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Abstract

Recent studies suggest that the function of the blood brain barrier (BBB) is not static under normal
physiological conditionsand is likely altered in neurodegenerative disease. Prevailing thinking
about CNS function, and neurodegenerative disease in particular, is neurocentric excluding the
impact of factors outside of the CNS. Thisreview challenges this perspective and discusses recent
reports suggesting the involvement of peripheral factors including toxins and elements of adaptive
immunity that may not only play arole in pathogenesis, but also progression of neurodegenerative
diseases. Central to this view is neuroinflammation. Several studiesindicate that the
neuroinflammatory changes that accompany neurodegeneration affect the BBB or its function by
altering transport systems, enhancing immune cell entry, or influencing the BBB’sroleasa
signaling interface. Such changesimpair the BBB’ s normal homeostatic function and affect neural
activity. Moreover, recent studies reveal that alterationsin BBB and its transporters affect the
entry of drugs used to treat neurodegenerative diseases. Incorporating BBB compromise and
dysfunction into our view of neurodegenerative disease leads to inclusion of peripheral mediators
in its pathogenesis and progression. In addition, this changing view of the BBB raises interesting
new therapeutic possibilities for drug delivery as well as treatment strategies designed to reinstate
normal barrier function.
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Introduction and perspective

The blood brain barrier (BBB) is an enigmato many and misunderstood by most. It is
probably fair to say that descriptions of the BBB receive only casual mention in most classes
or texts on neuroscience. As aresult, the prevailing perception is that the BBB isastatic
element of the neurovasculature that merely serves as an impediment to drug delivery.
Moreover, the neurocentric view of CNS disorders normally precludes consideration of a
role for the vasculature in CNS disease pathogenesis except in afew notable cases (e.g.
stroke). However, given the disproportionate degree of cardiac output (20%) delivered to the
brain via an extremely large and delicate vascular network, it would be surprising if that
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vasculature and its barrier function that separates the peripheral compartment from the
central compartment was unaffected by neuronal disease. Indeed, emerging evidence from
virtually all CNS degenerative disorders document BBB dysfunction in the disease process.
Moreover, the perception of the BBB as a static element is undergoing a paradigm shift as
well, such that it should now be viewed as a dynamic interface that is not only responsive to
vascular signals, but signals from the parenchyma as well. In addition, the cells of the BBB
produce prostaglandins, nitric oxide, and cytokines that affect CNS function. A more
thorough understanding of the BBB and an appreciation of its dynamic nature is therefore
needed to better understand the pathophysiology of CNS disease.

Thisreview will provide an overview of the normal structure and function of the BBB and
point out examples of how barrier dysfunction or barrier compromise might contribute to
CNS disease and its treatment. Being newcomers to this field, we have been struck by the
theoretical implications barrier dysfunction would have on disease progression. Thus, if the
BBB becomes leaky as aresult of neuroinflammation caused by the dopamine (DA)
neurodegeneration in Parkinson’s disease (PD; our primary field of interest), elements of the
peripheral compartment (e.g., immune mediators) may very well participate in the disease
process. Moreover, we and others showed that this barrier compromise alters
antiparkinsonian drug delivery (Carvey et a. 2005;Westin et al. 2006;Monahan AJ and
Carvey PM 2008). Alternatively, does aleaky BBB allow central signals (e.g., chemokines)
to more effectively recruit peripheral elementsto a site of neuroinflammation? Based on this
experience, we feel that a greater appreciation for barrier function/dysfunction would likely
influence the way the reader thinks about his or her primary CNS disorder. We will
therefore also raise rhetorical questions about how BBB dysfunction could affect CNS
diseasesin general. Given the numerous reviews about the various elements that comprise
the BBB, our intent is not to create a comprehensive review of the literature, but rather, to
provoke an appreciation of how BBB dysfunction may contribute to an understanding of
CNS disease.

I: Characteristics of the BBB as an interface between the CNS and

periphery

The BBB wasfirst identified by experiments such as the one by Paul Ehrlich who noted that
basic dyesinjected into the circulatory system failed to stain the brain, while staining most
other organs (Ehrlich 1904). Subsequent studies by one of his students showed that injection
of the dye into the CSF stained al cellsin the brain, but not organs within the periphery
(Goldmann 1913). These experiments led to the belief that the BBB segregated the central
and peripheral compartments effectively preventing molecules in blood from entering brain
and moleculesin brain from entering blood unless they were lipid soluble. Subsequent
studies demonstrated that this was not necessarily the case since numerous transport systems
are present on the luminal and abluminal surfaces of the brain endothelial cells (BECs) that
make up part of the BBB. In addition, it was soon recognized that barrier integrity was not
simply a consequence of a physical barrier, but also involved transport mechanisms (e.g., p-
glycoprotein [P-gp]) that exclude certain lipid soluble molecules from brain. Enzymes
located in BECs (e.g., Cyptochrome P450-3A4 (CY P-3A4) or monoamine oxidase)
metabolize lipid soluble molecules that do penetrate the BECs, preventing entry into brain
parenchyma creating another aspect of the barrier. Moreover, it is now clear that thereis
communication across the BBB including blood-to-brain and brain-to-blood signaling
suggesting that BECs act as a signaling interface between the brain and blood. Thus, BECs
release prostaglandins and nitric oxide in response to systemic infectionsto initiate anorexia
(Langhans 2007) and neuroinflammation activates signals on the capillary walls to induce
immune cell entry. In addition, cytokines are released by the BECs in response to
inflammation on either side of the barrier (Vermaet a. 2006). The BBB functionis
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therefore best described as a physical and metabolic barrier with selective transport systems
acting as a signaling interface between brain and blood.

la: Components of the BBB

The structure of the BBB is comprised of highly specialized BECs which make contact with
pericytes by peg and socket junctions (Ho 1985;Diaz-Flores et al. 1991). The pericyteisalso
embedded in a vascular basement membrane which connects with the astrocytic end-feet
processes of the glialimitans (Krueger and Bechmann 2009;Balabanov and Dore-Duffy
1998). The glial limitansis composed of astrocytic end feet processes that cover the surface
of the brain and spinal cord and is referred to as the glia limitans superficialis when present
near the subarachnoid space. A similar structure is present in normal brain parenchyma and
isreferred to as the glia limitans perivascularis (Owens et al. 2008a). This structure courses
near neurons (Figure 1).

Together with neurons and microglia, the BBB comprises a construct called the
neurovascular unit (Hawkins and Davis 2005). Thus, there are interactions among these cells
that regulate vascular blood flow to the neuron(s). The pericyte is widely thought to regulate
vascular blood flow. In areas of the vessel where pericytes exists, Peppiatt et al.
demonstrated vialive-imaging in rat retinal and cerebellar slicesthat ATP and noradrenalin
induces constriction of the capillaries. And while GABA blockers also led to constriction of
the corresponding capillary, glutamate suppressed it. These observations supports the role of
the pericyte in driving contractility of the vessel and therefore its function as a modulator of
vascular blood flow (Peppiatt et al. 2006). Biogenic amine containing neurons (i.e.
norepinephrine [NE] and serotonin [SHT]) in particular, course in close proximity to blood
vesselsin many locations (Rennels and Nelson 1975;K apadia and de Lanerolle
1984;DiCarlo, Jr. et al. 1984) suggesting their potential involvement in BEC regulation,
although this remains a question. Indeed, it is thought that NE regulates barrier integrity.
Thus, loss of ascending fibers from the locus ceruleus led to significant down regulation of
tight junction proteins and barrier compromise (Kalinin et al. 2006). The gliovascular unit is
asimilar construct (Wolburg et a. 2009), involving only astrocytes and vesselsand is
thought to be more involved in capillary regulation. The concepts embodied in the
neurovascular and gliavascular units suggest active involvement of the brain parenchymain
BEC function. However, these concepts embody more than just vascular flow regulation and
imply interplay among the cells to control a number of additional functionsincluding
transport of water-soluble substrates, tight junction (TJ) integrity between the BECs,
angiogenesis, and metabolic regulation. Takano et a., for example, have demonstrated
abnormalities in astrocytes and microvascular control in mouse models of AD using two-
photon in vivoimaging of astrocytic Ca2* signaling (Takano et a. 2007). It is therefore not a
conceptual leap to assume that neuronal dysfunction could lead to vascular changes, which,
in turn, participate in the changes caused by that neuronal dysfunction. Moreover, since
neuronal function is heterogeneous throughout the brain, it follows that BEC function and
BBB integrity and function is heterogeneous in the brain. Thus, are regional degenerative
changesin PD or Alzheimer’s disease (AD) a consequence of a unigque neurovascular
environment? If biogenic amines regulate BEC function and BBB integrity, do changesin
these neurotransmitters that occur as part of normal brain function, in psychiatric disorders,
or in neurodegenerative diseases, alter barrier integrity heterogeneously? Since all
neurodegenerative diseases release proinflammatory cytokines, nitric oxide, and
neurosteroids, which have been shown to affect barrier function, do they affect the integrity
and function of the BBB in areas of active inflammation as well? These concepts have not
been adequately studied.
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lal: Brain Endothelial Cells (BECs) and the microvascular network of the
brain—The primary cell responsible for barrier integrity discussed in thisreview isthe
brain capillary endothelial cell and from here on will be referred to as brain endothelial cell
(BEC) (although it isimportant to note that epithelial cells form the blood-CSF barrier,
similarly play asignificant role in blood-brain communication (Redzic et al. 2005). Asis
true of endothelia cells (EC(s)) throughout the body, the ECS' phenotypic characteristics are
markedly influenced by the tissue in which it resides (Garlanda and Dejana 1997). However,
unlike most other ECs in the periphery, those forming the BBB have increased numbers of
mitochondria (Oldendorf W.H. et al. 1977), lack fenestrations (Fenstermacher and Kaye
1988), have markedly reduced pinocytotic activity (Sedlakova et al. 1999), and form
characteristic tight junctions (TJs) with one another that markedly reduce diffusion of
molecules across the vessel (Kniesel and Wolburg 2000).

