (PXR)62. More rapid 
modulation (on a timescale of seconds) can be achieved 
by specific Pgp inhibitors and competitors59, whereas 
endothelin 1 can cause functional inhibition63.

These observations prompted characterization of 
the receptors present on the brain endothelium that 
are capable of mediating BBB modulation. Cultured 
brain endothelial cells and astrocytes express functional 
receptors for a high proportion of the agents that act 
as neurotransmitters and modulators in the brain56,64 
(BOX 1). As many of these are also released by astrocytes 
and endothelium, there is potential for complex signal-
ling between cells in the neurovascular unit, including 
microglia and oligodendrocytes65–67 (FIG. 5). Such rapid 
signalling (occurring over seconds to minutes), often 
mediated by agents with a short half-life, is distinct 
from the longer-term induction processes that are 
outlined above (hours to days), which generally involve 
the regulation of gene transcription and require protein 
synthesis.

The fact that agents released during normal neural 
activity can potentially influence both astrocytes and 
endothelium also raised the interesting possibility 
that signalling involving brain endothelium and glia 
could occur physiologically. There could be a physio-
logical advantage in transiently ‘opening’ the BBB 
(tight junction modulation) — for example, triggered 
by histamine released from nerve terminals to allow 
the passage of growth factors and antibodies into the 
brain from plasma, or to ‘sample’ plasma composition9. 
Conversely, mechanisms for tightening the barrier 
could be important in conditions of stress or hypoxia: 
it is known that conditions in which intracellular cyclic 
AMP (cAMP) concentrations are increased can lead to 
increased TEER and upregulation of Pgp activity68. The 
transcription factor NF-κB can alter tight junction pro-
tein expression and hence regulate BBB permeability69. 
Several regulatory mechanisms influence the transport 
of glucose and amino acids by the brain endothelium70. 
In cultured brain endothelial cells, glucose transport 
can be increased by histamine and ATP, which could be 
part of a mechanism by which astrocytes sense neuro-
nal firing and signal to the capillaries to supply more 
glucose, a form of neurobarrier coupling71–73. Indeed, 
brain endothelial glucose uptake has been shown to be 

Box 1 | Agents modifying brain endothelial function and BBB tightness

A number of chemical agents circulating in the plasma or secreted from cells associated 
with the blood–brain barrier (BBB) are capable of increasing brain endothelial 
permeability and impairing its transport and metabolic functions56,68. Other agents have 
the opposite effect, improving tightness and BBB function.

Agents that impair BBB function:
• Bradykinin, histamine, serotonin, glutamate.

• Purine nucleotides: ATP, ADP, AMP.

• Adenosine, platelet-activating factor.

• Phospholipase A2, arachidonic acid, prostaglandins, leukotrienes.

• Interleukins: IL-1α, IL-1β, IL-6. 

• Tumour necrosis factor-α (TNFα), macrophage-inhibitory proteins MIP1 and MIP2.

• Complement-derived polypeptide C3a-desArg.

• Free radicals, nitric oxide.

Agents that cause barrier tightening and improved function:
• Steroids, elevated intracellular cyclic AMP, adrenomedullin and 

noradrenergic agents. 

Figure 5 | Complex cell–cell signalling at the blood–brain barrier. A portion of a 
brain capillary wall, showing the main cell types present with the potential to signal to 
each other. Pericytes are enclosed within the endothelial basal lamina and form the 
closest associations with endothelium. The endfeet of astrocytic glial cells are apposed 
to the outer surface of the basal lamina. In the perivascular space are found microglia, 
the synaptic terminals and boutons of nerve fibres, and (in arterioles) smooth muscle 
cells. In the larger vessels, cells of the meninges form a perivascular cuff or sheath that 
projects down from the brain surface and demarcates the Virchow–Robin space (not 
shown). Agents such as ATP and histamine can influence endothelial function by 
ligand–receptor interaction, from the blood or the brain side. Some receptors are 
coupled to increases in the concentration of intracellular Ca2+. The arrows indicate the 
ability of the endothelium to release substances to the blood or brain side after 
receptor activation, as part of their ‘effector’ function. Modified, with permission, from 
REF. 16 © (2005) Springer.
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enhanced by factors released from astrocytes exposed to 
hypoglycaemic conditions74.

