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Abstract

The blood brain barrier (BBB) evolved to preserve the microenvi-
ronment of the highly excitable neuronal cells to allow for action
potential generation and propagation. Intricate molecular interac-
tions between two main cell types, the neurons and the glial cells,
form the underlying basis of the critical functioning of the nervous
system across species. In invertebrates, interactions between neurons
and glial cells are central in establishing a functional BBB. However,
in vertebrates, the BBB formation and function is coordinated by
interactions between neurons, glial cells, and endothelial cells. Here
we review the neuron-glial interaction-based blood barriers in in-
vertebrates and vertebrates and provide an evolutionary perspective
as to how a glial-barrier system in invertebrates evolved into an en-
dothelial barrier system. We also summarize the clinical relevance
of the BBB as this protective barrier becomes disadvantageous in the
pharmacological treatment of various neurological disorders.
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INTRODUCTION

Proper neuronal function necessitates a highly
regulated extracellular environment, where
the concentrations of sodium, potassium, and
calcium ions need to be maintained within
very narrow ranges. The central nervous sys-
tem (CNY) is extremely sensitive to a wide
range of substances that are otherwise readily
metabolized without causing harm to the pe-
ripheral organ system. As a resul, it is essen-
tial that the interface between the CNS and
the peripheral circulatory system functions as
a dynamic regulator of ion balance, a facilita-
tor of nutrient transport, and a barrier to po-
tentially harmful molecules (Hawkins & Davis
2005). Thus the structural aspects of the cere-
bral microcirculation, historically referred to
as the blood-brain barrier (BBB), perform all
these functions.

More than 100 years ago, Paul Ehrlich
(1885) observed that certain pharmacologi-
cally active molecules and dyes injected into
the bloodstream rapidly diffused into most or-
gans with the exception of the CNS, com-
posed of brain, spinal cord, and retina, because
these were highly impermeable to most small
molecules. Ehrlich proposed that the CNS
environment possessed specialized properties
that allow selective entry of only a small frac-
tion of circulating factors. These and related
findings formed the concept of a BBB that
functions as a barricade to block blood-borne
materials from entering the CNS microen-
vironment and also prevents permeability in
the outward direction such that chemicals re-
leased from the nerve cells do not mix with
blood (Goldmann 1913). Thus the concept
of a vascular BBB, which also functions as
a brain-blood barrier, was born (Bradbury
1979). Researchers now accept that several
blood-CNS barriers exist, including blood-
cerebrospinal fluid barrier and blood-retinal
barrier (Risau & Wolburg 1990, Strazielle
et al. 2004).

Advances in microscopy revealed that, in
contrast with other vascular beds, the brain
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endothelial cells lining the vascular wall are
tightly linked with junctional complexes to
prevent free diffusion of blood-borne sub-
stances into the brain parenchymal space.
Electron microscopic studies helped in iden-
tifying ultrastructural properties of the brain
endothelium as the actual BBB. Brain en-
dothelial cells have specialized intercellular
tightjunctions (TJs) of extremely high electri-
cal resistance that provide a diffusion barrier
between the blood and brain. These ear-
lier studies using electron-dense tracers re-
vealed that the BBB is an endothelial barrier
present in capillaries that course through the
brain (Reese & Karnovsky 1967, Brightman
& Reese 1969).

One essential function of this BBB in
vertebrates and invertebrates is to establish
a stable ionic microenvironment that en-
sures appropriate firing of neurons and ac-
tion potential propagation. In addition, the
BBB is of outstanding clinical relevance be-
cause its breakdown leads to severe pathol-
ogy as seen in several cerebrovascular dis-
orders. Although this barrier is essential for
the normal operation of the nervous sys-
tem, it also prevents the entry of possi-
ble therapeutic molecules into the brain,
making it a stubborn obstacle for treat-
ment. Despite BBB’s importance, fundamen-
tal questions still remain about the cellu-
lar and molecular mechanisms that control
its establishment, integrity, maintenance, and
function.

A comparatively recent approach toward
understanding the BBB has been in exploring
the specific interactions between the neurons,
astrocytes, and brain endothelium that might
regulate BBB function. Here we review how
neuron-glial interactions set up the blood bar-
riers in invertebrates and vertebrates, the key
structural attributes of the barrier, the molec-
ular components that establish and/or main-
tain the barrier, and the pathological con-
ditions resulting from a breach of the BBB,
thus highlighting its outstanding importance
across species.

NEURON-GLIAL
INTERACTIONS IN BLOOD
BARRIERS OF INVERTEBRTAES

Unlike the higher vertebrates where the BBB
is formed by endothelial cells lining cerebral
microvessels, the barrier in invertebrates,
such as insect and crustacean, is formed by
glial cells. An understanding of the glial cells
in invertebrates is thus a prerequisite for
knowing the blood barriers. Furthermore,
studies on invertebrate glial cells, such as
insect glia, can give information and provide
insights that are either difficult to obtain or
are unavailable from the study of vertebrate
glia alone. Several common properties have
emerged wherever comparisons between
invertebrate and vertebrate glia have been
possible, indicating that studies in a range of
animal models can add to our understanding
of the glial architecture and function (Bellen
& Schulze 2003). For example, in the mature
Dipteran  Drosophila  melanogaster nervous
system, cell body glia perform modulatory
functions, similar to vertebrate astrocytes;
longitudinal glia ensheath CNS axons, similar
to vertebrate oligodendrocytes; peripheral
glia ensheath the nerves that project from
CNS into the peripheral nervous system
(PNS), similar to vertebrate Schwann cells;
multiple glial subtypes remove apoptotic
corpses from the CNS similar to vertebrate
microglia; and perineurial glial cells establish
the blood-nerve barrier (BNB) in Drosophila
similar to BBB of vertebrates (Freeman et al.
2003). In both systems, neuron-glial inter-
actions are known to be essential for many
aspects of neuronal development, including
regulation of neuronal precursor prolifera-
tion, axon pathfinding, axon fasciculation, and
synaptogenesis.

The role of glia in the development of
the embryonic insect nervous system has been
studied in detail. Such extensive studies on
developing insect glia have been feasible be-
cause of the transparency and accessibility
of the embryo. The various insect glial cell
types and their distribution and function are

www.annualyeviews.org  Neuron-Glial Blood Barriers

BBB: blood-brain
barrier

TJ: tight junction

PNS: peripheral
nervous system

BNB: blood-nerve
barrier

237



Annu. Rev. Neurosci. 2007.30:235-258. Downloaded from www.annualreviews.org
Access provided by George Washington University - Gelman Main Library on 09/05/18. For personal use only.

