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Abstract

The blood-brain barrier (BBB) is a critical regulator of CNS homeostasis. Additionally, the BBB
is the most significant obstacle to effective CNS drug delivery. It possesses specific charcteristics
(i.e., tight junction protein complexes, influx and efflux transporters) that control permeation of
circulating solutes including therapeutic agents. In order to form this “barrier,” brain
microvascular endothelial cells require support of adjacent astrocytes and microglia. This intricate
relationship also occurs between endothelial cells and other cell types and structures of the CNS
(i.e., pericytes, neurons, extracellular matrix), which implies existence of a “neurovascular unit.”
Ischemic stroke can disrupt the neurovascular unit at both the structural and functional level,
which leads to an increase in leak across the BBB. Recent studies have identified several
pathophysiological mechanisms (i.e., oxidative stress, activation of cytokine-mediated
intracellular signaling systems) that mediate changes in the neurovascular unit during ischemic
stroke. This review summarizes current knowledge in this area and emphasizes pathways (i.e.,
oxidative stress, cytokine-mediated intracellular signaling, glial-expressed receptors/targets) that
can be manipulated pharmacologically for i) preservation of BBB and glial integrity during
ischemic stroke and ii) control of drug permeation and/or transport across the BBB in an effort to
identify novel targets for optimization of CNS delivery of therapeutics in the setting of ischemic
stroke.
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Introduction

The blood-brain barrier (BBB) is an essential physical and metabolic barrier that separates
the central nervous system (CNS) from the systemic circulation. It is formed by a monolayer
of capillary endothelial cells that have evolved to greatly limit brain uptake of circulating
substances in an effort to precisely maintain cerebral homeostasis. Additionally, the BBB is
the most significant obstacle to CNS drug delivery. In fact, many existing drugs have limited
or no efficacy in treatment of neurological diseases primarily due to an inability to permeate
the BBB and attain therapeutic concentrations within the CNS (1). A critical concept in BBB
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biology is that brain microvascular endothelial cells are not intrinsically capable of forming
a “barrier.” In fact, formation and function of the BBB requires support of adjacent glial
cells (i.e., astrocytes, microglia) as well as neurons, pericytes, and extracellular matrix (2).
Cell-cell interactions and signaling occur in a co-coordinated mannerbetweenthese multiple
cell types, events required forphysiological and pathological functioning of the BBB. Such
an intricate relationship implies existence of a “neurovascular unit (NVU).” During ischemic
stroke, various NVVU cell types are triggered by pathological stimuli that disrupt the BBB.
Understanding the endothelial and glial cell responses that are involved in modifying the
NVU/BBB in the context of ischemic stroke provides an opportunity not only to protect
BBB integrity during pathological insult but also to target these mechanisms for
optimization of CNS drug delivery. Multiple studies by our group have provided rigorous
evidence on how such pathways alter NVU/BBB physiology and how they can be targeted
for improvement of CNS pharmacotherapy (3—-13). Here, we provide a summary of the BBB
and interactions with associated cell types/structures (i.e., glial cells, pericytes, neurons,
extracellular matrix) of the NVU. Additionally, we review pathophysiological mechanisms
in endothelial cells and glial cells that contribute to BBB/NVU dysfunction in ischemic
stroke. Finally, we provide insights on how such mechanisms can be targeted in an effort to
protect BBB integrity and optimize CNS drug delivery for treatment of ischemic stroke.

The Neurovascular Unit

The NVU consists of all major cell types found in the CNS including brain microvascular
endothelial cells, astrocytes, microglia, pericytes, and neurons (14-16). The concept of the
NVU emphasizes that normal brain function as well as dysfunction occurs via the co-
coordinated interaction between these various cell types (17;18). In fact, decreased BBB
functional integrity is known to occur prior to neuronal injury in stroke, an observation that
suggests that NVU dysfunction is directly linked to compromise of the BBB (19-21). Below
we provide an outline of these NVU constituents with an emphasis on properties that are
involved in the pathophysiological response to ischemic stroke.

