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.  ABSTRACT

Normal brain function depends on a delicately balanced seinafrkably diverse lipids. Consequently,
short and longerm alterations in brain lipid composition duriagute and chronineuroinflammatory
conditions associated with oxidative stress are casually involved in central nervous EysiSn
disorders (e.g. Az h e i me r, nsltiplel sclereseR &r ki n s o nshrake altriawsnatia brain
injury). Within the different cerebral lipid subclasses plasmalogealk-1 ®nyl2-acyl-snglycerc
phospholipids, take a central role in CNS function. Plasmalogéaehcy results in severe and leng
lasting developmental alterations in the brain and is linked to several neurodegenerative diseases.
Among the oxidant systems contributing to the formation of reactive species, myeloperoxidase (MPO)
plays a central roleAfter activation of phagocytes, MPO uses chloride ions and hydrogen peroxide
generated from superoxide anion radicals to form hypochlorous acid (HOCI). This potent oxidant
targets unsaturated lipids to form a battery of chlorinated lipotoxic compouhd®t€) due to the
presence of a®-alkenylether group at thenl positionthese ether phospholipidgse particularly
sensitive towards HO@hediated modification. Therefgrthe present study aimed at investigating the
impact of experimentally inducedearoinflammation on MP@nediated chlorinative stress on CNS
plasmalogens.

By means of arin vivo mouse model | could demonstrate that a single dose of peripherally applied
endotoxin leads to cerebral plasmalogen loss. These experiments revealed thdeme® HOCI
modifies a significant proportion of brain plasmalogens leading to the formation of highly rdactive
chloro fatty aldehydes (e.g-@HDA). Further studies in this murine model identified recruitment of
MPO-containing neutrophils to the cerelbasculature as a likely event contributing to bkbodin
barrier (BBB) dysfunction under neuroinflammatory conditions. Usingaiitro model of the BBB |

could identify molecular mechanisms/signaling pathways leadingGtHRA-induced apoptosis and
atered permeability properties. Of note, pharmacological modulation of these pathways resulted in
partial restoration of barrier function. Also the use of natural polyphenolic compounds identified
candidates with high chemical scavenging potentialM&O-derived HOCI and ZIHDA thereby
providing sgnificant protection agains@arrier dysfunction.

In summarythe present study indicates that activation ofitimate immune systernd plasmalogen
modification by MPGderived HOCI might play a critical rol@ ithe setting of neurological disorders.
A thorough understanding of the underlying signaling pathveaysd ultimately impact on targeted

pharmacological interventions under conditions where normal function of the BBB is compromised.
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V. ZUSAMMENFASSUNG

Die intakte Funktion des Gehirngst von einerdefinierten Lipid-Zusammensetzungbhangig Aus
diesem Grundsind kurz und langfristigeVeranderungemleszerebralen LipieMustersals Folge von
Entzindungund oxidativemStress welche marregelmaRigbei Patieten mit akuten und chronischen
neurologischen Erkrankungefz.B. Alzheimer, Multiple SkleroseParkinson bzw. traumatischen
Hirnverletzungn oder Insult)beobachtetzwangslaufig mitStérungen des zentralen Nervensystems
(ZNS) verbunden Eine zentraleRdle in der Funktion des ZNSpielenPlasmalogene(1-O-Alk-1 -0
Enyl-2-Acyl-snGlycerophospholipide) Ein Mangel an dieser Phospholipiflutklasse geht mit
neurodegenerativen Erkrankungen einkbied fihrt zu schwerenlang anhaltenden Entwicklungs
Veranderungn des GehirnsUnter den zahlreichen Systemedie zur Bildung von reaktiven Spezies
fuhren, nimmt die Myeloperoxidase (MPO)on Phagozytereine Sonderstellungin, da sieaus
Wasserstoffperoxidn Gegenwart vorChlorid-lonen, hypachlorige Saure (HOCIgeneriert Dieses
starke Oxidationsmittdhat diepathophysiologische Eigenschaftisungesattigteriipiden, eine Reihe
von chlorierten lipotoxischa Verbindungenzu bilden. Plasmaloge@ haben sich alsbesonders
empfindlich gegeniiber HO@ermittelte Modifikation erwiesen, da sie aufgrund ein@rAlkenyl-
EtherGruppe an desn1 PositionauRBerst empfanglich gegeniiber Oxidation sind. Ziel dieser Studie
war esdie Auswirkungen einer experimentell induzierten Neuroinflammagioh die Bildung von
HOCI im Gehin und die daraus resultierenden Veranderungen anzelebrala Plasmalogen
Zusammensetzungy untersuchen.

Mit Hilfe einesin vivo Mausmodel konntediese Studiezeigen, dass eine Einzeldosis von peripher
appliziertemEndotoxin zu einem Verlust an zereilen Plasmalogeen fihrt. Desweiterenergaben
diese Experimente, dass ein erheblicher @ibes Verlustes einer HO®lodifikation derO-Alkenyl-
EtherGruppe zuzuordnen istwas zur Bildung von hoch reaktivetangkettigen, U-chlorierten
Aldehyden (z.B. 2-CIHDA) fiihrt. Weitere Studien in diesem Mausmodell konrteigen dasseineim
Zuge der NeuroinflammatiomesultierendeRekrutieung von rutrophilen Granulozytenan das
zerebraleGefalRsystenzu einerDysfunktion derBlut-Hirn-Schranke (BHS) beitragen kariit Hilfe
einesin vitro BHS-Modells wurdendie molekularen Mechanismen uStgnalwegedentifiziert, die zu
einer 2-CIHDA-induzierten Verdanderunder Permeabilitdt undell-Viabilitat fihren. Durch diese
Erkenntnissewar es mdoglich bestimmte Signalwegpharmakologischso zu modulieren, dass die
BarriereFunktion des BHSModells partiell wiederhergestellt werden konnfail3erdemerbrachten
weitere Studien den Beweis, dass natlrlieblyphenoledurch ihre antioxidativenifenschaftereinen
signifikanten Schutz gegenuber HOGhd 2CIHDA-induzierte Barrierdysfunktion bieten.
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Zusammenfassen#tonnte die vorliegende Studie zeigetdass dieAktivierung desangeborenen
Immunsystems und einedamit verbundeng HOClabhangige PlasmalogeModifikation eine
entscheidende Rollien Verlauf von neurologischen Erkrankungepielt Ein grindliches Verstandnis
der zugrunde liegenden Signalwegelrde es ermdglichen in Funktionsstérungen deBHS
pharmakologisch gezielt einzugreifen
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V. INTRODUCTION

1. The Central Nervous System (CNS)

The nervous system, along with the endocrine system, controlangtietenance of body
homeostasieind monitors thambience At the simplest level, it reacta the way to sustain anah
integrity and, at higher levelsit provides interaction with the external environment resulting in
complex behavio(Brown A.G. 200). Anatomically, the nervous systetan be divided into the CNS
and the peripheral nervous tissue (PNS). The CNS embracesisdissue located in brain, brain stem
and spinal cord, whereas the PNS is composed by the remnant nervous tissue outside(Rea@NS
S.X. 1998. In contrast to some invertedie animals (e.g. cnidarians), equipped witdecentralized
nervous systemthe brain governsnervous system in albf vertebrate and iurertebrate animals
(Shepherd 199. The largest proportio - approx. 77%- of humanCNS volume is given by the
cerebral cortex, the paplaying a key role irconsciousness, memory and langufmwed by the
cerebellum (10%)interbrain (4%), midbrain (4%), hindbra{@%), and spinakord (2%) (Baars and
Gage 2010 Swanson 1995 Based ongross topographical conventions cerebral comexy be
classified into four lobed=rontal lobe, parietal lobe, occipital lobe, aednporal lobe(Barker et al.