Table 1

Glial cell types in insects and vertebrates

| Glial cell type Distribution Function Reference
Insects
CNS 1. Surface-associated glia CNS surface Insulation of CNS Ito et al. 1995
(@) Perineurial glia Pereanu et al. 2005
(b) Subperineurial glia
2. Cell body glia Interspersed between Encapsulate neuronal Dumstrei et al. 2003
neuronal cell body in somata and neuroblast
cortex
3. Neuropile-associated glia Cortex-neuropile Extend processes around and | Ito etal. 1995
interface into the neuropile
(@) Nerve root glia Associated with nerve
root
(&) Interface or longitudinal glia | Longitudinal
connectives
(¢) Midline glia Commisural tract at Ensheath commissural axons | Jacobs 2000
midline
PNS 4. Exit glia Transition zone Wrap axon bundles of Bellen & Schulze 2003
between CNS and peripheral nerve
PNS
5. Peripheral glia Peripheral nerve Ensheathment of sensory Banerjee et al. 2006a
and motor axons
6. Perineurial glia Peripheral nerve Ensheath peripheral axons Bellen & Schulze 2003,
and peripheral glia and Banerjee et al. 2006a
form SJs
Vertebrates
CNS 1. Astrocytes CNS surface Ensheath neuronal cell Fields &
bodies and synaptic Stevens-Graham 2002
contacts/BBB
2. Oligodendrocytes CNS axons Myelination of CNS axons Fields &
Stevens-Graham 2002
PNS 3. Schwann cells PNS axons Myelination of PNS axons, Bhat 2003, Salzer 2003,
ensheath small diameter Taveggia et al. 2005
unmyelinated axon bundles

238

summarized in Table 1. In Drosophila, the
availability of various genetic tools has al-
lowed the most exhaustive and detailed anal-
ysis of glial lineages so far (Ito et al. 1995).
Depending on the species and location, the
invertebrate glia show a variety of mor-
phologies and functions. Among invertebrate
phyla, glial cells are absent from the Meso-
zo0a, Porifera, Coelenterata, and Echinoder-
mata but are present in Platyhelminthes,
Aschelminthes, Annelida, Arthropoda, and
Mollusca (reviewed in Radojcic & Pentreath
1979). The close glial ensheathment of

Banerjee o Bbat

neurons underlie neuron-glial interactions
in mollusc, arthropod, and annelid gan-
glia (Figure 1). Some evidence demonstrates
bidirectional signaling between neurons and
glial cells and mutual dependence for their
survival (Pentreath & Kai-Kai 1982, Fields &
Stevens-Graham 2002).

Blood barriers in insects (Drosophila) arise
temporally during their life cycle to parti-
tion PNS, CNS, and visual system neurons
from direct access to circulating hemolymph
(Carlson et al. 2000). The first barrier forms
in the PNS where pleated-sheet septate
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FAS II

Stage 12

Stage 14

Figure 1

REPO

Distribution and migration of glial cells in the Drosophila embryos. (a—c) A portion of a stage 12 embryo
immunostained against a motor neuron marker, anti-FAS II (green), and a glial marker, anti-REPO (red).
The glial cells are in close proximity of the motor neurons in the neurectoderm, which produces both
neuroblasts and glioblasts. (4—f) A portion of a stage 14 embryo showing migration of the glia toward the
periphery. The FAS II positive axons have exited the CNS. The glial cells are lined along the axons and
are still migrating to their final destination. These close interactions between neurons and glial cells
eventually allow the ensheathment of neurons and establishment of the BBB.

junctions (SJs) bond cells of the nascent
embryonic proprioreceptor neurons in the
chordotonal organs during early embryoge-
nesis (see below). At the end of the embry-
onic life, the CNS is protected by a functional
BBB. Another blood barrier, the blood-eye
barrier (BEB) arises during early pupal life
and is maintained throughout the adult life.
We briefly describe these three forms of blood
barriers in the following sections.

Blood-Brain Barrier in the Central
Nervous System

BBB is necessary where the nervous system is
involved in complex sensory and motor pro-
cessing because of the need for ionic home-
ostasis around central integrating synapses
(Abbott et al. 1986a). Some insects have ad-
ditional requirements for an effective bar-
rier owing to the unusually high or fluctuat-
ing levels of K in their hemolymph (Hoyle

1952). Insects, higher arachnids, and decapod
Crustacea possess a BBB (reviewed in Abbott
et al. 1986b), which is an important com-
ponent in the ensheathment of the nervous
system.

The membrane specializations underlying
the barrier are varied, e.g., TJs are present
in cockroaches, locusts, and moths (Lane &
Swales 1979, Swales & Lane 1983). SJs are
presentin flies; linker junctions in centipedes,
millipedes, and Limuulus; and novel restricting
junctions in squid Sepiz (Abbott et al. 1985,
Lane 1989, Juang & Carlson 1992).

In avascular CNS of insects, the barrier re-
sides in the glial epithelia, i.e., perineurial or
sheath glia (Figure 2) (Swales & Lane 1985).
"This insulatory barrier is provided by pleated
SJs (Banerjee et al. 2006a,b). The molecu-
lar components of these junctions include
a number of proteins including Neurexin
IV (Nrx IV), Contactin (Cont), Neuroglian
(Nrg), and Gliotactin (Gli) (Auld et al. 1995,
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Figure 2

Perineurial glial cells and the BBB. Immunolocalization of Nrx IV in the

larval ventral nerve cord

and brain lobes of the CNS shows that the

protein is expressed in midline glia (z77ows) as well as at the edges of the
perineurial glial cells required for the maintenance of the BBB in third
instar larvae. These are very large cells that ensheath the entire CNS.
Note the giant cells surrounding the brain lobes and also the nerve cord

(asterisks). Anterior is up.
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Baumgartner et al. 1996, Faivre-Sarrailh
et al. 2004, Banerjee et al. 2006b). Loss of
these proteins causes a breakdown of the
BBB, leading to neuronal function failure
(Figure 3). Several components of this junc-
tional complex are conserved in vertebrates
and play a role in the formation of axo-glial
SJs at the paranodal areas flanking the nodes
of Ranvier (Bhat etal. 2001, Bhat 2003, Salzer
2003). From a molecular standpoint, apart
from the initially described SJ-specific pro-
teins, Nrx IV and Gli, several proteins have
been recently identified that contribute to the
BBB formation and function (Bainton et al.
2005; Schwabe etal. 2005, Strigini etal. 2006).