Components of the Neurovascular Unit

Endothelial Cells and the Blood-Brain Barrier

The CNS is the most critical and sensitive organ system in the human body. Proper neuronal
and glial function necessitates precise regulation of the brain extracellular milieu.
Additionally, the metabolic demands of CNS tissue are considerable with the CNS
accounting for approximately 20% of oxygen consumption in humans (22). Therefore, the
interface between the CNS and the systemic circulation must possess highly selective and
effective mechanisms that can facilitate nutrient transport, exactly regulate ion balance, and
provide a barrier to toxic substances that may be present in the systemic circulation. The
requirement for a physical and metabolic barrier is further emphasized by the extreme
sensitivity of CNS tissues to exogenous solutes. Therefore, brain entry of some substances
must be permitted while accumulation of other substances in brain parenchyma must be
excluded. This homeostatic function of the cerebral microvasculature primarily at the level
of the brain microvascular endothelium, the principal cell type of the BBB.

The current understanding of its basic structure is built primarily upon work by Reese,
Karnovsky, and Brightman in the late 1960s (23;24). Anatomically, BBB endothelial cells
are distinguished from those in the periphery by a lack of fenestrations, minimal pinocytotic
activity, and presence of tight junctions (TJs) (25). Cerebral endothelial cells are demarcated
by increased mitochondrial content as compared with other endothelium in the body (26).
This increased content of mitochondria is required for transport of solutes into and out of the
brain thereby contributing to maintenance of CNS homeostasis. Additionally, several
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receptors, ion channels, and influx/efflux transport proteins are prominently expressed in
brain microvascular endothelial cells. Functionally, these transport systems are similar to
well-characterized systems in other tissues (i.e., D-glucose transporter, L-amino acid carrier
systems, Na*/K* ATPase), although the capacity and rate of transport can vary. Transporters
involved in transcellular flux of drugs have also been identified and characterized at the
BBB endothelium. Examples of such transporters known to be expressed in brain
endothelial cells include efflux transporters such as P-glycoprotein (P-gp) (27-30),
Multidrug Resistance Proteins 1-6 (MRP1-6 in humans; Mrp1-6 in rodents) (27;31-34), and
Breast Cancer Resistance Protein (BCRP in humans; Bcrp in rodents) (29;35;36).
Additionally, transporters that have been shown to facilitate drug permeation across the
BBB include organic anion transporting polypeptides (OATPs in humans; Oatps in rodents)
(13;30;37;38), organic anion transporters (32;39-41), monocarboxylate transporters (39;42),
nucleoside transporters (43), and peptide transporters (44).

Molecular Characteristics of the BBB

a) TJ Protein Complexes—BBB endothelial cells are interconnected by TJs, large
multiprotein complexes that are maintained by astrocytic trophic factors (figure 1). TJs form
a continuous, almost impermeable barrier that limits paracellular flux of xenobiotics with the
exception of small, lipid-soluble molecules (25). The high BBB transendothelial resistance
(1,500 — 2,000 ©2cm?) further restricts the free flow of water and solutes (45). BBB TJs are
formed by junction adhesion molecules (JAMSs), occludin, and claudins (i.e., claudin-1, -3,
and -5), transmembrane proteins linked to the cytoskeleton through interactions with
accessory proteins (i.e., zonula occluden (Z0)-1, -2, and -3) (14). ZO proteins act as a
scaffold for multiple intracellular signaling pathways and are involved in regulation of TJ
function (46). Additionally, other protein constituents (i.e., cingulin, AF6, 7H6, EMP-1)
have been localized to the TJ but their exact role has yet to be elucidated. A brief description
of the primary proteins that constitute TJ protein complexes at the BBB is described below.
Although endothelial cells of the BBB do also possess adherens junctions, which are
ubiquitous in the vasculature and mediate inter-endothelial cell adhesion, these will not be
discussed in this review.