The signal transduction pathways involved in BBB 
modulation have been studied extensively. Several of the 
receptors found on brain endothelium and astrocytes 
cause an increase in intracellular Ca2+ when activated75,76, 
and Ca2+-mediated signalling is one mechanism by 
which CNS cells communicate with and modulate the 
activity of adjacent cells77 (FIG. 5). The spread of calcium 
waves through the astrocytic syncytium, propagating at 
a rate of ~100 µm s–1, can be triggered by activation of 
5-hydroxytryptamine (5-HT, serotonin) or glutamate 
receptors, or mechanical stimulation78,79. Inositol-1,4,5-
trisphosphate is small enough to diffuse through gap 
junctions and may mediate cell–cell spread of the wave80, 
whereas local release of glutamate or ATP may signal to 
adjacent cells81. Studies in culture suggest that endo thelial 
cells can also couple with intercellular gap junctions, and 
both release and respond to ATP, providing a possible 
means of propagating the signal along the capillary 
in situ82. Thus, the machinery is available for coordinat-
ing the activity of neurons, astrocytes and endothelium 
in and between neurovascular microdomains. Signalling 
interactions between microglia, astrocytes and neurons 
have also been observed in culture66,83, and may become 
particularly important in pathological conditions.

What are the downstream consequences of such sig-
nalling? An increase in intracellular Ca2+ concentration 
can cause changes in a number of effector proteins of 
the brain endothelium through several signal transduc-
tion pathways, including phosphorylation of cytoskeletal 
proteins and tight junction opening11,52. Given the large 
repertoire of astrocyte-released agents9,49, many of which 
have matching receptors on brain endothelium, a range 
of distinct and complex responses of the endothelium 
could be orchestrated. This would allow neuronal activ-
ity to be signalled to the endothelium, either directly 
or via astrocytes, resulting in modulation of the brain 
endothelium to increase its efficiency as a nutrient 

source and metabolic device71,73. As further examples of 
transmitter-mediated modulation are discovered, acting 
on membranes, membrane-associated protein com-
plexes, junctional proteins, transporters and enzymes, 
the details of such coordination will become clearer. 
It has recently become possible to study signalling in 
the neurovascular unit in brain slices, which is a valu-
able way of testing the ideas generated from cell culture 
studies (BOX 2).

Ion and volume regulation at the BBB
We have seen that astrocytes occupy a strategic posi-
tion between capillaries and neurons. Gap junctions 
between astrocyte processes allow them to communi-
cate with each other, and other astrocyte processes are 
in contact with the endothelial cells of the capillaries 
that form the BBB30 (FIG. 2). In normal brain activity, 
neurons release neurotransmitters and K+, and take up 
Na+, while glucose metabolism generates water at the 
rate of ~28 nl g–1 min–1 (REF. 84). The neurotransmitters 
and ions are generally recycled, whereas water must 
be removed from the brain and excreted. Astrocytes 
contribute to ionic, amino acid, neurotransmitter and 
water homeostasis of the brain in several ways, and 
astrocytes that form perivascular endfeet at the BBB 
have a particular role85 in these processes.

An increase in extracellular K+ around astroglial 
processes leads to K+ entry and membrane depolari-
zation, and the electrochemical gradient that is set up 
can lead to K+ efflux at distant cell processes not expe-
riencing the elevated K+ concentration (the K+ spatial 
buffer mechanism)86. The high density of appropriate 
K+ channels on perivascular astrocytic endfeet (especi-
ally inwardly rectifying Kir4.1, and possibly including 
the Ca2+-dependent rSloKCa channels87) makes them 
well suited for spatial buffering, depositing the K+ in 
the perivascular space. As the brain endothelium has a 
low K+ permeability, the K+ is not generally lost from 
the brain, but can be recycled (by reversal of the spatial 

Box 2 | Relationship between studies in cell culture and in brain slices

Until recently, most studies of astrocyte–endothelial interaction have been done in cell culture, in which well-
characterized cells can be grown together (or exposed to conditioned medium from the other cell type) to test 
hypotheses about blood–brain barrier (BBB) induction and modulation. During the past few years, a number of studies in 
brain slices and in situ have permitted experiments under conditions closer to those present in vivo. In particular, the 
brain slice contains differentiated cells in close to their normal relations with each other, overcoming some of the 
problems of de-differentiation and simplification that are involved in cell culture. However, the greater complexity of the 
slice makes it harder to resolve underlying mechanisms.

