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Abstract

The blood–brain barrier (BBB) is formed by brain endothelial cells lining the cerebral microvasculature, and is an

important mechanism for protecting the brain from fluctuations in plasma composition, and from circulating

agents such as neurotransmitters and xenobiotics capable of disturbing neural function. The barrier also plays

an important role in the homeostatic regulation of the brain microenvironment necessary for the stable and

co-ordinated activity of neurones. The BBB phenotype develops under the influence of associated brain cells,

especially astrocytic glia, and consists of more complex tight junctions than in other capillary endothelia, and a

number of specific transport and enzyme systems which regulate molecular traffic across the endothelial cells.

Transporters characteristic of the BBB phenotype include both uptake mechanisms (e.g. GLUT-1 glucose carrier, L1

amino acid transporter) and efflux transporters (e.g. P-glycoprotein). In addition to a role in long-term barrier

induction and maintenance, astrocytes and other cells can release chemical factors that modulate endothelial

permeability over a time-scale of seconds to minutes. Cell culture models, both primary and cell lines, have

been used to investigate aspects of barrier induction and modulation. Conditioned medium taken from growing

glial cells can reproduce some of the inductive effects, evidence for involvement of diffusible factors. However,

for some features of endothelial differentiation and induction, the extracellular matrix plays an important role.

Several candidate molecules have been identified, capable of mimicking aspects of glial-mediated barrier induction

of brain endothelium; these include TGFβ, GDNF, bFGF, IL-6 and steroids. In addition, factors secreted by brain

endothelial cells including leukaemia inhibitory factor (LIF) have been shown to induce astrocytic differentiation.

Thus endothelium and astrocytes are involved in two-way induction. Short-term modulation of brain endothelial

permeability has been shown for a number of small chemical mediators produced by astrocytes and other nearby

cell types. It is clear that endothelial cells are involved in both long- and short-term chemical communication with

neighbouring cells, with the perivascular end feet of astrocytes being of particular importance. The role of barrier

induction and modulation in normal physiology and in pathology is discussed.
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Introduction: anatomy and physiology of 
the blood–brain barrier

The blood–brain barrier (BBB) is formed by brain

endothelial cells lining the cerebral vasculature, and is

an important mechanism for protecting the brain

from fluctuations in plasma composition, e.g. during

exercise and following meals, and from circulating

agents such as neurotransmitters and xenobiotics

capable of disturbing neural function (Abbott &

Romero, 1996). The barrier also plays an important role

in the homeostatic regulation of the brain microenvir-

onment necessary for the healthy function of the CNS.

The brain capillaries are ∼50–100 times tighter than

peripheral microvessels as a result of complex tight

junctions (zonulae occludentes) that cause severe

restriction of the paracellular (tight junctional)

pathway for diffusion of hydrophilic solutes, so that
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penetration across the brain endothelium is effectively

confined to transcellular mechanisms. Small lipophilic

molecules such as oxygen, CO2 and ethanol can freely

diffuse across the lipid membranes of the endothelium.

Small polar solutes needed for brain function are

transported by a number of specific carriers (e.g.

GLUT-1 for glucose, L-system carrier L1 for large neutral

amino acids such as leucine) and specific carriers

meditate the efflux from the CNS of potentially toxic

metabolites (e.g. glutamate). P-glycoprotein is an

energy-dependent efflux carrier with broad specificity

that keeps out more hydrophobic molecules; it has

been localized to the luminal brain endothelial

membrane, and plays a major role in protecting the

brain from xenobiotics. The brain endothelium has

lower levels of endocytosis/transcytosis than peripheral

capillaries, but has specific systems for receptor-

mediated and adsorptive endocytosis, that can transfer

certain peptides and lipoproteins to the brain. The

brain endothelium contains a number of enzyme

systems that support the protective and detoxifying

roles of the BBB, including enzymes such as monoam-

ine oxidase that ensure that central synaptic function

is not adversely affected by circulating neuroactive

agents. Thus the term ‘BBB’ covers a number of static

and dynamic properties that enable the endothelium

to protect and regulate the brain microenvironment

(Abbott & Romero, 1996).

