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Abstract

The blood-brain barrier (BBB) provides a vast interface for cytokines to affect CNS function. The
BBB is a target for therapeutic intervention. It is essential, therefore, to understand how cytokines
interact with each other at the level of the BBB and how secondary signals modulate CNS
functions beyond the BBB. The interactions between cytokines and lipids, however, have not been
fully addressed at the level of the BBB. Here, we summarize current understanding of the
localization of cytokine receptors and transporters in specific membrane microdomains,
particularly lipid rafts, on the luminal (apical) surface of the microvascular endothelial cells
composing the BBB. We then illustrate the clinical context of cytokine effects on the BBB by
neuroendocrine regulation and amplification of inflammatory signals. Two unusual aspects
discussed are signaling crosstalk by different classes of cytokines and genetic regulation of drug
efflux transporters. We also introduce a novel area of focus on how cytokines may act through
nuclear hormone receptors to modulate efflux transporters and other targets. A specific example
discussed is the ATP-binding cassette transporter-1 (ABCA-1) that regulates lipid metabolism.
Overall, cytokine signaling at the level of the BBB is a crucial feature of the dynamic regulation
that can rapidly change BBB function and affect brain health and disease.
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1. INTRODUCTION: THE BBB FOR CYTOKINES AND RELATED PEPTIDES

The blood-brain barrier (BBB) is an extensive three-dimensional interface between the brain
and the blood vessels carrying material from the rest of the body for selective exchange of
information. The BBB is affected by essentially all neurological diseases, and it in turn
modulates disease processes. It is also a delivery interface for therapeutic molecules. The
structural backbone of the BBB is a monolayer of microvascular endothelial cells that are
joined by tight junctions and underlined by a continuous basement membrane. The
endothelia are polarized, and they have more mitochondria and peptidase activity but fewer
endocytic vesicles than their counterparts in non-BBB structures The BBB is reinforced by
astrocytic endfeet, pericytes, microglia, and extracellular matrix. It protects the brain from
harmful toxins by acting as a physical, enzymatic, and transport barrier between the
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vasculature and CNS parenchyma. The presence of high resistance tight junction proteins,
which seal adjacent endothelial cells, results in physical restrictions [1-4]. Abundant
degradative enzymes and scarce endocytic vesicles accelerate the biotransformation and
clearance of substances that cannot cross the BBB, thereby forming a chemical barrier [5].
In the absence of a specific transport system, the physicochemical properties most important
in determining the permeability of a substance across the BBB include its lipophilicity,
conformation, and charge.

Several classes of influx and efflux transporters located on the luminal and abluminal sides
of the brain endothelia regulate the transport of both endogenous and exogenous molecules
in and out of brain parenchyma. Some of the essential nutrients and small proteins enter
through influx transporters. This may involve receptor-mediated transport or facilitated entry
by carrier proteins, while others may be barred outside the BBB or reach the CNS by simple
diffusion [6,7]. Because of the presence of efflux transporters at the BBB endothelia, several
endogenous compounds and drugs, including anticancer, antiviral, antibacterial,
antiepileptic, and analgesic substances, or drugs used to treat neurodegenerative disease,
have limited CNS uptake [8-10].

The BBB is a regulatory interface in response to cytokines. Functioning one way, the BBB
can selectively transport several cytokines. This includes interleukin (IL)-1a and IL-15
[11-14], IL-1 receptor antagonist (IL-1ra) [15], IL-6 [16], tumor necrosis factor-a (TNF)
[17-21], leukemia inhibitory factor (LIF) [22-24], cilliary neurotrophic factor [25], and
many adipokines (see reviews [26-28]). The transported cytokines play important roles in
the physiological response to inflammation and neuroregeneration [29-31]. Functioning
another way, the BBB restricts some cytokines from crossing the BBB. Transforming
growth factor (TGF)-a accumulates in the cerebral vasculature [32], and TGF-p1 does not
enter the brain [33]. By contrast, epidermal growth factor (EGF), which may compete with
TGF-a for receptor binding, rapidly crosses the BBB [34]. Moreover, many cytokines and
peptides are degraded before reaching CNS parenchyma. A lack of permeation, however,
does not prevent cytokines from affecting cerebral vascular functions, including
modification of tight junction structures and endothelial signaling [26,35].

Many cytokines are produced both within the CNS and in the periphery. BBB transport
assays for both influx and efflux pathways usually show directionality of cytokine transport
[36-38]. This indicates polarized distribution of transporters, which may or may not be their
receptors. The structure of the ligand appears to play a role in different steps of endocytosis
and trafficking [39-43]. Regional differences in metabolic activity, particularly the
abundance of degrading enzymes, also determine the availability of a peptide to the CNS
[44].

In the Transwell culture system of primary cerebral microvessel endothelial cells,
lipopolysaccharide (LPS) induces polarized release of cytokines either to the apical or
basolateral chamber [45]. This indicates that exocytotic mechanisms may also differ among
cytokines.