In situ, groups of astrocytes are coupled by gap junctions, forming clusters that define ‘microdomains’ of neural or glial 
function, with associated capillaries forming the boundaries3. In brain slices, ATP application mobilized cytosolic Ca2+ in 
perivascular endfeet, whereas electrical stimulation triggered Ca2+ waves spreading along the vessel wall88. Purinergic 
receptors (P2Y2 and P2Y4) were found on the astrocytes, but not on endothelium or pericytes, and the gap junction protein 
connexin 43 (CX43) was expressed in the astrocytic perivascular endfeet but not in endothelium. The conclusion was that 
the Ca2+ wave propagated along the syncytium of astrocytic endfeet, but did not continue into the endothelium. Zonta 
et al.149 showed that astrocytes can detect the level of glutamate-dependent synaptic activity, then signal to adjacent 
cerebral vessels, causing vasodilation by a mechanism involving prostanoids. This was proposed as a new mechanism to 
couple neural activity to blood flow, but whether the effect involved endothelium was not clear.

Slice preparations offer promising possibilities for examining ‘neurobarrier’ modulation in close to physiological 
conditions, and for assessing the roles of the different cell types in the neurovascular unit in BBB modulation, testing 
some of the ideas generated from cell culture preparations71,73.
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buffer) when neural activity ceases. Astrocytes can also 
take up K+ through transporters, particularly the Na+,K+-
ATPase and NKCC1 Na+,K+2Cl– co-transporters. For 
both channel- and transporter-mediated K+ uptake, the 
net ion gain results in osmotic water uptake and slight 
cell swelling; the high density of AQP4 water channels in 
perivascular astrocytic endfeet facilitates redistribution 
of this water. As the brain endothelium has low water 

permeability (little or no aquaporin)88–90, it is likely that 
the excess metabolic water joins the ISF being secreted 
into the pericapillary space by the endothelium5. ISF out-
flow involves perivascular spaces around large vessels, 
and clearance routes either through the CSF or following 
alternative pathways to neck lymphatics.

Neurotransmitter recycling can also lead to local 
changes in ions and water. Glutamate is the major 
excitatory transmitter of the brain, and astrocyte proc-
esses surrounding synapses can take up glutamate 
through transport proteins (particularly EAAT1 and 2); 
the transport is Na+-dependent and accompanied by 
net uptake of ions and water, again contributing to 
water clearance at the BBB85. Glutamate is converted 
to glutamine within the astrocyte and recycled to the 
neurons. The slight astrocytic cell swelling that accom-
panies neuronal activity, resulting from activation by 
glutamate or ion uptake, leads to several cellular mech-
anisms that contribute to the recovery of ionic balance 
and cell volume, some of which involve elevated intra-
cellular Ca2+ concentration66,91,92. Hence, there are many 
links between the signalling and regulatory processes 
that occur in the neurovascular unit.

BBB changes in pathology
In a number of pathologies, the function of the BBB is 
altered (BOX 3), and several disorders appear to involve 
disturbances of endothelial–glial interaction. Thus, 
the capillaries of many glial tumours are more leaky 
than those of normal brain tissue, either as a result 
of a lack of inductive factors, or owing to the release 
of perme ability factors such as vascular endothelial 
growth factor (VEGF). Moreover, the tight junction 
protein claudin 1/3 is downregulated in some brain 
tumours93,94.

In BBB disruption, agrin is lost from the abluminal 
surface of the brain endothelial cells adjacent to astro-
cytic endfeet11; this may contribute to BBB damage in 
Alzheimer’s disease95, and to the redistribution of astro-
cytic AQP4 in glioblastomas96. Astrocytic AQP4 expres-
sion is upregulated in brain oedema triggered by BBB 
breakdown. Such upregulation could be adaptive in 
helping to clear the accumulating fluid, but the associ-
ated cell swelling would tend to exacerbate the problem 
under extreme conditions. Indeed, AQP4–/– mice show 
protection against ischaemic brain oedema48. Some 
chronic neuropathologies such as multiple sclerosis may 
involve an early phase of BBB disturbance (involving 
the downregulation of claudin 1/3 (REF. 11)) that precedes 
neuronal damage, which suggests that vascular damage 
can lead to secondary neuronal disorder97.

In epilepsy, the normal pattern of brain ABC trans-
porter expression may change, with upregulation of 
Pgp on astrocytes and brain endothelium98,99; this may 
be an adaptive response to barrier opening (and hence 
a less efficient BBB), which is often seen during seizure 
activity.

