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III. ABSTRACT

Normal brain function depends on a delicately balanced set of remarkably diverse lipids. Consequently,
short and long-term alterations in brain lipid composition during acute and chronic neuroinflammatory
conditions associated with oxidative stress are casually involved in central nervous system (CNS)
disorders (e.g. Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, stroke or traumatic brain
injury). Within the different cerebral lipid subclasses plasmalogens, 1-O-alk-1’-enyl-2-acyl-sn-glycero-
phospholipids, take a central role in CNS function. Plasmalogen deficiency results in severe and long-
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 role. After 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 compounds. Of note, due to the
presence of an O-alkenyl-ether group at the sn-1 position these ether phospholipids are particularly
sensitive towards HOCl-mediated modification. Therefore, the present study aimed at investigating the
impact of experimentally induced neuroinflammation on MPO-mediated chlorinative stress on CNS

plasmalogens.

By means of an in vivo mouse model I could demonstrate that a single dose of peripherally applied
endotoxin leads to cerebral plasmalogen loss. These experiments revealed that MPO-derived HOCI
modifies a significant proportion of brain plasmalogens leading to the formation of highly reactive a-
chloro fatty aldehydes (e.g. 2-CIHDA). Further studies in this murine model identified recruitment of
MPO-containing neutrophils to the cerebrovasculature as a likely event contributing to blood-brain
barrier (BBB) dysfunction under neuroinflammatory conditions. Using an in vitro model of the BBB 1
could identify molecular mechanisms/signaling pathways leading to 2-CIHDA-induced apoptosis and
altered 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 potential for MPO-derived HOCI1 and 2-CIHDA thereby

providing significant protection against barrier dysfunction.

In summary, the present study indicates that activation of the innate immune system and plasmalogen
modification by MPO-derived HOCI might play a critical role in the setting of neurological disorders.
A thorough understanding of the underlying signaling pathways could ultimately impact on targeted

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

Die intakte Funktion des Gehirns ist von einer definierten Lipid-Zusammensetzung abhéngig. Aus
diesem Grund sind kurz- und langfristige Verdnderungen des zerebralen Lipid-Musters als Folge von
Entziindung und oxidativem Stress, welche man regelméfig bei Patienten mit akuten und chronischen
neurologischen Erkrankungen (z.B. Alzheimer, Multiple Sklerose, Parkinson, bzw. traumatischen
Hirnverletzungen oder Insult) beobachtet, zwangslaufig mit Stérungen des zentralen Nervensystems
(ZNS) verbunden. Eine zentrale Rolle in der Funktion des ZNS spielen Plasmalogene (1-O-Alk-1’-
Enyl-2-Acyl-sn-Glycerophospholipide). Ein Mangel an dieser Phospholipid-Subklasse geht mit
neurodegenerativen Erkrankungen einher und fiihrt zu schweren, lang anhaltenden Entwicklungs-
Veranderungen des Gehirns. Unter den zahlreichen Systemen, die zur Bildung von reaktiven Spezies
fiihren, nimmt die Myeloperoxidase (MPO) von Phagozyten eine Sonderstellung ein, da sie aus
Wasserstoffperoxid in Gegenwart von Chlorid-lonen, hypochlorige Sdure (HOCI) generiert. Dieses
starke Oxidationsmittel hat die pathophysiologische Figenschaft, aus ungesittigten Lipiden, eine Reihe
von chlorierten, lipotoxischen Verbindungen zu bilden. Plasmalogene haben sich als besonders
empfindlich gegeniiber HOCl-vermittelter Modifikation erwiesen, da sie aufgrund einer O-Alkenyl-
Ether-Gruppe an der sn-1 Position duBlerst empfanglich gegeniiber Oxidation sind. Ziel dieser Studie
war es die Auswirkungen einer experimentell induzierten Neuroinflammation auf die Bildung von
HOCI im Gehim und die daraus resultierenden Verdnderungen an der zerebralen Plasmalogen-

Zusammensetzung zu untersuchen.

Mit Hilfe eines in vivo Mausmodells konnte diese Studie zeigen, dass eine Einzeldosis von peripher
appliziertem Endotoxin zu einem Verlust an zerebralen Plasmalogenen fiithrt. Desweiteren ergaben
diese Experimente, dass ein erheblicher Teil dieses Verlustes einer HOCI-Modifikation der O-Alkenyl-
Ether-Gruppe zuzuordnen ist, was zur Bildung von hoch reaktiven, langkettigen, o-chlorierten
Aldehyden (z.B. 2-CIHDA) fiihrt. Weitere Studien in diesem Mausmodell konnten zeigen, dass eine im
Zuge der Neuroinflammation resultierende Rekrutierung von neutrophilen Granulozyten an das
zerebrale Gefillsystem zu einer Dysfunktion der Blut-Hirn-Schranke (BHS) beitragen kann. Mit Hilfe
eines in vitro BHS-Modells wurden die molekularen Mechanismen und Signalwege identifiziert, die zu
einer 2-CIHDA-induzierten Verdnderung der Permeabilitdt und Zell-Viabilitit fithren. Durch diese
Erkenntnisse war es moglich, bestimmte Signalwege pharmakologisch so zu modulieren, dass die
Barriere-Funktion des BHS-Modells partiell wiederhergestellt werden konnte. Auflerdem erbrachten
weitere Studien den Beweis, dass natiirliche Polyphenole durch ihre antioxidativen Eigenschaften einen

signifikanten Schutz gegeniiber HOCI- und 2-CIHDA-induzierte Barriere-Dysfunktion bieten.
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Zusammenfassend konnte die vorliegende Studie zeigen, dass die Aktivierung des angeborenen
Immunsystems und eine damit verbundene, HOCI-abhingige Plasmalogen-Modifikation eine
entscheidende Rolle im Verlauf von neurologischen Erkrankungen spielt. Ein griindliches Verstindnis
der zugrunde liegenden Signalwege wiirde es ermdglichen, in Funktionsstorungen der BHS

pharmakologisch gezielt einzugreifen.
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V. INTRODUCTION

1. The Central Nervous System (CNS)

The nervous system, along with the endocrine system, controls the maintenance of body
homeostasis and monitors the ambience. At the simplest level, it reacts in the way to sustain animal
integrity and, at higher levels, it provides interaction with the external environment resulting in
complex behavior (Brown A.G. 2001). Anatomically, the nervous system can be divided into the CNS
and the peripheral nervous tissue (PNS). The CNS embraces nervous tissue located in brain, brain stem
and spinal cord, whereas the PNS is composed by the remnant nervous tissue outside the CNS (Zhang
S.X. 1998). In contrast to some invertebrate animals (e.g. cnidarians), equipped with a decentralized
nervous system, the brain governs nervous system in all of vertebrate and invertebrate animals
(Shepherd 1994). The largest proportion - approx. 77% - of human CNS volume is given by the
cerebral cortex, the part playing a key role in consciousness, memory and language followed by the
cerebellum (10%), interbrain (4%), midbrain (4%), hindbrain (2%), and spinal cord (2%) (Baars and
Gage 2010, Swanson 1995). Based on gross topographical conventions cerebral cortex may be
classified into four lobes: Frontal lobe, parietal lobe, occipital lobe, and temporal lobe (Barker et al.

1999).

In preserved nervous tissue gray and white colored areas are found which are also referred to gray and
white matter. Gray matter, which is localized at the cortex and in depths of the cerebrum and as well as
at the surface of the cerebellum, is mainly composed by neuronal cell bodies, glia cells and capillaries.
The white matter, mostly found below the gray matter, predominantly consists of myelinated axons
interconnecting neurons in different regions of the cerebral cortex with each other (Purves et al. 2001).
There is increasing evidence that volumes of grey and white matter in the cerebral hemispheres are
affected by age and several neurological disorders including Alzheimer disease (AD) (Figure 1),
Huntington disease (HD), multiple sclerosis (MS) and schizophrenia (Hulshoff Pol et al. 2002, Miller et
al. 1980, Salat et al. 1999, Sanfilipo et al. 2006, Stoffers et al. 2010).

The subarachnoid space, between the arachnoid layer and the pia, maintains the cerebrospinal fluid

(CSF). The function 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 brain through buoyancy. However, more
recent data suggest, that by joining circulating interstitial fluid (ISF) the CP-CSF system plays active
roles in the maintenance of CNS homeostasis e.g. nutrient and ion provision, metabolite removal, and

cell intercommunication (Abbott 2004, Johanson et al. 2008, Redzic Z. B. et al. 2005).

Elderly Normal Subjects
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Loss
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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 controls (top, a—d) and patients with AD (bottom, e—h). Loss rates are <1% per year in controls. They are
significantly higher in AD and strongest in frontal and temporal regions (g, /) at this stage of AD (as the MMSE score falls
from 18 to 13) (Thompson et al. 2003).

2. The Brain is a Well-Vascularized Structure

Although the human brain accounts only for approximately 2% of the body weight it receives about
20% of the total body-circulating blood volume. Upon a brief loss of blood supply, also referred as
ischemia, brain functions stop within seconds and damage to neurons may occur within minutes
(Girouard and Iadecola 2006, Zlokovic 2008). Therefore, preserving a constant blood supply of about
700 ml/min to the brain is essential for normal brain function because the cerebrovasculature provides
brain tissue with oxygen, nutrients, vitamins and other important substances like peptide hormones

(Albayrak et al. 2007, Bourre 2006a, b, Poduslo et al. 1994).
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2.1. Blood Supply to the Brain

The brain receives blood from four large vessels: On the one hand the left and the right internal
carotid arteries, which arise at the point where the common carotid arteries bifurcate into the external
and internal carotid arteries and on the other hand from the vertebral arteries, which originate directly
from the subclavian arteries. The internal carotid arteries divide into the two major cerebral arteries, the
anterior and middle cerebral arteries (Figure 2). The former supplies blood to many parts of the lateral
cerebral cortex, the anterior temporal lobes and the insular cortices while the latter supplies mainly the
medial portions of frontal lobes and the medial parietal lobes as well as the corpus callosum. The right
and left vertebral arteries fuse on the ventral side of the brainstem forming the basilar artery. The
basilar artery branches to form the posterior cerebral artery and to join via the posterior communicating
artery the blood supply of the internal carotids in an arterial ring at the base of the brain called the circle
of Willis. Together with the anterior communicating artery the circle of Willis is offering the potential
to maintain cerebral blood supply in the event of a single arterial occlusion. The posterior cerebral
arteries supply blood to the posterior parietal cortex, the occipital lobe and inferior parts of the temporal
lobe. Predominantly, the major arteries proceed along the cerebral surface before suddenly diving into
the brain ramifying into arterioles and capillaries (Barker et al. 1999, Purves et al. 2001, Zigmond et al.
1999). Brain capillaries connect arterioles and venules, and enable the gas and water exchange as well
as the exchange of nutrients, and efflux of waste products between blood and the surrounding brain
tissue (Abbott et al. 2006). Due to the unique properties of this microvasculature (see chapter 3) to
strictly control solute interchange, this physical interface is also referred as BBB (Abbott et al. 2010,
Cardoso et al. 2010).

2.2. Venous Drainage of Cerebral Blood

The cerebral venous system can be separated into an external and an internal system. At the
external system cortical veins drain superficial parts of the cerebral cortex and empty into superior
sagittal sinus. This sinus sequentially drains into the transverse sinus, then sigmoid sinus, before
emptying into the left or right internal jugular vein. In contrast, at the internal system profound cerebral
veins drain the deep structures of the cerebral hemisphere to the great vein of Galen, then into the

straight sinus and finally also into internal jugular veins (Figure 3). Via anastomosis of left and right
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internal jugular veins into the superior vena cava, brain-blood returns to body circulation (Barker et al.

1999, Kilic and Akakin 2008).
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Figure 2: The major arteries of the brain. (A) Ventral view. The enlargement of the boxed area shows the

circle of Willis. (B) Lateral and (C) midsagittal views showing anterior, middle, and posterior cerebral arteries

(Purves et al. 2001).

-21-



3. Blood-Brain Barrier (BBB) — Multiple Gatekeepers of the CNS

The CNS represents most probably the most sensitive and critical system in the body of
mammalians since neurons communicate using a combination of chemical and electrical signals, and
precise regulation of the local ionic microenviroment around synapses and axons is critical for reliable
neural signaling. Although nervous tissue shows substantial metabolic demands (approx. 20% of total
oxygen consumption in humans) the CNS is extremely sensitive to a broad range of chemical
compounds. Many of these substances are consumed in our diet, without any harm to peripheral organs,

but in nervous tissue they exhibit toxic properties.

It has been argued, that fundamental aspects like maintenance of CNS homeostasis and protection from
blood-borne compounds were chief evolutionary pressures leading to 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 compounds (Abbott et al. 2010, Cardoso et al. 2010,
Hawkins B. T. and Davis 2005). This interface is not simply constituted by a simple physical barrier
(restriction of paracellular flux) but more likely a combination of physical barrier, transport barrier
(specific transport of solutes across the barrier) and metabolic barrier (metabolism of compounds by

enzymes) that protects the fragile environment of the CNS (Abbott et al. 2010).

The barrier system of the BBB poses severe limitations to the development of new drugs against
virtually all CNS disorders including brain tumors, Alzheimer’s disease (AD), Parkinson’s disease
(PD), multiple sclerosis (MS), stroke, schizophrenia, depression, migraine headache, and epilepsy. It
had been estimated that essentially 100% of all large molecule drugs such as recombinant proteins and
enzymes, monoclonal antibodies (MAD), antisense drugs, and short interfering RNA (siRNA) and
approximately 98% of small molecule drugs do not cross the BBB (Pardridge 2005, 2007a, b, Zlokovic
2008). Basically, all drugs presently used in CNS clinical practice are small molecules that feature dual
molecular characteristics of lipid solubility and molecular weight (MW) of <400 Da. However, based
on experimental and computational approaches the ‘Rule of 5’ was formulated aimed at predicting the
permeation of solutes in pharmacologically significant amounts through biological barriers. Generally,
transport of molecules across the BBB is impaired by following characteristics: Molecular weight >500
Da, sum of hydrogen bond donor/acceptor groups >10, substrate for a BBB enzyme system, substrate
for BBB active efflux transporter, and avid plasma protein binding of the drug (Lipinski et al. 2001,
Pardridge 2002).

-22-



The existence of an interface between the blood circulation and the CNS was initially described in the
1880s when Paul 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 dye. At the turn of the last century
Lewandowsky was the first, who described this interface by using the term bluthirnschranke (blood-
brain barrier) based on the observation that neurotoxic compounds affected brain function solely when
directly injected into the brain (Dermietzel et al. 2006 , Engelhardt and Sorokin 2009). In the fifties,
sixties, and seventies of the last century physiological studies and analysis of the molecular nature of
brain barriers (see chapter 3.2.) changed the concept from an impermeable barrier to a highly controlled
interface (Cardoso et al. 2010, Reese and Karnovsky 1967). At the present time there is an awakened
interest of the neuroscience society in the exploration of the BBB since there is a revived appreciation
that brain barrier mechanisms play critical roles in brain development and pathophysiology of several
neurodevelopmental and neurodegenerative disorders (see chapter 4.) as well as in getting therapeutic

agents into the CNS for treating such disorders (Pardridge 2007b, Saunders et al. 2008).

3.1. The Architecture of Brain Barriers

In contrast to many invertebrate organisms - except some groups e.g. insecta, crustacea and
cephalopoda - all vertebrates possess a BBB. As the neural tissue become more centralized, larger, and
more complex during the course of evolution the barrier has shifted from a incomplete or leaky BBB,
comprised by perivascular glial end-feets, to a highly intricate, tight barrier based on an extensive

network of capillaries (Abbott 1987, 2005, Bundgaard and Abbott 2008).

In humans, this microvascular network has a length of approx. 650 km, resulting in a surface area of
approx. 20 m” for blood-brain 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 20 pm distant
from a brain capillary, hence, virtually every neuron is perfused by its own capillary (Abbott et al.
2006, Pardridge 2002, Zlokovic 2008). At the entirely differentiated CNS of mammals, homeostasis
and protection of nervous tissue are ensured by two other interfaces, namely blood-CSF barrier

(BCSFB), and blood-arachnoid barrier (BAB) (Redzic Z. 2011, Saunders et al. 2008).
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The BCSFB is localized at the choroid plexuses in the lateral, third and fourth ventricles where
epithelial cells, instead of endothelial cells, constitute a barrier between blood and CSF (Brown P. D. et
al. 2004). The third interface, provided by the multi-layered avascular arachnoid epithelium, completely
envelopes the CNS, where it serves as a seal between the extracellular fluids of the CNS and of the rest
of the body (Abbott et al. 2006). Nevertheless, the surface area of either the BCSFB or the BAB is
1000-fold smaller compared to the brain microvascular endothelium (BMVE) of the BBB (Dohrmann
1970, Pardridge 2002).

Figure 3: Human cerebrovasculature. A plastic emulsion was injected into

the brain vessels, and brain parenchymal tissue was dissolved (Zlokovic 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 function and dysfunction arise
from the complex interaction between a network of several neuronal and non-neuronal cell types,
including neurons, astrocytes, oligodendrocytes, pericytes, microglia, and the microvascular endothelial
cells. All these cells comprise the cerebrovasculature, forming a functional unit, which is often referred
to as a ‘neurovascular unit’ (Lo et al. 2003, Lok et al. 2007, Zlokovic 2010). The close proximity of
participant cell types allows bidirectional-interaction between adjacent cells, directly in a physical
manner, or indirectly via paracrine regulation. Therefore, this cellular communication network takes a
central role as a regulator of hemodynamic neurovascular coupling, microvascular permeability as well
as angiogenic and neurogenic coupling, both in physiological and pathophysiological conditions (del

Zoppo 2010, Zlokovic 2008).

3.2.1. Brain Microvascular Endothelial Cells (BMVEC) - The Anatomic Base of the BBB

It has become an accepted model that the brain microvascular endothelium (BMVE) forms the
anatomical basis of the BBB since amphibians show high transendothelial electrical resistance (TEER)
despite the absence of surrounding astrocytes (Cardoso et al. 2010, Hawkins R. A. et al. 2006). The
BMVE is composed of a tightly sealed monolayer (approx. 50-100 times tighter than peripheral
microvessels) of BMVEC (Figure 4 A), which generally prevents free exchange of compounds
between blood and neural tissue. BMVEC differ fundamentally in morphology and physiology from
microvascular endothelial cells localized in the periphery, because they show features like small height,
increased number of mitochondria, a minute number of caveolae, low pinocytotic activity, high TEER,
lack of fenestrations and tight junctions (TJ) between adjacent endothelial cells (Carvey et al. 2009,
Wolburg et al. 2009). The tight junctions inhibit paracellular movement (‘barrier function’), and divide
the membranes of the endothelial cells into two distinct compartments (‘fence function’), the luminal
(blood side) and abluminal (brain side) face of the plasma membrane. Thus, membrane polarization
results in different sets lipid species and proteins (e.g. transporters, enzymes, receptors and adhesion
proteins) on the luminal and abluminal side (Betz et al. 1980, Hawkins R. A. et al. 2006, Tewes and
Galla 2001).
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Interendothelial Junctions. During the pioneering work in the late sixties Reese and co-workers could
demonstrate by electron microscopy studies that endothelial junctions occlude the interspaces between
blood and brain parenchyma, thereby constituting a structural basis for the BBB (Brightman and Reese
1969, Reese and Karnovsky 1967). The interendothelial space of the cerebrovasculature is
characterized by the presence of junctional complexes (Figure 4 B) including adherens junctions (AJ)
and TJ (Schulze and Firth 1993, Wolburg and Lippoldt 2002). Gap junctions have also been identified

but their role in barrier function is still controversial (Nagasawa et al. 2006, Zlokovic 2008).

A Tight Junction

Basement membrane

Tight junctions

Adherens
junctions

Albuminal side (CNS)

Figure 4: Simplified schematic illustration of cross-sections of (A) a CNS capillary and
(B) the junctional complex between BMVEC. (A) BMVEC and pericytes are surrounded by
a membrane composed of collagen type IV, laminin, fibronectin, and heparin sulfate
proteoglycan, which is ensheathed by astrocyte end-foot processes. (B) BMVEC are tightly
sealed by AJ and TJ complexes consisting of transmembrane proteins (occluding, claudin,
JAMs and VE-cadherin). Accessory proteins (e.g. members of the ZO- and the catenin-
family) link junctions to the actin cytoskeleton (Kim et al. 2006).

-26 -



1. Adherens Junctions (AJ). Al are specialized cell-cell-junctions, which are ubiquitously found in the
vasculature. In general, AJ mediate the adhesion of endothelial cells to each other, they mediate contact
inhibition during vascular growth and remodeling as well as the initiation of cell polarity (Hawkins B.
T. and Davis 2005). AJ are primarily formed by extracellular domains of the transmembrane
glycoprotein vascular endothelial (VE) cadherin (Navarro et al. 1998). The cytoplasmic tail of this
protein associates with catenins (a- and B-catenin) and other cytoplasmic proteins like vinculin and a-
actinin, thereby linking the junctional complex to the cortical F-actin cytoskeleton (Bazzoni and Dejana
2004). Targeted inactivation or truncation of VE-cadherin was found not to affect the assembly of
endothelial cells in vascular plexi, but to induce endothelial apoptosis, thus providing evidence, that

VE-cadherin/B-catenin signaling controls endothelial survival (Carmeliet et al. 1999).

A clear role for VE-cadherin in maintaining permeability was established by in vivo experiments using
anti-VE-cadherin antibodies in mice. This treatment induced hemorrhages by dramatically increasing
vascular permeability in several organs but not in brain (Corada et al. 1999). On the other hand, it was
shown that permeability-increasing agents like histamine or VEGF induce rapid tyrosine
phosphorylation and concomitant cellular redistribution of VE-cadherin and catenins supporting the
concept that phosphorylation of VE-cadherin and/or its intracellular partners is involved in regulating
the strength of cell-to-cell contacts (Andriopoulou et al. 1999, Fischer et al. 1999). However, it cannot
be excluded that phosphorylation of cadherin and catenin may represent a general reaction to stressful
agents, which results in increased permeability but may also trigger more complex cell responses and

interactions (Bazzoni and Dejana 2004).

II. Tight Junctions (TJ). The most prominent feature of the BBB is the high TEER across the
endothelial barrier, established by the presence of TJ. Although TJ are found in endothelia and epithelia
of several tissues including brain, lung, heart, liver, placenta etc. (Lievano et al. 2006, Tsukita et al.
2001), barrier tightness varies in a tissue-dependent manner e.g. brain microvascular endothelial
junctions impose high TEER of approx. 1500-2000 ohms/cm’, in comparison, TEER of placenta
endothelial cells is only about 20-50 ohms/cm’. Studies using TJ from different tissues with varying
transendothelial and transepithelial electrical resistances demonstrated a correlation between increased
organization of cytoplasmic fibrils and decreased permeability (Claude 1978, Huber et al. 2001). Like
junctional complexes of AJ, TJ are also composed of integral membrane proteins, first- and second

order adapter proteins.
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Molecular Architecture. Occludin was the first transmembrane TJ protein, which has been
characterized. However, further investigations have identified the existence of 24 members of the
claudin family, three of them, claudin-3/5/12, have been reported to be expressed at the BBB (Wolburg
et al. 2009). A third class of integral membrane proteins includes the junction-associated adhesion
molecules (JAM) 1-3, which can be classified into members of the IgG superfamily (Forster 2008).
Regulation of paracellular permeability is ensured by homophilic (occludin, JAMs) or by homo- and
heterophilic (claudin-family) interactions of extracellular domains of two adjacent cells (Dejana et al.
2000, Piontek et al. 2008). First order adapter proteins physically interact with the C-terminus of
occludin, claudins and JAM and they link junctional complexes to the F-actin cytoskeleton. Adapter
proteins of the first order, like ZO proteins (ZO-1/2/3), belong to the family of membrane-associated
guanylate kinase (MAGUK) proteins and they serve as recognition proteins for TJ placement as well as
signal transducers between TJ and the nucleus (Cardoso et al. 2010, Wolburg et al. 2009). For instance,
it has been shown, that during adverse conditions, ZO-1 and ZO-2 shuttle between the junctions and the
nucleus, thereby influencing gene expression e.g. blocking cell cycle progression (Balda and Matter
2009, Gonzalez-Mariscal et al. 2009, Tapia et al. 2009). Second order adaptors are based on their
indirect association with the integral tight junction proteins and include, for example, cingulin or the
cingulin-related junction-associated coiled-coil protein (JACOP). Recent data indicate that these
proteins are important for TJ assembly and function most likely through activation of RhoA signaling

(Terry et al. 2011, Wolburg et al. 2009).

1J Deficiency in Animals. In the last ten years several animal models were established aimed at
exploring the physiological role of TJ in vivo. These studies revealed a surprising complexity of TJ
function in vivo after genetic modification. For example, mice deficient for claudin-5, died as neonates
about 10 h after birth but there were no indications about intracerebral edema or hemorrhage and no
obvious abnormalities in TJ formation. However, tracer experiments and magnetic resonance imaging
revealed the size-selective opening of the BBB for compounds >800 Da suggesting that each claudin
regulates the diffusion of molecules of a certain size (Dermietzel et al. 2006 , Nitta et al. 2003). On the
other hand, in occludin™ mice transepithelial resistance was not affected. Nevertheless, this null
mutation resulted in a complex phenotype including histological abnormalities like calcification of
brain tissue as well as in morphological- and behavioral differences (Saitou et al. 2000). Deficiency of
Z0-1 causes an embryonic lethal phenotype associated with defects in vascular development, impaired
formation of vascular trees but abnormal patterns of TJ components were not recognized (Katsuno et al.

2008).
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Mechanisms of Barrier Regulation.T] are highly dynamic structures that undergo disintegration and
reassembly induced by intracellular mechanisms based on the cross-talk of a complex network of
signaling cascades, but we are just at the beginning to understand these processes (Cardoso et al. 2010,
Gonzalez-Mariscal et al. 2008). The consequence of TJ complex alteration, modulation of BBB
permeability, was shown to occur during a variety of physiological and pathophysiological conditions
(see chapter 4.4.), including angiogenesis, neurogenesis as well as during acute and chronic

neurodegeneration (Hawkins B. T. and Davis 2005, Zlokovic 2008).

During the past two decades extensive research has revealed a large extent of data about the effects of
physiological factors (e.g. vasogenic agents, inflammatory- and lipid-mediators) on BBB integrity (Deli
et al. 2005). However, signaling routes mainly involve protein kinases, members of mitogen-activated
protein kinases (MAPK) pathways, the endothelial nitric oxide synthase (eNOS), and G-proteins,
ultimately leading to alterations of TJ complexes and permeability changes (Cardoso et al. 2010). The
function of TJ proteins are regulated by transcriptional events, correct subcellular localization, post-

translation modification, and protein-protein interaction (Huber et al. 2001).

Glucocorticoids, like hydrocortisone (HC) or dexamethasone, which are commonly known as potent
immunosuppressants represent a class of powerful inductors of barrier properties of BMVEC (Dietrich
2004). At the molecular level HC induces expression of occludin and claudin-5 at mRNA and protein
levels by activation of the glucocorticoid receptor (GR) and its binding to putative glucocorticoid
responsive elements in the corresponding promoter (Forster et al. 2008, Forster et al. 2005, Harke et al.
2008). In contrast, tumor cell-secreted vascular endothelial growth factor (VEGF) increases
microvasculature permeability by reducing occludin expression and disrupting ZO-1-occludin
organization at the cell boundary (Wang W. et al. 2001). In addition to altered TJ expression pattern, it
was found that phosphorylation of TJ components is also a major trigger of junctional assembly and
barrier function (Gonzalez-Mariscal et al. 2008). A clear relationship between low monolayer resistance
and TJ phosphorylation was first demonstrated for ZO-1 (Stevenson et al. 1989). Since that time,
numerous studies have implicated multiple protein kinases (PK) including serine/threonine (Ser/Thr)
kinases (e.g. PKA, PKB, PKC, and PKG), protein tyrosine kinases (PTK) as well as corresponding
protein phosphatases as potent regulators of barrier function (Cardoso et al. 2010, Gonzalez-Mariscal et
al. 2008). For example, recent data indicate that PKCa-dependent Ser/Thr phosphorylation of ZO-1
decreases protein-protein interaction with occludin and claudin-1, coincident with displacement of ZO-

1 from intercellular boundaries and TJ opening (Goldblum et al. 2011). Others could show, that de novo
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Ser/Thr phosphorylation of occludin and claudin-5 is induced through RhoA activation resulting in

brain endothelium hyperpermeability and TJ redistribution (Stamatovic et al. 2006)

3.2.2. Astrocytes - Inductors of BBB Integrity

Astrocytes, also known as macroglia, represent the most numerous glial cell type within the
CNS (e.g. 50% of cerebral cortical volume) and they feature characteristic star-shaped morphology
(Magistretti and Pellerin 1996). This morphology enables astrocytes to build up many hundreds to
thousands connections to neighboring cells including endothelial cells, neurons and other glia cells,
thereby acting as a communication bridge between cells of the neurovascular unit (Volterra and
Meldolesi 2005). In contrast to fibrous astrocytes, localized in the white matter, protoplasmic
astrocytes, the quantitatively predominating class in humans, are usually organized in domains in the
gray matter close to capillaries. It was shown that one cortical astrocyte is able to link five different
blood vessels and eight neuronal cell bodies, suggesting pivotal responsibilities in preserving neuronal

and endothelial function (Oberheim et al. 2006).

Neuronal integrity is ensured due to supportive function of astrocytes in ion and water homeostasis,
delivery of energy substrates (e.g. lactate) as well as neurotransmitter production, removal and
breakdown (Abbott et al. 2006, Oberheim et al. 2006, Volterra and Meldolesi 2005). Astrocytes are
now generally accepted to play decisive roles in proper brain capillary differentiation (correct
association of endothelial cells and pericytes in tube like structures) and in the maintenance of barrier
properties of brain capillaries (Abbott et al. 2006, Ramsauer et al. 2002). Since the cerebrovasculature
is almost completely (99%) ensheathed by the end-feet of astrocytes processes, the close anatomical
apposition gave rise to the suggestion that astrocyte ensheathment is critical in the development of BBB
characteristics (Davson and Oldendorf 1967). However, recent research indicates that astrocytes
modulate the BBB phenotype by upregulation of tight junctional proteins ZO-1 and occludin in
endothelial cells by means of soluble factors (e.g. transforming growth factor-B, glial-derived
neurotrophic factor and angiopoetin-1) and probably not only by physical interaction (Abbott et al.
2006, Colgan et al. 2008, Siddharthan et al. 2007).

Disturbances of the complex endothelial-astrocyte interaction appear to be involved in glia-derived
neoplastic pathologies like astrocytomas (e.g. glioblastoma multiforme) and numerous pathologies with

an inflammatory component including stroke, brain trauma, infectious processes (e.g. sepsis,
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meningitis) as well as in chronic neurodegenerative diseases (e.g. AD, PD, and MS). In the case of
astrocytomas, extremely high grade of neovascularization is accompanied by a leaky vasculature that
lacks BBB phenotype, either a result of a lack of inductive factors, or owing to the release of

permeability factors such as VEGF (Abbott et al. 2006, Anderson et al. 2008).

Astrocytes secrete transforming growth factor p (TGFf), which normally downregulates brain capillary
endothelial expression of tissue plasminogen activator (tPA), an enzyme known to increase BBB
disruption. Under pathophysiological conditions, down regulation of TGFp is sufficient leading to tPA-
mediated BBB opening (Abbott et al. 2006, Kassner et al. 2009). The role of the cytokine tumor
necrosis factor a (TNFa) in inflammation-dependent BBB dysfunction is well established but
indications that paracrine actions involving endothelin-1, TNFa and interleukin-1§ between human

astrocytes and BMVEC seem to tremendously amplify this process (Didier et al. 2003).

3.2.3. Pericytes - Not only a Regulator of Capillary Blood Flow

Pericytes were originally discovered more than 100 years ago as perivascular cells adjacent to
capillaries (Zlokovic 2008). They have morphological features of smooth muscle cells. Generally,
pericytes possess a prominent cell body with several processes encircling approx. 30% of abluminal
membrane surface of capillaries, thereby sharing a common basement membrane with BMVEC (Allt
and Lawrenson 2001). At the ensheathing process pericytes build up focal contacts and communicate

with BMVEC by means of gap junctions, AJ and TJ (von Tell et al. 2006).

Properly associated pericytes contribute to barrier integrity through mechanical stabilization, synthesis
and deposition of basal lamina proteins. Positive effects of pericytes on BBB phenotype were
confirmed by in vitro data of BMVEC co-cultured with pericytes suggesting that this cell type
contributes to BBB integrity, strengthening, and vascular maturation (Nakagawa et al. 2007). In fact,
recently, using a set of adult viable pericyte-deficient mouse mutants, the in vivo evidence was provided
that pericyte deficiency increases permeability of the BBB to water and a range of low-molecular
weight and high-molecular weight tracers. Furthermore, these authors showed that pericytes function at
the BBB in at least two ways: by regulating BBB-specific gene expression patterns in endothelial cells,
and by inducing polarization of astrocyte end-feet surrounding CNS-blood vessels (Armulik et al.

2010).
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Pericytes are known to communicate with BMVEC by secretion of numerous growth factors and
angiogenic compounds (e.g. TGF-B, angiopoetins 1 and 2, platelet-derived growth factor-B and
sphingosine-1-phosphate) (Armulik et al. 2005). Composition of soluble factors were shown to be
essential in capillary assembly, BMVEC are guided by migrating pericytes, but they were also found to
have pivotal roles in stabilizing or destabilizing the sprouting and regression of existing brain vessels
(von Tell et al. 2006, Zlokovic 2008). Since pericytes at the BBB exhibit strong expression of smooth
muscle isoform of actin (a-SMA, a contractile protein) this cell type was considered to regulate
capillary blood flow, however, in vivo function remained long controversial. Nevertheless, in 2006 it
was unambiguously demonstrated that pericytes, triggered by neurotransmitters noradrenalin and
glutamate, are able to regulate cerebral capillary blood flow (Peppiatt et al. 2006). Therefore, it has
been speculated that pericytes contributes to the development of neuropathology in hypertension, MS,

AD, and CNS tumor formation (Zlokovic 2008).

3.2.4. Neurons - Neurovascular Coupling

In the awake state, the brain uses about 16% of total energy in the body for neuronal firing and
cycling of y-amino butyric acid (GABA) and glutamate neurotransmitters. Due to a lack of energy
reserves, the brain requires constant blood supply (Lok et al. 2007). Given the dynamic of neural
activity and considerable metabolic demands, the microcirculation must be highly responsive to the
tissue it supplies (Hawkins B. T. and Davis 2005). This phenomenon has been termed neurovascular
coupling. Neuronal processes that contact intraparenchymal blood vessels originate from local
interneurons or from neurons whose cell bodies are located in subcortical regions (Drake 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. This idea has been challenged by the discovery
that pericytes potentially regulate cerebral blood flow at the capillary level. Furthermore, it is believed
that the signaling pathways controlling pericyte constriction and dilation are similar to those for
arterioles (Attwell et al. 2010, Hamilton et al. 2010). In the adult CNS, neurons do not directly contact
BMVEC, instead, astrocytes mediate connection between neurons and contractile elements (smooth
muscle cells in arterioles and pericytes in capillaries) (Iadecola 2004). Hence, both neuronal and glial
inputs would be expected to modulate microcirculation (Kim et al. 2006) but there is increasing

evidence suggesting a more prominent role for astrocytes in neurovascular coupling. This is based on
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the observation that synaptic release of neurotransmitters were found to induce highly specifically
[Ca®"]; oscillation in astrocytes triggering astrocyte-endfeet response and concomitant microvessel
diameter (Takano et al. 2006, Zonta et al. 2003). Nevertheless, both neurons and astrocytes were shown
to release vasoactive neurotransmitters and neuromodulators (e.g. acetylcholine, GABA,
catecholamines and neuropeptides) during synaptic activity. Other neurotransmitters, such as glutamate,
are not vasoactive, but stimulate the production of powerful vasodilators in endothelial cells, neurons
and astrocytes, including nitric oxide (NO) and metabolites of cyclooxygenase-2 (COX2) like
prostaglandins (PG) and epoxyeicosatrienoic acids (EET) (Attwell et al. 2010, Iadecola 2004).
However, the final targets of these vasoactive substances whether released from endothelial cells,
astrocytes, or neurons, are the smooth muscle cells in arterioles and pericytes in capillaries (Drake and

Iadecola 2007).

Under pathophysiological conditions, for example following brain ischemia, when an occluding
intraluminal thrombus is cleared from a blood vessel, after a short period of hyperaemia there is a
decline in blood flow ( or ‘no-reflow phenomenon’) lasting for several hours (Ames et al. 1968). Recent
evidences indicate that radicals generated during re-oxygenation inhibit formation of vasodilatory
prostacyclin, EETs and NO, but also induce accumulation of vasoconstricting PGH,, altogether

resulting in pericyte constriction and long-lasting blood flow decrease (Attwell et al. 2010).

3.2.5.Microglia - Intrinsic Immune Sensors and Effectors

Microglia represent the major resident innate-immunocompetent cell type in the CNS. The
precise origin of these cells is a highly debated topic. It is largely hypothesized that microglia are
derived from myeloid-monocytic cells and/or their hematopoietic precursors. Nevertheless, some
researchers believe that they are derived from neuroectodermal matrix cells (Lynch 2009, Polazzi and
Monti 2010, Tambuyzer et al. 2009). What we currently know is that microglia comprise about 20% of
the glial cell population but tissue distribution seems to be heterogeneous. Highest densities are found
in the hippocampus, olfactory telencephalon, basal ganglia and substantia nigra but in general,
microglia are more abundant in the gray than in the white matter (Lawson et al. 1990, Polazzi and
Monti 2010). From the functional point of view, microglia represent both, immune-competent cells
(they are able to kill exogenous pathogens) and glia cells with neuronal-supporting functions (the

actively survey the functional status of synapses) (Polazzi and Monti 2010, Wake et al. 2009).
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Microglial cells have an extremely plastic, chameleon-like phenotype, and therefore the existence of
this cell type was questioned for a long time period (Graeber 2010). In the absence of pathology,
microglia are in the resting state characterized by a ramified structure (small bodies and long thin
processes) as well as low expression of cell surface markers and immunological molecules like
cytokines and chemokines. In this state microglia are sessile but studies based on in vivo two-photon
microscopy revealed that microglial processes are highly mobile due to continuous de novo formation
and withdrawal. Due to this highly dynamic reorganization of protrusions it is assumed that stationary
microglia are enabled to thoroughly survey their environment without disturbing fine-wired neuronal

structures (Hanisch and Kettenmann 2007, Nimmerjahn et al. 2005).

Microglial cells are prepared to recognize a wide range of stress signals including structures of
pathogens (e.g. the bacterial membrane component lipopolysaccharide, LPS), abnormal endogenous
proteins (e.g. P-amyloid, AB), complement factors (e.g. Clq), cytokines/chemokines (e.g. TNFa),
neurotrophic factors (e.g. nerve growth factor, NGF), plasma components (e.g. albumin),
neurotransmission-related compounds (e.g. glutamate), and are able to recognize signal input via

bioactive lipids (Hanisch and Kettenmann 2007, Nakamura 2002).