Polarized distribution of transporters is best known for efflux drug transporters [3,10]. For
neuroinflammation, a good example is chemokine CXCL12. CXCL12 is localized to the
basolateral surface of the normal BBB and functions to prevent leukocyte extravasation into
the CNS. In active lesions of multiple sclerosis, however, CXCL12 is redistributed to the
luminal side and is associated with activation (phosphorylation) of its receptor CXCR4 in
infiltrating leukocytes [46]. This is reminiscent of the redistribution of tight junction proteins
in inflammatory pain and other insults causing increased permeability of the BBB [47]. The
field is at the beginning of understanding the cellular mechanisms mediating such changes
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[48]. In this review, we summarize recent work on cytokine signaling at the BBB and
present new players and potential targets, including lipid rafts and nuclear hormone
receptors.

2. CYTOKINE RECEPTORS AND ENDOTHELIAL MEMBRANE
MICRODOMAINS

Cytokine receptors are localized in membrane microdomains and undergo ligand-dependent
or independent endocytosis. The endocytic microdomains may include specific coat
proteins, lipids, neither, or both. Depending on the coating, the membrane domains are
either clathrin-coated pits or clathrin-independent lipid rafts. Lipid rafts are enriched in
cholesterol and glycosphingolipids, and require sphingolipids for endocytosis [49,50].
Different types of lipid rafts are distinguished by the presence or absence of caveolin
[51-53]. Dynamin and actin are major components of most endocytotic pathways. Dynamin
is a GTPase mediating fission of vesicles from the plasma membrane [54,55], while actin is
a highly conserved globular protein containing an ATP binding site. In addition, specific
kinases play a role in activating clathrin- and caveolin-dependent endocytosis [56,57].
Nonetheless, internalization of glycosylphosphatidylinositol (GPI)-anchored proteins does
not require dynamin, clathrin, or caveolin [58].

There is morphological evidence that caveolae may play a major role in transcytosis across
the BBB [59]. Caveolin-1, the major component of caveolae, is highly expressed in brain
microvessel endothelial cells [60]. Caveolin-dependent transcytosis is used by albumin [61],
low density lipoprotein [62], and the Duffy antigen receptor along with chemokines to
which it binds [63]. Proper functioning of caveolae involves phosphorylation of caveolin at
the tyrosine residue Y [14] by src kinase to enable caveolae formation [64] and interaction
of phosphorylated caveolin-1 with filamin A which in turn facilitates internalization and
trafficking of caveolae [65]. Higher transcytosis activity through the BBB after brain injury
correlates well with increased expression of phosphorylated caveolin-1 [66]. This
emphasizes a role of caveolae in transport processes in brain microvessel endothelia.

Some cytokines and their receptors are endocytosed in a caveolin-dependent manner. In 3
cells, IL-18 and IL-1R1 induce phosphorylation of caveolin and subsequent caveolin-
dependent endocytosis [67]. Accumulation of cytokines in lipid rafts may facilitate cell
signaling. In astrocytes, for example, IL-1f induces translocation of IL-1R1 and recruitment
of signaling molecules to caveolin-enriched lipid rafts. This is followed by caveolin-
dependent endocytosis [68]. Intracellular signaling as a consequence of caveolin-dependent
endocytosis is seen both in endothelia and other cells, such as human breast adenocarcinoma
MCEF-7 cells where inhibition of caveolin-dependent endocytosis abolishes IL-13-dependent
nuclear factor (NF)-xB activation [69]. Besides IL-18, TNF also induces translocation of its
receptors - TNFR1 and TNFR2 - to endothelial caveolae [70,71].

Endocytosis through clathrin-coated pits contributes to the termination of signaling by
removal of cytokines and hormones and their receptors from the extracellular environment.
Membrane receptors and their ligands that are endocytosed in a clathrin-dependent manner
appear to be mostly degraded after passage through endocytic vesicles. This is seen for
certain growth factors and their receptors which are tyrosine kinases. Nonetheless, rodent
studies have shown saturable transport of nerve growth factor (NGF), neurotrophin-3, brain-
derived growth factor (BDNF) [72-74], cilliary neurotrophic factor [34], and EGF [25].
Insulin-like growth factor (IGF)-1 also is transported across the BBB [75], and its transport
system is not identical to that transporting insulin although there is partial sharing [76]. Even
with passive diffusion, a significant amount of growth hormone can enter brain parenchyma
in intact form [77,78].
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There is a correlation between localization in and endocytosis from a specific microdomain
and the intracellular fate of cytokines and their receptors. There are multiple examples: (1)
When TNF is endocytosed via the clathrin-dependent pathway, it is degraded in lysosomes
[79]; (2) TGFp does not cross the BBB [33], but TGFp receptors can be endocytosed by both
caveolin- and clathrin-dependent mechanisms, which determine either signal transduction or
receptor turnover, respectively [80,81]; (3) in eosinophils, IL-5 receptors are localized in and
endocytosed from either clathrin-containing microdomains or lipid rafts. However, only
those endocytosed in a clathrin-dependent manner are degraded [82]; (4) IL-7 induces
down-regulation of its receptor, IL-7R, by rapid clathrin-dependent endocytosis and
degradation [83]. Similarly, alternative mechanisms of receptor endocytosis may exist for
growth factors and their receptors [84]. Nonetheless, the fate of a cytokine and its receptor
may be distinctively different. Chemokines and their receptors are endocytosed in a clathrin-
dependent manner, but chemokines are targeted to degradation whereas their receptors are
recycled back to the membrane [85]. Leptin and its receptors are found in clathrin-coated
pits. Both are endocytosed in a clathrin-dependent manner [86-88], but leptin may be either
degraded intracellularly or exit the cell in intact form [89].