Banerjee o Bbat

Blood-Nerve Barrier in the
Peripheral Nervous System

The concept of the BNB is fairly new com-
pared with BBB. In Drosophila PNS the BNB
resides in the chordotonal organs and pe-
ripheral nerves. The BNB is the earliest
barrier formed in Drosophila embryo and
blocks the hemolymph from entering the
PNS. Axonal insulation in Drosophila is ac-
complished by peripheral (inner) and per-
ineurial (outer) glial cells (Bellen et al. 1998;
Banerjee et al. 2006a,b). Similar to vertebrate
oligodendrocytes, each inner glial cell of
Drosophila can wrap around multiple axons.
This wrapping is required for axonal en-
sheathment and axon-glial interaction estab-
lishment (Figure 4). The outer glial cell
membrane wraps the inner glial cells and the
axons, either singly or in fascicles (Banerjee
et al. 2006a,b). Invertebrates and vertebrates
have specialized junctions that are formed be-
tween either the outer and inner glial cells in
Drosophila or between myelin loops and ax-
ons in vertebrates. In myelinated axons, these
junctions display a unique ladder-like struc-
ture that creates an ionic barrier to protect
the axonal ionic microenvironment and also
serves as a fence to separate the ion chan-
nels at and around the node of Ranvier (Bhat
et al. 2001, Bhat 2003, Rios et al. 2003). The
BNB is an insulatory barrier formed by per-
ineurial glia and the peripheral (inner) glial
cells that wrap around each individual axon
or fascicle. Thus the BNB is established by
ensheathing glial cells in the Drosophila PNS
(Banerjee et al. 2006a)

The chordotonal sensory organs of the
Drosophila PNS has neuronal and glial cell
types and is an excellent model to study the
BNB formation (Carlson et al. 2000, Banerjee
et al. 2006a). The neuron-glial interactions
resulting from the close association of the glial
cell types, namely the cap cell, the scolopale
cell, and the ligament cell, with the sen-
sory neuron are central to the functioning
of this sensory organ (Figure 5). Functional
SJs established at the interface of the cap



and scolopale form the underlying basis of
the BNB (Carlson et al. 1997). Recent stud-
ies have identified junctional proteins Nrx IV,
Cont, and Nrg as the molecular components
of the BNB of both CO and peripheral nerves
(Banerjee et al. 2006a).

Blood-Eye Barrier in Insect
Ommatidia

Compound eyes of insects have several hun-
dred ommatidia, each of which has an assem-
bly of photoreceptor neurons and accessory
cells (Wolff & Ready 1993). For the pho-
totransduction machinery to function prop-
erly, each ommatidium is vested with a func-
tional BEB. Initial studies on BEB in adult
locust eyes showed the presence of a resistance
barrier: When introduced in the circulating
hemolymph, the dyes never entered the optic
lobes, which confirmed the presence of a bar-
rier (Shaw 1984). The discovery of tight and
pleated-sheet SJs in the housefly provided an
anatomical correlate of the BEB and clarified

Figure 3

that T]Js and SJs associated with neurons and  Breakdown of the BBB. (2) A wild-type stage 16 Drosophila embryo injected

with a 10-KDa rhodamine-dextran dye shows the presence of functional SJs
because the dye does not penetrate any of the organs. (b) neurexin IV
(nrx~/~) and (c) neuroglian (nrg~/~) mutant embryos, which lack SJs, show
a breakdown of the BBB as the dye penetrates the CNS (ar70ws) and other

glial cells formed a complex system of blood
barriers in the insect eye (Chi & Carlson 1981,
Lane 1981, Saint Marie & Carlson 1983). At
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the retina-brain border, a barrier is established
by the fenestrated glial cells, which are linked
to each other and to underlying glia via gap
junctions (Carlson & Saint Marie 1990). The
distal surface of these glial cells is greatly in-
creased by deep folds, a requirement for vesic-
ular trafficking, which is also supported by the
expression of vesicle-specific proteins such as
adaptin (Kretzschmar et al. 2000). The lam-
ina glia electrically isolate the lamina not only
from the retina but also from the other visual
ganglia. The various glial types in the lam-
ina cortex are extensively coupled with each
other and also with neurons (Kretzschmar
and Pflugfelder 2000). TJs between epithe-
lial glial cells ensure isolation of each optic
neuropil. This enveloping system seems to
be responsible for the high electrical resis-
tance between retina and lamina and may con-
tribute to the large field potentials initiated

organs.

in the lamina after light stimulation (Chi &
Carlson 1980).

In Drosophila, BEB arises in the pupal stage
and is assembled by pleated SJs that ramify
throughout the visual system. The electrical
activity of the photoreceptor neurons com-
mences from the pupal stage and requires the
establishment of a functional barrier that is
maintained throughout the adult life (Carlson
et al. 1998). This barrier acts as a partition
to ensure that the ionic constitution of extra-
neuronal fluid is distinct from the circulating
hemolymph. Genetic analysis of the neuron-
glial interactions in the Drosophils ommatid-
ium has revealed that SJs and their compo-
nents are also essential for BEB formation and
function (S. Banerjee & M. Bhat, unpublished
observations).

www.annualyeviews.org  Neuron-Glial Blood Barriers

241



Annu. Rev. Neurosci. 2007.30:235-258. Downloaded from www.annualreviews.org
Access provided by George Washington University - Gelman Main Library on 09/05/18. For personal use only.