In animal models of Alzheimer’s disease, amyloid-β 
(Aβ) accumulation is often first seen in the neighbour-
hood of blood vessels, with toxicity on endothelium and 
astrocytes observed before significant neuronal loss1; 

Box 3 | Pathological states involving BBB breakdown or disorder

Several pathologies of the CNS involve disturbance of blood–brain barrier (BBB) 
function, and, in many of these, astrocyte–endothelial cooperation is also abnormal.

Stroke 
• Astrocytes secrete transforming growth factor-β (TGFβ), which downregulates brain 

capillary endothelial expression of fibrinolytic enzyme tissue plasminogen activator 
(tPA) and anticoagulant thrombomodulin (TM)150. 

• Proteolysis of the vascular basement membrane/matrix151.

• Induction of aquaporin 4 (AQP4) mRNA and protein at BBB disruption152.

• Decrease in BBB permeability after treatment with arginine vasopressin V1 receptor 
antagonist in a stroke model153.

Trauma
• Bradykinin, a mediator of inflammation, is produced and stimulates production and 

release of interleukin-6 (IL-6) from astrocytes, which leads to opening of the BBB102.

Infectious or inflammatory processes
Examples include bacterial infections, meningitis, encephalitis and sepsis.

• The bacterial protein lipopolysaccharide affects the permeability of BBB tight 
junctions. This is mediated by the production of free radicals, IL-6 and IL-1β154. 

• Interferon-β prevents BBB disruption155.

Multiple sclerosis 
• Breakdown of the BBB97.

• Downregulation of laminin in the basement membrane156. 

• Selective loss of claudin 1/3 in experimental autoimmune encephalomyelitis94.

HIV
• BBB tight junction disruption157,158. 

Alzheimer’s disease
• Increased glucose transport, upregulation of glucose transporter GLUT1, altered 

agrin levels, upregulation of AQP4 expression95,159.

• Accumulation of amyloid-β, a key neuropathological feature of Alzheimer’s disease, 
by decreased levels of P-glycoprotein transporter expression160.

• Altered cellular relations at the BBB, and changes in the basal lamina and amyloid-β 
clearance100.

Parkinson’s disease
• Dysfunction of the BBB by reduced efficacy of P-glycoprotein101.

Epilepsy
• Transient BBB opening in epileptogenic foci, and upregulated expression of 

P-glycoprotein and other drug efflux transporters in astrocytes and endothelium98,99.

Brain tumours
• Breakdown of the BBB161,162. 

• Downregulation of tight junction protein claudin 1/3; redistribution of astrocyte 
AQP4 and Kir4.1 (inwardly rectifying K+ channel)20,93,96.

Pain
• Inflammatory pain alters BBB tight junction protein expression and BBB 

permeability108. 
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disturbances of CNS homeostasis as a result of barrier 
deficiencies could contribute to and exacerbate the later 
neuropathology100. Recently, Kortekaas et al.101 showed 
an elevated uptake of the Pgp substrate [11C]verapamil 
using positron emission tomography (PET) in the 
midbrain of patients with Parkinson’s disease, which is 
consistent with disturbed Pgp function in the BBB.

The ability of agents released during inflammation 
to increase the permeability of the brain endothelium 
may depend on associated cell types (FIG. 6). Thus, as 
well as acting on endothelial bradykinin B2 receptors to 
raise intracellular Ca2+ concentrations and open tight 

junctions, bradykinin can activate NF-κB in astrocytes, 
leading to the release of interleukin-6 (IL-6), which can 
amplify the effect by acting back on the endothelium102. 
Tumour necrosis factor-α (TNFα) can increase BBB 
permeability by direct actions on the endothelium103 
and indirect effects involving endothelial endothelin 1 
production and IL-1β release from astrocytes, in a 
complex immunoregulatory loop104. Systemic infection 
can exacerbate CNS inflammatory pathologies such as 
multiple sclerosis by several mechanisms, including 
activation of already primed central macrophages, with 
some mechanisms effective even with an intact BBB105. 
Indeed, the ability of the BBB to transport cytokines may 
contribute to the link between central and peripheral 
disease106.