Lipid rafts lacking clathrin and caveolin are a third kind of microdomain important for
cytokine receptors. Examples of clathrin- and caveolin- independent endocytosis are
corticotropin-releasing hormone (CRH) receptors I and 11 [90] and the well studied cytokine
receptors for IL-2Rp and IL-2Ry, receptors shared by IL-2 and IL-15. In T lymphoma cells,
IL-15Raq, IL-2Raq, IL-2Rp, and IL-2Ry co-localize in lipid rafts [91]. Both IL-2R[ and
IL-2Ry endocytosis requires dynamin, cortactin, and actin [92-94] as well as kinases that
regulate actin polymerization [95,96]. Neither IL-15Ra nor IL-2Ra is effectively
endocytosed [97], but rather rapidly recycle to the membrane via recycling endosomes. To
date, the intracellular fate of cytokine receptors is poorly understood, although studies have
addressed different aspects of endocytosis [93,98,99], recycling [99,100], and degradation
by both lysosomes and proteasomes [101,102].

Taken together, cytokines and their receptors can accumulate in membrane microdomains,
and cytokines can even induce translocation of their receptors into specific microdomains.
The nature of the microdomain, then, may determine the fate of cytokines and their
receptors after endocytosis, but little is known about the role of membrane microdomains for
cytokine receptor function in endothelial cells of the BBB. Assuming that fundamental
principles of cytokine receptor compartmentalization and its physiological significance are
shared between tissues, much can be expected from further exploration of this subject in the
BBB.

3. THE CONTEXT OF NEUROENDOCRINE REGULATION

The effects of cytokine signaling across the BBB on neuroendocrine regulation are best
examplified by leptin. Leptin is the main cytokine exerting neuroendocrine regulation in the
CNS on ingestion and presents close structural similarities with members of the long-chain
helical cytokine family. Acting through the leptin receptor (ObR, or LR), a member of the
class I cytokine receptor super-family, it controls food intake and energy expenditure by
influencing several hypothalamic peptides.

To do so, leptin must cross the BBB from its primary origin in adipocytes. Although larger
(16 kDa) than many smaller substances that do not cross, leptin not only enters the brain
from blood in intact form, but does so by a saturable transport system [103,104]. This
system is decreased by fasting [105], triglycerides [106], and the neonatal period of
development [107]. It is increased by glucose [108], and is partially saturated in normal as
well as obese animals [109,110]. The saturable transport system for leptin is also evident in
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vitro [111] and although primarily mediated by the ObRa isoform of the leptin receptor
[112], it can also be mediated by ObRb, ObRc, and ObRd [89] and inhibited by the soluble
receptor ObRe [113]. Even a tailless form of ObR can function as a transporting receptor
[88]. In vivo, BBB transport of leptin shows regional [109,114] and diurnal variation [115]
and is supplemented by a high capacity transport system at the choroid plexus [114]. A
recent comprehensive study by Adam and Finlay clearly establishes the BBB as the primary
site of leptin resistance [116], explaining why increased blood concentrations of leptin do
not decrease food intake even though brain injections of leptin do so [117,118].

The neuroendocrine effects of leptin are exerted through several peptides. First affected by
leptin in the arcuate nucleus of the hypothalamus are neuropeptide Y (NPY), agouti-related
protein (AgRP), cocaine- and amphetamine-regulated transcript (CART), and
proopiomelanocortin which is the precursor molecule for a-melanocyte stimulating hormone
(MSH, melanocortin). In the lateral hypothalamus, orexin and melanocortin concentrating
hormone (MCH) become involved, as can CRH and oxytocin in the paraventricular nucelus.
Unlike leptin, which decreases food intake, NPY increases ingestion, and also unlike leptin,
NPY enters the brain from blood by passive diffusion that is not saturable [119]. Most
hypothalamic peptides enter the brain by passive diffusion based on physicochemical
properties such as lipophilicity, hydrogen bonding, and conformation rather than by a
saturable transport mechanism. These include AgRP [120], CART [121], a-MSH [122],
orexin A [42], and urocortin 11 [123]. Some ingestive peptides do not seem to enter at all,
including MCH [124], orexin B [42], and obestatin [125]. The neuroendocrine actions of
leptin after it passes the BBB are mediated primarily by the ObRb isoform of the ObR leptin
receptor through a Signal Transducer and Activation of Transcription (STAT)-3 mechanism
[126]. This STAT3 signaling can be modified by Cdk5/p35 kinases [127], and,
unexpectedly, by urocortin [128] and a-MSH [129], even though the main actions of these
two peptides are through G-protein coupled receptors (GPCR) and cyclic AMP. Another
overlooked observation is that adult onset obesity, either genetic [130] or diet-induced [131],
induces astrocytic ObR [132] in dynamic relation with neuronal ObR.