1999.

In preservediervous tissugray andwhite colored areasare found which are also referramgray and

white matter. Gay matter which is localized at the cortex and in depths of the cerebrum and as well as
at the surface of the cerebelluimmainly composed byeuronal cell bodieglia cells and capillaries.

The white mattermostly found below the gy mater, predominantlyconsistsof myelinated axons
interconnecting neurons in different regions of the cerebral cortex with eacl{ftnees et al. 2001

There is increasing evidence thatlwmes of grey and white matter in the cerebral hemisplaes
affected by age andeveralneurologicaldisordersincluding Alzheimerdisease(AD) (Figure 1),
Huntington disase(HD), multiple sclerosigMS) and schizophreni@Hulshoff Pol et al. 2002Mliller et

al. 1980 Salat et al. 199%anfilipo et al. 2006Stoffers et al. 2010

The subarachnoidpace,between he arachnoid layer and the piaaintains the cerebrospinal fluid

(CSF). Thefunction of the CSF and the tissue that secretes it, the choroid plexus (CP), has traditionally
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been thought of as both providing physical protection to the inadbugh buoyancyHowever, nore
recentdatasuggest, thaby joining circulating interstitial fluid (ISFj)he CRCSF system plays active
roles in the maintenancef CNS homeostasis e.g. nutrient and ion provision, metabolite removal, and

cell intercommurdation(Abbott 2004 Johanson et al. 200BedzicZ. B. et al. 200k

Elderly Normal Subjects

R pL

C
Average
Annual
Loss

-1%
-2%

Figure 1: Average gray matter loss rates in healthy aging and AD. The maps show the average local rates of loss for gray
matter, in groups of controlsop, ai d) and patients with ADKpttom, &h). Loss rates are <1% per yearciontrols. They are
significantly higher in AD and strongest in frontal and temporal regignk) (at this stage of AD (as the MMSE score falls

from 18 to 13 Thompson et al. 2003

2. TheBrain is a Well-Vascularized Structure

Although the human brain accounts only for approximately 2% of the body weight it receives about
20% of the totabody-circulating blood volume Upon a brief loss of blood supply, alseferred as
ischemia, brain functions stop within seconds and damage to neurons may occur within minutes
(Girouard and ladecola 200Blokovic 2009. Therefore, peservinga constant blood supplyf about
700 ml/minto the brain is essential for normal brain functimtause theerebovasculatureprovides
brain tissuewith oxygen, nutrientsvitaminsand other important substandédse peptidehormones

(Albayrak et al. 200,/Bourre 2006ab, Poduslo et al. 1994
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2.1. Blood Supply to the Brain

The brain receives blood frofour large vessel¥On the one hanthe left and the righinternal
carotid arterieswhich arise at the point where the common carotid arteries bifuntatéhe external
and internal caroti@drteriesandon the other hand frorthe vertebral arterigswhich originate directly
from thesubclavian arterie§ he internal ceotid arteriedivide intothe twomajor cerebral arteries, the
anterior andniddle cerebral arteriggigure 2). The former supplies blood tanany parts of théateral
cerebral cortexthe anterior temporal lobes and the insular cortideite the lattersuppliesmainly the
medial portions of frontal lobes atide medial parietal lobgas well as the corpus callosuihe right
and left vertebral arterielise on the ventrakide of the brainstenforming the basilar artery The
basilar arteryoranches to fion the posterior cerebral artery anddin via the posterior communicating
arterythe blood supplyf the internal carotids in an arterial ring at the base of the brain called the circle
of Willis. Together with the anterior communicating artery theleiaf Willis is offering the potential
to maintain cerebral blood supply in the eventao$inglearterial occlusionThe posterior cerebral
arteriessupply blood to the posteriparietal cortex, the occipital lobe and inferior parts of the temporal
lobe. Predominantlythe major arterieproceedalong the cerebral surface befawddenlydiving into
the brain ramifying into arterioles and capillar{@arker et & 1999 Purves et al. 20QZigmond et al.
1999. Brain capillariesconnect arterioles and venules, and enablgé#seand water exchange\asl|
asthe exchange ohutriens, and efflux of wasteproductsbetween blood anthe surrounding brain
tissue (Abbott et al. 200%. Due to the unique properties of this microvasculafgee chapter 3to
strictly control solute interchangthis physical interfaces also referred aBBB (Abbott et al. 2010
Cardoso et al. 20)0

2.2. Venous ainage of Cerebral Blood

The cerebral venous system can deparatednto an external and an internaystem.At the
external systentortical veinsdrain superficial parts of the cerebral cortex and empty sofmerior
sagittal sinus This sinus sequentially drains into the transverse sinus, dtggnoid sinus, before
emptying into thdeft or rightinternal jugular veinin contrastat the internal system profoucdrebral
veins drain the deep structures of the cerebral hemisphere to the great vein oftli@mlerio the

straight sinus and finally also intnternal jugular veingFigure 3). Via anastomosisf left and right
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internaljugular veinsinto the superiorvena cavabrainblood returns to body circulatigiBarker et al.
1999 Kilic and Akakin 2008

(A (B} Anterior
cerebral artery

Anterior
cerebral
arter}'
Middle
cerebral
Internal
carotid .
artery Portion of

removed

Posterior
inferior
cerebellar

cerebral artery

Anterior

communicating Postericr
artery communicating
artery

Posterior cerebral

Figure 2: The major arteries of the brain. (A) Ventral view. The enlargement of the boxed area shows the
circle of Willis. (B) Lateral andC) midsagittal views showing anterior, middle, and posterior cerebral arteries
(Purves et al. 2001
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3. Blood-Brain Barrier (BBB) i Multiple Gatekeepes of the CNS

The CNS represents mostopably the most sensitive and critical system in the body of
mammalianssince rurons communicate using a combination of chemical and electrical signals, and
precise regulation of the local ionic microenviroment around synapses and axons is critiglzte r
neural signalingAlthough nervous tissue shows substantial metabolic demands (approx. 20% of total
oxygen consumption in humanghe CNS is extremely sensitive to a broad rangecttdmical
compoundsMany of these substances are consumed in etywdthout any harm to peripheral organs,

but in nervous tissuhey exhibittoxic properties.