Several JAM isoforms have been identified at the mammalian BBB including JAM-1,
JAM-2, and JAM-3 (14;47). JAM-1 is a 40-kDa member of the 1gG superfamily and is
believed to mediate the early attachment of adjacent endothelial cells during development of
the BBB (48). In addition to their developmental roles, JAMs regulate the transendothelial
migration of leukocytes (47). Although their function in mature BBB is largely unknown,
loss of JAM protein expression is directly correlated with BBB breakdown (49;50). Studies
in an immortalized human brain endothelial cell line (hRCMEC/d3) showed that
inflammatory stimulation led to increased paracellular permeability to dextran 3000 that
correlated with movement of JAM away from the tight junction, further suggesting that
JAMs play a critical role in maintaining BBB functional integrity (51). Interestingly, serum
levels of JAM-A were unchanged over time in 13 patients with acute ischemic stroke,
suggesting that this JAM isoform is not a suitable biomarker of BBB breakdown (51).

Monomeric occludin is a 60- to 65-kDa protein that has four transmembrane domains with
the carboxyl and amino terminals oriented to the cytoplasm and two extracellular loops that
span the intercellular cleft (52). It is highly expressed and consistently stains in a distinct,
continuous pattern along endothelial cell margins in the cerebral vasculature (10;53;54). In
contrast, occludin distribution is considerably more diffuse in non-neural endothelia (55). In
a previous literature review, it was suggested that while occludin is integrally localized to
the TJ, it is not essential for TJ assembly and has no direct “tightening” function (56). We do
not agree nor find any compelling data to support this statement. In contrast, recent studies
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by our group have clearly shown that occludin is a critical regulator of BBB permeability in
vivo (8;54;57). This essential role for occludin has also been shown to occur via interaction
between two extracellular loops on occludin monomers and homologous segments on
occludin molecules localized to adjacent endothelial cells (58;59). Feldman and colleagues
described this interactionthat creates a tight seal and restricts paracellular solute diffusion
(59). Occludin also assembles into dimers and higher order oligomers at the TJ (8;54;57).
Such occludin oligomeric assemblies are required for physiological function at the TJ,
particularly as a restrictor of paracellular permeability and supports the critical role for
occludin’s direct tightening function (54). Altered expression of occludin is associated with
disrupted BBB function in various pathologies associated with ischemic stroke including
hypoxia/aglycemia (60) and H/R stress (10).

Claudins have similar membrane topography to occludin but no sequence homology (52).
Claudins are 20- to 24-kDa proteins, of which at least 24 have been identified in mammals
(14). All claudins have similar sequence homology among themselves in the first and fourth
transmembrane domains and extracellular loops (61). The extracellular loops of claudins
interact via homophilic and heterophilic interactions between cells (62). Overexpression of
claudin isoforms in fibroblasts can induce cell aggregation and formation of TJ-like strands.
Conversely, occludin only localizes to TJs in cells that have already been transfected with
claudins (63). Thus, it is hypothesized that claudins form the primary “seal” of the TJ. In the
cerebral microvascular endothelium, various isoforms of claudins have been detected
including claudin-1, -3, and -5 (3;53;64-67). In experimental models of ischemic stroke,
reduced expression of claudin-5 (68;69) and disruption of interaction between claudin-5 and
occludin (70) has been reported.

Proper physiological functioning of the BBB, particularly restriction of paracellular solute
transport, requires association of transmembrane constituents of tight junction protein
complexes with accessory proteins localized within the endothelial cell cytoplasm. These
include members of the membrane-associated guanylate kinase-like (MAGUK) family. In
brain microvascular endothelial cells, MAGUK proteins are involved in coordination and
clustering of tight junction protein complexes to the cell membrane and in establishment of
specialized domains within the membrane (71). Three MAGUK proteins have been
identified at the TJ: ZO-1, -2. and -3. ZO-1 was the first protein that was shown to be
directly associated with TJ complexes (72). It is a 220 kDa protein that links transmembrane
proteins of the TJ (i.e., occludin, claudins) to the actin cytoskeleton (73). Previous studies
have demonstrated that dissociation of ZO-1 from the junction complex is associated with
increased permeability (74-76), which implies that the ZO-1-transmembrane protein
interaction is critical to TJ stability and function. ZO-1 may also act as a signaling molecule
that communicates the state of the TJ to the cellular interior, or vice versa. ZO-1 has been
shown to localize to the nucleus under conditions of proliferation and injury (77), following
Ca?* depletion (78), and in response to nicotine (53). It has also been colocalized with
transcription factors (79) and various G-proteins (80). ZO-2, a 160-kDa protein, has high
sequence homology to ZO-1 (81) and is known to bind structural tight junction constituents,
signaling molecules, and transcription factors (82). ZO-2 localizes to the nucleus during
stress and proliferation, a property similar to ZO-1 (83;84). In cultured brain microvessel
endothelial cells, ZO-2 is localized along the plasma membrane at points of cell-cell contact
(76), although it may be distributed more diffusely in whole cerebral microvessels (53). Of
particular note, ZO-2 may function somewhat redundantly with ZO-1 as it has been shown
to facilitate formation of TJs that are morphologically intact in cultured epithelial cells
lacking ZO-1 (85). More recently, ZO-3, a 130-kDa protein, has been identified at the BBB
(86) but its exact role in TJ formation and/or function has not been elucidated. Using the
cortical aspiration lesion experimental stroke model in rodents, Li and colleagues reported
decreased ZO-1 expression in ipsilateral thalamus (87). Additionally, Jiao and colleagues
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reported that redistribution of ZO-1 away from the TJ in cerebral microvessels correlated
with an increase in Evans blue-albumin leak across the BBB (88).