But how does selective ablation of endothelial leptin signaling affect the CNS response to
metabolic challenge? To determine this, we recently generated and characterized the
metabolic phenotype of endothelial specific leptin receptor knockout (ELKO) mice by
crossing Tie2-cre mice with ObR-floxed mice (Pan W et al, manuscript in review). The
ELKO mice show a better response to diet-induced obesity with less weight and fat gain.
They have higher oxygen consumption, carbon dioxide production, and heat dissipation than
wildtype mice on a high-fat diet. The usual reduction of brain weight after prolonged
exposure to the high-fat diet is also prevented. This partial resistance of ELKO mice to diet-
induced obesity, therefore, suggests that endothelial leptin signaling may have a negative
impact on obesity control. Overall, endothelial leptin signaling may counterbalance the
neuronal effects of leptin.

The interaction of the cytokine leptin with the neuroendocrine peptide urocortin (urocortin I)
is different from that of any of the peptides mentioned above and is, so far, unique. Leptin
directly enhances the transport of urocortin across the BBB, and this is mediated by the
CRH receptors for urocortin [133-136]. The transport system for urocortin is also activated
by glucose [137] and TNF [134], the action of TNF requiring both TNF receptors. The
release of CRH, structurally related to urocortin, also is affected by several cytokines [138].
Although there is a saturable transport system for CRH both in and out of the brain
[123,139], it is not known whether the neuroendocrine actions of cytokines on CRH are
exerted directly at the BBB. Thus, cytokines like leptin affect the neuroendocrine system
both by direct and indirect actions.
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4. RELAY OF NEUROINFLAMMATORY SIGNALS AND COOPERATION OF
SIGNALING PATHWAYS ACTIVATED BY DIFFERENT LIGANDS

The BBB prevents the entry of some substances, allows passage of others, and generates
secondary signals to affect CNS functions when interacting with a substance that may not
cross the BBB. Perhaps the best characterized saturable transport system for cytokines is
that for TNF in both mice [17,140] and rats [19]. The transport is receptor dependent [141],
and abolished in knockout mice lacking both p55 (p60) and p75 (p80) TNF receptors [142].
There is species specificity in that the murine p55 receptor binds to murine TNF and human
TNF with similar affinity, but the murine p75 receptor has strong species specificity for
murine TNF [143]. Caveolae are involved in TNF endocytosis in BBB endothelia and
eventual transport across the BBB from the luminal to abluminal side [71]. Different
disorders, including experimental autoimmune encephalomyelitis [18], spinal cord injury
[144-148], brain trauma [149], and stroke [150] induce region- and time-dependent
upregulation of TNF transport. The details for TNF have been reviewed in earlier
publications [20,151], and transport of cytokines in general across the BBB has been
reviewed extensively elsewhere [7,21,152].

It is well-known that BBB endothelia respond to inflammatory stimuli by generation of
vasoactive substances, including endothelin-1 [153], prostaglandins, leukotrienes, and
platelet-activating factor [154]. There is diverse intracellular signaling in response to
different cytokines. For example, IL1p induces the activation of MyD88 [155], and IFNYy,
IL-4, and IL-6 activate STAT1, STAT6, and STATS3, respectively, in hCMEC/D3 cells
[156]. The stimuli may be generated by adjacent cells. Src-suppressed C-kinase substrate is
a strong inducer of BBB function when overexpressed in astrocytes [157]. Perivascular
macrophages mediate the effects of IL-1 on endothelial prostanoid production and thus
provide conditioning to neuroinflammation [158]. The response of the BBB to inflammatory
cells, neurocAIDS in particular, has been reviewed extensively elsewhere [159-161].

The BBB produces chemokines and cytokines in response to injury and inflammation
[154,162,163]. In monkey brain endothelia, IL-18, LPS, and hypoxia can stimulate the
release of I1L-6, and the effect is greater in endothelia from aged animals [164]. In the RBE4
cerebral endothelial cell line, TNF increases the expression of IL-15 and its receptors [165].
The best demonstration of polarized response to date is a Transwell study by Banks’ group,
in which secretion of IL-1a, 1L-10, granulocyte-macrophase colony-stimulating factor, IL-6,
and TNF is shown under basal conditions and after LPS challenge. LPS stimulates more
luminal than abluminal secretion of cytokines, but it is more effective when applied to the
abluminal side [45]. Polarized function is determined by lateralized distribution of
membrane microdomains, in particular lipid rafts, and other related structures [166].

