0031-6997/05/5702-173-185$7.00

PHARMACOLOGICAL REVIEWS

Copyright © 2005 by The American Society for Pharmacology and Experimental Therapeutics
Pharmacol Rev 57:173-185, 2005

Vol. 57, No. 2
50206/3036695
Printed in U.S.A

The Blood-Brain Barrier/Neurovascular Unit in
Health and Disease

BRIAN T. HAWKINS AND THOMAS P. DAVIS
Department of Medical Pharmacology, the University of Arizona College of Medicine, Tucson, Arizona

aspet

dothelium, which, together with astrocytes, pericytes,
neurons, and the extracellular matrix, constitute a “neu-
rovascular unit” that is essential for the health and func-
tion of the CNS. Tight junctions (TJ) between endothe-
lial cells of the BBB restrict paracellular diffusion of
water-soluble substances from blood to brain. The TJ is
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é Abstract——The blood-brain barrier (BBB) is the reg- an intricate complex of transmembrane (junctional ad-
ulated interface between the peripheral circulation and hesion molecule-1, occludin, and claudins) and cytoplas-
the central nervous system (CNS). Although originally mic (zonula occludens-1 and -2, cingulin, AF-6, and 7H6)
observed by Paul Ehrlich in 1885, the nature of the BBB proteins linked to the actin cytoskeleton. The expression
was debated well into the 20th century. The anatomical and subcellular localization of TJ proteins are modu-
m substrate of the BBB is the cerebral microvascular en- lated by several intrinsic signaling pathways, including

those involving calcium, phosphorylation, and G-pro-
teins. Disruption of BBB TdJ by disease or drugs can lead
to impaired BBB function and thus compromise the
CNS. Therefore, understanding how BBB TJ might be
affected by various factors holds significant promise for
the prevention and treatment of neurological diseases.
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I. The Concept of the Blood-Brain Barrier
A. Initial Observations of the Blood-Brain Barrier

The central nervous system (CNS?') is the most critical
and sensitive system in the human body. Proper neuro-
nal function necessitates a highly regulated extracellu-
lar environment, wherein the concentrations of ions
such as Na*, K", and Ca?" must be maintained within
very narrow ranges. Furthermore, the metabolic de-
mands of nervous tissue are considerable, with the CNS
accounting for approximately 20% of oxygen consump-
tion in humans (Rolfe and Brown, 1997). The CNS is also
extremely sensitive to a wide range of chemicals; many
of the substances we consume in our diet, although
readily metabolized and excreted without harm to pe-
ripheral organ systems, are in fact quite neurotoxic.

It is therefore essential that the interface between the
CNS and the peripheral circulatory system functions as
a dynamic regulator of ion balance, a facilitator of nu-
trient transport, and a barrier to potentially harmful
molecules. This homeostatic aspect of the cerebral mi-
crocirculation, historically referred to as the “blood-
brain barrier” (BBB), performs all of these functions.

The first experimental evidence of the BBB was de-
scribed by Paul Ehrlich, who noted that water-soluble
dyes injected into the circulatory system stained all or-
gans except the brain and spinal cord (Ehrlich, 1885).
Ehrlich attributed this observation to a low affinity of
nervous tissue to the dye (Ehrlich, 1904). Subsequent
experiments by Ehrlich’s student Edwin Goldmann
showed that this was not the case; injection of trypan
blue directly into the cerebrospinal fluid (CSF) stained
all cell types in the brain but failed to penetrate into the
periphery (Goldmann, 1913). This suggested that there
existed a barrier to the dye between the CNS and the
peripheral circulation. Lewandowsky was the first to use
the term bluthirnschranke (blood-brain barrier) while
studying the limited permeation of potassium ferrocya-
nate into the brain (Lewandowsky, 1900).

B. Experimental Controversies

Although Goldmann’s work strongly suggested the ex-
istence of a physical barrier between the CNS and the
circulation, the nature of this barrier—and indeed its
existence—were debated well into the 1960s. One criti-
cism of Goldmann’s experiment was that the composi-
tions of blood and CSF were sufficiently different as to
influence the diffusibility of dyes and/or their affinity for
nervous tissue; thus, it was improper to compare injec-
tions into the bloodstream with injections into the CSF.

IAbbreviations: CNS, central nervous system; BBB, blood-brain
barrier; CSF, cerebrospinal fluid; EM, electron microscopy; Td, tight
junction(s); Ad, adherens junction(s); VE, vascular endothelial; JAM,
junctional adhesion molecule; ZO, zonula occludens; MAGUK,
membrane-associated guanylate kinase-like; PKC, protein kinase
C; SKF 96365, 1-(B-[3-(4-methoxyphenyl)propoxyl-4-methoxyphen-
ethyl)-1H-imidazole; MS, multiple sclerosis; HIV, human immuno-
deficiency virus.
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The situation was further complicated by the observa-
tion that basic aniline dyes crossed the apparent BBB
and stained the brain, although acidic aniline dyes did
not. In a review of the known permeabilities of a variety
of substances, Friedemann (1942) concluded that “the
ability of substances to pass the capillaries of the C-N-S
is determined by their electrochemical properties. The
cerebral capillaries are permeable to substances carry-
ing a positive or no charge at the pH of blood while they
are impermeable to those carrying a negative charge. . .
the problem is only part of the more general problem of
capillary permeability. . ..”

This hypothesis proved inadequate as the rates of
exchange of more solutes between the blood and CNS
were measured; subsequent attempts to describe the
physiochemical properties of molecules that determined
their rate of entry into the brain included hypotheses
based on molecular weight, molecular size, binding af-
finities, dissociation constants, lipid solubility, electric
charge, and various combinations of all of these
(Tschirgi, 1962).