In addition to MAGUK family members, other accessory proteins have been identified at the
TJ. These include cingulin, AF-6, 7H6, and EMP-1 (14;89). Cingulin is a 140- to 160-kDa
protein that associates with ZOs, JAM-1, and myosin (90) and is hypothesized to mediate
interactions between the cytoskeleton and the TJ. AF-6, a 180-kDa protein, interacts directly
with ZO-1. This interaction is inhibited by inactivation of Ras, suggesting that disruption of
Z0-1/AF-6 complex may be critical in modulation of the TJ by Ras-dependent pathways
(91). The function of 7H6 at the BBB is unknown (14) but it is known to reversibly
dissociate from the TJ under conditions of ATP depletion (92) as may be observed during
ischemic stroke. More recently, studies have identified a novel TJ protein known as
epithelial membrane protein-1 (EMP-1) (89). Bangsow and colleagues showed that EMP-1
is enriched in porcine and murine brain microvessel endothelial cells as well as rat brain
microvessels and colocalizes with occludin (89). Of particular note, EMP-1 is upregulated
under ischemic conditions while occludin is downregulated (89), which suggests that this
protein may play a role in maintenance of barrier function during ischemic stroke and/or H/
R stress.

b) Transport Proteins—For many substances, uptake into the brain and extrusion from
the brain is governed by transport proteins that are endogenously and selectively expressed
at the BBB endothelium. Such transport proteins that have been shown to be involved in
influx and/or efflux of circulating solutes include ATP-binding cassette (ABC) transporters
and solute carrier (SLC) transporters (93;94). In order to target transporters for optimization
of CNS drug delivery, it is critical to understand localization (i.e., luminal versus abluminal)
and functional expression of transport proteins at the BBB endothelium. Below, we
summarize current knowledge on such membrane transporters that are known to be involved
in determining CNS delivery of therapeutic agents. Localization of specific transport
proteins known to be involved in CNS drug delivery is depicted in figure 2.

ABC Transporters: The ABC superfamily is among the largest and most ubiquitously
expressed protein families known to date. ABC transporters are involved in translocation of
opioids and their metabolites against their concentration gradient. The energy to transport
xenobiotics is provided by binding and subsequent hydrolysis of ATP. In humans, 48 ABC
genes have been identified and are classified according to seven subfamilies (95). ABC drug
transporters, specifically P-glycoprotein (P-gp), Multidrug Resistance Proteins (MRPs in
humans; Mrps in rodents) and Breast Cancer Resistance Protein (BCRP; also known as
ABCG2) are known to be involved in cellular extrusion of therapeutic agents and thus
constitute a considerable barrier to effective delivery of drugs to the brain. In general, P-gp
transports cationic or basic and neutral compounds, whereas MRPs/Mrps are involved in
cellular efflux of anionic drugs as well as their glucuronidated, sulfated, and glutathione-
conjugated metabolites (96). BCRP/Bcrp has significant overlap in substrate specificity
profile with P-gp and has been shown to recognize a vast array of sulfoconjugated organic
anions, hydrophobic, and amphiphilic compounds (97).