For cytokines that cross the BBB by receptor-mediated transport, such as TNF
[17,141,142,148,151], LIF [22,23], and leptin [88,89,103,107,112,115,167], the transporting
receptor does not appear to differ from the signaling receptor. How does signaling affect the
course of transcytosis? The data are still lacking, but it is clear that cellular signaling by one
cytokine can modify the transport of another. In RBE4 cells treated with TNF, the
expression of gp190, the specific receptor for LIF, is downregulated [168]. The gp130 co-
receptor shared by the 1L-6 family of cytokines, however, is upregulated [169]. The effect
involves NF«kB activation and increased proteasome activity. Nonetheless, the net effect is
reduced LIF endocytosis [168]. By contrast, TNF and leptin can both facilitate the passage
of urocortin into the brain without compromising the general permeability of the BBB. This
increase is seen in both mice and cultured endothelial cells. Since urocortin uptake shows
self-inhibition, it suggests activation of an innate transport system [28,90,133,170,171]. This
is reminiscent of glucose-induced activation of urocortin transport [137].
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Effects of cytokines on enhancing neuroinflammation by their interactions with the BBB
also include impairment of tight junction activity, increase of paracellular permeation,
facilitation of leukocyte migration, and induction of adsorptive endocytosis, as has been
extensively reviewed recently [172,173].

Interactions of peptidergic signals at the BBB are illustrated by crosstalk between leptin and
urocortin in the activation of STAT-1 and STAT-3. Although leptin activates urocortin
transport across the BBB, urocortin potentiates leptin-induced STAT3 activation in RBE4
cerebral endothelial cells as well as HEK293 cells used as an initial model system. Urocortin
can act through either receptor, CRHR-1 or CRHR-2, to increase STAT3-luciferase activity,
but shows no effect on STAT1 activation. Leptin, on the other hand, can increase both
STAT1 and STATS3 activation in cells overex-pressing the long transmembrane receptor
isoform ObRb. When both ligands and receptor systems are present, both HEK293 cells and
RBE4 cerebral endothelial cells show a greater increase of STAT1 and STAT3 activation
than with either ligand alone. By contrast, leptin does not enhance cAMP production
downstream to urocortin activation [128]. Though not yet tested in neurons expressing both
receptors, one may anticipate that urocortin could provide partial compensation for the loss
of signaling sensitivity in obese subjects with leptin resistance.

To further test this, crosstalk between leptin and a-MSH was determined by a similar
approach. a-MSH binds to the melanocortin receptors (MC)-3R and MC-4R in the
hypothalmus. Although ObRb, MC3R, and MC4R transcripts are all detectable in enriched
cerebral microvessels, basal activation of STAT3 is low. In cells overexpressing ObRb and
MC3R or MC4R, a-MSH potentiates leptin-induced STAT3 activation shown both by
western blotting and luciferase reporter assays. The blocking effect of a specific MEK
inhibitor suggests that the mitogen-activated kinase pathway is involved in the crosstalk.
This contrasts with the lack of effect of a phosphoinositide-3 kinasee (P13K) inhibitor.
Similarly, there is a potentiating effect of a-MSH on leptin-induced STAT1 activation (Fig.
1). Like the urocortin-leptin interaction, leptin fails to further increase cAMP production
induced by a-MSH in these cells. It is yet to be determined whether this represents a general
principle that other G protein-coupled seven-transmembrane receptors also facilitate leptin-
induced STAT3 signaling in the same cells [129].

In the hypothalamus, we have not observed co-localization of ObR and melanocortin
receptors except for the close interaction of MC4R fibers with ObR (+) neurons and
astrocytes in the median eminence. Nevertheless, in ob/ob mice with their genetic loss of
leptin production, there is an increase of ObR(+) neurons in the median eminence (Fig. 2).
This suggests that obesity and nutrition-related disorders might change the interaction
between leptin and a-MSH signaling crosstalk, at least in the median eminence. In terms of
the regulatory changes of MC4R in the median eminence and adjacent hypothalamic
regions, food restriction for 10 d and the fa/fa Zucker rat mutation both increase the density
of MC4R in autoradiographs. These animal models have increased hunger, and appear to
have receptor upregulation secondary to decreased release of a-MSH. By contrast, diet-
induced obesity decreases the density of MC4R and thus shows an opposite regulatory
mechanism [174]. Activation of MC4-R thus serves as a physiological regulator of feeding.
Leptin also acts on the median eminence, shown by its dose-dependent effect in modulating
the release of luteinizing hormone releasing hormone from median eminence-arcuate
nucleus explants [175]. Although anatomical results show little spatial proximity of the two
types of receptors, cellular assays in GT1-7 neurons of mouse hypothalamic origin indicate
that a-MSH indeed potentiates leptin-induced STAT3 activation when both MC4R and
ObRb are overexpressed (unpublished observations).
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Nuclear hormone receptors are ligand-activated transcription factors. Their ligands are
hormones such as estrogen, progesterone, testosterone, and glucocorticoids, as well as
retinoic acids and oxysterols. These hormones bind to receptors and regulate the expression
of genes crucial for growth, metabolism, and many other vital functions. Many nuclear
receptors are targets for drugs.