The TJsthat are largely responsible for barrier function are formed and regulated by a set of
complex interacting proteins (Figure 2). The existence of the TJ forces water soluble
macromol ecules, which might otherwise enter the brain via passive diffusion, through
paracellular space (Stevenson and Keon 1998), to pass through the BEC itself. Thus, unless
a specific transport protein exists for amolecule, or it can be trafficked using pinocytosis, it
must diffuse across both the luminal and abluminal surfaces of the BEC (transcellular
diffusion). It isimportant to appreciate however, that even though we think of the BBB as
absolute, it is not, and if vascular concentrations are high enough, even relatively large
molecules will cross, albeit in low concentrations.

Occludin, claudins and junctional adhesion molecule (JAM) are the transmembrane proteins
of TJsthat seal the paracellular space between adjacent plasma membranes of BECs (Figure
2; the proteins that comprise the TJs have been reviewed extensively (Ueno 2007;Wolburg
et a. 2009;Wolburg and Lippoldt 2002). Intracellularly, scaffolding proteins zona occludin
1(Z0-1), ZO-2, and ZO-3 interact with these molecules while linking to actin filaments
within the BEC cytoskeleton that appear critical for barrier integrity (Nico et al. 2003). The
extracellular domains of claudins and occludins form the major component of the diffusion
barrier in the paracellular space athough all the proteins contribute to barrier integrity at
some level. Deregulation of claudins and JAM may lead to enhanced permeability in
microvessels (Liebner et al. 2000;Wittchen et al. 1999;Martin-Padura et al. 1998). There are
adherens junctions below the tight junctionsin the basal region of lateral plasma membranes
that appear to also contribute to barrier function. Cadherins stabilize adhesion between
BECs in the adherens junctions. Intracellularly, catenins also link cadherins to the
cytoskeleton (Vorbrodt and Dobrogowska 2003). Alterations in the function of any of these
proteins destabilize the junctions, facilitating paracellular diffusion although compensatory
change following down-regulation or knock—out of one of these proteins has created
numerous paradoxes suggesting poor understanding of the TJ as awhole.

Itiswell known that inflammatory mediators in the blood destabilize TJs leading to barrier
compromise as part of sepsis (Li et a. 2009). However, our recent studies also indicate that
products of microglia, including tumor necrosis factor alpha (TNFa), disrupt barrier
integrity from the abluminal side of the barrier suggesting receptor-mediated changes occur
on the abluminal surface aswell (Zhao et a. 2007). This further reinforces the notion that
barrier integrity isinfluenced by changesin brain parenchyma given that microglia and
factors released from microglia such as TNF a are elevated in al neurodegenerative
diseases studied to date. Although inflammatory mediated compromise, whether from the
luminal or abluminal surface, is conceptually easy to understand, albeit not generally
considered, barrier compromise is also associated with peripheral pain. McCaffrey et a.,
(2008) demonstrated increased BBB permeability due to the disruption in the assemblage of
the disulfide—bonded occludins using the lambda-carrageenan-induced peripheral
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inflammatory pain model (McCaffrey et a. 2008). Using the same model, (Huber et al.
2006) showed an early increase in Inter-cellular Adhesion Molecule (ICAM-1) RNA and
protein expression that remained for 48 hours. |mmunohistochemistry showed that the
induction of ICAM-1 was region specific with increased expression noted in the thalamus
and frontal and parietal cortices, which directly correlated with increased expression of
activated microglia. This suggests that not only can peripheral pain affect barrier integrity
and expression of cell adhesion molecules responsible for infiltration of peripheral cellsinto
brain, but that the effect is not global, implicating regional selectivity.

Normal physiological responses to stress similarly alter the dynamics of the BBB. Stress-
induced alterations in the BBB have been studied in several animal models including
immobilization (Dvorska et al. 1992), and heat stressin rats (Sharma et al. 1992). Both
stressors increase BBB permeability to drugs and neurotransmitters. Emotional stress
experienced by soldiers has been shown to increase the paracellular diffusion of the
acetylcholine esterase inhibitor pyridostigmine (which normally penetrates brain poorly)
causing athree-fold increase in frequency of CNS symptoms compared with controls
(Sharabi et al. 1991). Friedman et a (1996) followed up on this phenomenon by using a
simulated stress situation (i.e., forced swim protocol) in mice and found that stressed mice
required less pyridostigmine (50% reduction in dose) to inhibit acetyl-cholinesterase in brain
due to increased BBB permeability (Friedman et a. 1996). Although these studies suggest
that stress leadsto barrier compromise and increased entry of this quaternary amine, recent
studies suggest that stress may also reduce P-glycoprotein (P-gp) activity which may also
contribute to the increased entry of pyridostigmine (El Masry and Abou-Donia 2006). Taken
together, these studies suggest that non-inflammatory mediators participate in regulation of
TJ proteins and their interactions as well as proteins expressed on BECs (i.e. P-gp), raising
the possibility that other non-inflammatory mediators may have similar effects.

We normally assume that barrier integrity is static within the CNS and barrier compromise
isonly evident in pathological conditions. The studies alluded to above challenge that view
suggesting that dynamic alterations in the barrier play arolein normal brain function as
well. Moreover, we tend to view the barrier dysfunction as only leaky or not-leaky.
However, as aluded to above and discussed in greater detail below, a binary view as either
leaky or intact is simplistic since its signaling, transport, and secretory functions may change
independent of barrier compromise. If barrier integrity or functions are compromised by
such subtle activities as pain or stress, what is the potential role of circulating NE and 5SHT
that would enter brain from the periphery in the brain’s response to these stressors? If the
BBB becomes leaky to peripheral proteinsincluding cytokines present in the vasculature at
low levels during pain or stress, how do these cytokines influence the normal physiological
responses of the brain? If these normal physiological activities alter barrier transport
functions, do changesin the entry of insulin or amino acids, for instance, as aresult of
functional alterationsin the BBB, aso contribute to normal responses? The implications of a
“dynamic barrier” in normal CNS function are potentially critical to our understanding of
the overall response to these general stimuli and are, to say the least, understudied and rarely
considered.

la2: The pericyte—In addition to the BEC, the pericyte is thought to be a critical
component of afunctional BBB, although we know little about it because it is difficult to
isolate. Pericytes are sprinkled (~one pericyte for every 5-6 BECs) along the vascular
endothelium in microvascular networks and form gap junctions with BECs suggesting an
intimate functional relationship (Fisher 2009), 2009). Pericytes also communicate with other
elements of the neurovascular unit through autocrine and paracrine signaling pathways
(Nakaoke 2007). These actin-expressing cells wrap numerous processes around the vessel
and have anumber of vasoactive signaling receptors suggesting their involvement in
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microvascular capillary flow. If thisistrue, are these cells responsive to CO», the well-
known mgjor regulator of microvascular flow in the brain? Dore-Duffy (2008) implicated a
role for these cells in angiogenesis based on her studies demonstrating characteristic de-
differentiation when pericytes were cultured (Dore-Duffy 2008). This suggests a stem cell
morphology. Do pericytes de-differentiate and then differentiate into BECs as part of the
angiogenic process? Given their intimate contact with BECs, the role of the pericyte in BBB
integrity may be critical under normal and pathological conditions. Indeed, a recent study
suggests that loss of pericytes may be acritical first step in the disruption of the blood-
retinal barrier that leads to blindness in patients with diabetes (Diffley et al. 2009). In
addition, Nakagawa et al., (2007) showed that pericytes are critical in maintaining the
BEC' s ability to transport insulin in the face of high glucose levels (Nakagawa et al. 2007).
These studies suggest arole for pericytesin regulating normal function of the BBB as well.

la3: Astrocytes—The astrocytic end feet that engulf the capillary networks of the brain
have long been assumed to significantly influence neurovascular structure and integrity. It is
well established that astrocytes participate in nutritive and metabolic support of neurons.
Thisis underscored by the close apposition of the astrocytic end-feet on the capillary walls
and their close relationship with neurons. Thus, astrocytes are in a position to disperse
vascular nutrients away from the vesselsin support of neural function. In addition, the
astrocytic end feet appear to regulate water transport as evidenced by the polarized
expression of aquaporin-4 on the astrocytic terminals (Satoh et al. 2007). It is also thought
that the astrocytes secrete soluble factors that induce the formation of TJsin the BECs
although these substances are yet to be identified (Abbott 2002b). Janzer and Raff (1987)
first demonstrated that purified astrocytes, when transplanted into the anterior eye chamber
of therat, induced BBB-like vascular changesin the invading BECs (Janzer and Raff 1987).
/n vitro studies suggest that BECs grown in the presence of astrocytes or astrocyte
conditioned mediaincreases endothelial cell resistance and increases expression of TJ
proteins (Abbott 20024). If thisistrue, then why do the vesselsin the so-called
circumventricular organ (e.g., area postrema, regions of the hypothalamus etc.) that line the
ventricles, have astrocytes, but no BBB?

