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Summary
This article introduces the special issue on “Blood–Brain Barrier and Epilepsy.” We review briefly
current understanding of the structure and function of the blood–brain barrier (BBB), including its
development and normal physiology, and ways in which it can be affected in pathology. The BBB
formed by the endothelium of cerebral blood vessels is one of three main barrier sites protecting
the central nervous system (CNS). The barrier is not a rigid structure, but a dynamic interface with
a range of interrelated functions, resulting from extremely effective tight junctions,
transendothelial transport systems, enzymes, and regulation of leukocyte permeation, which
thereby generates the physical, transport, enzymatic, and immune regulatory functions of the
BBB. The brain endothelial cells are important components of a “modular” structure, the
neurovascular unit (NVU), with several associated cell types and extracellular matrix components.
Modern methods have helped in identifying a range of proteins involved in barrier structure and
function, and recent studies have revealed important stages, cell types, and signaling pathways
important in BBB development. There is a growing list of CNS pathologies showing BBB
dysfunction, with strong evidence that this can play a major role in certain disease etiologies. The
articles that follow in this issue summarize in more detail reports and discussions of the recent
international meeting on “BBB in Neurological Dysfunctions,” which took place recently at Ben-
Gurion University of the Negev Desert Campus (Beer-Sheva, Israel), focusing on the link between
experimental and clinical studies, and the ways in which these lead to improved drug treatments.
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The brain and spinal cord (central nervous system, CNS) are the control centers of the body,
generating central programs and strategies, processing sensory input, regulating motor
output, and coordinating many of the individual and concerted activities of tissues.
Moreover, networks of CNS neurons use a combination of chemical and electrical signals,
which involve precise ionic movements across their membranes. Hence, to work effectively
it is crucial that the CNS maintains a stable internal microenvironment. The active “neural”
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cells of the CNS, including neurons, macroglia (astrocytes, oligodendrocytes), and microglia
contribute to local “housekeeping” maintenance of their bathing medium, the interstitial (or
extracellular) fluid (ISF, ECF), whereas cellular barriers at the interfaces between the CNS
and the circulating blood act as key regulatory sites, by controlling molecular flux into and
out of the CNS (Abbott et al., 2009). Thus essential nutrients are delivered, waste products
removed, and entry of potentially toxic or neuroactive agents and pathogens is severely
restricted. The barrier layers also form the interface between the central and peripheral
immune systems and act as crucial “checkpoints” to regulate CNS access of leukocytes
(Engelhardt & Coisne, 2011; Greenwood et al., 2011).

The following are the three main sites of CNS “interface” barriers: the endothelium of the
brain microvessels (forming the blood–brain barrier, BBB); the epithelium of the choroid
plexus (specialized ependyma), which secretes cerebrospinal fluid (CSF) into the cerebral
ventricles; and the epithelium of the arachnoid mater covering the outer brain surface above
the layer of subarachnoid CSF. The choroid plexus and arachnoid form the blood–CSF
barrier (BCSFB) (Abbott et al., 2009). At each of these sites, tight junctions between
adjacent cells restrict diffusion of polar solutes through the intercellular cleft (paracellular
pathway), and solute carriers on the apical and basal membranes together with ectoenzymes
and endoenzymes regulate small solute entry and efflux. In brain endothelium, mechanisms
of adsorptive and receptor-mediated transcytosis allow restricted and regulated entry of
certain large molecules (peptides, protein) that have particular growth factor and signaling
roles within the CNS. Finally, the barriers help regulate the innate immune response as well
as the recruitment and entry of leukocytes, and are hence involved in both the surveillance
and the reactive functions of the central immune cell population. Thus the three interface
layers function as physical, transport, enzymatic (metabolic), and immunologic barriers. The
barrier functions are dynamic (not fixed), and they are able to respond to a variety of
regulatory signals both from the blood and the brain side, and capable of being significantly
disturbed in pathology.