Induction of the BBB phenotype: 
role of astrocytes

Although a number of the properties listed are

expressed to some degree in peripheral capillary

endothelium, most of them are up-regulated in brain

endothelium to such an extent that they can be iden-

tified as ‘markers’ of BBB phenotype and function.

There is great interest in the mechanism(s) for this up-

regulation (Bauer & Bauer, 2000), to understand more

completely the normal physiological function of the

BBB, and to gain insights into pathological conditions

causing loss or breakdown of aspects of BBB, as an

important first step in designing effective therapies

and treatment strategies.

Anatomical examination of the brain microvascul-

ature shows that the endfeet of astrocytic glia form a

lacework of fine lamellae closely apposed to the outer

surface of the endothelium (Kacem et al. 1998) (Fig. 1).

This close anatomical apposition led to the suggestion

that inductive influences from astrocytic glia could

be responsible for the development of the specialized

BBB phenotype of the brain endothelium (Davson &

Oldendorf, 1967). Early evidence in support of this hypo-

thesis came from grafting experiments in which brain

vessels growing into grafts of peripheral tissue became

less tight to intravascular tracers, while the relatively

leaky vessels of peripheral tissues became tighter on

growing into grafts of brain tissue (reviewed in Bauer

& Bauer, 2000). Later studies showed that cultured

astrocytes implanted into areas with normally leaky

vessels were able to induce tightening of the endothelium,

indicating that astrocytes were a major source of the

inductive influence from neural tissue (Janzer & Raff,

1997). However, some grafts of embryonic brain into host

brain do not show tight endothelia, and destruction of

glia and neurones does not always cause barrier break-

down (Krum et al. 1997). These studies suggest that

successful barrier induction and maintenance depends

critically on the local conditions and maturational

state, with important implications for therapeutic

grafting for repair of the human brain. The situation in

brain tumours is complex. Some glioma cells (e.g. C6)

implanted into rat brain become vascularized by leaky

vessels (Bauer & Bauer, 2000), suggesting either a

deficit in production of inductive factors by the

proliferating glioma cells, or enhanced production of

‘permeability factors’ that counteract the inductive

effects. However, there is no simple way of predicting

Fig. 1 Schematic drawing showing some features of the 
perivascular astrocytic end feet, which form ‘rosette’-like 
structures on the brain capillary surface. This arrangement 
would be expected to be optimal for two-way induction and 
communication between the astrocytes and endothelium, 
while not forming a physical barrier, so preserving free 
diffusion between the endothelium and the brain 
parenchyma. Based on Kacem et al. (1998).
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BBB permeability from the neuropathological classifi-

cation of human tumour type.

More recent studies in animal models have con-

firmed the progressive appearance of the full BBB

phenotype in blood vessels growing into the develop-

ing CNS. There are some species differences in the

time-course of barrier tightening, and the barrier

becomes relatively impermeable to large proteins

such as albumin and horseradish peroxidase before it

can effectively exclude smaller solutes such as mannitol

and ions (Butt et al. 1990; Bauer & Bauer, 2000). There

is also evidence for gradual maturation of BBB

transporters, as seen by differences between the

embyronic, neonatal and adult transporter phenotype

(Braun et al. 1980).

In vitro cell culture models have provided a great

deal of information about the induction of the BBB

phenotype in brain endothelium, and have generally

confirmed the key inductive role of astrocytes

(Reinhart & Gloor, 1997; Bauer & Bauer, 2000). Freshly

isolated brain endothelial cells and some immortalized

brain endothelial cell lines will grow as a flat mono-

layer on plastic or on porous filter inserts, and will retain

aspects of a BBB phenotype, but generally with some

loss of full barrier expression (e.g. leakier tight junc-

tions, down-regulation of enzyme and transport

systems) (Krämer et al. 2001). Some of these properties

can be up-regulated by co-culture with cells of glial

origin, such as primary astrocytes, astrocytic cell lines,

or glioma cells. Thus up-regulation of tight junctional

proteins and tightness has been clearly demonstrated

(Dehouck et al. 1990; Rubin et al. 1991; Rist et al. 1997;