It has recently been proposed that activated astro-
cytes and microglial cells could maintain neuropathic 
pain107. As astrocytes have extensive gap junctional 
connectivity and form glial networks, it has been sug-
gested that glia may be involved in the spreading of 
pain sensation. In injury, several substances are released 
from central and peripheral neurons, connective tis-
sue cells and blood cells. Many of these substances, 
such as substance P, calcitonin gene-related peptide 
(CGRP), serotonin, histamine and ATP, can affect the 
BBB from both the blood and the nervous tissue sides. 
For example, the release of IL-1β leads to a decreased 
concentration or altered localization of the tight junc-
tion protein occludin, and increased BBB permeability. 
TNFα, histamine and interferon-γ released in inflam-
matory pain can also cause changes in brain endothelial 
permeability108.

The involvement of microglia in signalling within 
the pathological neurovascular unit has been men-
tioned above66,67. It is possible that damage to the 
endothelium and basal lamina allows expression of 
endothelial receptors that are normally downregu-
lated (for example, receptors for nucleotides such as 
ATP), opening new communication loops between 
endothelium, pericytes, astrocytes and microglia that 
are important in barrier repair.

Targeting the BBB to fight disease
The BBB as a therapeutic target. We have seen how 
information on the routes across the BBB (FIG. 3) needs to 
be taken into account in developing drug delivery strate-
gies to target sites in the CNS in treating neural disorders.
Given the evidence for involvement of BBB damage as 
an early event in many neurological conditions, it is not 
surprising that there is growing interest in the BBB as a 
therapeutic target in its own right109–112. The underlying 
logic is that if BBB dysfunction can be reduced, halted 
or reversed, this could be valuable therapy in conditions 
in which neuronal damage is secondary to, or exacer-
bated by, BBB damage. Steroids such as dexamethasone 
are widely used to reduce inflammation, and are an 
accepted treatment for brain oedema113. It is now known 
that dexamethasone can improve barrier function not 
only by increasing the tightness of the brain endothelial 
tight junctions114, but also by upregulating BBB Pgp59. 
Ca2+ channel blockers hold promise for reducing brain 

Figure 6 | Astroglial–endothelial signalling under pathological conditions. 
Examples of astroglial–endothelial signalling in infection or inflammation, stroke or 
trauma, leading to opening of the blood–brain barrier (BBB) and disturbance of brain 
function. bradykinin, produced during inflammation in stroke or brain trauma, acts on 
endothelial and astroglial bradykinin B2 receptors, leading to an increase in the 
concentration of intracellular Ca2+. In astrocytes, this can trigger the production of 
interleukin-6 (IL-6) through activation of nuclear factor-κB (NF-κB) (1). Bradykinin, 
substance P, 5-hydroxytryptamine (5-HT, serotonin) and histamine acting on 
astrocytes can lead to the formation of ATP and prostaglandins (PGs), with effects on 
vascular tone and endothelial permeability (2) by mechanisms that are known to 
involve endothelium. Lipopolysaccharide (LPS), formed in infections, leads to the 
release from microglia of tumour necrosis factor-α (TNFα), IL-1β and reactive oxygen 
species (including O2

•–), all of which have the ability to open the BBB (3). Astrocytes 
downregulate tissue plasminogen activator (tPA) production via transforming growth 
factor-β (TGFβ), but there is still sufficient tPA to open the BBB, leading to an influx of 
tPA from the blood (4). Following disruption of the BBB involving a decrease in agrin 
expression, K+ and glutamate (Glu) from the blood can reach the brain extracellular 
space. Aquaporin 4 (AQP4) is upregulated on the astroglial endfeet, leading to 
astroglial swelling (5). ET1, endothelin 1.
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damage in hypoxia115 and hypertension116, by reducing 
the Ca2+-mediated increase in BBB permeability. Local 
brain hypothermia reduces BBB damage and oedema 
following intracerebral haemorrhage, reducing the 
severity of neuronal damage117,118. A pan-caspase inhibi-
tor given intraperitoneally reduced brain endothelial 
permeability and brain oedema after subarachnoid 
haemorrhage119. This shift in emphasis from the rescue 
of neurons to treatment of the BBB means that the brain 
endothelium itself becomes a target for drug action.

Techniques such as differential display are already 
being used to establish which genes expressed by the 
brain endothelium are upregulated in disease120, and 
some of these could be targets for therapy. However, 
caution is needed because many of the changes will be 
part of the defensive response of the endothelium, and 
the same agents that are destructive at certain phases of 
disease (for example, some cytokines, such as TNFα) 
may have important protective actions at earlier stages 
or at lower concentrations. Moreover, interactions 
between agents, both inhibitory and potentiating, make 
it difficult to devise strategies targeted to individual 
substances or receptors.