In response to mentioned cues, as occurring in virtually all CNS pathologies, including acute and
chronic events, microglia are readily activated. Highly activated microglia undergo dramatic
transformation from their resting ramified state into an amoeboid morphology. This morphology
facilitates typical macrophage function, such as targeted migration throughout the parenchyma toward
the site of insult (‘microgliosis’: accumulation of microglia at lesions), and the phagocytosis of
microbes, cell debris, or apoptotic material (Walter and Neumann 2009). Morphological alterations are
also accompanied by change into an alerted state characterized by the upregulation of a variety of
surface receptors (e.g. toll-like-, mannose-, and scavenger receptors), cytokine and chemokine receptors
(e.g. receptors for IL-1, IFN-y, and TNFa) as well as induced expression of several specific surface
markers (e.g. Ibal, MHC-II) (Block et al. 2007, Rock et al. 2004). Additionally, activated microglia are
able to generate and/or secrete a machinery of reactive oxygen/nitrogen/chlorine species (e.g.
superoxide, O,"; peroxinitrite, ONO;; hypchlorous acid, HOCI) and secretory products including
cytokines/chemokines (e.g. TNFa), proteases (e.g. matrix metalloproteinases, MMP) and
proinflammatory mediators (e.g. PGE,). Together, these factors exhibit neurotoxicity, BBB breakdown
and emigration of peripheral leukocytes ultimately contributing to a self-perpetuating inflammatory

cycle (Figure 5) (Block et al. 2007, Lefkowitz and Lefkowitz 2008, Rock et al. 2004, Zlokovic 2008).
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Figure 5: Microglia drive progressive neurotoxicity. Microglia can initiate a perpetuating
cycle of neuronal damage in response to pro-inflammatory stimuli (e.g. LPS) or due to
neuronal damage (e.g. MPTP/MPP") by producing neurotoxic proinflammatory factors. A,
amyloid-B; H,0,, hydrogen peroxide; IL-1B, interleukin 1B; LPS, lipopolysaccharide;
MMP3, matrix metalloproteinase 3; MPP*, 1-methyl-4-phenylpyridinium ion; MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NO, nitric oxide; NOO~, peroxynitrite; O,™,
superoxide; PGE,, prostaglandin E,; TNFa, tumor necrosis factor-a (Block et al. 2007).
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4. Blood-Brain Barrier Breakdown — The Vicious Cycle of Neurodegeneration

4.1. Neuroinflammation: From Immune Privilege to Neurodegeneration

From initial observations between the 1920s and 1950s showing that introduction of certain
antigens (e.g. tumors, tissue grafts) in brain tissue do not elicit an inflammatory immune response
phenotype comparable to the periphery, the concept of an ‘immune privilege’ of the CNS was born
(Galea et al. 2007). Indeed, based on the consideration that the fragile CNS homeostasis, which is
required for the proper communication of neurons, would not tolerate routine immune cell patrolling in
their search for relevant antigens, certain strategies have been developed to limit the entry of peripheral
immune elements as well as to limit the emergence of immune activation within the tissue itself (Amor
et al. 2010, Engelhardt and Coisne 2011). Accordingly, as the CNS possesses limited regenerative
capacity the inflammatory response is potentially more damaging than in the periphery (Rezai-Zadeh et

al. 2009).

The immune privilege of the CNS is not wholly attributable to the presence of the BBB and is not
related to the absolute absence of immunological components but rather a result of highly specialized
immunities (adaptive and innate immunity) maintaining an immunosuppressive microenviroment.
Therefore, the CNS is more accurately described as an immunologically specialized site rather than
immunologically privileged. However, once inflammation is established a vicious cycle of innate and
adaptive responses severely undermines the immune privilege of the CNS (Galea et al. 2007, Holman et

al. 2011).

Neuroinflammation, per se, is a protective response against diverse insults, because precisely controlled
neuroinflammation benefits the CNS by destroying pathogens, 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 stimuli, escaping from its tight control, the
immune response can become exaggerated and destructive, and turns into chronic persistent
inflammation that drives progressive neurodegeneration (Gao H. M. and Hong 2008, Wyss-Coray 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 Neuroinflammation?

It is becoming increasingly clear that the BBB plays a crucial role in maintenance of the immune
privilege of the CNS since it tightly regulates migration and infiltration of peripheral immune
components into brain parenchyma. Due to the resulting immunologically insulated microenviroment
the archetypal inflammatory process is initiated by endogenous immune responses causally linked to
acute CNS insults (e.g. hypoxia, trauma, or environmental pathogens and toxins) or to genetic
predisposition for neurodegenerative diseases (e.g. mutations in genes encoding for B-amyloid
precursor- or the a-synuclein protein). As a result, noxious compounds like membrane breakdown
products, abnormally processed or aggregated proteins (e.g. B-amyloid and a-synuclein), imbalanced
neurotransmitters (e.g. elevated glutamate), and released/leaked cytosolic compounds elicit local
neuroinflammation through a cross-talk between injured neuronal tissue and brain-resident first-line
immune responders, predominantly microglia but also to some extents astrocytes (Bertram and Tanzi

2005, Gao H. M. and Hong 2008).

However, in addition to endogenous triggers, there is growing evidence that exogenous immune
responses, which correspond to severe systemic inflammation in the periphery, might impact on the
healthy and diseased CNS (Banks and Erickson 2010, Perry 2010, Rezai-Zadeh et al. 2009). For
example, systemic application of the potent inflammogen of gram-negative bacteria LPS causes typical
sepsis behavior characterized by fever, anorexia, weight loss, and reduction of activity in rodents but
also progressive loss of dopaminergic neurons in the substantia nigra compacta (Ferrari and Tarelli
2011, Qin L. et al. 2007). Since the peripheral LPS passage across the BBB is low, it might induce

brain inflammation indirectly (Banks and Robinson 2010).

Recently, it was reported that BMVEC express toll-like receptors (TLR) 2, 3, 4 and 6, which are
essential in the recognition of pathogen-associated molecular patterns (PAMPs, highly conserved
structural motifs of pathogens) like bacterial LPS, lipoproteins, lipopeptides, zymosan from fungi, and
various viral DNAs and RNAs (Nagyoszi et al. 2010). Accordingly, luminal TLR4-activation on
BMVEC by LPS is suggested to deliver the proinflammatory signal across the BBB directly to brain-
resident immune cells, possibly through abluminal release of cytokines and lipid mediators (Cardoso et
al. 2010, Perry et al. 2007). Indeed, recently it was demonstrated that TNFR1/R2”" mice failed to show
brain neuroinflammation in response to systemic LPS, supporting the aspect that TNFa is critical for

the transfer of inflammation from the periphery to the CNS (Qin L. et al. 2007).
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4.3. Neuroinflammation — The Threshold Determines the Outcome

Apart from the type and origin of initial inflammatory stimuli, induction of neuronal tissue injury
or direct activation of innate immune response results in the same inflammatory cascades (e.g. release
of inflammatory and neurotoxic factors, see chapter 3.2.5.), thus further exacerbating neuronal damage.
For example, the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, a by-product of
synthetic heroin) is able to initiate dopaminergic neuronal death and microgliosis in the substantia nigra
pars compacta causing parkinsonism in primates including humans (Langston and Ballard 1983). Since
neither MPTP nor its toxic metabolite MPP" can directly activate microglia, inflammatory response
directed to neuronal lesions is assumed to be a secondary process, initiated by danger-associated
molecular patterns (DAMPs, e.g. modified proteins, heat shock proteins, chromatin, and uric acid) from
damaged or stressed tissue (Amor et al. 2010, Gao H. M. et al. 2003). In contrast to MPTP, LPS
initiates neurotoxicity entirely through selective activation of TLR4 in microglia and subsequent release
of inflammatory mediators like NO and O, (Gao H. M. et al. 2002, Gibbons and Dragunow 2006, Qin
L. et al. 2005).

Although it is far from being clear which factors might drive ‘beneficial’ neuroinflammation into a
vicious cycle of disease progression, there is substantial evidence indicating that multiple factors
including magnitude and period of insult, vulnerability of individuals, and concurrent events might
decide over the outcome. Indeed, if the inflammatory response is timely and precisely regulated, (e.g.
during non-severe variants of stroke, hypoxia, and trauma) and if the insult is stopped or removed, the
beneficial effects of the inflammation will overcome detrimental effects. As a result, the CNS will
recover from injury. In contrast, if initial insult(s) cross a certain threshold (e.g. severe acute injuries), if
the insult(s) are persistent and associated with long-standing immune response activation (e.g. during
neurodegenerative disorders including MS, AD, PD, HD ALS, and tauopathies) or if the regulating
system of the immune response fails (e.g. anti-inflammatory cytokines 4 and 10, TGF-f, and inhibitory
proteins like soluble TNFa receptor) chronic inflammation becomes established (Frank-Cannon et al.

2009, Gao H. M. and Hong 2008).
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4.4. BBB-Dysfunction — Cause, Contributor or Consequence of Neurodegeneration?

Recent evidence indicates that, generally, the inflammatory component of neurological disorders
and diseases like MS, AD, PD, meningitis, encephalitis, stroke, head trauma, AIDS-related dementia,
schizophrenia, and cerebral palsy appears to play important roles in the development and/or progression
of disease. Specifically, disturbances of BBB integrity/functionality due to inflammation have been
implicated to be directly involved in the pathology of several neurological diseases (de Boer and
Gaillard 2006, Stolp and Dziegielewska 2009). However, since accurate disease etiology and an
integrative picture of disease pathogenesis is largely missing, it remains highly controversy up to now if
BBB alterations/dysfunction cause the diseases, participate in its pathogenesis, or simply be a
consequence of neurodegeneration (Carvey et al. 2009, Haass 2010). Nevertheless, there is emerging
evidence from a variety of animal models that BBB (dys)function represents the cause, a progressor and

the consequence of neural tissue degeneration.

4.4.1. BBB - Offender of Neuroinflammation

One hypothesis suggests that inflammation during brain development and aging (‘first hit hypothesis’)
might play an important role in a number of neurological disorders most likely due to short- or long-
term alterations in the structure and function of the BBB, leading immediately to neurodevelopmental
disorders (e.g. cerebral palsy) or sensitizing the brain to future damage (‘second hit hypothesis’; e.g. PD
or AD) (Stolp and Dziegielewska 2009, Whitton 2007). For example, prolonged inflammatory response
in new born rats, induced by LPS, resulted in significantly increased BBB permeability to '*C-sucrose
and '*C-inulin in adults compared to untreated controls (Stolp et al. 2005). These findings correlate with
the observation of leaky microvessels during AD, PD, MS, ALS, stroke and TBI, as a result of highly
elevated VEGF levels and microangiogenesis during neurogenesis (Carvey et al. 2009, Nag et al. 2011,
Seabrook et al. 2010, Zlokovic 2008). In fact, it was demonstrated that intranigral injection of VEGF
causes neuroinflammation and loss of dopaminergic neurons suggesting BBB dysfunction as an early

event of neuroinflammation (Rite et al. 2007).

Another example for the deleterious effects of BBB dysfunction (but not compromise) in the
establishment of neuroinflammation is the pathology of MS. It is widely accepted that CNS-invasion of
myelin-reactive CD4" T-cells that likely recognize a structurally similar viral antigen (‘molecular

mimicry’) is the key pathoetiological event in MS. It has been long presumed that myelin-antigens are
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insulated in the immune-privileged CNS-environment from the peripheral immune-system. However,
since the finding of auto-aggressive T-cells in the peripheral blood of healthy individuals it is suggested
that the pathology might be a consequence of maladaptive CNS entry of these cells (Compston and
Sawcer 2002, Rezai-Zadeh et al. 2009).

4.4.2. BBB - Deterioration of Neuroinflammation

L. Leukocyte Recruitment during Inflammation. It is widely accepted that exacerbated leukocyte
traffic into the CNS represents a critical stage in disease progression in a diverse range of disorders
including chronic neurodegeneration, stroke, brain trauma, vasculitis, and infection (Greenwood et al.
2011). Under non-pathological conditions the number of peripheral leukocytes in brain parenchyma is
low since migration and infiltration are tightly regulated at the level of the BBB (Rezai-Zadeh et al.
2009). For example, it has been estimated that immune surveillance of the brain under non-
inflammatory conditions is approx. 100-fold lower compared to other tissues like spleen or heart
(Greenwood et al. 2011). However, under inflammatory conditions, e.g. meningitis, leukocyte count in
the CSF dramatically increases from below 5 cells mm™ up to more than 1000 cells mm™ (Seehusen et

al. 2003).

Sites of Infiltration. Basically, it is possible to define three distinct routes of leukocyte entry into the
nervous tissue. The first pathway, and perhaps the most extensively studied, is from blood into
parenchymal perivascular space across the BBB (Ransohoff et al. 2003). The term BBB in the context
of leukocyte infiltration can be confusing. Physiologically, the term refers to the vascular segment of
the capillaries that regulate diffusion of solutes but inflammatory response primarily occurs at the level
of post-capillary venules. Although post-capillary venules display morphological differences compared
to capillaries (larger diameter, 50 vs. 6 um; presence of a perivascular space; etc.), they share a variety
of identical features like low permeability, formation of TJ or presence of pericytes and glia limitants.
Therefore, this vessel type has been termed ‘neuroimmunological BBB’ (Owens et al. 2008). In the
second pathway, leukocytes extravasate across the fenestrated endothelium to choroid-plexus stroma
and further across the choroid-plexus epithelium into the CSF. A third route of leukocyte entry into the
brain is represented by emigration from post-capillary venules at the pial surface of the brain into the

subarachnoid space and the Virchow-Robin perivascular space (Man et al. 2007).
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Diapedesis of Leukocytes. Regardless of endothelium location, leukocyte migration follows the
multistep paradigm of leukocyte-endothelial interactions (Figure 6) at brain barriers (Greenwood et al.
2011, Man et al. 2007). Accordingly, the first step involves overcoming the shear stress of blood flow
through transient cell-cell interactions mediated by L-selectins on leukocytes and E- and P-selectins on
activated endothelial cells. These transient associations (tethering) result in leukocytes rolling along the
vessel in flow direction giving leukocytes the opportunity to scan endothelial surfaces for Iuminal
chemokines immobilized by proteoglycans or other moieties. Chemokine receptor activation initiates
rapid conformational changes of the integrins LFA-1 and VLA-4, inducing the transition from a low to
high affinity state and firm interaction with endothelial counter-receptors (e.g. ICAMs and VCAMs).
Once leukocytes have arrested on endothelial surface they polarize and start to crawl through tightly
regulated integrin/CAM-mediated adhesive events, finding the optimal site for transmigration. The last
stage in leukocyte recruitment is diapedesis, which is the targeted penetration of vascular wall into the
perivascular space (Greenwood et al. 2011, Man et al. 2007). Although leukocyte diapedesis has long
been assigned to take place in paracellular manner requiring a transient disruption of inter-endothelial
junctions, there is growing evidence supporting the concept of transcellular migration, most likely
through filopodia-like membrane protrusions (Feng et al. 1998, von Wedel-Parlow et al. 2011, Wolburg
et al. 2005).
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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; PECAM, platelet endothelial cell
adhesion molecule; PSGL-1, P-selectin glycoprotein ligand 1; VCAM, vascular cell adhesion molecule; VLA4, very
late antigen 4 (Greenwood et al. 2011).
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Regulation of Infiltration. In general, leukocyte recruitment by endothelial cells is tightly regulated by
expression and activity of surface molecules (e.g. selectins, integrins), which, in turn, depends on
activation state of both, endothelium and leukocyte. Potent activators are pro-inflammatory cytokines
(e.g. TNFa; interferon vy, INFy; or IL1B) and other mediators, independent of cytokine signaling, like
LPS (Greenwood et al. 2011, Larochelle et al. 2011, Zhou et al. 2009). For example, chronic
overexpression of IL1p within the CNS using a transgenic mouse model resulted in infiltration of
neutrophils, macrophages and T-cells (Shaftel et al. 2007). Moreover, intracerebroventricular injection
of LPS caused TLR4/CD14- and partially MyD88-dependent neutrophil emigration into brain
parenchyma while low doses of systemic LPS (0.5-2 mg/kg) induced ample neutrophil adherence in the

cerebral vasculature but hardly no infiltration of surrounding tissue (Zhou et al. 2009, Zhou et al. 2006).

Secondly, approx. 50 different chemokines are considered as crucial migration regulators of cells of
both, the innate and the adaptive immune system. Although about 20 different chemokine receptors are
expressed on virtually every brain cell, all brain tissue chemokines are expressed by glia cells and
infiltrating leukocytes (Cardona et al. 2008). However, 4 different chemokine subfamilies (CC, CXC,
CX;C and C subfamily) are essential in the recruitment of different leukocyte populations (Ubogu et al.
2006). For example, CXCL12 receptors have been reported to regulate the access of monocytes and
lymphocytes to CNS parenchyma (Bleul et al. 1996). Within the CNS, the abluminal expression pattern
of CXCL12 functions to retain CXCR4 and CXCR7 expressing leukocytes within the perivascular
space. In the animal model of experimental autoimmune encephalomyelitis (EAE) and in human MS,
CXCL12 translocates to the vessel lumen, a process that is accompanied by the release of perivascular
leukocytes into parenchyma and by further recruitment of systemic leukocytes. However, infiltration of
the brain parenchyma is associated with demyelination and enlarged lesion areas (Holman et al. 2011,
McCandless et al. 2006). Moreover, expression and release of CXC chemokines with glutamic acid-
leucine-arginine (ELR)-domain by encephalitogenic CD4" Thl7-cells are essential in neutrophil-
mediated development of EAE since CXCR2 " mice showed a 96% reduction of neutrophil infiltration

into brain parenchyma after chronic IL1B overexpression (Carlson et al. 2008, Shaftel et al. 2007).

Pharmacological Intervention of Leukocyte Infiltration. Due to above mentioned aspects mediating
CNS inflammation, adhesion molecules and chemokine receptors represent attractive targets in the
amelioration of neurological disorders with an inflammatory component. Strategies targeting o-4
integrins by humanized monoclonal antibody Natalizumab have been successfully used to treat MS

(Ropper 2006). Other strategies, which aim to antagonize CC- and CXC- subfamilies of chemokine
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receptors, are currently in phase I-III clinical trials for treating a variety of infectious-, metabolic-,
neurodegenerative- and neoplastic pathologies. Interestingly, the compound SCH527123 (developed by
Schering-Plough Ltd., USA), a potent antagonist for CXCRI1, is currently in a Phase II clinical trial for
the treatment of COPD due to two beneficial properties: On the one hand, it was shown to inhibit
neutrophil chemotaxis and on the other, the compound could interfere with the release of
myeloperoxidase (MPO) by leukocytes of the innate immune system (Charo and Ransohoff 2006,
Gonsiorek et al. 2007, Matsushima et al. 2011).

1I. BBB Dysfunction. One kind of BBB dysfunction is compromised barrier function. In disease
pathology, barrier dysfunction can range from mild and transient tight junction opening to chronic
barrier breakdown (Abbott et al. 2010). Carvey and colleagues (Carvey et al. 2009) suggest that BBB
alterations in response to neurotoxins and during MS are not system-wide, but rather localized to small
areas. However, disruption of the normal boundaries between the peripheral blood and the parenchymal
compartments, as a result of physical injury, inflammatory processes and/or due to adaptations to
degenerative processes (aberrant angiogenesis) are dismal. All the mentioned events peak in focal
hypoxic conditions as well as in uncontrolled influx of neurotoxic xenobiotics, plasma proteins and
proteases, complement factors, ions, metals, neurotransmitters, cytokines, erythrocytes and leukocytes,
that are normally excluded from the brain. On the whole, barrier breakdown has detrimental outcomes:
it induces/amplifies neuronal cell death and hyperactivation of the local innate immune system, it
reinforces leukocyte recruitment, and it increases ROS production/lipid peroxidation. Most importantly,
all these processes ultimately enhance neuroinflammation and neurodegeneration in a self-sustaining

manner (Carvey et al. 2009, Larochelle et al. 2011, Zlokovic 2008).

Another kind of BBB dysfunction includes impaired detoxification capacity and anti-inflammatory
capability via compromised function of efflux systems (Carvey et al. 2009). For example, it has been
shown that the function of the BBB-localized detoxifying enzyme, P-glycoprotein (P-gp, ABCBI1),
decreases in specific brain regions with aging. However, P-gp polymorphisms have been identified as a
risk factor for PD whereas P-gp deficiency at the BBB has been shown to increase AB-deposition in an
mouse model for AD. These pathologies suggest a causal relationship between AB/neurotoxin clearance
through BBB-located ABC-transporters and the pathogenesis of neurodegenerative diseases (Cirrito et

al. 2005, Westerlund et al. 2009).
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4.4.3. BBB - Victim of Neuroinflammation

To provide an effective immune response (e.g. antimicrobial activities, recruitment of additional
immune cells, initiation of the adaptive immunity, and tissue repair) the initial ‘danger’ signal (e.g.

pathogens, tissue damage) must be amplified (Glass et al. 2010).

Well-characterized subsets of key players in this scenario, either in the CNS or in the periphery, are
proinflammatory cytokines (e.g. TNFa, INFy and IL1B) (Allan and Rothwell 2001), reactive
oxygen/nitrogen/chlorine species (e.g. O,", ONO," and HOCI) (Barnham et al. 2004, Yap et al. 2007),
and a variety of cell- and plasma-derived proinflammatory mediators including proteases (e.g. MMPs
and thrombin) (Rohatgi et al. 2004, Rosenberg 2009), and vasoactive compounds (e.g. NO, histamine,
and bradykinin) (Fernandez-Novoa and Cacabelos 2001, Knott and Bossy-Wetzel 2009). Additionally,
it is becoming increasingly apparent that a plethora of lipid mediators originating from enzymatic or
oxidative degradation/modification of glycerophospholipids (e.g. platelet activating factor (PAF),
lysophospholipids (lysoPL), lysophosphatidic acid (LPA), eicosanoids, and ty-hydroxy-alkenals),
sphingolipids (e.g. ceramides) and cholesterol (e.g. oxysterols) are obviously involved in the
pathogenesis of neurodegeneration (Bernhart et al. 2010, Farooqui et al. 2010, Fruhwirth et al. 2007,
Wymann and Schneiter 2008).

There is emerging evidence accumulating that the BMVE itself represent a central target for the action
of pro-inflammatory mediators derived from luminal, abluminal or endogenous sources (Deli et al.
2005, Stanimirovic and Satoh 2000). Cellular sources of pro-inflammatory mediators include activated
microglia, astrocytes, peripheral leukocytes (mainly neutrophils and monocytes/macrophages, to some
extent lymphocytes and natural killer cells) but also BMVEC themselves (Larochelle et al. 2011).
However, paracrine or autocrine acting mediators are able to influence barrier function of BMVEC

either directly or indirectly.

For example, pro-inflammatory cytokines and ROS directly affect vascular function and integrity due to
specific activation of the corresponding receptor or due to oxidative damage of cellular molecules.
However, these processes result in the induction of intracellular signaling cascades like MAPK-
pathways. Mentioned signaling events are typically accompanied with cytoskeletal reorganization as
well as with altered protein expression, phosphorylation, and distribution of AJ- and TJ-associated
proteins (Gonzalez-Mariscal et al. 2008, Kallmann et al. 2002, Sprague and Khalil 2009). Moreover,
cytokine-promoted opening of the BBB has been linked to protein degradation of TJ and the basal
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lamina. Searching for the underlying mechanisms, consecutive studies could demonstrate that MMPs

play an important role in this kind of BBB disruption (Forster 2008, Rosenberg 2009).

An increase in oxidative stress can also lead to oxidative damage of cellular components including
proteins and lipids. For instance, exogenously added 4-hydroxy-2-nonenal (4-HNE), the major product
of arachidonic acid (AA) peroxidation, adversely affects BBB integrity (Mertsch et al. 2001). Most
importantly during neuroinflammation, cytokines and ROS induce enzymes involved in degradation of
(ether)phospholipids such as phospholipases A, (PLA;) leading to liberation of polyunsaturated fatty
acids (predominantly AA) and to formation of the remnant lysoPL (Jensen et al. 2009, Ong et al. 2010).
Subsequent processing of degradation products mainly via cyclooxygenase 2 (COX2), 5-lipoxygenase
(5-LOX), lysophosphatidyl choline acetyltransferase (LPCAT), and autotaxin (ATX) result in the
formation of PG, leukotriens, PAF and LPA (Stanimirovic and Satoh 2000). However, all these lipid
mediators have been implicated to induce changes of the BBB permeability predominantly via
engagement of G-protein coupled receptors (GPCR) and activation of downstream signaling events
(Fang et al. 2011, Fukumoto et al. 2010, Nitz et al. 2003, Wang M. L. et al. 2006). Nevertheless, we are
just at the beginning to understand the diversity of pro-inflammatory lipid mediators and how they

mediate the process of BBB dysfunction.
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5. Myeloperoxidase (MPO) - Friend and Foe

5.1. Phagocytes - Mechanisms of Host-Defense and Tissue-Destruction

The ‘first line defense’ against infectious agents or ‘nonself’ substances that penetrate the body’s
physical barriers is constituted by the innate immune system, especially by phagocytes (Smith J. A.
1994). The term phagocyte originates from the ability to ingest microbes (e.g. bacteria, fungi, protozoa,
and viruses). Thereby, opsonized (via immunoglobulins and/or complement) or non-opsonized invaders
are engulfed into a structure called phagosome and subsequently killed by a bombardment with
oxidants and contents of intracellular granules (Lee et al. 2003). In addition to host defense, phagocytes
have also a pivotal role in the resolution of inflammation, thus protecting tissue from harmful exposure
to inflammatory and immunogenic contents of dying cells (Kantari et al. 2008, Maderna and Godson

2003).

In humans, based on the total number of circulating leukocytes (approx. 10 cells/ml), the quantitatively
most important phagocyte populations are represented by neutrophil granulocytes (50-70%) and
monocytes (approx. 6%). Nevertheless, circulating leukocyte populations display marked species
differences. For example, the circulating leukocyte profile for rodents is considered to be much less
(approx. 70%) neutrophilic as it is for humans, although total numbers of leukocytes are nearly equal

(Haley 2003).

Neutrophils and monocytes/macrophages share several characteristics like the arsenal of antimicrobial
mechanisms (e.g. oxidants, some granule proteins, and iron-withholding enterobactins), the expression
of cell surface receptors as well as the secretion of cytokines and chemokines. But generally, the
antimicrobial capacity of neutrophils is much higher since monocytes/macrophages lack several
antimicrobial granule proteins (e.g. elastase, cathepsin G and lactoferrin) and the metabolic burst is less

extreme (Dale et al. 2008, Silva 2010).

Under non-pathological conditions macrophages are the main scavenger phagocytes, efficiently
removing erythrocytes, dead cells and cell debris. Therefore, neutrophils are rare in the tissues and body
cavities; they are present as quiescent cells in blood and bone marrow. By contrast, during infection or
tissue destruction, when the scavenging capacity of macrophages is overwhelmed, immediate response
of neutrophils (‘first infiltration wave’) represents a powerful backup (Mosser and Zhang 2008, Rydell-
Tormanen et al. 2006).
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Until a few years ago, neutrophils were thought to employ essentially two major strategies to encounter
invaders. The first strategy is represented by phagocytosis (see above). The second line of attack
embraces the extracellular release of antimicrobial agents. If a phagocyte fails to engulf its target (e.g. if
the target is too large) or if the cell becomes over-activated (‘primed’) due to the presence of
inflammatory stimuli (e.g. TNFa, LPS, ILS, and adhesion), the non-specific noxious machinery of
neutrophils is externalized. This process, termed degranulation, has been implicated as a major

causative factor of tissue damage (Cowburn et al. 2008, Klebanoff 2005, Lacy 2006).

Recently, a third strategy was uncovered by Brinkmann and colleagues. They demonstrated that as
early as 10 min after stimulation with phorbol myristate acetate (PMA), LPS or IL8 neutrophils
displayed prominent extracellular web-like structures composed of decondensed chromatin decorated
with cytoplasmic and granule proteins including MPO, NADPH oxidase, elastase, MMP9, and
cathepsin G (Figure 7). These neutrophil extracellular traps (NETs) are suggested to be highly effective
in pathogen killing most probably due to a combination of microbe immobilization and providing high
local concentrations of antimicrobial components (Brinkmann et al. 2004, Papayannopoulos and
Zychlinsky 2009). However, recent data indicate that the interaction of neutrophils with LPS- or TNFa
activated platelets or endothelial cells induce NET formation which concomitantly triggers the damage

to endothelium during sepsis and small vessel vasculitis (Clark et al. 2007, Gupta et al. 2010).

In summary, the abundance of neutrophils and the unspecific biocidal potency of oxidants/azurophilic

granules make the activated neutrophil a dangerous cell that must be tightly controlled (Silva 2010)

5.2. Oxidative stress - Multiple Sources for a Variety of Species

The brain is known to possess the highest oxygen turnover of any organ in the body. Although it
contains high levels of both, polyunsaturated lipids and redox-active metal (e.g. free iron), the classical
antioxidant capacity is considered to be rather low. This makes the brain particularly vulnerable for
oxidative insults. In fact, there is an emerging body of evidence showing that oxidative stress at least

contributes to the pathogenesis of neurodegenerative diseases (Halliwell 2001, Sayre et al. 2008).
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Figure 7: Formation of Neutrophil Extracellular Traps (NETs). (A) Schematic representation
showing the steps involved in NET formation. (B) Fluorescent micrographs showing the steps of
these events (green, neutrophil elastase; red, histone-DNA complex). Activation of neutrophils
leads to the formation of ROS (1). The nuclear membranes disintegrate and the integrity of the
granules is gradually lost (2). Nuclear material fills most of the cell, mixing with the contents of
the granules (3). During the final stage, the cells round up, contract and finally release NETs (4).
(C) Scanning electron micrograph (SEM) showing stimulated neutrophils forming NETs (as
indicated by the arrow). (D) SEM showing a detailed view of NETSs trapping Shigella flexneri. The
'threads' (T), globular domains (granule proteins, G) and cables (chromatin, C) are indicated
(Brinkmann and Zychlinsky 2007).

5.2.1. H,0O, - Essential Precursor for the MPO System

It had been suggested that all metabolically active cells in the CNS generate ROS in low quantities
since about 2% of oxygen consumed by mitochondria is converted to O, (Votyakova and Reynolds

2001). However, during neurodegeneration disproportionate production of ROS is primarily caused by
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mitochondrial complex I (NADH dehydrogenase) and complex III (ubiquinone Q-cytochrome b)
(Adam-Vizi 2005). With regards to endothelial cells, O, additionally arises as products of enzymatic
systems like vascular NAD(P)H oxidase (VNOX) and, under special circumstances, NOS or as
byproducts of AA (PGH synthase and lipoxygenases) and purine base (xanthine oxidase) metabolism

(Kukreja et al. 1986, Madamanchi et al. 2005).

Under normal conditions, O, " generation is considerably low and non-toxic for cells. ROS at moderate
concentrations function as signaling molecules, involved in regulatory processes e.g. regulation of the
cerebral vascular tone (Faraci 2006). By contrast, highly elevated ROS formation of non-phagocytotic
cells was found to contribute in several pathologic settings (e.g. BBB dysfunction during stroke).
However, measurable O, production by BMVEC is by far lower compared to O, production by
activated phagocytes (Kahles et al. 2007, Li J. M. and Shah 2003). In phagocytes, formation of O, is
predominantly catalyzed by the NAD(P)H oxidase complex [Eq. 1] during the oxidative burst, an event
likely yielding in millimolar quantities, high enough to ensure efficient invader killing. Moreover, it
was shown that in response to an A challenge O, levels highly depend on the type of phagocyte

(neutrophils >> monocytes > microglia) (Bianca et al. 1999).

20, + NADPH — 20, + NADP" + H" [Eq. 1]

The phagocytic NADPH oxidase (PHOX) consists of two integral membrane proteins, p22°™ and
p91°™* and four cytosolic components: p47°"*, p67°™*, p40°"*, and the small GTPase Rac (Wilkinson
and Landreth 2006). Phagocytosable particles (e.g. bacteria, yeast), chemotactic factors (e.g. formylated
tripeptide, fMLP) as well as bioactive compounds (e.g. phorbol ester, PMA; AA; and diacyl glycerols)
were shown to induce the respiratory burst. This process is initiated by protein kinases like PKC, p21-
activated kinase-1 (PAK1), MAPK, Akt, or phosphatidylinositol-3 kinase (PI3K). However, these
kinases mediate phosphorylation of p47° and/or p67™™, which results in the subsequent translocation
of cytosolic components to the plasma membrane (Robinson 2009).

As demonstrated by patients suffering from chronic granulomatous disease (CGD, a disorder
characterized by repeated, severe, bacterial and fungal infections), defects in O, production due to
mutations in the PHOX subunits tremendously impact on the functionality of the innate immune system

(Curnutte et al. 1974, Segal et al. 2000).
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Within the normal cellular environment (aqueous, physiological pH) O, reacts rather sluggish with
biologically important molecules. This leads to the suggestion that O, by itself is non-toxic to
pathogens. In contrast, chemical reactivity of O, is considerably increased at acidic pH or within a
non-polar environment through formation of the hydroperoxyl radical (HO,"), as being present within
the phagosome and hydrophobic regions of biomembranes. However, O, is readily dismutated, either
spontaneously or catalyzed by the phagocytic enzyme superoxide dismutase (SOD), into O, and H,O,
[Eq. 2] (Klebanoff 2005).

202‘_ + 2HJr — 2H202 [Eq 2]

5.2.2. The MPO-H,0,-Halide System - Source of Highly Destructive Oxidants

Since exogenously generated O, does not kill bacteria directly and H,O, is only bactericidal at high
concentrations (mM range) there is biological demand for a much more potent antimicrobial system.
Among the microbiocidal systems in phagocytes the MPO-H,0,-halide system seems to be one of the
most powerful, as MPO-derived oxidants are reported to be 100-fold more toxic than H,O, (Hampton et
al. 1998, Handa et al. 2010, McKenna and Davies 1988).

The heme-containing enzyme MPO (EC 1.11.1.7) is highly expressed in neutrophils (2-5% of total
cellular protein), less in monocytes. Unlike tissue macrophages in the periphery, which are not positive
for MPO, microglia rarely express this protein. Final processed MPO, stored in azuorophilic granules,
is a highly cationic and glycosylated protein with a molecular mass of 146 kDa. It is a tetramer
comprised of a heavy chain (58.5 kDa) dimer and light chain (14.5 kDa) dimer joined by single
disulfide bridge (Lefkowitz and Lefkowitz 2008, Malle et al. 2007).

In combination with H,O,, MPO is able to oxidize halides (X", CI', Br’, and I') and pseudohalides (e.g.
thiocyanate, SCN") to their corresponding hypo(pseudo)halous acid (HOX) [Eq. 3]. Additionally, nitrite
(NOy) and a range of phenols (e.g. tyrosine) can also become oxidized thereby forming radical species
like nitrogen dioxide (NO,*), or phenoxyl radicals (Figure 8). Generally, the oxidation process is
initiated by the reaction of the Fe(IIl), at the catalytic heme, with H,O,. Consequently, a highly reactive

oxoiron(IV) intermediate containing a porphyrin m-cation radical [Fe(IV=0) Pore] is formed
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(compound I). Once produced, compound I mediates either halogenation or peroxidation by one- or two

electron oxidation reactions (Dolphin et al. 1971, Malle et al. 2007).

H,0,+ X +H — HOX + H,0 (X =CI', Br, I or SCN") [Eq. 3]

Under physiological conditions (pseudo)halogen oxidation is the principal reaction of the MPO-H,0,
system. In biological fluids like plasma, there is a more than 1000 fold molar excess of CI" (100-140
mM CI’) compared to other (pseudo)halogens (20-100 uM Br’, 20-120 uM SCN’, < 1 uM I'). Even
though CI" is the predominant substrate for the MPO-H,O, system, the exact nature of species formation
is still a matter of debate, since Cl is a low affinity substrate for MPO compared to other anions
(1:60:730 for CI', Br, and SCN"). However, it has been estimated that about 45-80% of the H,0,
generated by activated neutrophils is used to form 20-400 uM HOCI per hour. Remaining H,O, is
largely converted to HSCN, only a small quantity (< 5%) to HOBr and HOI (Hawkins C. L. 2009,
Malle et al. 2006a, Yap et al. 2007).
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Figure 8: Primary and secondary MPO-reaction products and (patho)physiology (Malle et al. 2007).
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5.3. HOCI-Attack of Biomolecules - Profound Potential to Damage Host Tissue

The powerful antimicrobial nature of HOCI has been well documented (Hampton et al. 1998,
Klebanoff 2005, Winterbourn et al. 2006). At physiologic pH, HOCI is believed to be in the equilibrium
with its conjugated base hypochlorite (OCI) [Eq. 4]. In fact, OCI is the active ingredient in household
bleach and the species responsible for the microbiocidal properties of chlorinated water supplies (Pullar
et al. 2000). Under acidic conditions, as present in the phagolysosome, the protonated equivalent
predominates. Moreover, in phagolysosomes, HOCI is also in equilibrium with chlorine gas (Cl,) via a
reaction that requires CI" and H™ [Eq. 5] (Podrez et al. 2000). Several studies demonstrated that Cl,
potentially executes oxidation/halogenation reactions normally ascribed to HOCI/CIO™ (Albert et al.
2001, Hazen et al. 1996, Henderson et al. 1999).

HOCl > H" + OCI’ pK.=74 [Eq. 4]

HOCI1 + CI' + H +» Cl, + H,0 pK.=3.3 [Eq. 5]

All these primary oxidants generated via the MPO/H,0O,/Cl" system are highly reactive, short-lived
compounds with the ability to oxidize any susceptible group in any biological substrate (van der Veen
et al. 2009). Nevertheless, rates of most reactions are markedly pH dependent as different protonation
states of the oxidant (HOCI/OCI) as well as of the target molecules critically impact on reactivity

(Pattison and Davies 2006).

Up to date, there is no known enzymatic scavenging mechanism for HOCI/OCI/Cl,. The major
scavengers in biological systems appear to be based on antioxidants containing thiol-groups (e.g.
glutathione (GSH) and taurine) given that other antioxidants like ascorbate, phenols and hydroquinones
are likely to be uncompetitive with cellular components as a result of their abundance and the high

reactivity of chlorinating oxidants (Yap et al. 2007).

Since HOCI/OCI™ concentrations can reach up to 5 mM at inflammatory sites there is compelling
evidence that the presence of MPO is causally linked to tissue damage due to modification of
biomolecules, most importantly amino acids, proteins, and lipids but also nucleobases (Figure 8), and

carbohydrate components (Davies et al. 2008, Weiss 1989).

-52-



5.3.1. Proteins: Preferred Targets for HOCI-Modification

Proteins are likely to be the main targets of oxidation by HOCI due to their high abundance and the high
reaction rate constants with this oxidant (up to 3.8 x 10" M sec™). Thus, there is increasing evidence
that HOCl-mediated modification of amino acids, peptides, and proteins contribute to tissue damage
and dysfunctional lipoprotein metabolism (Davies 2011, Nicholls and Hazen 2009, Pattison and Davies
2006). For example, the impaired ability of HOCIl-oxidized high density lipoprotein (HDL) to
participate in reverse cholesterol transport was ascribed to modification of apolipoproteins (apo),
mainly apoAl (Bergt et al. 1999, Marsche et al. 2002, Panzenboeck et al. 1997). Additionally, HOCI
modification was shown to impair the activity of HDL-associated antiatherogenic enzymes, including
phospholipid transfer protein (PLTP), lecithin cholesterol acyltransferase (LCAT), and paraoxonase
(Malle et al. 2006b).

Treatment of proteins with HOCI results in modification of amino acid side chains and backbone
amides as well as protein dimerization/aggregation, and fragmentation, events ultimately accompanied
by enzyme inhibition and/or loss of structural function (Bergt et al. 2000, Hawkins C. L. et al. 2003).
The order of reactivity at physiological pH (pH 7.4) was found to be: Methionine > cysteine >> cystine
~ histidine ~ a-amino group > tryptophan > lysine >> tyrosine ~ arginine > backbone amides >

asparagine/glutamine (Pattison and Davies 2001).