Recent studies suggest that products from pericytes may also be involved ininitiating TJ
formation (Kim et al. 2009). It is also likely that elements of the basement membrane
contributed by the astrocyte may participate in TJformation by stabilizing the BEC and
inducing protein expression changes in the BEC. It is therefore more likely that interactions
among the BECs, astrocytes, pericytes and the basement membrane are all required to
initiate complete TJ formation explaining the difficultiesin identifying the factor(s) involved
in TJformation when one component alone is studied. Regardless, this does not explain why
some regions of brain do not have a complete barrier, however. Given the likely
involvement of several factorsin TJformation, can disease states that affect astrocyte or
pericyte function alter the production of the factor(s) responsible for BBB induction in areas
that normally have a BBB? What are the consequences of astrocytosis that commonly occurs
in brain injury on proteins responsible for inducing or maintaining barrier integrity (Willis
and Davis 2008). Since it appears that barrier integrity aswell as function is best
characterized as dynamic, what are the relative roles of astrocytes, pericytes, and the
basement membrane interactions in these changes?

la4: The Basement Membrane—The basement membrane is composed of collagen type
4, eastin, fibrillin, laminin and fibronectin. The basement membrane also includes alarge
number of extracellular matrix proteins, cell adhesion molecules (CAMs), aswell as
signaling proteins that form an extensive and complex matrix. This membrane engulfs the
BECs and pericytes, but does not act as a significant barrier to diffusion of small molecules,
although its anchoring function plays an important role (Persidsky et al. 2006). BECs,
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astrocytes, and pericytes all probably contribute to formation of the basement membrane that
not only servesto anchor the cellsin place, but aso regulates cellular functions of the BECs
through signaling molecules on the abluminal BEC surface. Disruption of the basement
membrane can therefore lead to alterations in the cytoskeleton of the BEC that, in turn,
affects TJ proteins and barrier integrity. Matrix metalloproteinases (MMPs), and in
particular MM P9, significantly affect barrier integrity and are known to digest basement
membranes (Rosenberg 2002). Disruption of the basement membrane leads to reduced
anchoring of BECs and matrix-BEC signaling that affects TJ integrity leading to barrier
compromise. Thus, acute bouts of multiple sclerosis (MS) are associated with increased

MM P9 and administering aMMP9 inhibitor prevents flare upsin the experimental alergic
encephalomyelitis (EAE) model of MS (Rosenberg 2009). MM Ps not only induce barrier
compromise by disrupting the basement membrane, but also participate in both the
formation and clearance of beta-amyloid depositsin AD (Nalivaeva et a. 2008).
Administering inhibitors to the MMP to prevent the now established barrier compromisein
AD could have both beneficial and detrimental effects. Interestingly, minocycline (a
tetracycline family antibiotic) is known to inhibit the activation of microglia and prevent DA
neuron loss in PD anima models, is also an inhibitor of MM Ps suggesting that at least part
of its neuroprotective effects may involve blockade of MM Ps and maintenance of barrier
integrity (Yong et al. 2007).

In addition to the basement membrane that delimits the BECs, a second barrier called the
glialimitans forms an additional barrier to brain parenchyma (Figure 4). The glialimitansis
comprised of astrocytic foot processes, and perhaps microglial foot processes, together with
a second basement membrane that create a perivascular space between the basement
membrane of the glia limitans and the basement membrane of the BECs. Although the
basement membranes by themselves do not likely prevent small molecules from entering
brain, they do serve to restrict passage of cellsincluding immune cells from freely entering
brain. Moreover, the presence of the two basement membranes sandwiching a perivascular
space creates a microenvironment that we know little about except that it creates an area
where immune cells cluster during inflammation; a phenomenon called perivascular cuffing
(see below). Isthere a unique microenvironment in this perivascular space that regulates the
signaling between astrocytes and BECs (in paracrine fashion) that is important to barrier
integrity? Is this microenvironment altered in neurodegenerative disease? Like the pericyte,
we know little about this BBB element.

Il: The BBB in development and aging

Asistrue of many functions of the BBB, very little is known about its early development,
and what we do know has been extrapolated from the rodent and chicken. The devel opment
of the BBB occurs when angioblasts derived from the mesoderm enter the head region and
begin to form the perineural vascular plexus, which occurs in the rodent at embryonic day 9.
The perineural vascular plexus covers the neuroectoderm and begins to invade the highly
proliferative neuroectoderm via vascular sprouts at embryonic day 11 in rodents and
embryonic day 2 in the chicken (Engelhardt 2003). Onset of angiogenesisin the brain occurs
at embryonic Day 11 in the rodent and embryonic day 2 in the chick, and continues at
maximal rate into early postnatal periods followed by down-regulation in the adult brain
(Robertson et al. 1985) (Engelhardt 2003). The sprouting process appears to occur at
specific locations, possibly meeting local demands as structural development occurs within
the brain (Bar 1980). As development continues, BECs become connected by small TJs
forming small, thin walled vessels that evolve into capillaries. The tightness of the BBB
appears to occur regionally when angiogenesisis occurring and increases gradually
(Robertson et al. 1985).
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Whether or not the developing brain vasculature is leaky has been a question of debate.
Studies similar to those of Ehrlich, showed that plasma proteins enter fetal brain in higher
amounts than adult brain (Wakai and Hirokawa 1978); (Stewart and Hayakawa 1987;Risau
1991). However, others argue that very little plasma protein enters fetal and newborn brain,
arguing that even /n utero, the BBB is impermeable to proteins from blood (Mollgard et a.
1988). Additionally, permeability to ions as measured by electrical resistance of small pia
blood vesselsis higher in the fetal brain than the adult brain suggesting barrier integrity
(Butt et a. 1990) (Keep et al. 1995). Saunders et a., (2008) recently discussed the issues
surrounding barrier integrity during development and suggested that both TJs and integrity
develop early. However, they a so suggested that the maturity of the various transporters on
BEC were not well characterized raising the possibility that transporter immaturity could
contribute to toxic exposure during development (Saunders et a. 2008). This does not
preclude the possibility that the same types of peripheral factors that affect the BBB during
adulthood, are not at work during development. Given that fetal insults can produce long-
term effects on brain function (Carvey et a. 2003) (Barlow et al. 2007), aterationsin barrier
permeability or function, especially if they are regional, could contribute to
neurodegenerative diseases that have focal pathology (e.g., AD and PD) in later life. Indeed,
we have shown that prenatal exposure to lipopolysaccharide (LPS), administered
systemically to the adult female rat or mouse, leads to selective loss of dopamine and
serotonergic neurons, but not gabaergic neurons (Ling et al. 2009) in the young adult.
Moreover, the changesin the brain in response to thisinsult appear to be regional. Does this
occur because of some unique vulnerability of these types or heurons during devel opment,
or does L PS and the proinflammatory cytokines it produces affect selected regions of the
brain because systemic L PS produced alocalized effect on BECs because their functional
development was different from other regions of the developing brain?

Surprisingly, little is known about the effects of aging on the BBB, although a general
consensus isthat barrier integrity is normal in the aged brain, albeit more readily disrupted
by insult. Thus, recent studiesin aged mice reveal that traumatic brain injury is greater in
aged animals and associated with significantly slower repair of the barrier (Onyszchuk et al.
2008). Similarly, DiNapoali et a., (2008) demonstrated increased damage and slower
recovery of barrier integrity in the middle cerebral artery occlusion model of stroke
(DiNapoli et al. 2008). The SAMP8 mouse model of accelerated aging and AD, revealed
increased extravasation of 1gG into the hippocampus in aged vs. young animalsindicating
altered function of BBB in aged senescence-accelerated mice (Pelegri et al. 2007). However,
these changes may more readily reflect the fact that many strains of SAM mice are
contaminated with virus (Banks et al ., 2000).

Aged rats (18 mo) exhibit evidence of reduced TJ proteins and alterations in barrier integrity
compared with young adults (Campbell et a. 2007). Chan-Ling and colleagues (2007)
demonstrated an age-related dysfunction in the blood-retinal barrier in aged rats that was
associated with increased entry of phagocytic macrophages (Chan-Ling et al. 2007). Bartels
and colleagues (2008) demonstrated a significant down-regulation of P-gp in aged humans
suggesting a possible mechanism for age-related neurodegeneration. They argued that
reductions in P-gp would increase brain exposure to neurotoxins normally excluded by these
xenobiotic transporters. Thus, there is some evidence of barrier dysfunction in the aged
brain, but as can be seen, the area needs greater study (Bartels et a. 2008). Given that ageis
the most important risk factor for several neurodegenerative diseases, should altered barrier
function and perhaps even barrier compromise, be added to the list of age-related
phenomenathat are considered risk factors for these diseases? Do age-related changesin
transporter function lead to increased entry of xenobiotics? Does reduced function lead to
increased entry of peripheral free radicals or immune mediators that promote further
neuroinflammation? Does an age-related barrier dysfunction represent atipping point where
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the ability of brain parenchyma becomes overwhelmed by peripheral factorsleading to
degenerative change as proposed by Zlokovic (2008)? These issues represent potentially
important questions that are normally not considered in the pathogenesis of CNS disease by
the mgjor stake-holdersin thefield.

lll: The Transport Systems of the BBB

The movement of water soluble molecules or large molecular weight substances from the
lumen of ablood vessd to the parenchymaor vice versais largely regulated by polarized
transport systems within BECs. The blood-to-brain influx transport systems supply nutrients
such as glucose, amino acids and nucleotides from the blood to the brain, while the brain-to-
blood efflux transport systems remove metabolites and neurotoxic compounds from the
brain parenchyma to the blood (Ohtsuki 2004). In addition, drug efflux pumps, located on
the luminal wall of the BECs, transport lipid soluble xenobiotics that enter BECs back into
blood. These transport systems thus not only facilitate supply of water-soluble substances
needed for normal brain function, but prevent potentially harmful substances from entering
aswell. The various transport systems thus play acritical role in brain homeostasis.
Although the list of transportersis ever expanding, it appears that they can be conveniently
classified into four categories (ion transporters, Na* dependent, Na*-independent, and active
transporters (see Figure 3)).

Understanding the function of these transporters requires an appreciation for BEC polarity.
Because of the BBB, substances in blood must cross both the luminal and abluminal
surfaces of BECs. The induction of TJs leads to this organization such that different
transport proteins are present on either side of the cell, although how this occursis currently
unknown. Transport of awater-soluble substance into the BEC from the blood requires a
second transport system on the abluminal surfaceto carry it from the BEC cytoplasm into
the perivascular space and vice versa(Figure 3). For example, facilitative transporters for
glutamate and glutamine are present on the luminal wall of the BEC while three Na*-
dependent excitatory amino acid transporters (EAATS) and a Na*-dependent glutamine
transporter are found on the abluminal wall (Bernacki et a. 2008). Thus, transport systems
appear to be coupled asis true of many transport systems within the body. Indeed, some
transporters (e.g. Glutl) are more prevalent on the abluminal wall to ensure a blood-to-brain
flux of needed glucose. Because of this polarity, it is possible that aterations on the vascular
side can disrupt transport function on one side of the cell without compensating alterations
on the abluminal side with potential negative consequences. Thus, Salkeni et al., (2008)
demonstrated that L PS exposure affected P-gp resulting in significant increases in the entry
of P-gp substrates (i.e. verapamil; (Salkeni et a. 2008). Given thisresult, it is possible to
consider that neuroinflammation may preferentially affect transporters on the abluminal
surface independent of the luminal surface? If this were to occur, would it disrupt the
polarity of coupled transport? Uncoupling these functions might have profound effects on
transport functions potentially leading to disruption of BEC function and altered brain
homeostasis that could complicate an already pathogenic process. Such dysfunction may
contribute to the abnormal transport of B-amyloid protein in AD (see below).

llla: lon transport systems

Given that many of the transport systems derive their energy from Na* counter-transport and
neurona function is extremely dependent upon Na* currents, ion transport systems at the
BBB are critical to normal brain function. Asistypical of many cells, the transport of ions
are coupled to maintain electrical neutrality within the BEC while also regulating [H*] (Betz
1986); (Somjen 2002),; Figure 3). Na*-K* ATPase pumps located on the abluminal surface
maintain high sodium concentrationsin the brain interstitial fluid to help drive Na* counter-
transporters and neuronal depolarization. A Na*-H* counter-transporter also participates. In

JNeurochem. Author manuscript; availablein PMC 2010 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carvey et d.