VEGF, which increases brain endothelial perme-
ability when given intravenously, is neuroprotective 
and reduces BBB leakage after ischaemia when given 
intraventricularly121, which indicates that it has either 
a differential action on the apical versus the basal side 
of the brain endothelium, or an ability to act through 
other cells on the brain side. As the role of cell–cell 
interactions in the neurovascular unit becomes better 
understood, other cells associated with the BBB may 
also become useful therapeutic targets122.

Opening the BBB for therapeutic purposes. Most of the 
treatments mentioned so far are designed to seal up and 
improve the transport function of a BBB made leaky by 
disease. The opposite approach — deliberately opening 
the tight junctions of the brain endothelium to facili-
tate drug delivery to the brain — is the subject of an 
extensive literature123. From the discussion above (role 
of BBB in brain homeostasis), it is clear that therapeutic 
BBB opening needs to be kept as brief as is practical to 
reduce oedema and other side effects. Opening of the 
BBB using intracarotid infusion of hyperosmolar solu-
tions has had some success in increasing drug delivery 
to tumours123,124; the mechanism for the opening effect 
may involve phosphorylation of the adherens junction 
protein β-catenin125. Attempts to produce controlled 
BBB opening using analogues of inflammatory media-
tors such as bradykinin (Cereport, also called RMP-7) 
have shown promise in animal studies but not repro-
ducible efficacy in clinical trials126. Improvements in 
both types of approach are being pursued125.

Protective strategies at the BBB. There is growing evi-
dence that maintaining endothelial health can reduce 
the incidence or severity of systemic vascular disease 
in at-risk individuals, in conditions such as atheroscle-
rosis, lupus and diabetes127–130. Moderate exercise131,132, 
and a diet rich in fish oils133,134, fruit135,136, soy137,138, 

vitamins C and E139–141, garlic127 and red wine142 may 
be beneficial143.

Although less specifically studied, protection of the 
BBB has the potential to delay or prevent the develop-
ment of chronic neurodegeneration. Indeed, many 
plant-derived compounds, such as flavonoids, and 
other polyphenolic agents that are being investigated as 
neuroprotectants144 also have beneficial effects on the 
endothelium145,146. The cytokine erythropoietin (a major 
regulator of erythropoiesis) is protective against brain 
injury in vivo, and protects cultured neurons against 
toxicity147; moreover, it protects brain endo thelium 
against VEGF-induced permeability by reducing the 
level of endothelial nitric oxidase synthase (eNOS) and 
restoring junctional proteins148.

Would it be possible to go further, and alter the 
properties of a largely healthy BBB to improve its ability 
to protect the brain? For example, would upregulation 
of BBB Pgp or other transporters be beneficial? So 
far, this is a relatively unexplored field. It has poten-
tial, but would require careful consideration of the 
context, within the neurovascular unit and the whole 
body. For example, we do not yet know whether endo-
genous regulation of the expression and activity of BBB 
transporters maintains a delicate balance between the 
needs to admit key substances and to keep out others 
— disturbing such a balance could have unpredictable 
side effects.

Concluding remarks and future perspectives
We have shown that specific interactions between brain 
endothelium and astrocytes within neurovascular 
units can influence the BBB under both physiological 
and pathological conditions. Mutual induction helps 
to establish the differentiated phenotype of both the 
cells involved in the association, upregulating barrier 
properties in the endothelium, and specific features of 
the astrocytic endfeet, including those involved in ionic 
and water regulation. Several pathologies that result in 
neural damage and degeneration may show an early 
phase involving BBB disorder, so early treatment of 
the barrier could reduce the severity of neuropatho-
logical symptoms and facilitate recovery. Even better, 
prophylactic treatment to maintain a healthy BBB has 
the potential to delay the onset of neurodegeneration. 
In the future, detailed investigation of the mechanisms 
involved in endothelial–astrocytic interaction could 
help in the design of therapies targeted at specific fea-
tures necessary for BBB function. There will be several 
challenges. Improved semi-intact preparations (brain 
slices, in situ preparations) are needed to bridge the 
gap between studies in cell culture and those using 
animal models. We will need a better understanding 
of cellular proteomics and metabolism to devise more 
targeted therapies for the BBB. We need better ways of 
imaging and monitoring functions of the living brain 
to validate human treatments. And, finally, differences 
in genetic make-up, gender, age and environment can 
affect the BBB in subtle ways, so successful treatment 
may depend on individual microprofiling and the 
development of ‘personalized medicine’.
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