The brain capillaries supply blood in proximity to neurons (maximum diffusion distances
typically 8–25 μm), and the brain endothelium forms the largest interface for blood/CNS
exchange; therefore, the activities of the BBB are key to brain homeostasis. It is now
recognized that the brain endothelium of the BBB acts within a cellular complex, the
“modular” neurovascular unit (NVU) (Fig. 1), which is composed of a capillary segment
with its associated pericytes, basement membranes, perivascular astrocytes, and microglial
cells (Mäe et al., 2011), subserving the needs of the small number (typically < 8) of “client”
neurons within that particular NVU module (Iadecola & Nedergaard, 2007; Abbott et al.,
2009). Several functions of the BBB can be listed and their role in CNS homeostasis
highlighted (Abbott et al., 2009). The ability of the BBB to regulate molecular traffic and
keep out toxins is essential to preserve longevity of neurons and the health and integrity of
neural network connectivity; ion homeostasis is essential for normal neural signaling;
restricting protein entry limits the brain’s innate immune response and the proliferative
potential of the CNS microenvironment; separating CNS and peripheral nervous system
(PNS) neurotransmitter pools controls “cross-talk” interference between signaling networks
using the same transmitters, but also allows “nonsynaptic” specific signaling by agents
capable of diffusing within the protected ISF compartment; regulating entry of leukocytes
allows immune surveillance with minimal inflammation and cellular damage, and the
system is well organized for self-repair involving minor maintenance and correction of
defects (Liu et al., 2010; Tian et al., 2011). In many of these activities, the brain
endothelium is supported by the other cells of the NVU, especially the astrocytes and
pericytes, with the involvement of the components of the extracellular matrix (ECM), the
“endothelial” basement membrane (BM) of the endothelium/pericyte layer and the
“parenchymal” BM of the perivascular astrocyte end-feet. Given the key role of circulating
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cells in patroling, surveillance, and repair of the CNS, it has been proposed that these cells,
plus the glycocalyx at the endothelial surface (Haqqani et al., 2011), should be included in
an “extended NVU” (Neuwelt et al., 2011). This reflects our improved and growing
understanding of the complexity of the system and the range of cell–cell interactions
involved.

The molecular basis underlying barrier functions are becoming clearer (Pottiez et al., 2011;
Redzic, 2011), through application of many powerful techniques, including biophysical
investigation of the lipid membranes, quantitative proteomics, imaging at close to the level
of individual molecules, and use of genetic mutants and shRNAs to test the roles of
individual components. The plasmalemma of the brain endothelium has a particularly tight
packing of phospholipids and cholesterol (Seelig, 2007), permitting flux of small gaseous
molecules (oxygen, CO2), but restricting permeation of certain hydrophobic molecules
including many drugs, and regulating access to particular membrane proteins such as ABC
(ATP-binding cassette) efflux transporters, P-glycoprotein (Pgp) (Aänismaa et al., 2008),
and breast-cancer resistance protein (BCRP). The tight junctions involve interactions of
cytoskeletal molecular complexes including the zonula occludens (ZO) proteins, coupled to
transmembrane cleft-spanning proteins occludin and claudins 3 and 5; and junction-
associated molecules (JAMs) (Paolinelli et al., 2011). The rapid turnover of many of the
junctional proteins means that they show considerable dynamic activity (Shen et al., 2008),
while maintaining overall junctional integrity and selectivity. Many modulators from both
the blood and the brain sides can cause junctional opening (Abbott et al., 2006), perhaps to
facilitate repair and removal of debris; however, in healthy conditions this is local and
transient and does not significantly disturb the homeostatic function of the barrier.

The inventory of identified BBB solute carriers (SLCs) with relatively tight substrate
specificities continues to grow (Abbott et al., 2009; Neuwelt et al., 2011; Parkinson et al.,
2011; Redzic, 2011), mediating entry of major nutrients such as glucose, amino acids,
nucleosides, monocarboxylates, and organic anions and cations, and efflux from the brain of
some metabolites. Among the group of ABC transporters, Pgp (ABCB1) and/or BCRP
(ABCG2) are the dominant players on the apical (blood-facing) membrane, especially Pgp
in rodents and BCRP in primates, but the expression levels, localization, and roles of the
multidrug-resistant associated proteins (MRPs, ABCC group) are less clear (Shawahna et
al., 2011). These transporters have broader substrate specificity than the SLCs, making
analysis of their structure-activity relationship (SAR) difficult (Demel et al., 2009).
Synergistic activity between Pgp and BCRP has been observed (Kodaira et al., 2010), and
ABC transporters and cytochrome P450 (CYP) enzymes together generate an active
metabolic barrier within the NVU (Decleves et al., 2011). The array of transporters includes
considerable overlap in function/apparent redundancy, possibly reflecting their evolutionary
history and ensuring back-up provision in case of loss or defect of a single transporter.