Page 10

order to maintain electrical neutrality aswell as pH, these abluminal transporters work in
concert with aNa*-Cl- symporter as well as Na*-H* and CI-HCOj3" counter-transporters on
the abluminal surface. What happens to the homeostatic integrity of this systemin
neuroinflammation is unknown. Moreover, the impact on neuronal function associated with
reductions in extracellular Na* following barrier compromise has not been studied.

In addition, to ionic flux across the BEC layer, no discussion of ionic regulation within the
CNS would be complete without a discussion of K* spatial buffering in astrocytes. High
levels of extracellular K* produced by neuronal depolarization leads to further
depolarization of neurons aswell as glia, and thus regulation of extracellular K* is critical. If
extracellular K* is not regulated, it can lead to further depolarization of neurons and thereby
disrupt the normal flow of excitation regulated through synaptic activity. Astrocytes play an
important role in regulating extracellular K* by taking up K* and distributing it to other
areas of the brain where neuronal activity is not as high. The mechanisms responsible for
potassium spatial buffering are not completely understood. However, K* channel density is
very high at the end feet of astrocytes where excess K* is released into the perivascular
space and where it can be subsequently transported into BECs using the Na*-K* ATPase
pump and eventually out of the brain. As discussed below, epileptic seizures are known to
affect expression of P-gp. Does the associated increase in electrical activity produce
increased levels of K* within interstitial fluid that overwhelms these ionic transporters,
resulting in changes that, in turn, affect other transport systems?

lllb: Na+ independent transporters

The solute carrier family (SolLute Carrier family) of transporters consist of 300 genes and 43
families of membrane transporters that are either Na* dependent or independent and can
transport an extensive variety of solutes that otherwise do not cross the BBB. Of importance
to BBB function (as well as blood-CSF barrier function) are those that are heavily expressed
on lumina or abluminal surfaces of the BBB or both.

A number of organic anion transporting polypeptides (Oatp/SL CO) and organic anion
transporters (Oat/SLC22A) are found in brain (Figure 3). Of the fourteen members of the
Oatp family, only Oatplad (Oatp2), Oatplab (Oatp3) and Oatplcl (Oatpld) have been
identified in brain microvessel (Tamai et al. 2000). Substrates for this family of transporters
include bile salts, organic dyes, steroid conjugates, thyroid hormones, neuroactive peptides
and various drugs. Within the SLC22 sub-family of transporters, the organic anion
transporter OAT3 and renal-specific transporter (RST) have a so been identified in the BBB
(Enomoto et a. 2002a;Enomoto et a. 2002b). OAT3 in rat and mouse BECs transport
homovanillic acid (HVA), the main dopamine metabolite, as well as other neurotransmitter
metabolites out of brain (Mori et a. 2003;0htsuki et a. 2002). Since these transporters are
saturable and subject to competition by other organic anions, build up of other anionic
metabolites of neurotransmitters would inhibit HV A transport by OAT3 leading to
accumulation of this metabolite. Interpretation of animal studies by examination of the so
called neurotransmitter activity ratio (e.g., [HVA]/[DA]) assumes a dependence on
neurotransmitter release. Thus, it is assumed that |oss of DA neurons leads to increased DA
release by remaining neurons with subsequent increased catabolism leading to increasesin
the [HVA]/[DA] ratio. However, thisincrease could also reflect reduced clearance of HVA
because of competition at OAT3 or dysfunction of OAT3 due to the neuroinflammatory
process associated with DA neuron degeneration. Asinvestigators who have routinely
published these ratios as an index of DA activity, we have never considered this alternative
interpretation until we began to gain a better understanding of the role of the BBB in
neurodegenerative disease. Moreover, if the BBB is compromised in neurodegenerative
disease, do cationic or anionic metabolites need a transporter for extrusion from the brain, or
will they simply diffuse down a concentration gradient into blood paracellularly?
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The uricosuric agent probenecid isan OAT competitive inhibitor. At one time probenecid
was widely used to assess acidic monoamine metabolites and cyclic nucleotidesin the CSF
as an index of CNS neurotransmitter activity (Wood 1980). The assumption was that 24
hour production of NE and 5SHT metabolites in the presence of inhibition of their efflux from
CSF could be diagnostic of depression. However, if the BBB is dynamic, and function of its
transport systems are influenced by CNS disease, interpretation of measures such as these
would be extremely complicated.

Transport of essential amino acids into brain occurs by facilitative, Na*-independent
transporters called the L1system (Figure 3). L1 transporters are found on both sides of the
BEC, but like Glutl described above, are present at much higher concentrations on the
luminal side. In addition, Na* independent transport systems include the y+ system for
cationic amino acids, the xg™ system for acidic amino acids, and the n (SNAT3 and SNATS5)
amino acid transporters that are key mediators of glutamine transport which can function
independent of Na*. In addition to identical substrates, these facilitative transporters can
transport a number of xenobiotics due to their low substrate specificity

lllc: Na* dependent transporters

A large number of Na'* transporters are present in the BBB as well asin the choroid plexus
and transfer alarge number of water-soluble solutes. These include the Large Neutral
Amino Acid transporters (LNAA), the ASC system, the alanine preferring A system for
small neutral amino acids, and the Excitatory Amino Acid transporters (EAAT system). In
addition, the organic cation/carnitine transporter, OCTN2 is also Na* dependent (Betz and
Goldstein 1978;Sanchez del Pino et al. 1995). These are coupled transporters with Na*
dependence occurring on the abluminal surface utilizing the Na* concentration created by
the Na*-K* ATPase pump (O’ Kane and Hawkins 2003).

We tend to view these transporters as carriers of nutrients. However, neurotransmitter
transporters are also present on BECs. For example, GAT2/BGT-1 is present on the
abluminal wall and extrudes y-amino-butyric acid (GABA) into blood (Tetsuka et al. 2001).
The norepinephrine transporter is localized on the abluminal membrane while serotonin
transporters are present on both the abluminal and lumina walls membrane (Wakayama et
al. 2002). These transporters likely play arolein the clearance of excesslevels of
neurotransmitters while other transporters carry their metabolites out of brain.

The excitatory acidic amino transporters (EAAT1-3) are located on astrocytes as well asthe
abluminal surface of the BECs. These transporters remove glutamate from the interstitial
fluid of the brain preventing potential excitotoxicity (Beretta et al. 2003). EAAT transporters
on BECs thus play an important role in homeostatic regulation of glutamate concentrations.
Although it islikely that EAAT transporters on astrocytes play a more important rolein
sequestering glutamate from its potential local excitotoxic effects, transporters on the BECs
likely play asignificant role in determining the level in brain over all. Since glutamate
toxicity isimplicated in so many of the neurodegenerative diseases, the role of abluminal
glutamate transport cannot be under-appreciated. Thus, if neuroinflammation induces
inflammation of BECs, what are the consequences on glutamate clearance from brain and if
glutamate transfer is compromised, does it produce glutamate-mediated, excitotoxic neuron
loss.

llld: Active efflux pumps

In contrast to the facilitative transport systems described above, the ATP-binding cassette
(ABC) superfamily of transporters are membrane bound and require ATP to transport
solutes across the BBB. They are appropriately classified as active transporters since they
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can extrude molecules against a concentration gradient and require ATP. Included in this
family of proteins are the Multidrug Resistant Proteins (MDRs), the MDR associated
proteins (MRPs) and Breast Cancer Resistance protein (BCRP). The first MDR protein
identified was P-gp, a 170 kDa transporter that has a variety of substrates (Juliano and Ling
1976). P-gp, also referred to as MDRL, is highly expressed on the BBB (Kamiie et al. 2008);
(Bernacki et al. 2008) and found localized to the luminal membrane of the BEC where
substrates are secreted from the BEC back into blood (123, Bernacki, J 2008). P-gp has also
recently been found on the abluminal surface, although we know little about its function at
thislocation (Bendayan et al. 2006). Normally, P-gp on the luminal surface participatesin
cholesteral, lipid, glucocorticoid and peptide transport out of brain, but its broad substrate
specificity allows binding and subsequent transport of xenobiotics (Terasaki and Hosoya
1999). Although it plays an important role in physiological function, its evolution as ade-
toxicant defense mechanism cannot be discounted.