In addition to the perplexing apparent selectivity of
the BBB, there was much controversy over the specific
anatomical structure(s) that determined the rates of
solute exchange. The advent of electron microscopy (EM)
enabled more detailed anatomical studies of the brain
and its vasculature. An early EM study by Maynard et
al. (1957) seemed to indicate that the interstitial space of
the brain was virtually nonexistent and, therefore, the
BBB was essentially an artifact:

“The present authors believe that the ‘blood-brain bar-
rier’ may be mainly an illusion. Physiologists have been
led to postulate its existence on the assumption that
there are considerable extracellular tissue spaces.
Which would be in equilibrium with blood plasma if a
barrier did not exist. We see, however, that the basic
assumption is incorrect and that these tissue spaces
simply do not exist.”

“When the physiologist quantitatively studies the
penetration of ions, organic crystalloids, proteins, vital
dyes, etc. into nervous tissue, he must actually be study-
ing the penetration (or lack of it) into the glial nervous
cells. .. Thus, we believe that the physiological data
available should be re-interpreted on the assumption
that nearly all substances are within cytoplasmic com-
partments. Under these circumstances there would be
no expectation of a simple correlation with their distri-
bution into the blood plasma. The commonly accepted
laws of permeability, which apply elsewhere in the body,
may thus indeed apply in the brain without important
exception and without invoking a specialized barrier.”

Although a number of investigators supported the
idea that the apparent barrier was merely a function of
limited or nonexistent extracellular space in the brain,
Dobbing (1961) pointed out that this made no sense in
light of the findings of Hodgkin (1951) and others re-
garding the electrolyte gradients necessary for neural
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function to occur. Hugh Davson argued (Davson and
Spaziani, 1959) that if the slow passage of certain ma-
terials from the circulation into the brain were simply
due to the necessity of penetrating parenchymal cells
rather than a barrier at the level of the capillary endo-
thelium or its basement membrane, then these materi-
als would equilibrate at a similarly slow rate from a
Ringer solution into excised brain tissue where the vas-
culature was no longer interposed. Furthermore, these
materials would equilibrate quickly into excised skeletal
muscle under the same conditions due to the presence of
an ample extracellular space. In testing this hypothesis
with iodide, p-aminohippurate, and sucrose, it was
found that this was not the case. Penetration into the
brain following peripheral injection occurred at “barely
measurable rates by contrast with their penetration into
skeletal muscle” (Davson and Spaziani, 1959). However,
when excised cerebral hemispheres were incubated in
Ringer solution containing these substances, equilibra-
tion occurred at a rate and magnitude comparable to
that of skeletal muscle, indicating an extracellular space
in the brain similar to that in muscle (14-22%) that is
blocked in vivo by a barrier to diffusion from the vascu-
lature (Davson and Spaziani, 1959). Further support for
this idea was obtained in an elegant study by Hoffman
and Olszewski (1961), in which it was shown that so-
dium fluorescein diffused from the area postrema—a
region of the brain that lacks BBB properties—into sur-
rounding tissues. Since fluorescein was not confined to
the “barrier-less” region of the brain, it was concluded
that the barrier must be due to special properties of the
vascular system rather than a lack of extracellular space
in the brain.

Another controversy was whether the anatomical
structure forming the BBB was the capillary endothe-
lium itself, the astrocytic processes that ensheathe the
capillaries, or the basal lamina (with which the astro-
cyte end-feet are continuous). The close apposition of
astrocytic processes to capillaries as well as the large
percentage of the capillary surface covered by these pro-
cesses certainly seemed to indicate that astrocytes were
involved in the anatomical barrier, if not its sole constit-
uent. Indeed, a number of experimental findings sup-
ported this idea as well (reviewed in de Robertis and
Gerschenfeld, 1961). However, EM studies by Reese and
Karnovsky (1967) at a resolution of 100,000 that could
distinguish between the capillary lumen and the space
between the end-feet/basal lamina and outer wall of the
capillary demonstrated that horseradish peroxidase ad-
ministered via the vasculature did not pass the lumen.
Furthermore, the presence of epithelial-like “tight junc-
tions” (TJ) was reported in the interendothelial cleft.
Thus, it was proposed that the capillary lumen bridged
by TJ formed a continuous, impermeable membrane
that constituted the primary anatomical substrate of
the BBB (Reese and Karnovsky, 1967). Later studies
showed that horseradish peroxidase injected into the
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brain could diffuse through the ~20-nm gaps between
astrocyte end-feet to the abluminal surface of the endo-
thelium, indicating that astrocytes do not significantly
contribute to the physical barrier (Brightman and
Reese, 1969).

C. Anatomical Description

Although the concept of the BBB has continued to be
refined over the past few decades, the current under-
standing of its basic structure is built on the general
framework established by the work of Reese, Karnovsky,
and Brightman in the late 1960s. Specifically, the BBB
exists primarily as a selective diffusion barrier at the
level of the cerebral microvascular endothelium, charac-
terized by the presence of tight cell-cell junctions and a
lack of fenestrations. Figure 1 shows a schematic cross-
sectional representation of a typical cerebral capillary.
The circumference of the capillary lumen is enclosed by
a single endothelial cell. Anatomically, the endothelial
cells of the BBB are distinguished from those in the
periphery by increased mitochondrial content (Olden-
dorfet al., 1977), a lack of fenestrations (Fenstermacher
et al., 1988), minimal pinocytotic activity (Sedlakova et
al., 1999), and the presence of TJ (Kniesel and Wolburg,
2000). Attached at irregular intervals to the abluminal
membrane of the endothelium are pericytes, often di-
vided into granular and filamentous subtypes (Tagami
et al., 1990). Pericytes and endothelial cells are en-
sheathed by the basal lamina, a membrane 30 to 40-nm
thick composed of collagen type IV, heparin sulfate pro-
teoglycans, laminin, fibronectin, and other extracellular
matrix proteins (Farkas and Luiten, 2001). The basal