Nonspecific fluid-phase endocytosis and transcytosis is downregulated in brain endothelium
compared with non-brain endothelium, but for certain peptides and proteins, two main types
of vesicle-mediated transfer have been documented in the BBB: receptor-mediated
transcytosis (RMT) and adsorptive mediated transcytosis (AMT) (Abbott et al., 2009). There
appears to be some overlap in function between caveolar- and clathrin-mediated vesicular
routes, and likely involvement of other types of molecular entrapment, engulfment, and
transendothelial movement that are less well characterized. Finally, although
transendothelial traffic of leukocytes is restricted under normal conditions (Greenwood et
al., 2011), their entry into the CNS can be facilitated in certain pathologies, both via
paracellular and transcellular routes (Engelhardt & Wolburg, 2004; Muller, 2011).
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Many of the routes across the endothelium described can be used for drug delivery; several
classical CNS drugs including many antiepileptic agents are sufficiently lipid-soluble to
diffuse through the endothelial cell membranes to reach the brain ISF, but entry for some
can be significantly reduced by efflux on ABC transporters (Löscher et al., 2011). A
complicating issue is that both barrier tightness and transporter expression may be altered in
pathology (Potschka, 2010; Potschka et al., 2011), hence it is often difficult to predict
pharmacokinetics of particular drugs in individual patients affected to different degrees by
any specific CNS pathology.

Study of the development and maintenance of the NVU can give insights into changes in
pathology. From the evolution of CNS barrier layers, traced back to their origin among
invertebrate and lower vertebrate groups, it is clear that the first barriers were formed by
specialized glial cells at the vascular-neural interface, later supplemented with pericytes and
endothelium (Bundgaard & Abbott, 2008). In mammalian development, a basic barrier is
formed in the endothelium of the ingrowing vessel sprouts, closely linking angiogenesis and
barrier genesis with barrier induction signals likely originating from neural progenitor cells
(NPCs) (Liebner et al., 2008; Daneman et al., 2009). Subsequently pericytes refine the
barrier by downregulation of the “default” nonbrain endothelial features; then astrocytes
upregulate the full differentiated barrier phenotype (Armulik et al., 2010; Daneman et al.,
2010). Some of the signaling mechanisms involved in this induction are known including
the Wnt/β-catenin (Liebner et al., 2008) and hedgehog pathways (Alvarez et al., 2011), and
some of them may be involved in maintaining barrier integrity in the adult. In turn the
endothelium “sculpts” the expression of channels, receptors, and transporters in the end-feet
of the perivascular astrocytes to create the optimal differentiated phenotype for their role in
the NVU (Abbott et al., 2006). It is likely that pericytes and microglia are also involved in
this sculpting and maintenance of the NVU, but the details are still unclear.

The BBB is altered in many CNS pathologies including epilepsy (Abbott et al., 2006; van
Vliet et al., 2007; Abbott et al., 2010; Marchi et al., 2012; Raabe et al., 2012). Changes can
include upregulation of luminal adhesion molecules, increased adhesion and transmigration
of leukocytes, increased leakiness of tight junctions and extravasation of plasma proteins,
and altered expression of drug transporters and channels on endothelial cells and glia
(Potschka, 2010; and see Kovacs et al., 2012, in this special issue). Given the importance of
the BBB in CNS homeostasis, it is clear that gross barrier dysfunction is likely to be
associated with disturbance of neural signalling. Rapid changes in neural functions appear to
result from equilibrium between serum and brain electrolyte levels, leading to increased K+

and decreased Ca2+ and Mg2+ in the brain ISF. Delayed and long-lasting alterations are due
to activation of the brain immune system once serum proteins leak into the brain ISF
(Heinemann et al., 2012). In many pathologic states, a combination or sequence of events
may make the barrier vulnerable, including trauma, hypoxia, infection, and activation of the
clotting system and inflammation, but also components of the diet and environmental toxins,
and perhaps genetic factors as well (Shlosberg et al., 2010). Inflammation and involvement
of free radicals are proving to play major roles in many or even most of the pathologies with
BBB disturbance, but the etiology and sequence of changes is generally unclear, and in
many cases it is not known whether changes occur simultaneously or as part of an
inflammatory cascade (Friedman, 2011; and see Kim et al., 2012, in this special issue).
Certain brain regions are more often affected, including the hippocampus and cerebral
cortex gray matter, but again the reasons are uncertain.