Many lipid soluble drugs have structures capable of binding to P-gp and hence, their entry
into brain isinhibited. Asistrue of drugsintentionally developed to be water-soluble so
their systemic administration only has peripheral effects (e.g., pyridostigmine used in the
management of myasthenia gravis), substrate binding to P-gp has also been used to
advantage. A classic exampleisloperamide. This drug takes advantage of the constipating
effects of the opioid class of drugs, but sinceit is a substrate for P-gp, it does not enter brain
readily. In the management of PD, the DA antagonist domperidone is effective at reducing
peripheral DA agonist side effects (e.g. epigastric distress) without exacerbating PD
symptoms, because it is a substrate for P-gp and thus does not readily enter brain. However,
we demonstrated that the neuroinflammation that accompanies DA neuron lossin the rat
model of PD, led to increased entry of domperidone despite up-regulation of P-gp on the
BBB (Carvey et al. 2005). We interpreted this to suggest that increased entry occurred
because of barrier compromise. In addition, Westerlund and colleagues (2009) recently
showed polymorphismsin P-gp were prevalent in PD patients suggesting reduced capacity
to exclude possible DA neurotoxins. P-gp also participates in the extrusion of amyloid beta
from brain parenchyma, the accumulation of which is thought to contribute to AD
(Westerlund et al. 2009;Kuhnke et al. 2007). If there are polymorphismsin P-gp or
induction of this protein occurs as part of neuroinflammation, what are its effects on the
progression of the degenerative process? Strategies to inhibit P-gp or uncouple it from ATP
is an important emerging area of research in CNS drug delivery (see (Hennessy and Spiers
2007). Interestingly, grapefruit juice is awell known inhibitor of P-gp, although not all
varieties are equally as potent (Uno and Y asui-Furukori 2006). Since grapefruit juice
consumption is more prevalent in some locales, is there an interaction between grapefruit
juice and P-gp toxin substrate specificity that creates aregional risk factor for
neurodegenerative disease? Since grapefruit juice is also an inhibitor of CY P-3A4, the
possibilities of these dietary, regional, and biotransformation interactions become very
complex and difficult to interpret within epidemiological data.

In addition to P-gp, there are twelve additional members of the MRP family (MRP1-9).
Their primary roleisto transport organic anions. MRP 1 and 2 are the most studied of the 12
members (see (Begley 2004), for review). MRP 1 transports leukotriene C4 while MRP2
removes anionic glucuronides and glutathione conjugates and unconjugated organic anions
into bile (Rappaet a. 1999;Konig et al. 1999;Bernacki et al. 2008). It is now well
established that epilepsy increases MRP2 expression |eading to reduced effectiveness of
MRP2 substrate antiseizure drugs (Loscher 2005). Using cDNA arrays, Dombrowski, and
colleagues (2001) showed a 225% increase in MRP2 gene expression in BECs from patients
with drug resistant temporallobe epilepsy (TLE). This suggests that up-regulation of MRP2
expression may play an important role in resistance to certain antiepileptic drugs (e.g.,
phenytoin and levetiracetam) by decreasing the permeability of these drugs across the BBB.
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Given these results, it should be questioned how electrical changes within the brain and
BECs dter expression of transporters (Dombrowski et al. 2001). Are other transporters up-
regulated or down-regulated by changesin electrical current that could subject the individual
to toxic levels of drugs or environmental neurotoxins? Given that astrocytes play a
significant role in regulating interstitial fluid neurotransmitter and ion concentrations and the
intimate relationship between astrocytes and BECs, are changes in the BBB that occur in
epilepsy mediated by astrocytes? What impact do alterations in other MRP transporters have
on the pathogenesis of neurodegenerative diseases and their therapies?

As can be seen, alterations in transport proteins such as P-gp in neurodegenerative disease
are attracting more attention given their potential rolein pathogenesis and drug therapy. In
addition to the traditional view that P-gp as well as other members of the ABC class of
transporters are present on the BEC, recent studies (summarized by (Ronaldson et al. 2008)
suggest that they are also present on astrocytes. Localization of P-gp on astrocytic end foot
processes suggests arole for P-gp at the glialimitans as well. In addition, levels of P-gpin
astrocytes as well as BECs are induced by chronic treatment with protease inhibitors such as
atazanavir (Perloff et al. 2005) having significant implications in the neurodegenerative
changes that occur in AIDS.

In addition to these transporters, there are numerous others that regulate vitamin entry and
other trace nutrients. The genomics of transporters has been categorized and a nomenclature
has been established. This system has at least 298 membersin 43 families and has been
recently reviewed by (Hediger et al. 2004). It isimportant to recognize that as one reads the
transporter literature, it is assumed that they are identically expressed across all species. This
is clearly not the case however, and there are innumerable examples of greater preval ence of
aparticular transporter expressed in rats and mice that are not expressed in humans and vice
versa This makes generalization of datafrom animal studies complex and such
generalization should always be made with caution.

Ille: Receptor-mediated transcytosis

In addition to the transport proteins mentioned above, receptor-mediated transcytosis (RMT)
is an important process for moving essential nutrients across the BBB into parenchyma.
RMT utilizes the vesicular trafficking machinery of the endothelium to transport nutrients
such asiron viathe transferrin receptor (Moos 2002) and insulin viathe insulin receptor into
the parenchmya. RMT requires ligand binding to a specific receptor at the luminal side of
the BEC which initiates the process of endocytosis including the formation of intracellular
transport vesicles that deliver the dissociated ligand to the parenchyma (Jones and Shusta
2007) Does altered transport of such nutrients worsen or participate in neurological disease?
On the other hand, does neurological disease ater the process of transcytosis?

IV: The Metabolic Function of the Blood-Brain-Barrier

Many of the cytochrome P450 (CY P) subfamilies are present in the BBB aswell asin
circumventricular organs, including the choroid plexus and posterior pituitary. Indeed, itis
generally thought that enzymatic levels are higher in the circumventricular regions of the
vascular-brain interface where TJs are not present (Ghersi-Egea et al. 1994). Thisincreasein
biotransforming enzymes is consistent with the notion that metabolism would need to be
higher due to increased paracellular diffusion.

In rodents, CYP 1A1 is expressed in the ECs of the BBB (Dey et a. 1999); (Huang et al.
2000) (Morse et a. 1998). Activities of enzymes involved in drug metabolism, NADPH-
cytochrome CY P reductase, cytochrome 1A and 2B and uridine diphosphate glucruronosyl
transferase (UGT) have been measured in the immortalized rat brain endothelia cell line
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RBE4 (Chat et a. 1998). In 2002, Granberg studied the CYP 1A1 and CYP 1B1 in rodent
blood brain interfaces and found that CY P 1A 1 is constitutively expressed at low
concentration in some blood brain interfaces and is highly inducible and functional,
however, evidence for CY P 1B1 was inconclusive (Granberg et al. 2003). In human brain,
evidence suggests the presence of CYP 1B1 and CYP 2B at the BBB (McFadyen et al.
1997). These studies suggest that BEC from different organisms do not express the same
enzymes and further highlight the caution needed when extrapolating data from animals to
humans as discussed above. A newly discovered cytochrome CY P, CY P 4X1, has been
detected in BECs within the brain, however, its function is unknown (Al Anizy et al. 2006).
It isimportant to recognize, however, that the levels of CYPsin brain (~0.5-2% of that in
liver), are unlikely to significantly affect the overall pharmacokinetics of drugsin the body.
However, these CY P enzymes may play an important role in regulating the levels of
endogenous GABA, which is thought to participate in brain cholesterol homeostasis as well
as elimination of retinoids (Hedlund et al. 2001) Astrocytes also express CY P enzymesin
high concentrations (Meyer et al. 2007). Since astrocytes and the basement membrane they
secrete form the glialimitans, CY P enzymesin these cells form a second metabolic barrier
that affects physiological substrates as well as xenobiotics.

Kalariaand Harik (1987) demonstrated that monoamine oxidase was present in brain
capillaries although levelsin rats were much higher than those isolated from humans
(Kalariaand Harik 1987). The existence of aromatic amino acid decarboxylase in the BECs
was established soon after the use of levodopa in the management of PD became prevalent
(Hardebo et al. 1980). The existence of these enzymes in BECs together with observations
that serotonin and noradrenergic transporters are present on the surface of BECs in the brain
(Wakayama et al. 2002) may be more related to the possible role of serotonin and
norepinephrine in regulating vascular flow then a xenobiotic role. Regardless, the relative
roles of these enzymes aswell as the CY P enzymes in relation to changes that may occur as
part of the neurodegenerative process and subsequent effects on the BECsis virtually
unknown. It appears that the CY P enzymesin the BBB may also be inducible asthey arein
theliver. Although the low levels of CY P enzymes normally present in the BBB represents
only asmall fraction present in the body, does induction of these enzymes in the BBB, the
last point of entry into brain, have significant therapeutic implications in the management of
psychiatric or neurodegenerative disorders? Very little work has been donein this area.

V: The Blood Brain Barrier as a signaling interface

Data is beginning to accumulate suggesting that the BECs comprising the BBB may serve a
signaling function. Although the polarized transport of molecules described above can be
viewed as representing a signaling mechanism, recent evidence suggests that receptor
activation can influence barrier integrity as well as generate signals that are transferred into
brain parenchymaand vice versa

Polakis (2008) recently reviewed signaling pathways that appear to regulate the integrity of
TJ proteins. Calcium, RhoGTPases, G-protein signaling, and various kinases have been
shown to regulate TJ proteins, including the claudins (Hawkins and Davis 2005); (Persidsky
et al. 2006) and recent studies by Liebner et al. (2008) strongly implicate the Wnt signaling
pathway (Liebner et al. 2008). These studies provide a means through which luminal or
abluminal signals can affect TJs and therefore barrier integrity under physiological as well
as pathological circumstances. However, other studies suggest that the BECs can transduce
signals from the lumen causing release of mediators on the abluminal surface aswell.

Gosselin and Rivest (2008), demonstrated that Interleukin-6 (1L-6) receptors on BECs
mediated activation of microgliathrough prostaglandin E2 signaling suggesting arole for
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the BEC in transmitting systemic inflammatory eventsinto the brain (Gosselin and Rivest
2008). Banks (2006) summarized several of these studies. Thus, LPS treatment of BEC
monolayersin transwell chambers led to the release of IL-6, IL-10, TNFa, and granulocyte-
macrophage colony stimulating factor from the abluminal surface of the cells suggesting that
avascular signa caused the release of cytokinesinto brain parenchyma. Adiponectin, alarge
protein that is released into blood from fat and affects feeding, is thought to influence
feeding behaviors by working on receptors on the luminal surface. BEC monolayers exposed
to adiponectin led to significant increasesin IL-6 from the abluminal surface of the
monolayer. Taken together, these studies speak to the emerging role of the BEC in the BBB
as a signaling/communication interface between the peripheral and central compartments
(Banks 2006). In addition to these studies, it is now well accepted that parenchymal
inflammatory mediators signal the BEC to increase expression of selectins to signal
peripheral monocytes to attach and enter brain (see below). Aswe begin to evaluate the role
of the BBB asasignaling interface, it islikely that changesin this capability will aid in our
understanding of the pathogenesis of neurodegenerative disease. Given the recent
characterization of the BBB as a dynamic structure, its emerging signaling function will
likely play an important role in both normal and pathological function that will undoubtedly
impact the way we look at neurodegenerative disorders.