Initial products of HOCI modification are mostly chlorinated, unstable residues that likely retain
oxidizing capacity of HOCI. For example, exocyclic (e.g. a- and g-amino group of lysine) and
endocyclic (e.g. imidazole group of histidine) chloramines are able to induce secondary oxidation
damage, only 5-50 times slower as compared to the primary oxidant HOCI itself. In the presence of
low-valent redox-active metal ions (e.g. Fe*" or Cu"), chloramines (essentially lysine-derived) readily
decompose to give rise of highly reactive, nitrogen-centered radicals. In absence of further oxidizable
substrates, chloramines located at the o-amino group hydrolyze, via imine intermediate, to give
aldehydes which can further generate Schiff bases with amino groups of proteins or lipids (Pattison and
Davies 2005, 2006). Conversely, reaction of HOCI with aromatic side chains (e.g. tyrosine) is more
than 10° times slower compared to the reaction with thiol containing residues but it results in the
formation of rather stable chlorinated products. The preferred marker for HOCI formation in vivo is 3-
chlorotyrosine, although the slow reaction rate constant (50 M™ sec™) implies that if this product is

observed, extensive damage has occurred (Curtis et al. 2011, Davies et al. 2008).
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5.3.2. Chlorinated Lipids: Appearance During Neuroinflammation?

Halogenated lipids, especially halogenated fatty acids, are naturally occurring in considerable amounts
in wide range of organisms including bacteria, fungi, soil biota, algae, marine invertebrates, higher
plants and some animals. Flavin-halogenases and haloperoxidases are thought to be the natural source
of halogenated compounds. On the other hand high concentrations of chlorinated lipids (e.g.
dichlorostearic acid) were found to be connected to anthropogenic inputs as detected in the vicinity of
pulp mills due to Cl,-bleach containing effluents (Dembitsky and Srebnik 2002, van Pee et al. 2006).
Nevertheless, formation of halogenated lipids in mammalian systems cannot be considered as a normal

physiological process but more as damaging process during adverse conditions.

Phospholipids, fatty acids, sterols and sphingolipids comprise multiple targets that are susceptible to
oxidants derived from the MPO-H,0,-CI" system. These targets include primary amine groups present
in ethanolamine and serine glycerophospholipids, alkenes in aliphatic residues of esterified and non-
esterified fatty acids, as well as double bonds in the gonane and sphingosine backbone of cholesterol
and sphingolipids (Figure 9) (Ford 2010, Nusshold et al. 2010, Spickett 2007). In contrast to relatively
inert phosphoryl-choline, the second order rate constants for the reaction of HOCI with phosphoryl-
ethanolamine and phosphoryl-serine are similar to those of other biological amines (approx. 10 M
sec). Consequently, phospholipid headgroup oxidation results in the formation of chloramines,
dichlorinated amines, chlorimines, aldehydes and nitriles (Figure 9 B and C) (Flemmig and Arnhold
2010, Flemmig et al. 2009, Richter et al. 2008).

Some of these compounds as well as corresponding decay products (e.g. nitrogen-centered radicals) are
potent inducers of secondary damage, particularly through initiation of lipid peroxidation or covalent
damage of proteins/lipids (e.g. via chlorination, Schiff base formation) (Kawai et al. 2006). By contrast,
reaction of HOCI with double bonds in the aliphatic hydrocarbon chain of fatty acids, in the B-ring of
cholesterol, and in the sphingosine backbone of sphingomyelin were demonstrated to generate
comparatively stable products including chlorohydrins, epoxides, and mono/dichlorinated compounds
(Figure 9 A) (Carr et al. 1997b, Hazen et al. 1996, Nusshold et al. 2010, Panasenko et al. 2003).
Multiple adjacent double bonds of polyunsaturated fatty acyl-chains can be entirely modified but
increasingly modified residues tend to be instable thereby generating lysophospholipids (Arnhold et al.
2002). Generally, lipid chlorohydrins were shown to be toxic to dopaminergic neurons, endothelial

cells, erythrocytes, and myeloid cells. This is most probably due to necrotic (e.g. ATP-depletion, cell
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membrane damage), and apoptotic (e.g. increased caspase-3; poly (ADP-ribose) polymerase, PARP
activity) mechanisms as well as due to other mechanisms like proteome alterations and ROS formation

(Carr et al. 1997a, Dever et al. 2003, Dever et al. 2006).

However, in complex biological systems, the reaction of HOCI with lipid double bonds is kinetically
unflavored (ky: 9 M™' sec™), thus it is questionable whether this chlorinated lipid species might occur in
physiologically significant concentrations under in vivo conditions (Pattison et al. 2003, Spickett 2007).
Up to now, there is only one study demonstrating that chlorohydrins are present in vivo (Messner et al.
2008b). In contrast to phospholipid chlorohydrins, there is emerging evidence that plasmalogen-derived
oxidation products of HOCI, namely a-CIFALDs (see chapter 6.2.), are present in tissue under
inflammatory conditions (Ford 2010).
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Figure 9: Formation of various phospholipid oxidation products following reaction with MPO-derived RCS
(A) Reaction with double bonds within the aliphatic chain results in the formation of chlorohydrins (1), mono- (3) or
dichlorinated species (2) and epoxides (4). (B) The conversion of phosphoryl-ethanolamine headgroup via a dichloramine (5)
leads to an N-centered radical (6). (C) Transient monochloramine (7) or dichloramine (5) formation of phosphoryl-serine

headgroup is followed by a generation of corresponding aldehyde (8), chlorimine (9) or nitrile species (10).
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6. The Crucial Role of Lipids in the CNS

The brain contains the second highest lipid content of any other organ in the body, after adipose
tissue (Leskovjan et al. 2010, Sastry 1985). However, adipose tissue utilizes lipids for energy storage,
while lipids have critical roles in the nervous system: Nervous structures like synaptic complexes and
myelin are characterized by unique lipid composition contributing to their specialized properties (Siegel
et al. 2006). Early investigations of Rossiter, Sampson and coworkers have determined the nature and
approximate concentrations of many of the major lipid classes including glycerophospholipids,
sphingolipids, cholesterol and cerebrosides in different areas of the brain. Thereby, they could
demonstrate different lipid contents and lipid compositions of gray and white matter in healthy human

brain tissue (Johnson et al. 1949, O'Brien and Sampson 1965).

Mammalian cell membranes are mainly constituted by glycerophospholipids, sphingolipids, and
cholesterol. Due to specific physical properties of each constituent, changes of lipid composition
induces altered membrane fluidity and altered biological function e.g. permeabilities of transport
proteins and activities of membrane-bound enzymes (Sonnino and Prinetti 2010, Spector and Yorek
1985). Biological membranes are held together by hydrophobic-, coulombic-, and van der Waal forces
as well as by hydrogen bonds. The number of unsaturated carbon-carbon bonds in the aliphatic groups
at the sn-1 and the sn-2 position of the glycerophospholipid is a key factor in determining lateral
diffusion velocity of membranes, thus playing important roles in events such as endo- and exocytosis,
sorting of lipids, or membrane fusion (Farooqui and Horrocks 2007). It is known that in membrane
compartments enriched with sphingolipids and cholesterol, fluidity is dramatically decreased resulting
in the formation of nanoscale assemblies, which are referred to as lipid rafts (Korade and Kenworthy

2008, Lingwood and Simons 2010).

Emerging evidence also indicates the importance of lipid rafts in acting as signaling platforms of
neurotrophic factors (e.g. neurotrophins), neuronal cell adhesion, axon guidance and synaptic
transmission (Tsui-Pierchala et al. 2002). On the other hand, analysis of the molecular species of
glycerophospholipids derived from cerebral cortex could show that synaptosomal plasma membranes
(SPM) contain more polyunsaturated fatty acids than myelin (Farooqui and Horrocks 2007). Taken
together, differences in lipid composition are most likely a reflection of different functions of cellular

membranes in the nervous system: High membrane fluidity in neurons of the gray matter promote
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membrane fusion, important for neuronal function, while relatively more rigid membranes of

oligodendrocytes provide further support for axonal myelin integrity in the white matter (Bazan 2005).

However, there is rising evidence that lipids of the CNS have functions beyond representing structural
components in neural membrane organization. They are dynamic molecules with specific distribution
and catabolism as a result of highly regulated processes during biological responses (Farooqui and
Horrocks 2007). In neurons, glia, and endothelial cells of the cerebrovasculature, several phospholipid
pools are increasingly being recognized as reservoirs of bioactive mediators (Bazan 2003). Upon
stimulation by neurotransmitters, neurotrophic factors, cytokines, membrane depolarization, ion
channel activation, etc. specific phospholipases initiate the formation of various lipid messengers
(Eyster 2007, Sang and Chen 2006). Multiple signaling pathways, activated by lipid intermediates,
ultimately contribute to a broad spectrum of CNS responses including development, differentiation and

stress response (Bazan 2005, Siegel et al. 2006).

Finally, posttranslational modification of proteins is a key mechanism in the regulation of protein
localization and function. Regulated by physiological stimuli proteins are modified enzymatically by
covalent attachment of various lipid species including isoprenoids (farnesyltransferase and
geranylgeranyltransferases), and fatty acids like myristic acid or palmitic acid (myristyltransferase and
palmitoyltransferase) as well as non-enzymatically by electrophilic lipids generated during PG
synthesis (e.g. 15-deoxy-Delta'>'*-PGJ,) or lipid peroxidation (e.g. 4-HNE or acrolein) (Linder 2008,
Perez-Sala 2007, Selvakumar et al. 2002)

6.1. Plasmalogens - Important Lipids for CNS Function

Plasmalogens (pPL) constitute a class of glycerophospholipids (PL) characterized by an alkenyl
chain in the sn-1 and an acyl-chain in the sn-2 position of the glycerol backbone. The alkenyl-moieties
are almost exclusively constituted by C16:0, C18:0, and C18:1 hydrocarbon chains, while the sn-2
position is predominately esterified with ®-3 or w-6 derived polyunsaturated fatty acids. The sn-3
position is adorned by a headgroup, either ethanolamine or choline, attached through a phosphodiester
linkage. Any PL displaying a cis double bond on the sn-1 alkyl-chain, adjacent to the ether bond
(“vinyl-ether linkage’), is referred to pPL (Nagan and Zoeller 2001, Wallner and Schmitz 2011).
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Figure 10: Structure of (A) choline plasmalogens and

(B) choline glycerophospholipids (Lohner 1996)

pPL are ubiquitously found in considerable amounts as constituents of mammalian membranes in
tissues as well as in plasma lipoproteins where they comprise about 20% of total PL in humans. Human
heart, brain, inflammatory cells, and spermatozoa contain, with up to 50%, by far the highest amounts
of plasmalogens. Ethanolamine plasmalogens (pPE) are ten times more abundant than choline

plasmalogens (pPC) except in cardiac and skeletal muscles (Lessig and Fuchs 2009).

Ether phospholipids display a different molecular structure compared to their diacyl analogs (Figure
10): First, the perpendicular orientation of the sn-2 acyl chain at all segments to the membrane surface
results in an extended conformation and effectively longer aliphatic chain. Second, the lack of the
carbonyl oxygen in position sn-1 affects the hydrophilicity of the headgroup and allows stronger
intermolecular hydrogen-bonding between the headgroups of these lipids. Above-mentioned properties
are thought to affect membrane fluidity by favoring the formation of non-lamellar structures, which is
biophysically important for the regulation of membrane processes (Lohner 1996). Membrane dynamics
may have significance to a plethora of cellular processes including membrane fusion (e.g. endocytosis
and secretion), ion transport, intra- and extra-cellular signaling, and proper function of transmembrane

proteins (Nagan and Zoeller 2001, Wallner and Schmitz 2011).

In mammals pPL synthesis depends on the peroxisomal enzymes dihydroxyacetonephosphate synthase

(ADAPS) and dihydroxyacetonephosphate acyltransferase (DHAPAT). Accordingly, pPL levels are
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substantially reduced in disorders based on defects in peroxisomal assembly like the Zellweger
syndrome. In fact, phenotype analysis of ether-lipid deficient (DHAPAT™) mice revealed a severe
impairment of CNS development indicating the crucial role of plasmalogens in CNS function (Gorgas

et al. 2006, Rodemer et al. 2003).

Over the last 2 decades, an increased interest has arisen with respect to antioxidative properties of
plasmalogens towards a variety of stressors including singlet oxygen ('O,), O,, H,O,, peroxy radicals,
transition-metal ions, halogenating species (see chapter 6.2.), and UV light. This antioxidative capacity
has been mainly attributed to the unique susceptibility of the vinyl-ether bond to oxidative damage due
to low bond dissociation energies (‘bait function’) but also to the ability to bind metal ions (‘chelating
function’). However, the view that pPL protect against oxidative damage remain controversially since
the formation of highly reactive, long chain a-hydroxy fatty aldehydes as result of vinyl-ether oxidation

was demonstrated (Engelmann 2004, Loidl-Stahlhofen et al. 1995, Murphy R. C. 2001).

Brain tissue pPL form a precursor pool for plasmalogen-selective phospholipase A, (pPLA;) hydrolysis.
Receptor-mediated activation of plasmalogens by pPLA, results in the generation of potent lipid
mediators (e.g. AA, lysoPL, eicosanoids, and PAF), which are known to mediate nociception,
neuroinflammation, oxidative stress and neurodegeneration (Farooqui 2010, Ong et al. 2010). However,
there is compelling evidence indicating that decreased plasmalogens levels in the brain can be
considered as an indicator for the extent of inflammation during several neuropathological conditions,

independent of the underlying mechanisms (Wallner and Schmitz 2011).

6.2. a-Chloro Fatty Aldehydes - Plasmalogens under HOCI Attack

In 2001, Ford and coworkers revealed that the vinyl-ether bond of plasmalogens is susceptible towards
oxidation by HOCI or Cl,. Using mass spectrometry and NMR they demonstrated that modification of
1-O-hexadec-1-enyl-2-octadec-9-enoyl-sn-glycero-3-phosphocholine (C16:0-pPC) with RCS (Figure
11) gives rise to the formation of an a-chloro fatty aldehyde (a-CIFALD), namely 2-chlorohexadecanal
(2-CIHDA) and the remnant lysophospholipid 2-octadec-9-enoyl-sn-glycero-3-phosphocholine (C18:1-
lyso-PC) (Albert et al. 2001, Ford 2010). Subsequent studies showed that primarily fMLP or PMA-
stimulated neutrophils, and to a lesser extent monocytes, are potent sources of 2-CIHDA and 2-
chlorooctadecanal (2-CIODA) generated by RCS modification of the endogenous C16- and C18-

plasmalogen pools. These studies also suggested that phagocyte-derived HOCI has the potential to
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impact on plasmalogen pools in the local neighborhood including those of endothelial cells, and
lipoprotein particles. Moreover, heme enzyme inhibitors like 3-aminotriazole (3-ATZ) and sodium
azide (NaNj) prevented the formation of 2-CIHDA (Marsche et al. 2004, Thukkani et al. 2002,
Thukkani et al. 2003b).

Recent data of Davies and coworkers pointed out that the reaction of HOCI with ethylene glycol vinyl-
ether (a plasmalogen analogue) occurs approx. 180-fold faster as compared to unsaturated acyl residues
identifying plasmalogens as preferential lipid targets for modification (Pattison et al. 2003, Skaff et al.
2008). Indeed, the vinyl-ether linkage was shown to be the most sensitive structure of pPC towards
HOCI oxidation, while the alkene bonds within the sn-2 acyl residue of the lyso-PC product represent
only secondary targets. Thus, with increasing HOCI concentrations o-CIFALDs/lyso-PCs are the
primary products followed by lyso-PC-chlorohydrins formation. A further increase of HOCI to
supraphysiological levels results in the generation of glycerophosphatidylcholine due to degradation of

the sn-2 acyl-chain (Lessig and Fuchs 2010, Lessig et al. 2007, Messner et al. 2006).

With the discovery of a-CIFALDs it seemed to be important to determine the biological significance.
The pioneering work by Ford and colleagues revealed that 2-CIHDA elicits modification of primary
amines of proteins and lipids by Schiff base adduct formation and that the chlorinated fatty aldehyde is
converted to a family of chlorinated lipids: In a first enzymatic step 2-chlorohexadecanoic acid (2-
CIHA) or 2-chlorohexadecanol (2-CIHOH) are formed (Anbukumar et al. 2010, Wildsmith et al. 2006a,
Wildsmith et al. 2006b). The chlorinated FA is either re-esterified into complex glycerophospholipids
or subjected to w-oxidation yielding 2-chloroadipic acid (2-CIAdA) (Brahmbhatt et al. 2010b,
Wildsmith et al. 2006a). Several studies demonstrated that increased levels of a-CIFALDs or lipids
derived therefrom are of (patho)physiological importance: 2-CIHDA acts a potent chemoattractant for
neutrophils, and in concert with unsaturated species of lyso-pPL (and perhaps their chlorohydrins),
which stimulate P-selectin expression of endothelial cells, these lipids participate in the recruitment of
additional neutrophils (Messner et al. 2008b, Thukkani et al. 2002, Thukkani et al. 2003a). In addition
to immune regulatory properties, some chlorinated lipids may elicit vascular alterations due to
reduction of endothelial nitric oxide synthase (eNOS) activity (2-CIHDA) and increased production of
vasoactive prostacyclin (Marsche et al. 2004, Messner et al. 2008a). However, since 2-CIHDA activates
NF«B signaling in endothelial cells it appears possible that a-CIFALDs might also be involved in pro-
inflammatory pathways (Ford 2010, Messner et al. 2008b).
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Figure 11: Formation of a-chloro fatty aldehydes (a-CIFALDs) by activated phagocytes. (A) Activation of
the MPO-H,0,-Cl" system results in the generation of reactive chlorinating species (RCS). RCS initiate the
cleavage of the plasmalogen vinyl-ether linkage resulting in the formation of a (B) sn-1-lysphospholipid and an
(C) a-CIFALD.

recent finding: Human atherosclerotic tissue displays a 1400-fold increase of a-CIFALD species
compared with normal human aorta (Thukkani et al. 2003a). Myocardial tissue of rats subjected to
surgical infarction showed highly elevated levels of 2-CIHDA as compared to heart tissue from rats
subjected to sham surgery. Additionally, perfusion of hearts with concentrations found in infracted
tissue resulted in antichronotropic and antiionotropic effects as well as in myocardial injury (Thukkani
et al. 2005). More recently, also biological metabolites of a-CIFALDs including 2-CIHA and 2-CIAdA
could be identified in plasma, urine, and bronchoalveolar lavage fluid of rodents challenged by either
systemic LPS or by sendai-virus induced neutrophilic bronchiolitis (Anbukumar et al. 2010,

Brahmbhatt et al. 2010b).
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VI. MATERIALS AND METHODS

Materials

1. Animals Experiments

Male C57BL/6 mice (8-10 weeks, 20-30 g) and male Sprague-Dawely rats (250-300 g) were obtained
from the Institut fiir Versuchstierkunde (Himberg, Austria). LPS from Escherichia coli (0111:B4) was
from Sigma Aldrich (Vienna, Austria). Intralipid 20% was purchased from Fresenius (Austria).
Pentobarbital sodium salt and heparin sodium salt were from Sigma Aldrich (Vienna, Austria). Evans
Blue, sodium fluorescein, mannitol as well as bovine serum albumin (BSA) and other chemicals were
also obtained from Sigma Aldrich (Vienna, Austria). Injection needles and surgery supplies were

purchased from Henke Sass Wolf (Tuttlingen, Germany)

2. Cell Culture Materials

Earl’s medium M199, penicillin/streptomycin, glutamine, gentamycin, dispase from Bacillus polymyxa,
and trypsin were from Gibco (Vienna, Austria). Ox serum was purchased from PAA Laboratories
(Linz, Austria). DMEM Ham’s F12 and hydrocortisone (HC) were from Sigma Aldrich (Vienna,
Austria). Plastic ware for cell culture was obtained from Costar (Vienna, Austria) or VWR (Austria).
Lab-Tek® chamber slides were from Bartelt (Graz, Austria). ECIS electrode arrays (§SW10E+) were
from Ibidi (Germany).

3. Chemical Synthesis, Derivatization and Standards

Hexadecanoic—2,4,6,8,10,12,14,16—13C3 acid sodium salt, hexadecanal dimethyl acetal and heptanal
were purchased from Sigma Aldrich (Vienna, Austria). Trimethylchlorosilane (TMCS), N-methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA) and acetonitrile were from Pierce (Rockford, IL, USA).
Trimethylorthoformate, triethylamine, DMSO and oxalylchloride were obtained from Sigma Aldrich

(Vienna, Austria). Silica gel 60 and Silica gel 60 plates were from Merck (Darmstadt, Germany).
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Pentadecanoic acid, pentadecanol, dipalmitoyl-phosphatidyl choline (DPPC), pentafluorobenzyl (PFB)
hydroxylamine, pentafluorobenzoyl (PFBoyl) chloride and pentafluorobenzyl bromide were purchased
from Sigma Aldrich (Vienna, Austria). D-31 34:1 phosphatidylcholine (PC) or 12:0/12:0 PC as well as
LIPID MAPS standards LM-1004 (17:0-14:1 PC), LM-1102 (17:0-20:4 phosphatidylethanolamine),
LM-1303 (21:0-22:6 phosphatidylserine), and LM-1504 (17:0-14:1 phosphatidylinositol) were from
Avanti® Polar Lipids (Alabaster, AL, USA). Organic solvents and other chemicals were obtained from

Sigma, Roth (Vienna, Austria), and Merck (Darmstadt, Germany).

4. In Vitro Experiments

Sodium hypochlorite (NaOCI), hydrogen peroxide (H,O,) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma Aldrich (Vienna, Austria). 1-O-1'-
(Z)-octadecenyl-2-hydroxy-sn-glycero-3-phosphocholine (C,g-plasmenyl lyso-PC) was from Avanti®
Polar Lipids (Alabaster, AL, USA). 5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate
(carboxy-H,DCFDA), 5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylbenzamidazolocarbocyanine iodide (JC-1)
and human recombinant TNFa were from Invitrogen (Vienna, Austria). MPO was from Planta
Naturstoffe (Vienna, Austria) and cellulose acetate from Sartorius AG (Goettingen, Germany). The
Bradford protein assay was from Bio-Rad (Vienna). Apigenin, curcumin, genistein, naringenin,
phloretin, phloridzin and resveratrol were obtained from Sigma Aldrich (Vienna, Austria). N-
formylmethionyl-leucyl-phenylalanine (fMLP), PD098059 and staurosporine were from Calbiochem
(La Jolla, CA, USA). Palmitate, methionine, taurine, N-2-mercaptopropionyl glycine (MPG), N-acetyl-
L-cysteine (NAC), colchicine and myriocin were purchased from Sigma Aldrich (Vienna, Austria). All

other chemicals and solvents were from Sigma Aldrich and Roth (Vienna, Austria).

5. Protein analysis

ELISA for mouse MPO (HK210 kit) was from Hycult Biotechnology (Uden, The Netherlands).
Phenylmethylsulfonyl fluoride (PMSF), aprotinin, leupeptin, pepstatin and other protease inhibitors
were purchased from Sigma Aldrich (Vienna, Austria). Polyvinylidene difluoride (PVDF) transfer
membrane (Biotrace™ PVDF) was from Pall Corporation (Vienna, Austria). Detergents and other
chemicals were from Sigma Aldrich (Vienna, Austria). ECL and ECL SuperSignal Western Blotting

Substrate were obtained from Pierce (Rockford, IL). ECL Plus™ Western Blotting Detection Reagents
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were from GE Healthcare (Vienna, Austria) and CURIX Ultra UV-G X-ray films were from Agfa
(Mortsel, Belgium). DyLight 650 Microscale Antibody Labeling Kit was purchased from Thermo
Fisher Scientific (Rockford, IL, USA) and 4’, 6’-diamidino-2-phenylindole dihydrochloride (DAPI)
was from Sigma Aldrich (Vienna, Austria). Ultra V Blocking solution and AEC Substrate System was
from Lab Vision Corp. (Fermont, CA, USA). Mayer's hemalum and Kaiser's glycerol gelatin was
purchased from Merck (Vienna, Austria). Antibody diluent for immunohistochemistry was from Dako
(Carpinteria, CA, USA), and Moviol from Calbiochem-Novabiochem (La Jolla, USA). Antibodies used

in this study are listed in Table 1.

Table 1: Primary antibodies

Target Type Source Supplier
human MPO polyclonal rabbit Dako (Vienna, AUT)
von Willebrand factor polyclonal rabbit Dako (Vienna, AUT)
mouse neutrophils (FITC labeled) monoclonal rat Abcam (Cambridge, UK)
nitrotyrosine polyclonal rabbit Millipore (Vienna, AUT)
human ZO-1 polyclonal rabbit Zymed (Vienna, AUT)
human VE-Cadherin monoclonal mouse Santa Cruz Biotech. (CA, USA)
rat p42/44 MAPK monoclonal rabbit Cell Signaling (Beverly, MA, USA)
ERK1/2
human phospho-p42/44 MAPK . . .
ERK /2 (Thr202/Tyr204) monoclonal rabbit Cell Signaling (Beverly, MA, USA)
human phospho-p38MAPK . . .
(Thr183/Tyr185) polyclonal rabbit Cell Signaling (Beverly, MA, USA)
human p38MAPK monoclonal mouse Cell Signaling (Beverly, MA, USA)
human phospho-SAPK/JNK1/2 . . .
(Thr180/Tyr182) polyclonal rabbit Cell Signaling (Beverly, MA, USA)
human SAPK/INK1/2 polyclonal rabbit Cell Signaling (Beverly, MA, USA)
human caspase-3 polyclonal rabbit Santa Cruz Biotech. (CA, USA)
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Table 2: Secondary antibodies

Target Labeling/Conjugation
rabbit IgG Cy3
rabbit IgG Cy5
mouse IgG Cy2
rat IgG Cy2
rabbit IgG HRP
mouse [gG HRP

Source

goat
goat
goat
goat
goat

goat

Supplier

Jackson Dianova (Hamburg, GER)
Jackson Dianova (Hamburg, GER)
Jackson Dianova (Hamburg, GER)
Jackson Dianova (Hamburg, GER)
Pierce (Rockford, IL, USA)
Santa Cruz Biotech. (CA, USA)

6. RNA Analysis

Paris Kit was purchased from Ambion (Brunn a. Gebirge, Austria). Dithiothreitol, First Strand Buffer

and SuperScript Il Reverse Transcriptase were from Invitrogen (Vienna, Austria). Random hexamer

primers and dNTPs were obtained from Amersham Biosciences (Vienna, Austria). QuantiFast SYBR

Green PCR kit was from Qiagen (Vienna, Austria). Primer assays are listed in Table 3.

Table 3: Primer sequences

Target gene Primer pos.

MPO, NM _010824.2 forward

reverse

TNFa, NM_013693
COX2,NM 011198
NOS2, NM_010927
TBP1,NM 013684

Sequence Amplicon
size (bp)

5'-GCCAGCAGCCATGAAGAAGT-3" 304
5'-CCGGATCTCATCCACCACAA-3"

QT00104006, Qiagen 112

QT00165347, Qiagen 95

QT00100275, Qiagen 118

QT00198443, Qiagen 114

7. Buffers

Chemicals for buffers were purchased from Sigma Aldrich (Vienna, Austria), Roth (Vienna, Austria)

and Merck (Darmstadt, Germany)
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Table 4: Buffers

Buffer
Cell culture

PBS

HBSS

Lysis Buffer

SDS-PAGE
Sample Buffer

Gel Buffers

Running Buffer

Immunoblotting
Blotting Buffer
TBS-T
Stripping Buffer

Components

140 mM NacCl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.5 mM KH,PO,

140 mM NacCl, 5.4 mM KCl, 0.3 mM Na,HPO,, 0.4 mM KH,PO,, 1.7 mM
CaCl,, 2.3 mM MgCl,, 4.2 mM NaHCOs;, 5.6 mM glucose

50 mM Tris-HCI, 1% (v/v) NP-40, 150 mM NaCl, 1 mM Na;VO,, | mM
NaF, 1 mM EDTA

150 mM Tris-HCI, 4% (w/v) SDS, 20% (v/v) glycerol, 5% (v/v) 2-
mercaptoethanol

1.5 M Tris-HCI,
500 mM Tris-HCl
250 mM Tris-HCI, 2 M glycine, 35 mM SDS

150 mM Tris-HCI, 400 mM glycine, 10% (v/v) MeOH
25 mM Tris-HCI, 150 mM NacCl, 0.05% (v/v) Tween 20
60 mM Tris-HCI, 2% (w/v) SDS, 100 mM 2-mercaptoethanol

pH

7.4

60o0r74

7.4

6.8

8.8
6.8

7.5
6.8
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Methods

1. PREPARATION OF 2-CIHDA, 2-CIHpA AND REAGENT NaOCl

1.1. Synthesis of 2-CIHDA

Synthetic 2-CIHDA was prepared and purified from hexadecanal dimethyl acetal (HDA-dma) as the
starting compound as previously described (Marsche et al. 2004). Briefly, HDA-dma (Sigma) in
acetonitrile (1.25%, w/v) was added to a suspension of MnCl, (2.5%, w/v) and MnO, (2.5%, w/v).
Then TMCS (10%, v/v) was added and the reaction mixture was heated to 40°C. After 16 h, 0.5 M
NaOH (75%, v/v) was added for alkalization, 2-CIHDA dma was extracted with hexane, and purified
using a Silica 60 column and hexane/diethyl ether (90:10, v/v) as eluent. For each experiment 2-CIHDA
was freshly prepared (deprotected) by refluxing the dimethyl acetal derivative in trifluoroacetic
acid/CH,CI, (1:1, v/v) at 80°C for 1h. Organic phase was brought to dryness and stock solutions were
prepared in DMSO, EtOH abs. or hexane. Purity was confirmed by TLC, EI-GC-MS as well as by

NICI-GC-MS of the corresponding pentafluorobenzyl (PFB) oxime derivative (see below).

1.2. Synthesis of 2-Chloroheptanal (2-CIHpA)

2-CIHpA (the model compound for 2-CIHDA) was synthesized in co-operation with O. Kappe and T.
Glasnov (KFU Graz) as previously described (Stevens et al. 1954). Briefly, to a solution of 1 eq.
heptanal in CH,Cl,, stirring in an ice-bath, 1 eq. of thionyl chloride in CH,Cl, was slowly added,
thereby maintaining the temperature between 15-40°C. After additional 30 min, the reaction mixture
was heated to reflux temperature for the same time period. Subsequently, 2-CIHpA was distilled at

reduced pressure and condensed in a cold trap.

1.3. Determination of NaOCI-Concentration

Due to instability of NaOCI solutions (Fabian and Walker 1982) the concentration of reagent NaOCl

1

was determined for each experiments using the molar absorption coefficient for NaOCI of 350 cm * at

292 nm at pH 12 (Morris 1966). Stock solutions of NaOCl were prepared in Milli-Q water.
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2. IN VITRO BBB MODEL

2.1. Brain Microvascular Endothelial Cells (BMVEC)

2.1.1. Isolation and Establishment of Primary Cultures

BMVEC were isolated from porcine brains obtained from the local slaughterhouse by a combination of
mechanical disintegration, enzymatic digestion and centrifugation steps according to Goti and
coworkers (Goti et al. 2002). Following removal of meninges and the secretory areas, the brain cortex
(gray and white matters) was minced using a sterile cutter with staggered rolling blades. Minced tissue
was suspended in ‘preparation medium’ (M199 containing 1% P/S (v/v), 1% gentamycin (v/v) and
0.35% glutamine (v/v)) and incubated with solid dispase (0.1%, w/v) for 1 to 2 h at 37°C in water bath
with gentle stirring. Dextran solution (16%, w/v) was added to get a final 10% (w/v) dextran suspension
followed by centrifugation at 6800 g for 10 min at 4°C. The resulting pellet was resuspended in
‘medium A’ (M199 containing 10% ox-serum, 1% P/S, 1% gentamycin and 0.35% glutamine v/v).
Larger vessels were separated by a filtration step through 180 um nylon mesh. Microvessels were
digested with 0.03% (w/v) collagenase/dispase for 5 min at 37°C in a water bath with gentle stirring.
Following collection of released BMVEC cell aggregates by low spin centrifugation at 900 rpm or 140
g for 10 min at RT they were further purified by density gradient centrifugation. Therefore, the yield of
one brain was re-suspended in 5 ml plating medium, ‘medium A’ and centrifuged on a discontinuous
Percoll gradient (20 ml 1.03 g/ml bottom-layered with 15 ml 1.07 g/ml) at 1300 g for 10 min at RT in a
swinging bucket rotor without brake. BMVEC clusters, which were gathered at the interface of the two
phases, were washed in ‘medium A’, and plated onto six to eight 75 cm” culture flasks coated with 60
pg/ml collagen in phosphate buffered saline (PBS), pH 7.4, aspirating collagen solution after 5 min.
After 1 day in culture cells were washed twice with PBS and cultivated in medium B (M199 containing

10% ox-serum, 1% P/S, and 0.35% glutamine; v/v).

2.1.2.Cultivation of Cells

After two to three days, when confluence was almost reached, BMVEC were sub-cultured by
trypsinization and seeding onto disposal collagen-coated cell culture ware: 6-, 12-, 24-, and 96-well

plates (60 ug/ml collagen in PBS), onto Permanox chamber slides (120 pug/ml collagen in PBS) or onto
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SWI10E+ ECIS arrays (200 pg/ml collagen in 150 mM NaCl) at densities between 20000 cells/cm’
(multiwell plates and chamber slides) and 40000 cells/cm® (ECIS arrays).

2.1.3. Cell Experiments

Before starting cell culture experiments BMVEC were overnight pre-incubated with serum-free
‘medium B’. In contrast, for immunofluorescence microscopy - and ECIS experiments ‘medium B’ was
replaced by ‘induction medium’ (DMEM Ham’s F12 medium containing 1% P/S, 0.35% glutamine and
500 nM HC to induce tight junctions).

During cell experiments BMVEC were incubated in serum-free medium B, induction medium or HBSS
(pH 6 or pH 7.4) in the absence or presence of 2-CIHDA, NaOCIl, H,0,, MPO, structural analogues of
2-CIHDA (palmitate, HDA and 2-CIHDA dma), polyphenols, SPTLC- or MAPKK-inhibitors (myriocin
and PD098059), thiol compounds (MPG, NAC, methionine), and apoptosis inducers (staurosporin and
colchicin) at the indicated concentrations for the indicated time periods. Freshly deprotected 2-CIHDA
and HDA, palmitiate, polyphenols, PD098059, myriocin, and staurosporine were prepared as stock
solutions in DMSO.

For each cell experiment using 2-CIHDA/HDA/2-CIHDA dma/palmitate as a stimulus final
concentration of vehicle DMSO in culture medium was 0.4% (v/v). Reagent NaOCl, H,0,, MPO, thiol
compounds and colchicine were prepared as 250x stock solutions in water. For experiments examining
the impact of neutrophil activation on BMVEC barrier function, 2.5 x 10° neutrophils were primed with
10 ng/ml TNFa for 15 min at RT followed by co-incubation with BMVEC for 15 min and stimulation
with 10 uM fMLP (stock added in EtOH, final concentration of vehicle was 0.2%).

2.1.4. Counting of BMVEC

To determine the number of BMVEC in multiwell plates, cells of trypsinized confluent monolayers
were counted using CASY cell counter (Schirfe System GmbH) according to the manufacturer’s

recommendations.
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2.2. Model for In Vitro BBB Function: Electrical Cell-Substrate Impedance Sensing (ECIS)

To determine the effects of immune cells, oxidants and other compounds on barrier integrity of
BMVEC impedance was monitored using the ECIS Z system (Figure 12) (Applied Biophysics, Troy,
NY). Briefly, cells were plated on 250 pm collagen-coated gold electrodes of 8W10E+ arrays (Applied
Biophysics) and cultured to confluence while measurement was taken every minute at 4 kHz alone or in
combination with 64 kHz monitoring barrier function or membrane capacitance. After overnight
induction of tight junctions by means of HC (induction medium, see chapter 2.1.3.) average baseline
impedance readings varied between 2000 and 5000 Q at 4 kHz and between 600 and 800 Q at 64 kHz.
Only after achieving stable basal impedance readings > 2000 Q endothelial cells were exposed to

experimental conditions.

A Culture Medium
Counter Electrode
/ Insulating Film \
m — |
Gold-Film Electrode
B

Figure 12: Principle of ECIS

(A) Using the free ions in the culture media, the instrument generates an AC current flow between a small
active gold-film electrode and a counter electrode located in specialized tissue culture arrays. (B) When
cells attach and spread upon the active electrode, the current flow is restricted to spaces under and between
the cells, as the cell membrane acts as an insulator. Restriction of the AC current results in measurable

impedance changes, that can be monitored in real-time (Mitra et al. 1991, Ramirez et al. 2010).
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To avoid pronounced impedance changes due to altered culturing conditions (e.g. temperature of
medium, O,/CO, saturation in medium) aliquots of culture medium, taken out from array wells, were
transferred to sterile, pre-warmed Eppendorf-tubes. Immediately after addition of investigated

compounds, oxidants or cells, medium was re-added to BMVEC.

2.3. Analysis of Barrier Architecture: Immunofluorescence of BMUVEC

BMVEC were cultured on Permanox chamber slides to confluence. The cells were treated with vehicle

or 2-CIHDA at the indicated concentrations for 3 h.

2.3.1.Double-Labeling of ZO-1 and VE-cadherin

After treatment slides were rinsed twice with PBS, dried for 1 to 2 h at RT, and stored at -20°C until
required. Cells were fixed in acetone for 5 min at RT, and rehydrated in PBS for 5 min. After blocking
of nonspecific adsorption with UV ultra block, BMVEC were sequentially incubated for 60 min at RT
with the primary antibody and with the corresponding fluorescent-labeled secondary antibody. Primary
antibodies were mouse anti-human VE-cadherin IgG and rabbit anti-human ZO-1 IgG diluted 1:200 and
1:50 with antibody diluent. Cy-2 labeled goat anti-mouse IgG as well as Cy-5 labeled goat anti-rabbit
IgG (diluted 1:300 in antibody diluent) were used as secondary antibodies. In-between antibody
incubations, and before mounting with Moviol, samples were rinsed three times in PBS for 5 min at
RT. Slides were analyzed on a confocal laser scanning microscope (Leica SP2, Leica Lasertechnik
GmbH, Heidelberg, Germany) using 488 nm for excitation of Cy-2 and 647 nm for Cy-5. Emission was
detected at 500 to 535 nm for Cy-2 and 665 nm to 750 nm for Cy-5.

2.3.2.Double-Labeling of F-Actin Cytoskeleton and Nuclei

For double immunofluorescence, 2-CIHDA- or vehicle-treated cells were immediately rinsed twice
with PBS, fixed in 4% formaldehyde (in PBS) for 10 min at RT, and permeabilized in ice-cold acetone
for 3 min. Subsequently, after re-hydration in PBS, cells were pre-incubated with 1% (w/v) BSA in
PBS before F-actin cytoskeleton was stained with 165 nM rhodamine phalloidin solution in 1% (w/v)

BSA in PBS for 20 min at RT according to the manufacturer’s recommendations (Molecular Probes,
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Invitrogen). Slides were rinsed 3 three times before a counterstaining of nuclei was performed with
DAPI (1:1000 in PBS) for 10 min at RT. Samples were rinsed three times in PBS for 5 min at RT and
mounted with Moviol. Immunofluorescence was analyzed on a confocal laser scanning microscope
(Leica SP2, Leica Lasertechnik GmbH, Heidelberg, Germany) using 405 nm for excitation of DAPI and
543 nm for TRITC (rhodamine). Emission was detected at 430 to 450 nm for DAPI and 555 nm to 620
nm for TRITC.