It has been argued, thandamentahspects like maintenance of CNS homeostasigpeotdction from
blood-borne compounds were chief evolutionary pressureslilegto the development of a physical
interface between the CNS and the peripheral circulation acting as dynamic regulator of ion milieu,
nutrient transport and a barrier to potential harmful compo(falsott et al. 2010Cardoso et al. 2010
Hawkins B. T. and Davis 2005This interface is not simplgonstituted by a simple physical barrier
(restriction of paracellular fluxput more likely a combination of physical barrier, transport barrier
(specific transport of solutes across the barrier) and metabolic barrier (metabolism of compounds by

enzymes}hat protects the fragile environment of the Cd8bott et al. 201D

The barrier systenof the BBB posessevere limitations tdhe developmenof new drugs against
virtually all CNS disorders includingprain tumorsAl zhei mer 6s di sease (AD),
(PD), multiple sclerosis (MS), stroke, schizophrenia, depression, migraine headache, and dpilepsy.
had been estimated that essehtiaD0%of all large molecule drugs such as recombinant proteins and
enzymes, monoclonal antibodies (MAb), antisense drugs, and short interfering RNA (siRNA) and
approximately 98% of small molecule drutdys not cross the BBRPardridge 20052007a b, Zlokovic

2008. Basically,all drugs presentlysedin CNS clinicalpractice are small molecules ttiaaturedual
molecularcharacteristis of lipid solubility andmolecular weigh{MW) of <400 Da. However,based

on experimental and comptiional approaches thiRule of ®wasformulated aimed at predicting the
permeation of soluteim pharmacologicallysignificant amountshrough biolodcal barriers Generally
transport of molecules across the BBB is impairedoligwing characteristicsviolecular weight=500

Da, sum of hydrogen bond donor/acceptor groed®, substrate foa BBB enzyme system, substrate

for BBB active efflux transporter, and avid plasma protein binding of the duigjnski et al. 2001
Pardridge 2002
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The existence of aimterface between the blood circulation and the CNS was initially described in the
1880s when &ul Ehrlich discovered that after intravascular injection, certain water soluble dyes were
rapidly taken up by all tissues with the exception of brain and spinal cord. Nevertheless, he concluded
that this was due to low affinity of nervous tissue to the.dt the turn of the last century
Lewandowsky was the firstvho described this interface by using the term bluthirnschranke ¢blood
brain barrier) based on tlmservation that neurotoxic compounds affected brain function sehen
directly injected inb the brain(Dermietzel et al. 2006 Engelhardt and Sorokin 2009n the fifties,
sixties, ad seventie®f the last centurphysiological studies and analysis of the molecular nature of
brain barriersgee chapteB.2) changed the concept from an impermeable barrightghly controlled
interface(Cardoso et al. 201®Reese and Karnovsky 196°At the present tim¢here is arawakened
interestof the neuroscience socidty the exploration of the BBB since there is revivedappreciation

that brain barrier mechanisms play criticales in brain developmerind pathophysiology of several
neurodevelopmental and neurodegenerative disofdeeschaptes.) as well adgn getting therapeutic

agentdnto the CNS for treatinguchdisorderqPardridge 20075aunders et al. 20D8

3.1. TheArchitecure ofBrain Barriers

In contrast to many invertebratrganisns - except some groups e.g. inseataustacea and
cephalopoda all vertebratepossess a BBBAs the neural tissueecome more centralized, larger, and
more complexduring the course oévolution the barrier has shifted fromiacomplete or leakBBB,
comprisedby perivascular glial entees, to a highly intricate, tightbarrier based onan extensive
network of capillariegAbbott 1987 2005 Bundgaard and Abbott 20n8

In humansthis microsascularnetworkhas a length oépprox.650 km resulting in a surface area of
approx. 20 rafor bloodbrain exchange of nutrients, waste products etc. It has been estimated that the
brain microvasculature is so convoluted that an individual neuron is rarely more than @6tamt

from a brain capilley, hence, virtually every neuron is perfused by its own capillabbott et al.

2006 Pardridge 2002Zlokovic 200§. At the entirely differentiated CN8f mammals homeostasis

and protectionof nervous tissueare ensured bytwo other interfaces namely bloodCSF barrier

(BCSFB), and bloodrachnal barrier (BAB)(Redzic Z. 2011Saunders et al. 2008
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The BCSFB is localized at the choroid plega in the lateral, third and fourth ventricles where
epithelial cells, instead of endothelial cells, constitute a barrier between blood ariBrosk P. D. et

al. 2004. The third interface, provided by the mtldiyered avascular arachnoid epithelium, completely
envelopes the CNS, where it serves as a seal between the extracellulaffiloedl€NS and of the rest
of the body(Abbott et al. 2005 Nevertheless, the surface area of either the BCSFB dBAlR: is
1000fold smaller compared to the brain microvascular endothe{BMVE) of the BBB (Dohrmann
197Q Pardridge 200R

Figure 3: Human cerebrovasculature.A plastic emulsion was injected into
the brain vessels, and brain parenchymal tissue was disg@eédvic and
Apuzzo 1998.
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3.2. The Neurovascular Unit

The neuron has traditionally been viewed as the most important cell type within the CNS.
However, in recent years there is growing evidence that integrated brain functiorsfumtttign arise
from the complex interaction between a networksefreral neuronal and noeuronal cell types,
including neuronsastrocytes, oligodendrocytes, pericytes, microglia, and the microvascular endothelial
cells.All these cells compristhe ceebrovasculatureforming a functional unit, which is often referred
to as atneurovascular urdt(Lo et al. 2003Lok et al. 2007 Zlokovic 201Q. The close proximity of
participant cell types allows bidirectionateraction between adjacent cellglirectly in a physical
manner,or indirectly via paracrineregulation.Therefore this cellular communication network takes a
central role as regulatoiof hemodynamic neurovascular coupling, microvascular permeadslityell
as angiogenic and neurogenic couplibgth in physiological and pathophysiologicahdiions (del
Zoppo 2010Zlokovic 2009.

3.2.1.Brain MicrovasculaEndothelial Cell§BMVEC) - The Anatomic Biseof the BBB

It has become an accedtmodel thathe brain microvascular endotheliyBMVE) forms the
anatomial basis of the BBB sincengphibians show higkransendotheliatlectricalresistance (TEER)
despite the absence sfirrounding asocytes(Cardoso et al. 201MHawkins R. A. et al. 2006 The
BMVE is composed of a tightly sealed nwayer (approx. 56100 times tighter thameripheral
microvessels)of BMVEC (Figure 4 A), which generallypreventsfree exchange of compounds
between blood and neural tissBMVEC differ fundamentallyin morphology and physiologfrom
microvascular endbelial cells localized in thegpiphery, because they show features like small height,
increased number of mitochondreaminute number of caveolae, low pinocytotic activitigh TEER,
lack of fenestrations and tight junctio(iBJ) betweenadjacentendohelial cells(Carvey et al. 2009
Wolburg et al. 200P The tight junctions inhibit paracellular movemédarrier functiod, and divide
the membranes of the endothelial cells into two distiochpartmentgdence functiod, the luminal
(blood side) and abluminal (brain sidi@ce of the plasmanembrane Thus, membranepolarization
resultsin different sets lipid species and protei(esg. transportersenzymes, receptors and adhesion
proteind on the luminal and abluminal sigBetz et al. 1980Hawkins R. A. et al. 20Q6Tewes and

Galla 200).
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Interendothelial Junctions.During the pioneering work in the late sixties Reese angtaers could
demongrate by electron microscopy studies that endothgliations occlude the interspadestween
blood and brain parenchymihereby constituting a structural basis for BB (Brightman and Reese
1969 Reese and Karnovsky 1967The interendothelial space of the cerebrovasculature is
characterized by the presence of junctional complégsire 4 B) including adherens junctions (AJ)
and TJ(Schulze and Firth 1993Volburg and Lippoldt 2002 Gap junctios have also been identified

but their rolein barrier function is still controversiiNagasawa et al. 200Blokovic 2008.