Few results describe nuclear receptor function in endothelial cells of the BBB. RT-PCR
analysis shows that liver X receptors (LXR)a and LXR, retinoid X receptors (RXR), and
peroxisome proliferator-activated receptors (PPAR)a and PPARP are detectable in brain
capillary fractions of 8 week old rats and in the brain endothelial cell line TR-BBB13 [176].
All three receptor types regulate the expression of genes for lipid metabolism and transport
including ATP binding cassette (ABC) and scavenger receptor (SR-BI) transporters. In brain
endothelial cells, activation of LXRs and PPARs induces ABC transporter A1 (ABCAL) and
SR-BlI mRNA levels [176-178]. In contrast with BBB endothelia, neurons in the
hypothalamus, thalamus, amygdala, cholinergic basal forebrain, and hippocampus show
high expression of ABCAL. Oxysterols (ligand for LXR) and 9-cis-retinoic acid (ligand for
RXR) induce ABCA1 expression in cultured neurons and glial cells and increase the ef-flux
of apoA-I- and apoE-specific cholesterol from the cells. Activation of LXR and RXR might
also decrease amyloid  (Ap) protein production and thereby decrease the amyloid burden in
brain [179]. However, ABCAL1 knockout mice do not show changes in A 1-40 efflux across
the BBB [180]. Nonetheless, ABCAL knockout mice are resistant to cerebral malaria, a
brain disease resulting from sequestration of Plasmodium falciparum-parasitized red blood
cells, leukocytes, and platelets within brain microvessels, and excessive cytokine release.
This suggests that a deficit in ABCAL prevents vesiculation upon infection by Plasmodium
berghei ANKA [181] and supports a role of ABCAL1 in the interactions of the intracellular
pathogen with the BBB.

Interestingly, TNF, IL15, and leptin all depress ABCA-1 promoter luciferase activity [182]
in RBE4 cerebral endothelial cells transfected with luciferase reporter plasmids (Fig. 3). In
these cells, co-treatment with a synthetic ligand for LXR, T0903017 (T09), combined with
the RXR ligand 9-cis-retinoic acid (9cRA) induces ABCA-1 promoter activity
independently of cytokine treatment (Fig. 3, solid bars), indicating that LXR and RXR do
not mediate the actions of cytokines to depress ABCA-1 activation. Cytokine effects may be
mediated by either weak potential STAT binding elements or the inhibitory E-box that are
both present in the reporter plasmid. Regardless of the mediating mechanisms, there is no
doubt that cytokine signaling modulates cholesterol transporter expression and function. It
remains possible that other nuclear hormone receptors are targets for cytokines, such as the
glucocorticoid receptor (GR) that is present in brain microvessel endothelial cells (BMEC)
and shows different modulation by glucocorticoids than in non-BMEC endothelial cells
[183].

Receptor phosphorylation changes the activity of many nuclear receptors, including PPAR
[184], RXR [185], and the steroid hormone receptors for estrogen, progesterone, androgens,
mineralocorticoids, and glucocorticoids [186]. For example, p38 mitogen-activated protein
kinase (MAPK) and c-Jun N-terminal kinase modulate glucocorticoid receptor (GR)
functions [187,188], and p38 MAPK phosphorylates PPARa to enhance its ligand-
dependent activity [189]. INK phosphorylates RXR [190]; this correlates with the inhibitory
effects of IL1J on RXR function [191]. It is possible that cytokines activate different kinases
to change the activities of target nuclear receptors, analogous to the effects of growth factor-
activated kinases on nuclear receptor phosphorylation and signaling. In cancer cells, EGF-
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activated MAPK induces ligand-independent activity of phosphorylated estrogen receptor-a
[192], and stimulates ligand-dependent progesterone receptor [193] and androgen receptor
activities [194].

Nuclear receptors affect cytokine expression in various cell types. Both PPAR and LXR are
anti-inflammatory. PPARs inhibit expression of inflammatory cytokines, chemokines, and
cell-adhesion molecules through transcriptional repression of Toll-like receptor target genes
[195]. LXR agonists modulate the expression of TNF, IL1, and NFxB in ileum tissue after
ischemia [196]. Potential mechanisms include interference with NFxB pathways as shown
in microglia and astrocytes [197], binding to a LXR response element in the TNF gene
promoter as shown in monocytes [198], and modulation of posttranslational regulation of
TNF as shown in Kupffer cells [199]. Similarly, estrogens can regulate the expression of
pro-inflammatory cytokines [200,201].