3. PREPARATION OF HUMAN POLYMORPHONUCLEAR LEUKOCYTES

Human polymorphonuclear leukocytes (PMNL) were kindly provided by the Institute of Experimental
and Clinical Pharmacology. Briefly, blood samples were taken from healthy volunteers, in accordance
to a protocol by the Ethics Committee of the Medical University of Graz. PMNL (containing approx.
98% neutrophils and 2% eosinophils) were prepared as previously described using dextran
sedimentation of erythrocytes followed by centrifugation on Histopaque gradients (Schratl et al. 2006).
All separation steps were performed at RT. The resulting purity and viability of neutrophils was

typically greater than 95%.

4. ANIMAL MODELS

Animal experiments were performed in accordance with animal care ethics approval and guidelines, as
per animal care certificate No. BMWF-66.010/0035-11/10.b.2008, No. BMWF-66.010/0104-
11I/10b6/2009 and No. BMWF-66.010/0055-11/3b/2011 of the Austrian Federal Ministry of Science and
Research (Vienna, Austria). All animals were kept on a 12 h light/dark cycle with free access to food

and water.

4.1. Model for In Vivo Neuroinflammation

Neuroinflammation was induced in C57BL/6 mice by i.p. injection of a single dose of LPS (150 ug or

250 pg/30 g). After indicated time periods mice were killed by cervical dislocation, brains were

removed, snap frozen in liquid N,, and stored at -70°C or immediately further processed for analysis.
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4.1.1. gPCR (performed by S. Waltl)

To generate cDNA templates, total brain RNA was isolated using Paris Kit and 5 pg RNA was reverse
transcribed according to the manufacturer’s instructions using 200 U SuperScript I Reverse
Transcriptase and random hexamer primers. Primers for MPO were designed using NCBI primer blast
(Table 3). qPCR reactions were performed with an Applied Biosystems 7900HT Fast Real Time PCR
System, using the QuantiFast SYBR Green PCR kit and primer assays for tumor necrosis factor a
(TNFa), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX2), and TATA-box binding
protein 1 (TBP1) (Table 3). Samples were run in triplicates for each experiment with TBP1 as an
internal control. For analysis of the expression profiles the public domain program Relative Expression
Software Tool — REST 384 Vers. 2 (http://www.gene-quantification.com/download.html) was used
(Pfaffl et al. 2002).

4.1.2. Measurement of MPO Mass in Murine Brain Homogenates

MPO protein mass was measured using a specific sandwich ELISA according to the manufacturer’s
recommendations (HK210 kit) and normalized on total protein content as determined by the Bradford

assay.

4.1.3.Immunohistochemistry and Triple Immunofluorescence in Murine Brain Cryosections

Serial sagittal cryosections (5 uM) were collected on glass slides, air dried for 2 h at RT, fixed in
acetone for 5 min at RT and stored at -40°C until required. For triple immunofluorescence rabbit anti-
von Willebrand factor was Dylight 650-labeled according to the manufacturer’s recommendations
(DyLight 650 Microscale Antibody Labeling Kit). Prior to immunostaining, sections were thawed and
air dried for 30 min at RT followed by fixation in acetone for 5 min at RT. After re-hydration in PBS,

sections were blocked with UV ultra block for 10 min.

For immunohistochemical studies sections were incubated with rabbit anti-human MPO (1:500) and
horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (1:200) each for 30 min. After AEC
development and termination by washing with distilled water according to the manufacturer’s

recommendations (Lab Vision AEC Substrate System) the sections were counterstained with Mayer's
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hemalum and mounted with Kaiser's glycerol gelatin. Analysis of sections was performed with a Zeiss

Axiophot microscope equipped with a Zeiss Axiocam HRC.

For triple immunofluorescence antibodies against primary epitopes (rabbit anti-human MPO, 1:500 or
rabbit anti-nitrotyrosine, 1:75; and rat anti-mouse neutrophils, 1:50) were sequentially incubated for 30
min at RT with corresponding Cy-2 or Cy-3 labeled secondary antibodies (Cy-3 labeled goat anti-rabbit
IgG, Cy-2 labeled goat anti-rat IgG; each 1:300; Cy-2 labeling was used to enhance FITC-signal)
followed by a blocking step with rabbit non-immune IgG (1:25) and incubation (30 min) with Dylight-
650 labeled von Willebrand factor (1:75).

Immunofluorescence stained sections were mounted with Moviol and analyzed on a confocal laser
scanning microscope (Leica SP2, Leica Lasertechnik GmbH, Heidelberg, Germany) using 488 nm for
excitation of Cy-2, 543 nm for Cy-3 and 647 nm for Dylight 650. Detected emission wavelengths were
500 to 535 nm for Cy-2, 555 nm to 620 nm for Cy-3, and 665 nm to 750 nm for Dylight-650.

All incubations were performed in a moist chamber at RT in dark (for immunofluorescence) and PBS
was used for three consecutive washing steps (each 5 min) between the incubation steps and before

mounting. All antibodies were diluted with antibody diluents.

4.2. Model for In Vivo BBB Function: In Situ Brain Perfusion

Rats were perfused via the common carotid arteries and the magnitude of permeability changes was
assessed using sodium fluorescein (SF) as a low- and Evans Blue albumin (EB) as a high molecular

weight marker as previously described (Hawkins B. T. and Egleton 2006).

Briefly, Sprague-Dawely rats were anesthetized with 50 mg/kg pentobarbital while body temperature
was maintained at 37°C using a heating panel. If necessary, animals got an additional dose of 25 mg/kg
is during the course of the surgery. After endotracheal intubation the right common carotid artery was
exposed and cannulated (cannulas were heparinized), whereas the right external carotid artery and the
left common carotid artery were ligated (Figure 13). After sectioning of jugular veins animals were
perfused for 5 min with oxygenated Ringer solution (supplemented with 18 g/l BSA) at a flow rate of 3
ml/min/hemisphere using a peristaltic pump. Subsequently, perfusion was switched for 90 min to
Ringer containing 0.4% DMSO (vehicle) or 25 uM 2-CIHDA. For the assessment of BBB function

perfusion with Ringer supplemented with SF (1 g/I) and EB (1 g/l, mixed the night before to allow
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maximal binding of the dye to albumin) for 5 min and the washout with Ringer without dyes for 7 min
were followed.

Animals were decapitated, the brains were immediately removed, and cerebral hemispheres were
dissected. Brain hemispheres were mechanically homogenized in 3 ml 7.5% (w/v) trichloroacetic acid,
and the resulting suspension was neutralized with 5SM NaOH and measured by fluorimetry (excitation

484 nm, emission 540 nm) on a Victor 1420 multilabel counter for SF determination.

Common Carotid
Artery

Perfusate /

Figure 13: Schematic representation of the in situ rat brain perfusion technique
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5. MODIFICATION EXPERIMENTS

5.1. Sn-2-Lyso-Plasmalogen with NaOCl

Liposomes from lysoPLs were prepared by dispersing 100 nmol 1-O-1'-(Z)-octadecenyl-2-hydroxy-sn-
glycero-3-phosphocholine (C;s-plasmenyl lyso-PC) in 1 ml H,O using sonication (4 x 10 sec on ice).
Modification was performed at pH 7 by addition of 250 nmol NaOCI for 1 h at RT. For analysis of
plasmalogen-derived octadecanol 25 nmol C;g-plasmenyl lyso-PC were hydrolyzed by sonication in
0.1M HCI followed by an incubation for 1 h at RT. Subsequently, lipids were extracted according to the
Folch procedure (Folch et al. 1957), converted to the corresponding PFB-oxime derivative, dissolved in

100 pul hexane, and analyzed by NICI-GC-MS.

5.2. Murine Brain Lipid Extracts with NaOCl

Animals were killed by cervical dislocation, brains were removed, snap frozen in liquid N,, and
homogenized in a mortar. The powdered material was transferred to pre-weighed Pyrex tubes and
extracted according to the Folch procedure. Liposomes from brain lipids were prepared by dispersing
50 mg brain lipids in 1 ml H,O using sonication (4 x 10 sec on ice). Modification with NaOCI (1 - 500
ug/100 pg lipid) was performed at pH 7 over night at RT. Based on a percentage brain lipid (lipid
fraction contributes approx. 10 % of total wet brain tissue) composition of 65% total phospholipids,
11% total sphingolipids and 20% cholesterol (O'Brien and Sampson 1965), these weight ratios
correspond to molar NaOCl:lipid ratios of approx. 0.1:1 (1 pg NaOCl/100 pg lipid) to 50:1 (500 ng
NaOC1/100 ug lipid). Subsequently, lipids were extracted, dissolved in 1 ml CHCl;/MeOH (1:1, v/v),
and analyzed by Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) in co-
operation with H. Kofeler (MUG). Moreover, lipid fraction were converted to PFB-oxime derivatives
and a-chloro fatty aldehydes (2-CIHDA, 2-CIODA and 2-CIODEA) were quantified by NICI-GC-MS
using 2-CI[”C4]HDA as internal standard. Total plasmalogen aldehydes (HDA, ODA, ODEA) were
quantified after acidic hydrolysis in 0.5 M HCI (overnight at 37°C), preparation of PFB-oxime
derivatives, and subsequent NICI-GC-MS analysis using 2-CI['’Cs]JHDA as internal standard.
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5.3. Cerebrovascular Endothelial Cells

5.3.1. NaOCl

BMVEC were plated in 6-well trays and allowed to grow for 2-3 days to confluence (9 x 10° cells)
before serum-deprived medium was replaced by HBSS and cells were treated with increasing
concentrations of reagent NaOCI (added as a 250 x stock) for 30 min at 37 °C in HBSS in the presence
of 100 ng 2-CI[’Cs]HDA (added as 250 x stock in MeOH) as internal standard. Subsequently, lipids
from HBSS layers were extracted twice in hexane/methanol (5:1; v/v, 2 ml) while lipids from cells were
extracted using two consecutive extractions (30 min each) with 1 ml of hexane/isopropanol (3:2; v/v)
on a rotary shaker (1000 rpm). Following extraction combined lipids fractions were converted to PFB-
oxime derivatives and a-chloro fatty aldehydes (2-CIHDA, 2-CIODA and 2-CIODEA) were quantified
by NICI-GC-MS using 2-CI[*Cs]HDA as internal standard. Total plasmalogen aldehydes (HDA, ODA,
ODEA) were quantified after acidic hydrolysis in 0.5 M HCI (overnight at 37°C), preparation of PFB-

oxime derivatives, and subsequent NICI-GC-MS analysis using 2-CI["*Cs]HDA as internal standard.

5.3.2. MPO-H,0,—Chloride System

After BMVEC were brought to confluence in 6-well trays 1.8 x 10° cells (cells of two wells) were
trypsinized, washed twice with 1 ml and resuspended in 200 pl PBS (50 mM, pH 5) supplemented with
140 mM NacCl. Cells were incubated in the presence of MPO (70 nM final concentration) and 2.5 pg 2-
CI[”CsJHDA at 37 °C with shaking. Reaction was started by the addition of H,O, (200 uM final
concentration; eight additions of 25 uM H,O, at 4-min intervals (Bergt et al. 2000)) and stopped by
removing cationic MPO using cellulose acetate. Subsequently, BMVEC modification was allowed to
proceed at 37°C for a further 30 min. After modification lipids were extracted twice in hexane/methanol
(5:1; v/v, 2 ml), PFB oximes were prepared and a-chloro fatty aldehydes were quantified by NICI-GC-
MS using 2-CI ['*Cs] HDA as internal standard.
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5.4. Phloretin

5.4.1.NaOCl

For examining the susceptibility to HOCl-dependent chlorination 55 nmol of phloretin (added as 250 x
stock in EtOH) were modified with 110 nmol reagent NaOCIl (added as a 250 x stock) in 1 ml PBS for 1
h at RT. Subsequently, reaction mixture was extracted twice with 2 ml of EtOAc followed by

conversion to trimethylsilyl (TMS)-ether derivatives and EI-GC-MS analysis.

5.4.2.2-ClHpA

To investigate covalent trapping of 2-CIHpA by phloretin preliminary experiments were performed in
medium B at 35 °C for 5 days leading to similar results as in the experiment at 80 °C described below.
Briefly, 250 mg of phloretin (0.91 mmol, 1 eq.), 332 pl of 2-chloroheptanal (2.28 mmol, 339 mg, 2.5
eq.) and 115 mg of NaHCO; (1.37 mmol, 1.5 eq.) were added to 10 ml of H,O:DMSO (2:1, v/v). The
suspension was then stirred for 2 h at 80 °C until no more starting material could be detected (HPLC,
285 nm). After cooling to ambient conditions the reaction mixture was extracted twice with 25 ml
EtOAc and washed with saturated NaCl. The organic solvent was removed under reduced pressure; the
residue was transferred to a silica-samplet and dried for 2 h at 50 °C in a drying oven. Subsequently,
the silica-samplet was subjected to automated flash chromatography with petroleum ether/ethyl acetate
(0 to 45% gradient) as eluent to provide 187 mg (53%) of the pure product as a brownish solid. The
resulting compound was analyzed in co-operation with R. Saf (TU Graz). Therefore, EI (70 eV) mass

spectra were recorded on a Waters GCT Premier equipped with direct insertion (DI).
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6. IN VITRO ASSAYS
6.1. MTT-Test

To investigate the effects of 2-CIHDA, structural analogues of 2-CIHDA, and reagent NaOCI on
BMVEC viability in the absence or presence of polyphenols, myriocin, and thiol compounds an assay
based on the compound 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Figure
14) was used (Kratzer et al. 2007). BMVEC were grown in 12-, 24- or 96-well plates to confluence
before the cells were treated with 2-CIHDA or reagent NaOCI in serum-deprived medium at the
indicated concentrations and for the indicated time periods. In the case of co-treatment cells were pre-
incubated with polyphenols, myriocin and thiol compounds at indicated concentration for 30 min before
2-CIHDA or NaOCI was added. After treatment, medium containing tested compounds was replaced by
‘MTT medium’ (1.2 mM, dissolved in serum-free medium, 100 ul per well) added to cells and
incubated for 1 to 2 h at 37°C under standard conditions. Cells were washed with PBS, and cell lysis
was performed with 100 pl lysis solution (isopropanol:1 M HCI, 25:1 (v/v)) on a rotary shaker (1000
rpm, 15 min). Absorbance was measured at 570 nm on a Victor 1420 multilabel counter and corrected

for background absorption (650 nm).
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Figure 14: Principle of the MTT-test
Reduction of the water-soluble tetrazolium salt MTT metabolically active cells (viable and early apoptotic)
leads to precipitation of colored formazans. MTT reduction is mostly attributable to oxidoreductases localized

at mitochondria, in cytoplasm and in regions of plasma membranes (Bernas and Dobrucki 2002).
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6.2. JC-1 Assay

To examine the mitochondrial membrane potential (Aym) of BMVEC - after treatment with 2-CIHDA
or NaOClI - an assay based on the compound JC-1 (Figure 15) was performed (Nusshold et al. 2010).
Briefly, BMVEC were grown to confluence in black 96-well plates before 2-CIHDA or reagent NaOCl
were added in serum-deprived medium at the indicated concentrations and for the indicated time
periods. Cells were then incubated with JC-1 (10 uM, added to serum-free medium as 2 mM stock in
DMSO, 100 pl per well) at 37°C in the dark for 90 min followed by two washing steps with PBS. Fifty
microliters of PBS were then added to each well and the fluorescence intensities were read at 484/540
nm (ex/em) for detection of the green substrate and 544/590 nm (ex/em) for detection of the red
substrate on a Victor 1420 multilabel counter. The results were analyzed in terms of the ratio of red to

green fluorescence intensities. Therefore, results are not linked to the number of viable cells.
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Figure 15: Principle of the JC-1 assay

(A) Structure of the JC-1 monomer. (B) JC-1 is a cationic carbocyanine dye that exhibit green fluorescence.
JC-1 accumulates in healthy mitochondria, where it forms J-aggregates that exhibit red fluorescence.
Changes in the mitochondrial membrane potential (A¥m) as occurring during apoptosis results in decreased
mitochondrial JC-1 concentrations, which can be followed by an increase of green fluorescence (Bedner et
al. 1999).
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6.3. Measurement of ROS

ROS formation was explored by using an assay based on the redox-sensitive fluorescent dye carboxy-
H,DCFDA (Figure 16). BMVEC were grown to confluence in black 6-well plates before cells were
incubated with H,DCFDA dissolved in PBS (10 uM, added as 300x stock in DMSO) for 1 h at 37°C in
the dark. Subsequently, H,DCFDA in PBS was replaced by serum-deprived medium containing
indicated concentrations of 2-CIHDA, followed by incubation of cells for the indicated time periods at
37°C in dark. Incubations were stopped by washing the cells two times with ice-cold PBS and, then, the
plates were kept on ice for 10 min. Cell lysis was performed with 300 ul lysis solution (3% Triton X-
100 in PBS) on a rotary shaker (1350 rpm) at 4°C in the dark for 60 min. Afterwards, 50 ul EtOH abs.
was added to each well and shaking was continued for another 15 min to ensure complete solubilization
of deacetylated and oxidized DCF. The cell lysates were transferred to Eppendorf tubes and centrifuged
to remove cellular debris (13,000 rpm, 4°C, 10 min). One hundred microliters of the supernatant were
transferred to black 96-well microtiter plates and fluorescence intensity was measured at 484/540 nm
(excitation/emission) on a Victor 1420 multilabel counter (Wallac). An aliquot of the supernatant was

used for estimation of protein concentration using the Bradford assay.

esterase
(intracellular)

o—c¢ carboxy-H,DCFDA o—<d carboxy-H,DCF
\ (non-fluorescent) (non-fluorescent)

Figure 16: ROS sensing with carboxy-H,DCFDA.

The non-fluorescent dye has two negative charges at
physiological pH, allowing good retention by cells. Once
carboxy-DCFDA is internalized by cells, intracellular
esterases hydrolyze the acetate groups. Resulting carboxy-

H,DCF can be oxidized to fluorescent carboxy-DCF by

several reactive radical species allowing the assessment of

o ) ) 0—c¢ carboxy-DCF
general oxidative stress (Halliwell and Whiteman 2004). \0 {fluorescent)
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7. DETERMINATION OF 2-CIHDA STABILITY AND METABOLISM

7.1. Stability in the Presence of a Mixed Primary Mouse Brain Cell Suspension

Mouse brains were collected from animals killed by cervical dislocation. For each sample, 400 mg
brain tissue was minced and supplemented to a final volume of 2 ml with HBSS (with 1 g/l glucose)
containing 0.25 U dispase. After incubation for 90 min at 37°C with stirring enzymatic digestion was
stopped by washing (120 g, 10 min, RT) the brain cell suspension for 3 times with 2 ml HBSS
(supplemented with 1 g/ml glucose) containing 1 mM EDTA. Subsequently, 2 ml brain cell suspension
was supplemented with 2-CIHDA (17 pg; 30 uM final concentration) and further incubated at 37°C
under gentle stirring. At indicated time points 125 pl aliquots were removed, snap frozen in liquid N,,
and stored at -70°C until further processing. Lipids were extracted in the presence of 0.75 pg 2-
CI[’Cs]JHDA according to the Folch procedure, converted to corresponding PFB-derivatives and
quantified by NICI-GC-MS using 2-CI[”Cs]JHDA as internal standard (see below). A one-phase
exponential decay model (A*e™) was used to fit experimental data using Prism 5.0 (GraphPad

Software).

7.2. Stability in Human Plasma

Human plasma from healthy, normolipidemic subjects was obtained from the Department of Blood
Group Serology and Transfusion Medicine (Medical University Graz). Briefly, 10 ml plasma were
spiked with 50 uM 2-CIHDA (added as 250 x stock in DMSO) and incubated at 37°C under gentle
stirring. At the indicated times 500 pl aliquots were removed, snap frozen in liquid N, and stored at -
70°C until further processing. Following lipid extraction (Folch et al. 1957) PFB-oximes were prepared
and relative 2-CIHDA contents were analyzed of by NICI-GC-MS (see below). A one-phase
exponential decay model (A*e™) was used to fit experimental data using Prism 5.0 (GraphPad

Software).
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7.3. Stability in Murine Vasculature

C57BL/6 mice received a single intravenous injection of either 350 pg 2-CIHDA/30 g body weight in
100 pl Intralipid 20%/PBS/sesame oil, 47:40:13 (v/v) or 100 pl vehicle. At the indicated time periods
100 pul EDTA-blood (5 mM EDTA) was obtained by retro-orbital puncturing. After addition of one 1
ng 2-CI[”CsJHDA samples were snap frozen in liquid N, and stored at -70°C until further processing.
Lipids were extracted according to the Folch procedure. Subsequently, PFB-oximes were prepared and
2-CIHDA was quantitatively analyzed by NICI-GC-MS using 2-CI["’Cs]HDA as internal standard (see
below). A one-phase exponential decay model (A*e ™) was used to fit experimental data using Prism

5.0 (GraphPad Software).

7.4. Stability in BMVEC Culture

BMVEC were plated in 6-well trays and allowed to grow to confluence (9 x 10° cells). Cells were
incubated with 4.1 pg 2-CIHDA (250 x stock in DMSO; 10 uM final concentration). At indicated time
periods lipids from the culture medium were extracted twice in hexane/methanol (5:1; v/v, 2 ml) in the
presence 100 ng 2-CI["’Cs]HDA. After conversion to corresponding PFB-oxime derivatives 2-CIHDA
was quantitated by NICI-GC-MS analysis using 2-CI[’Cs]HDA as internal standard (see below). A
one-phase exponential decay model (A*e ™) was used to fit experimental data using Prism 5.0

(GraphPad Software).

7.5. Metabolism of 2-CIHDA by BMVEC

BMVEC, plated in 6-well trays, were grown to confluence (9 x 10° cells). Cells were incubated with
4.1 pg 2-CIHDA (250 x stock in DMSO; 10 pM final concentration) for the indicated time periods.
Subsequently, lipids from culture medium were extracted twice with hexane/methanol (5:1; v/v, 2 ml)
in the presence of 2-CI["*Cs]HDA, pentadecanoic acid and pentadecanol (each 100 ng). Cellular lipids
were extracted in the presence of above mentioned internal standards (each 100 ng) using two
consecutive extractions (30 min each) with 1 ml of hexane/isopropanol (3:2; v/v) on a rotary shaker
(1000 rpm). Following preparation of PFB-oxime and PFB-ester derivatives 2-CIHDA, 2-CIHA and 2-
CIHOH were quantitated by NICI-GC-MS analysis using 2-CI[”Cs]JHDA, pentadecanoic acid or

pentadecanol as internal standards.
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7.6. Quantification of 2-CIHA Re-Esterification into the Polar Lipid Fraction

BMVEC plated in petri dishes (10 cm) were grown to confluence (5.5 x 10° cells). Cells were incubated
with 22.3 pg 2-CIHDA (250 x stock in DMSO; 10 uM final concentration) for the indicated time
periods. Subsequently, cellular lipids were extracted in the presence of the internal standard
pentadecanoic acid (1.5 pg) using two consecutive extractions (30 min each) with 5 ml of
hexane/isopropanol (3:2, v/v) on a rotary shaker (1000 rpm). Lipids were reconstituted in 1 ml
CHCI3/MeOH (1:1, v/v), and 500 pl were converted to the corresponding PFB-esters, and analyzed by
NICI-GC-MS as described below (free 2-CIHA). For isolation of polar lipid fraction remaining 500 pl
of cellular lipids were separated on silica gel 60 plates using hexane/diethyl ether/acidic acid (70:30:1,
v/v/v) as the mobile phase. Fractions co-migrating with DPPC standard were scraped off, and extracted
from the TLC sorbent using CHCl;/MeOH (2:1, v/v). For generation of free fatty acids, polar lipids
were dispersed in 500 pl 0.5 M NaOH by sonication and vortexing, and incubated for 1 h in a boiling
water bath. Subsequently, samples were cooled to RT, neutralized by addition of 500 pul 0.5 M HCI, and
acidified with acetic acid. Released free fatty acids were extracted according to the Folch procedure,
converted to the corresponding PFB-ester derivative, and quantitated by NICI-GC-MS (esterified 2-
CIHA).
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8. ANALYTICAL TECHNIQUES

8.1. Fourier Transform-lon Cyclotron Resonance-Mass Spectrometry (FT-ICR-MS)

Analysis was performed by H. Kofeler (Core Facility Mass Spectrometry, MUGi Graz) on an Accela
U-HPLC coupled to a LTQ-FT Ultra hybrid mass spectrometer (Thermo Scientific, Vienna, Austria).
Samples were diluted (1:100) in chloroform/methanol (1:1, v/v). Either D-31 34:1 phosphatidylcholine
(PC) or 12:0/12:0 PC as well as LIPID MAPS standards (Avanti® Polar Lipids) LM-1004 (17:0-14:1
PC), LM-1102 (17:0-20:4 phosphatidylethanolamine), LM-1303 (21:0-22:6 phosphatidylserine), and
LM-1504 (17:0-14:1 phosphatidylinositol) were used as internal standards. Lipid samples were
separated on a Thermo Hypersil GOLD C18 column (100 x 1 mm, 1.9 pm particle size). Solvent A was
water with 1% ammonium acetate and 0.1% formic acid. Solvent B was acetonitrile/2-propanol (5:2;
v/v) with 1% ammonium acetate and 0.1% formic acid. The gradient ran from 35% to 70% B in 4 min,
then to 100% B in another 16 min with a hold for additional 10 min. The flow rate was 250 pl/min.
Data acquisition was done by FT-ICR-MS full scan in preview mode, a resolution of 200k, and < 2 ppm
mass accuracy with external calibration. The spray voltage was set to 5000 V, capillary voltage to 35V,
and the tube lens was at 120 V. Capillary temperature was at 250°C. From the FT-ICR-MS preview
scan the 4 most abundant m/z values were picked in data dependent acquisition mode, fragmented in
the linear ion trap analyzer and ejected at nominal mass resolution. Normalized collision energy was set

to 35%, the repeat count was 2, and the exclusion duration at 60 sec.

8.2. Synthesis of Stable-Isotope Labeled 2-CIHDA

2-Chloro-[2,4,6,8,10,12,14,16-"°Cs]-hexadecanal (2-C1["°Cs]JHDA) and 2-CIHDA were synthesized and
purified as previously described (Albert et al. 2001) with some modifications (Figure 17). Briefly, 1 eq.
hexadecanoic—2,4,6,8,10,12,14,16—13C3 acid was reduced to hexadecanol—[2,4,6,8,10,12,14,16—13C8] by
using 4 eq. LiAlH, (refluxed at 50°C overnight in dry diethyl ether; the reaction was quenched by
addition of ethyl acetate and Milli-Q water). Hexadecanal-[2,4,6,8,10,12,14,16-"°Cg] was synthesized
by partial oxidation of 1 eq. hexadecanol—[2,4,6,8,10,12,14,16—13C8] in CH,Cl, at -70°C for 1 h under a
stream of N, utilizing oxalyl chloride-activated dimethyl sulfoxide (3 eq. oxalyl chloride and 6 eq.
DMSO) as a catalyst. The reaction mixture was quenched by addition of 12 eq. triethylamine, stirred for

additional 10 min, and allowed to warm at RT. After washing the reaction mixture with Milli-Q water
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the organic phase was brought to dryness and converted to the dimethyl acetal (dma) derivative by
addition of methanol:trimethyl orthoformate (90:10, v/v) and NH4;NO; and incubation for 48 h at 40°C.
Subsequently, hexadecanal-[2.,4,6,8,10,12,14,16-">C;] dimethyl acetal (HDA-["*Cs] dma) was purified
using a Silica 60 column and hexane/diethyl ether (97.5:2.5, v/v) as eluent. For synthesis of 2-
Cl[’Cs]JHDA dma, HDA-["*Cs] dma in acetonitrile (1.25%, w/v) was added to a suspension of MnCl,
(2.5%, w/v) and MnQO, (2.5%, w/v). Then trimethylchlorosilane (10%, v/v) was added and the reaction
mixture was heated to 40°C. After 16 h, 0.5 M NaOH (75%, v/v) was added for alkalization, 2-
CI[’Cs]JHDA dma was extracted with hexane, and purified using a Silica 60 column and hexane/diethyl
ether (90:10, v/v) as eluent. For each experiment 2-CI["’Cs]JHDA was freshly prepared by refluxing the
dimethyl acetal derivative in trifluoroacetic acid/CH,Cl, (1:1 , v/v) at 80°C for 1h. Purity was confirmed
by TLC, as well as by EI-GC-MS and NICI-GC-MS of the corresponding PFB-oxime derivative (see
below).

8.3. Pre-Separation of Brain Lipid Extracts by Thin Layer Chromatography

For 2-CIHDA quantification in brain tissue of mice suffering from neuroinflammation lipid extracts
from one brain (2.5 pg 2-CI[°Cs]JHDA added as 1.S.), were reconstituted in 500 pl CHCI; and
fractionated on silica gel 60 plates using hexane/diethyl ether/acidic acid (90:10:1, v/v/v) as the mobile
phase. Fractions co-migrating with an authentic 2-CIHDA standard were scraped off, extracted from the
TLC sorbent, converted to the corresponding PFB-oximes, and analyzed by GC-MS as described

below.

8.4. Derivatization

8.4.1. Chlorinated- and Non-Chlorinated Fatty Aldehydes

2-CIHDA as well as lipid extracts from brain tissue or cell culture (containing 2-CI["*Cs]HDA as LS.)
were dissolved in 100 pl ethanol and 100 pl of a solution of PFB-hydroxylamine in ethanol (6 mg/ml,
w/v). After 1 h at 25°C, 1 ml of distilled water was added, and the PFB oxime derivative was extracted
with hexane/diethyl ether (4:1, v/v) and dried under N,. The samples were redissolved in 100 ul hexane,

transferred to autosampler vials, and stored at -20°C until NICI-GC-MS analysis.
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8.4.2. Chlorinated Fatty Acids

Lipid extracts from cell culture (containing pentadecanoic acid as 1.S.) were converted to corresponding
PFB-ester derivative in 100 pl 0.35% (v/v) PFB-Br in acetonitrile and 20 pl N,N-
diisopropylethylamine. After 30 min at RT derivatization reagents were vacuum evaporated with an
Eppendorf concentrator 5301. The samples were redissolved in 100 pl hexane, transferred to

autosampler vials, and stored at -20°C until GC/MS analysis.

8.4.3.Chlorinated Fatty Alcohols

Lipid extracts from cell culture (containing pentadecanol as 1.S.) were converted to corresponding PFB-
ester derivative in 100 pl 0.4% (v/v) PFBoyl-Cl in acetonitrile. After 1 h at 80°C PFBoyl-Cl solution
was vacuum evaporated with an Eppendorf concentrator 5301 at 45°C. The samples were redissolved in

100 pl hexane, transferred to autosampler vials, and stored at -20°C until GC/MS analysis.

8.4.1.Phloretin

Extracted phloretin was converted to its corresponding TMS-ether derivative in 100 ul MSTFA-
solution (MSTFA/pyridine 2:1, v/v; 1% TMCS, v/v). After 1 h at RT the sample was transferred to

autosampler vials, and stored at -20°C until GC/MS analysis.

8.5. Electron Impact-Gas Chromatography-Mass Spectrometry (EI-GC-MS)

A Thermo Scientific Trace GC coupled to a DSQII mass spectrometer was used. The GC was fitted
with a SGE BPXS5 capillary column (15 m, 0.25 mm inner diameter, 0.25 um methyl silicone film
coating). The injector was operated in the splitless mode at 180°C. Helium was used as carrier gas at a
flow rate of 1 ml/min. Initial column temperature was 80°C for 2 min, followed by an increase of
30°C/min to 170°C, an isothermal hold of 2 min, a second increase at 30°C/min to 230 °C, an
isothermal hold for 3 min and increased by 20°C/min to 300°C with a hold for 3 min. The transfer line
was kept at 310°C and the ion source was 200°C. Electron impact spectra were recorded with electron
energy of 70 eV, and an emission current of 100 pA. Samples were monitored either in full scan mode

or in selected ion monitoring mode (SIM).
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8.6. Negative lon Chemical lonization-Gas Chromatography-Mass Spectrometry (NICI-GC-MS)

Samples were separated on a Thermo Scientific Trace GC Ultra (helium was used as carrier gas, 2
ml/min) with a SGE BPXS5 capillary column (15 m, 0.25 mm inner diameter, 0.25 pm methyl silicone
film coating) and analyzed using a DSQII mass spectrometer (Thermo Scientific). Injector temperature
was set to 230°C and ion source temperature was 200°C. The oven temperature was maintained at
100°C for 5 min, increased during the first ramping step at a rate of 20°C/min to 175°C, and held at
175°C for 1 min. In the second ramping step the temperature was raised at a rate of 15°C/min to 280°C
and held at 280°C for additional 2 min. All spectra were monitored in NICI (methane was used as
reagent gas), either in full scan mode or using SIM mode. In SIM target compounds were identified at
molecule specific mass-to-charge ratios (Table 5), characteristic isotope distribution of chlorine
(CI”°/C1P7, 3:1) and retention times (not listed due to minute variations caused by column cutting).

Quantitation was performed by peak area comparison with internal standards (7able 5).

Table 5: 1dentification and quantification to target compounds in SIM

Target m/z Internal standard m/z LS. (ng)
compound (I.S.)
Fatty aldehydes
2-CIHDA 288/290, 414 100 - 2500
HDA 254,415 100 - 500
2-CIODA 316/318, 442 100 - 500
2-CI[C4]JHDA 288/290, 422
ODA 282,443 100 - 500
2-CIODEA 314/316, 440 100 - 500
ODEA 280, 441 100 - 500
Fartty acids
2-CIHA 289/291, 254 pentadecanoic acid 241 100-1500
Fatty alcohols
2-CIHOH 470/472, 435 pentadecanol 422 100
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8.7. Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Immunoblotting of
Caspase-3 and MAPK-Proteins

BMVEC were plated in 6-well trays and allowed to grow to confluence (9 x 10° cells). Cells were
incubated in the absence or presence of 2-CIHDA, reagent NaOCI, colchicine or staurosporine at the
indicated concentrations and for the indicated time periods. For protein isolation, the cells were washed
twice with ice-cold PBS and then scraped in 50-100 pl lysis buffer containing 1 mM PMSF and 1 pg/ml
each aprotinin, leupeptin, and pepstatin. After removing cellular debris by centrifugation (13,000 rpm, 4
°C, 10 min) the protein content was determined using the Bradford assay. Protein extracts were diluted
in sample buffer, heated to 95 °C for 5 min before proteins were separated by SDS—PAGE (10 or 12%
PA-gels, 150 V). Subsequently, proteins were electrophoretically transferred onto PVDF membranes
(150 mA, 45 min). Nonspecific adsorption was blocked by incubation with 5% (w/v) nonfat milk
powder in Tris-buffered saline Tween 20 (TBS-T). Following primary antibodies were applied by
overnight incubation at 4°C: Rabbit anti-caspase-3 (diluted 1: 400 in 5% (w/v) nonfat milk (in TBS-T))
or phosphospecific antibodies against mouse ERK1/2- (p-ERK1/2), rabbit p38- (p-p38), and rabbit
INK1/2 (p-JNK1/2) (diluted 1:500 in 3% (w/v) BSA (in TBS-T)). Immunoreactive bands were
visualized using HRP-conjugated goat anti-rabbit IgG and goat anti-mouse IgG (1:5000 and 1:2500 in
5% (w/v) nonfat milk powder in TBS-T, 2 h, RT) and subsequent ECL SuperSignal (caspase-3) or ECL
Plus (p-MAPK) development. For normalization, membranes were stripped with Stripping buffer at
50°C for 30 min with gentle shaking and reprobed with primary antibodies against the following pan-
proteins (overnight, diluted 1:1000 in 5% (w/v) non fat milk in TBS-T): rabbit ERK1/2, mouse p38 and
rabbit JNK1/2. Detection of immunoreactive bands was performed as mentioned above with HRP-

conjugated goat anti-rabbit or goat anti-mouse secondary antibodies using the ECL system.

8. STATISTICAL ANALYSES

Data are presented as means £ SD or SEM. To test differences in groups statistical significance was
determined by one- or two way ANOVA with Dunnett or Bonferroni correction, by Student’s unpaired
t test (two-tailed) or (for qPCR data) by REST 38, version 2 (Pfaffl et al. 2002). All values of p < 0.05

were considered significant. *p < 0.05, **p <0.01, ***p < 0.001.
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VI. RESULTS

CHAPTER 1 NEUROINFLAMMATION - THE ROLE OF
CHLORINATIVE STRESS IN PLASMALOGEN
DEFICIENCY*

* published data:

Ullen, A; Fauler, G; Kofeler, H; Waltl, S; Nusshold, C; Bernhart, E; Reicher, H; Leis, HJ;
Wintersperger, A; Malle, E; Sattler, W. Mouse brain plasmalogens are targets for
hypochlorous acid-mediated modification in vitro and in vive. Free Radic Biol Med. 2010;

49(11):1655-1665

-91-



Background:

The mammalian brain is particularly sensitive towards oxidative damage, a result of the high
oxygen demand and the high content of unsaturated lipids in the CNS (Halliwell 2006). Potential
sources of reactive species in the brain are mitochondria, amyloid-p peptides, redox-active iron, the
NADPH-oxidase complex, and MPO (Halliwell 2006, Klebanoff 2005, Yap et al. 2007). Since elevated
levels of reactive species induce cellular damage of neurons (Yap et al. 2006), endothelial cells (Fisher
2008) and astrocytes (Choi J. J. et al. 2007a) oxidative/chlorinative stress is implicated in
neurodegeneration. Potential cellular and extracellular targets of reactive species are proteins, lipids,
carbohydrates and nucleic acid (Bandyopadhyay et al. 1999, Rees et al. 2008). Loss of
glycerophospholipids, predominantly plasmalogens, was reported for several neuropathological
conditions including ischemia (Viani et al. 1995), AD (Ginsberg et al. 1995, Han X. et al. 2001), Down
syndrome (Murphy E. J. et al. 2000), GD (Moraitou et al. 2008) or EAE (Singh L. et al. 2004). Although
increasing evidence points toward MPO as a disease-amplifying enzyme in neurodegeneration (Yap et
al. 2007) the role of chlorinative stress in plasmalogen loss remains controversial due to downregulation
of key enzymes involved plasmalogen synthesis (Cimini et al. 2003, Singh L. et al. 2004) and activation

of a plasmalogen-specific phospholipase under inflammatory conditions (Farooqui 2010).
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Aims:

Above-mentioned evidence implicates that MPO is present in brain tissue of MS and AD
patients and that local activation of MPO might contribute to neuropathology apparently via

plasmalogen modification.

i. Therefore, the first aim of this study was to characterize the loss of plasmalogens and
concomitant product formation in response to reagent HOCI in a complex matrix of mouse

brain lipid extracts by ESI FT-ICR-MS and GC-MS analysis in vitro.

ii. The second aim, an in vivo approach, was designed to obtain evidence for MPO-mediated
modification of brain plasmalogens in the CNS. During these studies a mouse model of
neuroinflammation should be established by the means of a single LPS bolus. To ensure
successful induction of inflammation brain inflammatory markers had to be checked. Once
established, this mouse model should provide evidence about the impact of neuroinflammtion
on brain plasmalogen composition and formation of 2-CIHDA via the MPO-H,0,-chloride

system.