For minor damage, the cells of the NVU aided by recruitment of leukocytes may affect a
repair, and short-and long-term changes in protective mechanisms including upregulation of
efflux transporters and enzymes may be involved. Certainly several types of altered cell–cell
interaction can be detected in pathology, particularly between endothelium and astrocytes,
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but also with powerful roles played by microglia, changing from a relatively quiescent and
static process-bearing morphology to a more ameboid and migratory form, secreting a
different repertoire of cytokines and chemokines (Saijo & Glass, 2011; Smith et al., 2012).
Agents released from most of the cells of the NVU in pathology can modulate brain
endothelial tight junctions, with several inflammatory mediators increasing barrier
permeability, and a few agents able to counter or reverse this (Abbott et al., 2006).
Potentiating effects of several cytokines including inter-leukin (IL)-1β and tumor necrosis
factor α (TNFα) on the “first line” of inflammatory mediators (e.g., bradykinin) have been
documented (Fraser, 2011), and there may be a system of global control of the permeability
of the cerebral microvasculature via the cholinergic nervous system (Meshorer et al., 2005).
Evidence suggests tight direct interactions between the cholinergic and immune systems in
both the peripheral and the central nervous systems (Tracey, 2009; Gnatek et al., 2012). At
the molecular level, a great many signaling pathways can be identified, regulating both the
expression and activity of barrier features, particularly well documented for the effects of
xenobiotics, neurotransmitters, and inflammation on Pgp (Miller, 2010). Recent
identification of a number of microRNAs (miRNAs) shown to influence angiogenesis
(Caporali & Emanueli, 2011) and vascular functions (Hartmann & Thum, 2011) adds a
further level of complexity, and new information on a whole family of secreted and
information-carrying extracellular vesicles including exosomes (György et al., 2011) adds to
the repertoire of ways in which a cell or group of cells can influence other cells nearby or
further away. Indeed the flow pathways allowing circulation of the brain ISF have suitable
properties for this kind of nonneural communication (Abbott, 2004), and could play an
important part in the dissemination of CNS pathologies that start at a relatively restricted
locus.

This special issue summarizes new insights and discussions evolved during a workshop on
“Blood–Brain Barrier Dysfunction in Neurological Disorders: Clinical Studies, Underlying
Mechanisms and Therapeutic Implications” held in January 2012 at Ben-Gurion University
Campus for Desert Research. We present summaries of clinical evidence for BBB
involvement in epilepsy and other brain disorders, and cellular mechanisms critical to BBB
function and dysfunction. Advances in understanding BBB function in pathology coming
from a variety of experimental models, both in vivo and in vitro, help to identify the cell–
cell interactions and the molecules involved, and progress is being made to link these with
clinical observations. Understanding the clinical course of patients with BBB dysfunction is
essential (see Shocknecht & Shalev, 2012, in this special issue); a key requirement for
progress is identification and quantification of biomarkers, which will help to identify at-risk
individuals, give further insights into disease etiology, and serve as indicators of disease
progression and response to therapy. Part of this effort is the development of new imaging
methods for analyzing vessel permeability in the human brain (Wunder et al., 2012, in this
special issue). Better understanding of the roles of cells of the NVU in CNS homeostasis,
and their distinct and collaborative contributions in repair, will reveal additional potential
targets for therapy (see Kim et al., 2012, and de Vries et al., 2012, in this special issue). This
should make it possible to design staged “cocktails” of several drugs with particular cellular
and molecular targets, each given at a low dose to minimize side effects, but together
providing effective therapy at critical points in the disease process.

The Workshop gave many striking examples of similar mechanisms acting across a range of
CNS disorders, as well as individual features that act as hallmarks for particular pathologies,
and emphasized the tremendous advantages and insights to be gained from bringing together
scientists and clinicians of different disciplines.
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Figure 1.
The neurovascular unit (NVU). Schematic drawing of the NVU, indicating the close spatial
relationship and the complex physiologic interactions between endothelial cells and
pericytes, astrocytes, microglia, and neurons.
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