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Summary 
Abstract   

The role of glial cells in neurodegeneration, toxicology and immunity is an expanding area 
of biomedical research requiring large numbers of animals. Use of the murine microglial 
cell line BV-2 would accelerate many research programs, and reduce the necessity of 
continuous cell preparations, provided that the cell line reproduces the situation in primary 
microglia (PM) with high fidelity. As recently doubt has been raised on their suitability, 
here, we re-evaluated strengths and potential shortcomings of BV-2. Their inflammatory 
response was compared to that of PM. Transcriptome analysis after stimulation by 
lipopolysaccharide (LPS) indicated a reaction pattern of BV-2 with many similarities to that 
of PM, although the average upregulation of genes was less pronounced. The cells 
showed a normal regulation of NO production and a functional response to IFNγ, which is 
important for their interaction with T-cells and neurons. BV-2 were also able to stimulate 
other glial cells. They triggered the translocation of NF-kB, and a subsequent production of 
IL-6 in astrocytes. Thus, BV-2 appear to be a good substitute for PM in many experimental 
settings, including complex cell-cell interaction studies.  
In CNS inflammation, microglia and astrocytes interact with respect to the regulation of 
local innate immune reactions. However, up to now the knowledge about microglia-
astrocyte interaction under repeated inflammatory stress is relatively scarce. Precedent 
inflammatory episodes may drastically modify the function and reactivity of cells. We 
investigated whether priming of astrocytes by microglia-derived cytokines may enhance 
their subsequent reaction to pathogen-associated danger signals not recognized in the 
quiescent state. Resting primary murine astrocytes expressed little Toll-like receptor 2 
(TLR2), and its ligands FSL1 or Pam3Cys failed to trigger IL-6 release, as functional 
readout, and translocation or phosphorylation of the transcription factors NF-kB or c-Jun, 
respectively, as easily detectable and sharply regulated upstream indicators of an 
inflammatory response. Cells, pre-stimulated with IL-1, with a complete cytokine mix 
(CCM) consisting of TNFα, IL-1ß and IFN-gamma, with conditioned medium of BV-2 cells, 
which have been activated with LPS, but also directly by activated microglia, showed a 
fulminant response to FSL1 or Pam3Cys, while other pattern recognition receptors were 
not sensitized. The heterologous sensitization of transcription factor responses to TLR2 
ligands was paralleled by initial upregulation of TLR2, displayed a memory window of at 
least 6 days, and was largely independent of the length of pre-stimulation. The altered 
signaling was reflected by altered function, as FSL1 or Pam3Cys triggered the release of 
IL-6 and other mediators in primed cells. These data confirmed the hypothesis that 
sensitization towards TLR2 ligands represents a memory of earlier cell activations 
persisting beyond the initial stimulation by inflammatory mediators. 
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Zusammenfassung   

Mit dem steigenden Forschungsinteresse an Gliazellen und ihrer Rolle in 
Neurodegeneration, Toxikologie und Immunologie geht auch ein erhöhter Tierverbauch 
einher. Die Verwendung der murinen Glia-Zelllinie BV-2 würde die Forschung 
beschleunigen und aufwändige Primärzellpräparationen vermeiden, vorrausgesetzt, das 
Verhalten von BV-2-Zellen wäre vergleichbar mit dem von primären Microglia (PM). Da 
kürzlich Zweifel an der Vergleichbarkeit aufgekommen sind, evaluierten wir hier die 
inflammatorische Immunantwort von BV-2 und PM. Eine Transkriptomanalyse von BV-2 
und PM nach Stimulation mit Lipopolysaccharid (LPS) brachte ähnliche Reaktionsmuster, 
obwohl die erhöhte Genregulation in BV-2 weniger stak ausgeprägt war. BV-2 zeigten 
normale Regulation von NO, sowie eine funktionelle Immunantwort auf IFNγ. Dies wäre 
für ihre Interaktion mit T-Zellen und Neuronen wichtig. Die Zelllinie interagierte auch mit 
Astrocyten. Sie vermittelte NF-kB Translokation und nachfolgende IL-6-Produktion. 
Folglich, scheinen BV-2 Zellen für viele experimentelle Anwendungen eine gute 
Alternative zu PM darzustellen. Dies schließt komplexe Zell-Zell-Interaktionen mit ein. 
Bei Entzündungen des ZNS interagieren Mikroglia und Astrozyten miteinander. Es gibt 
jedoch bis heute wenig Wissen über ihre Interaktion unter wiederholtem 
inflammatorischem Stress. Vorangehende Entzündungen des ZNS könnten die Funktion 
und Reaktivität von Zellen drastisch verändern. Wir untersuchten, ob Astrocyten, die mit 
Zytokinen von Microglia voraktiviert wurden, verstärkt auf nachfolgende pathogen-
vermittelte Signale reagieren, die ohne Voraktivierung keinen Effekt hätten. Ruhende 
murine primäre Astrocyten exprimierten nur wenig Toll-like Rezeptor 2 (TLR2) und die 
spezifischen TLR2 Liganden FSL1 und Pam3Cys konnten in niedrigen Konzentrationen 
weder IL-6 Ausschütung bewirken, noch NF-kB Translokation oder Phoshorylierung von c-
Jun auslösen, was ein Indikator für eine Entzündungsreaktion wäre. Zellen, die mit einem 
Zytokin-Mix (CCM) aus TNFα, IL-1ß und IFNγ, mit konditioniertem Medium von aktivierten 
BV-2 Zellen oder mit IL-1ß allein vorstimuliert wurden zeigten eine erhöhte Immunreaktion 
auf FSL1 oder Pam3Cys, ebenso wie Astrocyten die direkt durch Mikroglia voraktiviert und 
mit TLR2 Liganden restimuliert wurden. Für andere TLR hingegen wurde keine 
Sensitivierung bewirkt. Die Aktivierung von Transkriptionsfaktoren durch heterologe 
Sensitivierung ging mit einer anfänglichen Erhöhung der Expression von TLR2 einher. Der 
Sensitivierungseffekt hielt mindestens 6 Tage an und war von der Dauer der 
Vorstimulierung weitestgehend unabhängig. In voraktivierten Astocyten lösten Pam3Cys 
und FSL1 die Ausschüttung von IL-6 und anderer Mediatoren aus. Demzufolge bewirkte 
die veränderte Signalgebung auch eine funktionelle Veränderung der Astrocyten. Unsere 
Untersuchungen stützen die Hypothese, dass sich über die initiale Stimulierung von 
Astrocyten durch entzündungsfördernde Mediatoren hinaus, in diesen Zellen ein 
Gedächtnis-Effekt zeigt und Sensitivierung für TLR2 Liganden bewirkt. 
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1 Introduction 
1.1 Neuroglial cells 
The dominating cell population in the mammalian brain besides neurons are neuroglial 

cells. They are non-neuronal cells that provide support and protection for neurons. 

Neuroglia can be divided into macroglia and microglia. Microglia are macrophage-like cells 

in the brain, derived from bone marrow precursors. Macroglia are of neuroectodermal 

origin and comprise oligodendrocytes, which produce the myelin sheath in the central 

nervous system (CNS), ependymal cells, which line the ventricular system, and the most 

abundant component in CNS, the astrocytes. In this work, we are focussing on the two 

main inflammation relevant cell types of the brain, namely microglia and astrocytes. 

 

1.1.1 Microglia 
A major glial component of the central nervous system are microglia. This cell type 

constitutes up to 20% of the total non-neuronal cell population of the adult CNS (Davis et 

al. 1994). Microglia are of mesenchymal origin and remain within the CNS as the resident 

macrophage population. Like macrophages, these cells express the receptor component 

CD11b on their surface. Resting microglia can be activated by a variety of endogenous 

and exogenous stimuli. Under this condition, microglia secrete various cytokines, 

chemokines, proteases and reactive oxygen species (ROS). Under inflammatory or 

degenerative conditions microglia can transform into phagocytic cells. Moreover, they are 

able to express major histocompatibility class II (MHC II) and therefore have the capacity 

for antigen presentation after stimulation. Resting microglia may be considered a 

precursor stage between dendritic cells and macrophages. As the CNS normally lacks 

professional antigen presenting cells and intraparenchymal leukocytes, it is suggested that 

microglia represent the first line of immunological defence for the CNS (Kreutzberg 1996). 

Microglia show several morphological forms depending on their functional and 

developmental state (Davis et al. 1994).  
 
Amoeboid microglial cells are present during embryonic development, during late prenatal 

and early postnatal period. This immature form of the adult ramified microglia has flat 

morphology and pseudopodia. Amoeboid microglia can show phagocytotic activity. 

Resting, inactive microglia in adult tissue are classified as ramified microglia. These cells 

have a small cell body with little cytoplasm and numerous long, branched processes. 

Upon stimulation, e.g. via microbial invasion or damaged tissue, microglia become 

activated. Such activated microglia appear like swollen ramified cells and are 

characterized by a larger cell body with shorter processes. They are able to secrete 

interleukin-1, interleukin-6 and tumor necrosis factor-alpha (Davis et al. 1994). The 
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conversion of ramified microglia to reactive microglia occurs in a stepwise manner from 

ramified, to activated, to reactive microglia. Reactive microglia are typically small, 

spherical cells, but can also appear rod-shaped or show amoeboid-like morphologies. 

They all lack ramified-type processes (Streit and Kreutzberg 1988). Reactive cells show 

phagocytic activity (Streit and Kreutzberg 1988). 

 
Fig. 1: the cellular forms of microglia (adapted from Davis et al. (Davis et al. 1994); drawings are 
not to scale) 
 

Most work on microglial activation and signaling has been performed in vitro, frequently by 

using cell lines such as N9 (Corradin et al. 1993) and BV-2 (Blasi et al. 1990). Data on 

primary microglia (PM), isolated from brain cultures of neonatal pups (Giulian and Baker 

1986) or directly from adult mice (Baker et al. 2002) are more restricted, due to the limited 

yield of biological material. In addition, some ex vivo studies have been performed with 

freshly isolated microglia from diseased brains (Baker et al. 2002). In this project the cell 

line BV-2 is mainly used. BV-2 cells were derived from raf/myc-immortalized murine 

neonatal microglia and are the most frequently used substitute for primary microglia. They 

have been used e.g. for pharmacological studies (Lund et al. 2005), studies of 

phagocytosis (Hirt and Leist 2003) and for many important immunological discoveries in 

altogether at least 200 publications (Henn et al. 2009). 
 
1.1.2 Astrocytes 
Astrocytes are known for their structural, trophic and metabolic support of neurons. 

Besides this role in brain homeostasis they regulate the blood brain barrier (BBB) 

(Kettenmann 2004). Recently, it was further suggested that astrocytes can modulate 

synaptic transmission, e.g. the release of glutamate or ATP (Santello and Volterra 2009). 

This has led to the concept of astrocytes as third component of the “tripartite synapse” 
(Araque et al. 1999). Most importantly for this thesis, astrocytes take part in the innate 

immune response of the brain. 

Astrocytes are mainly characterized by the expression of the glial fibrillary acidic protein 

(GFAP) (Raine 1999). However, not all astrocytes in all their differentiation states express 

this marker protein (Baba et al. 1997; Walz and Lang 1998; Eng et al. 2000). Astrocytes 

can be further classified by lineage and antigenic phenotype, by their anatomical location 
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or by the presence of transporters or receptors. The most common, but very simplified 

classification is the division into fibrous astrocytes and protoplasmic astrocytes. Fibrous 

astrocytes are mainly located in the white matter, the optic nerve and in the mammalian 

retina. They have long thin unbranched cell extensions and a low surface-to-volume ratio 

(Schnitzer 1988). In contrast to that, protoplasmic astrocytes are mainly found in the gray 

matter. They own numerous branching processes. Due to their morphology, protoplasmic 

astrocytes have a high surface-to-volume ratio allowing them to contact much of the 

available neuronal surfaces (Kettenmann 2004). 

Under normal conditions, astrocytes are quiescent, whereas in disease and injury, they 

can be activated by microbial or viral components, cytokines, or other proinflammatory 

components. In vivo, activation results in astrogliosis, i.e. they strongly upregulate GFAP, 

proliferate and become highly secretory cells (Eng et al. 2000). Activated astrocytes 

produce a large variety of mediators also known to be secreted from activated 

macrophages (Aloisi 2001; Falsig et al. 2006). 

 

1.2 Neuroinflammation 
The CNS has been traditionally regarded as immunologically privileged. The brain 

employs several different mechanisms to limit inflammation. The blood brain barrier plays 

an important role in maintaining the separation of CNS from the systemic immune system, 

but there is also strong evidence that there is active interaction of the CNS with peripheral 

immune cells (Carson et al. 2006). Lymphocytes may enter the brain under pathological 

conditions (Weckerle 1993). Nevertheless, the major players in CNS inflammation are 

microglia and astrocytes which secrete a wide range of pro- and anti-inflammatory factors.  

 

1.2.1 Inflammation markers 
Inflammation is a response of the host to attack and remove invading pathogens. 

Depending on the kind of pathogen and the responding cell type, a defined pattern of 

mediators can be released. The most prominent examples of inflammatory mediators are 

TNF and interferon, as well as a multitude of chemokines and pro- and anti-inflammatory 

interleukins. With respect to the questions addressed in the present PhD project, the 

following inflammatory molecules are of particular importance. 

 

1.2.1.1 Tumor necrosis factor  
Tumor necrosis factor (TNF), also denominated TNF-alpha (TNFα), is a homotrimeric 

cytokine. Its 26 kDa membrane-integrated form is cleaved by the metalloprotease TNF 

alpha converting enzyme (ADAM17) and the soluble 17 kDa form of TNF is released 

(Black et al. 1997). TNF mediates inflammatory signaling in infectious disease (Beutler 
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1995). It is a key cytokine in regulation of neuroinflammation and is present in the CNS in 

numerous clinical and experimental pathologies. In CNS disease and following acute brain 

injury, microglia (together with infiltrating macrophages) represent the major source of 

TNF (Renno et al. 1995; Gregersen et al. 2000). As microglia, but also other cells of the 

brain (e.g. astrocytes) express TNF-receptors (TNF-Rs), this cytokine can act in an 

autocrine and paracrine manner and amplifiy the host inflammatory response to tissue 

infection (Tian et al. 2005). Expression of TNF in cultured microglia is induced by 

numerous stimuli like LPS or bacterial DNA. Conversely, treatment of astrocytes with TNF 

induces synthesis of numerous membrane-associated and soluble cytokines. In 

consequence, such a paracrine loop can induce the synthesis of further pro- and anti-

inflammatory cytokines (Becher et al. 2000).  

 

1.2.1.2 Interleukin-1 
Interleukin-1 (IL -1) comprises the two agonists, IL-1α and IL-1ß. Both interleukins have 

similar affinities for their common receptor IL-1R and show similar biological effects. The 

biological soluble form of IL-1ß is released by cleavage of the pro-IL-1ß form by the IL-1 

converting enzyme caspase-1. In the Brain, IL-1ß is produced mainly by activated 

microglia, although some studies mention that astrocytes and Schwann cells may also 

express IL-1 (Kettenmann 2004). Similar to TNF, IL-1ß activates astrocytes alone or in a 

synergistic manner together with IFNγ (Benveniste 1998). IL-1ß is an important mediator 

of the inflammatory response in various forms of brain damage (Allan and Rothwell 2001; 

Jander et al. 2001; Basu et al. 2002; Kettenmann 2004). In acute neurological 

pathologies, IL-1ß is thought to induce expression of cell adhesion molecules and the 

release of chemokines and cytokines. Besides the IL-1R agonists IL-1α and IL-1ß, there 

exists also the IL-1 receptor antagonist IL-1ra. This molecule has anti-inflammatory and 

neuroprotective effects, as it competes with the other IL-1 forms for receptor recognition. 

 

1.2.1.3 Interferons 
The members of the interferon (IFN) family have a leading role in the host defence against 

pathogens and in immunoregulation (Kettenmann 2004). They can be distinguished into 

type I IFNs alpha and beta (IFNα/ß) and the type II IFNγ. Type I IFNs have been found in 

brain tissue and CSF after viral infection. IFNα/ß was released after stimulation of TLR3, 

which is specific for viral dsRNA (Johnson et al. 2008). This indicates that glia-derived 

IFNα/ß could induce an antiviral resistance in CNS cells (Kettenmann 2004 68). The type 

II IFNγ is known for its key role in enhancing inflammatory immune responses against 

neurotropic pathogens. Furthermore, it induces MHC I and MHC II expression on glial 

cells, which enables them to function as antigen presenting cells (Kawanokuchi et al. 
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2006). Moreover, IFNγ amplifies immune reactions in a synergistic manner. It potentiates 

or primes microglia and astrocytes for enhanced release of chemokines, cytokines, 

proteases and molecules like nitric oxide or other reactive oxygen species (Falsig et al. 

2004a; Kettenmann 2004). For a long time, IFNγ in the nervous system was associated 

with infiltrating lymphocytes, like Th1 cells. Newer studies demonstrated that also 

microglia are able to produce IFNγ (Kawanokuchi et al. 2006). The induction of IFNγ in 

microglia may play an important role in several CNS pathologies, as microglia could 

function as immunoregulatory and effector cells. 