Fic. 1. Schematic cross-sectional representation of a cerebral capil-
lary. The circumference of the capillary lumen is completely surrounded
by a single endothelial cell (EC), the apposing membranes of which are
connected by TJ. Pericytes (PC) are attached to the abluminal surface of
the EC, and these two cell types are surrounded by the basal lamina (BL),
which is contiguous with the plasma membranes of astrocyte (AC) end-
feet and ECs.
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lamina is contiguous with the plasma membranes of
astrocyte end-feet, which ensheathe cerebral capillaries.

I1. The Neurovascular Unit: Interactions of the
Microvascular Endothelium with Neural Tissue

A. Astrocytes

The unique morphology and functionality of the cere-
bral microvascular endothelium suggests that cerebral
endothelial cells are intrinsically unique or that the
cellular milieu of the brain somehow induces BBB char-
acteristics. Given the close anatomical association of
astrocytes described in the previous section, it has long
been thought that astrocytes are critical in the develop-
ment and/or maintenance of BBB characteristics (Dav-
son and Oldendorf, 1967). A number of ectopic grafting
studies and in vitro experiments have supported this
idea; however, recent discoveries have necessitated a
broader view of the role of astrocytes at the BBB, as well
as a reexamination of the roles of other parenchymal
cells and the extracellular matrix.

In a critical experiment by Stewart and Wiley (1981),
grafts of immature, nonvascularized brain tissue were
transplanted from embryonic quails into the coelomic
cavity of chick embryos; similarly, somite (dorsal meso-
derm) grafts were transplanted from embryonic quails
to the cerebral ventricles of chick embryos. The fact that
the grafts were not yet vascularized coupled with the
unique morphology of quail cell nuclei (Le Douarin,
1973) enabled the investigators to definitively deter-
mine the origin of vascular tissues invading the grafts.
Both types of grafts were successful, and both were well
vascularized by the surrounding host tissue. It was
found that brain tissue grafted into the coelomic cavity
developed capillaries with “thick basement membranes,
and endothelial cells with high mitochondrial densities
but relatively few pinocytotic vesicles and linked by
tight junctions,” whereas the capillaries in the grafted
somites “were found to have a low mitochondrial density
but relatively large numbers of pinocytotic vesicles. . .
tight junctions were. . . not a common occurrence” (Stew-
art and Wiley, 1981). Furthermore, trypan blue injected
into the graft sites indicated that vessels invading brain
grafts developed BBB-like restricted permeability,
whereas brain vessels invading somite grafts were quite
leaky. Thus, it was concluded that the interaction of
developing vascular tissue with nervous tissue is critical
in the development of the BBB.

The potential role of astrocytes in this process was dem-
onstrated by the injection of purified neonatal astrocytes
into the anterior chamber of the eye. Injected astrocytes
formed aggregates that were quickly vascularized; intra-
venous injection of Evans blue showed that the new vessels
excluded the dye from the surrounding astrocytes, similar
to what is observed in the brain (Janzer and Raff, 1987).
Similarly, culture of brain endothelial cells with astrocytes
(Tao-Cheng et al., 1987; Neuhaus et al., 1991) or with
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astrocyte-conditioned media (Maxwell et al., 1987) has
been shown to improve BBB characteristics in vitro. None-
theless, experiments involving coculture of brain endothe-
lial cells with immature astrocytes have been criticized as
inconclusive on methodological grounds, specifically that
astrocytes may merely help maintain BBB morphology in
culture (Holash et al., 1993). Subsequent in vivo studies
have indicated that cerebral microvessels can survive and
maintain barrier integrity in areas of the brain that have
experienced extensive astrocyte loss (Krum et al., 1997),
although these results are in conflict with a more recent
study that showed loss and restoration of barrier integrity
in vivo following a temporary focal loss of astrocytes (Willis
et al., 2004). It has also been speculated that astrocytes
may act as intermediaries to or in conjunction with neu-
rons in the moment-to-moment regulation of cerebral mi-
crovascular permeability (Ballabh et al., 2004), in particu-
lar via dynamic Ca®" signaling between astrocytes and the
endothelium via gap junctions and purinergic transmis-
sion (Braet et al., 2001; Zonta et al., 2003).

B. Pericytes

Less is known about the involvement of pericytes at the
BBB. Contractile proteins have been found in cerebral
pericytes, indicating that they may regulate capillary blood
flow (Bandopadhyay et al., 2001). The addition of pericytes
to cocultures of endothelial cells and astrocytes seems to
stabilize the formation of capillary-like structures (Ram-
sauer et al.,, 2002). Pericytes have also been shown to
migrate away from brain microvessels in rapid response to
hypoxia (Gonul et al., 2002) and traumatic brain injury
(Dore-Duffy et al., 2000); both of these conditions are as-
sociated with increased BBB permeability. Whether peri-
cyte migration plays a causative role in BBB failure has
not yet been established. However, pericyte-derived angio-
poetin can induce endothelial expression of occludin, a
major constituent of BBB TdJ (Hori et al., 2004), indicating
that pericytes are involved in the induction and/or main-
tenance of barrier properties in the cerebral endothelium
in a manner similar to glia.