242

"__CNS & Periphery

[
e

Figure 4

22C10

Distribution and final position of peripheral glia. (#) A portion of a stage 16 wild-type Drosophila embryo
stained with a motor axon marker, Fasciclin IT (FAS II, green) and a glial marker REPO (red). The axons
have completed their exit from the CNS and have grown toward the periphery. The white dotted line
indicates a presumptive boundary that separates the CNS from the periphery. Some of the glial cells that
can be clearly identified in this focal plane are EG (exit glia) and PG (peripheral glia). (b) A portion of a
stage 16 wild-type embryo stained with sensory neuron marker 22C10 (green) and REPO (red). The
axons from the sensory neuronal clusters (dorsal, D; lateral chordotonal cluster, LCH; ventral prime, V'
and ventral, V) have made their way into CNS. The glial cells highlighted in (#) are also marked here.
The sensory and motor axons in a segment use the same paths and are always insulated together. This
ensheathment ensures a functional BNB in PNS. (For further details, see Klambt & Goodman 1991.)

EVOLUTIONARY DIVERGENCE
FROM A GLIAL BARRIER TO AN
ENDOTHELIAL BARRIER

In considering the changes in CNS barriers
over evolutionary time, examination of both
invertebrate and vertebrate groups is instruc-
tive. The presence of a barrier system in in-
sects, Crustacea, and Cephalopod mollusks,
and its absence in the lower invertebrates, led
researchers to suggest that a barrier is needed
to perform complex integrative and analytical
activities in the nervous system (Abbott et al.
1986a). Investigators proposed that the evo-
lutionarily selective pressure and advantage to

Banerjee o Bbat

developing a barrier came from the need to
preserve ionic homeostasis from any fluctua-
tions around the synaptic active zones. Ani-
mals with better brain interstitial ionic home-
ostasis as a result of better barrier function
would have gained selective evolutionary ad-
vantage. The presence of a glial barrier in in-
vertebrates and a primitive vertebrate group
(elasmobranch), together with the presence
of a glial ependymal barrier in higher verte-
brate brain in early embryonic stages, sug-
gests that the glial barrier is the primitive
or ancestral condition and that an endothe-
lial barrier as found in higher vertebrates is a
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Figure 5

Disruption in the chordotonal organ (CO) morphology and BNB function in nrx IV cont, and nrg
mutants. (#) Schematic of a CO showing the various cell types. Cap cells (cc, green), scolopale (sc, red),
and ligament (lig) are the three glial cell types. The neuron (neu, b/ue) has a rootlet (r) and its dendrite
(d) projects into the lumen (lu) of the scolopale. The cc and the lig cell attachment sites of the CO to the
epidermis (ep) are also shown. The presence of extensive SJs is apparent between the cap and scolopale
cells, thus providing a functional BNB. (b)) Wild-type CO triple stained with anti33tubulin (greern)
marking the cap cells, anti-Crb (red) marking the lumen of the scolopale, and anti22C10 (b/ue) marking
the sensory neuron. (c—b) Wild-type COs (c, e, and g) stained with anti-CRB (red) and anti22C10 (b/ue) in
combination with antd-Nrx IV (c, d), anti-Cont (e, f), and anti-Nrg (g—h) show a fusiform shape of the
scolopales in the CO cluster. nrx IV (d), cont (f), and nrg (h) mutants as evident from the lack of staining
of their respective antibodies show a defective morphology and a disarrayed organization of the cluster.
(i~)) Dye exclusion assays performed on the wild-type embryos (i), nrx IV (j), cont (k) and nrg () mutant
embryos. Confocal images after dye injection of the regions of the peripheral nervous system at the level
of the COs. Wild-type embryos (i) excluded the dye from the COs even after 30 min of injection,
indicating that a functional BNB is present. Under identical conditions nrx IV (j), cont (k), and nrg (I)
mutant embryos failed to exclude the dye from the COs. Confocal images showed dye penetration into
COs within 15 min after injection, indicating that the BNB has broken down in these mutants. Printed

with permission from Banerjee et al. (2006a); copyright 2006 by the Society for Neuroscience.

later evolutionary feature (Abbott 2005). Elas-
mobranch fish, such as sharks, have a BBB
formed by perivascular glial end feet and not
by the endothelium (Abbott et al. 1986a,b;
1992). A barrier at the level of the peri-
cyte/smooth muscle layer in larger vessels may
represent an intermediate condition, as ob-
served in cephalopods (Abbott 1992). Astro-
cytic glial cells are closely associated with the
brain endothelial barrier. During evolution,
the barrier likely shifted from the glial to the
endothelial barrier, in parallel with the in-
creasing importance of the microvasculature
and itsregulation, although remnants of a glial
barrier still remain in the modern mammalian
CNS (Abbott et al. 1986a, Abbott 2005).

A shift to an endothelial barrier is one
aspect of the greater division of labor be-
tween cell types seen in higher animal CNS.
This shift is one of the key features of
the modern multifunctional barrier system
(Abbott et al. 1986a). In the endothelial bar-
rier, glial cells are still important to inducing
and maintaining the barrier, which is reflected
by the close association and interaction be-
tween glial cells and the vasculature. Thus a
breakdown of the barrier in some glial tu-
mors and other CNS pathologies suggests a
disruption of the functional interaction be-
tween the endothelial cells and their associ-
ated glial cells (reviewed in Abbott etal. 1992,
2006).

www.annualyeviews.org  Neuron-Glial Blood Barriers
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BLOOD-BRAIN BARRIER IN THE
VERTEBRATES

The BBB is a selective barrier formed by
the endothelial cells that line cerebral mi-
crovessels (Risau & Wolburg 1990, Abbott
2002). Close interactions between endothelial
cells, astrocytes, neurons, and pericytes con-
tribute to the formation and function of the
BBB (Figure 6). The BBB acts as a physi-
cal, metabolic, and transport barrier restrict-
ing traffic of nutrients and other molecules
(for review see Abbott 2005, Abbott et al.
2006). It limits and regulates the transit
of small molecules through the interspaces
between the endothelial cells. Strong evi-
dence available from in vitro and in vivo
studies indicates that astrocytes can modu-
late many BBB features, leading to tighter
TJs for a physical barrier (Dehouck et al.
1990, Rubin et al. 1991), the expression and
polarized localization of transporters for a
transport barrier (Schinkel 1999), and spe-

a b
. Neuron Basal
Pericyte lamina
S Astrocyte
TJ
(]
/ 0oe®
Endothelium Neuron
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Figure 6

Endothelial cell

cialized enzyme systems to function as a
metabolic barrier (Abbott 2002, Haseloff etal.
2005).