 

1.2.1.4 Interleukin-6 
Interleukin-6 (IL-6) is a pleiotropic cytokine with various functions, including induction of 

acute phase proteins, regulation of haematopoiesis, B-cell growth and antibody 

production. Concerning its role in neuroinflammation and neurodegeneration, IL-6 has 

been the most intensively studied member of the IL-6 family (other members are: LIF, IL-

11, ciliary neurotrophic factor, oncostatin M, cardiotrophin-1 and growth-promoting activity) 

(Gadient and Patterson 1999). The IL-6 receptor is expressed on astrocytes and neurons. 

Its expression is increased during CNS inflammation. IL-6 can be released by microglia, 

astrocytes and Schwann cells (Bolin et al. 1995; Benveniste 1998; Kettenmann 2004). 

During neuroinflammtion, IL-6 is thought to play a protective role through activation of a 

rapid proinflammatory response and provoking an immune-mediated elimination of the 

infectious agent. On the other hand, IL-6 may trigger CNS-inflammation and 

neurodegeneration, but also neuroprotection and nerve regeneration, depending on the 

level and/or the source of IL-6 expression (Loddick et al. 1998; Otten et al. 2000; Wang et 

al. 2002; Kettenmann 2004).  

 

1.2.2 The role of neuroglia in inflammation 
Brain injury can be one initial event causing neuroinflammation. Damaged neurons may 

produce cytokines (e.g. M-CSF) early after injury. These cytokines can present the first 

signals for recruitment and activation of macrophages / microglia (Kettenmann 2004). 

Furthermore it has been reported that microglia may also be activated by other 

components of stressed or damaged cells, like amyloid beta, high-mobility group box 1 

(HMGB1) protein or extracellular matrix (Blasko et al. 2004; Schaefer et al. 2005; Kim et 

al. 2006; Morwood and Nicholson 2006), or by the down regulation of off-factors (Biber et 

al. 2007). Beside these endogenous stimuli, microglia may also be activated by invading 

pathogens namely virus, bacteria or fungi. In case of brain abscess microglia are directly 

activated via pattern recognition receptors (PRRs). Glial cells express a large array of 

PRRs, which can even recognize small microbial or viral components like bacterial 
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membrane constituents or viral RNA. Microglia also express surface receptors for direct 

membrane interaction with T-cells and for recognition of T-cell derived cytokines (e.g. 

IFNγ). Furthermore, microglia express Fc-receptors for antibody recognition (Kettenmann 

2004). This allows a rapid activation and immune response of microglia to infectious 

agents. Activated microglia are able to secrete further cytokines like the proinflammatory 

TNFα or IL-1ß, chemokines, which allow leukocyte recruitment and reactive oxygen 

species which trigger further cell damage. 

Astrocytes respond mainly to microglia-derived cytokines. The activation of several 

inflammatory markers in astrocytes can be augmented by IFNγ, which is secreted by T-

cells or microglia. Furthermore, like microglia, astrocytes are known, for their PRR 

expression, which also allows cell activation by recognition of various components of 

pathogens (Falsig et al. 2008).  

Once activated, astrocytes produce further pro- and anti-inflammatory cytokines which can 

enhance microglia activation and proliferation. In addition, they are potent producers of 

chemokines, which can recruit further immune cells (e.g. T-cells, monocytes) from the 

periphery or microglia from within the brain. Furthermore, like microglia, activated 

astrocytes secrete nitric oxide, which may cause oxidative or nitrative stress. 

 

 
Fig. 2: Schematic representation of major signals inducing cytokine production and inflammation 
response in microglia and astrocytes. (Adapted from: Kettenmann et al. 2004) 
 
 
1.2.3 Neuroinflammation – a vicious circle 
Microglia are seen as key defence against invading pathogens in the CNS. Therefore 

activation of these cells by microbial or viral components or a combination of PAMPS, 
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results in secretion of a large array of cytokines and chemokines, as well as other 

inflammation related mediators, like reactive oxygen species.  

These factors may result in astrocyte activation with increased cytokine production, which 

additionally triggers autocrine and paracrine feedback reactions with further cell activation. 

This leads to a perpetuation and amplification of the inflammatory signaling cascade 

(Floyd 1999). On the other hand, secreted cytokines and ROS from microglia and/or 

astrocytes may directly interact with neurones and lead to neuronal dysfunction and cell 

death.  

Vice versa, brain inflammation can also be triggered by neuronal damage or dysfunction. 

Cell damage in the brain (e.g. brain injury or stroke) is known as a potent activator of 

microglia. Consequently further microglia activation may be enforced. This leads to a 

vicious circle, where independently of the character of the first elicitor, chronic brain 

inflammation may be established.  

 
Fig. 3: Vicious circle of neuroinflammation. Glial activation triggers further inflammation and 
neuronal dysfunction, which may further increase the inflammatory response of glial cells. 

 
1.2.4 Neuroinflammation in CNS pathology 
All neurodegenerative diseases are accompanied by inflammation. In recent years 

scientists are beginning to understand the impact of the immune system on different 

neurodegenerative disorders. Due to good tools, there is a strong research focus on 

investigations of the impact of microglia. Astrocytes are difficult to detect, and there are so 

far hardly any astrocytic cell lines. This may explain the scarcity of information regarding 

the impact of astrocytes in neuroinflammation. 
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1.2.4.1 Brain abscess 
Brain abscess typically occurs when microorganisms persist in the brain parenchyma. The 

main microbial agents of brain abscess are gram positive bacterial strains as 

Staphylococcus aureus or several Streptococcus strains. But also gram-negative strains 

or fungi have been reported to trigger abscess (Mathisen and Johnson 1997). Intracranial 

abscesses can originate from infection of neighbouring sites of chronic infections occurring 

in the middle ear or dental infection, secondary to hematogenous spread from a remote 

site (i.e. edocarditis), after skull trauma or surgery, and, rarely, following meningitis. In at 

least 15% of cases, no source can be identified. (Mathisen and Johnson 1997). Despite 

improvements in health care and advances in diagnostic tools, in developed countries, 

prevalence of brain abscess is increasing, in particular in immunosuppressed patients 

(Baddley et al. 2002). During the early stage of cerebritis, microglial and astrocyte 

activation is evident and persists throughout abscess development (Esen and Kielian 

2009). The activation of glial cells by pathogens occurs via their pattern recognition 

receptors (PPRs), followed by a strong inflammatory response with cytokine and 

chemokine release, production of nitric oxide, and increased expression of several PRRs, 

especially toll like receptors (TLRs). The prominent role of TLR2 in brain abscess is 

discussed in detail in chapter 1.4.5. 

 
1.2.4.2 Meningitis 
Bacterial meningitis is a common infectious disease with a high morbidity and mortality 

rate. Meningitis is characterized by a strong inflammatory reaction of the meninges. The 

meninges comprise three membranes that, together with the cerebrospinal fluid (CSF), 

enclose and protect the brain and spinal cord. In general, the infection of the CSF space 

causes tissue damage and adverse outcome of the disease. Bacterial cell wall 

components, including LPS and lipopeptides are the key elements, triggering inflammatory 

response (Koedel 2009). In developed countries, the most common pathogens that cause 

bacterial meningitis are S. pneumoniae, N. meningitidis, S. agalactiae, and L. 

monocytogenes (Koedel 2009). Although meningitis is an inflammatory disease of the 

meninges, usually it is not restricted to these membranes but can also affect other tissues 

of the brain and lead to inflammatory injury. The bacterial products can traffic easily from 

the CSF to the brain parenchyma via the CNS perivascular fluid circulation. Immune cells 

respond by releasing chemokines and cytokines, which stimulate neighbour tissue to 

participate in an immune response (Nau and Bruck 2002). Major players in detection of 

microbial components during meningitis are TLRs. S. pneumoniae has the potiential to 

activate TLR2, TLR4 and TLR9, which are known to be expressed on glial cells and seem 

to play a pivotal role also in meningal infections (Koedel 2009).  
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1.2.4.3 Neuronal injury - stroke 
Ischemic injury to the brain (stroke) is a major cause of morbidity and mortality for which 

effective treatments are lacking. In most cases, the global cerebral infarction is followed by 

reperfusion and finally by neurodegeneration (Owens 2009). In this cascade, glial cell 

activation is a critical event. Although it is known that in ischemic brain injury the blood 

brain barrier is damaged, followed by an increase in peripheral immune cell invasion, it is 

assumed that resident microglia, but not infiltrating macrophages are the major players 

(Schilling et al. 2005; Denker et al. 2007). Proteolytic cleavage fragments of the extra-

cellular matrix are produced during the initial stages of injury. These components are able 

to regulate the activation state of microglia and astrocytes, as they are known to bind to 

the same pattern recognition receptors that are used by pathogens (Morwood and 

Nicholson 2006). Furthermore, glial cells and infiltrating T-cells release proinflammatory 

cytokines which could enforce the inflammatory response. This may have protective 

effects, but could also lead to neuronal damage. The variable functional immune response 

may appear due to different activation states of the engaged glial cells, which may 

influence their protective or destructive function. 

 

1.2.4.4 Alzheimer’s disease 
Alzheimer’s disease (AD) is a chronic neurodegenerative disease and the most common 

form of dementia. It is characterized by accumulation of abnormally folded insoluble 

amyloid beta (A beta) and tau proteins in the brain, accompanied by the loss of neurons 

and synapses in the cerebral cortex and certain subcortical regions. In Alzheimer’s 

disease, the primary persistent immune stimuli are most likely A beta peptides, either 

monomers, oligomers and/or fibers (Colton 2009). Recent studies have demonstrated that 

TLRs participate in microglial activation (Landreth and Reed-Geaghan 2009). In vivo, 

microglia responses appear to have a high complexity, which might reflect a 

heterogeneous state of microglial activation. On the one hand A beta is known to initiate a 

proinflammatory classical activation of microglia, whereas binding of A beta peptides and 

fibers to special receptors, such as SR-A, CD36 or integrins may initiate 

immunosuppression and repair mechanisms (Colton 2009). In contrast, recent studies 

showed that microglia depletion in an AD model was without consequences on amyloid 

plaque formation and maintainance or amyloid-associated neuritic dystrophy (Grathwohl et 

al. 2009 303). Nevertheless, the proinflammatory part with increased release of neurotoxic 

products may have high impact in AD. Several studies on humans showed that long-term 

usage of non-steroidal anti-inflammatory drugs (NSAIDs) is associated with a reduced 

likelihood of developing AD (Szekely et al. 2007). But the phagocytotic activity of activated 

microglia may also have positive effects. Recently it was shown in an AD-mouse model 
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that treatment with LPS resulted in induced clearance of A beta from the brain by microglia 

(Herber et al. 2007). Hence it is still unclear whether the impact of inflammation in AD is a 

beneficial or detrimental. 

 
1.2.4.5 Parkinson’s disease 
Parkinson’s Disease (PD) is one important cause of disability in elderly people. It is 

characterized by a dramatic loss of dopaminergic neurons in the substantia nigra. There 

are many hypotheses about the cause of PD. One mechanism by which the brain cells in 

PD are lost may be related to an abnormal accumulation of alpha-synuclein (Lee 2003; 

Bueler 2009). This protein accumulation results in inclusions in the cytoplasm called Lewy 

bodies. In addition, it is assumed that mitochondrial dysfunction is involved in PD 

development (Ferrucci et al. 2008). Furthermore, oxidative stress seems to play an active 

role in the pathogenesis of PD (Hald and Lotharius 2005). In recent years, the involvement 

of neuroinflammatory processes in nigral degeneration came more into focus (Hald et al. 

2007). In PD, the degeneration of dopaminergic neurons is associated with robust 

microglial activation, and several studies suggest that neuroinflammatory responses 

mediated by microglia contribute significantly to the progressive degeneration process in 

PD (Orr et al. 2005; Ouchi et al. 2005). This perspective was very well reviewed by Hald et 

al. (Hald et al. 2007), who listed several human and preclinical data about this issue 

suggesting that inflammation plays an active role in PD. With the appearance of activated 

microglia in PD-patients, also an increase in the concentration of the inflammatory 

cytokines IL-1ß and IL-6 was detectable (Mogi et al. 1994; Blum-Degen et al. 1995). 

However, the impact of inflammatory cytokines in PD is still unclear, and it has to be 

further clarified whether they have neuroprotective effects or rather induce cell toxicity 

which may increase the loss of dopaminergic neurons (Hald et al. 2007). 

 

1.2.4.6 Aging 
The aging brain is characterized by a loss of weight and volume. The main reason for this 

atrophy seems to be a loss of neurons and myelinated axons. On the other hand, there is 

an increase in marker proteins of glial cells in aged brains, which may indicate a higher 

prevalence of astrocytes and microglia (Rozovsky et al. 1998; Sheng et al. 1998; Sloane 

et al. 1999; Conde and Streit 2006). Furthermore, age-associated alterations in immunity 

in innate immune cells of the brain have been reported (Godbout and Johnson 2009). 

Several studies showed that aged microglia increase MHCII receptor expression, but also 

expression of scavenger receptors and complement receptors (Perry et al. 1993; Morgan 

et al. 1999; Godbout et al. 2005). Older microglia also seem to change their activation 

state to reactive glia, and display an elevated inflammatory profile. Microglia cultured from 
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aging brains have increased basal production of IL-6 (Xie et al. 2003; Sierra et al. 2007). 

As higher levels of pro-inflammatory cytokines produce local tissue degeneration 
(Kettenmann 2004), the elevated cytokine levels in aging microglia could lead to brain 

damage. In addition, oxidative stress may also trigger the expression of proinflammatory 

cytokines, as animal studies have shown that aging induces a significant increase in 

cellular hydrogen peroxide, the source of hydroxyl radicals (Cavazzoni et al. 1999). The 

activation of the oxidative stress sensitive NF-kB and a subsequent upregulation of 

inflammatory response could lead to a further increase in ROS. This may result in 

continuous increase in oxidative stress and inflammation (Durany et al. 1999). This 

instance could also contribute to the onset of neurodegenerative diseases (Mrak and 

Griffin 2005). And even in the absence of detectable disease, the glia population 

undergoes an age-related transformation that may create a more sensitive brain 

environment. It is also discussed that aged microglia change their morphological 

properties not to ‘reactive’, but to ‘dystrophic’ microglia (Streit et al. 2004), which could 

also be involved in the production of neuroprotective compounds (Streit 2005). Indeed, in 

some studies, the inflammatory reaction triggered in aged brain by LPS-administration or 

traumatic lesion was found to be reduced (Stuesse et al. 2000; Utsuyama and Hirokawa 

2002; Johnson et al. 2006).  

 

1.3 Impact of repeated/chronic stress on neuroglia 
Most neurodegenerative diseases are accompanied to an inflammation response of glial 

cells. This may be important, when a second inflammatory stimulus occurs. Glial cells may 

display altered behaviour, and therefore the inflammatory response could differ from the 

expected one. 

 

1.3.1 Concepts for cell alteration upon repeated stimulation 
1.3.1.1 Endotoxin tolerance 
Several studies showed that by prior exposure of animals to a low amount of LPS, a hypo-

responsiveness or refractoriness to subsequent challenge of LPS was developed (Ziegler-

Heitbrock 1995; Tanamoto 1999; Ferlito et al. 2001; Murphey and Traber 2001; Cross 

2002; West and Heagy 2002). LPS tolerized mice showed a decreased febrile response 

and protection against death, as well as a reduced release of inflammatory endogenous 

cytokines after a second LPS treatment. Furthermore, it has also been reported that mice, 

pre-treated with a low dose of LPS, IL-1ß or TNF, respectively, developed homologous 

tolerance to restimulation with the same agonist and in the case of LPS and TNF even 

cross-tolerance was demonstrated (Ferlito et al. 2001; Murphey and Traber 2001). In this 

context, the impact of induced anti-inflammatory mechanisms, such as production of the 
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cytokine IL-10, is discussed (Murphey and Traber 2001). Others hypothesize that down-

regulation of common signaling molecules may induce cross-tolerance among two 

subsequent heterologous stimuli (Ferlito et al. 2001). Endotoxin resistance was also 

observed in cells of the CNS. TNFα production in primary rat glia was significant lower 

after the second exposure with LPS, compared to cells stimulated only once with LPS. In 

contrast, PGE2 production did not differ (Shemi and Kaplanski 2005). 

 

1.3.1.2 Endotoxin hypersensitivity/priming 
In contrast to endotoxin tolerance, the phenomenon of reverse tolerance or LPS 

hypersensitivity has also been described (Greisman et al. 1964; Galanos et al. 1988). The 

enhanced sensitivity to LPS can be caused by a multitude of factors, including bacterial, 

viral or protozoal organisms, or treatment with components of killed pathogens (Chedid 

1971; Galanos et al. 1988; Freudenberg et al. 2001). Pretreatment of mice with living or 

killed pathogens strongly increased the susceptibility to LPS. The LPS pre-treatment lead 

to augmented cytokine production and enhanced lethal activity of LPS and/or of TNFα, 

which was over-produced in response to the second stimulus (Freudenberg et al. 1998; 

Merlin et al. 2001). It is discussed that, depending on the priming microbial agent, this LPS 

hypersensitivity is mediated by IFNγ or IFNα/ß (Freudenberg et al. 2003).  