C. Neurons

Given the dynamic nature of neural activity and the
considerable metabolic needs of nervous tissue, the micro-
circulation of the brain must be highly responsive to the
tissue it supplies. Indeed, “metabolic coupling” of regional
brain activity to blood flow is the basis of functional neu-
roimaging (Buxton and Frank, 1997), although the cellular
mechanisms of this process are not well established (Pae-
meleire, 2002). Interestingly, disruption of BBB integrity
often accompanies pathological changes in cerebral blood
flow and perfusion pressure (i.e., ischemia, hemorrhage, or
traumatic injury) (Hatashita and Hoff, 1990; Petty and
Wettstein, 2001), and there is evidence that such BBB
opening may be a selective, compensatory event rather
than a simple anatomical disruption (Lee et al., 1999). This
implies that communication between neurons and the vas-
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culature may not simply regulate blood flow, but BBB
permeability as well. Anatomical evidence has been found
for direct innervation of the microvascular endothelium
and/or associated astrocytic processes by noradrenergic
(Ben-Menachem et al., 1982; Cohen et al., 1997), seroto-
nergic (Cohen et al.,, 1996), cholinergic (Vaucher and
Hamel, 1995; Tong and Hamel, 1999), and GABA-ergic
(Vaucher et al., 2000) neurons, as well as others (Koba-
yashi et al., 1985). Chemical lesion of the locus coeruleus—
from which the noradrenergic projections to the vascula-
ture originate—increases the vulnerability of the BBB to
acute hypertension (Ben-Menachem et al., 1982). Also, sig-
nificant loss of cholinergic innervation of cortical microves-
sels has been observed in Alzheimer’s disease, which may
lead to impaired cerebrovascular function observed in this
disease (Tong and Hamel, 1999). Whether neurons are
critical in the development of the BBB phenotype has not
yet been demonstrated, but it is apparent that they can
regulate critical aspects of BBB function.

D. The Extracellular Matrix

In addition to astrocytes, pericytes, and neurons, the
extracellular matrix of the basal lamina also interacts
with the cerebral microvascular endothelium. Disrup-
tion of the extracellular matrix is strongly associated
with increased BBB permeability in pathological states
(Rosenberg et al., 1993; Rascher et al., 2002). The extra-
cellular matrix seems to serve as an anchor for the
endothelium via interaction of laminin and other matrix
proteins with endothelial integrin receptors (Hynes,
1992). Such cell-matrix interactions can stimulate a
number of intracellular signaling pathways (reviewed in
Tilling et al., 2002). Matrix proteins can influence the

Neurons
*5-HT

177

expression of endothelial TJ proteins (Tilling et al.,
1998; Savettieri et al., 2000), indicating that although
the TdJ constitute the primary impediment to paracellu-
lar diffusion, the proteins of the basal lamina are likely
involved in their maintenance.

In light of these discoveries, it has been proposed that
the microvascular endothelium, astrocytes, pericytes,
neurons, and extracellular matrix constitute a “neuro-
vascular unit” and that this view of the BBB is critical to
understanding its development and physiology (Cohen
et al., 1996; Neuwelt, 2004; Wang et al., 2004). Further-
more, the concept of the neurovascular unit establishes
a framework for an integrative approach to understand-
ing how the brain responds to cerebrovascular pathology
(Lo et al., 2004). Finally, the neurovascular unit concept
provides a basis for understanding the multiple path-
ways by which cerebral microvascular permeability
could be regulated by drugs or disease (Fig. 2).

II1. Molecular Physiology and Pathophysiology
of the Blood-Brain Barrier Junctional Complex

A. Junctions of the Blood-Brain Barrier

The interendothelial space of the cerebral microvas-
culature is characterized by the presence of a junctional
complex that includes adherens junctions (AdJ) (Schulze
and Firth, 1993), TJ (Kniesel and Wolburg, 2000; Wol-
burg and Lippoldt, 2002; Vorbrodt and Dobrogowska,
2003), and possibly gap junctions (Tao-Cheng et al.,
1987; Braet et al., 2001; Kojima et al., 2003; Simard et
al., 2003). Whereas gap junctions (if they are present at
interendothelial junctions of the BBB) mediate intercel-
lular communication, both AJ and TJ act to restrict

Extracellular Matrix

*ACh
*NE
*GABA

*peptides

Astrocytes
*Growth factors
*Gap junctions
*Purinergic transmission

Endothelium

+Junctional proteins
*Transporters

+Cell-matrix interactions

Regulated Microvascular Permeability

Fic. 2. The neurovascular unit. Shown are examples of how each of the various components of the neurovascular unit might contribute to the

dynamic regulation of microvascular permeability.
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permeability across the endothelium (Bazzoni and De-
jana, 2004).

AdJ are ubiquitous in the vasculature and mediate the
adhesion of endothelial cells to each other, contact inhi-
bition during vascular growth and remodeling, initiation
of cell polarity, and (in part) the regulation of paracel-
lular permeability (Brown and Davis, 2002; Bazzoni and
Dejana, 2004). The primary component of AJ is vascular
endothelial (VE)-cadherin, a Ca®*-regulated protein
that mediates cell-cell adhesion via homophilic interac-
tions between the extracellular domains of proteins ex-
pressed in adjacent cells (Vincent et al., 2004). The cy-
toplasmic tail of VE-cadherin binds to B-catenin and
plakoglobin, which in turn bind via a-catenin, a-actinin,
and vinculin to the actin cytoskeleton, stabilizing the AdJ
complex (Knudsen et al., 1995; Lampugnani et al., 1995;
Watabe-Uchida et al., 1998).