The other cell types present at the BBB, in-
cluding pericytes, perivascular macrophages,
and neurons, also contribute to barrier induc-
tion (Duport etal. 1998, Ramsauer etal. 2002,
Zenker et al. 2003). Given the complexity of
the BBB properties and the anatomical rela-
tionship of the associated cell types, it is not
surprising to find synergistic inductive func-
tions involving more that one cell type. For ex-
ample, the pericytes form a meshwork on the
outer surface and share a basal lamina with the
endothelium and the end-feet of perivascular
astrocytes form a covering of fine processes
and lamellae interrupted by gaps (Kacem etal.
1998, Abbott 2005). Neuronal terminals, mi-
croglia, and other perivascular cells are found
in the perivascular space, and smooth mus-
cle layers, in some cases together with sheaths
derived from the meninges, are present in

BLOOD

BASAL LAMINA
Pericyte

Astrocyte 5 :
s Microglia
LN ) °

PERIVASCULAR SPACE

Schematic of the neurovascular unit. (#) A cross-section through a brain capillary shows adjacent
endothelial cells connected by TJs that establish the BBB. The endothelial cell layer is surrounded by the
basal lamina that separates the endothelium from the pericytes, astrocytes, and neurons. (5) A
longitudinal section through a portion of a brain capillary reveals the presence of adjacent endothelial
cells connected by TJs. Pericytes are present within the basal lamina in close proximity to the endothelial
cells, whereas astrocytic endfeet are on the outer surface of the basal lamina. Microglia, nerve fibers, and
neuromuscular synapses are found in the perivascular space. Panel » has been modified with permission
from Abbott 2005; copyright 2005 by Springer Science and Business Media.
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arterioles, arteries, and larger veins (Weller
etal. 1992). Thus one can see thatinteractions
between many of these cell types can con-
tribute to the properties of the BBB.

Organization of a Neurovascular
Unit

A neurovascular unit is organized by complex
associations between endothelial cells, extra-
cellular matrix, basal lamina, pericytes, closely
juxtaposed neurons, and astrocytes (Huber
et al. 2001b) (Figure 6). The components of
the neurovascular unit maintain dynamic in-
teractions with each other and play an impor-
tantrole in cerebrovascular function (Rubin &
Staddon 1999, Ballabh et al. 2004, McCarty
2005). Contact and communications between
cells of the neurovascular unit regulate CNS
development and synaptic activity and in-
fluence permeability properties of the BBB
(Zonta et al. 2003, Iadecola 2004, Mulligan
& MacVicar 2004). A major function of the
neurovascular unit is to regulate the transport
and diffusion properties of brain capillary en-
dothelial cells that compose the BBB (Staddon
& Rubin 1996).

Within the neurovascular organization,
further modular structures, termed the glio-
vascular units, are detected where individ-
ual astrocytic glia support the function of
particular neuronal populations and com-
municate with associated segments of the
microvasculature (Anderson & Nedergaard
2003, Nedergaard et al. 2003). Several recent
studies have highlighted the importance of
this modular organization in disease pathol-
ogy and the cell-cell interactions that result
in modulating the BBB.

Astrocytes interact with the vasculature to
form a gliovascular network and contribute
toward organizing the brain’s structural ar-
chitecture. The repeated astrocytic domains
suggest an order of primary structure. A sec-
ondary structure to this primary repeated mo-
tif is the capillary microvasculature in the
brain similarly organized with microvessels

positioned along the interfaces between adja-
cent astrocytic domains and the endfeet of ad-
jacent astrocytes. This arrangement provides
a contiguous but nonoverlapping ensheath-
mentaround the capillaries (Nedergaard etal.
2003, Simard et al. 2003). Yet, another layer
of structural complexity is imposed on the
existing glial organization by the neurons
that are dispersed among the astrocytic do-
mains, surrounded by their glial processes
(Figure 6).

Astrocytes were originally regarded as pas-
sive elements of the nervous system, mainly as
supportive cells to neurons, as guiding struc-
tures during brain development, or as regu-
lators of ionic homeostasis. Current opinion
on astrocytic function, however, has changed,
and astrocytes are shown as bidirectional com-
munication partners in the CNS, receiving
signals from neighboring neurons and re-
sponding to them with the release of neuroac-
tive substances (Araque et al. 2000). The high
degree of intercellular communication has led
to the proposal that astrocytes are organized
as networks that might be subjected to re-
modeling and to some plasticity (Giaume &
McCarthy 1996, Kirchhoff et al. 2001). The
extent and shape of astrocytic networks, in
turn, are regulated by neurons (Giaume &
McCarthy 1996, Rouach et al. 2000). The ex-
act role of astrocytes in the formation and
maintenance of the BBB and the cellular and
molecular mechanisms of the interactions be-
tween endothelial cells and their neural envi-
ronment remain to be elucidated.

The astrocytic network of fine pro-
cesses enwrap synaptic terminals and are
thereby in close apposition to neuronal sig-
nal transmission (Grosche etal. 1999, Ventura
& Harris 1999) and express receptors for
most neurotransmitters and neuromodulators
(Verkhratsky & Kettenmann 1996). In ad-
dition, astrocytes are metabolically coupled
to neuronal activity (Pellerin et al. 1998).
Because some of the BBB characteristics in
brain endothelial cells appear very early and
prior to astrocyte differentiation and because
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astrocytes are also present in circumventric-
ular organs that lack endothelial BBB, astro-
cytes are likely necessary, but not sufficient,
in the formation and establishment of the
barrier.

Astrocytic glial cells are highly fibrous
and have considerable structural complexity,
uniquely characterized by a dense array of
processes interposed between neuronal ele-
ments, some of which contact and ensheath
local vascular walls. The relative number of
astrocytes with respect to neurons strikingly
increase with phylogeny and brain complexity
(for review see Nedergaard et al. 2003). The
greater abundance of astrocytes with evolu-
tion could be due to increasingly sophisticated
synaptic networking requiring greater de-
grees of modulation and control. Compelling
evidence supports the concept that astrocytes
directly signal to neurons to modulate synap-
tic strength in the CNS (Kang et al. 1998,
Haydon 2001, Newman 2003) and regulate
synaptogenesis (Pfrieger & Barres 1997). As-
trocytes also convey signals from neurons to
the vasculature, predicting that glutamate re-
leased during synaptic transmission, through
activation of metabotropic glutamate recep-
tors, triggers astrocytic Ca’* signaling lead-
ing to arteriolar dilation and an increase in lo-
cal blood flow (Anderson & Nedergaard 2003,
Zonta et al. 2003).