A Tight Junction

Basement membrane

Tight junctions

Adherens
junctions

Albuminal side (CNS)

Figure 4: Simplified schematicillustration of crosssections of(A) a CNS capillary and
(B) the junctional complex betweerBMVEC . (A) BMVEC and pericytes are surrounded by
a membrane composed of collagen type IV, lamirfibyonectin, and heparin sulfate
proteoglycan, which is ensheathed by astrocytefeotlprocesseqB) BMVEC are tightly
sealed byAJ and TJcomplexesconsisting of transmembrane proteif@ecluding, claudin,
JAMs and VEcadherin). Accessory proteins de.members of the ZOand thecatenin
family) link junctions tothe actin cytoskeleto¢Kim et al. 2008.
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I. Adherens dinctions (AJ). AJ are specialized cetlell-junctions, whichare ubiquitously founéh the
vasculatureln general AJ mediate the adhesion of endothelial cells to each dtiey,mediatecontact

inhibition during vascular growth and remodeliag well as the initiation of cell polariffHawkins B.

T. and Davis 2006 AJ are primarily formed byextracellular domainf the transmembrane
glycoproteinvascular endothelial (VE) cadher{iNavarro et al. 1998 The g/toplasmic tail of this

protein associates with catening & n dcaténin) and other cytoplasmic proteins liké ncul i n and
actinin, thereby linking the junctional complex to the cortfealctin cytoskeletofiBazzoni and Dejana

2009). Targeted inactivation or truncation ™E-cadherin was found not to affettie assembly of
endothelial clis in vascular plexi, but to indecendothelial apoptosis, thus prdwigl evidence, that

VE-c a d h ecaténim Signaling controls endothelial survig@armeliet et al. 1999

A clear role for VEcadherin in maintaining permigiity was established bin vivo experimentsising
antiVE-cadherin antibodies in mic@his treatmeninduced hemorrhages ldramaticallyincreasng
vascular permeabilitin several organs but not in brgi@orada et al. 19990n the other hand, it was
shown th& permeabilityincreasing agent like histamine or VEGF induce rapid tyrosine
phosphorylationand concomitant cellularedistributionof VE-cadherin ad cateninssupporing the
concept that phosphorylation of Mtadherin and/or its intracellular partners is involved in regulating
the strength of cello-cell contactdAndriopoulou et al. 199%ischer et al. 1999However, it cannot

be excluded thgbhosphorylatiorof cadherin and catenin may represent a general reaction to stressful
agents, whichresults in increased permeability but may also trigger more complex cell responses and

interactiongBazzoni and Dejana 20p4

II. Tight Junctions (TJ). The most prominent feature of the BBB tlse high TEER across the
endothelial barrier, established by the presence of TJ. Althbdigine found in endothelia and epii

of several tissues including brain, lung, heart, liver, placentalam/ano et al. 2006Tsukita et al.

2007, barrier tightness varies a tissuedependentmannere.g. brain microvascular relothelial
junctions impose high TEER of approx. 180000 ohms/cr in comparison,TEER of placenta
endothelialcells is only about 2650 ohms/crh Studies sing TJ from different tissues with varying
transendothelial and transepithelial electrical resistances demonstrated a correlation between increased
organization of cytoplasmic fibrils and decreased permealpdilyude 1978Huber et al. 2001 Like

junctional complexe®f AJ, TJ arealso composed of integral membrapeoteins, first and second

order adapteproteins.
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Molecular Architecture. Occludin was the firsttransmembrane TJ protein, which has been
characterized. However, further investigatidmsve identifiedthe existenceof 24 membes of the
claudin family,threeof them, claudir3/5/12, have beereported tde expressedt the BBB(Wolburg

et al. 2009. A third class of integral membrane proteins includes the juneiisociated adhesion
molecules (JAM)1-3, which can be classified into memberstloé IgG superfamily(Forster 2008
Regulation of pracellular permeability is ensd by homophilic (occludin, JANisor by home and
heterophilic(claudinfamily) interactions of extracellular domain$ two adjacent cellgDejana et al.
200Q Piontek et al. 2008 First order adapter proteins physically interact with theem@irus of
occludin, claudins and JAMNd they link junctional complexes to theactin cytoskeletonAdapter
proteins of the first order, like ZO proteins (ZI2/3), belong to the family of membraaesociated
guanylate kinase (MAGUK) proteins and they serve as recognition proteins for TJ placement as well as
signal transdugrs betwen TJ and the nucle€ardoso et al. 2010olburg et al. 200Q For instance,

it has been shown, thduring aderse conditions, ZQ and ZG2 shuttlebetweerthe junctionsandthe
nucleus therebyinfluencing gene expression e.g. blocking cell cycle progreg8atda and Matter
2009 GonzalezZMariscal et al. 2009Tapia et al. 2009 Second order adaptors are based on their
indirect associ@n with the integral tight junction proteirend include, for example, cingulin or the
cingulinrelated junctiorassociated coiledoil protein (JACOP). Recent data indicate thhé&se
proteins are important for TJ assembly and function most likely ghr@activation of RhoA signaling
(Terry et al. 2011Wolburg et al. 2000

TJ Deficiency in Animalsin the last ten years several animal models were established aimed at
exploring the physiological role of Tid vivo. These studies revealed a surprising complexity of TJ
functionin vivo after genetic mafication. For example, mice deficient for clauebndied as neonates
about 10 h after birthut there were no indications about intracerebral edema or hemorrhage and no
obvious abnormalities in TJ formatioHowever, tracer experiments and magnetic resonance imaging
revealedthe sizeselective opening ohte BBB for compounds >800 Da suggesting that each claudin
regulate the diffusion of molecules of a certain si@@ermietzel et al. 2006Nitta et al. 2008 On the

other hand,in occludin” mice transepithelial resistance was not affected. Neverthekdssnull
mutation resulted in a complex phenotype including histological abnormalities likéicedicn of

brain tissue as well as in morphologicahd behavioral differencgSaitou et al. 2000 Deficiency of

Z0-1 causesan embryonic lethal phenotypessociated with defects in vascular development, impaired
formation ofvascular trees batbnormal patterns of TJ componewere not recognize(Katsuno et al.
2008.
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Mechanisms oBarrier RegulationTJ are highly dynamic structures that undergo disintegration and
reassemblyinduced by intracellular mechanisms based e crosgalk of a complex network of
signaling cascael but we are just at the beginnitggunderstand these proces@eardoso et al. 2010
GonzalezMariscal et al. 2008 The consquenceof TJ complexalteration modulation of BBB
permeability, was shown to occuluring a variety of physiological and pathophysiologimahditions

(see chapterd.4), including angiogenesis, neurogenesis as well as during acute and chronic

neurodegreration(Hawkins B. T. and Davis 200Zlokovic 200§.