A similar phenomenon of endotoxin-hypersensitvity is described as Shwartzman reaction 

(Shwartzman 1928). When a small dose of endotoxin is injected subcutaneously, this 

results in a mild inflammation. After a second dose of endotoxin, injected intravenously, 

the original skin injection site develops hemorrhagic necrosis within a few hours. The 

exact mechanism is poorly understood. 

 

1.3.1.3 Desensitization/Tachyphylaxis 
In pharmacology, desensitization comprises the loss of responsiveness during the 

continued or repeated administration of an activating drug. It is also termed tachyphylaxis, 

down-regulation, or drug tolerance. Tachyphylaxis may be associated with receptor 

desensitization (e.g. phosphorylation) or G protein uncoupling. The addition of subsequent 

doses of an activating ligand lessens the elicited response (Hofland and Lamberts 2003). 

It has also been postulated that tachyphylaxis to several receptor ligands may appear due 

to a down regulation of the corresponding receptor, receptor internalization, or degradation 

(Maisel et al. 1989; Hofland and Lamberts 2003; Lacolley et al. 2006). This leads to 

decreasing effectiveness of a drug or endogenous agonist.  
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1.3.1.4 Preconditioning 
The actually best known and described instance of preconditioning is ischemic 

preconditioning or ischemic tolerance. This procedure can prevent neurodegeneration, 

e.g. in stroke (Lehotsky et al. 2009). Often, the inducing stimulus for producing resistance 

to lethal ischemia in the CNS is a sublethal pre-ischemia. The CNS reacts with adaptions 

to sublethal short-term ischemia, which results in tolerance to lethal ischemia (Kirino 2002; 

Dirnagl et al. 2003; Gidday 2006). But also preconditioning with LPS protected against cell 

death after stroke. Yenari et al. designed an “in vitro stroke model” where, interestingly, 

microglia activated by lipopolysaccharide were protected against death by serum 

deprivation (Yenari and Giffard 2001). This aspect was confirmed by Rosenzweig et al. in 

an in vivo model. He postulated that preconditioning of mice with LPS protects against the 

cytotoxic effects of TNFα after stroke (Rosenzweig et al. 2007). The protective effects of 

LPS pretreatment were also investigated on other neurodegenerative diseases. In an 

Alzheimer’s model, preconditioning with LPS induced clearance of A beta, which may 

inhibit effects on development of Alzheimer’s diseases (Herber et al. 2007). The molecular 

mechanisms of preconditioning effects are extremely complex, and therefore are not fully 

understood. There are involved many signaling pathways and alterations in gene 

expression. Additionally a metabolic depression has been suggested to play an important 

role in ischemic preconditioning (Yenari et al. 2008; Lehotsky et al. 2009). The 

involvement of different cell types in the brain makes the phenomenon even more 

complex. 

 

1.3.2 Impact of chronic neuroinflammation on microglia and astrocytes 
Chronic neurodegenerative diseases such as AD or PD are often age-related and are 

mostly accompanied by long-lasting neuroinflammation (Hauss-Wegrzyniak et al. 2002; 

Wersinger and Sidhu 2002; Blasko et al. 2004). But also acute ischemic stroke triggers an 

inflammatory reaction that may last up to several months (Nilupul Perera et al. 2006). For 

example, the presence of pro- and anti-inflammatory cytokines after stroke was detected 

in cerebrospinal fluid (CSF) of humans even 12 weeks after the acute event (Nilupul 

Perera et al. 2006). Experiments on rats showed activated microglia 60 days after induced 

focal ischemic stroke (Villa et al. 2007). A persistent brain inflammation may be supported 

by macrophage infiltration, which starts about 3 days after symptom onset and can last for 

several years or decades (Chuaqui and Tapia 1993; Mena et al. 2004; Nilupul Perera et 

al. 2006).  

In a multitude of studies, it has been shown that in chronic brain inflammation cells of the 

innate immune system alter their phenotype and especially change their receptor 

expression (Streit et al. 2004; Liu et al. 2005; Letiembre et al. 2007; Walter et al. 2007; 
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Letiembre et al. 2009). Therefore, it can be assumed that microglia and astrocytes may 

change to a more reactive state. Similar to endotoxin hypersensitivity, such ‘primed’ glial 

cells may react differently to a further inflammatory stimulus of the same nature, or even of 

different constitution. The pathophysiology of long-lasting inflammatory events 

accompanied by chronic neurodegenerative disease is highly complex. It becomes even 

more complex, when, within this model, the interaction of a second heterologous 

inflammatory event is studied. This may be the reason, why investigation on aged mice, 

treated with the TLR4 ligand LPS had a very controversial outcome. Some groups 

postulated that LPS administration in old mice elicits an inflammatory cytokine response  

(Florez-Duquet et al. 2001; Peloso et al. 2003; Godbout et al. 2005; Chen et al. 2008; 

Henry et al. 2009; Xu et al. 2010) whereas others even found a reduced inflammatory 

reaction after LPS administration (Stuesse et al. 2000; Utsuyama and Hirokawa 2002; 

Johnson et al. 2006; Xu et al. 2010). In most diseases, associated with chronic brain 

inflammation, the expression of pattern recognition receptors (PRRs) in microglia and 

astrocytes is upregulated. Therefore, it also can be assumed that the occurrence of 

pathogen-associated brain inflammation, like brain abscess or meningitis may differ in 

patients with chronic CNS disease, compared to healthy indiviuals. This issue will be 

investigated in a simplified in vitro model in the present work. 

 

1.4 Pattern recognition receptors (PRRs)  
1.4.1 Overview on PRRs and their ligands 
Pathogens are recognized via pattern recognition receptors (PRRs) that are able to detect 

pathogen associated molecular pattern motifs (PAMPs), present on gram-positive and 

gram-negative bacteria, viruses, fungi and protozoa. PAMPs represent conserved 

biophysical molecular patterns of highly variable chemical structure (Janeway and 

Medzhitov 2002; Akira et al. 2006). Typical PAMPs are components of the cell wall of 

fungi and of gram-positive or gram-negative bacteria, components of bacterial flagella, but 

also bacterial genomic DNA and especially viral RNA or DNA (Akira et al. 2006). Most 

bacterial and fungal PAMPs are recognized by extracellular PRRs, whereas viral 

components are mainly detected intracellularly. Besides PAMPs, cells are also able to 

detect damage associated molecular pattern (DAMPs) via PRRs. Many DAMPs are 

nuclear or cytosolic proteins. In healthy cells, these proteins have a defined intracellular 

function. After tissue injury they are released outside of the cell from a reducing to an 

oxidizing milieu, which results in denaturation (Rubartelli and Lotze 2007). DNA from 

necrotic cells released into the extracellular space functions also as DAMP (Farkas et al. 

2007). Protein DAMPs known to be detected by PRRs are the intracellular heat-shock 
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proteins (Panayi et al. 2004) or HMGB1 (Scaffidi et al. 2002), and e.g. hyaluronan 

fragment proteins, which are derived from the extracellular matrix following tissue injury.  

The most studied PRRs are the Toll-like-receptors (TLRs), which were firstly identified in 

drosophila (Lemaitre et al. 1996). Thus far, there exist at least 11 human and 13 mouse 

TLRs. These integral membrane receptors can be expressed extracellularly (TLR1/2, 

TLR2/6, TLR4, and TLR5), but also intracellularly on the surface of endosomes (TLR3, 

TLR7, TLR8, and TLR9). PRRs are important for innate and acquired immunity. Microglia 

and astrocytes are equipped with a broad range of intra- and extracellular PRRs of the 

TLR family to detect invading pathogens (Jack et al. 2005). The first human TLR, 

discovered in 1997 was TLR4, which can be activated by LPS, the major 

immunostimulatory component of the outer cell wall of gram negative bacteria (Medzhitov 

et al. 1997). Besides TLR4, the best characterized extracellular TLR is TLR2, which 

recognizes bacterial peptidoglycans/ lipoproteins (Kielian 2009). Due to its particular 

interest in this work, TLR2-heterodimers and their ligands are discussed in detail in 

chapter 1.4.4. Another well studied PRR is the intracellular TLR3. The ligand of TLR3 is 

dsRNA, which is an intermediate, produced during viral replication in cells (Alexopoulou et 

al. 2001). A synthetic TLR3 agonist is Poly(I:C). Single stranded RNA is recognized by the 

highly homologous TLR7 and TLR8 (Kaisho and Akira 2004). TLR9 reacts to 

unmethylated CpG oligodeoxynucleotides, which are found in bacterial and viral genomes 

(Chuang and Ulevitch 2004). Bacterial flagellin protein is sensed by TLR5 (Hayashi et al. 

2001). Known receptors for DAMPs include TLR2, TLR4 and RAGE (Receptor for 

Advanced Glycation Endproducts). TLR10 has an exceptional position, which is expressed 

only in humans and thought to heterodimerize with TLR2 and TLR1 (Akira et al. 2006). 

Some members of the TLR-family remain relatively poorly characterized (i.e. TLR11, 

TLR12, TLR13) (Kielian 2009) 

Other extracellular membrane PRRs, besides TLR, are the receptors of the complement 

system and the scavenger receptor family, as well as the receptor for advanced glycation-

end products, and the C-type lectin receptors such as the mannose receptor and the 

dectin receptor family (Stahl and Ezekowitz 1998; Murphy et al. 2005). Recently, several 

different intracellular PRRs have been identified that are capable of identifying a multitude 

of PAMPs (Meylan and Tschopp 2006). Two anti-viral RIG-like helicases (RLHs), retinoic 

acid inducible gene I (RIG-I) and melanoma-differentiation-associated gene 5 (MDA5) 

have been identified as cytosolic receptors for different forms of viral RNA. The 

cytoplasmic family of nucleotide-binding oligomerization domain (NOD) proteins also 

represents an intracellular immune defence. It was shown that astrocytes possess 

functional NOD2 molecules (Sterka et al. 2006). Primary murine microglia constitutively 
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express robust levels of NOD2 and show an upregulation of NOD2 expression following 

exposure to bacterial pathogens (Sterka and Marriott 2006).  

 

 
Fig. 4: Pathogen recognition receptors couple pathogen-derived ligands to the cellular signal 
transduction machinery 
Abbrevations: Muramyl dipeptide: MDP, Lipopolysaccharide: LPS, Lipopeptide: LP, gamma-D-
glutamyl-meso-diaminopimelic acid: iE-DAP, Demethylated DNA rich in cytosine and guanine 
bases: CpG, unspecified products of uropathogenic bacteria: UBP. Adapted from Falsig et al. 
(Falsig et al. 2008) 
 
 
1.4.2 Toll like receptors in neuroglial cells 
1.4.2.1 TLR expression in microglia  
Microglia are the key defence against invading pathogens. Therefore, it is not surprising 

that they express most of the known TLRs. The expression of the mRNA and/or protein of 

TLR1-9 in microglia has been demonstrated in several studies (Dalpke et al. 2002; Kielian 

et al. 2002; Rasley et al. 2002; Olson and Miller 2004). Furthermore, the TLR levels can 

be modulated following the exposure to bacterial pathogens (Kielian et al. 2002; Rasley et 

al. 2002; Olson and Miller 2004; Esen and Kielian 2005). The specific ligand of one single 

TLR is sufficient to fully activate microglia and to induce a typical inflammatory response. 

Activated microglia proliferate and furthermore, they produce several antiviral/antibacterial 

molecules such as TNF, IFNß, nitric oxide, but also several chemokines and pro- or anti-

inflammatory interleukins (Olson and Miller 2004; Lund et al. 2006; Falsig et al. 2008). The 

most studied TLR in microglia is TLR4 and its ligand LPS. This PRR and its cognate 

ligand will be discussed in detail in chapter 1.4.3. In addition to investigations with only 
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one TLR ligand, the effects of microglia, activated by two different TLR ligands in low 

concentrations, were also studied (Ebert et al. 2005). Microglia, stimulated with different 

combinations of two TLR ligands, (TLR2/TLR4, TLR4/TLR9, and TLR2, TLR9) released 

nitric oxide in a synergistic manner. This observation may be important for a host defence, 

where individual pathogens comprise ligands for different TLRs (Falsig et al. 2008), but 

also in context with invading pathogens/inflammatory stress factors of different character 

at the same time, or even in successive manner.  

 

1.4.2.2 TLR expression in astrocytes  
Besides microglia, astrocytes have been recognized to play a pivotal role in the immune 

response against CNS pathogens. They are a major source of inflammatory chemokines 

and there is direct evidence for the presence of TLRs in astrocytes (Bsibsi et al. 2002; 

Bowman et al. 2003; Carpentier et al. 2005; Farina et al. 2005). It was shown that primary 

astrocytes constitutively express low levels of TLR2, TLR3, TLR5, and TLR9, whereas the 

expression of each TLR homolog was rapidly upregulated, following exposure to its 

corresponding ligand (Bowman et al. 2003; Carpentier et al. 2005; Konat et al. 2006; Esen 

and Kielian 2009). In addition, some microbial components could also upregulate the 

expression of other TLR homologs than their corresponding ones (Bowman et al. 2003; 

Jack et al. 2005; Konat et al. 2006). Furthermore, it was shown that exposure of 

astrocytes to inflammatory cytokines can also augment TLR expression. These data 

suggests that cell activation by microbial components and/or inflammatory cytokines may 

potentially sensitize astrocytes by increasing expression of PRRs. This could lead to 

enhanced immune responses of these cells following CNS damage or infection (Konat et 

al. 2006). 

 

1.4.3 TLR4 and its ligand LPS 
LPS is an important structural component of the outer membrane of gram negative 

bacteria, which is able to induce systemic inflammation (Beutler and Rietschel 2003). This 

PAMP is the best studied immunostimulatory microbial component. In detail, the lipid A is 

the main unit of LPS, recognized via PRRs of the innate immune system (Lu et al. 2008). 

An important sensor in LPS recognition is TLR4 (Poltorak et al. 1998). TLR4-LPS 

recognition and signaling is supported by co-receptors, including the LPS binding protein 

(LBP), CD14 and MD-2. LBP, a soluble shuttle protein, binds directly to LPS (Fig. 5). This 

complex binds to CD14, which facilitates the transfer of LPS to the TLR4/MD-2 receptor 

complex and enables LPS recognition (Wright et al. 1990).  

TLR4 signaling can be divided into two different pathways, the MyD88-dependent and 

MyD88 independent (TRIF-dependent) pathway. This was investigated on MyD88 
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deficient macrophages (Kawai et al. 2001). It was shown that the MyD88 dependent 

pathway is responsible for proinflammatory cytokine expression (via NF-kB activation and 

MAPK response), while the MyD88-independent pathway mediates the induction of type I 

interferons and interferon inducible genes. It was also shown that CD14 is required for 

MyD88-independent LPS signaling (Jiang et al. 2005). Microglia are known to express 

CD14 and it was further affirmed that both pathways are involved in inflammatory 

response of microglia (Zhou et al. 2006). 

 

 
Fig. 5: The recognition of LPS by TLR4 is supported by the co receptors LBP,CD14, and MD-2. 
TLR4 signaling can be dividet into the MyD88 dependent or the MyD88 independent pathway, 
which result in production of proinflammatory cytokines and Type I interferons. (adapted from Lu et 
al. (Lu et al. 2008)) 
 

It has been shown that the LPS receptor CD14 significantly contributes to the 

neuroinflammatory responses in Alzheimer’s disease as it binds A beta and activates the 

cells for the inflammatory markers IL-6 (Liu et al. 2005). Although the affinity of fibrillary A 

beta to CD14 is 50 fold lower than that of LPS, it is likely that even at this submaximal 

affinity, the interaction is sufficient to maintain a chronic neuroinflammation, due to the 

very high concentrations of fibrillary A beta in AD patients (for years or decades), (Liu et 

al. 2005).  
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1.4.3.1 TLR4 in microglia 
It has been known for several years that LPS serves as a strong stimulus for microglial 

activation with robust production of proinflammatory mediators. Therefore, it was not 

surprising, when it was reported that microglia express high levels of TLR4 (Laflamme and 

Rivest 2001; Bsibsi et al. 2002; Lehnardt et al. 2002; Olson and Miller 2004; Jung et al. 

2005). Human microglia, stimulated with LPS, secrete high amounts of the 

proinflammatory cytokines TNFα and IL-6 (Becher et al. 1996; Chan et al. 2003). The 

dynamic of the LPS triggered inflammatory response of murine microglia has been 

investigated in vivo and in primary microglia by Lund et al.. More than 20 inflammation-

related genes were upregulated in LPS stimulated microglia (Lund et al. 2006).  

 

1.4.3.2 TLR4 in astrocytes 
TLR4-activation in astrocytes is discussed controversially, depending on species and 

genetic background of the cells. Currently, it is highly discussed, whether astrocytes do 

express TLR4. Some groups reported that astrocytes express TLR4 and reacted with 

cytokine release after stimulation with the TLR4 ligand LPS (Bsibsi et al. 2002; Bowman et 

al. 2003; Carpentier et al. 2005). Other groups were unable to demonstrate TLR4 

expression in astrocytes (Lehnardt et al. 2002; Lehnardt et al. 2003). In our lab, we did not 

observe cell activation after LPS-treatment (Falsig et al. 2004a). It appears that in most 

cases microglia-contamination were the source for cytokine release and NO production 

after LPS treatment in primary astrocyte cultures (Sola et al. 2002). Since microglia 

express high levels of TLR4, only marginal microglia contamination in primary astrocytes 

cultures could induce artefact signals (Kielian 2009).  