-93 -



1. Mouse Brain Plasmalogens are Preferential Lipid Targets for HOCI Modification: In

vitro evidence
1.1. Phospholipid Composition of Mouse Brain Lipids

ESI-MS technique for phospholipid- and other polar lipid analysis has been applied for the research of
intracellular lipid trafficking (Schneiter et al. 1999) and lipid-mediated signaling (Novgorodov et al.
2007, Smith J. C. et al. 2008). Many other approaches targeted phospholipidomic analyses, however,
they do not offer sufficiently precise identification of molecular species in each class, and consequently,
detailed knowledge about the mouse glycerophospholipidome has been very limited (Taguchi and
Ishikawa 2010, Yang K. et al. 2007a). One reason for this observation might be the rather low
resolution and mass accuracy of mass spectrometers used in these reports.

Therefore, in a first series of experiments the quantitative composition of the total mouse brain
phospholipidome was analyzed with very high resolution (200 k) at < 2 ppm mass accuracy by hybrid
linear ion trap-Fourier transform-ion mass spectrometry in co-operation with H. Kéfeler (MUG).

The major contribution is provided by phosphatidylcholine (PC; 37%), followed by phosphatidyl-
ethanolamine (PE; 25%), plasmenyl PE (pPE; 23%), phosphatidylserine (PS; 12%), phosphatidyl-
inositol (PL; 3%), and plasmenyl PC (pPC; 0.2%) (Figure 18). Next, the molecular species composition
of these phospholipids was analyzed (Figure 19 A-F; the detailed composition including m/z values is
displayed in the Supplementary Data, Table I and II).

Fi 18: iti f th 1 i i
B Phosphatidy| igure 18: Composition of the total murine brain

40 3 Plasmenyl glycerophospholipid fraction
C57BL/6 mice were killed by cervical dislocation, brains
30+ were removed, homogenized in liquid N,, lipids were
204 extracted (twice) using a modified Folch extraction,
dried under N,, redissolved in CHCl;/MeOH (1:1, v/v),
104 - and analyzed in the presence of internal standards by a
- hybrid linear ion trap FT-ICR-MS in positive or negative
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PE PS  PI three different mouse brains.

mol% of brain phospholipids
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The predominant species within the PC family are 32:0, 34:1, and 36:1 accounting for approx. 70% of
total PC (A). In the pPC group 34:0 is the most abundant species (54%; B). Within the PE family 38:4
and 40:6 predominate (61%; C) while in the pPE cluster 36:1, 36:2, and 40:6 (43%; D) are the most
abundant members. PI contains 63% of 38:4 (E) and the major subspecies in PS is 40:6 (63%; F).
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Figure 19: Molecular subspecies composition of the total murine brain glycerophospholipids fraction

C57BL/6 mice were killed by cervical dislocation, brains were removed, homogenized in liquid N,, lipids were extracted
(twice) using a modified Folch extraction, dried under N,, redissolved in CHCl;/MeOH (1:1, v/v). Subspecies of (A) PC, (B)
pPC, (C) PE, (D) pPE, (E) PI, and (F) PS of murine brain lipid extracts were analyzed in the presence of internal standards by
hybrid linear ion trap FT-ICR-MS in positive or negative ESI mode. Only molecular species contributing > 4% of total area

are shown. Data shown represent mean values = SD from three different mouse brains.
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1.2. Mouse Brain Plasmalogens are the Preferred Lipid Targets for HOCI-Modification

Lipids comprise an enormous number of chemically distinct molecules which are at this time generally
classified into 8 groups: glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, fatty acyls,
prenol lipids, saccharolipids, and polyketides (Fahy et al. 2009, Fahy et al. 2005). Random
permutations of fatty acids with various backbones and backbone positions as well as combination of
different headgroups would hypothetically produce an enormous number of species (Adibhatla et al.
2006). However, up to now LIPID MAPS Consortium has integrated more than 10000 lipid species
(Fahy et al. 2009) in their database (http://www.lipidmaps.org). Although plasmalogens are known to
be susceptible to oxidation (Albert et al. 2001, Farooqui and Horrocks 2001a) it remained unclear how

these compounds behave in the presence of thousands of other brain lipid species.

To elucidate this aspect mouse brain lipid extracts were incubated with reagent NaOCI at increasing
mass ratios. FTICR-MS analyses revealed almost quantitative consumption of unsaturated pPE species
at oxidant:lipid mass ratios ranging from 1:100 to 10:100 (Figure 20 A). In contrast, PE species were
more resistant to HOCI treatment (B) with quantitative modification occurring at oxidant:lipid mass
ratios ranging from 50:100 to 500:100 although observed modification rate of both classes, pPE and PE,
increased with the number of hydrocarbon chain double bonds. The corresponding remnant lyso-
compounds (formed upon HOCI attack of the vinyl-ether bond and subsequent abstraction of 2-
chloroaldehydes from the sn-/ position (Thukkani et al. 2003a)) are detectable at oxidant:lipid ratios
between 1:100 and 50:100 in a transient manner (C). Lysophospholipids containing an unsaturated sn-2
acyl residue (20:4 and 18:1; m/z = 501.3 and 479.3, respectively) are less stable at higher oxidant:lipid
ratios as compared to their corresponding saturated counterparts (16:0 and 18:0; m/z = 453.3 and
481.3). Comparable observations were made for pPC and PC subspecies: pPC species are modified at
low oxidant:lipid ratios (D), while almost complete modification of PC species is observed only at
higher HOCI concentrations (50:100 and 500:100; E). PC species appeared to be the most stable
phospholipid class analyzed in this approach. Even at a 5-fold reagent HOCI excess over lipids approx.
20% of the 32:0 and 34:0 species were still detectable. Additionally, susceptibility in respect to
modification correlated with increasing grade of unsaturation while acyl-chain length did not influence.
With regards to lyso-PC formation the accumulation of the unsaturated 20:1 species is transient (m/z =
549.4), whereas accumulation of the corresponding saturated lyso-PC compounds (16:0 and 18:0; m/z =

495.3 and 523.4) occurs in a HOCl-dependent manner (F).
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2. The Vinyl-Ether Linkage of Plasmalogens is Susceptible to HOCI: Release of alpha-
Chloro Fatty Aldehydes

2.1. Plasmalogens Bear a Masked Aldehyde: Vinyl-Ether Linkage between the sn-1 Aliphatic Chain
and the Glycerol Backbone

In contrast to alkyl- and acyl counterparts the sn-/ alkenyl linkage of plasmalogens has been reported
to be prone to acid-catalyzed hydrolysis leading to release of a long-chain fatty aldehyde and a sn-1
lyso-phospholipid (Murphy E. J. et al. 1993). This instability can be easily exploited for plasmalogen
quantification by measurement of aldehydes originating from plasmalogens. Therefore, several
procedures - based on gas chromatography coupled to flame ionization detection or mass spectrometry -
have been established to quantify different derivatized long chain fatty aldehydes (Felde and Spiteller
1995, Ingrand et al. 2000, Weisser and Spiteller 1996, Weisser et al. 1997). Moreover, Albert and
coworkers could show that the alkenyl-linkage represents a target for reactive chlorinating species

leading to oxidative damage of plasmalogens and concomitant release of an a-chloro fatty aldehyde (o-

CIFALD (Albert et al. 2001).

Octadecanal (ODA) and 2-chlorooctadecanal (2-CIODA) were released from 25 nmol or 100 nmol
C18-plasmenyl Lyso-PC by either hydrochloride (Figure 21 A) or NaOCl (Figure 22 A) modification.
Figure 21 and 22 shows representative total ion chromatograms (B) and mass spectra (C) of
pentafluorobenzyl-oxime derivatives of ODA and 2-CIODA eluting at 15.26 and 15.91. Under our
analytical conditions the molecular ions (M) at m/z 463 (PFB-oxime of ODA) and 497 (PFB-oxime of
2-CIODA) were detected in low abundance (insets). PFB derivatives of ODA and 2-CIODA resulted in
the formation of the same distinct fragment ions (Figure 21 D and Figure 22 D, m/z: 178, 181, 196,
282/316, 442/443) although intensity ratios between these fragment ions were completely different
suggesting that the presence of a chlorine-residue resulted in altered compound ionization behavior.
Moreover, fragment ions observed at 316/318 (2-CIODA) of approx. 3:1 is indicative for the presence
of two chlorine isotopes (*>C1/°’Cl) in the analyte (Thukkani et al. 2003b).
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Figure 21: NICI-GC-MS analysis of plasmalogen-derived octadecanal (ODA)

(A) Reaction pathway leading to the formation of ODA and the remnant glycerophosphocholine. For analysis of fatty aldehyde
formation 25 nmol Cg-plasmenyl lyso-PC were hydrolyzed in 0.1M HCI at RT for 1 h. (B) Total ion current trace and the
corresponding (C) full scan NICI spectra of ODA PFB-oxime derivative (0.25 nmoles injected) eluting at 15.26 min. Isotope

distribution of the molecular ions is indicated by an inset. (D) Proposed fragmentation pattern and mass assignment.
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Figure 22: NICI-GC-MS analysis of plasmalogen-derived of 2-chlorooctadecanal (2-CIODA)

(A) Reaction pathway leading to the formation of 2-CIODA and the remnant glycerophosphocholine. For analysis of a-chloro
fatty aldehyde formation 100 nmol C;g-plasmenyl lyso-PC were modified by addition of a 2.5-fold molar excess of NaOCl and
incubation at RT for 1 h. (B) Total ion current trace and the corresponding (C) full scan NICI spectra of 2-CIODA PFB-oxime
derivative (1 nmol injected) eluting at 15.91 min. Isotope distribution of the molecular ions is indicated by an inset. (D)

Proposed fragmentation pattern and mass assignment.
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2.2. Synthesis of 2-CIHDA and 2-CI[”Cs] HDA

Due to a virtually infinite a-CIFALD (native and stable isotope-labeled) demand for the majority of
experiments performed in this thesis and due to a lack of commercial availability 2-CIHDA and 2-

C1[13C8]HDA were chemically synthesized as outlined in Material and Methods (Figure 17).

Yield and purity of each synthesis or purification step of was monitored by EI-GC-MS analysis.
Analysis of the last synthesis products revealed the presence of 2 different compounds eluting at 8.96
min and 9.69 min for non-labeled products as well as 8.94 min and 9.67 min for isotope-labeled ones
(Figure 23 A and B, TIC chromatograms). These products were identified as 2-CIHDA dma or 2-
CI[BCg]HDA dma (retention time: 9.69 min or 9.67 min) and palmitoyl methyl ester or 13Cg—palmitoyl
methyl ester (retention time: 8.96 min or 8.94 min), side-products of chlorine addition reaction. Due to
these side-products, varying between 10-40% in each preparation, a-CIFALD dma content, was
extrapolated from sample mass. Fragmentation patterns of these a-chlorinated palmitaldehyde
dimethylacetals (C and D, mass spectra) were similar as previously described (Albert et al. 2009).
Base peak of 2-CIHDA dma and 2—Cl[13Cg]HDA dma were observed at m/z 75. Molecular ions (M+)
and additional fragments of 2-CIHDA dma were detected in low abundance (insets) at m/z 319, m/z
289, m/z 253 and m/z 221 as well as m/z 327, m/z 297, m/z 261 and m/z 229 for 2-CI[*Cs]HDA dma.
The intensity ratios of the fragment ions observed at 288/290 (2-CIHDA) and 296/298 (2-
Cl[13Cg]HDA) of approx. 3:1 is indicative for the presence of two chlorine isotopes (35C1/37Cl) in the

analyte.

For NICI-GC-MS analysis dma-group was decapped and 2-CIHDA or 2—Cl[13Cg]HDA was converted
into the PFB derivative. Figure 24 shows chromatograms and mass spectra of the PFB-oxime
derivatives of 2-CIHDA (A and B) and 2-CI[ "Cs]HDA (C and D) eluting at 14.97 min. Molecular ions
(M) at m/z 469 (PFB-oxime of 2-CIHDA) and 477 (PFB-oxime of 2-CI[ "Cs]HDA), were detected in
low abundance (insets). The intensity ratios of the fragment ions observed at 288/290 (2-CIHDA) and
296/298 (2-C1[13C8]HDA) of approx. 3:1 is indicative for the presence of two chlorine isotopes
(35C1/37C1) in the analyte. The additional fragment ions observed at m/z 414 (or 422 for 2-
Cl[BCg]HDA), 196, 181, and 178 are characteristic for the 2-CIHDA PFB-oxime derivatives
(Thukkani et al. 2002).
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Figure 23: EI-GC-MS analysis of synthetic 2-CIHDA dma and 2-C1["*C4]HDA dma

Total ion current traces of (A) 2-CIHDA dma (B) or 2-CI['*Cg]HDA dma (each 1 pg injected) after Silica 60 column
purification. Compounds eluting at 9.69 and 9.67 min were identified as (C) 2-CIHDA dma and (D) 2-CI[*C5]HDA dma by
specific fragmentation patterns obtained from full scan EI spectra. Proposed fragmentation patterns and mass assignments are
indicated in the insets. Peaks eluting at 8.96 and 8.94 min (A and C) correspond to unlabeled or labeled palmitoyl methyl

esters, which represent side products of a-chlorination.
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Figure 24: NICI-GC-MS analysis of synthetic 2-CIHDA and 2-CI["*Cg|HDA

For NICI-GC-MS analysis dma-group was decapped and 2-CIHDA/2-CI["*C¢]HDA was converted into the PFB derivative. (A
and C) Total ion current traces of 0.5 nmoles (injected) of 2-CIHDA- and 2-CI["*Cs]HDA PFB-oxime derivative. (B and D)
Corresponding full scan NICI spectra. Proposed fragmentation pattern and isotope distribution of the molecular ion are shown
in the insets. Peaks eluting at 14.78 and 14.94 min correspond to the syn- and anti-isomers of 2-CIHDA-/2-CI[*C4]JHDA PFB-

oxime derivatives. Mass assignment of the molecular ions is indicated in the inset.
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2.3. HOCI-Modification of Mouse Brain Plasmalogens Provoke the Formation of alpha-Chloro Fatty

Aldehydes and Remnant Lysophospholipids

Plasmalogens comprise multiple targets for electrophilic attack of HOCI. There are numerous studies
showing that HOCI induces N-halogenation of the ethanolamine headgroup yielding chloramines (Carr
et al. 1998, Pattison et al. 2003) and that HOCI attack to double bonds in mono- and polyunsaturated
fatty acyl chains causes chlorohydrin formation (Winterbourn et al. 1992), lipid peroxidation
(Panasenko et al. 1994) and hydrolytic cleavage of the modified acyl chain (Arnhold et al. 2002).
However, HOCl-treatment of plasmalogens present in cellular membranes or lipoproteins gives rise to
the formation of lysophospholipids and a-CIFALDs by affecting the vinyl-ether linkage (Thukkani et
al. 2002, Thukkani et al. 2003Db).

To investigate whether this route (Figure 25 A) is also relevant to the CNS, brain lipids were modified
with reagent HOCI. The decrease of selected plasmalogen species (the alkenyl residue at the sn-1 was
identified by MS/MS experiments; sn-1 = 16:0, 18:0, and 18:1) was followed by FT-ICR-MS. In
parallel, formation of 2-chloroaldehydes was quantified by NICI-GC-MS using 2—Cl[13Cg]HDA as
internal standard (outlined in Materials and Methods). In line with data shown in Figure 20, pPE
species containing 16:0, 18:0, and 18:1 at the sn-1 position were quantitatively modified at a
oxidant:lipid ratio of 5:100 ( B). In addition to 2-CIHDA we could detect other a-CIFALDs generated
by HOCI attack of plasmalogen subspecies (Messner et al. 2006). Depending on the alkenyl residue
present in the sn-1 position (18:0 or 18:1) either 2-CIODA, or 2-CIODEA was formed. In contrast to
formation of saturated a-CIFALDs, which reached a plateau at oxidant:lipid ratios of 5:100, yields of
monounsaturated 2-CIODEA declined at higher ratios (C). Moreover, the oxidant:lipid ratio at which
the corresponding pPE species are quantitatively consumed (5:100) closely corresponds to the HOCI
concentration at which maximal a-CIFALDs yields were obtained (4.1, 3.3, and 1 umol/g brain tissue

for 2-CIHDA, 2-CIODEA, and 2-CIODA, respectively) (B and C).

The next experiments were designed to compare the total fatty aldehyde content with the amount of
chloroaldehydes formed after treatment of mouse brain lipids with NaOCIl. To analyze the total
aldehyde content of mouse brain lipid extracts, plasmalogens were subjected to acidic hydrolysis (0.1
M HCI, RT, overnight), and the released aldehydes were converted to the PFB-oxime derivatives and
then quantified by NICI-GC-MS (Figure 25 D). In a parallel set of experiments, lipids were modified

with reagent HOCI and a-CIFALDs were quantified. These analyses revealed that 1-O-hexadecanal
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(16:0) and 1-O-octadecenal (18:1) plasmalogens were nearly quantitatively consumed by reagent

HOCI, while only inbetween 15 and 20% of the corresponding 1-O-octadecanal (18:0) plasmalogen

was modified by HOCI (D).
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Figure 25: HOCl-modification of brain lipid extracts results in a decrease of selected pPE species and concomitant
formation of the corresponding 2-chloro fatty aldehydes in vitro

(A) Reaction pathway leading to the formation of 2-CIHDA and the corresponding lysophospholipid. (B) MS/MS analysis of
selected pPE subspecies containing 16:0, 18:0 and 18:1 at sn-1 position modified in the presence of the indicated oxidant:lipid
ratios (w/w). (C) NICI-GC-MS analysis of the corresponding 2-chloro fatty aldehydes in NaOCl-modified mouse brain lipid
extracts. 2-CI[*C4]JHDA was used as internal standard. (D) NICI-GC-MS analysis of total fatty aldehyde after an overnight
hydrolysis step at room temperature using 0.1 M HCI (termed ‘Total’) and 2-chloro fatty aldehyde concentrations after NaOCl

modification of mouse brain lipid extracts. Data shown represent mean values + SD from triplicate determinations.
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3. Neuroinflammation is Accompanied by Altered Brain Plasmalogen Levels and a-

Chloro Fatty Aldehyde Formation

3.1. Systemic LPS Induces Inflammation in Brain Tissue

Animal models became an essential and inevitable tool for the exploration of molecular and cellular
mechanisms of chronic and acute neurodegeneration in human disorders like AD, PD, MS, stroke and
TBI (Beal 2001, Bornemann and Staufenbiel 2000, Cernak et al. 2004, Graham et al. 2004, Sriram and

Steiner 2005), however, only a few are really predictive to the human response (Amor et al. 2010).

Choosing the most suitable model one has to consider benefits, limitations, expenses and possible
drawbacks like high-invasiveness of surgical interventions (Sicard and Fisher 2009) or potential
hazards of neurotoxins (Przedborski et al. 2001). Since several lines of evidence suggest that single
peripheral LPS exposure in adult mice results in neuroinflammation that persists for a long time period
after peripheral events have abated (Godbout et al. 2005, Qin L. et al. 2007, Semmler et al. 2008) this
study aimed testing this simple, inexpensive and straightforward in vivo model to explore chlorinative

stress during neuroinflammation.

Therefore, the time course of LPS-induced inflammation in brain tissue was followed by qPCR analysis
for MPO and inflammatory markers TNFa, COX2 and iNOS (Experiments were performed by Sabine
Waltl). Analyses of LPS-treated mice revealed significantly induced transcriptional activation in brain
tissue of all four markers (Figure 26 A). At the earliest time point (6 h) the highest induction was
observed for iNOS (60-fold), followed by TNFa (9-fold), MPO (4-fold), and COX2 (3-fold). Thereafter
iNOS, TNFa and COX2 levels started to decline while MPO appeared to be induced in a second phase
after 24 h. At the latest time point analyzed (72 h) COX2 levels returned to baseline values while MPO,
TNFa and iNOS (not significantly) mRNA still remained elevated. To get an indication about MPO
protein levels, brain protein extracts were analyzed by ELISA. In line with qPCR data (Figure 26 A),
systemic endotoxin application increased cerebral MPO protein concentrations 6, 24, and 48 h post

application but only concentration at 24 h could be considered significant (B).
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Figure 26: Systemic LPS induces upregulation of brain inflammatory markers in vivo

Eight weeks old male C57BL/6 mice received systemic LPS (150 pg/30 g; i.p.) at time zero. At the indicated time periods
animals were killed by cervical dislocation, brains were removed and total brain RNA was isolated and reverse transcribed.
cDNA was amplified using the primer pairs/assays described in 7able 3. For ELISA measurements murine brain homogenates
were used. (A) Relative gene expression of target genes is presented in relation to TBP1. Gene expression ratios were
calculated by REST®© as described in Materials and Methods. (B) Time-dependent accumulation of MPO protein in brain of
LPS-treated mice as determined by ELISA. Results shown represent mean values + SD of four animals per time point (***
p<0.001; ** p<0.01).

3.2. Brain Plasmalogen Homeostasis is Impaired upon Inflammation

Due to a lack of available information about lipidomic alterations in brain tissue during sustained
neuroinflammation induced by peripheral sepsis the following approach was designed to evaluate the

outcome of neuroinflammatory conditions on plasmalogen levels in vivo.

In this approach brain plasmalogen composition of mice receiving a single systemic endotoxin injection
was analyzed by FT-ICR-MS. Overall plasmalogen loss at 48 and 96 h post LPS exposure accounted
for approx. 10 and 18% (Figure 27 A) exclusively through contribution by pPE species (Figure 27 B,
48 h: -11%, 96 h: -18%) because LPS treatment did not result in a general loss of pPC subclass (Figure
27 C). Analysis of the pPE composition revealed significantly decreased levels of the 34:1, 36:1, 38:1,
38:4, 38:6, 40:4, 40:5, and 40:6 species, which were evident at all time points (Figure 28 A). In

contrast, for pPC species a slight but statistically significant decrease was observed for the 32:0, 34:1,
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Figure 27: Systemic LPS decreases plasmalogen levels in vivo

Eight weeks old male C57BL/6 mice received systemic LPS (150 pg/30 g; i.p.) at time zero. At the indicated time periods
animals were killed by cervical dislocation, brains were removed, lipids extracted and analyzed by FT-ICR-MS using d3;-34:1
PC as internal standard. Data are given in terms of (A) total plasmalogens (sum of pPE and pPC), (B) pPC and (C) pPE.

Results shown represent mean values = SD of three animals per time point (*p<0.05; ** p<0.01; *** p<0.001).

36:1, and 36:2 species. However, levels of most abundant 34:0 species remained constant over analyzed

time period (Figure 28 B).

To gain knowledge about the role of the sn-1 alkenyl-chain in the progressive loss of plasmalogens
during neuroinflammation plasmalogens were sorted by sn-1 chain length and the degree of saturation
identified by MS/MS experiments (sn-1 = 16:0, 18:0, 18:1). Whereas plasmalogens with saturated
alkenyl-chains decreased by approx. 10-15% and 20-25% during the first two to four days, loss of
plasmalogens with C18:1 alkenyl-chains was not that pronounced (Figure 29 A, 48h: -5%, 96 h: -10%).

Evaluation of a potential link between numbers of double bonds within hydrocarbon chains and
frequency of loss (B) could show that highly unsaturated plasmalogens containing four to six double

bonds declined by up to 25% at investigated time points. Conversely, levels of plasmalogen with one
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double bond remained constant during the first 48 h but significantly decreased within the following 2

days of inflammation.

3.3. Oxidative Modification of Brain Tissue Plasmalogens

Since systemic LPS application is coupled to an increase of brain MPO mRNA and protein levels
(Figure 26) and is paralleled by loss of plasmalogen species (Figure 27-29), oxidative modification via

intermediate formation of HOCI is likely to occur.
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Figure 28: Impact of systemic LPS on plasmalogen subspecies levels

Eight weeks old male C57BL/6 mice received systemic LPS (150 ng/30 g; i.p.) at time zero. At the indicated time periods
animals were killed by cervical dislocation, brains were removed, lipids extracted and analyzed by FT-ICR-MS using d3;-34:1
PC as internal standard. Data are given in terms of (A) pPE subspecies and (B) pPC subspecies. Results shown represent mean

values + SD of three animals per time point (*p<0.05; ** p<0.01; *** p<0.001).
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Figure 29: Specificity of plasmalogen loss

Eight weeks old male C57BL/6 mice received systemic LPS (150 ug/30 g; i.p.) at time zero. At the indicated time periods
animals were killed by cervical dislocation, brains were removed, lipids extracted and analyzed by FT-ICR-MS using d;;-34:1
PC as internal standard. Data are given in terms of pPL subspecies sorted by either (A) the alkenyl-chain at the sn-1 position
(based on MS/MS experiments) or (B) by cumulative unsaturation of aliphatic chains at sn-1 and sn-2 positions in the glycerol

backbone. Results shown represent mean values + SD of three animals per time point (*p<0.05; ** p<0.01; *** p<0.001).

To provide evidence of chlorinative stress in the CNS, the accumulation of MPO-derived 2-CIHDA was
quantified in brain lipid extracts of LPS-treated animals by NICI-GC-MS. Along this line it is important
to note that during in vivo experiments it was impossible to identify 2-CIHDA when PFB-oxime
derivatives were prepared directly from total brain lipid extracts. However, a pre-separation of brain
lipid extracts by TLC as described in Materials and Methods (to obtain an enriched 2-chloro fatty
aldehyde fraction) and subsequent NICI-GC-MS analysis of PFB-oxime derivatives clearly revealed the
presence of significantly elevated 2-CIHDA levels in brain lipids of endotoxin-treated mice (Figure
30). Figure 30 A shows selected ion-monitoring (SIM) traces of PFB-oxime derivatives of 2-CIHDA
(analyzed from brain lipid extracts prepared 6 h post LPS; diagnostic ions at m/z = 288 and 290) and 2-
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CI[*Cs]JHDA (m/z = 296 and 298) used as internal standard. Ion intensity ratios are close to 3:1 as
expected for a chlorinated analyte (B). Quantitative data for time dependent 2-CIHDA generation in
brains of LPS-treated mice are shown in C. Within 6 hours post LPS-treatment 2-CIHDA concentration
increased almost 50-fold to approx. 2 ng/g wet brain tissue and gradually declined to 0.4 pg/g wet brain
tissue during following 3 days. Based on the assumption of approx. 80% of wet brain tissue is water the
estimated molar 2-CIHDA content present in brain during the first three days of neuroinflammation was

between 2 and 10 uM.
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Figure 30: Systemic LPS induces cerebral 2-CIHDA formation in vivo

C57BL/6 mice received a single systemic LPS injection (150 pg/30 g; i.p.) at time zero. At the indicated time periods, animals
were killed by cervical dislocation, brains were removed, lipids were extracted, pre-separated by TLC, extracted from the plates,
and converted to the corresponding PFB-oxime derivatives. 2-CIHDA concentrations were quantified by selected ion monitoring
NICI-GC-MS analysis using 2-CI[*Cs]JHDA as internal standard. (A) SIM trace of a representative brain lipid sample (upper
panel; 6 h post LPS injection; m/z = 288) and the internal standard (lower panel; m/z = 296). Boxed area indicates position of 2-
CIHDA and 2-CI["*CJHDA. (B) Fragment ion intensity ratios of 2-CIHDA (m/z = 288, 290) and the internal standard (m/z = 296,
298) of the peak highlighted in (A). (C) Time-dependent formation of 2-CIHDA in brains of mice receiving a single systemic LPS
dose. Results shown represent mean values + SD from four different animals per time point (**p<0.01; ***p<0.001 compared to

time zero).
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3.4. Stability of a-Chloro Fatty Aldehydes in Brain Tissue

Several studies have shown that a-CIFALDs, produced under pro-inflammatory conditions, can bind to
cellular components (Wildsmith et al. 2006b) and become metabolized in vitro and in vivo (Anbukumar

et al. 2010, Brahmbhatt et al. 2010b, Wildsmith et al. 2006a).

To get an indication about the life-time of 2-CIHDA in brain tissue, 2-CIHDA (17 pg) was incubated in
the presence of a crude primary brain cell suspension and the 2-CIHDA content was time-dependently
analyzed. Non-linear regression analysis of the data shown in Figure 31 was fitted using a one-phase
exponential decay function. This curve fit revealed a t/2 of approx. 40 min for 2-CIHDA in the

presence of mixed primary brain cell population.
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Figure 31: Stability of 2-CIHDA in mixed primary mouse brain cell suspension

Mixed brain cell suspensions prepared from three individual mouse brains in HBSS (supplemented with glucose) were spiked
with 2-CIHDA (stock added in DMSO; 30 uM final concentration). At the indicated time periods quantitative analysis of 2-
CIHDA was performed by NICI-GC-MS using 2-Cl[*Cs]JHDA as internal standard. Experimental data were fitted by non-
linear regression analysis (R* = 0.96) as described in Material and Methods. The inset displays proposed decay pathways for 2-
CIHDA.
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CHAPTER 2 ALPHA-CHLORO FATTY ALDEHYDES INDUCE BLOOD-
BRAIN BARRIER DYSFUNCTION *

* submitted manuscript:

Ullen, A; Fauler, H; Nusshold, C; Bernhart, E; Reicher, H; Holzer, P; Leis, HJ; Malle, E; Sattler,
W. Phloretin ameliorates 2-chlorohexadecanal-mediated brain microvascular endothelial

cell dysfunction in vitro

* manuscript in preparation:
Ullen, A; Fauler, H; Waltl, S; Nusshold, C; Bernhart, E; Reicher, H; Painsipp, E; Holzer, P;

Wintersperger, A; Malle, E; Sattler, W. Myeloperoxidase derived 2-CIHDA mediate BBB

breakdown in vitro and in vivo
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Rationale:

Loss of BBB integrity can be considered as a key characteristic of neurodegeneration since this
event can be observed in numerous CNS-pathologies including infectious or inflammatory
encephalopathy. BBB dysfunction and/or barrier compromise facilitates entry of immune cells that
would assist the neurodegenerative process creating a milieu where neuroinflammation is maintained in

a self-sustaining process (Abbott et al. 2006, Carvey et al. 2009, Zlokovic 2008).

It is well known that inflammatory mediators in the blood destabilize TJ leading to barrier dysfunction
as part of sepsis (Li Q. et al. 2009). Experimental evidence indicates that oxidized phospholipids like 1-
palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-glutaroyl-sn-
glycero-3-phosphocholine (PGPC) (Chen-Quay et al. 2009), and the lipid peroxidation product 4-HNE
affect cell permeability by modulating tight junction proteins (Usatyuk et al. 2006). However, little is
known about the role of ether phospholipid-derived modification products in the scenario of BBB

breakdown.

The first part of this thesis revealed the formation of substantial amounts of 2-CIHDA upon
neuroinflammation, a plasmalogen-derived modification product almost undetectable in the brain under
physiological conditions. 2-CIHDA present in biological tissues was shown to act as neutrophil
chemoattractant as well as to elicit myocardial damage, COX2 expression and eNOS inhibition
(reviewed in (Ford 2010)) indicating that 2-CIHDA has the potential to induce pronounced
deteriorations of CNS function. Nevertheless, there are no data available exploring the properties of 2-

CIHDA with particular regards to CNS-pathologies.
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Aims:

The first part of this thesis focused on the investigation of MPO-derived chlorinative damage of
brain plasmalogens, thus potentially exacerbating cognitive impairment. In the second part I will focus
on the product level of this oxidation process. During this part I hypothesized that formation of a-chloro
fatty aldehydes (a-CIFALDs) during encephalopathy might not only represent a ‘consequence’ but also

a ‘cause’ for neuropathological changes

i.  Therefore, the first aim of the second part was to examine in vivo alterations at the BBB in mice
receiving a single i.p. endotoxin injection. To get deeper insight into mechanisms governing o-
CIFALD formation at the cerebrovasculature immunohistochemical studies on brain
cryosections of LPS-treated mice should be combined with mechanistic studies in an in vitro

model of the BBB.
ii. The second aim within this part was to elucidate the impact of a-CIFALDs on in vitro and in

vivo BBB function, to characterize the underlying lipotoxic signaling pathways and to identify

potential detoxification routes in cerebrovasculature endothelial cells.
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1. Neuroinflammation — What happens at the BBB?

1.1. Accumulation of MPO at the Cerebrovasculature

In the first part of this thesis it was already shown, that peripheral LPS exposure in adult mice induces
MPO expression in the brain on mRNA and protein levels. To get an indication about MPO localization

in inflamed brain tissue an immunohistochemical study was performed.

Therefore, LPS- and control-treated animals were sacrificed after 6 h — the time point where highest
cerebral MPO expression and most pronounced 2-CIHDA formation were observed — and brain
cryosections were analyzed for MPO. Representative micrographs are shown in Figure 32. In contrast
to control animals (A4) systemic inflammation resulted in enhanced recruitment of MPO-positive
leukocytes to the cerebrovasculature, an observation that was most prominent at large subarachnoid
vessels (C, large arrows; negative control using non-immune antibodies is shown in B). Furthermore,
LPS-treatment resulted in sporadic emigration of MPO-positive leukocytes to brain parenchyma (D,
large arrows), however, the extent of infiltration was minor compared to the overall number of adherent
cells. Interestingly, in addition to cell-associated MPO substantial amounts of secreted MPO could be

detected (C, small arrows).

To gain knowledge about the population of adherent leukocytes during sepsis and to study MPO
localization at cerebral vessels in more detail brain cryosections of mice sacrificed after 6 h post LPS-
treatment were examined for endothelial cells (von Willebrand factor, vWF), neutrophils, and MPO.
Representative micrographs are shown in Figure 33. Immunofluorescence microscopy could clearly
identify MPO-positive leukocytes adhering to the cerebrovasculature (D and I) and infiltrating the brain
parenchyma (I and K) as neutrophils. Interestingly, these studies also revealed the release of MPO by
adherent neutrophils towards the endothelium most likely indicating neutrophil extracellular trap (NET)
formation (large arrows) at the BBB (C). Furthermore, MPO externalization by activated leukocytes
also resulted in considerable deposition of MPO at the luminal (small arrows) and, presumably by
transcytotic mechanisms, also at the abluminal side (large arrows) of the cerebrovasculature. Some
cerebral vessels displayed MPO deposition although luminal neutrophils or other MPO-positive
leukocytes were not present (K and L), an observation, which might be indicative for MPO distribution

via the blood-stream.
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Figure 32: Immunohistochemical detection of MPO in mouse brain tissue during sepsis
C57BL/6 mice received (A) PBS or (B-D) a single systemic LPS injection (250 pg/30 g; i.p.). After 6
h, animals were killed by cervical dislocation, brains were removed and snap frozen in liquid
nitrogen. (A, C and D) Immunolabeling of MPO was performed on serial sagittal cryosections (5 um)
of brain tissue using rabbit anti-human MPO IgG (1:500) and HRP labeled goat-anti rabbit IgG
(1:300) as primary and secondary antibodies. MPO (red) was visualized using the AEC system. (B)
Negative control using rabbit polyclonal non-immune IgG as primary antibodies. Sections were
counterstained with Mayer's hemalum. Large arrows indicate cell-associated MPO, small arrows
indicate secreted MPO (A, C and D).
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Figure 33: Systemic inflammation induces neutrophil activation and MPO deposition at the BBB

C57BL/6 mice received a single systemic LPS injection (250 pg/30 g; i.p.). After 6 h, animals were killed by cervical dislocation,
brains were removed and snap frozen in liquid nitrogen. Immunofluorescence labeling of (A, E and J) cerebral endothelium, (B, F
and K) neutrophils and (C,G and L) MPO was performed on serial sagittal cryosections (5 pm) of brain tissue using Dylight 650-
labeled rabbit anti-human vWF (1:75), FITC-labeled rat anti-mouse neutrophil IgG (1:50) and rabbit anti-human MPO IgG (1:500)
as primary antibodies. Triple immunofluorescence of Dylight 650-labeled anti-human vWF IgG, Cy3-labeled anti-rabbit IgG and
Cy2-labeled anti-rat IgG was performed by confocal laser scanning microscopy using a Leica SP2. Overlays of red, blue and green
channels are shown in D, I and M. Large arrows indicate (C) putative formation of neutrophil extracellular traps (NETs) or (G)

MPO at abluminal side of the endothelium. Small arrows indicate luminal MPO deposition.
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1.2. Cerebral Vessels are Attacked by Reactive Intermediates

It was repeatedly shown that MPO is able to initiate the formation of several reactive oxygen/nitrogen
species including nitrogen dioxide (NO,-), nitryl chloride (NO,Cl), singlet oxygen ('O,), hydroxyl
radical (-OH) and ozone (O3) through a MPO-catalyzed peroxidation process or indirectly via transient
formation of reactive HOCI (Klebanoff 2005, Yap et al. 2007). Recently, it was demonstrated that in
response to zymosan-induced sepsis MPO™ mice display significant lower nitration of protein-
associated tyrosine residues (NO,Tyr) compared to wild-type controls suggesting a pivotal role of MPO
in RNS formation (Baldus et al. 2001). To test whether this route is also relevant for our experimental
conditions, brain cryosections of mice exposed to peripheral LPS (6 h) were analyzed by triple
immunofluorescence (BMVE, neutrophils and NO,Tyr-epitopes). As shown in Figure 34, LPS
treatment resulted in ample NO,Tyr formation, which co-localized with cerebral vessels (D and I).
Accordingly, these data indicate LPS treatment induces extensive generation of RNS like ONO,™ or

NO,* and most likely other reactive intermediates at the BBB.

Figure 34: Reactive nitrogen species induce tyrosine nitration (NO,Tyr) of cerebrovascular proteins

C57BL/6 mice received a single systemic LPS injection (250 pg/30 g; i.p.). After 6 h, animals were killed by cervical dislocation,
brains were removed and snap frozen in liquid nitrogen. Immunofluorescence labeling of (A and E) cerebral endothelium, (B and
F) neutrophils and (C, and G) NO,Tyr epitopes was performed on serial sagittal cryosections (5 pm) of brain tissue using Dylight
650-labeled rabbit anti-human vWF (1:75), FITC-labeled rat anti-mouse neutrophil IgG (1:50) and rabbit anti-human NO,Tyr IgG
(1:50) as primary antibodies. Dylight 650-labeled anti-human vWF IgG, Cy3-labeled anti-rabbit IgG and Cy2-labeled anti-rat IgG
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were detected by confocal laser scanning microscopy (Leica SP2). Co-localization of nitrotyrosine epitopes and cerebral vessels

are shown in D and 1.

1.3. Activation of Neutrophils Impacts on Barrier Function of BMVEC

Due to the discovery that LPS-induced peripheral inflammation is accompanied by substantial
activation of circulating neutrophils at the lumen of cerebral vessels the next set of in vitro experiments
was designed to examine the impact of this process on BBB integrity. Therefore, BMVEC - the major
constituents of the BBB - were exposed to conditions simulating physiological and pathophysiological
environment while in vitro barrier function was monitored in real-time using the ECIS system. To
simulate the ‘healthy state’ non-pre-stimulated neutrophils were added to give a density in the range of
neutrophil counts found in whole blood (~ 5x10° cells/ml, (Inglis et al. 2004)). In contrast, in the setting
of peripheral inflammation neutrophils were primed with TNFa - a cytokine that was markedly elevated
in response to LPS treatment (Figure 26) - and stimulated with fMLP, a potent inducer of NADPH
oxidase activity (Lehmann et al. 2009). As shown in Figure 35 A and B, fMLP stimulation was without
effects on endothelial barrier function in the absence of neutrophils. Addition of neutrophils was
associated with slight decrease of barrier function but it returned to baseline during 3 h of incubation.
However, fMLP-dependent activation of the ROS generating machinery in TNFa primed neutrophils

severely impaired barrier function within 3 h by approx. 40%.