Pericytes are another cell population
found in close association with endothelial
cells. Pericytes are cells of microvessels in-
cluding capillaries, venules, and arterioles that
wrap around the endothelial cells. They pro-
vide structural support to the microvascu-
lature (Lindahl et al. 1997, Ballabh et al.
2004). Although the function of pericytes
in vivo was unclear for a long time, we
know now that they are required for ves-
sel maturation (Lindahl et al. 1997). Sev-
eral factors such as Tie2/angiopoietin-1 (Suri
et al. 1996), platelet-derived growth factor B
(PDGF-B) (Lindahl et al. 1997), and adhe-
sion molecules such as N-cadherin (Gerhardt
et al. 2000) have been identified as neces-
sary for proper endothelial cell-pericyte in-
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teractions and may play a role in vessel
maturation.

STRUCTURAL ATTRIBUTES OF
THE BLOOD-BRAIN BARRIER

Occluding junctions, which form the mor-
phological basis of the BBB, vary in nature.
They may exist as classical TJs, in which
the adjacent cell membranes fuse, partially or
completely, or exist as SJs in which the cell
membranes remain separated by distinct in-
tercellular clefts straddled by columns or sep-
tal ribbons, between which a charged ma-
trix substance can be found. Restrictive linker
junctions that form the basis of the bar-
rier in cephalopod CNS are characterized
by cross-striations or columns that are re-
sponsible for decelerating the entry of ex-
ogenous molecules. SJs, which occur between
glial cells in invertebrates, exhibit ladder-like
electron-dense structures (Lane 1991). For
reviews on the anatomical organization and
function of SJs, the readers should refer to
the following reviews: Tepass & Hartenstein
(1994), Tepass et al. (2001), Banerjee et al.
(2006b).

Tight Junctions and the Blood-Brain
Barrier

TJs form at apical regions of endothelial
cells and are the primary molecular basis for
the highly impermeable properties of the
BBB. These junctions have been investigated
morphologically by freeze fracture and
ultrathin sectioning and physiologically by
measurements of paracellular permeability
and electrical resistance. In conventional
ultrathin sections, the TJs form pentalam-
inar layers that result from the fusion of
the external leaflets of the adjacent cell
membranes. Depending on the orientation
of the section, the TJs appear mostly as a
chain of “kissing points” or as a domain of
an occluded intercellular cleft of variable
length (Brightman & Reese 1969, Farquhar
& Palade 1963). In contrast with ultrathin



Annu. Rev. Neurosci. 2007.30:235-258. Downloaded from www.annualreviews.org
Access provided by George Washington University - Gelman Main Library on 09/05/18. For personal use only.

sections, the freeze-fracture technique allows
the investigation of the microarchitecture in
the plane of the membrane. Freeze-fracture
ultrastructural analyses have revealed that
TJs form anastomosing strands along the ex-
ternal face of endothelial plasma membranes
(Martin-Padura et al. 1998, Schneeberger
& Lynch 2004) that fuse at kissing points
to eliminate intracellular space and restrict
paracellular flux. Freeze-fracture data on TJs
clearly show that when particles occur at
the external fracture face (E-face), they are
arranged in chains; whereas although they oc-
cur at the protoplasmic fracture face (P-face),
they are frequently formed as smooth contin-
uous cylindrical profiles. In freeze-fracture
replicas, the BBB TJs of mammalian species
are characterized by a high percentage of P-
face association compared with that observed
in endothelial cells of peripheral blood ves-
sels. The altered particle distribution in brain
microvessel TJs may be indicative of a strong
TJ-cytoskeleton interaction. Recent studies
suggest that interactions between TJs and
the actin cytoskeleton may play a modulatory
role in the permeability of the BBB (Lai et al.
2005).

The TJ is an intricate complex of sev-
eral transmembrane proteins including junc-
tional adhesion molecules (Martin-Padura
et al. 1998), occludin (Furuse et al. 1993) and
claudins (Furuse et al. 1998, Morita et al.
1999, Furuse & Tsukita 2006), and cytoplas-
mic proteins, such as zonula occludens (ZO)
(Ttoh et al. 1999, Willott et al. 1993) and cin-
gulin (Citi et al. 1989). Some of these compo-
nents are directly linked to the actin cytoskele-
ton. For example, the cytoplasmic protein
(ZO-1) links membrane proteins (occludin)
to actin cytoskeleton to maintain the en-
dothelium’s structural and functional integrity
(Fanning et al. 1998). Table 2 provides a de-
tailed description of many junction-associated
proteins that play a role in blood-barrier for-
mation/function in Drosophila and vertebrates.
The expression and subcellular localization of
TJ proteins are modulated by several intrinsic
signaling pathways, including those involving

calcium, phosphorylation, and G proteins (see
below).

The dynamics of synthesis, regulatory
sensitivity to extrinsic factors, and the mor-
phological appearance of TJs differ between
endothelial and epithelial cells. However, the
molecular constitution of TJs in endothelial
cells is quite similar to that found in epithelial
cells (for review, see Anderson & Van Itallie
1995, Mitic & Anderson 1998). Detailed
description of the structure and composition
of TJs at the BBB is beyond the scope of this
review. Several recent reviews have addressed
this topic in greater detail (Huber et al.
2001a, Wolburg & Lippoldt 2002, Abbott
et al. 2006).