 

1.4.4 TLR2-heterodimers and their ligands 
Although most TLRs form homodimers, TLR2 only forms heterodimers with TLR1 or 

TLR6, respectively. Heterodimers of TLR2 and TLR1 are able to recognize triacylated 

lipopeptides from bacteria, or the synthetic Pam3Cys, which is frequently used as specific 

TLR2/1 ligand. Nevertheless, it was shown that Pam3Cys has also (low) activity in TLR1 

deficient mice (Buwitt-Beckmann et al. 2005). Dimers of TLR2 and TLR6 respond to a 

variety of PAMPs including peptidoglycan, diacetylated lipopeptides, fungal zymosan and 

mycoplasma lipopeptides (Okun et al. 2009). One highly potent synthetic TLR2/6 ligand 

derived from Mycoplasma salivarium is the fibroblast stimulating lipopeptide 1 (FSL1) 

(Shibata et al. 2000; Takeuchi et al. 2001; Okusawa et al. 2004). The structures of the 

TLR2 ligands Pam3Cys and FSL1 are shown in figureFig. 6. 
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Fig. 6: Mycoplasmal lipopeptides, such as FSL1, contain a diacylated cysteine residue, whereas 
bacterial lipopeptides and the synthetic lipopetide Pam3Cys, contain a triacylated one. 
 

It has been reported that TLR2 is able to cooperate with CD14, which is also expressed in 

glial cells (Kielian et al. 2002; Kielian et al. 2005a; Bsibsi et al. 2007). CD14 is involved in 

the recognition of gram positive PAMPs through its ability to bind lipopeptides and induce 

physical proximity of CD14 and lipopeptides with TLR2/TLR1 or TLR2/6 heterodimers and 

formation of the TLR2 signaling  complex (Manukyan et al. 2005). TLR2 has been found in 

microglia as well as in astrocytes. In microglia it is expressed in high levels even in non-

stimulated cells, whereas resting astrocytes express only very low levels of TLR2. In both 

cell types, the expression of TLR2 can be induced by an inflammatory stimulus (Jack et al. 

2005). Glial cells express both variants of heterodimers, TLR2/1 and TLR2/6 (Esen et al. 

2004). 

 
1.4.5 TLR2 in brain abscess 
For detection of microbial components as well as induction of an inflammatory response of 

abscesses, pattern recognition receptors (PPRs) occupy a central position. In particular 

TLR2 appears to play a pivotal role in microglia and astrocyte activation during brain 

abscess. The main etiologic agents of brain abscess are the gram positive Streptococcal 

strains and Staphylococcus aureus (Esen and Kielian 2009). It has been shown that 

primary microglia isolated from TLR2-KO mice were did not respond to S. aureus derived 

PGN (Kielian et al. 2005a). But there is also evidence that besides this, other TLRs and/or 

cytokine receptors, utilizing MyD88 signaling pathways, are involved in recognition of S. 

aureus (Esen and Kielian 2009). In contrast, astrocytes stimulated with intact S. aureus or 

PGN, respectively, appeared to rely strongly to TLR2 signaling and subsequent 

proinflammatory mediator release, which was shown in TLR2-KO astrocytes (Esen et al. 

2004). Astrocytes play an important role in the regulation of cell entry into the brain (Falsig 

et al. 2006). Compared to microglia, they represent a more robust source of chemokines. 

Therefore, the presence and regulation of TLR2 in astrocytes, which enables the induction 
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of chemokine production, may be of high interest. Thus, a fast and effective pathogen 

recognition may have drastic implications on the recruitment of immune cells from the 

periphery to the infected CNS. 

 

1.5 Signal transduction  
1.5.1 Toll-like receptors 
TLRs are integral membrane proteins. They contain a leucine-rich intracellular domain and 

a cytoplasmic domain which, similar to members of the interleukine-1 receptor (IL-1 

receptor) family, initiate downstream signaling through the Toll/IL-1receptor (TIR) domain. 

Almost all TLRs activate MyD88-dependent pathways to induce a core set of responses, 

such as inflammation (Barton and Medzhitov 2003). Exceptions are TLR3 and a subset of 

TLR4 signaling events, which are mediated by TIR-domain-containing adapter-inducing 

interferon-β (TRIF) activation (Johnson et al. 2008) via the MyD88 independent pathway. 

All TLRs activate a common signaling pathway that culminates in the activation of NF-kB 

transcription factors (Barton and Medzhitov 2003). But also the mitogen-activated protein 

kinases (MAPKs), the extracellular signal-regulated kinase (ERK), p38 and c-Jun N-

terminal kinase (JNK) become activated (Barton and Medzhitov 2003) (see Fig. 7). In 

addition to the aforementioned, the MyD88 independent pathway via TRIF, triggers the 

induction of Type I interferons by activation of the transcription factor IRF3 (Lu et al. 2008).  

 

 
Fig. 7: Most TLRs trigger through the MyD88 dependent pathway. The transcription factors NF-kB 
and AP-1 get activated. This results in genr expression of proinflammatory cytokines. 
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1.5.2 TNF-receptors 
The proinflammatory cytokine TNF triggers cell activation through two distinct cell surface 

receptors, TNF-R1 and TNF-R2, whereas TNF-R1 initiates the majority of TNF’s biological 

activities (Chen and Goeddel 2002). TNF ligand binding initiates intracellular signaling by 

the formation of receptor trimers, followed by an assembling of submembranous protein 

complexes on the aggregated cytoplasmic TNFR1 associated death domain (TRADD) 

(Hsu et al. 1995). Subsequently, the TNF receptor-associated factor-2 (TRAF2) is 

recruited to this complex. This activates two important downstream signaling pathways, 

the AP-1 pathway (see details in 1.5.4) and the NF-kB pathway (see details in 1.5.3) 

(Raingeaud et al. 1995; Hsu et al. 1996). These two pathways via c-Jun N-terminal kinase 

(for AP-1) and inhibitor of kB kinase (for NF-kB), respectively, are distinct intracellular 

signaling cascades (Liu et al. 1996). In consequence, the initiation of TNF-R signaling 

leads to expression of a series of inflammatory cytokines and chemokines (Tian et al. 

2005) (see Fig. 8). In addition, TNF-R is involved in death signaling via Caspase 8 (Gaur 

and Aggarwal 2003). However, TNF-induced cell death plays only a minor role in 

inflammatory cells. 

 

   
Fig. 8: TNF binding to the receptor trimer TNFR1 initiates recruitment of intracellular protein 
complexes and initiates downstream signaling pathways, activating NF-kB and AP1. 
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1.5.3 The transcription factor NF-kB 
NF-kB is critical for the glial response to microbial or inflammatory stimuli, but also for 

stimuli like TLR ligands, TNFα and IL-1ß. Activation of NF-kB is regulated by the IKK 

complex (inhibitor of kB kinase complex). This complex consists of three proteins, the two 

kinases, IKKα and IKKß, and the regulatory protein IKKγ (NEMO). During canonical NF-kB 

signaling, receptor signals converge at the IKK-complex in the cytoplasm. IKKß is 

phosphorylated, which in turn phosphorylates I-kB, the inhibitory molecule. This 

phosphorylation marks I-kB for polyubiquitination and results in proteasomal degradation. 

Hence, the inhibitory effect of I-kB is removed and allows the release of the p65/p50 NF-

kB heteromer. NF-kB translocates from the cytoplasm to the nucleus, which is followed by 

promoter binding and inflammatory gene transcription (Hagemann et al. 2009). 

In this work, the translocation of the p65 subunit of NF-kB from the cytoplasm to the 

nucleus is determined by immunostaining, for defining the activation state of astrocytes 

(see details in materials and methods 2.2.6). 

 

 
Fig. 9: Schematic representation of NF-kB signaling pathway, regulating inflammatory immune 
response. 
 

1.5.4 C-Jun phosphorylation 
Besides NF-kB, there exist additional transcription factors, highly involved in inflammation 

signaling. One of these transcription factors is AP-1, a protein complex regulating gene 

expression in response to a variety of stimuli, including cytokines, growth factors, stress, 

and bacterial or viral infections. The AP-1 complex is a heterodimeric protein composed of 

proteins belonging to the c-fos and c-Jun families (Shaulian and Karin 2002). Its activation 

is involved in proliferation, cell differentiation and inflammation. The most prevalent 
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constituent of the AP-1 transcription factor complex is c-Jun, which forms homodimers or 

heterodimers with c-fos, or other jun-related proteins. The ability of c-Jun to activate gene 

transcription is strongly regulated by its phosphorylation. This phosphorylation is mediated 

by the Jun-N-terminal kinase (JNK), which is activated by MKKs 4/7 of the MAPK-

signaling pathway. Activated JNK translocates into the nucleus, where c-Jun is 

phosphorylated. This phosphorylation prevents ubiquitin-dependent degradation and 

allows promoter binding of AP-1 and gene transcription (Dunn et al. 2002). 

The phosphorylation state of c-Jun can be determined by immunfluorescence. In this 

project, the fluorescence intensity in the nucleus was quantified to determine the activation 

state of primary astrocytes. 

 
Fig. 10: Schematic simplified representation of AP-1 signaling pathway in regulating gene 
expression. 
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1.6 Specific aims of the study 
 

1: Determination of gene expression profile of activated microglia and examination of 

mediators involved in astrocyte activation by microglia. 

 

2: Investigation of TLR2 expression and activation by its corresponding ligands of primary 

astrocytes under inflammatory conditions. 

 

3: Study the altered activation of astrocytes via TLR2 ligands under conditions of chronic / 

repeated inflammatory stress.  

 
 

 



2. Material and methods 
______________________________________________________________________________________________________________________________________________________________ 

26 

2 Material and methods 
2.1 Materials and animals 
2.1.1 Chemicals 
All chemicals not specifically mentioned were of analytical grade and were obtained from 

Carl Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), or Sigma-Aldrich 

(Steinheim, Germany). 

 

2.1.2 Substances 

 
 

 

2.1.3 Antibodies 
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2.1.4  Reagents and kits 

 
 

2.1.5 Cell culture materials 
Tissue culture material and general laboratory plastic ware was purchased from Greiner 

Bio-One GmbH (Frickenhausen, Germany). Dulbecco's modified eagle medium (DMEM), 

Roswell Park Memorial Institute medium 1640 (RPMI 1640), phosphate buffered saline 

(PBS) and antibiotics were obtained from GIBCO (Invitrogen, Karlsruhe, Germany) Fetal 

bovine serum (FBS) was purchased from PAA (Cölbe, Germany) 

 

2.1.6 Animals 
1-2 day old Balb/c wild type mice or TLR2 deficient mice on a Sv129xC57BL/6 

background were raised at the animal research facilities of the University of Konstanz, 

Germany. All steps of animal handling were carried out according to the Guidelines of the 

National Institute of Health (NIH) and legal requirements in Europe. 
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2.1.7 Oligonucleotides 

 
 

 

 

2.1.8 Instruments and software 

 
 

Besides the listed instruments and software, standard laboratory devices, and Microsoft 

Office software 2003 (Microsoft Corporation) was used. 
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2.2 Methods 
2.2.1 Primary cultures  
2.2.1.1 Primary cortical astrocytes 
Primary cortical astrocytes were prepared from 1–2-day-old mice (balb/c or TLR2-/- mice) 

according to a slightly modified version of a protocol by Weinstein (1997). In brief, brains 

from four pups were removed and kept on ice in a phosphate-buffered saline (PBS) buffer 

containing 2 g/l glucose and 0.001% (w/v) phenol red, pH 7.4 (PBS-G). The cortices were 

dissected out, and hippocampi and meninges were carefully removed before digestion in 

PBS-G containing 10 mg/ml trypsin, 1 mg/ml DNase and 5 mg/ml MgSO4, for 3 min at 

37°C. Tissue was washed in PBS-G and triturated in PBS-G with 0.75 mg/ml DNase 

using, sequentially, an 18, 20 and 23 Guage needle. Cells were filtered through a 70 µm 

mesh, pelleted (150 g for 5 min), and re-suspended in PBS-G containing DNase and 

MgSO4. Cells were carefully layered over a 30% Percoll solution in PBS-G and centrifuged 

at 150 g for 10 min. Cells were recovered from the interface, washed once with 15 ml 

PBS-G (100 g for 10 min) and resuspended in Dulbecco’s modified Eagle’s medium 

(DMEM) (high glucose), 20% fetal calf serum (FCS), 100 U/ml penicillin and 100 µg/ml 

streptomycin. All medium constituents were purchased from Invitrogen. Cells were 

counted in a trypan blue solution to assess viability, and seeded at a density of 2 x 106 

cells per T75 flasks. The medium was changed after 4 days and subsequently, twice a 

week. After 14 days in primary culture, cells were trypsinized and incubated in DMEM for 

45 min at room temperature in a T75 flask for differential adhesion of astrocytes and 

residual microglia. Non-adherend cells (astrocytes) were reseeded in DMEM with 10% 

FCS. This medium was used for growing cells. However, for all experiments, cells of the 

top layer were changed to medium containing 2% FCS. The cells were used for 

experiments 7-9 days after replating. 

 

2.2.1.2 Primary microglia for microarray-analysis (performed by Jeppe Falsig) 
Primary microglia cultures were prepared as initially described by Giulian and Baker 

(Giulian and Baker 1986) using the adaptations as described earlier (Ciallella et al. 2005; 

Falsig et al. 2006). Primary cortical astrocytes were prepared according to a slightly 

modified version of a protocol by David E. Weinstein (Weinstein 1997) as described in 

detail earlier (Falsig et al. 2004a; Falsig et al. 2006)  

 

2.2.1.3 Microglia enriched culture 
Similar to the preparation of primary astrocytes, brains from 1–2-day-old mice (balb/c) 

were removed and kept on ice in a phosphate-buffered saline (PBS) buffer containing 2 g/l 

glucose and 0.001% (w/v) phenol red, pH 7.4 (PBS-G). The cortices were dissected out, 
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and hippocampi and meninges were carefully removed before digestion in PBS-G 

containing 10 mg/ml trypsin from Sigma-Aldrich (Steinheim, Germany), 1 mg/ml DNase 

and 5 mg/ml MgSO4, for 3 min at 37 °C. Tissue was washed in PBS-G and triturated in 

PBS-G with 0.75 mg/ml DNase using, sequentially, an 18, 20 and 23 Guage needle. Cells 

were filtered through a 70 µm mesh, pelleted (150 g for 5 min), and resuspended in 

Dulbecco’s modified Eagle’s medium (DMEM) (high glucose), 20% fetal calf serum (FCS), 

100 U/ml penicillin and 100 µg/ml streptomycin. Cells were counted in a trypan blue 

solution to assess viability, and seeded at a density of 2 x 106 cells per T75 flasks. After 

14 days in primary culture, cells were trypsinized very slightly. Cells in suspension were 

washed and reseeded in DMEM with 10% FCS. The cells were always used for 

experiments 7-9 days after replating. 

 

2.2.2 Cytokine determination by ELISA  
The murine cytokines interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα) were 

measured in MaxiSorp plates from Nunc (Langenselbold, Germany) using murine specific 

ELISA kits (see 2.1.4) according to the manufacturer’s protocol. Determination of the 

absorption and calculation of the cytokine concentration was performed by using the 

ELISA reader (Biotec) and Gen5 software. 

 

2.2.3 Nitrite determination by Giess assay 
Nitrite, the surrogate marker for nitric oxide (NO) was measured by use of the Griess 

reagent from Sigma-Aldrich. In brief, 70 µl supernatant or NaNO2 standards were mixed 

with 30 µl N-(1-naphtyl) ethylendamine (0.1% in H2O) and 30 µl sulfanilamide (1% in 1.2 N 

HCl) in a 96-well plate. After 3 min, samples were measured at (570–690 nm) with the 

Biotec ELISA reader. 

 

2.2.4 Flow-cytometry 
Cells were trypsinized, washed with PBS containing 2% FBS and incubated at 4°C for 50 

min with 1 µg/million cells of fluorochrome-conjugated monoclonal antibody against TLR2 

(e-bioscience; Alasdair Stewart, UK) or appropriate isotype controls in PBS containing 2% 

FCS. Labeled cells were washed twice, fixed in 0,5% paraformaldehyde (PFA). A 

minimum of 1 x 104 cells per sample were analyzed using a flow cytometer (Accuri 

Cytometers Inc.; Cambs, UK) and the corresponding software CFlow. 
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2.2.5 Immunostaining 
Cells were fixed with prewarmed (37°C) 4% paraformaldehyde for 10 min. After 

permeabilization (in case of TLR2 staining, no permeabilization was performed) with 0.1% 

Triton-X100 in PBS for 10 min at room temperature, the cells were blocked with 10% FCS 

in PBS. The primary antibody diluted in 2% FCS in PBS, was added to the cells and 

incubated over night at 4 °C. The binding to the antigen was visualized with Alexa-488-

labelled secondary antibody, diluted in 2% FCS in PBS after 50 min incubation time. Cells 

were counterstained for 20 min with H-33342 (1:1000 diluted). The cells were analysed 

using a fluorescent microscope from Olympus or the automated high content imaging 

system Cellomics ArrayScanTM. 