A g fMLP B

* = 1001
wn
o 1.04 <
2 _ fMLP 33
© E . c'®
o 0.9 neutrophils(-) S ¢
< neutrophils TS

£ (- or +) a? 754
0.8 Es
g S :
5 3
Z 0.7 5
o

neutrophils(+)/ = 504

0.6 T T fMLP
0 1 2 3 4 AP et st
neV neutr P

Time (h)

Figure 35: BMVEC barrier function is severely compromised by activated neutrophils

BMVEC were plated on gold microelectrodes and cultured to confluence. Barrier function of HC-induced endothelial
monolayers (7.5 x 10* cells) was continuously monitored by impedance sensing at 4 kHz. (A) After stabilization, cells were
challenged (arrow) with 2.5 x 10° TNFa-treated neutrophils (neutrophils(+)), the same number of non-pre-treated cells
(neutrophils(-)) or equal volume of medium. After 15 min, fMLP (10 uM) or vehicle (0.2% EtOH) was added (arrow). (B)
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Relative barrier function at the indicated time period. Impedances were normalized to treatment start and represents mean

values + SD of four independent experiments (*** p<0.001, one-way ANOVA).
1.4. Neutrophil-dependent Barrier Dysfunction: Impact of the MPO-H,0,-CI" System?

In vitro studies indicated that ROS formation by neutrophils undergoing the respiratory burst was associated
with collateral damage to barrier integrity of BMVEC. However, in vivo studies of mice exposed to

peripheral LPS suggested that this could be initiated by the presence of externalized MPO.

To examine the impact of accumulating MPO at cerebral vessels BMVEC were exposed under weak acidic
conditions to either 500 pM H,0, alone or in combination with nanomolar concentrations of MPO while
barrier function was monitored by ECIS (Figure 36 A). These experiments revealed that the MPO-H,0,-CI
system significantly increased barrier dysfunction, most probably due to HOCI generation (B). In line,
exogenously added methionine (Met, a potent HOCI scavenger) significantly attenuated barrier-

compromising effects of MPO-mediated H,O, conversion.
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Figure 36: MPO fuels barrier dysfunction through generation of HOC1

BMVEC were plated on gold microelectrodes and cultured to confluence. Barrier function of HC-induced endothelial
monolayers was continuously monitored by impedance sensing at 4 kHz. (A) After stabilization, induction medium was
changed (arrow) to slightly acidic conditions (HBSS, pH 6). As indicated, after 30 min of pre-conditioning BMVEC were
incubated (arrow) with 120 nM MPO in the absence or presence of 5 mM methionine (Met) prior cells were challenged
(arrow) with 4x 125 uM H,0, every 3 min. (B) Relative barrier function at the indicated time period post treatment.
Impedance was normalized to treatment start and represents mean values + SD of four independent experiments (**p<0.01,
**% p<0.001, one-way ANOVA).
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1.5. BMVEC Contain an Endogenous Pool of Plasmalogens

Plasmalogens are known to be indispensable lipid components of plasma membranes of many cell types

(Lessig and Fuchs 2009).

To assess plasmalogen content of the major BBB constituents, BMVEC were subjected to acidic
hydrolysis as outlined in Material and Methods. Released aldehydes (Figure 37 A) were converted to
the PFB-oxime derivatives and quantified by NICI-GC-MS. These experiments revealed that 1-0O-16:0
and 1-0-18:0 represent the majority of plasmalogen subspecies (>90%), each type accounting for
approx. 16 nmol/10° cells, while only about 7% (approx. 2 nmol/10°) contained a 1-O-octadecenal

(18:1) chain at sn-1 position (B).

>
w

=
=X
@

NH5 204
3 P
]
O=R-OH 0 5OH wo
H H g
c
+H,00 0O OH -
I L \ <]
— -
£
)
)
\ ! =
©
£
c B

C16:0 C18:0 C18:1

Figure 37: 1dentification and quantification of endogenous BMVEC plasmalogens

(A) Schematic presentation of the principle of plasmalogen quantification. (B) 9 x 10° BMVEC were hydrolyzed overnight in
0.5 M HCl at 37°C in the presence of 100 ng 2-CI["*Cs]JHDA. Following extraction, PFB oximes were prepared, and total fatty
aldehyde contents (HDA, ODA and ODEA) were quantitated by NICI-GC-MS analysis. Fatty aldehyde concentrations were
converted to plasmalogen concentrations by the assumption of a product:educt ratio of 1:1. Results shown represent mean

values + SD from 4 independent experiments.
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1.6. Endogenous Plasmalogen Pool is Targeted by HOCI

Since several lines of evidence suggest that RCS released from activated leukocytes target endothelial
cell plasmalogens (Messner et al. 2006, Thukkani et al. 2002) the next set of experiments was aimed to

test whether this aspect is also relevant to the BBB.

First, BMVEC were modified with increasing concentrations (50 to 500 uM, 30 min) of reagent HOCI.
Following lipid extraction and conversion to corresponding PFB-oxime derivatives a-CIFALDs were
analyzed by NICI-GC-MS. As shown in Figure 38 A reagent HOCI induced the modification of the
alkenyl residue present in the sn-1 position (16:0, 18:0 or 18:1) resulting in the formation of 2-CIHDA
(m/z 288/290), 2-CIODA (m/z 316/318) or 2-CIODEA (m/z 314/316). At a concentration range of 50 to
300 uM NaOCl 1-O-hexadecanal (16:0) and 1-O-octadecanal (18:0) plasmalogens were modified in a
concentration-dependent manner yielding in 0.3 to 3.0 pg 2-CIHDA/10° cells and 0.1 to 3.2 ug 2-
CIODA/10° cells. At reagent HOCI concentrations >300 pM no significant further increase in a-
CIFALD formation was observed. In contrast, 0.2 pg 2-CIODEA/10° cells was initially detected by
modification with 200 uM NaOCI and this lipid concentration remained unchanged even at higher

oxidant concentrations.

To obtain data in a more physiological context in vitro modification of BMVEC was repeated with the
difference that reagent HOCI was replaced by the MPO-H,0,-CI” system as outlined in Materials and
Methods. NICI-GC-MS data revealed approx. 0.6 to 0.7 ug/10° cells of either 2-CIHDA or 2-CIODA
and approx. 0.2 pug 2-CIODEA/10° cells (Figure 38 B). Data evaluation of chloroaldehyde amounts
formed after BMVEC modification (either with NaOCI or MPO-H,0,-Cl" system) compared with the
total fatty aldehydes is shown in C. These analysis revealed modification rates of approx. 50% for 1-O-
hexadecanal (16:0), about 30% for 1-O-octadecanal (18:0) and about 25% for 1-O-octadecenal (18:1)
plasmalogens. In contrast, the MPO-H,0,-Cl" system was less effective accounting for approx. 10%

(16:0- and 18:0-species) to 25% (18:1-species) of plasmalogen modification.
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Figure 38: Hypochlorite modification of endogenous BMVEC plasmalogens

(A) 9 x 10° BMVEC were treated with the indicated concentrations of NaOCI for 30 min at 37 °C in HBSS in the presence of
100 ng 2-CI[*Cs]JHDA. (B) Trypsinized BMVEC (1.8 x 10°) were resuspended in PBS (50 mM, pH 5, supplemented with 140
mM NaCl, 70 nM MPO and 2.5 pg 2-CI[”*Cs]JHDA) and incubated at 37 °C with shaking. Modification was started by the
addition of H,O, (200 uM final concentration; eight additions of 25 pM H,O, at 4-min intervals. (C) Maximal 2-CIHDA
amounts were compared to total aldehyde content, which was determined by overnight incubation of BMVEC in 0.5 M HCI.
(A-C) Following extraction of reaction products, PFB oximes were prepared, and chlorinated and non-chlorinated fatty
aldehydes were quantitated by NICI-GC-MS by peak area comparison. Results shown represent mean values = SD from 3 (A)

or 4 (B) independent experiments.

1.7. Vascular Stability of a-Chloro Fatty Aldehydes

Under basal conditions cerebral blood flow ranges from 50 to 75 ml/100 g of brain tissue per minute
and differs between the white and gray brain matter (Harukuni and Bhardwaj 2006). Marsche and co-
workers showed that 2-CIHDA is associated with high-density lipoproteins (Marsche et al. 2004). Due
to these chlorolipid-lipoprotein interactions it is likely that a-CIFALDs formed at brain capillaries

might be released into the microcirculation.
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To gain knowledge about the lifetime of a-CIFALDs at the cerebrovasculature in the absence of
potentially metabolizing cells (Anbukumar et al. 2010, Brahmbhatt et al. 2010b, Wildsmith et al.
2006a) 2-CIHDA was incubated in human plasma at a concentration of 50 uM and 2-CIHDA content
was time-dependently analyzed. Non-linear regression analysis of the data shown in Figure 39 A was
fitted using a one-phase exponential decay function. This curve fit revealed a 1/2 of approx. 32 h for 2-
CIHDA in blood plasma. A second approach aimed to investigate the in vivo lifetime of a-CIFALDs
circulating in the vasculature. Therefore, as outlined in Materials and Methods, a single bolus of 350 pg
2-CIHDA/30 g body weight (approx. 70 uM based on the assumption of approx. 60% water content in
mice with 30 g body weight) was intravenously injected and 2-CIHDA amounts were time-dependently
quantified in blood. Non-linear regression analysis using a one-phase exponential decay function

revealed a 1/2 of approx. 40 sec for 2-CIHDA in circulating blood (B).
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Figure 39: 2-CIHDA stability in vitro and in vivo

(A) Human plasma, obtained from healthy, normolipidemic subjects was spiked with 2-CIHDA (stock added in DMSO; 50
uM final concentration). At the indicated times PFB oximes of extracted lipids were prepared and 2-CIHDA was quantitatively
analyzed by NICI-GC-MS. Results are values of a single determination. Experimental data were fitted by non-linear regression
analysis according to C, = C, x ¢*%!*" (R? = 0.98). (B) C57BL/6 mice received a single intravenous injection of 100 pl 2-
CIHDA, (350 png/30 g in Intralipid 20%/PBS/sesame oil, 47:40:13 (v/v)). At the indicated times 100 pl blood, which was
obtained by retro-orbital puncturing, were quantitatively analyzed for 2-CIHDA by NICI-GC-MS using 1 pg 2-CI["*Cs]JHDA
as internal standard. Results represent mean values + SD of triplicate determinations. Experimental data were fitted by non-

linear regression analysis according to C, = C, x ¢ '™ (R? = 0.99).
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2. Metabolism of a-Chloro Fatty Aldehydes at the Cerebrovasculature

Since the life-time of 2-CIHDA in plasma and in the circulation significantly differed, it was likely
that o-CIFALDs released from HOCI-modified brain capillaries are subject to re-uptake and
metabolism by the endothelium (Wildsmith et al. 2006a).

2.1. 2-CIHDA is Taken Up by BMVEC

In the first set of experiments stability of 2-CIHDA was investigated in the presence of BMVEC. For
that purpose 2-CIHDA (15 nmoles/well) was added to culture medium and 2-CIHDA content was
measured time-dependently as outlined in Materials and Methods. Non-linear regression analysis using
a one-phase exponential decay function revealed a t/2 of approx. 2 h for 2-CIHDA in culture medium in
the presence of BMVEC (Figure 40 A). This half-time could indicate uptake of 2-CIHDA by BMVEC.
NICI-GC-MS analysis of cellular lipid extracts demonstrated a time-dependent increase of 2-CIHDA
amounts achieving maximal quantities of approx. 1 nmol within 2 h of incubation. Longer incubations

times resulted in decreased levels of 2-CIHDA indicating potential metabolism (B).
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Figure 40: Uptake kinetics of exogenous 2-CIHDA by BMVEC

Cells (9 x 10%) were incubated with 15 nmol 2-CIHDA (stock added in DMSO; final concentration 10 pM). At the indicated
time periods, cellular lipids and lipids of the culture medium were extracted in the presence of 100 ng 2-CI["*Cs]JHDA. After
conversion to corresponding PFB-oxime derivatives 2-CIHDA content of (A) the culture medium and (B) BMVEC were
quantitated by NICI-GC-MS analysis. Results represent mean values + SD of three independent experiments. Experimental
data of 2-CIHDA decay in culture medium (A) were fitted by non-linear regression analysis according to C, = C, x & %%t (R?

=0.98).
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2.2. Functional Aldehyde Group becomes Oxidized and Reduced

Quantification of 2-CIHDA-derived metabolites appeared to be pivotal for this project. Therefore, the
first task to accomplish was to establish appropriate NICI-GC-MS methods for fatty alcohol and fatty

acid analysis.

Figure 41 shows NICI-GC-MS chromatograms and mass spectra of the PFB-ester derivatives of 2-
CIHA (A and B) and of the corresponding internal standard pentadecanoic acid (C and D) eluting at
14.95 min and 13.55 min. Under analytic conditions used in this study molecular ions (M") at m/z 470
(PFB-ester of 2-CIHA) and 422 (PFB-ester of pentadecanoic acid) were not detectable. Base peaks
were observed at m/z 289 (2-CIHA) as well as m/z 241 (pentadecanoic acid) and intensity ratio of the
fragment ions 289/291 of approx. 3:1 is indicative for the presence of two chlorine isotopes (35C1/37C1)

in the analyte. Additional fragment ions were only observed for 2-CIHA PFB-ester derivative at m/z
196 and m/z 254.

NICI-GC-MS chromatograms and mass spectra of PFB-ester derivatives of 2-CIHOH and
corresponding internal standard pentadecanol are shown in Figure 42. PFB-ester derivatives of fatty
alcohols showed different retention times compared to their PFB-derivatized carboxyl counterparts
(14.88 min and 13.61 min, 4 and C). In contrast to fatty acids, M" at m/z 470 (PFB-ester of 2-CIHOH)
and 422 (PFB-ester of C15-FOH) were highly abundant (B and D). Moreover, the intensity ratio of the
fragment ions 470/472 of approx. 3:1 is indicative for the presence of two chlorine isotopes (35C1/37C1).

In case of 2-CIHOH additional fragment ions could be allocated at m/z 178 and m/z 435.

Due to more pronounced fragmentation of a-chloro lipids compared to non-chlorinated internal

standards ion counts of different fragments were summed up for data evaluation.
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Figure 41: NICI-GC-MS analysis of 2-CIHA and pentadecanoic acid

For NICI-GC-MS analysis 2-CIHA and pentadecanoic acid were converted into PFB ester derivatives. (A) Single ion current
trace (m/z 289) of 0.5 nmol 2-CIHA injected and (C) total ion current trace of pentadecanoic acid (3 nmoles). Corresponding
full scan NICI spectra of peaks eluting at 14.88 min (2-CIHA, B) and 13.61 min (pentadecanoic acid, D). Proposed

fragmentation patterns and mass assignments are shown in the insets.
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Figure 42: NICI-GC-MS analysis of 2-CIHOH and pentadecanol

For NICI-GC-MS analysis 2-CIHOH and pentadecanol were converted into PFB ester derivatives. (A) Single ion current trace
(m/z 470) of 2-CIHA, 1 nmol injected, and (C) total ion current trace of pentadecanol (3 nmoles). Corresponding full scan
NICI spectra of peaks eluting at 14.95 min (2-CIHOH, B) and 13.55 min (pentadecanol, D). Proposed fragmentation patterns

and mass assignments are shown in the insets.
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To corroborate the hypothesis of a-CIFALD metabolism at the cerebrovasculature 2-CIHDA (15
nmoles/well) was added to culture medium. Subsequently, 2-CIHA- and 2-CIHOH contents were time-

dependently quantified in both, cell monolayers and corresponding supernatants, as outlined in Material

and Methods.

NICI-GC-MS analysis of PFB-derivatives demonstrates that BMVEC oxidize and reduce 2-CIHDA to
its respective chlorinated fatty acid and chlorinated fatty alcohol (Figure 43 A and B). Within the first
two hours of incubation 2-CIHOH and 2-CIHA accumulated in the cell monolayer in concentrations of
approx. 1.9 and 0.4 nmol, respectively. While 2-CIHOH concentrations were slightly decreasing at
longer time periods 2-CIHA levels remained constant (A). Moreover, both chlorinated lipids were
detectable in the culture medium (approx. 10% of cell-associated 2-CIHOH and 35% of cell-associated
2-CIHA at highest intracellular concentrations), indicating cellular release of lipid metabolites and/or

synthesis via extracellular redox events (B).

A time course of precursor- (2-CIHDA added at t=0) product relationship (sum of 2-CIHDA, 2-CIHOH,
and 2-CIHA in cells and medium, termed 2-CIHX) is shown in Figure 43 C. It is evident that at early
time points (up to 60 min) loss of 2-CIHDA and accumulation of 2-CIHX were equal, nevertheless
recovery of 2-CIHDA and its metabolites after 5 h accounts for only 25% of total added 2-CIHDA
implicating other possible routes involved in chloroaldehyde loss e.g. binding to proteins or lipids, as
well as catabolism of 2-CIHA by omega-oxidation and subsequent beta-oxidation (Brahmbhatt et al.

2010b, Wildsmith et al. 2006a, Wildsmith et al. 2006b).

2.3. Chlorinated Lipids become Esterified into Complex Lipids

One of the pathways contributing to loss of 2-CIHDA is its oxidation to 2-CIHA and subsequent re-
incorporation into the inert storage pool of complex lipids (Wildsmith et al. 2006a). In order to clarify
the ability of BMVEC to form chlorinated complex lipids, cells were incubated in the presence of 2-
CIHDA (80 nmol/well); after 6, 12, and 24 h cellular lipids were extracted, pre-separated by TLC,
hydrolyzed, and after derivatization analyzed by NICI-GC-MS. These experiments revealed that
approx. 30% of the total cellular 2-CIHA content is recovered from the polar lipid fraction within the

time period investigated (Figure 43 D).
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Figure 43: Metabolism of exogenous 2-CIHDA by BMVEC

Cells (9 x 10°) were incubated with 15 nmol 2-CIHDA (stock added in DMSO; final concentration 10 pM). At the indicated
time periods, cellular lipids and lipids of the culture medium were extracted in the presence of 100 ng pentadecanol and 100 ng
pentadecanoic acid as internal standards. After conversion to corresponding PFB-ester derivatives 2-chlorohexadecanoic acid
(2-CIHA) and 2-chlorohexadecanol (2-CIHOH) concentrations were quantitated in (A) cell monolayers or (B) culture medium
by NICI-GC-MS analysis. (C) Loss of 2-CIHDA vs. recovery of 2-CIHX (the sum of 2-CIHDA, 2-CIHOH, and 2-CIHA in
cells and medium). (D) Cells (5.5 x 10°) were incubated with 80 nmol 2-CIHDA (stock added in DMSO; final concentration
10 uM). At the indicated time periods, cellular lipids were extracted. After pre-separation of lipid classes by TLC and
subsequent extraction from TLC plates, free fatty acids were generated by alkaline hydrolysis. After conversion to
corresponding PFB-ester derivatives 2-CIHA concentrations were quantitated by NICI-GC-MS analysis with pentadecanoic

acid as internal standard. Results represent mean values + SD of triplicate determinations.
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3. Alpha-Chloro Fatty Aldehydes Impact on BBB-Function

All data obtained in this study indicate that under neuroinflammatory conditions pathophysiological
relevant concentrations of a-CIFALDs are formed at the cerebrovasculature via HOCl-mediated attack
of endogenous or exogenous plasmalogen pools. During the following chapter the molecular pathways

of 2-CIHDA-induced BBB dysfunction were explored.

3.1. 2-CIHDA is a Powerful Inducer of In Vitro Barrier Dysfunction

The first major task in this context was to investigate in vitro barrier function of BMVEC - the major

constituents of the BBB - in the presence of HOCI and HOCl-derived chloroaldehydes.

For that reason BMVEC were challenged with increasing concentrations of NaOCl and 2-CIHDA while
in vitro barrier function was monitored in real-time using the ECIS system.

These experiments demonstrated that 2-CIHDA induces pronounced barrier dysfunction in a
concentration-dependent manner (Figure 44 A) where 5 uM appeared to be a threshold concentration:
Higher concentrations (25 pM) induced almost complete loss of barrier function while lower
concentrations (less than S5uM) were without effect (data not shown). Statistical significance of barrier
disruption at all investigated concentrations was initially observed within 30 min and peaked inbetween
2 and 5 hours of incubation (B).

In contrast, reagent HOCI induced BBB dysfunction only in the high micro molar range: 100 uM
provoked a slight decrease in barrier function during long incubation periods, whereas higher

concentrations induced rapid and almost complete loss of barrier integrity (C and D).
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Figure 44: BMVEC barrier function is severely compromised by 2-CIHDA or NaOCl

BMVEC were plated on gold microelectrodes and cultured to confluence. Barrier function of HC-induced endothelial
monolayers was continuously monitored by impedance sensing at 4 kHz. After stabilization, cells were challenged (arrow)
with either 2-CIHDA (A) or NaOCl (C) at various concentrations. Relative barrier function of 2-CIHDA (B) and NaOCl (D) at
the indicated times post treatment. Impedance was normalized to treatment start and represents mean values = SD of four
independent experiments (*p<0.05; ** p<0.01; *** p<0.001, two-way ANOVA).
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3.2. Barrier Dysfunction is Accompanied by Reorganization of the Actin-Cytoskeleton

Several studies have shown that BBB breakdown is accompanied with morphological changes and

rearrangement of the F-actin cytoskeleton (Shiu et al. 2007, Usatyuk and Natarajan 2004).

Therefore, morphological changes of the BMVEC monolayer as result of 2-CIHDA treatment are likely
to occur. To examine this aspect BMVEC were challenged with increasing concentrations of 2-CIHDA
for 3 h and an immunofluorescence study of actin-cytoskeleton (red) and nuclei (blue) was performed
(Figure 45). In contrast to vehicle (A) 2-CIHDA concentrations, which were already shown to be
associated with severe barrier dysfunction induced noticeable intercellular gap formation (B, arrows).
These alterations became more evident with increasing concentrations (C, arrows) although high
concentrations (> 50 uM) resulted in entire loss of endothelial cells (data not shown), presumably due

impaired cell viability caused by apoptosis and/or necrosis.

Figure 45: Effects of 2-CIHDA on the actin cytoskeleton of BMVEC

For immunofluorescence studies BMVEC were cultured on coverslips to confluence. After incubation for 3 h with (A) vehicle,
(B) 10 uM or (C) 25 uM of 2-CIHDA F-actin-cytoskeleton (red) and nuclei (blue) were stained using rhodamine-labeled
phalloidin and DAPI. Confocal laser scan microscopy, as outlined in Material and Methods, was used for visualization.

Intercellular gap are marked by arrows.
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3.3. In Vivo Rat Model: BBB-Function is Affected by 2-CIHDA

The next set of experiments aimed to corroborate in vitro results under in vivo conditions. Due to high
instability of a-CIFALDs in vivo in situ brain perfusion technique appeared to be the most convenient

method for BBB delivery by circumventing peripheral circulation (Takasato et al. 1984).

In preliminary experiments the surgical procedures and perfusion conditions to evaluate BBB
(dys)function were established with Ringer- or hyperosmolar mannitol solutions, using Evans Blue
albumin (EB) and sodium fluorescein (SF) as permeability markers (data not shown). Figure 46 A and
B show that significant BBB dysfunction was observed in this in vivo rat model. In contrast to vehicle
control (a and c¢) the perfusion of 25 pM 2-CIHDA for 90 min via the carotid artery significantly
increased EB leakage into the brain, induced edema formation (b and d), and resulted in cerebral

accumulation of the low molecular weight BBB permeability marker SF (B).
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Figure 46: 2-CIHDA induces BBB dysfunction in vivo
(A) The left or right common carotid artery of

anesthetized rats was exposed and cannulated (+), or not

(-). After sectioning of jugular veins animals were

perfused (3 ml/min) with Ringer for 5 min.

Subsequently, perfusion was switched for 90 min to
Ringer containing vehicle (a and ¢) or 25 pM 2-CIHDA
(b and d). This was followed by perfusion with Ringer
supplemented with SF and EB for 5 min and the washout

with Ringer without dyes for 7 min. Animals were

e 0 'l“i'-'l';“'l“i'i““j decapitated and the brains were immediately removed.

=8 2 2 13 14 (B) SF extravasation was determined by measurement of

fluorescence intensity in brain homogenates. Results
shown represent mean values £ SD from four different
animals (¥* p<0.01, Students t-test)
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4. BBB-Dysfunction is Based on Cellular Alterations

Given the observation that a-CIFALDs are potent inducers of BBB dysfunction subsequent
experiments were designed to correlate these observations to alterations in BMVEC constituting this

barrier.

4.1. Cell Viability is Crucial for the Loss of Barrier Integrity

The first approach aimed to evaluate cytotoxic properties of 2-CIHDA and reagent NaOCl in BMVEC.
Therefore, BMVEC were incubated in the absence or presence of different concentrations of 2-CIHDA
and NaOCI up to 24 h and cell viability was assessed using the MTT test.

These data demonstrated that exposure of BMVEC to 2-CIHDA (Figure 47 A) and reagent HOCI (B)
impaired cell viability in a time- and concentration-dependent manner. Interestingly, 2-CIHDA
mediated cytotoxicity to BMVEC - with LCs, values of approx. 50 uM (1 h), 25 uM (3 h), and 15 pM
(5 h) - at much lower concentrations as compared to reagent HOCI. Of note, LCs¢s of highly cytotoxic

NaOCI were between 10-20 fold higher as compared to 2-CIHDA.
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Figure 47: 2-CIHDA impairs BMVEC viability
Cells (1.6 x 10°) were incubated in the absence or presence of (A) 2-CIHDA or (B) reagent HOCI at indicated concentrations
for the indicated time periods. Cell viability was analyzed using the MTT test. Results are expressed as % of controls and

represent mean values = SD of triplicate (A) or quadruplicate (B) determinations.
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4.2. Cytotoxic Properties have Structural Specificity

2-CIHDA consists of three major chemical entities, i) a C16 aliphatic hydrocarbon chain, ii) an

aldehyde residue, and iii) a chlorine residue at C2.

To get an indication about the structural requirements that mediate cytotoxicity, in addition to 2-CIHDA
three structurally related C16 analogues, namely hexadecanal (HDA), palmitic acid, and 2-CIHDA-dma
were analyzed for their cytotoxic potential (Figure 48 A). Cytotoxicity decreased in the order 2-CIHDA
> HDA > palmitic acid > 2-CIHDA-dma (B). In these experiments 2-CIHDA reduced cell viability by
60% (25 uM) and 90% (50 uM), while the non-chlorinated analogue, HDA, impaired cell viability by
approx. 40% (25 puM) and 50% (50 pM). Palmitic acid, a fatty acid with potent lipotoxic properties,
induced a 20% reduction of viability at the highest concentration used (50 pM). The chemically inert 2-
CIHDA dma was without effect on cell viability. Hence, the presence of chlorine significantly

augments the cytotoxic properties of HDA indicating that 2-CIHDA is a mediator with high lipotoxic

potential.
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Figure 48: Headgroup-dependent reduction of cell viability of BMVEC

(A) Structures of four different C16 compounds used in viability assays. (B) Cells (3.5 x 10°) were challenged overnight with
2-CIHDA or structural analogs (shown in A) at indicated concentrations. Following treatment, BMVEC viability was analyzed
by the MTT test. Results are expressed as % of controls and represent mean values = SD of triplicate determinations (ns = not
significant, *p<0.05; ** p<0.01; *** p<0.001; two-way ANOVA).
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4.3. 2-CIHDA induces Caspase-3 dependent Apoptosis

The present findings demonstrate that long chain a-CIFALDs have the potential to mediate cytotoxic

properties.

To investigate the ability of 2-CIHDA to induce apoptosis in BMVEC, particularly concentrations
where rather low impairment of cell viability occurs, the cells were incubated in the absence and
presence of 2-CIHDA (1 to 25 uM) for 5 h. As shown in Figure 49 A concentrations of > 5 uM induced
caspase-3 activation. While 2-CIHDA at 5-10 uM resulted in partial proteolytic cleavage of procaspase
3, 25 uM resulted in almost quantitative conversion into active caspase-3. In contrast, HOCI (B), even

when used at 1000 uM, did not induce procaspase-3 processing.

4.4. Mitochondrial Function is Impaired by 2-CIHDA

To determine if impaired cell viability and/or apoptosis (caused by 2-CIHDA/HOCI treatment) is
accompanied by mitochondrial dysfunction, JC-1 cytotoxicity assays that rely on measurements of the

mitochondrial membrane potential (Aym) were performed.

Therefore, cells were incubated in the absence or presence of 2-CIHDA and HOCI, respectively, at
different concentrations for various time periods. After incubation with JC-1, Aym was determined
fluorometrically. Results were analyzed in terms of the ratio of red to green fluorescence intensities,
thus results are not linked to the number of viable cells. JC-1 assays indicated that 2-CIHDA treatment
was accompanied by a rapid decrease of the red/green ratio, indicating a collapse of Aym in a time- and
concentration-dependent manner (Figure 50 A) with 1Cs, values of approx. 25 uM (1 h), 12.5 uM (3 h),
and 5 pM (5 h). Treatment of BMVEC with HOCI also resulted in a decrease of Aym, however, ICs,
values were apparently 20 to 40-fold higher (500 uM at 3 h and 100 uM at 5 h) compared to those of 2-
CIHDA (B).
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Figure 49: Induction of the apoptotic machinery in response to 2-CIHDA

BMVEC were incubated for 5 h with (A) 2-CIHDA or (B) NaOCI. Staurosporine (‘stauro.”’) and colchicine (‘colch.’) were
used as known inducers of apoptosis. After treatment, cells were lyzed; aliquots of protein lysates were subjected to SDS-
PAGE and transferred to PVDF. Immunoreactive bands were detected with rabbit polyclonal anti-caspase 3 (primary antibody)
and peroxidase-conjugated secondary antibodies using the ECL-system. Procaspase 3 was detected at 32 kDa and caspase 3 at
17 kDa.
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Figure 50: Mitochondrial membrane potential (Aym) of 2-CIHDA- and NaOCl-treated BMVEC

BMVEC were incubated in the absence or presence of 2-CIHDA (A) or NaOCI (B) at the indicated concentrations for the
indicated time periods. Following treatment, Aym was analyzed using the JC-1 assay, as outlined in Material and Methods.
Data were calculated by division of red fluorescence by green fluorescence. Results are expressed as % of red to green

fluorescence ratio compared to controls, and represent mean values = SD of three independent experiments.
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4.5. 2-CIHDA Treatment Leads to Increased Formation of Intracellular ROS in BMVEC

It is known that electrophilic lipids, such as 4-HNE, and the cyclopentenones 15-deoxy-A'*"*-
prostaglandin J, and 15-J,-isoprostane induce formation of ROS in endothelial cells most probably by
direct interaction with mitochondria and/or alterations of the intercellular redox balance (Landar et al.

2006). Accordingly, 2-CIHDA mediated mitochondrial dysfunction could result in ROS formation.

To measure the generation of intracellular ROS an assay based on the redox sensitive dye carboxy-
H,DCFDA was used for 2-CIHDA-treated BMVEC. The outcome of these experiments demonstrated
that 2-CIHDA induced ROS production only at concentrations in the range of 15 to 50 uM (Figure 51

A), conditions that were shown to decrease cell viability and impair mitochondrial function in BMVEC.

Next, a potential protective role of thiol compounds such as N-acetyl cysteine (NAC) or N-
mercaptopropionyl glycine (MPG) against oxidative stress was tested. Thus, BMVEC were pretreated
with NAC or MPG before they were challenged with different concentrations of 2-CIHDA. Cell
viability was measured by the MTT test (B). The results of these experiments demonstrated that neither

NAC nor MPG were able to restore cell viability.

>
o

5009 3 control - 125+
> vehicle T .. ™
‘@ 4001 EE 15uM 100+ L 3 control
3 z = + MPG
== 83 mm + NAC
= < 30041 ® 2 75
o S S
o 3 o
< Y g —
& 2 200- 235 s
o < E =
g 1004 254 ns ns
w
|l| ns_ 28
0- 0 - : . e
1 10 25
Time (h) 2-CIHDA [uM]

Figure 51: 2-CIHDA induces intracellular ROS formation in BMVEC

(A) ROS formation was determined using the redox-sensitive tracer carboxy-H,DCFDA. Cells were pre-incubated with non-
fluorescent carboxy-H,DCFDA followed by treatment with 2-CIHDA at the indicated concentrations for the indicated time
periods. (B) After pretreatment with 1 mM of either NAC or MPG for 1 h BMVEC were overnight challenged with 2-CIHDA
at indicated concentration. Cell viability was determined by the MTT test. Results are expressed as % of control, and represent
mean values + SD of three independent experiments performed in triplicate (*** p<0.001, ns = not significant; two-way
ANOVA).
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4.6. MAPK Signaling is Activated upon 2-CIHDA Treatment

Extensive research has documented crucial roles of ERK1/2- and stress-activated protein kinase
(JNK1/2 and p38)-signaling events in the regulation of barrier integrity during environmental stress

including reactive carbonyls (Gonzalez-Mariscal et al. 2008, Usatyuk and Natarajan 2004).

Consequently, to gain insight in 2-CIHDA-induced cellular signaling events BMVEC were incubated in
the absence or presence of 2-CIHDA or NaOCl and MAPK activation was investigated (Figure 52).
Western blot analysis revealed that 2-CIHDA treatment induced all 3 main groups of MAPKSs in a
similar manner to reagent NaOCIl but apparently in concentrations 30 to 40 times less compared to the
oxidant (A-C). While JNK1/2 (B) were activated at 2-CIHDA concentrations of > 10 uM, ERK1/2 and
p38 were activated at lower concentrations (5 uM, 4 and C). These conditions have no adverse effects
on cell viability. To get an indication about the time course of MAPK activation, BMVEC were treated
with 25 pM 2-CIHDA and protein phosphorylation was followed in a time-dependent manner. Western
blot analysis suggested a lipotoxic activation pattern of stress-activated protein kinases with a first
maximum between 10 and 45 min, followed by a substantially more pronounced activation between 60
and 180 min (D and E). In contrast to rather slow activation of stress-activated protein kinases ERK1/2

was induced within one minute post 2-CIHDA addition and remained activated up to 3 h (F).

4.7. Impact of 2-CIHDA on Junctional Architecture

A body of evidence demonstrates that BBB dysfunction is commonly accompanied by alterations of the

molecular composition, function and dynamics of the junction proteins (Coisne and Engelhardt 2011).

To reveal a possible involvement of junction architecture alterations in 2-CIHDA-mediated barrier
dysfunction ZO-1 and VE-cadherin morphology was examined by immunofluorescence microscopy
(Figure 53). Therefore, BMVEC were challenged either with vehicle (4-C) or with 2-CIHDA (D-F).
After a treatment with 15 puM for 3 h two major alterations were observable: On the one hand junctions
turned into frizzy-like structures (small arrows, E) indicating impaired junctional interactions. On the
other hand these changes in the barrier architecture were associated with pronounced redistribution of

Z0-1 from the cell surface into the nucleus (large arrows, D).
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Figure 52: Activation of MAP Kkinase pathways by 2-CIHDA
(A-C) Concentration-dependent phosphorylation of MAPK. BMVEC were incubated for 3 h with 2-CIHDA or NaOCI at

indicated concentrations (uM). (D-F) Time course of 2-CIHDA-induced MAPK phosphorylation. BMVEC were challenged

with 25 uM 2-CIHDA for the indicated time periods (min). After treatment, cells were lyzed, aliquots of protein lysates were
subjected to SDS-PAGE and transferred to PVDF. Pan- or phospho-specific polyclonal antibodies against p38 (A, D), INK1/2

(B, E) or ERK1/2 (C, F) were used as primary antibodies. Immunoreactive bands were visualized with peroxidase-conjugated

secondary antibodies using the ECL-system.
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Figure 53: 2-CIHDA mediated alterations of the junctional architecture

For immunofluorescence studies BMVEC were cultured on coverslips to confluence. After incubation for 3 h with vehicle (A-
C) or with 15 uM 2-CIHDA (D-F) immunofluorescence labeling of ZO-1 (A and D, red) and VE-cadherin (B and E, green)
was performed using polyclonal rabbit anti-human ZO-1 IgG (1:50) and mouse monoclonal anti-human VE-cadherin IgG
(1:200) as primary antibodies. As outlined in Material and Methods, immunofluorescence detection of Cy5-labeled anti-rabbit
IgG and Cy2-labeled anti-mouse IgG was performed by confocal laser scan microscopy. Sites of frizzy-like structures (small

arrows) and nuclear ZO-1 redistribution (large arrows) in response to 2-CIHDA treatment are marked.

- 143 -



CHAPTER 3 PHARMACOLOGICAL INTERVENTION STRATEGIES TO
INTERFERE WITH MPO-MEDIATED BARRIER

DYSFUNCTION

* submitted manuscript:

Ullen, A; Fauler, H; Nusshold, C; Bernhart, E; Reicher, H; Holzer, P; Leis, HJ; Malle, E; Sattler,
W. Phloretin ameliorates 2-chlorohexadecanal - mediated brain microvascular endothelial

cell dysfunction in vitro
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Rationale:

BBB breakdown as result of endothelial dysfunction can be considered as a key characteristic
of the pathogenesis of inflammatory brain diseases (Grammas et al. 2011). Increasing evidence suggests
that neutrophil-endothelial interactions, particularly the generation of ROS and proinflammatory lipids,
are critical events in microvessel damage and hyperpermeability (DiStasi and Ley 2009, He 2010).
Thus, increasing interest is directed to the discovery and development of natural products or small
molecule-based inhibitors to attenuate adverse effects mediated by inflammatory oxidative enzymes

like NADPH oxidase or MPO (Choi D. K. et al. 2010) .

Aims:

Since the second part of this thesis revealed that peripheral inflammation induces neutrophil
recruitment and activation at the cerebrovasculature it was hypothesized that MPO-derived chlorinative
damage of cerebrovascular endothelial cells - directly via HOCI or indirectly via 2-CIHDA generation -
potentially aggravates BBB dysfunction and neurodegeneration. By identification of several new
promising targets it appeared indispensible to discover and explore pharmacological intervention

strategies that interfere with inflammation-dependent BBB dysfunction.

i.  Thus, the first aim of the third part of this thesis was directed to the investigation of inhibitors
that reverse 2-CIHDA-mediated activation of signaling cascades involved in barrier

dysfunction and of apoptotic cell death of BMVEC.

ii. The second aim was to elucidate the role of neuroprotective flavonoids and non-flavonoid

polyphenols during chlorinative and a-chloro carbonyl stress in the CNS, and to particularly

characterize their ability to ameliorate barrier dysfunction of BMVEC.

- 145 -



1. Inhibition of De Novo Sphingolipid Synthesis

Within this study 2-CIHDA was already shown to be redirected into the inert storage pool of
complex lipids via formation and activation of the chlorinated fatty acid, thus it is likely that 2-
chloropalmitoyl-CoA also enters de novo sphingolipids biosynthesis through formation of 4-chloro-3-
keto-sphinganine catalyzed by serine-palmitoyltransferase (SPTLC) (Figure 54 A). Since palmitate-
induced apoptosis was reported to correlate with de novo synthesis of ceramides one can speculate
about formation and involvement of these highly potent apoptosis inducers in 2-CIHDA-mediated

BMVEC dysfunction (Hannun 1996, Paumen et al. 1997).