During the pastwo decades extensive resglahas revealed a large extent of data about the effects of
physiological factorge.g. vasogenic agents, inflammatoaynd lipidmediatorsion BBB integrity(Deli
et al. 200%. However, signaling routes mainly involve protein kinases, members of mitmgigated
protein kinases (MAPK) pathways, the endothelial nitric oxide syntheN©$%), andG-proteins
ultimately leading to alterations @i complexesand permeability changé€ardoso et al. 20)0The
function of TJ proteins are regulated by transcriptional events, caubctllular localization, pos

translation modification, and proteprotein interactiorfHuber et al. 2001

Glucocorticoids, like hydrocortisone (H@y dexamethasonevhich are commonly known gsotent
immunosuppresms represent class of powerfuhductors of barrier properties 8MVEC (Dietrich
2004). At the molecular leveHC inducesexpressiorof occludinand claudifb at mMRNA andprotein
levels by activation of the glucocorticoigceptor (GR) and its binding to putative glucocorticoid
responsive elements in therrespondingromoter(Forster et al. 20Q8-orster et al. 20Q3Harke et al.
2008. In contrast, amor celtsecreted vascular endothelial growth factor (VEGF) increases
microvasculature permeabilitypy reducing occldin expression and disrupting Z8occludin
organizationat the cellbboundary(Wang W. et al. 2001 In addition to altered TJ expression patfern
was foundthat phosphorylatiof TJ components ialsoa major trigger of junctical assembly and
barrier function(GonzalezMariscal et al. 2008 A clearrelationship betweetow monolayer resistance
and TJ phosphorylation was first demonstratém ZO-1 (Stevenson et al. 1989Since that time,
numerous studies have implicatediltiple proein kinaseqPK) including serine/threonin€Ser/Thr)
kinases (e.g. PKA, PKB, PK@Gnd PKG), protein tyrosine kinases (PTK) as well as corresponding
protein phosphatases potent regulators of barrier functi@ardoso et al. 201GonzalezMariscal et

al. 2008. For exampleyecent data indicate th& K GdépendenSer/Thr phosphorylationof ZO-1
decreases protejorotein interation with occludin and claudifi, coincidentwith displacement of ZO

1 from intercellular boundariesnd TJ openingGoldblum et al. 201 Others couldhow,thatde novo
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Ser/Thr phosphorylation of occludin and claudinis induced through RhoA activation resulting in

brain endotheliunmyperpermeabilityand TJ redistributiofStamatovic et al. 2006

3.2.2.Astrocytes Inductors of BBB Inteqgrity

Astrocytes, also known as macrogliapresent the most numerous glial cell type within the
CNS (e.g. 50% of cerebral cortical volumahd they feature characteristic stashaped morphology
(Magistretti and Pellerin 1996 This morphology enables astrocyteshigild up many hundreds to
thousands connections to neighboring cells including endothelial cells, neurons and otbeligjlia
therby acting asa communication bridgebetween cells othe neurovascular unifVolterra and
Meldolesi 200%. In contrast tofibrous astrocytes, localized in the white matterotgplasmic
astrocytesthe quantitatively predominating ctéaén humansare usually organized in domains in the
gray matter close to capillariek.was shown that oneortical astrocytds able to link five different
blood vesselsind eight neuronal cell bodiesjggestingivotal responsibilitiesn preserving auronal

and endothelial functio(Oberheim et al. 2006

Neuronal integrity is ensured due to supportive function of astroaytes and wate homeostasis,
delivery of energy substrates (e.g. lactads) well asneurotransmitter productiprremoval and
breakdown(Abbott et al. 20060berheim et al. 20Q6/olterra and Meldolesi 20Q5Astrocytes are
now generally accepted to play decisive sole proper brain capillary differentiation (cect
association of endothelial cells and pericytes in tube like structangisinthe maintenance of barrier
properties of brain capillarigg\bbott et al. 2006Ramsauer et al. 20D2Sincethe cerebrovasculature
is almost completely (99%) ensheathby the endfeet of astrocytesprocessesthe close anatomical
apposition gave rise to the suggestion #srocyte ensheathmaatcritical in the developmeruaf BBB
characteristics(Davson and Oldendorf 19%7However, recent research indicates thastrocytes
modulatethe BBB phenotype by upregulatioof tight junctonal proteins Z@ and occludinin
endothelial cellsby means ofsoluble factors(e.g. transforming growthfactorb, glial-derived
neurotrophic factor and angiopoetih and probablynot only by physical interactiorfAbbott et al.
2006 Colgan et al. 200&iddharthan et al. 2097

Disturbancesof the complex endothelialastrocyteinteraction appear tbe involved in glia-derived
neoplastic pathologid#ke astrocytomas (e.g. ghhlastoma muiforme)and numerous pathologies with

an inflammatory component including stroke, brain trauma, infectious processes (e.g. sepsis,
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meningitig as well asin chronic neurodegenerative diseaseg.(AD, PD, and MS). In the case of
astrocytomasextremely highgrade ofneovascularizatioms accompanied by a leaky vasculature that
lacks BBB phenotype,either a resultof a lack of inductive factors, or owing to the releade
permeability factors such 88 GF (Abbott et al. 2006Anderson et al. 2008

Astrocytes secretgansformt n g g r o w{ThG Bffvehicht normallybdownregulates brain capillary
endothelial expression of tissue plasminogen activator (tPA), an enzyme known to increase BBB
disruption Underpathophysiologicatonditions down regulatioro f  TiSdufficient lading to tPA

mediated BBB openingAbbott et al. 2006Kassner et al. 2009The role ofthe cytokine tumor

necrosis factorU (TNFU in inflammationdependent BBB dysfunctionis well establishedbut

indications thatparacrine actions involving endothelin TNRU  aimteileukinl b bet ween hum

astrocytes anBMVEC seem tdremendously amplify this proce@3idier et al. 200R

3.2.3.Pericytes Not only a Requlator of Capillary Blood Flow

Pericytes were originally discoveradabre than 100 years a@s perivascular cells adjacent to
capllaries (Zlokovic 2008. They have morphological featuresf smooth muscle cells. éaerally,
pericytes possess@ominentcell bodywith severalprocesses encirclingpprox. 306 of abluminal
membranesurfaceof capillaries therebysharinga common basement membramigh BMVEC (Allt
and Lawrenson 20Q1At the ensheathing process pericytes build up focal contacts and communicate

with BMV EC by means of gap junctignAJ and TJvon Tell et al. 2006

Propely associated gricytescontribute to barrier integritthroughmechanicaktabilization synthesis
and deposition of basal laminaogeins Positive effects of pericytes on BBB phenotype were
confirmed byin vitro data of BMVEC cecultured with pericytes suggestirtbat this cell type
contributes to BBB integritystrengtheningand vascular maturatiofNakagawa et al. 200.7In fact,
reantly, using a set of adult viable pericydeficient mouse mutantthein vivoevidence was provided
that pericyte deficiency increases permeabilitytted BBB to water and a range of lamolecular
weight and higkmolecular weight tracer&urthermorethese authorshowedthat pericytes functioat

the BBB in at least two ways: by regulating BBBecific geneexpression patterns in endothelial cells,
and by inducing polarizatiorof astrocyte endeet surrounding CN$blood vesseldArmulik et al.
2010.
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Pericytes are known to communicate with BMVIB§ secrabn of numerous growth factors and
angiogenic compound¢e.g. TGFb angi opoet i ndgerived giowtd fac2eB and| at el e
sphingosinel-phosphate)Armulik et al. 200%. Composition ofsoluble factorswere shown tdbe
essential ircapillaryassembly, BMVEC are guided by migrating pericytes,tbey were also found to
have pivotal roles istabilizing or destabilizing theprouting and regression ekistingbrain vessels
(von Tell et al. 2006ZIokovic 200§. Since pericytes at thBBB exhibit strong expression simooth
muscle isoform of actinlESMA, a contractile proteinjhis cell typewas considered to regulate
capillary blood flow, however,in vivo function remained long controversidleverthelessin 2006 it
was unambiguously demonstrated that pericyteggered by neurotransmittersoradrenalin and
glutamate, are able to regulaterebralcapillary blood flow (Peppiatt et al. 2006 Therefore, it has
been speculated that pericytamtribues tothe development of neuropathology in hypertension, MS,

AD, and CNS tumor formatiofZlokovic 200§.