Sobue et al. 1999). Gamma-glutamyl transpeptidase (γ-

GTP) is highly expressed in the brain endothelium

in situ, and appears to play a role in amino acid transport;

expression is lower in primary cultured brain endo-

thelium, but is partly restored in brain endothelium co-

cultured with glia (El Hafny et al. 1996). Several specific

transport systems are up-regulated in brain endothelial

models exposed to glial influence; this has been docu-

mented for GLUT-1, the L-system and A-system amino

acid carriers, and P-glycoprotein (El Hafny et al. 1997;

Bauer & Bauer, 2000). Interestingly, the multidrug-

resistance-related protein MRP1, which shows low

expression in brain endothelium in situ, shows greater

expression in cultured brain endothelium. This could

indicate that neighbouring glial cells cause suppression

of endothelial MRP1 expression under normal condi-

tions (Regina et al. 1998). Glial-mediated suppression

of some clotting factors (tissue plasminogen activator

and anticoagulant thrombomodulin) in brain endothe-

lium has also been shown (Tran et al. 1999). Expression

of transferrin receptor, and transcytotic mechanisms

for low-density lipoprotein (LDL) are also up-regulated

by astrocytic influence (Dehouck et al. 1994).

Where tested on other model systems, including

endothelial cells from non-brain sources such as human

umbilical vein and bovine aorta, and the ECV304 cell

line used as a model with a strong endothelial pheno-

type, induction such as junctional tightening and up-

regulation of BBB markers can be seen (Hurst & Fritz,

1996; Dolman et al. 1998; Kuchler-Bopp et al. 1999).

This suggests that the ability to respond to the glial

inductive signals is not confined to brain endothelial

cells.

Nature of inductive signals from glia to 
endothelium

The nature of the glial influence responsible for induc-

tion of BBB features has been a subject of debate and

experimentation. Some but not all of the inductive

effects reported above can be produced by application

of conditioned medium taken from growing glial cells,

evidence for action of a soluble factor or factors (Hurst

& Fritz, 1996; Sobue et al. 1999). However, induction is

generally more effective in co-cultures where glial cells

are grown on the undersurface of porous filters, with

endothelium on the upper surface, especially when the

filter pore-size is large enough to allow glial processes

to contact the basal surface of the endothelium or its

basal lamina. This suggests that induction depends on

the correct apical/basal polarity between endothelium

and glia, and either direct glial–endothelial contact,

extracellular matrix-associated chemical signalling, or a

high local concentration of (labile) glial-secreted signal

acting on the abluminal endothelial membrane.

The chemical nature of the glial-produced inductive

signal(s) is currently unclear, although several can-

didate molecules have been identified, with evidence

suggesting that different agents may regulate different

aspects of the BBB phenotype. Thus TGF-β (Tran et al.

1999), GDNF (Igarashi et al. 1999; Utsumi et al. 2000),

bFGF (Sobue et al. 1999), IL-6 and hydrocortisone

(Hoheisel et al. 1998) can each mimic particular aspects

of the inductive up-regulation or suppression caused

by glial cells. Attempts to isolate the inductive

influence(s) from glial conditioned medium have been
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only partially successful. Early studies found induction

was associated with large-molecular-weight peptides/

proteins, while recent work using ECV304 cells as assay

system found that the inductive influence from C6

glioma behaved like a non-proteinaceous agent of

< 1 kDa molecular weight (Ramsohoye & Fritz, 1998).

Many of the implicated chemicals have potential as

differentiating agents, suggesting that the BBB pheno-

type represents an enhanced state of differentiation,

which can be triggered and maintained by a number of

influences, some of them derived from glia. This view

is supported by the observation that the differentiat-

ing effects of intraluminal flow, raised intracellular

cAMP or application of retinoic acid are more effective

in inducing the BBB phenotype in endothelial cells co-

cultured with glia (Rubin et al. 1991; El Hafny et al.

1996; Pekny et al. 1998).

In some places in the nervous system, a blood–tissue

barrier is present in the endothelium in the absence of

contact by astrocytes. Thus the microvessels on the pial

surface lacking astrocytic ensheathment show at least

some BBB features, likely to be due to soluble factors

acting from the glia limitans or the subarachnoid CSF

(Allt & Lawrenson, 1997). In peripheral nerves, there is

a moderately well-developed blood–nerve barrier at

the level of the endoneurial capillary endothelium.