To test whether the ceramide pathway contributes to 2-CIHDA-induced apoptosis the effects of
myriocin (a potent inhibitor of SPTLC) on cell viability were investigated. Findings obtained using the
MTT-test data revealed that the inhibition of ceramide synthesis partially restored cell viability by
approx. 10 to 25% (B).
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Figure 54: SPTLC inhibition partially attenuates 2-CIHDA-mediated impact on cell viability

(A) Proposed mechanism of 2-CIHA entry into de novo biosynthesis of ceramides via SPTLC catalysis. (B) Impact of SPTLC
inhibition on 2-CIHDA mediated cytotoxicity. Following pretreatment for 30 min with 50 nM myriocin BMVEC were
challenged for 5 h with 2-CIHDA at indicated concentrations. Following treatment cell viability was analyzed by the MTT test.
Results are expressed as % of controls and represent mean values + SD of quadruplicate determinations (** p<0.01; ***

p<0.001, two-way ANOVA).
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2. Inhibition of MAPK Signaling

Based on the observation that the rapid process of 2-CIHDA-mediated barrier dysfunction is
accompanied by rapid activation of ERK1/2 subgroup the next trial to intervene pursued the inhibition

of this signaling cascade.

Therefore, as outlined in Material and Methods, BMVEC were challenged with 5 uM 2-CIHDA while
ERK1/2 signaling pathway was selectively blocked by co-treatment of BMVEC with the MAPKK-
inhibitor PD098059. Impedance at 4000 Hz was monitored in real-time to measure barrier function
(Figure 55). ECIS data revealed rapid barrier dysfunction in response to 2-CIHDA. In contrast, a co-
treatment of cells with PD098059 resulted in a transient increase in barrier function (4 and B). Barrier
integrity remained significantly elevated during an incubation period of approx. 60-70 min while at
longer incubation periods impedance values dropped to levels observed with 2-CIHDA. These data are
consistent with the time course of MAPK activation (stress response after 60 min post 2-CIHDA
addition, Figure 52) identifying the ERK1/2 signaling pathway as a potential, and early contributor to
2-CIHDA-induced barrier dysfunction.

B
A 1.2-
3 2-CIHDA
125+ Bl 2-CIHDA + PD98059
o 2-CHHDA ® .
= “ 2-CIHDA o *
T s/ + PD98059 5 S
o . ) : T -
£ ’ o @
= PD98059 EE
E [1]
s o P
o 2T 759
Z 081 85
. S .
i 1Y e
1 ] L - 1 1 50 T 1 1 ]
7 8 9 10 11 12 15 30 60 120
Time (h) Time (min)

Figure 55: Inhibition of ERK1/2 signaling causes transient rescue of barrier dysfunction

(A) BMVEC were plated on gold microelectrodes and cultured to confluence. Barrier function of HC-induced endothelial
monolayers were continuously monitored by impedance sensing at 4 kHz. After stabilization, cells were challenged (arrow)
with 5 pM 2-CIHDA in absence or presence of 100 pM PD98059. (B) Relative barrier function at the indicated time points
post treatment with 2-CIHDA in the absence or presence of PD98059. Impedance was normalized to treatment start and

represent mean values + SD of three independent experiments (* p<0.05; two-way ANOVA).
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3. Dietary Benefits of Polyphenols to BMVEC Dysfunction?

Increasing evidence suggests that flavonoid and non-flavonoid polyphenols - ubiquitously present
in fruits, vegetables and spices - have beneficial effects in a variety neurodegenerative disorders
including BBB dysfunction (Darvesh et al. 2010, Theoharides 2009, Zhang F. et al. 2010a, Zhang S. et
al. 2010b). Therefore, subsequent in vitro experiments were performed to investigate the potential of
these compound classes to rescue MPO-mediated (particularly induced by a-CIFALDs and HOCI) BBB

dysfunction.

3.1. Screening for Viability-Promoting Polyphenols

Effects of representative compounds of 6 different polyphenol classes - apigenin (a flavone), curcumin
(a diarylheptanoid), genistein (an isoflavone), naringenin (a flavanone), phloretin (a dihydrochalcone),

and resveratrol (a stilbenoid) (Figure 56) - were investigated on BMVEC viability.
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Figure 56: Structures of polyphenols used during the present study
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Figure 57: Effects of different polyphenols on BMVEC viability

BMVEC were incubated in the presence of (A) apigenin, (B) curcumin, (C) genistein, (D), naringenin, (E) phloretin, and (F)
resveratrol at the indicated concentrations (over night). Cell viability was assessed by the MTT test. Results are expressed as %
viability of vehicle-treated (DMSO; 0.4%, v/v) cells and represent mean values + SD of quadruplicate determinations (*
p<0.05, ** p<0.01; *** p<0.001; one-way ANOVA).
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Effects of flavonoid and non-flavonoid polyphenols on BMVEC viability are shown in Figure 57.
Three out of six, apigenin (A), curcumin (B), and resveratrol (F) decreased BMVEC viability. The
remaining compounds, i.e. genistein (C), naringenin (D), and phloretin (E) had either no (except

genistein at 100 uM) or a beneficial effect on cell viability.

To get an idea about the potential to ameliorate 2-CIHDA-induced cytotoxicity the latter three
compounds were investigated in more detail. Under the conditions applied (25 pM 2-CIHDA, 16 h)
genistein (up to 100 pM) had no significant effect on BMVEC survival. Naringenin slightly and
significantly enhanced cell viability, while phloretin provided significant and quantitatively the most
pronounced protection against 2-CIHDA-induced cell death (Figure 58 A). Most importantly, phloretin
provides protection against 2-CIHDA-induced BMVEC death also at lower concentrations (25 and 50
uM; B).
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Figure 58: Impact of selected polyphenols on 2-CIHDA-induced cell death in BMVEC

(A) After pretreatment with genistein, naringenin, or phloretin for 30 min cells were incubated with 25 pM 2-CIHDA for 16 h.
(B) After pretreatment for 30 min cells with phloretin at indicated concentrations cells were exposed to 25 uM 2-CIHDA for 5
h. Cell viability was determined with the MTT assay. Results are expressed as % of controls and represent mean values + SD

of quadruplicate determinations (** p<0.01; *** p<0.001; one-way ANOVA).
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3.2. Phloridzin: Structural Homolog of Phloretin

Phloretin is naturally occurring in apples as glucoside conjugate e.g. phloretin-2’-O-glucoside, also
named phloridzin. After dietary ingestion the glucose moiety of phloridzin is rapidly hydrolyzed by the
enzyme lactase phloridzin hydrolase (Figure 59 A). The corresponding aglycone phloretin rapidly

enters the circulation by selective uptake by the intestine (Boyer and Liu 2004, Crespy et al. 2001b,

Ehrenkranz et al. 2005, Kahle et al. 2005).

To get insights into the structural requirements for cell protection against 2-CIHDA the efficacy of
phloretin was compared with its dietary precursor. In contrast to non-glycosylated phloretin, its
glycosylated analogue was without effect or even decreased cell viability at higher concentrations (B).

These findings suggest that the hydroxyl group at C2 of phloretin is likely involved in BMVEC

protection.
A oH 0o B
751
HO l OH ; I DH
Phloretin E>~’—§ 50-
8t
T Q
. . S ° —— *k
plants | [ small intestine -G Fkk
o
o 25
T o] 0
OH
0 T
2-CIHDA 25 50 100
HO 'OH OH
Phloridzin phloridzin (uM)

Figure 59: Glycosylation of the hydroxyl group at C2 abrogates protection
(A) Phloridzin, the natural glycoside of phloretin in plants, is hydrolyzed to corresponding aglycone after ingestion. (B) After
pretreatment of cells for 30 min with phloridzin at indicated concentrations cells were exposed to 25 uM 2-CIHDA for 5 h.

Cell viability was determined with the MTT assay. Results are expressed as % of controls and represent mean values £+ SD of

quadruplicate determinations (** p<0.01; *** p<0.001; one-way ANOVA).
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3.3. Phloretin Restores Barrier Integrity of 2-CIHDA-treated BMVEC

Next, the effects of phloretin on 2-CIHDA-mediated barrier dysfunction were investigated. In these
experiments BMVEC were pre-treated with phloretin prior to a challenge with 2-CIHDA. Impedances
measuring barrier function (4 kHz) and integrity of the cell monolayer (64 kHz) were continuously

monitored using the ECIS system.

ECIS experiments revealed that barrier dysfunction was rapidly induced in response to 2-CIHDA
(Figure 60 A; the 30 h time point is shown in B). Disruption of the cell monolayer lagged by approx. 2
to 2.5 h behind (C; 30 h time point is shown in Fig. D). 2-CIHDA-induced barrier dysfunction was
significantly attenuated by phloretin (barrier integrity remained constant during 15 h at approx. 50% of
the starting impedance, 4) whereas integrity of the cell monolayer was almost completely conserved
during the time periods investigated (C). These data clearly indicate dual effects - signaling events and
cytotoxicity - of 2-CIHDA on barrier function and the capability of phloretin to maintain the integrity of

the cell monolayer but not to restore barrier function completely.

3.4. Phloretin Ameliorates HOCI-Induced Cytotoxicity

Flavonoids are best known for their antioxidant activity because their redox potential is comparable to
that of ascorbate or a-tocopherol (Galleano et al. 2010). Polyphenols are able to prevent HOCI-
dependent damage to the vasculature most likely by acting as HOCI- scavengers (Boersma et al. 2001,

Firuzi et al. 2004).

Due to altered properties of chlorinated flavonoids (Binsack et al. 2001) and the lack of information
about HOCl-scavenging properties of chalcones the next set of experiments aimed at investigating
antioxidant properties and potential viability benefits towards HOCl-challenged BMVEC. Cell viability
data revealed that even 25 uM phloretin were sufficient to reverse adverse effects of 5- to 10-fold molar
excess of NaOCI (Figure 61). Even at NaOCIl concentrations of 500 uM the presence of phloretin (50
puM) resulted in a significant rescue of BMVEC viability.
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Figure 60: Phloretin rescues barrier function of 2-CIHDA-treated BMVEC

Cells were plated on gold microelectrodes and cultured to confluence. Impedance of HC-induced monolayers (7.5 x 10 cells)
was continuously monitored at (A) 4 kHz and (C) 64 kHz. The 30 h time point is shown in (B) and (D). After stabilization,
cells were pretreated with 100 pM phloretin or vehicle for 3 h and then challenged with 25 uM 2-CIHDA. Impedances were
normalized to treatment start (addition of phloretin) and represent mean values £ SD of four independent experiments. (**
p<0.01; *** p<0.001; Students t-test)
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Figure 61: Phloretin attenuates HOCl-mediated cytotoxicity to BMVEC

BMVEC were pretreated with phloretin at indicated concentrations in HBSS for 30 min followed by an overnight challenge
with NaOCl at indicated concentrations (in HBSS). Cell viability was determined by the MTT test. Results are expressed as %
viability of vehicle-treated (containing DMSO at the highest concentration used; 0.4%, v/v) controls and represent mean values

+ SD of quadruplicate determinations (*** p<0.001; two-way ANOVA).

3.5. Phloretin Reduces Cellular 2-CIHDA Content

Phloretin is known to act as an unspecific inhibitor of fatty acid uptake (Luiken et al. 1997, Mitchell R.
W. et al. 2009). To get deeper insight into the mechanisms of viability-promoting effects of phloretin

the impact of this compound on cellular import of 2-CIHDA was investigated.

During these experiments BMVEC were pretreated with phloretin and then challenged with 2-CIHDA.
Subsequently, cellular 2-CIHDA levels and corresponding levels in culture medium were quantified by
NICI-GC-MS analysis over a given time period. Phloretin pretreatment decreased the amount of cell-
associated 2-CIHDA by approx. 70 % at all time points investigated (Figure 62 A); these data suggest
an inhibition of 2-CIHDA uptake by phloretin. Surprisingly, NICI-GC-MS data further revealed that 2-
CIHDA levels in the cellular supernatant, supplemented with phloretin, were significantly lower

compared to controls; again, this effect was time-dependent (B).
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Figure 62: Phloretin reduces extra- and intracellular 2-CIHDA levels in BMVEC cultures

Following pretreatment with phloretin (100 uM, 1 h), cells (9 x 10°) were incubated with 25 uM 2-CIHDA. At the indicated
time points, cellular lipids and lipids of the cellular supernatant were extracted. After conversion to corresponding PFB-oxime
derivatives 2-CIHDA concentrations in (A) cellular, and (B) culture medium lipid extracts were quantitated by NICI-GC-MS
analysis. Results are expressed as % of added 2-CIHDA and represent mean values + SD of triplicate determinations. (***
p<0.001; two-way ANOVA)

3.6. a-CIFALDs are Covalently Trapped by Phloretin

Whether reduced levels of 2-CIHDA could be attributed to covalent adduct formation of 2-CIHDA and
phloretin a cooperative approach was initiated with O. Kappe (KFU Graz), T. N. Glasnov (KFU Graz)
and R. Saf (TU Graz). Therefore, the model compound for 2-CIHDA, 2-chloroheptanal (2-CIHpA) was
chemically synthesized and incubated with phloretin in serum-free medium. After extraction free 2-
CIHpA was removed and the remaining reaction mixture was analyzed by electron impact-high

resolution mass spectrometry (EI-HRMS).

Under analytic conditions used in this study the molecular ions (M") of the investigated compound was
identified at m/z 386/387 (Figure 63). The isotope distribution of the analyte indicated a loss of
chlorine during covalent adduct formation. Moreover, additional fragment ions detected at m/z 84, m/z
107, m/z 120, m/z 210, m/z 238, m/z 265, and m/z 386 provided a more detailed structural information
about the newly formed compound (insets). These experiments likely indicated a bimolecular
nucleophilic substitution (Sy2) reaction between the carbon 2 of 2-CIHpA and a hydroxyl group of the

phloroglucinol ring, a trapping mechanism where HCI is abstracted.
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Figure 63: EI-HRMS spectrum of covalent 2-CIHpA trapping by phloretin
To analyze a candidate adduct formation phloretin was incubated with a 2.5-fold molar excess of 2-CIHpA in medium B. After
extraction, unbound 2-CIHpA was removed by automated flash chromatography and the sample was analyzed by EI-HRMS

through direct insertion. Proposed fragmentation pattern and mass assignment is shown in the inset.

3.7. Phloretin is a Scavenger for HOCI

Due to beneficial effects of phloretin on BMVEC viability the next series of experiments aimed at
investigating the HOCI scavenging properties of phloretin. During these experiments phloretin was
modified with a 2-fold molar excess of reagent HOCI followed by modification analysis of the

corresponding TMS-derivative by EI-GC-MS. Results are shown in Figure 64.

In addition to unreacted phloretin (m/z 562) eluting at 10.68 min we could identify two additional peaks
at 10.92 min and 11.03 min with m/z 596 and m/z 630 (4 and C). The intensity ratios of the molecular
ions and fragment ions of approx. 3:1 (peak at 10.92 min) and approx. 9:6:1 (peak at 11.03 min) were

(35C1/37C1) corresponding to mono- and

indicative for the presence of two chlorine isotopes
dichlorinated derivatives of phloretin (B). Moreover, the observed fragmentation pattern provided
information that carbon 2 and 5 of phloroglucinol group are targets for HOCl-dependent phloretin

chlorination (C).
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Figure 64: EI-GC-MS analysis of HOCI-modified phloretin

Phloretin was modified in PBS with 2-fold excess of reagent HOCI for 1 h. After extraction, phloretin was converted to the
corresponding TMS-derivative and analyzed (1 nmol injected) by EI-GC-MS. (A) Single ion traces of native phloretin (upper
panel), monochlorinated phloretin (middle panel) and dichlorinated phloretin (lower panel). (B) EI mass spectra of compounds
eluting at 10.68 min (native phloretin, upper panel), 10.92 min (monochlorinated phloretin, middle panel) and at 11.03 min
(dichchlorinated phloretin, lower panel). (C) Proposed fragmentation pattern and mass assignment of native, mono- and

dichlorinated phloretin (stars indicate the presence of chorine residues at carbons 2 or 4).
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VII. DISCUSSION

1. General Aspects and Rationale of this Project

It is estimated that neurological disorders including neuropsychiatric disorders and disorders/injuries
with neurological sequelae will contribute to 13% of European and 6% of global burden of disease until
2015. Thus, humans suffering from neurological disorders spend more years worldwide living with a
disability (total disability-adjusted life years, DALYs) compared to other diseases like HIV, malignant
neoplasms, ischemic heart disease, or even respiratory diseases. About 4% of total DALYs are
attributable to the most frequently occurring neurodegenerative diseases (AD, PD and MS) in the
European population (Aarli et al. 2006). The most prevalent of these disorders, AD and other
dementias, affected an estimated 35.6 million people world-wide in 2010 and the number of patiens will
double every 20 years (Ballard et al. 2011, Ferri et al. 2005, Prince and Jackson 2009). AD is getting
characteristics of an epidemic that increases its pace with increasing life-expectancy of the population
(Figure 65). In 2005, the costs for demented patients were in the range of €130 billions in the European
Union. Since the increase in AD evidently affects also low and middle income countries we are facing a
global socio-economic dilemma. Therefore, effective research strategies optimizing pharmacological

and psychological treatments are urgently needed (Forman et al. 2004, WHO 2002).

Although the pharmaceutical industry is aggressively marketing currently approved drugs for the
treatment of neurodegenerative disorders, these medications are mostly limited to a transient
symptomatic benefit, without slowing or stopping disease progression. A major problem in developing
new and efficient therapeutics relates to our incomplete understanding of disease etiology and
pathogenesis as well as an inadequate understanding of the complexity of neurodegenerative disorders.
Given this complexity, a major obstacle in the investigation of new therapeutic targets is most likely the
finding of potential effectors in pathogenic pathways as well as the discovery of corresponding

inhibitors by target-driven screening approaches (Lang 2010, Lansbury 2004).

While acute neurodegeneration can largely be allocated to distinct events like hypoxia, trauma,
infection, or intoxication, the early onset of chronic neurodegenerative diseases is less clear but might
include specific combinations of genetic predispositions (e.g. mutations in genes amyloid-precursor

protein, APP; apolipoprotein E, APOE, a-synuclein, SNCA; or superoxide dismutase, SOD), enviro-
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Figure 65: Prevalence of Alzheimer's Disease as a
function of Age in Men and Women (Nussbaum
and Ellis 2003).

mental stressors (e.g. metals/metalloids, air pollution, or pesticides) and age-related factors (e.g.
impaired clearance of AP via cerebrovascular ATP-binding cassette transporter C1, ABCC1) (Bertram
and Tanzi 2005, Douglas and Dillin 2010, Krohn et al. 2011, Migliore and Coppede 2009).

Despite the heterogeneity of early events in the preclinical period there is an increasing body of
evidence showing that activation of innate inflammatory processes as well as inflammation-derived
downstream effectors, BBB dysfunction and oxidative/chlorinative/nitrosative stress constantly emerge
as central players in advanced neurodegeneration (Herrmann and Obeid 2011). Since
neuroinflammation is an accepted inducer for disease amplification and aggravation of the clinical
phenotype in patients, BBB dysfunction and oxidative/chlorinative/nitrosative stress represent universal
targets to provide more effective treatments to slow down or stop the progression of inflammation-

related CNS disorders (Grammas et al. 2011, Iadecola 2010, Mosley et al. 2006, Qian et al. 2010).

Mounting evidence points towards the possibility that aberrant MPO expression and RCS formation
might represent pivotal effectors initiating/amplifying the vicious circle of neurodegeneration.
Accordingly, MPO activation must be considered as an important pharmaceutical target to ameliorate

the pathogenesis of neurodegeneration (Maki et al. 2009, Malle et al. 2007, Yap et al. 2007).
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Another obvious challenge in clinical neuroscience is the specific identification of markers that
accurately track the progression of the underlying disease and that serve as surrogate endpoints
replacing traditional clinical endpoints (Lansbury 2004, Stanzione and Tropepi 2011). Although
changes in the lipid profile of nervous tissues were reported for several neuropathological conditions
including ischemia (Viani et al. 1995), AD (Ginsberg et al. 1995, Han X. et al. 2001), Down syndrome
(Murphy E. J. et al. 2000), and GD (Moraitou et al. 2008) the triggers for these disorders remain still
unclear. Moreover, there is accumulating evidence that lipid levels, particularly those of plasmalogens
and cholesterol, correlate with the decline in cognitive function of patients suffering from dementia.
Although statins (HMG-CoA reductase inhibitors) provided originally promising results and were
thought to reduce the risk of developing AD, prospective studies and clinical trials resulted in
inconsistent data (Di Paolo and Kim 2011, Presecki et al. 2011). However, the potential of plasmalogen
metabolism as novel therapeutical targets as well as disease progression- and therapy response markers
is currently under investigation (Farooqui et al. 2006, Wood et al. 2010). This lack of data might reflect
an inadequate understanding of the complex network of glycerophospholipids and glycerophospholipid-

derived lipid mediators involved in neurodegenerative processes (Frisardi et al. 2011).

Generally, for providing new effective therapeutical developments it seems to be crucial to get a more
profound understanding of the complex mechanistic nature of neurodegenerative diseases. Along this
line, this thesis project was driven by the hypothesis that activation of the innate immune system (an
event clearly linked to neurodegeneration (Bajramovic 2011)) could give rise to altered brain
plasmalogen turnover, thereby providing new biomarkers and potential effectors in the vicious cycle of

neurodegeneration.

2. Plasmalogen Loss: A Profound Biomarker for Neuroinflammation?

Quantitative analysis of the phospholipidome using very high resolution mass spectrometry revealed
high quantities of ether-phospholipids in brain tissue. Plasmalogens were shown to contribute between
50 and 80% of total PE in gray and white matter, respectively (Han X. et al. 2001). This is consistent
with findings of the present study where PE and pPE were present in almost equimolar amounts while
the pPC content in mouse brain was minute and below 0.5 mol%. With regard to subspecies
composition pPE are mostly unsaturated with saturated species contributing =~ 2%. This observation is
in agreement with previous findings (Han X. et al. 2001, Taguchi and Ishikawa , Yang K. et al. 2007a)

and is most likely a reflection of pPE function: species with a low degree of unsaturation are present in
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white matter myelin providing support for axonal membrane integrity (Han X. L. and Gross 1990). The
highly unsaturated species are mainly found in synaptic vesicles (over 60 mol%) of gray matter where
they may promote membrane fusion. Due to axonal dysfunction as well as altered synaptic structure
and function plasmalogen deficiency might impact on signal transmission and may link

neurodegeneration to dysfunction of the cholinergic system (Furey 2011, Leskovjan et al. 2010).

Specific alterations in plasmalogen levels have been detected in the earliest stage of clinically
recognizable AD but appear to be generally related to neurodegeneration (Glaser and Gross 1995, Han
X. 2005). However, plasmalogen homeostasis during systemically induced neuroinflammation remains
still elusive. To investigate this aspect an in vivo mouse model for neuroinflammation using a single
systemic LPS injection was used. This treatment regimen causes progressive loss of neurons in the
substantia nigra in male mice (Liu et al. 2008). Under normal conditions peripheral LPS passage across
the BBB is low (Banks and Robinson 2010). However, LPS treatment induces TNFa-receptor-
dependent signal transduction to the brain where TNFa synthesis is further amplified (Qin L. et al.
2007). This event creates a milieu of persistent and self-propelling neuroinflammation, a scenario where
bioactive lipids (e.g. lysoPLs or PGs formed via COX2) take a central regulatory role (Farooqui et al.
2007).

By the means of our mouse model we could unambiguously demonstrate that the inflammatory
response to LPS induced a progressive loss of about 20% of cerebral plasmalogens within the analyzed
time period. Compared to human data generated by Han and coworkers, showing an association
between plasmalogen deficiency and the severity of AD (-10 mol% at very mild dementia and -30
mol% at severe dementia), our data lead to the hypothesis of a transient impact on CNS function after
LPS treatment (Han X. et al. 2001). This hypothesis is in line with recently published data by Painsipp
and coworkers providing evidence of prolonged depression-like behavior in mice caused by a systemic
LPS challenge. This aspect is further supported by the findings that dementia, aging and mood disorders

are associated with dysfunction of the cholinergic system (Furey 2011, Painsipp et al. 2011).

In general, our data support the assumption that plasmalogen loss could represent a biomarker that
accurately tracks neuroinflammation. Furthermore, due to their short half-life and indications of level
retrieval after disease treatment, plasmalogens (0.5 h for PC and 3 h for PE) might also act as a

response marker of desired therapeutic effect (Moraitou et al. 2008, Wallner and Schmitz 2011).
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3. The Role of Chlorinative Stress in Plasmalogen Deficiency

Higher tissue plasmalogen levels in long-lived compared to short-lived rodents have been suggested to
confer a lower susceptibility to oxidative stress and to contribute to an extended lifespan (Mitchell T.
W. et al. 2007). Indeed, the presence of the vinyl-ether linkage and the high degree of unsaturation
make plasmalogens extremely susceptible to oxidative damage. Therefore, oxidative stress as observed
in aging and virtually all diseases with an inflammatory component might be a key event in eliciting
plasmalogen deficits, however, the extent of oxidative degradation have remained controversial

(Barnham et al. 2004, Lessig and Fuchs 2009, Wallner and Schmitz 2011).

Under physiological conditions MPO-generated oxidants play an important role in killing invading
pathogens, thereby contributing to host defense (Klebanoff 2005). However, chronic activation of MPO
results in elevated levels of RCS, thus favoring chloramine and a-CIFALD formation, modifications
potentially leading to tissue and/or organ injury in the periphery (Grone et al. 2002, Hazell et al. 1996,
Thukkani et al. 2005, Thukkani et al. 2003a). Nevertheless, the impact of chlorinative stress on the

cerebral plasmalogen pool remained to be elucidated.

A first set of in vitro experiments aimed at characterizing HOCI-modification of plasmalogens in the
complex matrix of brain lipids. The rate constants for HOCIl-dependent plasmalogen modification are
approx. 10-fold higher as compared to their non-vinyl ether containing counterparts (Skaff et al. 2008).
In line, our in vitro data revealed higher sensitivity of brain plasmalogens towards HOCI when
compared to diacyl glycerophospholipids. This is most likely a reflection of the cis vinyl-ether bond as
a preferred HOCI-target and is further in line with previous observations that vinyl-ether cleavage by
HOCI is kinetically favored compared to chlorohydrin formation (Lankalapalli et al. 2009, Messner et
al. 2006). Moreover, the polar headgroup of pPE is also subject to HOCI or HOBr attack leading to the
formation of halamines, which are able to induce oxidation of a plasmalogen model compound albeit
chloramines have a much slower oxidation kinetics than the corresponding bromamines (Skaff et al.
2008). In addition protein-derived chloramines are able to initiate secondary plasmalogen modification:
The most potent are histidine chloramine analogues (with reaction kinetics only 5-30-fold slower than
HOCI) while N-acetyl-lysine and taurine chloramines are less effective (approx. 10°-fold slower than

HOCI (Pattison and Davies 2005, Skaff et al. 2008)).

During the present study the decrease of plasmalogen species was accompanied by accumulation of

lysoPLs and the corresponding 2-chloroaldehydes derived from the sn-1 vinyl-ether group in the

-162 -



glycerol backbone of pPL. The observed transient accumulation of lysoPLs in response to HOCI-
treatment is most likely a result of secondary modification reactions occurring at the remnant
lysophospholipid, where chloramine formation at the ethanolamine head group (Richter et al. 2008),
chlorohydrin formation in the alkene side chains (Spickett 2007), or sn-2 acyl abstraction (Lessig et al.

2007, Panasenko et al. 2003) may be involved.

A second part of this study aimed to corroborate in vitro data by the in vivo mouse model of
neuroinflammation using a single systemic LPS injection. We have observed a biphasic increase of
MPO on mRNA level and a transient increase of MPO on protein level. This might be a result of a
superimposition of transcriptional regulation and import of mature MPO into the brain, which is
comparable to findings reported for a murine stroke model: There, MPO-positive neutrophils were
detected at days 1 and 3 while MPO-positive macrophages/microglia were detected at later stages up to
three weeks post stroke induction (Breckwoldt et al. 2008). This raises the question about the origin of
cerebral MPO: Multiple resident cell types as astrocytes (Choi D. K. et al. 2005), microglia (Reynolds
et al. 1999), and neurons (Green et al. 2004) were reported to contain and/or express MPO.
Alternatively, MPO could be imported by invading neutrophils or monocytes (Breckwoldt et al. 2008,
Ji et al. 2007). Independent of the source of cerebral MPO it was shown that MPO™ mice are more
resistant to MPTP-induced neurotoxicity than their wild-type littermates, a fact reflected by decreased
loss of neurons in the substantia nigra of MPO™" animals (Choi D. K. et al. 2005). On the other hand,
astrocyte-specific overexpression of human MPO in a mouse model for AD resulted in cognitive
decline, and in the accumulation of the lipid peroxidation product 4-HNE along with the formation of

phospholipid- and plasmalogen-derived hydro(pero)xides (Maki et al. 2009).

Since we have detected substantial amounts of 2-CIHDA (2 ng/g wet brain containing approx. 80%
water resulting in a concentration of approx. 10 uM) only in endotoxin-injected mice we could
substantiate the theory of chlorinative stress during acute neuroinflammation. These 2-CIHDA
concentrations are in a comparable range reported for a rat model of myocardial infarction (approx. 1
UM (Thukkani et al. 2005)) and for human atherosclerotic lesion material (approx. 10 uM (Thukkani et
al. 2003a)). Other a-CIFALDs (2-CIODA and 2-CIODEA) were not investigated but their formation is
likely since loss of plasmalogen species containing C18- or C18:1 alkenyl residues were also observed
after LPS treatment. Taken together, these findings provide substantial evidence that MPO-dependent

plasmalogen modification is a neuroinflammatory event.
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Our in vitro and in vivo data permit a rough estimation of MPO-mediated events contributing to overall
plasmalogen loss: The cerebral concentration of 1-O-hexadecenyl plasmalogens is about 4 pmol/g
tissue. The plasmalogen loss 96 h post LPS exposure was approx. 20% corresponding to an overall loss
of approx. 800 nmol/g tissue of 1-O-hexadecenyl-containing plasmalogen species. Maximal
concentration of 2-CIHDA was 2 pg/g brain equivalent to 7.3 nmol 2-CIHDA/g tissue. Thus, MPO-
dependent 2-CIHDA formation accounts for roughly 1% of total cerebral plasmalogen loss in vivo.
However, this might be an underestimation: in vitro incubation of 2-CIHDA in the presence of a mixed
primary brain cell suspension revealed a t/2 of approx. 40 min for 2-CIHDA. This could result from
further metabolism of 2-CIHDA by fatty aldehyde dehydrogenase (FALDH) (Anbukumar et al. 2010).
FALDH (classified as ALDH3A2; SwissProt P51648) is expressed in brain and when mutated or absent
causes severe neurological symptoms (Rizzo and Carney 2005). Alternatively, oxidation of 2-CIHDA
to 2-CIHA and subsequent incorporation into the polar lipid fraction could re-direct 2-CIHDA via 2-
CIHA into an inert and stable storage pool (Wildsmith et al. 2006a). Finally, Schiff base formation
between a-CIFALDs and ethanolamine-containing glycerophospholipids and/or the a-amino group of
protein lysine residues (Stadelmann-Ingrand et al. 2004, Wildsmith et al. 2006b) could account for the

observed time-dependent decrease in cerebral 2-CIHDA concentrations.

Our data further indicate that MPO-dependent modification reactions contribute to but might not
represent the only cause for brain plasmalogen deficiency under neuroinflammatory conditions. This is
supported by the fact that glycerol-3-phosphate-O-acyltransferase, a key enzyme in plasmalogen
biosynthesis is significantly downregulated by TNFa (which was significantly upregulated during the
present study) under in vitro and in vivo conditions (Cimini et al. 2003, Singh 1. et al. 2004). Activation
of a plasmalogen-specific phospholipase could be another factor contributing to plasmalogen loss under
inflammatory conditions. We could observe an initial (48 h) loss of plasmalogen species containing 4 to
6 double bonds followed by the loss monounsaturated species (96 h). This finding supports the concept
of profound phospholipase A, activation in brain during LPS-induced neuroinflammation.
Plasmalogens, containing arachidonic acid (C20:4) or docosahexaenoic acid (C22:6) in the sn-2
position, are among the first targets for second-messenger generation during the initial phase of the
signal-transduction process. This may be followed by the activation of other phospholipases (e.g.
iPLA,) which have higher specificity for monosaturated fatty acids in the sn-2 position (Farooqui and

Horrocks 2001b, Horrocks et al. 2006)
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4. LPS-induced Neuroinflammation: The BBB under Chlorinative Attack?

Above-mentioned evidence implicates that MPO-mediated chlorinative stress contributes to CNS
dysfunction in adult mice after a single exposure to LPS. However, the sources of cerebral MPO
remained unclear. Zhou and colleagues reported that systemic administration of a low dose (0.5 mg/kg
body weight) of LPS causes neutrophil-endothelial interactions in the cerebral microvasculature
between 4 to 24 h post treatment but no neutrophil infiltration into the CNS parenchyma. The authors
suggested that this observation was most probably caused by too little chemoattractant production due
to limited activation of brain resident microglia. In contrast, higher doses (2 or 10 mg/kg i.p.) resulted
in BBB breakdown, induced chemokine production thereby presumably guiding neutrophil emigration
across post-capillary venules (Zhou et al. 2009). This is in agreement with our data from wild-type
mice. We could identify profound recruitment of MPO-positive neutrophils to the cerebrovasculature
but only a sporadic tendency of brain parenchyma infiltration after 6 h post induction of high dose
endotoxemia (8 mg/kg i.p.). The observed absence of monocyte recruitment is a characteristic feature of
the present in vivo model, and sets it apart from other murine models using intracerebral LPS injection

or TBI (Bohatschek et al. 2001, Montero-Menei et al. 1996, Zhang Z. et al. 2006).

Recruitment of blood-derived MPO-positive granulocytes induced by peripheral endotoxin (1 mg i.p.)
was shown to be ICAM-1 expression-dependent and to be accompanied by sustained leakage of human
serum albumin suggesting a direct relationship between leukocyte recruitment and BBB disruption
(Bohatschek et al. 2001). In fact, transient middle cerebral artery occlusion (MCAO) in P-selectin™
mice resulted in the same infarct volume compared to wild-type mice but PMNL recruitment and BBB

injury were significantly ameliorated (Jin et al. 2010).

Activated PMNLSs are a major source of ROS during inflammation, thus playing an important role in
BBB disruption (Pun et al. 2009). Using an in vitro BBB model we could demonstrate that activation of
TNFa-primed neutrophils with fMLP in the presence of BMVEC results in a severe loss of barrier
function. Thus, it is reasonable to assume that LPS-activated neutrophils adherent to the cerebral
vessels might cause local damage to the BBB. However, activation of ROS production via fMLP
activation had several limitations as we were unable to ameliorate ROS formation by the potent HOCI-
scavengers taurine and methionine (Jerlich et al. 2000) (our preliminary data). This finding is

reminiscent to other studies showing that ROS formation via activation of NOX2 (in our experimental
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setup fMLP) is essential but insufficient to induce NET formation and HOCI release (Remijsen et al.

2011).

Generally, PMNLs were regarded to exert vascular injury only after adherence to the endothelial
barrier. This concept has been put aside since increased intraluminal degranulation of leukocytes was
observed resulting in a release of MPO that is accessible to the endothelium (Lau and Baldus 2006,
Malle et al. 2000). Our in vivo studies support the latter assumption as substantial accumulation of
externalized MPO at the cerebrovasculature in response to LPS treatment was found. This event has
important implications: On the one hand, it is becoming increasingly evident that MPO externalization
via NETosis is a critical event mediating PMNL recruitment via electrostatic interactions between the
positive charge of MPO and the negatively charged glycocalix of PMNLs as well as due to stimulation
of CD11b/CD18 integrins (Klinke et al. 2011, Lau et al. 2005). Interestingly, our observation of
neutrophil adherence and MPO-deposition at the luminal side of cerebrovasculature might support this

concept.

On the other hand, most importantly, MPO deposition at the vascular wall appears to be a prerequisite
for the formation of highly reactive species at the BBB. This is based on the following considerations:
First, systemic LPS is a powerful inducer of non-phagocytic NAD(P)H oxidase system and xanthine
oxidase in the vasculature capable of generating high levels of O, in the proximity of deposited MPO.
Second, this O, is rapidly dismutated to H,O,, the rate-limitating substrate for MPO-catalyzed HOCI
formation (Brandes et al. 1999, Javesghani et al. 2003, Qin Z. et al. 2008). Third, since LPS was
reported as a potent inducer of the iNOS system in BMVEC (Singh A. K. et al. 2007) it is likely that
the tremendous (60-fold) induction of iNOS expression after 6 h in our in vivo mouse model is

associated with overshooting NO generation at the BBB.

Our studies could unambiguously demonstrate - by detection of 3-nitrotyrosine (NO,Tyr) epitopes
along cerebral vessels - that LPS treatment is accompanied by extensive nitrosative stress. Since RNS
were shown to be able to induce oxidation and nitration of lipids one may speculate about a crucial role
of nitrosative stress in plasmalogen loss during neuroinflammation (Rubbo et al. 2009). Generally, Tyr-
nitration has been attributed to formation of ONO, , as the generation of NO and O, are characteristic
features at sites of inflammation (Pacher et al. 2007). However, this view has changed given to the in
vivo observation that MPO-dependent protein nitration, basically via the one-electron oxidation of NO,
and subsequent formation of NO,", accounted for the majority of nitrotyrosine formed (Brennan et al.

2002). Due to the approx. 1000-fold higher CI" (~140 mM) concentrations as compared to NO, (~100-
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200 pM) it is reasonable to assume that HOCI formation is favored over NO,  formation (Lau and
Baldus 2006). This is further supported by the finding that NO, is a poor substrate for MPO (van Dalen
et al. 2000)

Further in vitro experiments aimed to simulate the impact of externalized MPO on BBB integrity under
conditions comparable to the cerebrovasculature caused by LPS exposure. These experiments revealed
that barrier disrupting properties of H,O, (originally formed by activated neutrophils or by BMVEC
itself) are significantly enhanced by the presence of MPO. Attenuation of barrier breakdown by
methionine confirmed our hypothesis that MPO deposition induces BMVEC dysfunction via generation
of more potent reactive species, most likely HOCI. HOCI, supplied either directly or produced by the
MPO-H,0,-CI system, is known to be much more effective than H,O, in altering cell shape, electrical
resistance, and protein permeability of endothelial cells (Ochoa et al. 1997). Indeed, additional in vitro
experiments with exogenously added reagent HOCI identified the MPO-H,0,-Cl" system as a potential

key mediator of BBB dysfunction under inflammatory conditions.

On the whole, our data indicate that the BBB represents a major target for RCS-mediated attack during
endotoxemia. Nevertheless, it is important to note that MPO was also detected basolateral to the
endothelium, a finding in line with others (Baldus et al. 2001) that suggests MPO export to brain
parenchyma. Although not fully understood at the moment, it is possible that positively charged MPO is
co-transported with negatively charged serum albumin across the endothelium by means of caveolae-
dependent transcytosis (Tiruppathi et al. 2004). However, this assumption has two important
implications to our study. On the one hand it raises the question about transcytosis of the MPO-albumin
complex across the BBB since cationized albumin but not native albumin undergoes absorptive-
mediated endocytosis (Thole et al. 2002). On the other hand, the concept of MPO transcytosis suggests
that activation of peripheral neutrophils and concomitant MPO import across the BBB could contribute

to chlorinative stress also in deeper regions of brain parenchyma.
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5. The Role a-Chloro Fatty Aldehydes in RCS-mediated BBB Dysfunction

Ether-phospholipids, particularly plasmalogens, represent a major phospholipid class in endothelial
cells contributing to about 35 to 50 mol% of PE and 3 to 9 mol% of PC. Furthermore, these contents
seem to be relatively conserved in endothelial cells derived from several arteries and veins as well as
from brain capillaries (Murphy E. J. et al. 1992, Selivonchick and Roots 1977, Takamura et al. 1990).
Significantly reduced plasmalogen contents of endothelial cells were found during several adverse
conditions (Collado et al. 2003, Meyer and McHowat 2007). Interestingly, as indicated by a loss of
unsaturated FAs of ethanolamine plasmalogens, the cerebrovasculature is significantly more affected by
the aging process as compared to brain parenchyma (Williams W. M. and Rapoport 1993). However,
plasmalogen damage in the aging brain was suggested to be causally linked to lipid peroxidation and

oxidative stress due to a dramatic increase of alpha-hydroxy aldehydes (Weisser et al. 1997).