 

2.2.6 High content imaging 
For quantification of nuclear factor kappa-B (NF-kB) translocation or c-Jun 

phosphorylation, respectively, cells were plated at 1 x 104 cells/well in DMEM with 10% 

FBS. After one week of culture, the FCS concentration was reduced to 2% FCS. The cells 

were stimulated for 30 min or as indicated and then fixed with 4% paraformaldehyde, 

permeabilized with 0,1% TritonX-100, blocked with 10% FCS and immunostained with 

purified mouse anti NF-kB p65 antibody (1:300 diluted), or the anti p-c-Jun antibody (1:500 

diluted) and the Alexa-488-labelled secondary antibody (anti mouse IgG A-488; 1:500 

diluted) according to the staining protocol previously described in 2.2.5. For high 

throughput fluorescence microscopy with Cellomics ArrayScanTM, the filter XF100, and the 

20x objective was used. The nuclear translocation/intensity of NF-kB or phosphorylated c-

Jun was quantified with the corresponding software of Cellomics ArrayScanTM, using the 

predefined algorithm ‘nuclear translocation’. The principle is based on cell image 

acquisition with a high-resolution CCD camera, followed by automatic identification of 

cells. Definition and identification of valid objects is based on nuclear staining with H-

33342. Detailed information on the settings for object identification with Cellomics Array 

Scan, are given in Tab. 1. 

 

Tab. 1: Settings for object identification with Cellomics ArrayScanTM 
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2.2.6.1 NF-kB translocation 
The nuclear-cytoplasmic ratio of NF-kB p65 antigen signal intensity was quantified by 

dividing the average antigen intensity in the nuclear area defined as “circ”, by the average 

antigen intensity of a “ring” around this area which covered a cytoplasmic rim (for 

parameter settings see Tab. 2). For determination of reference values, resting cells in 

three reference wells were imaged. In each reference well the cells of three fields were 

analysed. “Activated cells” were defined as the percentage of cells whose circ/ring ratio 

was at least one standard deviation above the average circ/ring ratio obtained 

automatically from the reference wells containing untreated control cells. NF-kB 

translocation in at least 200 cells per well was detected and the mean average intensities 

for each well were determined. For each condition 3 wells were measured.  

 

Tab. 2: Parameter settings for determination of NF-kB translocation with Cellomics ArrayScanTM 

 
 

2.2.6.2 C-Jun phosphorylation 
The signal intensity of fluorescent labelled p-c-Jun antigen in the nucleus was quantified 

by determining the average antigen intensity in the nuclear area (for parameter settings 

see Tab. 3). Signal intensity of the cytoplasmic area was not determined. C-Jun 

phosphorylation in at least 200 cells per well was determined. For each condition 3 wells 

were measured. 

 

Tab. 3: Parameter settings for determination of c-Jun phosphorylation with Cellomics ArrayScanTM 

 
 
2.2.7 BV-2 conditioned medium (CM) 
Cells of the murine microglia cell line BV-2 were seeded in a T175 flask and incubated 

over night in DMEM and 2% FCS. Cells were treated with 50 ng/ml LPS in 10 ml DMEM 

and 2% FCS for 4 h. After the incubation, the supernatant (= CM) was filtered with a 0.22 

µm sterile filter to remove cells and cell debris. For LPS-control medium, BV-2 were 
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incubated for 4 h with medium only. LPS (50 ng/ml) was then added to filtered medium 

afterwards. Aliquots were frozen in liquid nitrogen and stored at -80°C. For activation of 

primary astrocytes, CM was thawed and prewarmed. Astrocyte growth medium was then 

removed and substituted by CM.  

 

2.2.8 RNA extraction, RT-PCR and quantitative PCR 
Total RNA was extracted with TRIzol from Invitrogen and 1 µg of total RNA was reverse 

transcribed with SuperscriptTM II Reverse Transcriptase using random hexamers and 

Oligo-dT-Primer in a 20 μL reaction according to the manufacturer’s protocol. PCR 

amplification of the cDNA was quantified using the Platinum® SYBR® Green qPCR 

SuperMix-UDG kit. With the iCycler data analysis software, the threshold cycle (CT) was 

determined for each sample. The house-keeping gene control was gapdh. The amplified 

cDNA levels were compared among different groups using the delta-delta method. 

Primers that were used, see in the table in 2.1.7. 

 

2.2.9 Analysis of cytokine release with antibody array 
Astrocytes (5 x 105 cells/well) were cultured on a 6 well plate in DMEM with 10% FCS for 

one week. One day before the experiment, FCS concentration was reduced to DMEM 2% 

FCS. For the cell culture experiment 2 ml medium were used. The supernatant was 

collected, frozen in liquid nitrogen, and stored at -80°C. The cytokine analysis using the 

mouse cytokine antibody array kit (see 2.1.4), was performed with 1 ml undiluted 

supernatant according to the user manual. The technology of this antibody array is based 

on the sandwich immunoassay principle. A panel of capture antibodies is immobilized in 

the specific spot locations on the surface of membrane. Incubation of the membrane with 

cell supernatant results in capturing cytokines by corresponding antibodies. The bound 

cytokines are detected with a cocktail of biotinylated antibodies. Signals are then 

visualized using chemiluminescence (RayBiotech 2010). For detection of 

chemiluminescence signals Fusion FX-7 Imaging system was used. The pixel intensities 

(integrated density) of the spots were determined by ImageJ software. After Background 

correction, the relative intensity compared to the negative control was calculated. 

 

2.2.10 Statistics 
All data are presented as means ± SEM and were analysed with Excel (Microsoft) or 

GraphPad Prism software. Statistical comparisons between different treatments were 

done, as appropriate, by either Student’s t test or one-way ANOVA with Bonferroni tests 

using GraphPad Prism program (GraphPad). Differences with a p value ≤ 0.05 were 

considered statistically significant. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001 
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3 Results 
3.1 The suitability of BV-2 cells in brain inflammation studies 
3.1.1 The inflammatory gene pattern triggered by LPS in BV-2 cells1 
BV-2 showed a broad response of gene activation after exposure to LPS with many 

different types of activated genes (Tab. 4). We used primary microglia (PM) data 

published earlier (Lund et al. 2006) for a comparison of the transcriptional responses of 

PM and BV-2. The experiments and analyses were performed for all cell types in exactly 

the same way. This comparison showed that BV-2 cells have an overall response pattern 

that parallels that of PM. Virtually all (90%) of these genes that were regulated in BV-2 

were also found in PM. However, the BV-2 response was weaker and narrower than the 

response of PM. Only 17% of the genes detected to be significantly regulated in PM were 

also detected in this analysis in BV-2 (Fig.11). One theoretical explanation for the limited 

number of gene inductions may be a high basal activation state of BV-2 cells. However, 

the levels of inflammatory mediators (TNFα, IL-1β and NO) in non-stimulated cultures 

were always under the limit of detection with conventional detection methods, and were 

greatly enhanced upon LPS stimulation (plus IFNγ in case of NO). On that basis, a high 

basal activation state of BV-2 cells was ruled out. This is also in line with data from earlier 

work, where we found solid activation of inflammation related kinases (JNK and p-38) as 

well as transcription factors (c-Jun and NF-kB), when resting cells (primary or BV-2) were 

stimulated with LPS (Lund et al. 2005). Another explanation could be that the rich 

inflammatory profile observed for primary microglia results from transcripts originating from 

contaminating cells in the cultures. However, microglial cultures are routinely established 

in our and other labs with high purity. We characterised our cultures extensively with 

biochemical and immunocytochemical methods, and contaminations with neurons, 

astrocytes or endothelial cells were below 5%. Furthermore, the broad transcriptional 

pattern identified here is relatively similar to that of LPS-stimulated macrophages 

(Rosenberger et al. 2000). Microglia are believed to adopt many features of macrophages 

when stimulated (Kappler et al. 1997; Qin et al. 2005), which makes this overlap in 

response pattern very plausible. 

                                                 
1 These experiments and the microarray data analysis were performed earlier by Søren 

Lund (Novo Nordisk A/S, Bagsværd, Denmark) and Peter Pörzgen (Hawaii Pacific 

University, Kaneohe, USA). The chapter is part of a common publication Henn A., Lund 

S., Hedtjarn M., Schrattenholz A., Porzgen P. and Leist M. (2009) The suitability of BV2 

cells as alternative model system for primary microglia cultures or for animal experiments 

examining brain inflammation. Altex 26, 83-94.. 
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Another relevant comparison for the fidelity of the BV-2 system is the real reaction of 

microglia in vivo. We used a unique set of well-characterised data on in vivo activation of 

microglia (Lund et al. 2006) for this comparison. I.c.v. injection of LPS induced a robust 

expression of several inflammatory gene clusters also identified in vitro.

Notably, the temporal dynamics of the cerebral inflammation was distinct from that 

observed in vitro. 

Although the absolute number of regulated genes in hippocampal microglia was relatively 

low, it was a remarkable finding of the present study that the BV-2 response predicted the 

in vivo response with 54% likelihood, and the genes found in vivo were also detected in 

BV-2 at a rate of 41% (data not shown). Considering the methodological limitations and 

the broad range of different genes, this appears to be a remarkably good overlap. 

 

Tab. 4: Upregulation of genes by LPS in primary microglia and BV-2 cells. Primary murine 
microglia (PM) or BV-2 cells were stimulated with LPS (100 ng/ml) for 4 or 16 h before isolation of 
mRNA. Transcriptional changes were examined by chip analysis using Neuroflame arrays. Genes 
upregulated significantly in BV-2 were selected for display of their regulation (numbers = fold 
upregulation) in PM or BV-2. Only statistically significant data are displayed. The transcripts that 
were significantly increased in PM, but not in BV-2, their gene identifier and further information on 
the genes that were present on the chip may be retrieved from earlier publications (Lund et al. 
2006; Henn et al. 2009). 
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Fig.11: Overlap of genes regulated by LPS in primary 
microglia (PM) and in BV-2 cells. BV-2 cells or PM were 
stimulated with LPS. The overlap is indicated in percent of 
regulated genes on the Neuroflame chip when comparing BV-
2 cells to PM or vice versa. 

 

 

 

3.1.2 Confirmation of mRNA expression 
Chip-based transcriptome analysis gives an overview of general regulation patterns and 

indicated here that many groups of genes already known from PM are also regulated in 

the same direction in activated BV-2. Regarding exact quantification and sensitivity, 

quantitative PCR is superior to the chip analysis we used. Therefore we analysed a subset 

of genes related particularly to host defence in the brain by qPCR. Regulation of such 

genes similar to the pattern known from microglia would be essential for the use of BV-2 

as a model for infection and inflammation in the brain. Indeed, we found very high 

overexpression (30-200 fold) of genes such as the chemokine CCL2, IL-1ß, inducible nitric 

oxide synthase (iNOS), the inflammation marker thymidylate kinase-1 or the viral defence 

protein Rig-I (Fig. 12.A). Also, genes for the pattern recognition receptors TLR2, TLR3 and 

NOD2, the antioxidant enzyme glutathione reductase or the macrophage inflammation 

marker IFIT3 were clearly upregulated (Fig. 12.A,B), while e.g. the mRNAs of the 

astrocyte marker uPA or the usually constantly expressed TLR4 were not induced. These 

data show that genes not detected by the broad chip approach are also regulated in BV-2 

and indicate that the overall response of these cells may actually be broader than 

indicated by the chip analysis. 
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Fig. 12: Analysis of transcriptional regulation of 
genes associated with inflammation and host 
defence in BV-2. BV-2 cells were stimulated with 50 
ng/ml LPS for times indicated. mRNA was extracted 
and analysed by quantitative PCR. All amplified 
products were first standardized for the gapdh transcript 
and then the stimulation factor was calculated as 
relative expression of untreated cells and LPS treated 
cells (x-fold). Data are means ± SEM of triplicate 
determinations from three biological samples. 
Abbreviations: tdk-i = inducible thymidylate kinase, ccl-2 = chemokine 
(c-c motif) ligand 2, il1-b = interleukin 1 beta, rig1 = retinoic acid-
inducible gene I, ifit3 = Interferon-induced protein with 
tetratricopeptide repeats 3, gsr1 = glutathione reductase 1, u-pa = 
urokinase plasminogen activator, tlr2 = toll like receptor 2, tlr3 = toll-
like receptor 3, tlr4 = toll-like receptor 4, nod2 = nucleotide-binding 
oligomerisation domain containing 2. 
 

 

 

 

 
 
 
 
 
 

 
 
3.1.3 Interferon responsiveness 
For the functional integration into immune response studies (e.g. in the pathology of 

multiple sclerosis), it is important that model cells (such as BV-2) not only respond to 

inflammatory stimuli such as LPS, but also to cytokines, such as interferon gamma (IFNγ), 

in an appropriate way. We examined here the responsiveness to IFN-γ, based on the 

known facts that induction of TNFα by LPS is independent of IFNγ in PM. In contrast, the 

strong expression of iNOS, leading to high production of nitrite in the medium is strictly 

dependent on IFNγ. Indeed, nitrite was only produced by BV-2 cells in the presence of this 

cytokine (Fig. 13.A), and the production was very pronounced. As expected, IFN-γ had no 

augmenting effect on the production of TNFα after LPS stimulation (Fig. 13.B). The 

selectivity of the induction by IFNγ was also analysed on the transcriptional level, where a 

large boost of iNOS mRNA expression was observed, while IL-1ß was little affected, as 

expected from the literature on PM (Fig. 13.C). 
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Fig. 13: Interferon-γ responsiveness of BV-2 cells. BV-2 cells were stimulated with 50 ng/ml 
LPS in the presence or absence of murine IFNγ (5 ng/ml). A: Supernatants were removed from 96-
well plates after 24 h, and the concentration of nitrite was determined by the Griess assay. B: 
Supernatants were removed from 96-well plates after 8 h, and the concentration of TNFα was 
determined by ELISA. C: Cells were harvested for RNA preparation after the times indicated. 
Relative mRNA levels were determined by real-time PCR. Data are means ± SEM from triplicate 
determinations. *: p ≤ 0.05 by t-test. inos = mRNA of inducible nitric oxide synthase; il-1b = mRNA 
of interleukin-1ß. 

 

3.1.4  Functional stimulation of astrocytes 
Finally, we examined the functional capacity of BV-2 in triggering cell-cell interaction. 

Microglia constitute the first line of defence in the brain and their acute mediators then 

activate astrocytes (Falsig et al., 2008). Therefore, it was essential to examine whether 

BV-2 were capable to activate astrocytes. We stimulated BV-2 cells with LPS and then 

transferred the culture supernatants (CM) to astrocytes. These supernatants contained 

considerable amounts of TNFα, but not IL-6 (Fig. 14.A). Murine astrocytes do not react to 

LPS (Falsig et al., 2004; Falsig et al., 2006; Falsig et al., 2008) with cytokine release or 

activation of the inflammation master switch NF-κB (Fig. 14.A). However, NF-κB 

translocation, which controls dozens of downstream inflammation events, was triggered in 

astrocytes by BV-2-conditioned medium (CM) (Fig. 14.C). To investigate further, whether 

NF-κB translocation driven by CM from BV-2 has indeed functional consequences in 

astrocytes, we measured the release of IL-6 under the different stimulatory conditions. 

Again, CM triggered a significant increase of IL-6 release (Fig. 14.C). This indicates a 

capacity of BV-2 cells to take part in and to trigger a complex biological process usually 

observed under in vivo conditions. 
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      D: 

  

 

 

 

 

 
Fig. 14: Functional capacity of BV-2 cells to trigger astrocyte activation. BV-2 were stimulated 
with LPS (50 ng/ml) and the medium supernatant was removed after different incubation times. A: 
Conditioned medium (CM) was characterised at different time points for its cytokine content. TNFα 
and IL-6 concentrations were measured at the times indicated by ELISA. B: CM or the 
corresponding control medium (C, LPS added to medium after conditioning by non-stimulated BV-2 
for 24 h) was added to primary astrocyte cultures. NF-kB translocation was measured after 60 
minutes by image software capable of quantifying the fluorescent intensity in the nucleus and the 
cytosol. At least 200 cells were imaged per data point. C: IL-6 release was measured after 8 h. D: 
Astrocytes were immunostained for NF-kB and fluorescence microscopy was performed. In cells 
that were stimulated with complete cytokine mix (CCM), NF-kB was translocated into the nucleus. 
Data are means ± SEM from triplicate determinations. *: p ≤ 0.05 
 

 

3.1.5 Identification of functional mediators in conditioned medium (CM) 
To identify the functional mediators in CM responsible for activation and subsequent IL-6 

release in astrocytes, a neutralization experiment was performed. For this purpose CM 

was preincubated for 1 h with neutralizing anti-TNF antibody, or IL-1ra, a competitive IL-1 

receptor ligand, or both. Astrocytes were stimulated for 8h with these CM and IL-6 release 

of astrocytes was determined by ELISA. We found that IL-6 release of astrocytes was 

significantly reduced by either anti-TNF antibody or IL-1ra, repectively (Fig. 15). Both 

neutralizing components mixed together were able to prevent IL-6 release completely. The 

capability of activating astrocytes by BV-2 conditioned medium seems to depend strongly 

on its content of the cytokines IL-1 and TNF. 
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Fig. 15: Neutralization of TNFα and IL-1 in 
conditioned medium (CM). CM was 
preincubated for 1 h with anti-TNF antibody, or 
IL-1ra, or both. Astrocytes have been stimulated 
with this neutralized CM or CM alone for 8 h. IL 
6 release of astrocytes in supernatant was 
determined by ELISA. Data are means ± SEM 
from triplicate determinations. 