SIGNALING PATHWAYS AND
THE BLOOD-BRAIN BARRIER

Mechanisms of signal transduction at the
TJs or SJs are not completely understood.
Signal transduction processes associated with
TJs involve signals transduced from the cell
interior toward TJ to guide their assembly
and regulate paracellular permeability and
signals transmitted from T] to the cell
interior to modulate gene expression, cell
proliferation, and differentiation (Matter &
Balda 2003). Researchers have implicated
multiple signaling pathways and proteins
in the regulation of TJ assembly: These
include calcium, protein kinase A, protein
kinase C, G proteins, calmodulin, cAMP,
and phospholipase C (Balda et al. 1991,
Matter & Balda 2003). Calcium acts both
intracellularly and extracellularly to regulate
TJ activity, and several of the molecules
modulating BBB permeability seem to act by
altering intracellular calcium (Ballabh et al.
2004). Intracellular calcium plays a role in
increasing transendothelial resistance and
restoring the TJ assembly (Stevenson & Begg
1994). Increasing the extracellular calcium
triggers a series of molecular events, which
increases resistance across the membrane and
decreases its permeability (Stevenson & Begg
1994). These events are mediated through
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Table 2 Proteins that establish the blood barriers in Drosophila and vertebrates

Protein Expressed in | Type of junction | Type of barrier References

Drosophila

Nrx IV Glia SJs BBB/BNB Banerjee et al. 2006a, Baumgartner et al.
1996

Nrg Neuron, glia SJs BBB/BNB Banerjee et al. 2006a, Schwabe et al. 2005

Cont Glia SJs BNB Banerjee et al. 2006a

Gliotactin Glia SJs BNB Auld et al. 1995

Moody Glia SJs BBB Bainton et al. 2005, Schwabe et al. 2005

Lachesin Subset of neurons, glia | SJs BBB Strigini et al. 2006

Loco Glia SJs BBB Schwabe et al. 2005

Claudins Glia SJs ? Behr et al. 2003, Wu et al. 2004

Vertebrates

Claudins EC TJs BBB Schneeberger & Lynch 2004

Occuldins EC TJs BBB Schneeberger & Lynch 2004

JAMs EC TJs BBB Martin-Padura et al. 1998

Z0s EC TJs BBB Schneeberger & Lynch 2004

SSeCKS EC BBB Lee et al. 2003

PDGFR-B Pericyte BBB Lindahl et al. 1997

Tie2 EC BBB Suri et al. 1996

VP8 integrin | Neuron, glia BBB McCarty et al. 2005
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heterotrimeric G proteins and protein kinase
C signaling pathways (Ballabh et al. 2004).
Phosphorylation is a major regulatory
mechanism of both transmembrane and
accessory proteins at the TJs (Staddon
et al. 1995, Sakakibara et al. 1997). For
example, serine phosphorylation regulates
the subcellular localization of occludin
(Andreeva et al. 2001), and both serine and
threonine phosphorylation of occludin are
highly correlated with the TJ reassembly
following disruption (Tsukamoto & Nigam
1999). Other signaling pathways that have
been implicated in TJ assembly regulation
or that play a modulatory role at the T]Js
include the PAR3-PAR6-APKC pathway
and the evolutionarily conserved signaling
complex related to the Drosophila Stardust-
Disc lost-Crumbs complex, equivalent to the
mammalian Pals1-PAT]-Crumbs complex
(Matter & Balda 2003). Whether there is
a crosstalk between these various signaling
pathways to orchestrate the organization and
assembly of the TJs remains to be established.
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CONTRIBUTION OF IN VITRO
MODELS IN THE STUDY OF
THE BLOOD-BRAIN BARRIER

The in vitro cell culture system has been ex-
ploited for a detailed study of the BBB in-
duction. These studies aimed to mimic the
in vivo situation by establishing a monolayer
of pure cerebral capillary endothelial cells,
which could then be cocultured with astro-
cytes and tested for morphological, biochem-
ical, and functional alterations. However, in
vitro experiments concerning BBB induction
have been judged critically because the results
may not always reflect the in vivo environ-
ment in which multiple cell types are involved
(Holash et al. 1993).

Some of the earlier in vitro studies were
done using cultured cerebral capillary en-
dothelial cells after coculture with glial cells.
Several reports support the idea that cocul-
tured astrocytes or glioma cells may be able
to reinduce BBB properties in cultured en-
dothelial cells (DeBault & Cancilla 1980, Beck
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et al. 1986, Lobrinus et al. 1992). Of spe-
cial interest is the question of whether the
high electrical resistance and the complex T7Js
are among the properties of endothelial cells
that can be reinduced and maintained in cul-
ture by astrocytes or other cell factors. Some
evidence indicates an astrocyte-mediated in-
duction of TJs in cell culture (Arthur et al.
1987). Various in vitro assays using cultured
endothelial cells or cocultures of endothelial
and glial cells have been developed to study
BBB permeability (Rubin 1991, Rubin et al.
1991).

The ability of most epithelia to form TJs
and develop other barrier properties appears
to be constitutive; thus epithelial cells can re-
produce most features of the in situ barrier
when grown on porous filters in vitro. In con-
trast, endothelial cells grown in vitro show less
intrinsic ability to form barrier layers because
they require elements of a basal lamina to ad-
here and form monolayers (Nobles & Abbott
1996).

DISEASE PATHOLOGY AND
CLINICAL RELEVANCE

During a pathological insult, the BBB is capa-
ble of modulating the cytoarchitecture to yield
an increase in permeability while retaining
structural integrity. Up to a point, this allows
the BBB to protect the brain and maintain
homeostasis; however, under extreme condi-
tions or prolonged insult, TJs in the BBB
dissociate from one another with subsequent
edema formation, decreased neuronal func-
tion, and brain damage. TJs are dynamic
structures, and their molecular components
are subject to changes in expression, sub-
cellular localization, posttranslational modi-
fication, and protein-protein interactions un-
der both physiological and pathophysiological
conditions (Huber et al. 2001a, Hawkins &
Davis 2005). Although the loss of BBB func-
tion is an etiologic component of many neu-
rological diseases, an intact BBB poses serious
problems by restricting the delivery of certain
therapeutic substances to the brain. A great

majority of drugs do not cross the brain capil-
lary wall, which forms the BBB in vivo. Only a
small class of drugs thatare of a low molecular
mass of <400-500 Da with high lipid solubil-
ity are capable of crossing the BBB (Pardridge
2003). However, most of the serious neu-
robiological disorders including Alzheimer’s
disease, brain cancer, HIV infection, and
stroke do not respond to conventional lipid-
soluble low molecular mass therapeutics
(Pardridge 2002). Thus BBB drug target-
ing forms a critical and intense area of in-
vestigation (for reviews see Pardridge 2002,
2003).

