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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. Alzheimerôs disease, multiple sclerosis, Parkinsonôs disease, stroke or traumatic brain 

injury). Within the different cerebral lipid subclasses plasmalogens, 1-O-alk-1ô-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 (HOCl). 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 HOCl 

modifies a significant proportion of brain plasmalogens leading to the formation of highly reactive Ŭ-

chloro fatty aldehydes (e.g. 2-ClHDA). 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 I 

could identify molecular mechanisms/signaling pathways leading to 2-ClHDA-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 HOCl and 2-ClHDA 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 HOCl 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 abhängig. Aus 

diesem Grund sind kurz- und langfristige Veränderungen des zerebralen Lipid-Musters als Folge von 

Entzündung und oxidativem Stress, welche man regelmäßig bei Patienten mit akuten und chronischen 

neurologischen Erkrankungen (z.B. Alzheimer, Multiple Sklerose, Parkinson, bzw. traumatischen 

Hirnverletzungen oder Insult) beobachtet, zwangsläufig mit Störungen des zentralen Nervensystems 

(ZNS) verbunden. Eine zentrale Rolle in der Funktion des ZNS spielen Plasmalogene  (1-O-Alk-1ô-

Enyl-2-Acyl-sn-Glycerophospholipide). Ein Mangel an dieser Phospholipid-Subklasse geht mit 

neurodegenerativen Erkrankungen einher und führt zu schweren, lang anhaltenden Entwicklungs-

Veränderungen des Gehirns. Unter den zahlreichen Systemen, die zur Bildung von reaktiven Spezies 

führen, nimmt die Myeloperoxidase (MPO) von Phagozyten eine Sonderstellung ein, da sie aus 

Wasserstoffperoxid in Gegenwart von Chlorid-Ionen, hypochlorige Säure (HOCl) generiert. Dieses 

starke Oxidationsmittel hat die pathophysiologische Eigenschaft, aus ungesättigten Lipiden, eine Reihe 

von chlorierten, lipotoxischen Verbindungen zu bilden. Plasmalogene haben sich als besonders 

empfindlich gegenüber HOCl-vermittelter Modifikation erwiesen, da sie aufgrund einer O-Alkenyl-

Ether-Gruppe an der sn-1 Position äußerst empfänglich gegenüber Oxidation sind. Ziel dieser Studie 

war es die Auswirkungen einer experimentell induzierten Neuroinflammation auf die Bildung von 

HOCl im Gehirn und die daraus resultierenden Veränderungen 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 führt. Desweiteren ergaben 

diese Experimente, dass ein erheblicher Teil dieses Verlustes einer HOCl-Modifikation der O-Alkenyl-

Ether-Gruppe zuzuordnen ist, was zur Bildung von hoch reaktiven, langkettigen, Ŭ-chlorierten 

Aldehyden (z.B. 2-ClHDA) führt. Weitere Studien in diesem Mausmodell konnten zeigen, dass eine im 

Zuge der Neuroinflammation resultierende Rekrutierung von neutrophilen Granulozyten an das 

zerebrale Gefäßsystem 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-ClHDA-induzierten Veränderung der Permeabilität und Zell-Viabilität führen. Durch diese 

Erkenntnisse war es möglich, bestimmte Signalwege pharmakologisch so zu modulieren, dass die 

Barriere-Funktion des BHS-Modells partiell wiederhergestellt werden konnte. Außerdem erbrachten 

weitere Studien den Beweis, dass natürliche Polyphenole durch ihre antioxidativen Eigenschaften einen 

signifikanten Schutz gegenüber HOCl- und 2-ClHDA-induzierte Barriere-Dysfunktion bieten.   
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Zusammenfassend konnte die vorliegende Studie zeigen, dass die Aktivierung des angeborenen 

Immunsystems und eine damit verbundene, HOCl-abhängige Plasmalogen-Modifikation eine 

entscheidende Rolle im Verlauf von neurologischen Erkrankungen spielt. Ein gründliches Verständnis 

der zugrunde liegenden Signalwege würde es ermöglichen, in Funktionsstörungen 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). 