 
 
 
 

 
3.1.6 Complete cytokine mix as a more defined and broad activator 
Alternatively to conditioned medium a more defined and commonly used proinflammatory 

complete cytokine mix (CCM), which contained 10 ng/ml TNFα and 10 ng/ml IL-1ß, but 

also 20 ng/ml IFNγ was applied to stimulate prim. astrocytes. The contribution of these 

components to the inflammatory response has been shown earlier (Falsig et al. 2004a), 

but was also fully confirmed in this study (data not shown). Here, it is worth to mention that 

TNFα and IL-1ß were sufficient to trigger most responses, but some selected markers 

required the synergistic action of IFNγ (Falsig et al. 2004a). In this study, CCM was used 

as a default condition to mimicking maximum stimulation. The same concentrations of the 

individual CCM-components were tested in selected experiments. 

 

For instance, we compared the gene expression profile of primary astrocytes, stimulated 

for 4 h with CCM or CM, respectively, by quantitative PCR. A plethora of genes, known for 

their involvement in inflammation, was upregulated (Fig. 16). Comparing the gene 

expression of astrocytes stimulated with CCM versus CM, for most of the genes, no 

considerable differences were detected. However, CCM-activated astrocytes showed 

significantly higher expression of iNOS and IFNß. This is most likely due to 

responsiveness to IFNγ. These two genes have also been differential regulated in 

microglia, using LPS +/- IFNγ (see 3.1.3 for iNOS; for IFNß, data not shown). Conversely 

IL-1ß and MIP1 gene expression was increased in astrocytes, stimulated by CM. 

With regard to pattern recognition receptors (PPRs), strong upregulation of TLR2 was 

observed after stimulation with CCM or CM. Other PRRs like TLR3 or NOD2 were only 

slightly upregulated, whereas TLR4 showed no upregulation upon stimulation with CCM or 

CM (data not shown). As TLR2 was the most upregulated TLR in stimulated astrocytes, 

further investigations are of high interest. 
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Fig. 16: Analysis of mRNA expression of genes associated with inflammation and host 
defence in astrocytes, stimulated with conditioned medium (CM) or complete cytokine mix 
(CCM). Astrocytes were stimulated for 4 h with CM or CCM respectively, before mRNA was 
extracted and analysed by quantitative PCR. All amplified products were first standardized for the 
gapdh transcript and then the stimulation factor was calculated as relative expression to untreated 
cells. Data are means ± SEM of triplicate determinations.  
Abbreviations: sod2 = superoxide dismutase 2, cox2 = cyclooxygenase 2, i-nos = Nitric oxide synthase, ifn-ß = interferon 
beta, tnf-a = tumor necrosis factor alpha, ccl-2 =chemokine (c-c motif) ligand, il-6 = Interleukin 6, il-23 = Interleukin 23, tdk-i 
= thymidylate kinase family LPS-inducible member, ifit3 = Interferon-induced protein with tetratricopeptide repeats 3, il-1ß = 
interleukin 1 beta, mip1a = macrophage inflammatory protein 1 alpha, tlr3 = toll-like receptor 3, nod2 = nucleotide-binding 
oligomerisation domain containing 2, tlr2 = toll like receptor 2. 
 
 
3.1.7 TLR2 expression in activated astrocytes  
As the gene level for TLR2 was strongly upregulated after stimulation, we verified our 

finding also on the protein level. Therefore, primary astrocytes were stimulated with or 

without CCM for 24 h. First, the TLR2 expression was determined by immunofluorescence 

microscopy. There was an obvious expression of TLR2 in CCM stimulated astrocytes, 

whereas no significant TLR2 expression was found in non stimulated wild-type astrocytes 

as well as in stimulated TLR2-/- cells, compared to secondary antibody controls (Fig.17A). 

Next, these findings were further quantified by flow cytometry. Astrocytes stimulated for 24 

h with CCM showed up to 89% TLR2 positive immunostaining, whereas almost no TLR2 

expression was detectable on the surface of non stimulated cells. Furthermore, there was 

also a strong expression of TLR2 (78%) on astrocytes stimulated by conditioned medium 

(Fig.17B). This shows that different stimuli commonly released in inflamed brain areas can 

alter the astrocyte phenotype with respect to TLR2 expression on the cell membrane. 

 

 

 

 

 

 

 

 



3. Results 
______________________________________________________________________________________________________________________________________________________________ 

42 

A: 

 
B: 

 

Fig.17: Determination of TLR2 expression on the surface of activated astrocytes. A: Wild type 
astrocytes were stimulated for 24 h with complete cytokine mix (CCM). TLR2 expression of CCM-
stimulated or non treated cells was determined by immunofluorescence microscopy. The specificity 
of the staining was correlated when CCM-stimulated TLR-/- astrocytes were used. TLR2 on the 
membrane surface was immunostained by using an anti-TLR2 antibody (green), the nucleus was 
stained by H-33342 (red). B: Wild type astrocytes were stimulated for 24 h with CCM or conditioned 
medium (CM), repectively. TLR2 expression of stimulated or non-treated cells relative to unstained 
cells (secondary antibody control) was determined by immunostaining and flow cytometry. The 
specificity of the anti-TLR2 antibody was affirmed by CCM-stimulated TLR-/- astrocytes. 

 

 

3.2 Specific enhancement of TLR2 activity in chronically 
activated astrocytes 

3.2.1 Persistent TLR2 expression after removal of stimulation factors 
3.2.1.1 Variation of time for prestimulation with CCM 
Based on the findings that inflammatory stimuli increased the expression TLR2 in 

astrocytes, we investigated the persistence of TLR2 on the surface of astrocytes after 

cessation of CCM stimulation. For this purpose, primary astrocytes were stimulated with 

CCM, according to the incubation scheme (Fig. 18.A). To remove the cytokines in the 

medium, the cells were washed three times with fresh medium after 4 to 8 h and further 

cultured in medium without cytokines. After a total time of 24 h, cells were harvested and 

immunostained for TLR2 expression on their surface. The number of TLR2 positive cells 

was determined by flow cytometry (Fig. 18.B). We found that TLR2 expression was 

induced strongly by CCM, and remained present for at least 20 h after washing, even 

when cells were stimulated with CCM for 4 h only.  
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A:        B: 

 
Fig. 18: Determination of TLR2 expression after removal of stimulation factors. A: Incubation 
scheme for stimulation of astrocytes with CCM. After incubation with CCM, the cells were washed 
three times with medium, and further incubated in culture medium for the times indicated. B: 
Astrocytes were stimulated with CCM and washed after 4 h, 6 h, or 8 h according to the incubation 
scheme. TLR2 expression was determined by flow cytometry after a total incubation time of 24 h.  
 

 

3.2.1.2 Variation of incubation time after prestimulation and washing 
TLR2 expression remained elevated in astrocytes for one day after stimulation with CCM. 

This may have an impact on an altered immune response to TLR2 ligands even some 

time after a first inflammatory event or chronic cell activation. Here we further investigated 

the kinetics of the altered cell phenotype. Astrocytes were stimulated with CCM for 6 h, 

washed, and further cultured in medium without cytokines for up to 4 days. Then TLR2 

expression on the cell surface was determined by flow cytometry (Fig. 19.A). Astrocytes, 

stimulated with CCM were harvested after 24 h and showed a significantly augmented 

TLR2 expression compared to not stimulated cells (Fig. 19.B). The longer prestimulated 

cells were incubated in cytokine free medium the more TLR2 expression was reduced. 

After 4 days, TLR2 expression has declined to a level close to the base level of non 

stimulated cells. We found that TLR2 expression in prestimulated and washed cells was 

still significantly above base line at 48 h, but nearly abolished after 4 days. 
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B: 

 
Fig. 19: Determination of TLR2 expression after removal of stimulation factors, up to 4 days. 
A: Incubation scheme for stimulation of astrocytes with CCM. After incubation with CCM for 6 h, the 
cells were washed three times with medium, and further incubated in culture medium for a total 
incubation time of 24 h to 98 h. B: TLR2 expression was determined by flow cytometry after total 
incubation times as indicated in A. Data are means and range of duplicate determinations. 
 
 

3.2.2 NF-kB translocation as receptor-proximal signal for cell activation 
One indicator for inflammatory activation in astrocytes is the translocation of the 

transcription factor NF-kB from the cytoplasm to the nucleus. This event regulates the 

expression of various pro- and anti-inflammatory genes and is well correlated with the 

stimulation of inflammation by TLR or cytokine receptor ligands. Therefore, we measured 

this receptor-proximal event as surrogate marker for activated astrocytes after stimulation 

with several cytokines or PAMPs.  

The NF-kB translocation state of astrocytes, stimulated with CCM over 24 h was 

monitored at short intervals. There was an immediate activation within the first minutes, 

which reached a maximum after 30 min. When CCM remained present, the number of 

activated cells decreased very slowly (Fig. 20). In contrast, a washing step after 6 h, to 

remove remaining cytokines, returned the activation state of astrocytes within 60 min back 

to the level of unstimulated cells.  
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Fig. 20: Comparison of NF-kB translocation in washed cells vs. non washed cells over 24 h. 
NF-kB translocation was determined by high content imaging in astrocytes, stimulated with CCM 
and washed/not washed with medium after 6 h. For non washed cells there was no medium 
change, the washed cells were further incubated in culture medium without CCM. Data are means 
± SEM of triplicates.  

 

3.2.3 Homologous sequential activation 
Furthermore, we investigated, whether astrocytes that were prestimulated with CCM and 

washed after 6 h incubation, could be reactivated by a second stimulation with CCM, 24 h 

after the first stimulation step. In parallel NF-kB translocation of astrocytes continuously 

exposed to CCM, and following homologous restimulation with CCM, was determined. 

According to the incubation scheme in Fig. 21, sequential stimulation with or without 

embedded washing steps was performed. To determine the activation state, NF-kB 

translocation was measured 30 min after the second stimulus. Astrocytes that have been 

prestimulated with CCM and washed after 6 h, reacted with full NF-kB translocation to a 

second CCM stimulus similar to non prestimulated cells after CCM treatment. In contrast, 

astrocytes, which were permanently stimulated with CCM as a first stimulus rather did not 

further translocate NF-kB after a second stimulus with fresh CCM. Thus, sequential 

stimulation with CCM, without a washing step, leaded to a desensitization of the cells. 
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A: 

 
 
B: 

 
Fig. 21: Determination of NF-kB translocation after homologous sequential activation of 
astrocytes with/without embedded washing. A: incubation scheme for sequential stimulation of 
astrocytes with or without washing step after 6 h prestimulation with the first stimulus. Treatment 
with the second stimulus followed after a total incubation time of 24 h. B: NF-kB-translocation, 
determined by high content imaging in astrocytes, prestimulated with CCM, with or without wash, 
and restimulated with CCM after a total of 24 h according to the incubation scheme. NF-kB 
translocation was measured 30 min after restimulation. Data are means ± SEM from triplicate 
determinations. ***: p ≤ 0.001; n.s.: not significant 
 

 

3.2.4 Enhanced NF-kB activation after restimulation with TLR2 ligands 
Considering the observations after homologous sequential stimulation (see 3.2.3), the NF-

kB translocation in astrocytes after heterologous sequential activation was investigated. 

As TLR2 plays an important role in astrocyte activation and in our studies, its expression 

increases significantly upon stimulation with CCM, we chose this receptor as target for the 

second stimulation step. A washing step in between two stimuli, allows to distinguish 

clearly the inflammatory response after one (first) stimulus from the inflammatory response 

after prestimulation and treatment with a second stimulus. To establish a simplified model 

for subsequent inflammatory stress, including chronic inflammation, we chose an 

incubation scheme with washing step (Fig. 22). We further investigated the altered 

behaviour of primary astrocytes after sequential heterologous stimulation. For this 

instance, cells were prestimulated with CCM and washed after an incubation time of 6 h. 

For restimulation, the concentration of the TLR2 ligands, FSL1 or Pam3Cys, respectively, 

was varied and NF-kB translocation was determined 30 min after restimulation. In 

prestimulated cells FSL1 evoked a strong dose dependent activation (Fig. 23.A). In 

contrast, non-prestimulated astrocytes showed only low NF-kB translocation, even in 

higher concentrations (100 ng/ml) of FSL1. This incidence was also found in astrocytes 
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restimulated with Pam3Cys (Fig. 23.B). We found that prestimulated primary astrocytes 

reacted with increased NF-kB activation states after restimulation with specific TLR2 

ligands. 

 

FSL1 and Pam3Cys are described as specific TLR1/2- or TLR2/6-ligands, respectively. 

The specificity of these PAMPs on astrocytes was tested using primary cells isolated from 

TLR2 knockout mice (Fig. 23.C,D). Similar to wild type cells, TLR2-/- astrocytes 

translocated NF-kB in response to treatment with CCM (positive control). Wild type 

astrocytes were also strongly activated by FSL1 or Pam3Cys, after prestimulation with 

CCM, whereas these TLR2 specific ligands did not activate TLR2-/- cells, neither without 

prestimulation (data not shown) nor after prestimulation with CCM (Fig. 23.C,D). We found 

that prestimulated primary astrocytes reacted with increased NF-kB activation states after 

restimulation with specific TLR2 ligands. 

 

 

 

Standard incubation scheme: 

 
 
Fig. 22: Standard incubation scheme for sequential heterologous stimulation. Astrocytes 
were prestimulated with cytokine containing medium for 6 hours. For removal of the cytokines, the 
cells were washed three times with culture medium, and further incubated in medium without 
cytokines. Treatment with the second stimulus (e.g. TLR-ligand), followed after a total incubation 
time of 24 h. Non prestimulated cells were not pretreated with cytokines, but treated with the 
second stimulus agent. Depending on the readout, the second stimulating compund was incubated 
for 30 min (e.g. for NF-kB translocation) or up to several hours (e.g. for cytokine measurement by 
ELISA). For controls, instead of a second stimulus, medium or complete cytokine mix (CCM), 
respectively, was used. 
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A:       B: 

 
C:       D: 

 
Fig. 23: Determination of enhanced NF-kB translocation after heterologous stimulation of 
astrocytes. A, B: Cells were prestimulated with CCM, washed, and restimulated with 0.1 to 100 
ng/ml of the TLR2 ligands FSL1 or Pam3Cys. NF-kB translocation was determined 30 min after 
restimulation. C, D: Wild-type astrocytes and TLR2-knock-out astrocytes were prestimulated with 
CCM, washed and restimulated with 100 ng/ml FSL1 or Pam3Cys, respectively. Controls were 
restimulated with CCM (positive) or medium alone (negative). Data are means ± SEM from 
triplicate determinations. *: p ≤ 0.05; ***: p ≤ 0.001; n.s.: not significant 
 
 
3.2.5 Heterologous sequential activation 
In experiments of homologous sequential stimulation with CCM, without embedded 

washing steps, desensitization of the cells was observed. We were interested, if this 

observation was also found in case of sequential heterologous stimulation. Therefore in 

analogy to 3.2.3, astrocytes were prestimulated with CCM, washed after 6 h incubation 

time, or not washed, respectively. In this experiment, the cells were restimulated with one 

of the TLR2 ligands (FSL1 or Pam3Cys), 24 h after the first stimulus. The NF-kB 

translocation was determined 30 min after the second stimulus (see incubation scheme 

Fig. 21.A). As seen before, stimulation of astrocytes with Pam3Cys or FSL1 without a 

prestimulation step did not fully activate the cells. Astrocytes that have been preactivated 

with CCM, washed, and restimulated with one of the TLR2 ligands were maximal 

activated. Interestingly this was also shown for astrocytes that have been permanently 

stimulated with CCM, and restimulated with either Pam3Cys or FSL1 (Fig. 24. A, B). 
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Controversially to observations after homologous sequential stimulation, astrocytes, once 

activated with CCM react hypersensitive to a TLR2 ligand, with an increased NF-kB 

activation. This observation was indepent of an included washing step. 

 

A:       B:  

 
Fig. 24: Determination of NF-kB translocation after heterologous sequential activation of 
astrocytes with/without embedded washing step. A: Astrocytes were prestimulated with CCM 
with, or without cell washing after 6 h incubation time. After a total of 24 h, cells were restimulated 
with 100 ng/ml FSL1 (see incubation scheme in Fig. 21.A.) B: Cells were prestimulated with CCM 
and restimulated with Pam3Cys (100 ng/ml). NF-kB translocation was measured 30 min after 
restimulation with the TLR2 ligand FSL1 or Pam3Cys, respectively. Data are means ± SEM from 
triplicate determinations. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; n.s.: not significant 

 
 
We also tested homologous sequential stimulation with TLR2-ligands. Prestimulation with 

Pam3Cys was not sufficient to preactivate astrocytes. Stimulation with this TLR2 ligand 

did not provoke an altered inflammatory response (data not shown) after restimulation with 

FSL1 or Pam3Cys, respectively. 