P-gp is a 170-kDa ATP-dependent integral membrane protein that was originally identified
in colchicine-resistant Chinese hamster ovary cells (98). It was designated as “P-
glycoprotein” because of its inherent ability to affect membrane permeability of biological
substances that may be potentially toxic (98). Physiologically, P-gp is believed to function
as a biological defense mechanism against entry of toxic substances from the gut into the
blood and for protection of vital organ systems such as the brain (99). The majority of P-gp
transport substrates are weakly amphipathic and relatively hydrophobic. Additionally, many
(but not all) substrates contain an aromatic ring and a positively charged tertiary nitrogen
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atom in their chemical structure (100). P-gp orthologues from different species have greater
than 70% sequence identity (99) and are encoded by closely related genes (i.e., multidrug
resistance (MDR) genes), which have two isoforms in humans (MDR1, MDR?2) and three
isoforms in both mice (i.e., mdrl, mdr2, mdr3) and rats (i.e., mdrla, mdrlb, mdr2). The
human MDR2 gene and the murine/rodent mdr2 gene products are exclusively involved in
hepatic transport of phosphatidylcholine and will not be further discussed. In contrast,
human MDR1, murine mdr1/mdr3, and rodent mdrla/mdrlb are involved in transport of
therapeutic agents in several tissues including BBB endothelium. Specifically, P-gp
expression has been identified at both the luminal (101-103) and abluminal membrane
(103-105) of brain microvascular endothelial cells. Abluminal localization of P-gp has been
identified on perivascular astrocyte foot processes (104;105) and on the abluminal plasma
membrane of the endothelial cell itself (103). Increased expression of P-gp has been
reported in hippocampal microvessels isolated from stroke-prone spontaneously
hypertensive rats (106), which suggests that alterations in P-gp expression and/or activity
may be a critical component of the BBB response to ischemic stroke. Furthermore, this
increase of an efflux transporter in an in vivo experimental stroke model may also represent
a significant impediment to drug delivery to the ischemic brain.

The mammalian MRP family belongs to the ABCC group of proteins, which contains 13
members including one ion channel (i.e., CFTR), two surface receptors (i.e., SUR1 and 2)
and a truncated protein that does not mediate transport (i.e., ABCC13) (31). These proteins
are not involved in drug transport and will not be further discussed. Many of the functionally
characterized MRP isoforms that are known to be involved in drug transport have been
localized to the mammalian BBB. These include MRP1/Mrpl, MRP2/Mrp2, MRP4/Mrp4,
Mrp5 and Mrp6 (33;36;107-110). The presence of multiple MRP homologues at the BBB
may be a vital determinant in controlling the delivery of therapeutic agentsto the brain.
Additionally, the ability of Mrp isoforms to actively efflux the endogenous antioxidant
glutathione (GSH) may have significant implications in ischemic stroke. GSH is a critical
factor responsible for maintenance of cellular redox balance and antioxidant defense in the
brain during ischemic stroke. It has been previously demonstrated that functional expression
of Mrps is upregulated in response to oxidative stress conditions, which leads to enhanced
cellular efflux of GSH (111). In the ischemic brain, an upregulation of Mrp isoforms at the
BBB could potentially cause reduced brain concentrations of GSH, an alteration in CNS
redox status, and increased potential for neuronal and glial cell injury and death. Therefore,
changes in functional expression of Mrps at the BBB in response to ischemic stroke
warrants further investigation.

A third ABC superfamily member that may be involved in xenobiotic efflux is BCRP.
Several recent studies have demonstrated localization of BCRP at the brain
microvasculature, particularly along the luminal side of the BBB (112-114). In terms of
transport activity, data from recent in vitro and in vivo studies are controversial. Although
some studies have suggested that BCRP is not functional at the BBB (35;114;115) or plays a
minimal role in xenobiotic efflux from the brain (116), more detailed analyses have
confirmed that BCRP is a critical determinant of drug permeation across the BBB (29;117-
119). The effect of ischemic stroke and/or cerebral hypoxia on BBB functional expression of
BCRP is a critical point for future study.