Neurobiological Diseases Associated
with the Blood-Brain Barrier Defects

Substantial progress has been made to under-
stand the pathophysiology and mechanisms
involved in the attenuation of BBB permeabil-
ity. In many diseases that affect the brain, the
cerebral endothelium plays an active part in
the disease process; the BBB becoming dis-
rupted or modified in such a way that vascular
permeability dramatically increases. Various
molecules can pass the endothelium in sev-
eral ways, including intercellular routes, vesic-
ular transport, or direct transcellular pene-
tration through damaged endothelium due
to aberrant TJs. Neurobiological diseases in-
volving BBB breakdown and dysfunction in-
clude stroke, neoplasia, neurodegenerative
diseases (e.g., Parkinson’s disease, Alzheimer’s
disease), epilepsy, infections, or inflamma-
tory processes [meningitis, multiple sclero-
sis (MS), HIV], trauma etc. (Abbott et al.
2006, Rubin & Staddon 1999). The effects
of a disease on BBB function secondarily af-
fect the cerebral blood flow, further influenc-
ing transport across the BBB. Besides the ef-
fects of increased vascular permeability on the
brain parenchyma, a more important question
is whether in certain neuropathological con-
ditions, the BBB disturbance constitutes the
main pathogenic factor itself, which then trig-
gers a sequence of events molding the final
pathological state.
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Structural Alterations and Barrier
Permeability: Contribution to the
Pathogenesis of Diseases

Failure of the BBB is a critical event in the
development and progression of several neu-
rological diseases (Hawkins & Davis 2005). In
some cases, increased BBB permeability is a
consequence of the pathology, such as with
ischemic stroke and traumatic brain injury
(Morganti-Kossmann et al. 2002). Although
the relationship between BBB breakdown and
pathology is not clear in several cerebrovas-
cular abnormalities (Wardlaw et al. 2003), the
contribution of specific BBB 'T] alterations to
neurological conditions is a rapidly growing
area of investigation.

Inflammatory mediators are known mod-
ulators of BBB permeablility (Abbott 2000),
and compromised BBB TJs are a hallmark of
neuroinflammatory disease states (Petty & Lo
2002). BBB disruption is well established as
an early event in the progression of MS; MRI
studies indicate a compromised barrier pre-
ceding clinical symptoms (de Vries & Dijkstra
2004). MS lesions are associated with loss of
occludin and ZO-1 in the microvasculature
(Bolton et al. 1998). Inflammation occurring
in the periphery also has profound effects on
BBB permeability and TJ proteins (Huber
et al. 2001b). These changes in permeability
are associated with decreased expression of
occludin and increased expression of ZO-1
(Huber et al. 2001b). Additionally, ZO-1 is
found to be associated less with actin and more
with ZO-2, suggesting a disruption between
TJ complex and the cytoskeleton interaction
(Huber etal. 2002). Some studies suggest that
BBB TJs may be subject to modulation via
centrally mediated responses to nociceptive
stimuli (Sanchez-del-Rio & Reuter 2004).

Blood barriers of both CNS and PNS are
sensitive to any structural alterations of the
junctions. CNS disorders, such as cerebral
ischemia, which is a complex insult that in-
volves blood flow loss and depletion of oxy-
gen and essential nutrients, are associated with
increased microvascular permeability and/or
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disruption of BBB TJs (Kempski 2001). In
Alzheimer’s disease, beta-amyloid deposition
leads to degeneration of the microvascular
basement membrane and alterations in BBB
permeability (Berzin etal. 2000). BBB can also
be compromised by drugs of abuse, such as
cocaine and nicotine (Hawkins et al. 2002). In
the PNS, breakdown followed by recovery of
the BNB after crush injury to the rat sciatic
nerve are closely associated with changes in
the expression of TJ proteins, such as claudin-
1, claudin-5, and occludin (Hirakawa et al.
2003), which in turn affect the permeability
of the BNB.

IMPORTANCE OF BARRIERS
ACROSS SPECIES

The BBB plays a crucial role in maintain-
ing brain homeostasis by keeping brain ex-
tracellular fluid within a precise physiologi-
cal range, independent of fluctuations within
the blood, to maintain optimal conditions
for neuronal functions. The BBB formed by
brain capillary endothelial cells or the inver-
tebrate glial cells has specific transport sys-
tems that facilitate the uptake of important
nutrients. These cells also have active pumps
that help regulate the concentrations of ions
and metabolites in the brain’s interstitial fluid
or the hemolymph. Enzymes present in the
endothelial or glial cells metabolize neuro-
transmitters, drugs, and toxins before they
can enter the brain and disrupt its function.
Many of these properties are likely under
strict regulation either by neurotransmitters
and hormones released in the brain or by
those present in systemic circulation. The
BBB, once thought to be a static, rigid wall
between the CNS and the periphery, is ac-
tually a dynamic, complex structure capable
of rapid modulation, even under adverse con-
ditions (Huber et al. 2001). Thus the barriers
evolved not only to maintain an ionic environ-
mentsuitable for neuronal impulse generation
and propagation butalso to restrict substances
that could damage the neuronal cells.
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CONCLUSIONS AND FUTURE
DIRECTIONS

Upon close scrutiny, the actual knowledge
about BBB induction is rather sparse, and
many questions still remain unanswered. De-
spite the considerable progress made in the
field of BBB research since the earliest in-
jection studies, researchers still need a major
breakthrough in addressing critical questions
concerning the inductive mechanisms leading
to BBB formation, the timing of BBB for-
mation, and the role of neuron-glial interac-
tions in BBB formation and function. Most
elusive are the cellular and molecular mecha-
nisms underlying the various disorders result-
ing from dysfunctional BBB.

The BBB is a severe impediment in the
battle to treat CNS diseases. Physiologically
altered brain endothelial cells, smooth mus-
cle cells, pericytes, astrocytes, and neurons are
important targets for controlling the arterial
and brain capillary disorder in various disease
pathologies. These cell types should be stud-
ied mechanistically as a neurovascular unit.
The current knowledge of the neurovascular
unitand its utilization for development of des-
perately needed therapeutic agents is modest,
and clearly more research is needed to under-
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stand and exploit this modular unit. A more
thorough understanding of how cells of the
neurovascular unit collectively contribute to
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A number of puzzles concerning the func-
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How do they interact with several mediators,
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Opver the coming years, emerging information
on the mechanism of BBB disruption may help
to formulate strategies to protect BBB and
to prevent and treat BBB-related pathologies.
Further consideration of protein-protein in-
teractions and signaling pathways involved in
TJ modulation is still needed, especially in re-
sponse to pathological insults. Understanding
how the BBB and its transport mechanisms are
altered in these conditions will provide impor-
tant information about disease etiology and
lead to new therapeutic approaches.
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