Tight junctions are the main structural and functional elements regulating BBB integrity.
Several nuclear receptors exert their anti-inflammatory actions by modulating the effects of
inflammatory cytokines on the expression of tight junction proteins, including occludin and
claudin. Whereas TNF reduces the expression of claudin-5, both the GR ligand
dexamethasone and the estrogen receptor ligand estradiol increase its expression in cerebral
but not myocardial endothelial cells [202,203]. The presence of a GR response element in
the promoter region of occludin allows the GR ligand hydrocortisone to regulate occludin
expression [202,204]. Progesterone acts through its receptor to inhibit the inflammatory
response after stroke. This is achieved by reducing TNF expression and increasing claudin
expression [205]. Nuclear receptors can also regulate tight junctions by inhibiting matrix
metalloprotease (MMP)-9, a collagenase that digests components of basal lamina. The GR
ligand dexamethasone induces the MMP inhibitor TIMP-1 in BMEC, thus reducing
disruption of the BBB in neuroinflammatory conditions [206]. PPARa and PPARY also
protect the BBB by down-regulating MMP and proteasome activities [207]. In addition,
activation of PPARY inhibits monocyte adhesion to and migration across brain endothelia by
inhibiting Rac1 and RhoA kinases [208]. Similarly, a PPARa agonist reduces the extent of
barrier damage and paracellular permeability of the endothelial cell monolayer after hypoxic
challenge [209].

Taken together, nuclear receptors are expressed in endothelial cells and play a role in tight
junction protein, cytokine, and transporter expression. Signaling cascades initiated by
cytokines may regulate nuclear receptor functions through phosphorylation. Therefore, the
crosstalk between cytokine and nuclear receptor signaling is potentially important for
regulating the functions of the BBB.

6. EFFECTS OF CYTOKINES ON EFFLUX DRUG TRANSPORTERS

The BBB endothelium is enriched with efflux transporters, which act as a transport barrier to
both drugs and endogenous compounds entering the brain parenchyma. The primary active
efflux pumps include P-glycoprotein (P-gp; ABCB1), breast cancer resistant protein (BCRP;
ABCG2), and multidrug resistance associated proteins (MRP; ABCC1-6) belonging to the
ABC family of transporters. The presence of these transporters has been implicated in
limiting the entry of a broad range of drugs, including anticancer, antiviral, antibacterial,
antiepileptic and analgesic substances [8,9]. In brain endothelial cells, P-gp is primarily
located on the luminal side of the vasculature and on astrocytic end feet at the abluminal
side of the BBB [210]. In addition, other brain structures also express P-gp, including the
microglia of brain parenchyma and endothelia at the choroid plexus (blood-CSF barrier)
[211-213]. P-gp is considered to be the primary transporter within this class given its
capability to bind and efflux substrates with a wide variety of structural differences
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[214-216]. Subsequently, different classes of drugs ranging from anticancer to antiepileptic
have been implicated as substrates of P-gp in various tissues, The regulation of P-gp
expression and transport function is complex and varies depending upon the pathological
condition [9]. Similar to P-gp, both BCRP and several isoforms of MRP are present on the
luminal side of the BBB.

During inflammation, various cytokines, including TNF, IL-1 3, and IL-6 have been shown
to modify the functional activity and expression of different efflux transporters [216]. The
effects of TNF on multidrug resistance (MDR) proteins are probably the best studied. In
RBE4 cells treated with TNF, microarray analysis showed that MDR1b is among the genes
that have the highest level of upregulation. The increase of the MDR1b product P-gp was
verified by gPCR and western blotting analyses. Consistent with this, cellular uptake of the
P-gp substrate vinblastine is decreased [217]. In isolated rat brain capillaries, TNF shows
biphasic effects on the expression and activity of P-gp, with low doses decreasing but longer
exposure (6 h) increasing the expression and activity of P-gp. This is probably explained by
differences in the signaling pathways activated [218]. At even longer exposure (72 h) to
TNF, human endothelial cells show an increase of P-gp expression without a change in
transport activity. By contrast, there was significant downregulation of BCRP after treatment
with IL-1 8, IL-6, and TNF in BMEC, with concurrent reduction in drug uptake [219]. In
another study, IL-1  decreased the expression and activity of P-gp in vitro [220]. The
findings indicate that cytokines could exert dose-and time-dependent modulation of efflux
drug transporters.

The activation of P-gp by TNF involves NFxB signaling (Fig. 4). In RBE4 cells transfected
with luciferase constructs of various regions of rat MDR1b promoter, we showed that the
maximal basal promoter activity is located within 476 bp upstream of the mdrlb
transcriptional initiation site. In these cells, TNF induces NFkB translocation to the nucleus
and increases promoter activity. Quinazoline, an inhibitor of NF«B activity, dampens the
response. Deletion of the NF«B binding site completely abolishes the effect of TNF,
whereas deletion of the p53 binding site has no effect. This suggests that the NFxB binding
site of the mdrlb promoter is solely responsible for TNF-activation and most of the basal
gene transcription. Both electrophoretic mobility shift and chromatin immunoprecipitation
assays confirm the binding of the p65 subunit of NFxB to nuclear DNA from RBE4 cells
[217]. An essential role of NFkB signaling is further shown in BMEC from wildtype and
knockout mice with deletion of the p50 subunit of NFxB. In wild-type mice, LPS induces a
mild increase of MDR1a mRNA and a robust increase of MDR1b mRNA, and it elevates the
protein expression of P-gp which is a product of both genes. There is no effect of p50
knockout on the LPS-induced increase of P-gp. Rather, the uptake of vinblastine is increased
by LPS in the knockout mice, indicating an inhibition of P-gp activity. Thus, a long duration
and high dose of LPS treatment depresses, not increases, P-gp function with the help of
NFkB [221]. In both situations, NFkB is a crucial modulator of P-gp function and a
potential therapeutic target.