Since peripheral nerves lack astrocytes but contain

Schwann cells, it is possible that Schwann cells have

equivalent inductive potential in this case (Allt &

Lawrenson, 2000). Although BBB induction by mixed

neuronal/glial populations (as in brain slices) and by

isolated neuronal membrane fractions has been

observed (Tontsch & Bauer, 1991), most studies indicate

that the predominant influence maintaining the

mature BBB is astrocytic.

Inductive influence of brain endothelium on 
astrocytes

Given the complexity of BBB induction by glial cells, it

is clear that close communication between endo-

thelium and glial cells must occur. It is therefore not

surprising to find evidence that the endothelial cells

have a reciprocal inductive influence on astrocytes

(Estrada et al. 1990; Sperri et al. 1997; Wagner & Gardner,

2000). Thus square (orthogonal) arrays of particles

on astrocytic end feet recently identified as sites of

aquaporin-4 localization (Rash et al. 1998) are up-

regulated in co-culture with endothelium. The observed

up-regulation of γ-GTP in endothelial cells by glia

involves a two-way exchange of signals and an

extracellular matrix-mediated effect, while the up-

regulation of alkaline phosphatase in the same system

involves only a diffusive signal (Mizuguchi et al. 1997).

When endothelial and glial cells are grown together

there is a mutual up-regulation of antioxidant enzymes

so that the endothelial and glial partnership is better

able to deal with oxidative stress, e.g. in hypoxia/

reperfusion injury (Schroeter et al. 1999). Co-culturing

also leads to reciprocal effects on receptor phenotype.

Recently, leukaemia inhibitory factor (LIF) released by

endothelial cells of the optic nerve has been shown to

induce astrocytic differentiation (Mi et al. 2001). Thus

maintenance of the adult BBB appears to depend on

continuing exchange of inductive signals between glia

and endothelium, and disturbance of this induction

may be instrumental in several neuropathologies

involving BBB dysfunction, such as tumours and

multiple sclerosis.

Short–term interaction between glia and 
endothelium

In addition to the long-term processes involved in

induction via altered gene expression, glial–endothelial

interactions also occur over a shorter time-scale

(seconds to minutes), involving receptor-mediated

signalling. So far this has been most clearly documented

by monitoring intracellular calcium waves, with evid-

ence for a role for ATP as a glial-endothelial signalling

molecule (Paemeleire et al. 1999; Paemeleire & Leybaert,

2000). Such studies have given support to the idea

that astrocytes may play a key role in modulating

the energy supply to neurones, including the possibility

of regulating endothelial transport in a way that

supports neuronal function (Magistretti et al. 1999)

Humoral modulation of brain endothelial 
permeability

A number of chemical agents have been shown to

modulate the permeability of the blood–brain barrier

(Table 1) (for reviews see Abbott & Revest, 1991; Abbott,

1998, 2000), and at least some of these may be released

by astrocytic glial cells (asterisked in Table 1). The list

of agents includes several families of inflammatory

mediators, consistent with studies showing increased

permeability of the BBB in CNS inflammation (Abbott,



Astrocytes and BBB permeability, N. J. Abbott

© Anatomical Society of Great Britain and Ireland 2002

633

2000). Where the increase in permeability is transient

and does not involve cell death, opening of the para-

cellular (tight junctional) pathway has generally been

found to be responsible. Attention has thus focused on

the cellular mechanisms controlling the tight junction

and the associated cytoskeleton.

Several of the molecules causing barrier opening

(Table 1) have been shown to act via receptor-

mediated processes, activating signal transduction

pathways within the endothelium. Many of these

involve elevation of intracellular calcium concentration

([Ca2+]i), leading to the suggestion that raised [Ca2+]i is a

common factor in tight junction opening (Olesen, 1989;