3.2.4.Neurons- Neurovascular Coupling

In the awake state, the brain uses about 16% of total energy in théobodyronal firing and
cycling of o-amino butyric acid (BBA) and gldamate neurotransmitters. Due to a lack of energy
reserves, the brairequiresconstant blood suppl{Lok et al. 200}. Given the dynamic of neural
activity and considerable metabolic demands, the microcirculation must be highly resportbige to
tissue it suppliegHawkins B. T. and Davis 2005This phenomenon has been termed neurovascular
couping. Neuronal processes that contact intraparenchymal blood vessels originate from local
interneurons or from neurons whose cell bodies are located in subcortical r(E&yiakes and ladecola

2007).

Until recently, it was assumed that neurovascular coupling is mediated exclusively by changes in the
tone of the smooth muscles cells encircling arterioles. Thishdedeen challenged Ihe discovery

that pericytepotentially regulate cerebral blood flow at the capillary lefeirthermoreit is believel

that the signahg pathways controlling pericyte constriction and dilatem@ similar to those for
arterioles(Attwell et al. 2010 Hamilton et al. 201 In the adult CNS, neurons do not directly contact
BMVEC, instead, astrocytes mediatennection betweenemrons and contractile elementsnpoth

muscle cells in arterioles and pericyte capillarie$ (ladecola 2004 Hence, both ngonal and glial

inputs would be expected to modulate microcirculatiim et al. 2008 but there is increasing

evidence suggestingraore prominent role for astrocytes in neurovascular couplifigs is based on
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the observation thatysaptic release of neurotransmittevere found to inducédighly speifically
[C&a™]; oscillation in astrocytes triggeringstrocyteendfeet response and concomitant microvessel
diameter(Takano et al. 20Q&onta et al. 2003 Nevertheless, botheurons and astrocytesre shown

to release vasoactive neurotransmitters and neuromodulai@ig acetylcholine, GABA,
catecholamineand neuropeptidg@sluring synaptic activityOther neurotransmitters, such as glutamate,
are not vasoactive, but stimulate the production of powerful vasodiiatersdothelial cells, neurons
and astrocytes including nitric oxide (NO) and metabolites of cyclooxygeras€COX2) like
prostaglandins(PG) and epoxyeicosatrienoic acidéEET) (Attwell et al. 2010 ladecola 2004
However, the final targfs of these vasoactive substancebkether released from endothelial cells,
astrocytes, or neurons, are the smooth muscle cells in arterioles and péricgieiiaries(Drake and

ladecola 200y

Under pathophysiologicalconditions, for exampldollowing brain ischemia when an occluding
intraluminal thrombus izleared from a blood vesselfter ashort period of hyperaemia there is a
declinein blood flow( or dho-reflow phenomenod) lastingfor several hour§Ames et al. 1968 Recent
evidencs indicate that radicals generated duringoxggenation inhibitformation of vasodilatory
prostacyclin, EETs and NO,but also induce accumulation of vasoconstricting PgHaltogether

resulting in pericyte constriction ahehg-lasting blood flow decreagéttwell et al. 2010.

3.2.5Microglia - Intrinsic Immune Sensors and Effectors

Microglia represent the major resideimnateimmunocompetent cell type in the CNShe
precise origin of thse cells is a highly debated topic. It is largely hypothesized that microglia are
derived from myeloiemonocytic cells and/or their hematopoietic precursdevertheless some
researcherbelieve that they are derived from neuroectodermal matrix @sitech 2009 Polazzi and
Monti 201Q Tambuyzer eal. 2009. What we currently know is thaicrogliacompriseabout 20% b
the glial cell population buissue distribution seems to heterogeneoudlighest densities are found
in the hippocampus, olfactory telencephalon, basal ganglia and substgmdabut in general,
microglia are more abundant in the gréman in the white mattefLawson et al. 1990Polazzi and
Monti 201Q. From the functional point of view, microglia represent batmmunecompetent cells
(they are able to kill exogenous pathogens) and glia cells with newmgmabrting functions (the
actively survey the functional statussyinapsesPolazzi and Monti 201,0NVake et al. 2000
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Microglial cells have an extremely plastic, cteeonlike phenotype, and therefore the existence of
this cell type was questionddr a long time periodGraeber 2010 In the absence of pathology,
microglia are in the resting state characterized by a ramified strustoal bodies and long thin
processesas well aslow expression ofcell surface markersand immunological moleculedike
cytokines and chemokinel this state microglia are sessile but studies basdd wivo two-photon
microscopy revealed that microglial processes are highly mobile dtentmuousde novoformation
and withdrawalDue to this highly dynamiaeorganization of protrusiorisis assumed thattationary
microglia areenablel to thoroughly surveytheir environment without disturbing fingired neuronal

structuregHanisch and Kettenmann 2Q0Nimmerjahn et al. 2005

Microglial cells are prepared to recognize a wide rangestifss signalsncluding structures of

patho@rs (e.g.the bacterial membrane component lipopolysacchali®&), abnormal endogenous
prot ei namyldide . Y\ omement factors (e.g. Clgytokines/chemokines (e.g. TNP ,
neurotrophic factors (e.gherve growth factor, NGF), plasma components (e.g. albumin),
neurotransmissiorelated compounds (e.g. glutamatend are able to recognize signal input via

bioactive lipids(Hanisch and Kettenmann 2Q0Nakamura 202).

In response to mentioned cues, as occurring in virtually all CNS pathologies, including acute and
chronic events, microglia are readily activatddighly activated microglia undergo dramatic
transformation from their resting ramified ®ainto anamoeboid morphologyThis morphology
facilitates typical macrophagerfation, such as targeted migratitmoughout the parenchyma toward
the site of insult(dmicrogliosi€i accumulation of microglia at lesionsand the phagocytosisof
microbes, cell detis, or apoptotic materiagfWalter and Neumann 20RpMorphologicalalteratiors are
also accompaniefly change into an alerted state characterizgdhe upregulation ofa variety of
surfacereceptors (e.g. tolike-, mannose and scavenger receptors), cytokine andmokine receptors
(e.g.receptors forL-1, IFN-0 and TNFU) aswell asinduced expression afeveralspecific surface
markers(e.g. Ibal, MHGII) (Block et al. 2007Rock & al. 2004. Additionally, activated microgliare
able to generate and/or secrete a machineryeattive oxygen/nitrogen/chloenspecies (e.qg.
supepxide, O,"; peroxinitrite, ONO,’; hypchlorous acid HOCI) and secretory products including
cytokines/tbiemokines (e.g. TNFU ) proteases (e.g. matrix metalloproteinases MMP) and
proinflammatorymediatorge.g.PGE). Together, these factorgtebit neurotoxcity, BBB breakdown
and emigration operipheralleukocytesultimately contributing toa seltperpetating inflammatory
cycle (Figure 5) (Block et al. 2007Lefkowitz and Lefkowitz 2008Rock et al. 2004Zlokovic 200§.
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Figure 5: Microglia drive progressive neurotoxicity.Microglia can initiatea perpetuating

cycle of neuroral damagein response to prmflammatory stimuli (e.g. LPS) or due to

neuronal damages(g. MPTP/MPP) by producing neurotoxic proinflammatofgctors.Ab,
amyloid-b; H,0O,, hydrogen peroxide; H1b, interleukin B; LPS, lipopolysaccharide;
MMP3, matrix metalloproteinas3; MPP, 1-methyt4-phenylpyridinium ion; MPTP, 1
methyt4-phenyt1,2,3,6tetrahydropyridine; NO, nitric oxide; NdOperoxynitrite; d‘
superoxide; PGE prostaglandin E TNFU, tumornecrosis factet) (Block et al. 200Y.