VI: Entry of Peripheral Cells into Brain Parenchyma

The historical notion that the brain is an immune privileged areais not true. There is strong
consensus that the normal brain undergoes limited, but routine immune surveillance and
adaptive immunity likely playsarolein all neurodegenerative diseases. Unlike the periphery
where peripheral mononuclear cells migrate readily across capillary beds, immune cells
enter brain primarily across post-capillary venules (Owens et a. 2008b). Two additional
sites of immune cell entry have been identified thus far. Immune cells enter cerebrospinal
fluid (CSF) through the choroid plexus as well as through post-capillary venules at the pial
surface that invade parenchymato form Virchow-Robbins spaces. Immune cells cluster in
Virchow-Robbins spaces to produce a continuous supply of immune cells as documented in
the EAE mode of MS. Regardless of |ocation, extravasation (transmigration) of monocytes
across the BBB is a complex process involving activation of the monocytes and BECs as
well as migration mediated by gradients of chemokines. This process was recently reviewed
in detail by Man and colleagues (Man et al. 2007).

Pro-inflammatory mediators including cytokines, activate BECs and lead to increased
expression of CAM of the E-selectin subfamily on the luminal surface of BECs (another
example of the BEC as asignaling interface). These selectins bind to glycosylated ligands
(integrins) on the monocytesin a process called tethering (Figure 4). Such tethering may not
overcome the sheer forces created by blood flow, but will cause monocytes to slow and roll
along the luminal surface of the vessel. Normally, there is little adherence of the monocyte
to the luminal wall because of low expression of selectins explaining the very low level of
normal immune surveillance. However, immune cell activation peripherally, or the presence
of immobilized chemokines on the luminal wall in particular, leads to increased selectin
expression that results in tethering. Tethering does not lead to transmigration, but provides
adequate attachment so that the normal flow of blood through the venules creates arolling
behavior of the monocytes. The binding of the monocyte integrin to BEC selectins signals
the BECsto increase expression of VCAM, ICAM and fibronectin connecting segments
(FN-CS-1), which then form into clusters increasing binding avidity for the monocytes.
Similarly, this binding causes conformational changes in other integrins on the monocytes
allowing for greater adherence. Slowed down by tethering, the monocytes can then bind
with greater avidity to clustered proteins on the luminal wall causing movement arrest.
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If the monocyte integrins are in a high affinity state due to stimulation, and BEC receptors
have become clustered as aresult of inflammatory effects on the BECs, the monocyte will
dowly roll down the luminal wall to paracellular junctions (although transcellular
transmigration through a BEC has also been described (Carman and Springer 2004). Here
the monocyte will form firm adhesion viaintegrin receptors to endothelial counter-receptors.
In conjunction with release of MMPs that digest the basement membrane, the monocyte will
extend processes rich in chemokine receptors into the perivascular space “sniffing” the
microenvironment for chemokines. If detected, the monocyte will completely enter the
perivascular space. Provided an adequate gradient of chemokines is present, the monocyte
will then traverse the glialimitans; a step that similarly involvesthe MMPs.

Clearly, the multiple steps and proteins involved with transmigration of peripheral
monocytes into brain offer numerous opportunities for therapeutic intervention. Since MS
likely involves an autoimmune component, interfering with T-cell entry into brain should
reduce the relapses many M S patients experience following their initial presentation.
Natalizumab is a neutralizing antibody to a4 integrin, which mediates transmigration of
activated T-cells. Patients treated with natalizumab experience significantly reduced
numbers of flare ups in association with fewer white matter lesions (see review by (Rommer
et al. 2008)). This suggests that interfering with monocyte transmigration can provide
therapeutic benefit. There are likely other means of interfering with this process suggesting
that neuroinflammation-mediated immune cell invasion can potentially be reduced in
numerous neurodegenerative diseases including PD and AD, provided that the immune
system plays arole in disease progression like it appearsto doin MS (see below). In
addition, Beers et al. have demonstrated in an animal model of AL S casued by dominant
mutations in Cu2+/Sn2+ superoxide dismutase (SOD1) that wild type donor derived
microglia transplanted into mSOD1%%3A/Pu. 1-/-transgenic animals slowed the loss of motor
neurons and prolonged survival (Beers et a. 2006). This suggests that peripheral myeloid
cells do transmigrate across the BBB in response to injury. To further support this notion,
Giri et al. demonstrated that Ap-mediated migration of monocytes can beinibitited by
antibody to the Ap-receptor (RAGE) and platelet endothelial cell adhesion molecule
(PECAM-1(Giri et al. 2000). However, it is also clear that in addition to increased immune
cell entry in CNS disease, the neuroinflammation that mediates the BEC activation
responsible for the transmigration process in the first place, also appears to compromise
barrier integrity. If the barrier is compromised, the need for the transmigration process
described above may be less critical. Moreover, if the barrier isindeed compromised, the
chemokines that guide peripheral monocytes into brain will be able to enter the vascular
lumen and not only more readily activate monocytes, but provide a stronger tropic signal to
guide migration. Whether or not this is the case in neurodegenerative diseasesis totally
unexplored and represents a new set of potential therapeutic interventions. Thus, would
chemokine antagonists reduce immune cell entry into brain across a breached barrier?

We recently reviewed the literature regarding the involvement of adaptive immunity in
neurodegenerative disease, which revealed scattered historical references to immune cell
involvement, and recent evidence strongly implicating peripheral immune cell entry in PD
and other neurodegenerative diseases (Monahan AJ and Carvey PM 2008) (See Figure 6.).
When mouse chimeras with green fluorescent protein bone marrow were treated with
MPTP, bone marrow derived cells migrated into the SN and adopted the phenotype of
activated microglia (Rodriguez et al. 2007). These results suggest that MPTP treatment
induces extravasation of peripheral cellsinto the brain as part of an innate immune response.
Thereis also evidence for ongoing immune surveillance in the brain mediated by naive T
cells (Cose 2007;Cose et a. 2006). In addition, infiltration of CD 4 and CD 8 T cells have
been observed following MPTP treatment (Kurkowska-Jastrzebska et al. 1999). Kurkowska
et a., found that MPTP induced DA neuron damage could be reduced by dexamethasone
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treatment implicating immune involvement in DA neuron loss (Kurkowska-Jastrzebska et al.
1999). More recently, Brochard and colleagues showed that the MPTP induced DA loss was
reduced in mice lacking CD4 helper T-cells suggesting their involvement in DA
neurodegeneration (Brochard et al. 2009).

Benner et al. provided a possible mechanism for an adaptive immune response in PD
(Benner et al. 2008). In this study, they showed that CNS antigens exited the brain following
MPTP treatment and they isolated a neo-antigen (nitrated a.-synuclein (N-a-syn)) from the
cervical lymph nodes. As has been shown in MS, antigen does indeed leak from the CNS
and enters cervical lymph nodes where it can induce an adaptive immune response (Weller
et al. 2009). Benner’ s group then adoptively transferred cells from mice exposed to N-a-
syn, into mice that had been treated with MPTP. The mice receiving the cells exposed to N-
a-syn had greater losses of DA neurons indicating that the introduction of immune cells
previously exposed to an antigen associated with MPTP treatment exacerbated the MPTP
induced DA neuron loss. Moreover, adoptive transfer from immune depleted SCID mice
treated in the same fashion did not show DA neuron losses. This study suggests that self-
antigens attacked by reactive oxygen species form neo-antigens that become antigenic
(Figure 5). One can envision someinitial insult that causes aregional neuroinflammatory
response that leads to neuron loss, which then sheds antigen that is attacked by hydroxyl
radicals or peroxynitrite for instance, producing neoantigens that initiate a secondary
immune response. Entry of T-cells, aswell as antigen spreading, leadsto further attack in an
area of inflammation that evolvesinto a self-sustaining cycle of neuron loss and further
immune activation that produces progression of disease. Early in life, the system may be
able to maintain control of this cycle. However, as the system reduces its anti-inflammatory
capacity with age, isless able to detoxify free radicals, or has a compromised BBB, the
antigenic capacity reaches atipping point where cell loss begins and continues. Thisis
clearly asimplistic depiction of acomplex process. Regardless, the neurocentric view often
precludes consideration of such a hypothesis, yet has not been able to provide a sound
mechanism for the progressive nature of most neurodegenerative diseases, with the notable
exception of MS where an immune component to the disease as well asits progression is
widely accepted. Do such phenomena occur in PD, AD, and/or ALS? If thisisthe case,
would interfering with immune cell entry or altering transmigration of cells as shown to be
successful in MS, slow disease progression? As has been true of most of the rhetorical
guestions in this review, they are intriguing questions that have not been asked by those who
study neurodegenerative disease.

VII: Angiogenesis and BBB integrity

Angiogenesisis the formation of new blood vessels and is a critical component in a number
of normal physiological functions including development, follicle cyclesin women, and
wound healing. In cancer, tumors must induce angiogenesisin order to grow and anti-
angiogenic drugs are well characterized and effective in treating some tumors. Angiogenesis
also occursin the brain. Periods of hypoxialead to increased production of the transcription
factor hypoxiainducing factor (HIF) that has been shown to up-regulate production of
vascular endothelial growth factor (VEGF). VEGF isincreased in AD (Kalariaet al. 1998);
(Thirumangaakudi et al. 2006), stroke (Kaur and Ling 2008), PD (Wada et al. 2006) and
perhapsin ALS (Sathasivam, 2009). Although VEGF may have additional propertiesin
terms of direct effects on neurons and neurogenesis (Udo et a. 2008), thereisample
evidence of itsincreased production in PD implicating growth of new vessels. Faucheux et
al. showed an increase in vascular density in the SN, but not the VTA of PD patients
(Faucheux et al. 1999) and Barcia et a. found evidence of microangiogenesisin the PD
brain, which is often associated with barrier dysfunction (Barcia et a. 2004). Barcia et al.
also noted an increase in the number of blood vesselsin close proximity to degenerating DA
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neurons in non-human primates that was highly correlated with increases in VEGF
expression (Barciaet a. 2005). VEGF is also elevated in the SNpc and in the striatum of PD
patients (Wada et al. 2006;Y asuda et a. 2007). In fact, asingle intra-nigral injection of 1j.g
VEGF led to BBB compromise that peaked at 4 days (Rite et a. 2008) although Tian et al.
did not demonostrate angiogenesis or BBB dysfunction after administering the VEGF gene
viaan adeno- associated viral vector (AAV-VEGF) to the striatum (Tian et a. 2007). More
importantly, the leakage correlated with the degeneration of DA neurons adjacent to the
injection site. In addition, we have observed a co-localization of f3 immunoreactivity, a
marker for angiogenesis, with BBB permesability in an animal model of PD (Carvey et al.
2005). Taken together, these studies suggest that angiogenesis might actually participatein
the DA degenerative process.