Although disruption of AJ at the BBB can lead to
increased permeability (Abbruscato and Davis, 1999b),
it is primarily the TdJ that confers the low paracellular
permeability and high electrical resistance (Romero et
al., 2003). TJ are elaborate structures that span the
apical region of the intercellular cleft of epithelial and
endothelial barrier tissues (Fig. 3). They function both
as a “zipper” that affects separation of the apical and
basolateral cell membranes, enabling asymmetric distri-

cingulin

apical/luminal plasma membrane
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bution of membrane constituents, and a “fence” that
limits paracellular permeability. Much like AJ, TJ are
composed of transmembrane proteins that form the pri-
mary seal linked via accessory proteins to the actin
cytoskeleton (Vorbrodt and Dobrogowska, 2003).

B. Proteins of the Tight Junction

1. Junctional Adhesion Molecules. The transmem-
brane components of the TJ at the BBB include junc-
tional adhesion molecule (JAM)-1 (Del Maschio et al.,
1999), occludin, and the claudins. JAM-1 is a 40-kDa
member of the IgG superfamily and is believed to medi-
ate the early attachment of adjacent cell membranes via
homophilic interactions (Dejana et al., 2000). JAM-1 is
composed of a single membrane-spanning chain with a
large extracellular domain (Martin-Padura et al., 1998).
Related proteins JAM-2 and JAM-3 are also present in
endothelial tissues and lymphatic cells, but not epithelia
(Bauer et al., 2004). In addition to their developmental
roles, JAMs may regulate the transendothelial migra-
tion of leukocytes (Del Maschio et al., 1999), but their
function in the mature BBB is still largely unknown.

2. Occludin. Occludin, a 60- to 65-kDa protein, has
four transmembrane domains with the carboxyl and
amino terminals oriented to the cytoplasm and two ex-
tracellular loops that span the intercellular cleft (Furuse

Fic. 3. Basic molecular organization of blood-brain barrier tight junctions.
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et al.,, 1993). It is highly expressed and consistently
stains in a distinct, continuous pattern along the cell
margins in the cerebral endothelium (Lippoldt et al.,
2000; Hawkins et al., 2004), whereas it is much more
sparsely distributed in non-neural endothelia (Hirase et
al., 1997). Occludin increases electrical resistance in
TJ-containing tissues (McCarthy et al., 1996), a property
mediated by the second extracellular loop domain (Wong
and Gumbiner, 1997). Occludin has multiple sites for
phosphorylation on serine and threonine residues; the
phosphorylation state of occludin seems to be involved in
the regulation of its association with the cell membrane,
although the precise mechanisms vary among tissues
and species (Sakakibara et al., 1997; Wachtel et al.,
1999; Clarke et al., 2000; Andreeva et al., 2001; Hirase
et al., 2001; Rao et al., 2002; Kale et al., 2003). The
cytoplasmic C-terminal domain is likely involved in the
association of occludin with the cytoskeleton via acces-
sory proteins [such as zonula occludens (ZO)-1 and ZO-2]
(Furuse et al., 1994; Fanning et al., 1998). Expression of
C-terminal truncated versions of occludin leads to in-
creased paracellular permeability to low molecular
weight molecules (Balda et al., 1996). Interestingly, re-
sults of several knockout and knockdown experiments
indicate that occludin is not essential for the formation
of TJ, despite the fact that decreased expression of oc-
cludin is associated with disrupted BBB function in a
number of disease states (Bolton et al., 1998; Huber et
al., 2002; Brown and Davis, 2005).

3. Claudins. Claudins have a similar membrane to-
pography to occludin but no sequence homology (Furuse
et al., 1998). Claudins are 20- to 24-kDa proteins, of
which at least 24 have been identified in mammals
(Bauer et al., 2004). All claudins have similar predicted
folding and high sequence homology among themselves
in the first and fourth transmembrane domains and
extracellular loops (Heiskala et al., 2001). The extracel-
lular loops of claudins interact via homophilic and het-
erophilic interactions between cells (Furuse et al., 1999).
Overexpression of claudin species in fibroblasts can in-
duce cell aggregation and formation of TJ-like strands.
Conversely, expression of occludin does not lead to the
formation of TdJ; rather, occludin only localizes to TdJ in
cells that have already been transfected with claudins
(Kubota et al., 1999). Thus, it is hypothesized that clau-
dins form the primary “seal” of the TJ, and occludin acts
as an additional support structure. The expression pat-
terns of claudins vary among different tissues; in the
cerebral microvascular endothelium, claudin-1, -3, and
-5 have been detected, although the expression of clau-
din-1 at the BBB has been called into question (Morcos
et al., 2001; Nitta et al., 2003; Witt et al., 2003; Wolburg
et al., 2003; Hawkins et al., 2004).

4. Membrane-Associated Guanylate Kinase-Like Pro-
teins. In addition to the transmembrane components of
the Td, there are several accessory proteins that associ-
ate with them in the cytoplasm. These include members
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of the membrane-associated guanylate kinase-like
(MAGUK) homolog family. MAGUK proteins are char-
acterized by multiple postsynaptic density protein-95/
discs-large/Z0O-1 binding domains, an Src homolog-3
domain, and a guanylate kinase-like domain. These do-
mains enable multiple protein-protein interactions
(Shin et al., 2000). MAGUK proteins seem to be involved
in the coordination and clustering of protein complexes
to the cell membrane and in the establishment of spe-
cialized domains within the membrane (Gonzalez-
Mariscal et al., 2000). Three MAGUK proteins have
been identified at the Td: ZO-1, ZO-2, and ZO-3.