-35-



4. Blood-Brain Barrier Breakdown i The Vicious Cycle of Neurodegeneration

4.1. Neuroinflanmation: From Immune Privilege to Neurodegeneration

From initial observationdbetweenthe 1920sand 1950sshowing that introduction of certain
antigens(e.g. tumors, tissue graftsn brain tissuedo not elicitan inflammatory immune response
phenotypecomparable to th@eriphery,the concept of admmune privilegé of the CNS was born
(Galea et al. 2007 Indeed, lased on the consideratidhat the fragile CNS homeostasis, wih is
required for the proper communication of neurons, would not tolerate routine immune cell patrolling in
their search for relevant antigewsrtain strategiebave beemeveloped to limit the entry gferipheral
immune elements as well as to limiethmergence of immune activation viitthe tissue itself{Amor
et al. 2010 Engelhardt and Coisne 2011Accordingly, as the CNS possesses limited regenerative
capacitythe inflammatory response is potentially more damagingithétme peripheryfRezaiZadeh et
al. 2009.

The immune privilege of the CNS it wholly attributable to the presencé the BBB andis not
relatedto the absolute absence of immunol@icomponents but rather a result of highly specialized
immunities @daptive and innatémmunity) maintaining an immunosuppressivaicroenviroment.
Therefore, the CNS is more accurately described as an immunologically specialized site rather than
immunologdcally privileged However,once inflammation is establishedvicious cycleof innate and
adaptive responsegverely undermingte immune privilegef the CNS(Galea et al. 20QHolman et

al. 201).

Neuroinflammationper se is a protective response against diverse indodisause precisely controlled
neuroinflammation benefits the CNS by destroyirghpgens, removing cellular debris, eliminating

toxic substances, preventing spread of infections and injuries, releasing neurotrophic factors and
promoting tissue repair. Regardless of the type and origin of stiesglping from its tight contrahe

immune response can become exaggerated and destructive, and turns into chronic persistent
inflammation that drives progressive neurodegenerdao H. M. and Hon@008 WyssCoray and

Mucke 2002. The critical question is how this initial neuroinflammation is transformed into chronic

and progressive neurodegeneration.
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4.2. What are the Triggers of Neuroinframation?

It is becoming increasingly clear that tB8B plays a crucial rolén maintenance of the immune
privilege of the CNSsince it tightly regulatesmigration and infiltration of peripheral immune
componentsnto brain parenchymé&ue to the resultip immunologically insulated microenviroment
the archetypal inflammatory processingiated by endogenoumimune responses causally linked to
acute CNS insults (e.g. hypoxia, trauma, or environmental pathogens and toxins) or to genetic
predisposition forneurodegenerative diseases (e.g. mutatimngenes encoding fob-amyloid
precursor or the Ussynucleinprotein). As a result,noxious compounds like membrane breakdown
products, abnormally processed or aggregated progeigsb-amyloid andU-ssynuclein, imbalanced
neurotransmitters (e.g. elevated glutamate), andasel/leaked cytosolic compoundbcit local
neuroinflammation through a cresdk between injured neuronal tissue amdinresident firstine
immune responders, predominantly microglia but also to some extents ast(@gtesm and Tanzi

2005 Gao H. M. and Hong 2008

However, in addition to endogenous triggetisere is growing evidence that exogesammune
responseswhich correspond to severe systemic inflammation in the periphery, mghtt on the
healthy and diseased CNBanks and Erickson 201@®erry 2010 RezaiZadeh et al. 2009 For
example systemic application dhe potent inflamnogen of grarmegative bacteria LP&uss typical
sepsis behavior characterized by fever, anorexia, weight loss, and reduction of activity in rodents but
also progressive loss of dopamigierneuronsin the substantia nigra compadterrari and Tarelli
2011, Qin L. et al. 200Y. Since the peripheral LPS passage acrosBBi# is low, it might induce

brain inflammatiorindirectly (Banks and Robinson 20110

Recently it was reported that BMVE@xpress tollike receptors TLR) 2, 3, 4 and 6which are
essential in the recognition of pathoegssociated molecular patterns (PAMPs, highly conserved
structural motifs of pathogens) like bacterial LPS, lipoproteins, lipopeptides, zymosan from fungi, and
various viral DNAs and RNAgNagyoszi et al. 2000 Accordingly, luminal TLR4-activation on
BMVEC by LPSis suggestedo deliver the proinflammatory signal across the B#iEctly to brain
resident immune cellpossibly througrabluminal release of cytokinesdlipid mediatorgCardoso et

al. 201Q Perry et al. 2007 Indeed, recently it wagemonstratethat TNFR1/R2 / hice failed to show

brain neuroinflammation in response to systemic LPS, suppdhigspect h a t isTchtigaUfor

the transfer of inflammation from the periphery to the GR# L. et al. 200Y.
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4.3. Neuoinflammationi The Threshold Btermines the Outcome

Apart from thetype and origirof initial inflammatory stimulj induction of neuronal tissue injury
or directactivationof innate immune response resuiighe same inflammatory cascadesy. release
of inflammatory and neurotoxic factors, sgeapter 3.2.5, thusfurther exacerbating neuronal damage.
For example the neurotoxin dmethyl4-phenytl,2,3,6tetrahydropyridine (MPTP, a hyroduct of
syntheic heroin)is able tanitiate dopaminergic neurai deathand microgliosisn the substantia nigra
parscompacteacausingparkinsonism in primates including humghangston and Ballard 1983Since
neither MPTP nor its toxic metabolite MP®&an directly ativate microglia inflammatory response
directed to neuronal lesions is assumed to be a secondary process, initiated byaskoweted
molecular patterns (DAMPs, eunodified proteinsheat shock proteins, chromatand uric acidl from
damaged or stissed tissu¢Amor et al. 2010Gao H. M. et al. 2003 In contrast to MPTPLPS
initiates neurotoxicityentirely through selective activatianf TLR4 in microgliaand subsequent release
of inflammatory mediators likBlO andO,” (Gao H. M. et al. 20025ibbons and Dragunow 200®in
L. et al. 2005%.