It isimportant to recognize that angiogenic vesicles are leaky and may explain the BBB
dysfunction observed in all neurodegenerative diseases (see above). But, angiogenesisis
generally viewed as transient. Thus, neuroinflammatory events or hypoxialead to
angiogenic changes that lead to new vessel formation with subsequent return to normal.
However, what are the consequences of chronic neuroinflammation? Does this lead to
continuing angiogenesis as the neuroinflammation spreads from an initial area of injury?
Indeed, there is evidence of chronic angiogenesis as well in neurodegenerative diseases.

In amouse model of hypoxic retinopathy, a hypoxic event results in the expression of VEGF
for 2 days. After thefirst day, the integrin avp3, amarker for angiogenic vessels, is
expressed on vessel buds (Chavakis et al. 2002b). Angiogenesis ensues and the maximum
number of vessels are present between 6-8 days but by 23 days the number of vessels has
returned to baseline (Chavakis et a. 20024). Folkman hypothesized a balance of angiogenic
and anti-angiogenic factors that constitutes an angiogenic switch (Hanahan et a. 1996). The
change in the expression of pro or anti-angiogenic factors then determines whether
angiogenesi s continues or regresses. However, the chronic exposure to angiogenic factors,
such as VEGF, as might occur during continued neuroinflammation as has been proposed in
PD, produces the pathological angiogenic vessels found in many tumors (Nagy et al. 2008).
These vessels do not mature and are constantly leaky (Nagy et a. 2008). Interestingly,
chronic angiogenesis has been implicated in other progressive diseases including
inflammatory bowel disease (Pousa et al. 2008), diabetic retinopathy (Penn et al. 2008),
psoriasis (Heidenreich et a. 2008), and rheumatoid arthritis (Y 0o et al. 2008) Thus, do the
neuroinflammatory changes that occur in neurodegenerative disease alter a pro/anti-
angiogenic balance that contributes to a chronic state of BBB dysfunction and further
degeneration? Since, VEGF can produce DA neuron lossin a PD animal model, does
blocking VEGF prevent DA neuron loss and more importantly, the progressive loss of DA
neurons? Chronic angiogenesis and disease progression in neurodegenerative diseasesis
certainly worthy of further study and could provide new therapeutic targets.

VIII: Do changes in the BBB cause, participate or result from degenerative

changes?

Alterationsin the BBB are likely involved in all neurodegenerative diseases. The question
then becomes do these changes cause the disease, participate in its pathogenesis, or are they
simply a consequence of degeneration? The answer to this question has significant
implications. In disease models, such as reperfusion injury, amodel for stroke, thereisa
biphasic opening of the BBB in which the onset is due to the activation of MM P-2 while the
later opening is due to activation of MMP-9 and MMP-3 (Rosenberg and Y ang 2007);
(Gasche et a. 2006). Vascular changes that lead to BBB compromise clearly play arolein
the development of neuron loss in stroke. Notwithstanding stroke, there are several studies
that argue that dysfunction in barrier function precipitatesin AD. According to the
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neurovascular hypothesis of AD, faulty BBB clearance of A-betavia LRP-1/RAGE-
mediated transport, may be the mechanism responsible for A-beta (Ap) accumulation in the
brain. Soluble forms of Ap are transported from the blood to the brain viathe RAGE
receptor and from brain to blood viathe L RP receptor (Zlokovic et al. 2005;Deane et al.
2004). Homeostasis of A in the brain is controlled by binding of AP to transport proteins
such as apolipoprotein E4 and apolipoprotein J (Fagan et a. 2002). Martel et al.
demonstrated in guinea pig brain that apoE4 forms a stable complex with soluble AR, which
reduces degradation of the peptide and in turn may enhance transport across the BBB and
therefore amyloid formation in brain whereas ApoE2 and E3 prevented transport of soluble
AB (Martel et a. 1997). Additional features of AD such as angiogenesis and arterial
dysfunction may also initiate neurovascular uncoupling leading to Ap accumulation and
neurovascular inflammation resulting in synaptic and neuronal dysfunction (Zlokovic
2005;Deane and Zlokovic 2007). This hypothesis suggests that neurovascular dysfunction
precedes the neuronal degeneration implicating BBB dysfunction as causal in AD. In
support of this hypothesis, brain imaging studies using 2-[ 18F] fluoro-2-deoxy-D-glucose
(FDG)-PET, ameasure of cerebral glucose transport across the BBB, show areduction in
cerebral glucose uptake in patients with mild cognitive decline and possible AD prior to
progression to AD (Drzezga et al. 2003) (Hunt et a. 2007;Bell and Zlokovic 2009b). It is
also likely that barrier dysfunction participates in the progression of AD (Jaeger L.B. 2009).

Recent studies document various vascular anatomical defectsin AD patients including
arteriole and capillary atrophy and irregularities, swelling and increased numbers of
pinocytic vesiclesin BECs, disruption of the basement membrane, and reduced total
microvascular density (Bell and Zlokovic 2009a). In addition, Wu and colleagues (2005)
reported that the low expression of vascular-restricted mesenchyme homeobox 2 gene leads
to angiogenesis and premature pruning of capillary networksin AD patients. Indeed, we
recently showed increased avp3 immunoreactivity in AD brains suggesting angiogenesis
(Desai et a. 2009). Since angiogenic vessels are notoriously leaky, the possibility exists that
elements of the peripheral vasculature may participate in AD progression, and as argued
above, may even be involved with its development. Regardless of timing, it islikely that
BBB dysfunction plays an important rolein AD pathogenesis.

In multiple sclerosis, the early development of the disease is associated with increasesin
MMPs 1,2,3,7,9 and 12 activity, which are known to disrupt the BBB and lead to an
increased entry of leukocytes as well as degradation of myelin (Kurzepaet al.
2005;Lindberg et a. 2001). In addition, Kirk and colleagues (2004) argue that angiogenic
changes are well established in MS pointing to alink between BEC inflammation, barrier
abnormalities, and angiogenic changes that could contribute to disease progression (Kirk et
al. 2004). Although it is clear that barrier dysfunction contributes to disease progression,
whether or not it is causative remains a question. However, it must be acknowledged that
since MSis considered an autoimmune disease and passage of immune mediators across the
BBB iscritical step in its development, it can be argued that barrier dysfunction and not
compromise may also be causative.

Disruption of the BBB has also been implicated as causative in HIV associated dementia
(HAD). With the advent of new drug therapies, HAD is becoming more prevalent and
patients exhibit cognitive deficits from sub-clinical and mild cognitive motor deficits to
dementia. HAD generally develops late in disease and patients deteriorate into a vegetative
state. Studies by Kanmogne and colleagues (2002) reveaed that the HIV protein gp120 was
toxic to BECsimplicating barrier compromise as an early step in the CNS infection process,
suggesting that BBB dysfunction or compromise is causativein HAD (Kanmogne et al.
2002). Since BECs express a number of different receptors or membrane-bound cytokines
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that affect TJintegrity, it is quite possible that circulating factors initiate TJ alterations that
lead to barrier compromise to initiate disease.

Westerlund and colleagues (2009) identified polymorphinsmsin P-gp as arisk factor for PD
suggesting the possibility of reduced capacity to extrude DA neurotoxins (Westerlund et al.
2009). In asimilar vein, Menegon et al., (1998) demonstrated polymorphismsin glutathione
transferase in the BBB suggesting reduced capacity to detoxify xenobiotics at the BBB
(Menegon et al. 1998). Although these studies suggest that environmental toxins are the
initiating factor, they also argue for the involvement of the BBB in causality. Interestingly,
there has been along-standing inverse relationship between caffeine consumption and PD.
Chen and colleagues (2008) demonstrated that caffeine prevented the breakdown in the BBB
normally produced by the DA neurotoxin MPTP. Thus, caffeine administration not only
prevented MPTP-induced barrier compromise, it prevented the increasesin MM P9 and
losses of ZO-1 normally associated with DA neuron loss (Chen et al. 2008). Although these
effects could result from the effects of caffeine on adenosine receptors, they could also
reflect itsinhibition of phosphodiesterase thereby increasing cAMP which is known to
enhance TJs (Ishizaki et al. 2003). Indeed, Rite and colleagues (2007) demonstrated that
injection of VEGF aone caused DA neuron loss and neuroinflammation typical of PD
suggesting that BBB dysfunction may be avery early event in the PD process (Rite et al.
2007).

The discussion above alludes to asignificant role for acausal role or involvement of the
BBB intheinitial degenerative process. However, the commonality of BBB compromisein
all neurodegenerative diseases studied to date suggests at least, that barrier dysfunction
results from the pathogenic process. Indeed, numerous inflammogens present in these
disease states have all been repeatedly shown to alter barrier function suggesting in the very
least that barrier function results from the degenerative process. This has significant
implications for understanding disease progression as well as therapy.