7Z0-1 was the first protein positively associated with
the TJ (Stevenson et al., 1986). It is a 220-kDa phospho-
protein expressed in endothelial and epithelial cells as
well as in many cell types that do not have TJ (Howarth
et al., 1992). In addition to its association with Td, it has
been found to be associated with AJ (Itoh et al., 1993)
and gap junction (Toyofuku et al., 1998) proteins. ZO-1
links transmembrane proteins of the TJ to the actin
cytoskeleton (Fanning et al., 1998). This interaction is
likely critical to the stability and function of the Td,
because dissociation of ZO-1 from the junctional complex
is often associated with increased permeability (Abbrus-
cato et al., 2002; Fischer et al., 2002; Mark and Davis,
2002). ZO-1 may also act as a signaling molecule that
communicates the state of the TdJ to the interior of the
cell, or vice versa. ZO-1 has been shown to localize to the
nucleus under conditions of proliferation and injury
(Gottardi et al., 1996), following Ca®" depletion (Riesen
et al., 2002), and in response to nicotine (Hawkins et al.,
2004). It has also been colocalized with transcription
factors (Balda and Matter, 2000) and G-proteins (Meyer
et al., 2002).

7Z0-2, a 160-kDa phosphoprotein with a high-sequence
homology to ZO-1, coprecipitates with ZO-1 (Gumbiner
et al., 1991). Less is known about the function of ZO-2,
although like ZO-1, it binds to both structural constitu-
ents of the TJ and signaling molecules such as transcrip-
tion factors (Betanzos et al., 2004) and localizes into the
nucleus during stress and proliferation (Islas et al.,
2002; Traweger et al., 2002). In cultured brain microves-
sel endothelial cells, ZO-2 is localized along the mem-
brane at cell-cell contacts (Mark and Davis, 2002), al-
though in cerebral microvessel fragments it seems to be
much more diffusely distributed (Hawkins et al., 2004).
Interestingly, ZO-2 may function somewhat redun-
dantly with ZO-1, replacing it and facilitating formation
of morphologically normal TdJ in cultured epithelia lack-
ing Z0O-1 (Umeda et al., 2004). ZO-2 has also been found
in non-TJ-containing tissues (Itoh et al., 1999). ZO-3 is a
130-kDa homolog that has been found in some TdJ-con-
taining tissues but, to date, not at the BBB (Inoko et al.,
2003).

5. Other Accessory Proteins. Other accessory pro-
teins of the BBB include cingulin, AF-6, and 7H6. Cin-
gulin is a 140- to 160-kDa protein that associates with
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7Z0s, JAM-1, and myosin (Citi et al., 1989) and is hy-
pothesized to mediate interactions between the cytoskel-
eton and the TJ via force transduction (Bauer et al.,
2004). AF-6, a 180-kDa protein with two Ras-associating
domains, interacts with ZO-1. This interaction is inhib-
ited by Ras activation, indicating that disruption of the
7Z0-1/AF-6 complex may be critical in the modulation of
TJ via pathways that involve Ras (Yamamoto et al.,
1999). The function of 7TH6 is not known, but this 155-
kDa protein reversibly dissociates from the TJ complex
under conditions of ATP depletion (Zhong et al., 1994).
In addition to these, some recently identified proteins
associated with the TdJ (none characterized at the BBB
to date) are listed in Table 1.

C. Intracellular Signaling Pathways Involved in Tight
Junction Organization and Function

TJ are dynamic structures. Proteins of the TJ are
subject to changes in expression, subcellular localiza-
tion, post-translational modification, and protein-pro-
tein interactions under both physiological and patho-
physiological conditions (Huber et al., 2001a). The
intracellular signaling pathways that regulate these
processes are only beginning to be elucidated, with most
of the work being done in epithelial tissues. At the BBB,
it is becoming clear that responses of TJ to various
stimuli can in fact be mediated by multiple pathways
simultaneously (Fischer et al., 2004). The interactions of
TJ proteins with each other and with intracellular sig-
naling pathways have been reviewed extensively else-
where (Bazzoni and Dejana, 2004); as such, we limit our
treatment here to pathways demonstrated to be involved
in the regulation of TdJ organization and function at the
BBB specifically.

1. Calcium. Even before specific proteins of the TdJ
were well characterized, it was known that both extra-
cellular Ca®?* depletion and increased intracellular
[Ca%"] could lead to disruption of BBB TJ (Nagy et al.,
1985; Abbott and Revest, 1991). Epithelia cultured in
Ca?"-deficient media demonstrate a loss of ZO-1, ZO-2,
and occludin from the cell membrane and an associated
increase in paracellular permeability; these effects are
attenuated by protein kinase A inhibitors (Klingler et
al., 2000). Protein kinase C (PKC) activation can also
overcome the deleterious effect of low extracellular
[Ca?"], indicating that PKC is involved in Ca®*-depen-
dent regulation of TJ (Balda et al., 1993). Interestingly,
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both abnormally high (Stuart et al., 1996) and abnor-
mally low (Ye et al., 1999) intracellular [Ca®"] can dis-
rupt the TJ via decreased expression and/or disrupted
protein-protein interactions, indicating a role for intra-
cellular stores in the regulation of TdJ. In addition to
PKC, Ca?" influx or release from intracellular stores can
activate any number of kinase signaling cascades, lead-
ing to the activation of transcription factors (nuclear
factor-kB, cAMP response element-binding protein, c-
fos, etc.) that regulate Td protein expression (Brown and
Davis, 2002). Interestingly, although artificially raising
intracellular [Ca®"] does not alter BBB TJ (Brown et al.,
2004), treatment with the Ca2" channel blocker SKF
96365 ameliorates the permeability-increasing effects of
hypoxia/aglycemia on the BBB via a mechanism that
seems to involve recruitment of occludin to the cell mem-
brane (Brown and Davis, 2005).