Abbott & Revest, 1991; Abbott, 1998). Although relevant

calcium-dependent changes in endothelial cells have

been reported (e.g. Ca2+-calmodulin-dependent phos-

phorylation of cytoskeletal proteins, Joó, 1993) the

details of the molecular cascade are not clear. It is also not

known whether all agents act through a final common

path, or whether different agonists can act through

different elements of cytoskeletal control. Examination

both in situ and in vitro is beginning to reveal the

details of the signal transduction pathways involving

particular receptors and their interactions, for example

for histamine (Easton et al. 1997; Sarker et al. 1998),

bradykinin and nucleotides. The ECV304/C6 co-culture

model gives a sufficiently tight monolayer with brain

endothelial phenotype for studies of both intracellular

signals and tight junction modulation (Easton & Abbott,

1997) (Fig. 2); modulation by bradykinin appears to

involve B2 receptors, elevation of [Ca2+]i and activation

of phospholipase A2 (Abbott, 2000). In pial micro-

vessels studied in situ, Sarker et al. (2000) showed that

B2 receptor activation resulted in a permeability

increase involving generation of free radicals (Fig. 3).

Activation of cultured brain endothelium by ATP and

related nucleotides caused elevation of [Ca2+]i predom-

inantly via P2U (= P2Y2) receptors (Nobles et al. 1995).

Interestingly, P2Y1 receptor activation could also be

detected in cells grown on a biological matrix (Sipos

et al. 2000) (Fig. 4), evidence that the endothelial

receptor phenotype was influenced by its local environ-

ment.

Both in situ and in vitro, the receptor-mediated

barrier opening to low doses of agonists can be short-

lived, reversing on withdrawal of the agent or even

Table 1 Humoral agents reported to increase blood–brain 
barrier permeability. Those asterisked have been shown to be 
released by astrocytic glia

Bradykinin, serotonin (5HT), histamine, thrombin 
Purine and pyrimidine nucleotides: ATP*, UTP, ADP, AMP
Endothelin-1 (ET-1)*
Substance P
Glutamate*, Quinolenic acid
Platelet activating factor (PAF)
Arachidonic acid, prostaglandins, leukotrienes
Cytokines: IL-1α, IL-1β*, IL-2, IL-6*, TNFα*
Macrophage inflammatory proteins: MIP-1, MIP-2*
Complement-derived polypeptide C3a-desArg
Nitric oxide*, free radicals

References: Abbott (1998, 2000); Annunziata et al. (1998); 
Banks (1999); Cao et al. (2001); Chen et al. (2000); Kustova 
et al. (1999); Makic et al. (1999); Matsuo et al. (2001); Narushima 
et al. (1999); Pan et al. (2001); Prat et al. (2000); Schulz et al. (2000); 
St’astny et al. (2000).

Fig. 2 Development of tightness of the 
BBB model formed by culture of ECV304 
cells, which show a robust endothelial 
phenotype. When grown without C6 
glioma cells (–C6), the transendothelial 
electrical resistance (TEER, a measure of 
tight junctional restriction of the 
paracellular pathway) develops slowly 
over 15 days. TEER is enhanced when the 
cells are co-cultured, grown on filters 
with C6 glioma cells in the base of the 
wells (+C6). The model has been used to 
examine the mechanisms by which 
bradykinin modulates [Ca2+]i and TEER. 
From Easton & Abbott (1997).



Astrocytes and BBB permeability, N. J. Abbott

© Anatomical Society of Great Britain and Ireland 2002

634

before (Butt, 1995; Easton & Abbott, 1997). This raises

the interesting possibility that barrier opening can

occur as a well-regulated process under normal physio-

logical conditions, in response to agents released

locally. A number of fine nerve terminals end close

to the capillary endothelium, capable of releasing

histamine, 5HT, substance P and other specific neuro-

transmitters. Given the role of the BBB in protecting

the brain from noxious agents and maintaining CNS

homeostasis, such transient barrier opening would

generally be expected to be deleterious. However,

there may be situations in which modest and reversible

barrier opening could bring physiological advantage.

Thus the plasma is a rich source of factors required for

the normal repair processes of the brain, including

growth factors supporting neurite sprouting and out-

growth in regions of neuronal damage and death. In

addition, transient barrier opening could be a good

way to maintain immunological surveillance of the

CNS, and for neurones to ‘sample’ plasma composition

as part of the brain’s key function in the normal

regulatory control of the body.