IX: Consequences of barrier dysfunction in neurodegenerative disease

Asreviewed above, there is emerging evidence for the involvement of adaptive immunity in
the disease process. Activation of BECs facilitates entry of immune cells that would assist
the neurodegenerative process creating more neuroinflammation in a self-sustaining process
leading to disease progression that characterizes these disease states (Figure 7). Thisislikely
facilitated by advanced age and its associated impact on BBB function, detoxification
capacity, and anti-inflammatory capability. BBB dysfunction and/or barrier compromise
resulting from, and adaptations to the degenerative process, would allow other elements of
the peripheral vasculature including complement, toxins, and metals normally excluded
from the central compartment to enter brain and potentially contribute to the progression of
disease. BBB dysfunction would likely also alter ion balance, disrupt transport systems, and
potentially alter constituents of the enzymatic barrier from being effective. Finally, chronic
BEC inflammation leads to chronic angiogenesis that is often aberrant leading to altered
perfusion and its potential consequences. Thus, consideration of the involvement of the
peripheral compartment islikely critical to our understanding of the progression of
neurodegenerative disease.

Barrier compromise in neurodegenerative diseases also has significant implications for drug
therapy. Studies described above demonstrate increased entry of drugs normally excluded
from brain in animals with barrier compromise. As we considered the implications of this,
we cameto realize that it islikely that numerous drugs that could be used in
neurodegenerative diseases are never developed for therapy because preliminary studies
suggest they do not cross the BBB. But, what if the barrier is not intact? Indeed,
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conventional wisdom assumes an intact BBB and water-soluble drugs or larger molecules
that could be effective in these diseases, are never tried in animal models of the disease
where BBB compromise islikely present. Would systemically administered peptide, protein,
or glycoprotein drugs be effective in an animal model of AD or PD if they were tried in
actual animal models? Interestingly, Banks and colleagues (2007) recently demonstrated
increased anti-amyloid beta protein entry across the blood-brain barrier in the SAMP8
mouse model of AD suggesting that barrier compromise or BBB dysfunction may indeed
facilitate entry of substances that normally do not cross the BBB (Banks et al. 2007).

It must also be appreciated that the BBB alterations we are alluding to above are not system-
wide, but rather punctate (Figure 8). Thus, barrier compromise does not occur throughout an
affected structure in which neurodegeneration is occurring, but rather in small localized
areas within a structure. Thus, we have exposed rats and mice to various known DA
neurotoxins and demonstrated barrier compromise by injecting FITC-labeled albumin into
the carotid artery just prior to sacrifice and then scanned the brains using confocal
microscopy. In the hundreds of animals we have studied, we always observe punctate areas
of FITC-labeled albumin leakage in DA rich areas, but not in other areas (Zhao et al. 2007).
We hypothesized that these punctate areas of barrier compromise reflect regions undergoing
active neuroinflammation as evidenced by finding activated microglia co-localized to areas
of FITC-labeled albumin penetration. Indeed, areas of barrier compromisein MS are also
punctate. This raises the intriguing possibility of directed delivery following systemic
administration. Thus, systemic administration of drugs that normally do not penetrate the
BBB would enter only in areas of active neuroinflammation. This strategy may be
particularly useful in slowing or even arresting the self-perpetuating cycles of
neuroinflammation thought to underlie progression of neurodegenerative disease. Such
punctate patterns of leakage may also underlie drug side effects as has been argued by
Westin and colleagues (Westin et a. 2006). Thus, the dyskinesias that attend chronic
treatment of PD with levodopal/carbidopa could result in hot spots of increased DA activity
in the brain due to inhomogeneous delivery of levodopa or carbidopa due to barrier
compromise.

Finally, do therapeutic strategies designed to enhance barrier integrity reduce progression?
The study by (Chen et al. 2008) suggests this might be the case. Although caffeine has a
number of effects that could prevent the MPTP induced DA neuron loss, the possibility of
increasing CAMP levels that, in turn, stabilize TJs may be involved. Are patients on chronic
B-adrenergic agonists or phosphodiesterase inhibitors, both of which increase CAMP, less
likely to develop PD or AD or do they exhibit slowed progression after they go on these
drugs? We recently showed that animals treated with cyclic RGD peptide, that binds av3
and prevents angiogenesis, prevented MPTP-induced leakage as well as DA neuron loss
suggesting the involvement of barrier compromise in the acute effects of this neurotoxin as
well (unpublished observation). Given that there are currently several angiogenic inhibitors
on the market or in late phases of clinical trials for cancer treatment, would these drugs slow
or stop the progression of neurodegenerative diseases? For those of us who study
neurodegenerative disease, it istime for us to begin considering the role of BBB
dysfunction, barrier compromise and the potential involvement of the peripheral
compartment in our neurocentric fields.
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Abbreviations

AD Alzheimer’ s disease

ABC ATP-Binding Cassette

BBB blood brain barrier

BEC brain endothelial cell

BCRP breast cancer resistance protein

CAM cell adhesion molecule

DA dopamine

EC endothelial cell

EAAT excitatory amino acid transporters

EAE experimental allergic encephalomyelitis

FN-CS-1 fibronectin connecting segments

FITC fluorescein isothiocyanate

GAT/BGT gamma aminobutryic acid transporter/big gamma aminobutryic acid
transporter

HAD HIV - associated dementia

HIF hypoxia inducing factor

HVA homovanillic acid

IL-6 interleukin -6

ICAM inter-cellular adhesion molecule

JAM junctional adhesion molecule

LNAA large neutral amino acid transporters

LPS lipopolysaccharide

LPR low-density lipoprotein receptor-related protein

MDR multidrug resistant protein

MMP matrix metalloproteinase
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MRPs MDR associated proteins

MS multiple sclerosis

NE norepinephrine

OAT organic anion transport

OAT/SLCO organic anion transport/SoL ute Carrier Family
PD Parkinson’'s Disease

P-gp P-glycoprotein

PECAM platelet endothelia cell adhesion molecule
RAGE receptor for advanced glycation end products
RMT receptor mediated transport

RSP renal-specific transporter

5-HT serotonin

SLCO SoL ute Carrier Family

TLE temporal lobe epilepsy

TJ tight junction

TNF-a tumor necrosis factor — apha

Z0 zona occludin

VCAM vascular cell adhesion molecule

VTA ventral tegmental area
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Figurel.

Depiction of acapillary with the main components of the blood brain barrier.
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Figure 2.
Depiction of atight junction (TJ) between two apposing segments of adjacent brain
endothelial cells showing the major components of the junction.

J Neurochem. Author manuscript; availablein PMC 2010 October 01.

Page 34



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Carvey et d. Page 35

lon Tr port Na+Independ Na+ Dependent Active Transport

Oatp RST Y+, X n

EAAT ASC OCTN2

Figure 3.

Transport systems of the BBB are categorized into four distinct groups based on their
substrates (ion transporters), Na* dependence (dependent and independent), and the ABC
class of transporters (Active Transport). Although the Na* dependent and independent
transporters are depicted as one transport system, this likely does not reflect reality, and two
separate coupled transporters that may or may not have similar structures are more likely
involved. Certain types of transporters have also been detected in astrocytes including Na*
dependent neurotransmitter transporters (NTs) and P-gp. K* flux from the astrocytes depicts
potassium-spatial buffering. There are numerous additional transport systems not depicted.
(Seetext for details).
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Figure4.

Various phases of transmigration of peripheral monocytes across the BBB based on
interactions between integrins and cell adhesion molecules. This receptor interaction process
also requires involvement of matrix metalloproteinases (MM Ps) to digest the basement
membranes on the abluminal surface of the post-capillary venule as well as the basement
membrane of the glialimitans.

J Neurochem. Author manuscript; availablein PMC 2010 October 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Carvey et d.

Page 37

Inflamed or
affected BEC

Integrin
up-regulation

Inflammation

e A

Figure5.

Angiogenesis within the vasculature of the brain is precipitated by Hypoxia Inducing Factor
(HIF) or inflammation that induce increased production of Vascular Endothelial Growth
Factor (VEGF). VEGF induces the brain endothelial cells (BECs) to divide, or alternatively,
new BECs develop following de-differentiation of pericytes that act as stem cellsin the
angiogenesis process. Aswould be expected, matrix metall oproteinases (MMPs) are also
needed to digest the basement membranes. As depicted, angiogenic vessels are leaky.
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Figure®6.
Depiction of positive feedback mechanism that could potentially contribute to

neurodegenerative disease progression. Neuroinflammation leads to generation of reactive

oxygen species (ROS) that attack normal brain antigens to form neoantigens. These
neoantigens leave brain and collect in the cervical lymph nodes where they induce and

adaptive immune response. T-cells of multiple specificieties are generated through epitope
spreading, that bind to the original heoantigen and potentially normal brain antigens. These
cells circulate and transmigrate across the BBB facilitated by changesin the BBB induced

by neuroinflammation where they attack cells and further increase neuroinflammation
contributing to progression.
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Figure7.

Summary of consequences of a dysfunctional/compromised BBB. Dysfunction of the BBB,
angiogenic leak, or TJ separation mediated by neuroinflammation leads to disruption of the
normal boundaries between the peripheral blood and the parenchymal compartments. Asa
result, peripheral factors including toxins, monocytes, and complement etc., more readily
enter the brain. In addition, chemokines, metabolites, and neurotransmitters etc., more
readily leave brain. The mingling of these compartments that are usually separated is likely
to have significant effects on our perception of how neurodegenerative diseases develop and
progress.
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Figure8.

Section of rat and mouse mesencephalon at approximately that same level (accessory optic
tract) demonstrating punctate areas of BBB compromise in animals treated with various
neurotoxins. Just prior to sacrifice, animals were injected with FITC-labeled albumin which
normally does not cross the BBB. Three minutes later the animals were sacrificed and brain
sections were scanned using confocal microscopy. a section from the mesencephalon from a
control rat revealing typical FITC-labeled albumin confined to the vessels; b: punctate areas
of FITC-labeled abumin leakage from vesselsin rats that had received 6-hydroxydopamine
(60OHDA) 30 days prior to sacrifice; ¢c: same as b, but rats had received paraguat 14 days
prior to sacrifice; d: 16 month old rats that had received rotenone one month prior to
sacrifice; e mesencephalon of a mouse exposed to MPTP 72 hours prior to sacrifice; f: 17
month old rats that were exposed to lipopolysaccharide in utero at E10.5 similarly show
punctate aress of |eakage in the mesencephalon in the vicinity of DA neurons (redish orange
cells).
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