2. Phosphorylation. Phosphorylation is a major reg-
ulatory mechanism of both transmembrane and acces-
sory proteins at the TdJ (Staddon et al., 1995; Sakakibara
et al., 1997). For example, serine phosphorylation regu-
lates the subcellular localization of occludin (Andreeva
et al., 2001), and both serine and threonine phosphory-
lation of occludin are highly correlated with the TdJ re-
assembly following disruption (Farshori and Kachar,
1999; Tsukamoto and Nigam, 1999). cAMP treatment of
cultured brain endothelial cells leads to enhanced im-
munoreactivity of claudin-5 at the junctional complex
via a protein kinase A-dependent mechanism (Ishizaki
et al., 2003). Early evidence suggested that junctional
permeability was correlated with the phosphate content
of ZO-1 (Stevenson et al., 1989), although subsequent
studies have indicated that phosphorylation of ZO-1 is
critical to its membrane targeting during the develop-
ment of TJ (Kurihara et al., 1995). Given the multiple
sites for phosphorylation on TJ proteins, and in partic-
ular on occludin and ZO-1 (Sakakibara et al., 1997), it is
highly unlikely that any clear, one-to-one correspon-
dence exists between phosphorylation and TdJ formation
and function. More likely, phosphorylation of distinct
serine, tyrosine, and threonine residues has distinct
structural and functional effects.

3. G-Proteins. G-proteins are also involved in the
development and modulation of TJ (Balda et al., 1991;
Saha et al., 1998; Hopkins et al., 2000). Heterotrimeric
G-proteins are expressed by cerebral endothelial cells
(Fabian et al., 1998), where they mediate migration of

TABLE 1

Recently identified TJ-associated proteins
Protein Tissue Homology Function Reference
LYRIC Epithelial None Unknown; associates with occludin and ZO-1 Britt et al. (2004)
JACOP Epithelial and endothelial Cingulin Possible link between TJ and cytoskeleton Ohnishi et al. (2004)
Moe Retinal epithelium ? Necessary for TJ formation in the retina Jensen and Westerfield (2004)
CLMP Epithelial cell lines CTX family Cell adhesion; increases electrical resistance Raschperger et al. (2004)
JAM-4 Kidney IgG superfamily Cell adhesion; regulates permeability Hirabayashi et al. (2003)
JEAP Exocrine cells ? Unknown; associates with TdJ in exocrine cells Nishimura et al. (2002)
R4.1 MDCK cells ? Possible link between TJ and cytoskeleton Mattagajasingh et al. (2000)
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T-lymphocytes into the brain (Adamson et al., 2002).
The Rho family of GTPases has been implicated in the
alteration of TJ permeability via interactions with the
actin cytoskeleton, acting downstream of G-protein-cou-
pled receptors for lysophosphatidic acid (Schulze et al.,
1997) and prostaglandin E,, (Hasegawa et al., 1999). Rab
proteins, primarily known as regulators of vesicle traf-
ficking, have been implicated in targeting TdJ proteins
such as ZO-1 to the junctional complex (Stevenson and
Keon, 1998). The TJ accessory protein AF-6 interacts
with ZO-1 and is a target for Ras (Yamamoto et al.,
1999). Activation of Ras is associated with disruption of
cell-cell contacts, loss of ZO-1 from the junctional com-
plex, and increased permeability.

D. Alteration of Blood-Brain Barrier Tight Junction in
Disease

Failure of the BBB is a critical event in the develop-
ment and progression of several diseases that affect the
CNS. In some cases, increased BBB permeability is a
consequence of the pathology, such as with ischemic
stroke (Ilzecka, 1996) and traumatic brain injury
(Morganti-Kossmann et al., 2002), whereas in other
cases BBB opening may be a precipitating event, such as
with multiple sclerosis (MS) (de Vries and Dijkstra,
2004). In other conditions in which cerebrovascular ab-
normalities have been noted, such as Alzheimer’s dis-
ease, the relationship between BBB breakdown and pa-
thology is not clear (Wardlaw et al., 2003). Moreover, the
contribution of specific BBB TJ alterations to neurolog-
ical conditions is a rapidly developing area of inquiry.

1. Hypoxia/Ischemia. Cerebral ischemia is a com-
plex insult that involves a loss of blood flow as well as
depletion of oxygen and essential nutrients (del Zoppo
and Hallenbeck, 2000) and is associated with increased
microvascular permeability (Kempski, 2001; Petty and
Wettstein, 2001). A number of studies using in vitro
models of the BBB have indicated that hypoxia and
hypoxia/reoxygenation lead to increased permeability
and/or disruption of BBB TJ (Abbruscato and Davis,
1999a; Fischer et al.,, 1999; Mark and Davis, 2002),
although hypoxic stress may increase permeability via
the transcellular route as well (Plateel et al., 1997; Ci-
polla et al., 2004). Some reports have indicated that BBB
endothelial cells are less responsive to hypoxic stress
when cocultured with astrocytes (Kondo et al., 1996;
Fischer et al., 2000) or pericytes (Hayashi et al., 2004);
nonetheless, in vivo hypoxia/reoxygenation treatment is
associated with increased BBB permeability and de-
creased expression of occludin (Witt et al., 2003), as well
as activation of the transcription factors nuclear fac-
tor-kB and hypoxia-inducible factor-1 (Witt et al., 2005).
Hypoxic reorganization of BBB TdJ seems to be mediated
in part by vascular endothelial growth factor and nitric
oxide (Fischer et al., 1999; Mark et al., 2004), and vas-
cular endothelial growth factor antagonism reduces
postischemic edema and injury in vivo (van Bruggen et
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al., 1999), indicating that TJ disruption is likely in-
volved in the progression of ischemic brain injury.