 
 
3.2.6 Stimulation with other PRR ligands after preactivation with CCM 

Preactivated astrocytes react hypersensitive to stimulation with the TLR2 ligands 

Pam3Cys and FSL1. We investigated, whether astrocytes preconditioned with CCM do 

also alter their inflammatory response to other PRR ligands. Therefore, the cells were 

prestimulated with CCM, washed, and restimulated with several different PRR ligands, as 

listed in Tab.5. There was no significant NF-kB translocation detectable even when high 

concentrations were used (1 µg/ml -100 µg/ml). Primary astrocytes did not react with NF-

kB translocation to the listed PRR ligands, neither after direct stimulation nor after CCM 

preconditioning. Sensitivity and hypersensitivity of primary astrocytes seem to be specific 

for TLR2 ligands.  
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Tab.5: Pattern recognition receptor ligands (PRR ligands), testet for hypersensitive 
recognition after prestimulation of astrocytes. Cells were prestimulated with CCM, washed and 
treated with several different PRR ligands. NF-kB translocation was determined 30 min after 
stimulation with each PRR ligand in concentrations as indicated. Significant translocation is 
indicated by “yes”, no translocation as “no”.  

 
 

 

3.2.7 Investigation of preactivation stimuli 
3.2.7.1 Prestimulation with CCM for longer periods 
Prestimulation with CCM for 6 h, is sufficient to obtain an altered phenotype of astrocytes. 

We were interested, how this effect changes after stimulation over longer periods. For 

instance, desensitization may develop and influence the whole inflammation process. To 

reflect chronic brain inflammation or repeated inflammatory stress, primary astrocytes 

were prestimulated with CCM either for three continuous days or three times for 6 h with 

subsequent washing steps and a recovery period of 18 h over a time of three days (Fig. 

25.A). In both cases, a washing step was included 18 h before the second heterologous 

stimulus with FSL1. The NF-kB translocation was determined after 30 min incubation with 

FSL1. As seen in earlier experiments with shorter preactivation time (see 3.2.4) there was 

a significant difference in reactivity to FSL1 between prestimulated and non-prestimulated 

astrocytes. The cells reacted similar, irrespectively, whether they were stimulated 

continuously or repeated over three days (Fig. 25.B). There was no desensitization 

observed, even after 3 days of prestimulation. 
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A: 

 
B: 

 
Fig. 25: Repeated or continuous prestimulation of astrocytes over three days. A: incubation 
scheme for repeated or continuous prestimulation with CCM over three days. B: Astrocytes were 
stimulated with CCM over 6 h followed by washing and incubation with medium, this was performed 
three times over three days total incubation time. In parallel astrocytes were continuous stimulated 
with CCM. 18 h before stimulation with FSL1, the cells were washed and incubated in medium 
without cytokines. NF-kB translocation measurement was performed 30 min after FSL1 treatment. 
Data are means ± SEM of triplicate determinations. 

 
3.2.7.2 Single components of CCM 
In previous experiments, a very potent mixture of the cytokines TNFα, IL-1ß and IFNγ, and 

the complete cytokine mix (CCM) was used for prestimulation. We investigated, whether 

the single components of CCM were also sufficient for preactivation of primary astrocytes. 

Astrocytes were prestimulated according to the previous incubation scheme (Fig. 22) with 

either TNFα (10 ng/ml), IL-1ß (10 ng/ml), or IFNγ (20 ng/ml) alone, or the combination of 

TNFα and IL-1ß, or CCM, respectively. The cells were restimulated with FSL1 for 30 min 

and the NF-kB translocation was determined. Non-preactivated astrocytes did not 

translocate NF-kB after stimulation with FSL1. In contrast, prestimulation with TNFα or IL-

1ß alone, as well as the combination of TNFα and IL-1ß, was sufficient to preactivate 

astrocytes (Fig. 26). These cells were activated by the second stimulus FSL1 similar to 

astrocytes that were preactivated with CCM. Prestimulation with IFNγ alone was not 

sufficient to preactivate astrocytes significantly. The single components IL-1ß or TNFα, 

respectively, are similar to CCM, very potent for hypersensitization of astrocytes showing 

an increased activation after restimulation with FSL1. 
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Fig. 26: Analysis of potency of different cytokines for preconditioning of astrocytes. 
Astrocytes were prestimulated with the single components of CCM or with CCM, washed and 
restimulated with FSL1. The activation of the cells was determined by measurement of NF-kB 
translocation after treatment with FSL1 (100 ng/ml) for 30 min. Data are means ± SEM from 
triplicate determinations. ***: p ≤ 0.001; n.s.: not significant. 
 
3.2.7.3 IL-1ß prestimulation with neutralization of autokrine TNF 
Treatment with IL-1ß (10 ng/ml) is sufficient to activate astrocytes for an increased 

sensitivity to FSL1. We wanted to exclude that the production and reactivity of autocrine 

TNFα, and in consequence synergistic effects of IL-1ß and TNF, is responsible for this 

increase. Therefore, anti-TNF antibodies were used, to neutralize autocrine TNF. 

Astrocytes were prestimulated with CCM, IL-1ß or a combination of IL-1ß and anti-TNF 

antibodies. The sample treated with IL-1ß and anti-TNF antibody was incubated with anti-

TNF antibody even after wash, until restimulation with FSL1. The results indicate that IL-

1ß alone has similar potency to preactivate astrocytes as CCM. Anti-TNF antibody added 

to IL-1ß while prestimulation did not reduce hypersensitivity to the second stimulus. This 

indicates that development of hypersensitivity in astrocytes can be triggered by single 

cytokines, e.g. IL-1ß and is not due to autocrine TNF. 

 
Fig. 27: The role of TNF in IL-1 sensitization of astrocytes to FSL1. Astrocytes were pretreated 
with CCM, IL-1ß, or IL-1ß together with anti-TNF antibody, respectively. The NF-kB translocation 
was determined after restimulation with FSL1. Data are means ± SEM of triplicate determinations. 
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3.2.7.4 Conditioned medium (CM) 
In the previous experiments, we showed that microglia conditioned medium (CM) was able 

to activate astrocytes directly. Cells stimulated with CM showed increased NF-kB 

translocation and IL-6 production (see 3.1.4). Here, we tested the ability of CM to 

preactivate astrocytes for an increased inflammatory response after restimulation with 

TLR2 ligands. For direct comparison to CCM prestimulated cells, astrocytes were 

prestimulated with CM or CCM, respectively, washed after 6 h and restimulated with FSL1 

according to the known incubation scheme. The NF-kB translocation was determined 30 

min after FSL1 restimulation. Astrocytes prestimulated with CM were, similar to CCM 

pretreated cells, hypersensitive to FSL1 stimulation. Cells preconditioned with CM did also 

react with increase NF-kB translocation after stimulation with Pam3Cys (data not shown). 

Conditioned medium, produced by microglia, was nearly as potent as the mixture of 

recombinant cytokines, CCM.  

 

 
Fig. 28: Analysis of the potency of conditioned medium (CM) for preactivation of astrocytes. 
Primary astrocytes were prestimulated for 6 h with CM from BV-2 cells, stimulated for 4 h with LPS, 
or complete cytokine mix (CCM), respectively. 18 h after wash, the cells were restimulated with 1 to 
100 ng/ml FSL1. Their NF-kB translocation was determined by high content imaging 30 min after 
restimulation. Data are means ± SEM of triplicate determinations. 

 

3.2.7.5 Primary microglia - astrocyte coculture 
Activated microglia can interact with other cells via the cytokines they release. This may 

have an impact on development and maintenance of brain inflammation. Here, we 

investigated whether activated microglia are able to further activate astrocytes and to alter 

the phenotype of the astrocytes. A coculture of astrocytes and primary microglia was 

stimulated with LPS, followed by a washing step, and then treated with FSL1 according to 

the standard incubation scheme (Fig. 22). The NF-kB translocation of the primary 

astrocytes was measured after 30 min. Pure astrocyte cultures were not preactivated by 

LPS alone. Microglia, without LPS stimulation, were also not able to preactivate astrocytes 

for increased NF-kB translocation after stimulation with FSL1. A preactivation of astrocytes 
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occurred only by coculture with microglia and additional LPS-stimulation (Fig. 29). This 

condition resulted in significant NF-kB translocation. With this experiment, we demonstrate 

that preactivation of astrocytes can occur via their interaction with microglia. 

 
Fig. 29: Microglia-astrocyte coculture. Astrocytes were cultured alone or with primary microglia. 
For microglia activation and subsequent microglial cytokine release, LPS (50 ng/ml) was added for 
6 h. According to the standard incubation scheme, cells were washed after 6 h and further 
incubated for 18 h. The cells were restimulated with 10 ng/ml FSL1. NF-kB translocation in 
astrocytes was determined after 30 min. Corresponding control samples were treated as indicated. 
Data are means ± SEM from triplicate determinations. ***: p ≤ 0.001; n.s.: not significant 
 
 
3.2.8 c-Jun phosphorylation as indicator for cell activation 
Besides the NF-kB pathway there are also other signaling pathways involved in gene 

activation after treatment with inflammatory stimuli. Therefore, the phosphorylation of c-

Jun in the nucleus by the kinase JNK was determined as another event indicating the 

activation of primary astrocytes (Fig. 30.A). In pilot experiments, primary astrocytes were 

stimulated with CCM for up to 2 h. C-Jun phosphorylation was determined by 

immunostaining and quantification of the average intensity in the nucleus with Cellomics 

ArrayScanTM. Within the first 30 min after stimulation, there was a strongly increased 

phosphorylation of c-Jun in the nucleus (Fig. 30.B).  

In an additional experiment, we examined whether hypersensitization after CCM 

preconditioning and restimulation with FSL1 can also be determined with this other 

endpoint. Cells were prestimulated with CCM, washed, and treated with FSL1 according to 

the standard incubation scheme (Fig. 22). After prestimulation and washing, astrocytes did 

not return entirely to the c-Jun phosphorylation state of resting cells (Fig. 30.C). 

Nevertheless, phosphorylated c-Jun, determined 2 h after treatment with 10 ng/ml of 

FSL1, was additionally increased in prestimulated astrocytes, whereas non prestimulated 

cells did not increase their c-Jun phosphorylation level. The phenomenon that 

hypersensitization of astrocytes by CCM prestimulation was observed by determination of 

NF-kB translocation was affirmed by measuring c-Jun phosphorylation. 
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A:       B: 

 
C: 

 

Fig. 30: Determination of c-Jun phosphorylation in nucleus as indication for cell activation 
after repeated stimulation. A: Astrocytes were immunostained for c-Jun phosphorylation and 
fluorescence microscopy was performed. Cells that were stimulated with complete cytokine mix 
(CCM) had increased phosphorylation of c-Jun. B: The mean nuclear intensity of primary 
astrocytes was measured after stimulation with CCM by using high content image software 
Cellomics ArrayScanTM. C: Astrocytes were prestimulated with CCM according to the standard 
incubation scheme. Determination of the c-Jun phosphorylation in the nucleus was performed 2 h 
after restimulation with 10 ng/ml FSL1. Data are means ± SEM from triplicate determinations. *: p ≤ 
0.05; n.s.: not significant 

 

3.2.9 Kinetics of signaling events in hypersensitive astrocytes 
We wanted to know, if increased proximal signaling events had actual consequences on 

the activation state of astrocytes. First, we examined, whether the signaling sensitization is 

only an acceleration, or whether it applies over extended periods. Therefore, astrocytes 

were prestimulated with CCM and washed according to the standard incubation scheme 

(Fig.11) following restimulation with FSL1 in different concentrations. The NF-kB 

translocation and the c-Jun phosphorylation were determined after 30, 60, and 120 min 

incubation time. After restimulation with FSL1 (100 ng/ml) the activation state of 

prestimulated and non prestimulated samples overlaped at some time. This was observed 

on the NF-kB translocation-level as well as for c-Jun phosphorylation (Fig. 31). Non 

prestimulated astrocytes were also activated, although NF-kB translocation and c-Jun 

phosphorylation occured slower than in prestimulated cells. In contrast, non pretreated 

cells, restimulated with the lower concentration of FSL1 (10 ng/ml), did not reach a high 
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activation state like prestimulated cells, even after 120 min incubation with FSL1. We 

found that hypersensitiv effects of prestimulated astrocytes may be compensated after 

restimulation with high concentrations of TLR2 ligand, whereas after restimulation with 

lower concentrations of FSL1, there are significant differences in cell activation. This was 

the case for both read outs for cell activation, the NF-kB translocation, as well as the c-Jun 

phosphorylation.  

 

Fig. 31: Kinetics of NF-kB translocation and c-Jun phosphorylation after prestimulation with 
CCM and restimulation with FSL1 in different concentrations. Astrocytes were prestimulated 
with CCM, washed, and restimulated with 10 or 100 ng/ml FSL1, respectively. The NF-kB 
translocation and c-Jun phosphorylation was determined after 30, 60, or 120 min. 

 
3.2.10 Cytokine release pattern of hypersensitive astocytes 
Quantification of NF-kB translocation and c-Jun phosphorylation is an appropriate method 

to determine the receptor activation state of astrocytes. These endpoints are very proximal 

to receptor signaling. Although, both pathways lead to gene expression control, we did not 

know, whether differences in NF-kB translocation or c-Jun-phosphorylation have functional 

consequences. Therefore we investigated the differences in cytokine secretion in resting 

or preactivated astrocytes after (re-)stimulation with FSL1. To figure out, which cytokines 

are involved, we determined cytokine release of astrocytes prestimulated with CCM and 

restimulated with FSL1, with a cytokine antibody array, comprising 62 different cytokines. 

For this purpose, we stimulated astrocytes with CCM, washed the cells, and restimulated 

them with FSL1 according to the known incubation scheme (Fig. 22). The supernatants 

were removed for analysis after 8 h incubation with FSL1. Most detectable spots were 

found on membranes incubated with supernatant of prestimulated, washed, and 

restimulated cells (Fig. 32.A). But there were also some cytokines released even after 

prestimulation and wash without any restimulation. Stimulation with only FSL1, without 

CCM prestimulation resulted in production of only a few cytokines. The supernatant of 
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resting non-treated astrocytes (negative control) contained only very low amounts of 

cytokines. This base level was used for comparison to cytokine release of stimulated cells 

and calculation of the x-fold expression. Comparing the three different incubation schemes 

(CCM prestimulation plus FSL1 restimulation, or either CCM stimulation and wash alone, 

or FSL1 treatment alone) the cytokine expression did not always follow the same pattern 

(Fig. 32.B). We could distinguish between three different types of responders: 1. The 

strong CCM responder: They were highly expressed even after CCM treatment and wash. 

This expression did not increase after FSL1 treatment. 2. The strong FSL1 responder: 

They were highly expressed even after treatment with FSL1 alone, without any 

prestimulation. These cytokines did react strongly to FSL1 and there was only low 

increase of expression, when the cells were prestimulated with CCM. Finally, we found 3. 

the hypersensitive FSL1 responder: These cytokines are highly released from astrocytes 

prestimulated with CCM and subsequent treatment with FSL1. Stimulation with FSL1 

alone or treatment with CCM plus wash, did not lead to such incresed cytokine release. 

The most prominent cytokine of this type was IL-6.  

A: 

 
B: 

 

Fig. 32: Determination of cytokine production of astrocytes with cytokine antibody arrays 
after prestimulation with CCM and restimualtion with FSL1. A: Example for membranes of 
cytokine antibody arrays after incubation with supernatant of astrocytes, treated with CCM and 10 
ng/ml FSL1 as indicated. Dark spots represent high cytokine concentration or positive control spots, 
as indicated. The antibody for each cytokine was spotted in duplicate. B: Analysis of membrane 
array and classification of cytokines. The integrated pixel density of each spot was determined 
using ImageJTM -software. The relative cytokine expression compared to supernatant of non treated 
samples (negative control) was determined. The classification of cytokines occurred by comparing 
their relative expression at different treatment conditions. Data are means ± SEM from three arrays, 
with duplicate determinations each. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; n.s.: not significant. 
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3.2.11 Quantitative determination of IL-6 secretion  
We used the cytokine antibody array for screening of genes, reacting hypersensitive to 

CCM prestimulation, followed by FSL1 restimulation. By this semi-quantitative method, we 

found several proteins upregulated after prestimulation and restimulation with FSL1. The 

strongest upregulation was found for IL-6. This finding was confirmed by a quantitative 

ELISA. In addition, we wanted to test, if the hypersensitive reaction appears not only after 

FSL1 restimulation, but coul also be found after restimulation with the TLR2 ligand 

Pam3Cys. In addition, time dependency was tested. 