7. SUMMARY

We mainly reviewed cytokine signaling in BBB endothelial cells and summarized relevant
aspects of cytokine transport across the BBB. We emphasized that endothelial membrane
microdomains determine cytokine receptor localization, trafficking patterns, and the fate of
intracellular degradation or transcytosis. We showed that cytokines alter endothelial function
with several potential outcomes: increased permeability, generation of relaying signaling
including another cytokine(s) and soluble mediators potentiating the effects of another
cytokine(s), and modulation of efflux transporters. The effects of proinflammatory
cytokines, particularly TNF and its inducing LPS, are well known to act through NF«xB
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signaling to change P-gp activity at the BBB level. However, the inhibitory effect of TNF,
IL-15, and leptin on ABCA-1 to potentially decrease cholesterol efflux is novel and may
provide insight into how inflammatory signals cause metabolic disturbance. This is
consistent with the neuroendocrine consequences of cytokine interactions with the BBB.
Thus, this is an exciting field with new results yet to come.

Interactions of cytokines and the BBB are pertinent to many neurological disorders.
Cytokines are intricately involved in autoimmune diseases, infection, inflammation
associated with trauma, ischemia, hemorrhage, neurodegeneration, and certain genetic
disorders. For instance, Tangier disease is associated with an ABCAL mutation resulting in
defective transport of high-density lipoprotein. Nutritionally related disorders, from obesity
to cachexia, represent a special catogory in that many adipokines are cytokines produced by
adipose tissue and other organs. Cytokines affect all aspects of brain physiology, including
feeding behavior, sleep, thermoregulation, emotion, and memory, and their interactions with
the BBB are an integral part of the cytokine network. With discussion of several unique
aspects of BBB cytokine signaling and new trends in research, we hope that readers new to
the field will be convinced that cytokine-induced BBB signaling is an important therapeutic
target for human CNS diseases.
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Fig. (1).
Effects of leptin and aMSH on STAT1 activation in HEK293 cells transfected with MC3R,
MCA4R, ObRb or control pcDNA plasmids. Leptin induced STAT1 activation only in cells
overexpressing ObRb. MSH alone had no effect on STAT1 activation. Co-transfection of
MC3R or MC4R along with ObRb plasmid had differential effects on leptin-induced STAT1
activity in that MC3R overexpression decreased, whereas MC4R overexpression increased,
leptin-induced STAT1. The same change was seen in cells treated with both leptin and
aMSH (n = 3 /group).
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Fig. (2).
Confocal imaging showing the coexistence of MC4R and ObR in the median eminence of
the mouse hypothalamus. MC4R (red) expression exhibited intense fiber-like staining and
intermittent diffuse signaling in both wildtype (A) and ob/ob (D) mice. ObR (green)
expression in wildtype mice (B) showed fiber and membrane-localized punctate staining,
whereas ObR staining in ob/ob mice was more intense (E). The merged picture of MC4R
and ODbR staining shows the coexistence of both receptors in neuron-like cells (arrows) in
the median eminence of both wildtype (C) and ob/ob mice (F). Scale bar: 10 pm.
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Fig. (3).
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Effect of cytokines on ABCA-1 transporter promoter activity in RBE4 cells transfected with
ABCA-1 luciferase promoter and control Renilla luciferase plasmids. Basal activity was
significantly reduced when the cells were treated with TNF (5ng/ml), IL-15 (5ng/ml), or
leptin 0.8pug/ml for 6 h (empty bars). Co-treatment of the cells with LXR ligand T0901317
(T09; 1 M) and RXR ligand 9-cis retinoic acid (9cRA; 100 nM) induced a small but
significant increase of ABCA-1 promoter activity in the phosphate-buffered saline (PBS)
control group. Cytokine treatment did not affect this activation pattern (solid bars). ***: p <
0.005 in comparison with vehicle treatment (n = 3 /group).
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Fig. (4).

Schematic representation of regulation of P-gp during inflammation: Under normal
physiological conditions, P-gp present on the luminal side of the BBB limits the brain
uptake of drugs. In inflammatory diseases, TNF-a activates NF«B, which leads to
transcriptional activation of P-gp. This leads to increased activity of P-gp and in turn causes
further decrease in the brain penetration of drugs.
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