Solute Carrier (SLC) Transporters: The second major group of drug transport proteins at
the BBB endothelium is the SLC transporters. In contrast to ABC transporters, membrane
transport of SLC family members is governed by either an electrochemical gradient utilizing
an inorganic or organic solute as a driving force or the transmembrane concentration
gradient of the substance actually being transported. To date, 319 SLC genes (i.e., SLC1 —
SLC43 families) have been identified in humans (120). Of the 43 known families of SLC
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transporters, members of SLC21A/SLCO and SLC22 are known to be expressed at the BBB
and play a critical role in determining xenobiotic permeation across the brain microvascular
endothelium (121).

Of the SLC transporters known to transport drugs at the BBB, perhaps the most viable
candidates for transporter targeting are members of the SLC21A/SLCO family that includes
organic anion transporting polypeptides (OATPs in humans; Oatps in rodents). OATPs/
Oatps have distinct substrate preferences for amphipathic solutes (122). OATPs/Oatps are
well-known to transport 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase
inhibitors (i.e., statins), which have been recently shown to exhibit considerable
neuroprotective and antioxidant activity in the CNS (123-126). For example, studies in
Xenopus laevis oocytes have shown Oatplad-mediated uptake of pravastatin (127). More
recently, studies in Oatplad(—/-) mice demonstrated reduced blood-to-brain transport of
pitavastatin and rosuvastatin as compared to wild-type controls, which suggests that
Oatpla4 is involved in statin transport across the BBB (30). Oatp isoforms are also involved
in uptake transport of opioid peptides, compounds that have recently been shown to have
neuroprotective efficacy in experimental stroke models (128;129). Studies in Xenopus laevis
oocytes have shown OATP1A2, the human homologue of rodent Oatpla4, mediated uptake
of opioid peptides such as [D-penicillamine?°]-enkephalin (DPDPE) (130). Although OATP
isoforms are expressed in several tissues, not all exist at the BBB. Immunofluorescence
staining of human brain frontal cortex demonstrated OATP1A2 (previously known as
OATP-A) localization at the level of the brain microvascular endothelium (130). In rodent
brain, expression of Oatplad and Oatplcl has been reported in capillary enriched fractions,
capillary endothelial cells and/or isolated brain microvessels (13;37;38;131-133). Oatplcl
is selectively expressed at the BBB (133) and has relatively narrow substrate specificity and
primarily transports thyroxine and conjugated sterols (37;38). It has proposed that Oatpla4,
a rodent homologue of OATP1AZ2, is the primary drug transporting Oatp isoform expressed
at the rat BBB (122). Recently, our laboratory demonstratedthat Oatpla4 is a BBB
transporter that can be effectively targeted for facilitation of effective CNS drug delivery
(13).

Astrocytes are the most abundant cell type in the brain. Previous studies have shown that
astrocytes, localized between neuronal cell bodies and endothelial cells and ensheath over
99% of cerebral capillaries with their end-feet (14;21), are critical in the development and/or
maintenance of BBB characteristics (134-139). For example, studies using human umbilical
vein endothelial cells showed that these cells could develop BBB properties when co-
cultured with astrocytes, which implies that astrocytes secrete trophic factors critical to
maintenance of the BBB phenotype (137). Astrocytes may be involved in transient
regulation of cerebral microvascular permeability (140), in particular via dynamic Ca2*
signaling between astrocytes and the endothelium via gap junctions and purinergic
transmission (141;142). Recent evidence also suggests that astrocytes may play a critical
role in regulating water and ion exchange across the brain microvascular endothelium
(143;144). Astrocytes possess two high-affinity transporters for uptake of glutamate, termed
excitatory amino-acid transporter 1 and 2 (i.e., EAATL (i..e, GLAST) and EAAT?2 (i.e.,
GLT-1) (145). These transporters are criticalin removal of excess glutamate from the
synapse and contribute to maintenance of excitatory neurotransmitter concentrations in the
brain. Elevated brain levels of glutamate may lead to a pathological condition known as
excitotoxicity, which has been implicated in neuronal damage in ischemic stroke (146).
Additionally, astrocytes are known to express volume-regulated anion channels (VRACS).
These channels are involved in Ca*-independent release of anionic amino acids (i.e.,
glutamate, aspartate, taurine) during conditions that cause astrocyte swelling such as
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cerebral hypoxia (147). Astrocytes are also known to express transport proteins including P-
gp (103;148;149), MRP/Mrp isoforms (111;150-153), and Bcrp (150). Studies in human
glioma tissue have detected mRNA expression of various MRP and OATP isoforms (154).
The expression of multiple drug transporters in astrocytes suggests that these glial cells may
act as a secondary barrier to CNS drug permeation. That is, the balance of transporters in
astrocytes may either sequester drugs within the astrocyte cytoplasm, thereby preventing
these compounds from reaching their site of action in the brain, or concentrate drugs in brain
extracellular fluid. Pharmacological agents within brain extracellular space can be effluxed
by active transport mechanisms at brain barrier sites or via “sink” effects of the CSF (96).
For more detailed information on transport mechanisms in astrocytes, readers are referred to
a recent review (96).