Quite small stresses to the CNS such as exposure of

the meninges and minor head injury have been shown

to cause measurable and transient increases in the

permeability of the BBB (Easton et al. 1997; Ingebrigtsen

et al. 1999). Where these sites have been examined

morphologically, they typically appear as focal leaks

affecting only a proportion of microvessels in any

anatomical region, and only a proportion of junctions

in individual microvessel segments. Since we lack

non-invasive ways of pin-pointing small leaks in the

BBB, it is possible that cyclical opening and closing of

the barrier occurs in a small percentage of brain micro-

vessels under normal physiological conditions. Such

cyclical activity would have a negligible effect on the

general homeostasis of the brain microenvironment,

but could be sufficient to satisfy the local requirements

that triggered the barrier opening. This idea prompts a

closer examination of the cellular mechanisms that

could underlie controlled BBB modulation.

Source of BBB permeability modulating agents

Since the mechanisms controlling the tight junctions

of the brain endothelium are the ‘effectors’ of BBB

permeability modulation, and the chemical agents listed

in Table 1 are the substances capable of exerting the

modulation, the possible sources of these molecules

are of special interest. In some cases, the endothelium

is both able to release the agent and respond to it, e.g.

endothelin (ET-1), acting on ETA receptors (Chen et al.

2000), and ATP acting on nucleotide receptors (Sipos

et al. 2000). Under pathological conditions, mast cells

and perivascular microglia (resident macrophages of

the CNS) may release inflammatory agents close to

the endothelium. The cell types capable of mediating

physiological responses include the fine nerve terminals

of a number of neuronal populations which run close

to microvessels and release agents able to influence

endothelial function, such as histamine, substance P

and glutamate. As indicated above, astrocytes are able

to release several humoral agents including glutamate,

aspartate, taurine, ATP, ET-1, NO, TNFα, MIP2 and IL-1β
(Chen et al. 2000; Ostrow et al. 2000; Wang et al. 2000;

Zhang et al. 2000; Kim & Shin, 2001), although the

regulation of this release is not well understood.

Furthermore, in response to some of the agents able

Fig. 3 Evidence for a role of free radicals 
in bradykinin-mediated increase in 
permeability of rat pial microvessels 
in situ, measured with a fluorescence 
technique. A, the free radical scavengers 
superoxide dismutase (SOD) and catalase 
(CAT) (each 100 U mL−1) applied 
separately to the brain surface had little 
effect on the permeability response to 
5 µM bradykinin, but completely blocked 
it when used in combination. B, the lipid 
peroxidation chain blocker butylated-
hydroxytoluene (BHT; 1 mM) also 
inhibited the permeability response to 
5 µM bradykinin. (n.s., not significant; 
**P < 0.01). From Sarker et al. (2000), by 
permission.
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to open the BBB, astrocytes can up-regulate and

release modulating factors, e.g. bradykinin causes up-

regulation of astrocytic expression and release of the

cytokine interleukin-6 (IL-6) (Schwaninger et al. 1999),

which has a potentiating action on bradykinin-

mediated BBB opening. Thus in addition to a role in

barrier induction and maintenance, astrocytes may

play active roles in modulating BBB permeability over

shorter time scales. The presence of such potentiating

mechanisms also means that agents present at concen-

trations too low to open the barrier alone are able to

exert an effect in the presence of low concentrations

of the potentiating agents.

Conclusions

In summary, the development and maintenance of the

BBB formed by brain endothelium, and the specializa-

tions of the perivascular astrocytes that enable them

to act in partnership with the endothelium, involve

complex cell–cell exchange of chemical signals, induc-

ing BBB features in the longer term, and modulating

cellular physiology in the shorter term. Investigation of

this mutual interaction is important for understanding

the biological basis of neuropathies in which BBB

dysfunction occurs, and in development of effective

therapeutic strategies.

Fig. 4 Evidence for nucleotide receptors 
coupled to elevation of [Ca2+]i on 
primary cultured rat brain endothelial 
cells grown on a biological matrix. (a) 
Calcium responses measured with fura2 
(fluorescence ratio) were elicited by 
100 µM ATP and several related agonists; 
evidence for presence of different 
receptors includes the observed 
response to UTP (P2Y2) and to 2-MeSATP/
2-MeSADP/ADP (P2Y1). (b) The response 
to 2-MeSATP was similar in calcium-free 
and normal medium, evidence for 
mediation by a metabotropic rather 
than ionotropic receptor. From Sipos 
et al. (2000), by permission.
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