 

 
 

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, aïd) and patients with AD (bottom, eïh). Loss rates are <1% per year in controls. They are 

significantly higher in AD and strongest in frontal and temporal regions (g, h) 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, Ki lic and Akakin 2008). 

 

 

 

 

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).  
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3. Blood-Brain Barrier (BBB)  ï 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, Alzheimerôs disease (AD), Parkinsonôs 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 (MAb), 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 óRule of 5ô 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). 
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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
2
 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 µm 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 t hese cells comprise the cerebrovasculature, forming a functional unit, which is often referred 

to as a óneurovascular unitô (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 (óbarrier functionô), and divide 

the membranes of the endothelial cells into two distinct compartments (ófence functionô), 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).  

 

 

 

 

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). 

 

 

A 

B 
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I. Adherens Junctions (AJ). AJ 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 (Ŭ- and ɓ-catenin) and other cytoplasmic proteins like vinculin and Ŭ-

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/ɓ-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
2
, in comparison, TEER of placenta 

endothelial cells is only about 20-50 ohms/cm
2
. 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).  

TJ 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 

ZO-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.TJ 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 PKCŬ-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-ɓ, 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 ɓ (TGFɓ), 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 TGFɓ is sufficient leading to tPA-

mediated BBB opening (Abbott et al. 2006, Kassner et al. 2009). The role of the cytokine tumor 

necrosis factor Ŭ (TNFŬ) in inflammation-dependent BBB dysfunction is well established but 

indications that paracrine actions involving endothelin-1, TNFŬ and interleukin-1ɓ 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-ɓ, 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 (Ŭ-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 ɔ-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 Iadecola 

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
2+

] i 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 óno-reflow phenomenonô) 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 PGH2, 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. ɓ-amyloid, Aɓ), complement factors (e.g. C1q), cytokines/chemokines (e.g. TNFŬ), 

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 (ómicrogliosisô: 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-ɔ, and TNFŬ) as well as induced expression of several specific surface 

markers (e.g. Iba1, 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, O2
·-
; peroxinitrite, ONO2

-
; hypchlorous acid, HOCl) and secretory products including 

cytokines/chemokines (e.g. TNFŬ), proteases (e.g. matrix metalloproteinases, MMP) and 

proinflammatory mediators (e.g. PGE2). 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. Aɓ, 

amyloid-ɓ; H2O2, hydrogen peroxide; IL-1ɓ, interleukin 1ɓ; 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; NOOï, peroxynitrite; O2
Åï, 

superoxide; PGE2, prostaglandin E2; TNFŬ, tumor necrosis factor-Ŭ (Block et al. 2007). 
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4. Blood-Brain Barrier Breakdown ï 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 óimmune privilegeô 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 ɓ-amyloid 

precursor- or the Ŭ-synuclein protein). As a result, noxious compounds like membrane breakdown 

products, abnormally processed or aggregated proteins (e.g. ɓ-amyloid and Ŭ-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
ī/ī

 mice failed to show 

brain neuroinflammation in response to systemic LPS, supporting the aspect that TNFŬ 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 ï 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 O2
·-
 (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 óbeneficialô 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-ɓ, and inhibitory 

proteins like soluble TNFŬ receptor) chronic inflammation becomes established (Frank-Cannon et al. 

2009, Gao H. M. and Hong 2008). 
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4.4. BBB-Dysfunction ï 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 (ófirst hit hypothesisô) 

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 (ósecond hit hypothesisô; 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 
14

C-sucrose 

and 
14

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 (ómolecular 

mimicryô) 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 

 

I. 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
-3
 up to more than 1000 cells mm

-3
 (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 µm; 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 óneuroimmunological BBBô (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 luminal 

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). 

 

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). 