The Spanish neuroanatomist del Rio-Hortega first described microglia (155), a cell type
from the monocyte lineage that represents approximately 20% of the total glial cell
population within the CNS (156). Microglia are ubiquitously distributed within the CNS,
with the basal ganglia and cerebellum possessing considerably greater numbers than the
cerebral cortex (157). Under normal physiological conditions, microglia exist in a quiescent
state lacking endocytotic and phagocytotic activity. These microglia possess a ramified
morphology characterized by a small (5-10 pm) cell body and many radial cell processes
extending from the cell body. Ramified microglia are thought to contribute to maintenance
of homeostasis by participating in extracellular fluid cleansing and neurotransmitter
deactivation (96). During disease or trauma, microglia may become activated and the degree
of this activation is directly correlated to the type and severity of brain injury (158).
Activated microglia are identified morphologically by their larger cell body and relatively
short cytoplasmic processes. Biochemically, activated microglia are identified by
upregulation of cell surface receptors such as CD14 and toll-like receptors (TLRS)
(159;160). The degree of microglial activation appears to be correlated to the type and
severity of brain injury (156;158). During an immune response, activated microglia may be
further converted to a reactive state, which is characterized by a spheroid or rod-like
morphology and presence of phagocytotic activity. Microglia activation and proliferation
has been implicated in development of neuronal death in various CNS pathological states
including ischemic stroke and cerebral hypoxia (161-163). Furthermore, activation of
microglia is directly associated with dysfunction of the BBB characterized by changes in TJ
protein expression and enhanced paracellular permeability (16). When activated, microglia
produce high levels of neurotoxic mediators such as nitric oxide and peroxide as well as
inflammatory cytokines (i.e., TNF-a), proteases, and complement components (158;164).
Excessive production of these substances may further lead to cell injury in the CNS
characterized by astrocyte activation, further microglia activation, and neuronal cell death.

Microglia express several ion channels including multiple potassium, calcium, sodium, and
chloride channels (165). The expression patterns of these ion channels depend on the
microglial functional state and are involved in a variety of physiological functions including
proliferation, ramification, and maintenance of membrane potential, intracellular pH
regulation and cell volume regulation (166-169). Glutamate receptors (170) and nutrient
carrier systems such as GLUT-1 (171) are expressed in microglia. These cells also express
membrane proteins involved in drug transport. Studies in a continuous rat microglia cell line
(i.e., MLS-9) demonstrated functional expression of P-gp (172;173), Mrpl (174) and Mrp4/
Mrp5 (175); however, the ability of microglia to contribute to drug permeation and/or
distribution in the CNS requires further study.
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In addition to glia, pericytes also play a crucial role in maintenance of BBB homeostasis
(176). Pericytes are flat, undifferentiated, contractile cells that attach at irregular intervals
along capillary walls and communicate with other cell types of the neurovascular unit (176).
These cells, via secretion of pericyte-derived angiopoetin, induce expression of occludin at
the BBB, which suggests that pericytes are directly involved in induction and/or
maintenance of barrier properties (177). Involvement of pericytes in induction of BBB
properties is also exemplified by in vitro demonstration thatproper localization of
endothelial proteins (i.e., P-gp, utrophin) requires co-culture with pericytes (178). Further
evidence for the role of pericytes in maintenance of BBB phenotype comes from the
observation that pericytes migrate away from the endothelium during hypoxia (179) or brain
trauma (180), conditions that are associated with increased brain microvascular
permeability. More recently, studies using adult-viable pericyte-deficient mouse mutants
demonstrated that pericytes are critical in maintaining expression of BBB-specific genes in
endothelial cells (i.e., transferrin receptor) and by inducing polarization of astrocyte end-feet
adjacent to the cerebral microvasculature (181). Additionally, MRP isoforms (MRP1,
MRP4, MRP5) have been identified in pericytes in vitro, which implies that pericytes may
contribute to regulation of BBB xenobiotic permeability (182).