Although it is far frombeing clear which factors might drivébeneficiab neuroinflammationinto a
vicious cycle of disease progressipithereis substantib evidence indicating thamultiple factors
including magnitude anderiod of insult, vulnerability of individuals,and concurrent eventsnight
decide over the outcome. Indedfdthe inflammatory response is tifgeand precisely regulatede.g.
during nonsevere variants aftroke, hypoxia, and trautand if the insult istepped or removed, the
beneficial effects of the inflammation will overcome detrimental effects. As a result, the CNS will
recover from injuy. In contrast, if initial insult(s) cross a certaimeshold (e.g. severe acute injuries), if
the insult(s) are persistent and associated with lstanding immune response activation (e.g. during
neurodegenerative disordargluding MS AD, PD, HD ALS, and tauopathis) or if the regulating
systemof the immune response fails.g. antiinflammatory cytokines 4 and 10GFb , anitbryi nhi b
proteins like soluble TNE r e c ahprticanflmmatiorbecomesestablishedFrankCannon et al.

2009 Gao H. M. and Hong 2008
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4.4. BBB-Dysfunction Cause Contributor orConsequence deurodegeneratidh

Recentevidence indicates thagenerally, thanflammatory componendf neurological disorders
and diseaseke MS, AD, PD, meningitis, encephalitis, stroke, head trauma, Aldged dementia,
schizophrenia, and cerebral patgypeas to play important rolein the development and/or progression
of diseaseSpecifically, disturbance of BBB integrity/functionality due to nflammation have been
implicatedto be directly involvedin the pathology of several neurological diseagis Boer and
Gaillard 2006 Stolp and Dziegielewska 20p9However, since accurate disease etiology and an
integrative picture of diseagpathogenesis is largely missiitgiemains highly controverayp to nowif
BBB alterations/dysfunctiorcause the diseases, participate in pethogenesjsor simply be a
consequence of neurodegenerati@arvey et al. 2009Haass 2010 Nevertheless, there is emerging
evidence from a variety of animal models that BBB (dys)function represents the caumgeasor and

the consequenax neural tissuelegeneration.

4.4.1.BBB - Offenderof Neuroinflammation

One hypothesis suggests tiEtammation during brain development and agfdfgst hit hypothesi§
might play an important role in a number of ndogical disorders most likely due tshort or long-
term alterations in thetructureand function of the BBBleading immediately to neurodevelopmental
disorders (e.g. cerebral palsy) or sensitizing the brain to future ddtsagend hihypothesi§ e.g PD

or AD) (Stolp and Dziegielewska 200@/hitton 2007. For exampleprolonged inflammatory response
in new born ra, induced by LPS, resulted in significantly increased BBB permeabilit§Ctsucrose
and*C-inulin in adults compared to untreated cont(@p et al. 2005. These findings correlate with
the observation deaky microvesselduring AD, PD, MS, ALS, strokeand TB| asa result ofhighly
elevated VEGF leveland microangiogessis during neurogenesi€arvey et al. 200Nag et al. 2011
Seabrook et al. 201@lokovic 2009. In fact, it was demonstrateélat intranigralinjection of VEGF
causes neuroinflammation and loss of dopaminergic neurons suggesting BBB dysfunction as an early

event ofneuroinflammatior{Rite et al. 200).

Another example forthe deleterious effects oBBB dysfunction (but not compromise) in the
establishment of neuroinflammation is the pathology of M. widely accepted that CNivasion of
myelinreactive CD4 T-cells that likely recognize a structurally similar viral antiggmdlecular

mimicryd is the key pathoetiological event in MS. It has been long presumenhykétrantigens are
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insulated in the immunprivileged CNSenvironment from the pgrheral immunesystem.However,
since he finding of auteaggressive Xells in the peripheral blood of healthy individuals it is suggested
that the pathology might be a consequence of maladaptive CNS entry of theg€aelston and
Sawcer 2002RezaiZadeh et al. 2009

4.4.2.BBB - Deteriorationof Neuroinflammation

I. Leukocyte Recruitment during Inflammation. It is widely acceptedthat exacerbated leukocyte
traffic into the CNS representscaitical stagein disease progression adiverse range of disorders
including chronic neurodegeneration, stroke, brain trauma, vasculitis, and infg@i@enwood et al.
2017). Under nonpathological conditins the number of peripheral leadytes in brain parenchyma is
low since migration and infiltration areghtly regulated at the level of the BBRezaiZadeh et al.
2009). For example, it has been estimated that immune surveillaficihe brain under non
inflammatory coditions is approx. 10@old lower compared to other tissues like spleen or heart
(Greenwood et al. 20)1However, under inflammatory conditigresg. meningitisleukocyte counin

the CSFdramaticallyincreass from below5 cells mm?® up to more than 1000 cells mniSeehusen et

al. 2003.

Sites of Infiltration.Basically, it is possible to define three distinct routes of leukocyiry @mo the
nervous tissueThe first pathway, and perhaps the most extensively studied, is from blood into
parenchymal perivascular spa@cross the BBBRansohoff et al. 2003Theterm BBB in the context

of leukocyteinfiltration can be confusing?hysiologically,the term refer¢o the vascular segment of
the capillaries tharegulate diffusion of solutdsut inflammatory respongarimarily ocairs atthe level

of postcapillary venules Although postcapillary venulesdisplay morphological differences compared
to capillaries (larger diametes0 vs. 6 um; presence of gerivascular spacetc), they share a variety

of identicalfeatures likdow permeability, formatiorof TJ or presence of pericytes and glia limitants.
Therefore, this vessel type has been teridmediroimmunological BBB (Owens et al. 2008 In the
secondpathway, leukocytes extravasate acribes fenatrated edotheliumto choroidplexus stroma
and further across the chorgitexus epithelium into the CSF. A third route of leukocyte entry into the
brain is represented by emigration fr@ostcapillary venules at the pial surface the brain into the

subarachnal space and the VircheRobin perivascular spa¢®an et al. 200y
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Diapedesis of Leukocyte®egardless of endatlium location, leukocyte migration follows the
multistep paradigm of leukocyndothelial interactiond={gure 6) at brain barrier¢§Greenwood et al.
2011 Man et al. 200). Accordingly, the first step involves overcoming the shear stress of blood flow
through transient cetiell interactiongmediated by Eselectins on leubcytes and Eand Pselectins a
activated endothelial cells. €ketransient associations (tethering) result in leukocytes rolling along the
vessel in flow direction giving leukocytes the opportunity to scan endothelial surfaces for luminal
chemokines immobilized bgrotealycans or dier moieties. Chemokine receptor activation initiates
rapid conformational changes of the integrins EFAnd VLA4, inducingthe transition from a low to

high affinity state and firm interaction with endothelial coumtareptors (e.g. ICAMs and VCAMS).
Once leukocytes have arrested on endothelial surface they polarize and start to crawl through tightly
regulated integrin/CANMmediated adhesive evenfinding the optimal site for transmigration. The last
stage in leukocyte recruitment is diapedesis, wiidhe targeted penetration of vascular wall into the
perivascular spacgsreenwood et al. 201 Man et & 2007). Although leukocyte diapedesimslong

been assignetb take place in paracellular manrrequiring a transient disruption of intendothelial
junctions there is growing evidence supportitfte concept otranscellular migration, most likely
through filopodialike membrane protrusior{§eng et al. 1998/on WedelParlow et al. 201,1Wolburg

et al. 200%.

Figure 6: Schematic representation of the major phases of leukocyte capturing by BMVEC and migration
through the BBB. ICAM, intercellular adhesion molecule; NO, nitric oxide; ®&M, platelet endothelial cell
adhesion molecule; PS@EL, Pselectin glycoprotein ligand 1; VCAM, vascular cell adhesion molecule; VLA4, very
late antigen 4Greenwood et al. 201
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