2.  Inflammation. Inflammatory mediators are
known modulators of BBB permeability (Abbott, 2000).
As such, compromised BBB TdJ are a hallmark of neu-
roinflammatory disease states (Petty and Lo, 2002).
BBB disruption is well established as an early event in
the progression of MS, with MRI studies indicating a
compromised barrier preceding clinical symptoms (de
Vries and Dijkstra, 2004). In experimental models of
MS, BBB disruption is induced by T-cells (Seeldrayers et
al., 1993) and monocytes (Morrissey et al., 1996). MS
lesions are associated with loss of occludin and ZO-1 in
the microvasculature (Bolton et al., 1998; McQuaid et
al., 2002; Kirk et al., 2003) that is likely mediated by
cytokines such as monocyte chemoattractant protein-1
(Song and Pachter, 2004), tumor necrosis factor-«, inter-
leukin-1B, and interferon-y (Minagar and Alexander,
2003). Similar observations have been made in postmor-
tem examinations of brains from HIV encephalitis (Dal-
lasta et al., 1999) and Alzheimer’s disease (Fiala et al.,
2002) patients.

Interestingly, inflammation occurring in the periph-
ery also has profound effects on BBB T4J proteins. Huber
et al. (2001b) showed that inflammatory pain induced by
three mechanistically distinct agents (formalin, com-
plete Freund’s adjuvant, and A-carrageenan) injected
into the hind paw of a rat increased BBB permeability to
sucrose. These permeability changes were associated
with decreased expression of occludin and increased ex-
pression of ZO-1 (Huber et al., 2001b). A more detailed
time-course study of the A-carrageenan model revealed
that BBB opening is biphasic, with the increase in ZO-1
corresponding only to the early phase and the loss of
occludin corresponding to both phases (Huber et al.,
2002). Additionally, immunoprecipitation indicated that
Z0-1 became less associated with actin and more asso-
ciated with Z0O-2, suggesting a disruption of the interac-
tion between the TJ complex and the cytoskeleton (Hu-
ber et al., 2002). It is unclear what the mechanism(s) for
TJ alterations following peripheral inflammation might
be; although the possibility exists that cytokines circu-
lating from the site of inflammation to the brain may be
involved, acute surgical pain stress has also been shown
to increase BBB permeability (Oztas et al., 2004). Also,
cortical spreading depression, a phenomenon associated
with migraine, up-regulates matrix metalloproteases,
which increase BBB permeability via proteolysis of the
basal lamina and disruption of the TdJ (Sanchez-del-Rio
and Reuter, 2004), including a specific loss of ZO-1 in the
area of affected cortex (Gursoy-Ozdemir et al., 2004).
These studies suggest that BBB TdJ might be subject to
modulation via centrally mediated responses to nocicep-
tive stimuli.

3. Other Insults. In addition to hypoxic/ischemic and
inflammatory insults, the BBB can also be compromised
by drugs of abuse. For example, cocaine can accelerate
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the progression of HIV-associated dementia (Nath et al.,
2001), a process that may involve both direct effects of
cocaine on the endothelium as well as proinflammatory
effects (Fiala et al., 1998; Zhang et al., 1998; Gan et al.,
1999). Nicotine, a potently vasoactive drug (Hawkins et
al., 2002), alters the transport of glucose (Duelli et al.,
1998a,b) and ions (Wang et al., 1994; Abbruscato et al.,
2004) at the BBB. Nicotine also decreases the expression
and marginal localization of ZO-1, which is associated
with increased permeability in the in vitro BBB (Ab-
bruscato et al., 2002). In the rat, nicotine treatment also
alters cerebral microvascular distribution of ZO-1, di-
minishes immunoreactivity for claudin-3, and increases
BBB permeability to sucrose (Hawkins et al., 2004).
Diabetes, a disease with well established microvascu-
lar effects and a known risk factor for ischemic stroke
(Goldstein et al., 2001), is also associated with increased
vascular permeability and reduced occludin content in
the retinal microvasculature (which is similar to that of
the brain) (Antonetti et al., 1998) and at the BBB (Che-
hade et al., 2002). Many different types of brain tumors
are characterized by edema, in which TJ abnormalities
are thought to play at least a contributing role (Papado-
poulos et al., 2004). Tumor microvascular occludin ex-
pression has been inversely correlated with contrast en-
hancement, indicating that the loss of occludin may
underlie the development of edema (Papadopoulos et al.,
2001), and a specific loss of claudin-3 has been observed
in human glioblastoma multiforme (Wolburg et al.,
2003). It has been suggested that the “incomplete” TdJ
characteristics of tumor vasculature are a result of the
proangiogenic environment of tumor growth and/or the
paucity of normal astrocytes (Papadopoulos et al., 2004).

IV. Conclusions

The functions of the BBB/neurovascular unit in neu-
ropathology—both as a contributing factor to the devel-
opment and progression of disease and in its responses
to disease—indicate that the neurovascular unit is a
therapeutic target unto itself (Neuwelt, 2004) and not
merely an obstacle to CNS drug delivery. The numerous
pathways by which specific TJ proteins are regulated
and the specific effects of certain pathologies on TdJ pro-
teins suggest that therapies targeted to individual com-
ponents of the TJ complex and its modulators hold sig-
nificant promise for the treatment and prevention of
neurological diseases.
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