There is considerable evidence for direct innervation of both brain microvascular
endothelium and associated astrocyte processes. Noradrenergic (183;184), serotonergic
(185), cholinergic (186;187), and GABAergic (188) neurons have been shown to make
distinct connections with other cell types of the neurovascular unit. The need for direct
innervation of brain microvasculature comes from the dynamic nature of neural activity and
the metabolic requirements of nervous tissue, implying that the cerebral microcirculation
must be highly responsive to the needs of CNS tissue. Indeed, “metabolic coupling” of
regional brain activity to blood flow is the basis of functional neuroimaging (189), although
the cellular mechanisms of this process are not well understood (190). Interestingly,
disruption of BBB integrity induced by pathophysiological factors (i.e., inflammation,
hypertension, ischemia) often accompanies changes in cerebral blood flow and perfusion
pressure (191-193) and there is evidence that such BBB opening may be a selective,
compensatory event rather than a simple anatomical disruption. This implies that
communication between neurons and the brain microvasculature may not simply regulate
blood flow, but BBB permeability as well.

Extracellular Matrix

In addition to cellular components of the neurovascular unit, the extracellular matrix of the
basal lamina also interacts with the BBB endothelium. Disruption of extracellular matrix is
strongly associated with increased BBB permeability in pathological states including stroke
(194;195). The extracellular matrix seems to serve as an anchor for the endothelium via
interaction of laminin and other matrix proteins with endothelial integrin receptors (196).
Such cell-matrix interactions can stimulate a multitude of intracellular signaling pathways
(197). Matrix proteins can influence expression of TJ proteins (69;198;199), indicating that
although the TJ protein complexes constitute the primary impediment to paracellular
diffusion, the proteins of the basal lamina are likely involved in their maintenance.
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Stroke is the third most common cause of death in the United States and is the number one
cause of long-term morbidity (200). On a global scale, these statistics are even more
staggering as stroke is now the second leading cause of death worldwide (18). Stroke is one
of the leading causes of functional disability and currently affects approximately 45 million
people living in the United States (201). Of all strokes, 87% are ischemic (201). Each year,
approximately 795,000 people experience either a new or recurrent stroke, which averages
one incidence of stroke every 40 seconds (201). Following an ischemic stroke, the mean
lifetime cost of medical and rehabilitation is estimated at $140,048 per patient, a figure that
is considerably higher for people over 45 years of age (202). In the United States, the total
cost of stroke therapy was $73.7 billion (201). Several factors have been identified that
increase risk of stroke including history of transient ischemic attacks, hypertension, impaired
glucose tolerance and diabetes mellitus, atrial fibrillation, cigarette smoking, and low serum
concentrations of HDL cholesterol (201).

Stroke is characterized by a heterogeneous spectrum of conditions caused by interruption of
blood flow supplying the brain (18;203;204). Such a deficit in cerebral blood flow causes an
irreversibly damaged ischemic core and salvageable surrounding neural tissue known as the
penumbra (205). Physiologically, energy requirements of the CNS are met by brain uptake
of both glucose and oxygen, which are metabolized to enable phosphorylation of ADP to
ATP. Most ATP generated within the brain is utilized to maintain intracellular homeostasis
and transmembrane gradients for monovalent and divalent ions (i.e., sodium, potassium,
calcium) (206). When blood flow to the brain is interrupted in a stroke, the ischemic core is
rapidly deprived of oxygen and 