Above-mentioned evidence implicates that neutrophil- or glia-derived MPO might be capable to
oxidatively target the endogenous plasmalogen pool of the cerebrovasculature, thereby generating
chlorinated lipids including 2-CIHDA. In accordance to experiments with HCAEC performed by Ford
and coworkers, we could detect high plasmalogen concentrations in BMVEC. Moreover, this pool was
quantitatively consumed by HOCl and maximal modification rates (between 25-50% of total
plasmalogens) were observed even at concentrations, which were already shown to occur under
pathophysiological conditions (Messner et al. 2006, Yap et al. 2007). This is of biological significance
based on two considerations: pPE are enriched in lipid raft domains, which are structural determinants
for junctional positioning at the BBB (Dodelet-Devillers et al. 2009b, Pike et al. 2002). Thus,
plasmalogen modification by HOCI is likely to interfere with BBB function. On the other hand, HOCI
modification of cerebrovascular plasmalogens results in the formation of considerable amounts of a-

CIFALDs (~6 pg or ~200 nmol/10° cells).

Considering proinflammatory properties o-CIFALDs (Ford 2010), they represent intriguing candidate
molecules that could contribute to BBB dysfunction (de Boer and Gaillard 2006). Therefore, further
experiments were designed to corroborate this hypothesis by means of accepted in vitro and in vivo
BBB models. Our studies revealed that low micromolar concentrations (in vitro: 5 uM; in vivo: 25 uM)
of exogenous 2-CIHDA were sufficient to cause significant breakdown of barrier function. This
discovery is of biological importance since these concentrations are present in vivo. This is further

substantiated by the fact that 50-100 pM HOCI is sufficient to generate 2-CIHDA in concentrations (5
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uM or 20 nmol/10° cells in ECIS wells) that induce barrier dysfunction. In addition, in vitro
experiments with reagent NaOCl demonstrated that 2-CIHDA is 20 to 50- fold more effective than the

strong oxidant itself indicating an extremely high potential of a-CIFALDs to mediate BBB dysfunction.

6. What Are The Key Properties determining the Deleterious Effects of a-CIFALDs
towards BMVEC function?

Above-mentioned evidence implicates a-CIFALDs as potential contributors to BBB dysfunction during
neurodegeneration. Due to this important finding subsequent studies were designed to characterize the
impact of exogenously added 2-CIHDA on key BMVEC properties including junctional architecture,

cell viability, mitochondrial function, and induction of apoptosis.

6.1. 2-CIHDA: Precursor of a Variety of Chlorinated Effectors

During the first set of experiments we could demonstrate a clear divergence between the stability of 2-
CIHDA in the cell-free system of blood plasma (1/2: 32 h) and in the presence of endothelial cells
(BMVEC, 1/2:120 min; mouse circulation, 1/2: 40 s). This was most probably the result of metabolism
supporting data of Ford and coworkers showing the presence of 2-CIHA but not of 2-CIHDA in plasma

of sendai virus-infected mice (Anbukumar et al. 2010).

In subsequent in vitro experiments we have compared the loss of 2-CIHDA from the medium and
synthesis of chlorinated metabolites by BMVEC. These experiments revealed that approx. 7% of
exogenously added 2-CIHDA was recovered in association with cells and further 14% and 4% were
recovered as 2-CIHOH and 2-CIHA, respectively, resulting in a recovery rate of = 25%. In addition,
approx. 30% of total, cell-associated 2-CIHA was recovered in association with the polar BMVEC lipid
pool. Intracellular reduction or oxidation of 2-CIHDA is a rather rapid process reaching maximum
conversion at approx. 100 min. These data is reminiscent of what was described for HCAEC by
Wildsmith and colleagues (Wildsmith et al. 2006a), a pathway dependent on fatty aldehyde
dehydrogenase (ALDH3A2) activity (Anbukumar et al. 2010). ALDH3A2 deficiency results in
Sjogren-Larsson syndrome characterized by ichthyosis, spastic paraplegia and mental retardation,
respectively. The pathogenesis of the symptoms is thought to result from abnormal lipid accumulation
in the membranes of skin and brain, formation of Schiff base adducts with amine-containing lipids or

proteins, or defective eicosanoid turnover (Rizzo 2007). Although we have not analyzed 2-CIHDA

-169 -



incorporation in the neutral lipid fraction of BMVEC our data suggest a substantial loss of 2-CIHDA.
This is not surprising since 2-CIHDA was shown to undergo Schiff base adduct formation with
ethanolamine-containing glycerophospholipids and/or the g-amino group of protein lysine residues
(Stadelmann-Ingrand et al. 2004, Wildsmith et al. 2006b). PE and pPE contribute to approx. 60% of the
total phospholipid fraction in the brain. pPE are enriched in lipid raft domains (Pike et al. 2002), which
are major structural determinants for junctional positioning at the BBB (Dodelet-Devillers et al. 2009a).
Thus, pPE and/or PE headgroup modification by 2-CIHDA is likely to interfere with BBB function. A
second possibility that contributes to 2-CIHDA loss, that was not addressed during our study, is ®-
oxidation of 2-CIHA and subsequent f-oxidation starting at the w-carboxylic acid function (Brahmbhatt
et al. 2010a). Under in vivo conditions this reaction gives rise to 2-chloroadipic acid that is subject to
urinary excretion (Brahmbhatt et al. 2010a). Of note, the m-oxidation pathway is also active in the brain
(Alexander et al. 1998) although it is not clear whether brain-derived metabolites accumulate in blood
or cerebrospinal fluid. In addition, BMVEC are able to convert 20-hydroxyeicosatetraenoic acid (20-
hydroxy-HETE) to 20-carboxy-HETE and chain shortened dicarboxylic acid metabolites indicating that

w-oxidation is also active in the cerebrovasculature (Collins et al. 2005).

6.2. The Role of Signaling in Barrier Dysfunction

Our data indicate that exogenously added 2-CIHDA induces the activation of ERK1/2, p38 and JNK1/2
signaling; all of them have been shown to be causally involved in stress-induced BBB dysfunction or

BMVEC barrier dysfunction:

ERK1/2-phosphorylation is associated with increased expression of MMP-9 and proteolytic cleavage of
TJ during focal cerebral ischemia (Maddahi et al. 2009, Yang Y. et al. 2007b). Fischer and colleagues
reported that H,O,-induced hyperpermeability of BMVEC was prevented by blocking ERK1/2
activation using MAPKK-specific inhibitor PD98059 (Fischer et al. 2005). Our own data revealed that
PD98059-induced ERK1/2-inhibition could provide only transient protection of barrier integrity in the
presence of 2-CIHDA. Moreover, immediate response of this enzyme to lipid aldehydes (2-CIHDA: 1
min, 4-HNE: 10 min) most likely identifies ERK1/2 activation as an early effector of carbonyl stress-

induced barrier dysfunction in endothelial cells (Usatyuk and Natarajan 2004).

Recently, it was demonstrated that increased transendothelial albumin flux of HUVEC is initiated by

activation of p38 due to cell contraction as a result of F-actin stress fibers formation (Chu et al. 2010).
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This data support the hypothesis that F-actin reorganization is likely involved the formation of
intercellular gaps, which probably represents a key feature of 2-CIHDA induced barrier dysfunction.
Moreover, N-acyl-dopamines induce COX2 expression in brain endothelial cells - an event closely
related to permeability increase (Candelario-Jalil et al. 2007) - by stabilizing mRNA through a p38-
dependent pathway. This observation likely links barrier dysfunction and p38 activation to already
published data of Ford and coworkers, showing COX2 expression and PGI, formation in HCAEC in
response to 2-CIHDA and 2-CIHA (Messner et al. 2008a, Navarrete et al. 2010). Moreover, strong
induction of p38 during the second phase (after 1 h) of biphasic activation might indicate a dominant
role of this signaling event during the executioner phase of apoptosis, as previously demonstrated by

cadmium-induced cytotoxicity of BMVEC (Jung et al. 2008).

The complex roles of INK1/2 for acute brain injury have been investigated in models of subarachnoid
hemorrhage and transient focal cerebral ischemia: Inhibition of JNK1/2 resulted in protection against
mitochondrial apoptosis by Bax and Bim translocation and diminishing caspase-3/9 activation.
Moreover, this inhibition reduced MMP-9 levels and consecutively prevented collagen IV loss in
cerebral vessels, and it prevented BBB disruption and a concomitant decrease of edema formation (Gao
Y. et al. 2005, Yatsushige et al. 2007). Therefore, activation of the cell death mediator JNK1/2 may be
a critical signaling event during the late phase (after 1 h) of 2-CIHDA induced BMVEC barrier

dysfunction.

Fischer and colleagues demonstrated that H,O,-induced permeability changes of BMVEC correlate
with alterations of TJ (occludin, ZO-1, and ZO-2) localization. Interestingly, the treatments of BMVEC
with H,O, or 2-CIHDA caused similar cell-morphological alterations: A change from continuous
distribution of junction proteins to ‘frizzy-like’ structures on the one hand, and the transformation from
spindle to a generally more rounded cell shape on the other hand were identified (Fischer et al. 2005).
Frizzy-like junctional architecture could be induced by stress-related TJ assembly, an observation that
is in line with our findings of ZO-1 accumulation in the nuclear compartment. Recently, it has been
shown in GP8 brain endothelial cells that expression of a ZO-2-variant targeted to the cell nucleus is
accompanied by altered gene expression, junctional stability and decreased TEERs (Traweger et al.
2008). However, it was suggested that different types of stress like heat shock, oxidative stress,
chemical insults, or impaired cell-cell contacts (wounding) alter ZO protein expression and their
subcellular localization. While the nuclear targeting of ZO-1 has been well described, its nuclear

functions are less clear (Bauer et al. 2010, Gonzalez-Mariscal et al. 2011). Nevertheless, there are some
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studies showing that ZO-1 directly participates in the control of gene expression by interaction with the
Y-box transcription factor ZONAB (ZO-1 associated nucleic acid binding protein). To date, convincing
experimental evidence suggests that ZO-1/ZONAB is capable of regulating G/S-phase transition by
two mechanisms: Transcriptional regulation of cell cycle- and DNA replication-factors, and modulation
of the nuclear accumulation of cyclin-dependent kinase-4 (CDK4) (Balda et al. 2003, Sourisseau et al.

2006)

Highly reactive 4-hydroxy/oxo/hydroperoxy-alkenals (e.g. 4-HNE, 4-HDDE, 4-OHE, or 4-HPNE) are
able to covalently modify cellular components either by Schiff base formation or by Michael-addition
(Shimozu et al. 2011, Usatyuk and Natarajan 2011). As other lipid aldehydes, 2-CIHDA is able to form
covalent adducts with primary amines of ethanolamine glycerophospholipids and proteins by Schiff
base formation (Stadelmann-Ingrand et al. 2004, Wildsmith et al. 2006b). Generally, adduct formation
evokes a wide range of pathophysiological responses including cytotoxicity as well as activation of
stress signaling pathways and gene expression (Riahi et al. 2010, Usatyuk and Natarajan 2011).
However, what sets 2-CIHDA apart from other aldehydes is the presence of a polarizable chlorine
residue. The presence of halogen residues in the alkyl chain of FAs was shown to induce significant
changes in the physico-chemical properties of these compounds, resulting in altered membrane
behavior (Dembitsky and Srebnik 2002). Moreover, there is increasing evidence that halogen residues
are able to form non-covalent charge transfer complexes to oxygen, nitrogen, sulfur residues with
binding constants well in the range of hydrogen bondings. These properties are gaining increasing
attention in drug development as the presence of halogen residues and concomitant halogen bonding
can increase target selectivity and affinity. This might be of particular importance for the development
of specific kinase inhibitors (Auffinger et al. 2004, Hernandes et al. 2010, Voth and Ho 2007). Whether
halogen bonding to vitally important BMVEC proteins (e.g. of TJ or AJ) contributes to the deleterious
effects of 2-CIHDA remains to be elucidated.

Several studies demonstrated that halogenated lipids are potent signaling mediators: 2-CIHDA activates
COX2 (Messner et al. 2008a) and is a natural inhibitor of eNOS biosynthesis (Marsche et al. 2004).
eNOS undergoes palmitoylation by Asp-His-His-Cys motif (DHHC) palmitoyl acyl transferases (PAT)
and subsequent targeting to the plasma membrane. Interestingly, the structural analogue of 2-CIHDA
and potent inhibitor of protein acylation (Resh 2006), 2-bromopalmitate (2-BrHA) induces missorting
of eNOS and impaired NO biosynthesis in further consequence. Whether 2-CIHA (generated from 2-
CIHDA) could be responsible for mislocalization of eNOS and impaired NO biosynthesis, in a similar
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manner as reported for 2-BrHA, is currently unclear (Fernandez-Hernando et al. 2006). Furthermore, 2-
iodohexadecanal (2-IHDA), another structural homolog of 2-CIHDA and major iodolipid in thyroid
gland (Pereira et al. 1990), inhibits the biosynthesis of cAMP via adenylyl cyclase (Panneels et al.
1994). Although speculative at the moment 2-CIHDA mediated barrier dysfunction might be a triggered
by adenylyl cyclase inhibition since cAMP levels are unequivocally involved in barrier regulation of

BMVEC (Deli et al. 2005).

6.3. The Lipotoxic Potential of Chlorinated Lipids

With regard to cell viability 2-CIHDA displayed higher cytotoxicity towards BMVEC as compared to
structurally related Cl6-analogues and reagent HOCI. The cytotoxic properties of Cl6-analogues
decreased in the order of 2-CIHDA > HDA > palmitic acid > 2-CIHDA-dma. These observations are in
line with previously published data showing a higher biological potency of 2-CIHDA and 2-IHDA
compared to their non o-halogenated analogues (Messner et al. 2008a, Thomasz et al. 2010).
Nevertheless, the reason for these observations is not yet clear but it might be related to either
membrane permeability (the logP value decreases from 2-CIHDA (7.6) > HDA (7.1) > palmitic acid

(6.4)) or activation of different signaling pathways (see chapter 6.2.).

However, the induction of the apoptotic machinery by 2-CIHDA, as demonstrated by caspase-3
processing, might be a critical event in the scenario of BMVEC death (Broughton et al. 2009).
Recently, a strong correlation between the decrease in thyroid weight and the number of glandular
epithelial cells in response to 2-IHDA was related to the induction of caspase-3 dependent apoptotic
cell death (Thomasz et al. 2010). This is supported by evidence from marine biology demonstrating that
halogenated metabolites including halogenated fatty acids serve as an innate chemical defense arsenal
(Dembitsky and Srebnik 2002). Many of these halogenated compounds have either antimicrobial
activity or, due to their cytotoxic properties, protect marine invertebrates against potential predators.
Thus, we hypothesize that formation of 2-CIHDA and derived lipid species during neurodegeneration
might play a global role in CNS dysfunction, for example, by affecting other brain-resident cell types

like neurons.

It is well established that palmitic acid can induce apoptosis via TLR4-dependent pathways - whether
this is also a likely pathway for 2-CIHDA remains to be elucidated. However, in a similar manner as

reported for TLR4 activation in an experimental stroke model (Pradillo et al. 2009), 2-CIHDA (and its
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metabolite 2-CIHA) was shown to induce COX2 expression in HCAEC (Messner et al. 2008a). In cell
viability assays performed during the present study NaOCI displayed an ICs, value of approx. 400 uM
after 24 h incubation. This is different from what was reported for other types of endothelial cells: In
HUVEC 5 to 20 puM HOCI caused growth arrest and approx. 35 pM HOCI resulted in maximal
apoptosis (Vissers et al. 1999). However, we have been unable to detect pronounced NaOCl-mediated
collapse of the mitochondrial membrane potential (Whiteman et al. 2005) nor we could detect NaOCl-

dependent caspase-3 activation as demonstrated in human saphenous vein endothelial cells (Sugiyama

et al. 2004).

6.4. Barrier Dysfunction: Mitochondrial dysfunction, ROS and Apoptosis

Emerging evidence suggests that mitochondrial dysfunction plays a major role in neurological disorders
like e.g. AD, MS, PD, or stroke (Knott et al. 2008). The dynamic nature of mitochondria, characterized
by tightly controlled fission and fusion, is an important part of mitochondrial health and function
(Campello and Scorrano 2010). Mitochondrial permeability transition pore formation (MTP) associated
with collapse of Aym as observed during the present study is considered a major contributor to disease
progression in neurological disorders (Barrientos et al. 2011). These pathophysiological conditions
might have particularly deleterious consequences on the elaborate transport systems at the BBB.
BMVEC have an extremely high density of mitochondria, which reflects the energy demand necessary
to fuel the elaborately developed (ATP-dependent) transport systems present at either the luminal or
abluminal side of the BBB (Zlokovic 2008). During normal oxidative phosphorylation electrons leak
out of the electron transport chain, giving rise to the formation of O,", an event that might be prevalent
at the BBB. O, is generated at both, complex I (NADH dehydrogenase) and complex III (ubiquinone
Q-cytochrome b) and alterations in the redox status of these enzyme complexes results in excessive

ROS production (Boveris and Chance 1973).

Excess cerebral ROS generation after cerebral ischemia was reported for MCAO (Fraser 2011). ROS
generation was mainly detected in BMVEC and smooth muscle cells and it was suggested that the
accompanying endothelial permeability is one of the key factors generating the penumbra (the hypoxic
but regenerable part of the lesion) around the ischemic core (Fraser 2011). In line with the suggestion
that brain endothelial ROS production and BBB dysfunction are closely linked (Pun et al. 2009), Manda
and colleagues (Manda et al. 2011) have reported mitochondrial ROS production, MTP formation and

compromised barrier function in brain endothelial cells that were subjected to high concentrations of
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retroviral drugs. In human BMVEC cultures it was demonstrated that ethanol oxidation to acetic
aldehyde by Cyp2El results in ROS production, subsequent activation of myosin light chain kinase and

an increase in endothelial permeability (Haorah et al. 2005).

Of note, the time scale of collapse of Aym, ROS formation and caspase-3 activation as observed here
closely coincides with barrier dysfunction of BMVEC. The time scale of barrier opening by 2-CIHDA
is comparable to what was reported for 4-HNE (Mertsch et al. 2001), a prototypic, AA-derived lipid
peroxidation product. Whether or not covalent adduct formation between 2-CIHDA and TJ-associated

proteins contribute to barrier dysfunction is subject to further studies.

7. The Role of Phloretin during LPS-induced Neuroinflammation

Increasing evidence suggests that flavonoids and non-flavonoid polyphenols - ubiquitously present in
fruits, vegetables and spices - have beneficial effects in a variety neurodegenerative disorders including
BBB dysfunction (Darvesh et al. 2010). However, the in vivo relevance of these compounds as well as

their precise molecular actions in biological systems are under intense investigation.

To date, potential mechanisms of action so far include: i) non specific actions, based on chemical
features common to most polyphenols, e.g. the presence of a phenol group to scavenge free radicals;
and ii) specific mechanisms; based on particular structural and conformational characteristics of select
polyphenols and the biological target, e.g. proteins, or defined membrane domains (Fraga et al. 2010,
Galleano et al. 2010). For example, the chalcone-type polyphenol phloretin was shown to reduce the
dipole membrane potential of the BBB (Cattelotte et al. 2009), to inhibit glucose transport across the
BBB (Betz et al. 1976) and to prevent TNFa-stimulated upregulation of VCAM-1, ICAM-1 and E-
selectin in HUVEC (Stangl et al. 2005). Furthermore, phloretin was found to protect against cisplatin-
induced apoptosis (Choi B. M. et al. 2011), to act as a PGF2a antagonist in astrocytes (Kitanaka et al.
1993) and to regulate the activity of several enzymes including 5'-iodothyronine deiodinase (Morreale
de Escobar et al. 1994), PKC/D1 (Gschwendt et al. 1996, Kern et al. 2007), glycogen synthase kinase-
3B (Kern et al. 2006), and tyrosine kinases (Yang E. B. et al. 2001).

A large body of evidence addressing the beneficial effects of dietary phloretin comes from in vitro
experiments or animal models. For in vivo applicability in the human system the question of
bioavailability arises. The absorption process of polyphenols is complex as these compounds are

subject to multiple hydrolysis/conjugation steps in the small intestine, colon, and the liver (Crozier et al.
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2010, Gutierrez-Merino et al. 2011). For example, phloretin administration as the aglycone or as the
glucoside: 85-95% of the circulating forms are conjugated metabolites of phloretin, predominantly
phloretin-2'-O-glucuronide (Marks et al. 2009), the result of phlorizidin hydrolysis and further
metabolism of phloretin at the small intestine during absorption. However, high-dose intake of approx.
90 mg phlorizidin/kg body weight, which accounts for about 4.5 kg apples or 200 g apple peels,
resulted in phloretin metabolite plasma concentration of approx. 70 umol/L. These findings indicate
that high dose supplementation with phloretin results therapeutically useful plasma levels in the

medium micromolar range (Crespy et al. 2001a, Crespy et al. 2001b, Escarpa and Gonzalez 1998)

One of the major findings obtained during the present study is a potent rescue capacity of phloretin
towards primary and secondary MPO product-mediated BMVEC cell death. In accordance to
previously published data showing cytoprotective effects of phloridzin against a variety of oxidants
(Choi J. M. et al. 2007b), our studies could also reveal the aglycone as a potent oxidant scavenger, that
efficiently protect BMVEC against HOCl-induced cytotoxicity. Observed rescue was most probably
due to formation of stable mono- and dichlorinated compounds as already reported for genistein or
daidzein. Notably, chemically synthesized 3'-chlorogenistein and 3'-chlorodaidzein increased the ability
to inhibit copper-dependent oxidative modification of LDL strengthening the concept of polyphenols as

critical modulators at sites of inflammation (Boersma et al. 1999, Patel et al. 2003).

Phloretin is a non-specific fatty acid uptake inhibitor at the BBB (Mitchell R. W. et al. 2009) and we
hypothesized that it could also interfere with 2-CIHDA uptake by BMVEC thereby attenuating adverse
effects. Indeed, among seven different polyphenols investigated, only phloretin was able to interfere
with 2-CIHDA-mediated cytotoxicity and barrier dysfunction. In line with our preliminary hypothesis
phloretin inhibited cellular uptake of 2-CIHDA. However, also 2-CIHDA concentrations in the cellular
supernatant were significantly lower as compared to incubations performed in the absence of phloretin.
This suggested that phloretin is able to form covalent adducts with the chlorinated aldehyde. High
resolution mass spectrometric analyses revealed covalent trapping of the model compound 2-

chloroheptanal by the phloroglucinol residue of phloretin.

This discovery would be in line with two reports that demonstrated that phloretin acts as a ‘sacrificial
nucleophil’ in preventing the formation of advanced glycation products between model compounds and
unsaturated aldehydes (4-HNE and acrolein (Zhu et al. 2009)) or reactive dicarbonyl species
(methylglyoxal and glyoxal, respectively (Shao et al. 2008)). Both studies indicated that the two

unsubstituted carbons at the A ring, positions 3 and/or 5, are the major active sites of chalcone type
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compounds for trapping mentioned carbonyl species. In the case of o,3-unsaturated carbonyl species, C-
3 and/or C-5 of phloretin likely undergo Michael addition in an initial step. This is followed by
nucleophilic attack of the terminal aldehyde carbon by nearby hydroxyl groups (C-2 and/or C-4)
leading to the formation of cyclic hemiacetal(s) as more stable final products (Shao et al. 2008, Zhu et
al. 2009). However, experiments performed during the present study suggest a different trapping
mechanism. Although speculative at the moment, 2-CIHDA might form covalent adducts comparable to
a Williamson ether synthesis reaction. This assumption is supported by studies demonstrating selective
Zn-catalyzed mono-, di-, or tri-O-alkylation of phloroglucinol or base-catalyzed bimolecular
nucleophilic substitution (Sx2) reaction of 2-chloro propionic acid with phenols (Aikins et al. 2005,

Paul and Gupta 2004).

Quantum mechanical calculations revealed that the 2,4-dihydroxyacetophenone group represents the
pharmacophore group in phloretin (Bentes et al. 2011). Another report suggested that (in a peroxynitrite
scavenging system) the pharmacophore of phloretin consists of the 2,6-dihydroxyacetophenone group
(Rezk et al. 2002). This aspect is strengthened by findings of the present study demonstrating that the
glucoside of phloretin, phloridzin, was without effect on BMVEC viability, suggesting that
glucosylation of the hydroxyl group at position 2 might prevent 2-CIHDA trapping.

Therefore, it is likely that the primary circulating metabolite phloretin-2’-O-glucuronide might also be
inactive (Marks et al. 2009). However, flavonoid aglycones are assumed to emerge at the target site
under oxidative stress, due to inflammation-dependent release of B-glucuronidase from stimulated
neutrophils, as demonstrated in rats after systemic LPS administration (Shimoi et al. 2001, Terao et al.
2011). Moreover, there is clear evidence that flavonoids are able to traverse the BBB according to their
logP values and that polar glucuronides of naringenin and hesperetin are actively metabolized by
BMVEC (Youdim et al. 2003). Phloretin is more lipophilic than naringenin (logP: 2.05 vs. 1.63) and it
may permeate lipid bilayers (Verkman and Solomon 1982). Therefore, it is likely that this flavonoid
also exerts neuroprotective effects in brain parenchyma via transcellular BBB passage. Nevertheless,
some restriction of entry caused by efflux transporters may be present for certain flavonoids: In contrast
to naringenin, quercetin was found to be a substrate for P-gp (Youdim et al. 2004), however, phloretin

efflux at the BBB remains elusive at the moment.
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VIII. CONCLUDING REMARKS

Persistent and self-propelling neuroinflammation can be considered as a key marker of chronic and
acute neurodegenerative disorders (Glass et al. 2010, Teeling and Perry 2009), a scenario where
oxidative stress and lipids are causally involved (Di Paolo and Kim 2011, Frisardi et al. 2011, Valko et
al. 2010). There is emerging evidence that aberrant metabolism of cholesterol, sphingolipids, and
plasmalogens are associated with neuropathological conditions (Farooqui et al. 2007, Hartmann et al.
2007, Jeitner et al. 2011). In line, decreased plasmalogen contents were reported for several
neuropathological conditions including Alzheimer disease (Ginsberg et al. 1995, Goodenowe et al.
2007), Gaucher disease (Moraitou et al. 2008), Down syndrome (Murphy E. J. et al. 2000), or
experimental autoimmune encephalomyelitis (Singh 1. et al. 2004), consequently, a close relation

between plasmalogens levels and the extent of neuroinflammation appears reasonable.

This thesis was driven by the hypothesis that through its unique properties the brain plasmalogen
fraction might not only serve as a target for inflammation-dependent degradation (‘consequence of
neuroinflammation’) but also as a precursor for potent effectors in disease-amplifying signaling

cascades (‘cause of neuroinflammation’).

Using a rodent model for acute neuroinflammation we were able to provide a potential framework,
where, after elicitation of the systemic inflammatory response and propagation to the central nervous
system, MPO-derived chlorinating species could oxidatively damage brain plasmalogens thus
exacerbating neuropathological conditions. This finding supports the theory that MPO-mediated
chlorinative stress is involved in the pathology of neurodegeneration and it is in line with a number of
basic research and clinical case-control association studies of -463G/A promoter polymorphism
showing a relationship between MPO expression and the risk for neurodegenerative diseases (Crawford

et al. 2001, Maki et al. 2009, Nagra et al. 1997).

In line with previous work by Ford and coworkers, we could demonstrate that the vinyl-ether bond of
mouse brain plasmalogens is a preferred target for RCS-mediated lipid modification resulting in the
substantial formation of two compound classes with proinflammatory properties: a-chloro fatty
aldehydes and the corresponding remnant sn-1 lysophospholipids (Ford 2010). Nevertheless, the

contribution of MPO-dependent modification to the overall loss of cerebral plasmalogens was small.
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However, our data were obtained in a rodent system of neuroinflammation, therefore, the extent of
HOCI-modification might be an underestimation in extrapolating these data to the human system as
MPO protein content of rodent neutrophils is 10-fold less compared to human cells (Klebanoff 2005,
Podrez et al. 2000). This assumption raises the possibility that plasmalogen degradation products might
accumulate in considerable amounts within the CSF of patients suffering from neurodegeneration.
Regardless to the type of patients disease (MS, bacterial meningitis, etc.) we were not able to detect a-
CIFALDs in CSF (data not shown). However, biomarkers of oxidative stress are labile and short-lived
in body fluids, thus, chemically and metabolically stable biomarkers are needed for accurate tracking
(Galasko and Montine 2010). Accordingly, we assume that 2-CIHDA-derived metabolites, especially
the stable, water-soluble 2-chloro adipic acid (Anbukumar et al. 2010), might accumulate in the CSF of

those patients, likely representing novel biomarkers for MPO activation in the CNS.

Immunohistological studies could identify the cerebrovasculature as a major site of accumulation of
active MPO. Results of the present study demonstrate that activation of the neutrophil MPO-H,0,-CI"
system induce the formation of 2-CIHDA, a compound with deleterious effects on BMVEC function.
Our data clearly identified 2-CIHDA as a more potent effector of BBB dysfunction than the oxidant
HOCI. At the level of BMVEC, the loss of BBB integrity was mainly attributable to the ability of 2-
CIHDA to induce the apoptotic machinery and intracellular signaling cascades involved in junctional
opening (Fisher 2008, Krizbai and Deli 2003). This aspect is of high pathophysiological relevance
given that BBB breakdown is one of the most important inducers/amplifiers of neurodegeneration and it
reflects the high pro-inflammatory potential of a-CIFALDs as observed by others (Messner et al. 2008a,
Thukkani et al. 2005, Zlokovic 2008). Therefore, it has to be kept in mind that a-CIFALDs might also

induce neurodegeneration directly by exerting lipotoxicity to neurons.

Metabolism of 2-CIHDA results in the formation of a plethora of chlorinated lipid species, thus a
complex cellular response is likely to occur. Although we got deeper insight into the pathophysiological
mechanisms of 2-CIHDA in the cerebrovasculature, the molecular targets of MPO-derived chlorinated
lipid species and the activated upstream signaling cascades remain still unidentified. In fact, this is an

obvious challenge for future investigations.

Activation of plasmalogen-selective PLA, induces the loss plasmalogen, an inflammatory event that is
likely associated with BBB dysfunction (Farooqui 2010, Fukumoto et al. 2010). However, with the
discovery and the characterization of the HOCl-derived modification product 2-CIHDA we identified

MPO activation as novel mechanistic link between plasmalogen loss and BBB dysfunction.
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In the etiology of neurodegeneration a dual role of plasmalogens is likely: i) On the one hand
plasmalogens are essential for normal CNS function (Gorgas et al. 2006). Independent of the
mechanism of plasmalogen loss, i.e. impaired synthesis or increased degradation/modification, the
outcome for nervous system function is dismal. Therefore, this project raises new fundamental
questions about the role of chlorinative/oxidative/nitrosative stress in a decline of cognitive function,
sickness behavior and mood disorders - as seen in patients suffering from neurodegenerative diseases,
systemic infection, or cancer (Dantzer et al. 2008, Gorgas et al. 2006) - and the development of
pharmaceutical drugs with beneficial effects by maintaining plasmalogen homeostasis. ii) On the other
hand plasmalogens are precursors of bioactive lipids with potent signaling activities. Increased activity
of the PLA, superfamily and the MPO-H,0,-halide system induce the mobilization of powerful lipid
mediators including leukotriens, prostaglandins (Ong et al. 2010) and a-CIFALDs through enzymatic or
oxidative degradation of acyl-/alkenyl-residues, thus favoring neuroinflammation, oxidative stress and

neurodegeneration.

Non-specific PLA, inhibitors were reported to ameliorate AB-induced neurotoxicity in a mouse model
for AD (Sanchez-Megjia et al. 2008), to protect neurons in the MPTP-induced model of Parkinsonism
(Tariq et al. 2001), and to delay the onset and progression of EAE by reducing inflammation, axonal
damage and severity of EAE (Kalyvas and David 2004).

There is increasing interest in the development of MPO inhibitors, however, at the present time the
available compounds are of limited pharmacological usefulness (Choi D. K. et al. 2010, Malle et al.
2007, Soubhye et al. 2010). With the discovery of a-CIFALDs we found a vasoactive downstream
effector of MPO activation. Since the protection of the BBB has the potential to delay or prevent the
development of chronic neurodegeneration (Abbott et al. 2006), the formation and action of 2-CIHDA
might represent a novel therapeutical target to ameliorate the pathogenesis of neurodegenerative

disorders.

Flavonoids comprise the most common group of polyphenolic compounds in the human diet and there
is accumulating evidence of beneficial effects in a multitude of diseases including cardiovascular
disease, cancer and neurodegenerative disorders (Vafeiadou et al. 2007). Recently, much attention has
been paid to their antioxidant capacity, however, flavonoids are also suggested as potent suppressors of
oxidative/chlorinative stress (Gutierrez-Merino et al. 2011) through modulation of leukocyte
recruitment (Stangl et al. 2005), and inhibition of oxidant producing enzymes like e.g. endothelial

NADPH oxidase (Steffen et al. 2008), MPO (Shiba et al. 2008), NOS (Roh et al. 2011), and/or
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proinflammatory signaling pathways (Williams R. J. et al. 2004). Our finding that phloretin alleviates
2-CIHDA-induced barrier dysfunction by covalent trapping, further supports the concept of dietary
benefits to MPO-mediated chlorinative stress in CNS and opens potentially new pharmacotherapeutical

strategies to interfere aldehyde-mediated BBB dysfunction (Adibhatla et al. 2006, Darvesh et al. 2010).
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IX. SUPPLEMENTARY DATA

TABLE I: Percentage composition of C57BL/6 brain glycerophospholipids
Brain lipids were extracted and analyzed by FT-ICR-MS as described in Materials and Methods. Results shown are mean + SD

from three different brains.

Phosphatidylcholine Plasmenyl Phosphatidylcholine
m/z m/z
Species m/z (+HY) Mean SD Species miz (+HY Mean SD
30:0 705.53 706.54 0.28% 0.05% 32:0 717.57 718.58 8.15% 0.82%
32:0 733.56 734.57 17.04% 2.58% 32:1 715.55 716.56 3.08% 0.88%
32:1 731.55 732.55 1.23% 0.22% 34:0 745.60 746.61 53.70% 6.07%
34:0 761.59 762.60 4.63% 0.74% 34:1 743.58 744.59 11.08% 3.68%
34:1 759.58 760.59 37.56% 5.84% 36:0 773.63 774.64 6.54% 0.65%
34:2 757.56 758.57 0.81% 0.13% 36:1 771.61 772.62 8.84% 2.16%
34:3 755.55 756.55 0.16% 0.01% 36:2 769.60 770.61 4.93% 2.03%
36:0 789.62 790.63 0.09% 0.01% 38:1 799.65 800.65 3.01% 0.75%
36:1 787.61 788.62 13.56% 2.34% 40:0 829.69 830.70 0.25% 0.11%
36:2 785.59 786.60 2.92% 0.53% 40:1 827.68 828.68 0.42% 0.07%
36:3 783.58 784.59 0.09% 0.00% Sum 100.0%
36:4 781.56 782.57 5.07% 0.75%
38:1 815.64 816.65 0.68% 0.17%
38:2 813.62 814.63 0.50% 0.10%
38:4 809.59 810.60 4.83% 0.69%
38:5 807.58 808.59 1.64% 0.35%
38:6 805.56 806.57 4.29% 0.70%
38:7 803.55 804.55 0.10% 0.01%
40:1 843.67 844.68 0.16% 0.04%
40:2 841.66 842.66 0.16% 0.04%
40:4 837.62 838.63 0.35% 0.05%
40:6 833.59 834.60 2.69% 0.50%
40:7 831.58 832.59 0.88% 0.17%
42:1 871.70 872.71 0.16% 0.05%
42:2 869.69 870.69 0.10% 0.03%
Sum 100.00%

-182 -




TABLE II: Percentage composition of CS7BL/6 brain glycerophospholipids

Brain lipids were extracted and analyzed by FT-ICR-MS as described in Materials and Methods. Results shown are mean + SD

from three different brains.

Phosphatidylethanolamine

Plasmenyl Phosphatidylethanolamine

m/z m/z
Species m/z (+HY) Mean SD Species m/z (+HY) Mean SD
34:0 71955 72055 1.03% 0.18% 32:0 67552  676.53 0.04% 0.01%
34:1 71753 71854 2.49% 0.25% 34:0 703.55  704.56 0.29% 0.02%
36:0 74758  748.59 0.98% 0.11% 34:1 701.54  702.54 5.23% 0.53%
36:1 74556 74657 5.89% 0.53% 36:1 72957 73058  11.28%  1.13%
36:2 74355 74455 3.48% 0.23% 36:2 72755 72856  1152%  0.88%
36:4 739.52 74052 2.01% 0.18% 36:4 72352 72453 1.69% 0.17%
38:1 77359  774.60 2.80% 0.53% 38:0 759.61  760.62 1.73% 0.21%
38:2 77158 77259 0.51% 0.11% 38:1 757.60  758.61 5.48% 0.77%
38:4 767.55  768.55 22.34% 2.27% 38:2 75558  756.59 6.44% 0.62%
38:5 765.53  766.54 3.62% 0.23% 38:4 75155  752.56 9.83% 0.98%
38:6 76352  764.52 8.04% 0.89% 38:5 74954  750.54 6.66% 0.58%
40:1 801.62  802.63 0.45% 0.01% 38:6 74752 74853 8.90% 0.85%
40:4 79558  796.59 4.43% 0.60% 40:1 78563  786.64 0.31% 0.04%
40:5 793.56 79457 0.76% 0.11% 40:2 783.61  784.62 0.78% 0.09%
40:6 79155 79255 38.69% 3.71% 40:4 779.58  780.59 5.59% 0.68%
40:7 780.53  790.54 2.47% 0.20% 40:6 77555 77656  19.81%  1.07%
Sum 100.00% 40:7 77354 77454 4.41% 0.35%
Sum 100.0%
Phosphatidylinositol Phosphatidylserine
m/z m/z
Species m/z (-HY) Mean SD Species m/z (+HY Mean SD
34:1 836.54  835.53 11.33% 1.46% 34:1 76152 76253 0.97% 0.07%
36:0 866.59  865.58 1.79% 0.55% 36:1 780.55 79056  19.36%  1.28%
36:4 858.53  857.52 7.57% 1.32% 36:2 787.54  788.54 4.31% 0.43%
38:0 894.62  893.61 2.32% 1.71% 38:1 817.58  818.59 2.87% 0.24%
38:4 886.56  885.55 63.09% 8.28% 38:4 811.54 81254 3.20% 0.27%
38:5 884.54  883.53 8.67% 1.06% 40:1 84561  846.62 1.13% 0.29%
38:6 88253  881.52 1.73% 0.64% 40:4 839.57  840.57 3.46% 0.19%
40:6 91056  909.55 3.30% 0.81% 40:5 837.55  838.56 0.97% 0.16%
40:7 908.54  907.53 0.19% 0.02% 40:6 83554 83654  62.60%  5.22%
Sum 100.00% 40:7 833.52  834.53 1.13% 0.20%
Sum 100.00%
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