We prestimulated astrocytes with CCM according to the standard incubation scheme, 

washed the cells, and restimulated them with 10 ng/ml Pam3Cys (Fig. 22). Several time 

points after Pam3Cys treatment, we determined the IL-6 release by ELISA. Preactivated 

astrocytes that have been restimulated with Pam3Cys secrete high amounts of IL6 into the 

medium (Fig. 33). In contrast, resting astrocytes that were stimulated with Pam3Cys had 

no significant increase in IL-6 production. Control cells, which were prestimulated with 

CCM and washed, but not restimulated with Pam3Cys, did also release no significant 

levels of IL-6. Similar effects were determined (different well-format) after restimulation 

with FSL1 (10 ng/ml). For IL-6, we could confirm the data obtained with the cytokine 

membrane array. Alterations in NF-kB translocation and c-Jun phosphorylation in 

hypersensitive astrocytes resulted also in quantitative augmentation in IL-6 release. 

 

 

Fig. 34: Determination of IL-6 production of prestimulated or non prestimulated astrocytes 
after treatment with the TLR2 ligands Pam3Cys or FSL1. Astrocytes were not prestimulated or 
prestimulated with CCM, washed, and restimulated with 10 ng/ml Pam3Cys or FSL1, respectively, 
for the times indicated. As a control, cells were prestimulated, washed, and not restimulated with 
TLR2 ligand. IL-6 in the supernatant was determined by ELISA after 4 to 11 h as indicated. Data 
are means ± SEM from triplicate determinations. ***: p ≤ 0.001; n.s.: not significant 

 
 
3.2.12 Intervention by brefeldin A or cycloheximid 
Cell activation by FSL1 is dependent on TLR2 expression on the cell membrane. 

Pretreatment with CCM induced TLR2 expression on the surface of astrocytes, which may 

cause hypersensitivity to TLR2 ligands. It was examined, whether the induction of 
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hypersensitivity to FSL1 by CCM pre-treatment can be prevented by incubation with 

brefeldin A (BFA) or cycloheximid (CHX). BFA inhibits transport of proteins from 

endoplasmic reticulum to golgi apparatus and inhibits the export (of e.g. TLR2) from distal 

golgi departments to the cell surface. Cycloheximid inhibits protein synthesis and could 

prevent the translation of mRNA to TLR2 receptor protein. In detail, astrocytes were 

prestimulated with CCM for 6 h. In parallel BFA or CHX, respectively were co-incubated. 

After washing the cells, BFA (10 µg/ml) or CHX (20 µg/ml) was further added to the 

medium until restimulation with FSL1. The NF-kB translocation was determined 30 min 

after treatment with FSL1. BFA and CHX stock solution contained DMSO, therefore, 

samples without BFA or CHX, were treated in parallel with DMSO as a control. We found 

that BFA reduced the activation state of astrocytes even in non treated cells (Fig. 35.A). 

Furthermore, there was no increased NF-kB translocation after restimulation with FSL1 in 

cells, prestimulated with CCM and co-incubated with BFA. Control experiments, using 

CCM for activation of astrocytes during BFA treatment, showed that BFA did not inhibit 

NF-kB translocation (data not shown). We conclude, that cell activation by FSL1 did 

require golgi translocation and that prestimulation effect was inhibited by BFA. In contrast 

prestimulation with CCM and CHX together induced NF-kB translocation, which persisted 

until restimulation, whereas CHX treatment alone did not increase NF-kB translocation 

(Fig. 35.B). FSL1 restimulation in CCM plus CHX treated cells did not further increase NF-

kB translocation. There was no significant difference in non-prestimulated astrocytes, 

irrespective of addition of CHX to the culture medium.  

 
A:      B: 

 

Fig. 35: Intervention of prestimulation effects by brefeldin A (BFA) or cycloheximid (CHX). 
Astrocytes were prestimulated with CCM or medium and washed after 6 h. In parallel, BFA (A) or 
(CHX (B) respectively was co-incubated during prestimulatation and after washing until 
restimulation with FSL1. NF-kB translocation was determined by high content imaging 30 min after 
restimulation with FSL1. 

 
3.2.13 Intervention by CEP1347 
Restimulation of astrocytes with FSL1 after prestimulation with CCM activates both 

signaling pathways, the NF-kB signaling pathway and the AP-1 pathway including c-Jun 

phosphorylation. We wanted to determine the effect of the MLK inhibitor, CEP1347, on the 
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cell activation by FSL1. Astrocytes were prestimulated with CCM, washed, and 

restimulated with FSL1. CEP1347 was added, 2 h prior to restimulation with FSL1, and 

further co-incubated during FSL1 treatment. The controls were not treated with CEP1347 

but incubated with DMSO in the same concentration as contained in CEP1347 samples. 

The NF-kB translocation was determined 30 min after stimulation with FSL1, the 

measurement of phosphorylated c-Jun in the nucleus proceeded after 1h incubation with 

FSL1. There was no significant difference in NF-kB translocation comparing CEP1347 

treated cells and the corresponding DMSO control, neither in prestimulated nor in non 

prestimulated astrocytes (Fig. 36.A). In contrast, CEP1347 interfered strongly with the c-

Jun phosphorylation of astrocytes. The increase in c-Jun phosphorylation in cells 

prestimulated with CCM and restimulated with FSL1 was totally prevented by the 

treatment of CEP1347 (Fig. 36.B). Furthermore, the c-Jun phosphorylation state in non 

prestimulated cells was reduced by CEP1347 treatment. In astrocytes stimulated with 

FSL1, CEP1347 prevented c-Jun phosporylation. Under the present conditions, this 

compound targets mainly the c-Jun pathway and spares the NF-kB system. 
 

 

Fig. 36: Intervention of cell activation by FSL1 with the MLK-inhibitor CEP1347. Astrocytes 
were prestimulated for 6 h with CCM or medium, washed, and restimulated with FSL1. CEP1347 
was added 2 h prior and during FSL1 treatment. After 30 min the NF-kB translocation and after 60 
min the c-Jun phosphorylation in the nucleus was determined by high content imaging.  

 

3.2.14 Chronic activation even after wash 
Hypersensitivity of astrocytes persists 24 h after pretreatment and wash. Furthermore, 

hypersensitization was also found after repetitive or continuous prestimulation over longer 

time. We examined, whether cells prestimulated with CCM could also maintain their 

hypersensitive properties even 6 days after pre-treatment and wash. Astrocytes were 

stimulated with CCM for 6 h, followed by washing and treatment with FSL1 (100 ng/ml) 

after up to 6 days (Fig. 37.B). To avoid medium depletion, 50% of the cell supernatant was 

substituted by fresh medium each day. NF-kB translocation was determined 30 min after 

restimulation with FSL1. We found that within the first three days after CCM pre-treatment 

and wash, there was no significant loss in hypersensitivity to FSL1 (Fig. 37.B). Even 6 

days after preactivation, there was significant increase of NF-kB translocation after 
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restimulation, compared to the controls. Hypersensitivity was detected for at least 6 days 

after pre-treatment. This data was reproduced in three biological independent experiments 

with similar outcome.  

 

A: 

 
 
B: 

 

Fig. 37: Hypersensitivity of astrocytes after 6 h pretreatment with CCM and restimulation 
with FSL1 after up to 6 days. Astrocytes were pretreated with CCM for 6 h, washed, and 
restimulated with FSL1 up to 6 days after pretreatment. NF-kB translocation was determined 30 
min after stimulation with FSL1. Data are means ± SEM from triplicate determinations. *: p ≤ 0.05; 
**: p ≤ 0.01; ***: p ≤ 0.001; n.s.: not significant. 
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4 Discussion 
4.1 BV-2 cells have an inflammatory response pattern similar to 

primary microglia and can activate astrocytes 
We examined various functions of BV-2 cells in relation to their potential role as a 

substitute for primary microglia and the possibility to replace in vivo experiments by cell 

culture models. In basic and applied research, replacement of primary cell cultures by a 

cell line may have numerous advantages. The high animal consumption attended by use 

of primary microglial cells could be reduced by adequate substitution with BV-2 cells. This 

would provoke lower prices of the assay, and could boost the speed of data generation, 

especially in the field of toxicology. Furthermore, in most cases primary cell cultures are 

never pure cell populations. There is always risk of a low percentage of different cells 

within the main population. Such contaminating cells can highly influence the experimental 

outcome, especially if there is a strong interaction of these different cell populations upon 

inflammatory activation. In addition, microglia are a relatively heterogenous cell population 

with marked species and regional differences within the brain (Mahe et al. 2001; Guillemin 

and Brew 2004). Therefore, primary microglia cultures may not always be representative, 

and these inhomogen cell populations reduce reproducibility of primary cell culture assays.  

In this study, we found that BV-2 cells showed a high overlap of upregulated genes 

compared to primary microglia, although the average upregulation of inflammation related 

genes was less pronounced. Primary microglia reacted stronger to LPS. Therefore a much 

larger number of genes was significantly regulated. Nevertheless, by analyzing the gene 

expression of BV-2 cells with a more sensitive method like the quantitative PCR, many 

genes, significantly upregulated in primary microglia, were also found to be regulated in 

BV-2 cells, although they were not detected in the chip study.  

In further studies, we analysed the impact of IFNγ in stimulation experiments with BV-2 

cells. IFNγ is a parameter that can be easily controlled in in vitro experiments with a cell 

line. This is not the case in primary microlgia cultures, which never reach 100% purity, as 

well as in in vivo experiments, where different amounts of IFNγ producing cells may be 

involved. Our data underlines this aspect, since striking differences in BV-2 cell reaction in 

the presence of IFNγ or its absence were detected.  

Considering BV-2 cells in cell interaction studies, we investigated the suitability of these 

cells to stimulate another glia cell type, namely primary astrocytes. The inflammatory 

response of astrocytes has been well characterized after exposure to defined cytokines 

(Falsig et al. 2004a; Falsig et al. 2006). In the brain, microglia constitute the first line of 

defence (Falsig et al. 2008) and then stimulate astrocytes by secretion of several 

mediators, such as TNFα. In these studies, we showed that supernatant of BV-2 cells, 
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stimulated with LPS could provoke the NF-kB translocation into the nucleus and the IL-6 

production of astrocytes. As our highly purified astrocyte cultures do not react to LPS, 

activation was triggered by mediators released by BV-2.  

We found that TNFα and IL-1 are the main components in BV-2 conditioned medium 

responsible for IL-6 production of astrocytes. These cytokines are major mediators 

involved in CNS inflammation, and promote the signal cascade of glial cell reaction (Zhou 

et al. 2003). 

For most genes investigated, astrocytes stimulated with the well defined complete 

cytokine mix (CCM) or BV-2 conditioned medium (CM), respectively show high similarities. 

But there are also some exceptions comparing the expression pattern. In detail, there is a 

significant higher gene expression for i-NOS and IFNß in astrocytes stimulated with CCM. 

Expression of these genes may be amplified by IFNγ, which is only present in CCM, but 

not known to be contained in CM. Similar effects were also found in microglia stimulated 

with LPS with or without IFNγ, respectively. IFNγ is a well known endogenous 

inducer/amplifier of the antimicrobial, cytotoxic, antigen presenting, and pro-inflammatory 

functions of macrophages and microglia (Deckert-Schluter et al. 1999; Aloisi 2001; 

Kettenmann 2004). In microglia, the binding of IFNγ to its receptor induces transcription of 

many immune genes and moreover it potentiates or primes microglia for production of 

cytokines, chemokines, proteases, nitric oxide and reactive oxygen intermediates 

(Kettenmann 2004). IFNγ acts also on astrocytes and Schwann cells by amplifying the 

inducing effects of IL-1ß and/or TNFα on the production of chemokines, cytokines, and 

NO (Kettenmann 2004). Probably, these effects could be seen in our experiments.  

But there are also genes significantly higher expressed in astrocytes stimulated with 

conditioned medium (CM) compared to CCM stimulated cells. In detail IL-1ß and MIP1a 

was strongly upregulated. The reason for the amplification of these genes is not clear. 

One explanation is that some components (e.g. matrix proteins) of BV-2 cells in the 

conditioned medium lead to augmented gene expression. Although, our purified primary 

astrocyte cultures contain less than 2% microglial contamination, these cells are sensitive 

for residual LPS in the conditioned medium and may show selectively strong upregulation 

of IL-1ß and MIP1a. Another possibility for the difference between CCM and CM 

stimulated astrocytes, may derive from the different composition (± IFNγ) and 

concentrations of cytokines. This may lead to slightly varying expression patterns (as seen 

especially for iNOS and IFNγ). In an autocrine loop this variation could effect further 

difference in expression of only some other selected genes. In this case a very fast 

inflammatory response was required.  
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4.2 TLR2 regulation in astrocytes has an high impact on 
inflammation of the CNS 

TLR2 is, besides TLR4, the best characterized and studied toll like receptor. It is capable 

of recognizing the widest array of PAMPs identified to date (Kielian 2009). In astrocytes 

TLR2 plays also an outstanding role. In our stimulation experiments with CCM or CM, 

respectively, the gene expression of TLR2 was much stronger induced compared to other 

PRR genes. Our further studies showed that TLR2 expression on cell surface of 

astrocytes stimulated with either CCM or CM was also significantly augmented, whereas 

resting astrocytes did express only very low levels of TLR2. This finding was also 

observed by others, who investigated TLR2 expression upon exposure to various PAMPs 

(Bowman et al. 2003; Esen et al. 2004; Carpentier et al. 2005). Furthermore, it was shown 

before that TNFα and IFNγ can enhance expression in astrocytes (Carpentier et al. 2005; 

Falsig et al. 2006). It is assumed that soluble immune mediators, released from microglia 

or other immune cells regulate the expression of microbial PRRs and might explain the 

observation that TLR2 expression is increased in patients with CNS disorders (Bsibsi et al. 

2002). Nevertheless, it is not clear, if TLR2 is essential for adequate immune response. 

Investigations on TLR2 knock-out mice and brain abscess, indicated that TLR2-loss may 

be compensated by exaggerated IL-17 response (Nichols et al. 2009). 

 

In our study, we focussed on TLR2 expression due to its outstanding role mentioned 

before, and especially, due to its pivotal role in brain abscess. It has been shown earlier 

that TLR2 modulates the proinflammatory milieu in brain abscess, induced by the gram 

positive bacterial strain staphylococcus aureus (Kielian et al. 2005b). In our studies 

concerning repeated or chronic inflammatory stress, inflammation caused by bacterial 

brain infection and in consequence TLR2 receptor expression is of special interest. Brain 

abscess often occurs in people with weakened immune system. They have a higher risk of 

developing a brain abscess caused by a blood borne infection. Furthermore, an 

augmented permeability of the blood brain barrier may play a role in brain abscess 

development. This is especially the case, if infections or other neuropathologies have 

happened before. Ischemic stroke, for example, is associated with an increased incidence 

of brain abscess (Chen et al. 1995; Emmez et al. 2007; Esen and Kielian 2009). But also 

sequential infection with two different (or even the same) pathogens may happen due to 

increased permeability of the BBB after first infection. Therefore, we studied the 

inflammatory response of astrocytes after sequential stimulation.  
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4.3 Homologous stimulation with CCM induced hyposensitivity in 
astrocytes 

Astrocytes are besides microglia the major players of the innate immune system in the 

brain. We showed that these cells get highly activated after stimulation with CCM or 

conditioned medium of activated microglia (CM), respectively. Furthermore, we 

investigated their activation after sequential homologous stimulation with CCM, when cells 

were washed between the two stimulation steps, or without any washing. Surprisingly, 

cells stimulated with an integrated washing step could be fully reactivated by the second 

homologous stimulus, whereas non washed cells kept their activation state derived from 

first stimulation. Such desensitization or tolerance after homologous restimulation was well 

investigated by several groups. In most cases this effect was found after homologous 

treatment with LPS. Animals, treated with a minor amount of LPS developed a hypo-

responsiveness or refractoriness to a subsequent second stimulation with higher 

concentrations of LPS (Ziegler-Heitbrock 1995; Tanamoto 1999; Ferlito et al. 2001; 

Murphey and Traber 2001; Cross 2002; West and Heagy 2002; Zhou et al. 2005; Guo and 

Schluesener 2006). The reactivity of autocrine and paracrine cytokines, induced by LPS 

may affect the inflammatory phenotype (Fan and Cook 2004). In this regard, the induced 

synthesis of TNFα, and the impact of this cytokine on the phenomenon of endotoxin 

tolerance was discussed (Shemi and Kaplanski 2005). Indeed, TNFα can induce cross 

tolerance to LPS (Ferlito et al. 2001). On the other hand, experiments on TNF-receptor I/II 

double knockout mice did also lead to LPS tolerance, which suggests that TNF is not 

involved in this mechanism or at least not the single mediator of endotoxin tolerance 

(Medvedev et al. 2001; Fan and Cook 2004).  

In our experiments, we stimulated not with LPS, which can not activate purified astrocytes, 

but with CCM, the combination of TNFα, IL-1ß and IFNγ. Therefore, not TLR4, but 

cytokine receptors and several signal transduction pathways are involved. Nevertheless, 

our read out of cell activation was very receptor proximal. We determined the p65 subunit 

of the NF-kB heterodimer p50/p65, which, translocates in case of cell activation from the 

cytoplasm to the nucleus and functions as transcription factor for pro- and anti-

inflammatory cytokines. Similar to our observations after subsequent stimulation with 

CCM, several studies affirmed a suppression of NF-kB activation in LPS tolerant cells 

(Goldring et al. 1998; Wahlstrom et al. 1999; Nomura et al. 2000; Sato et al. 2000; 

Medvedev et al. 2001). Furthermore, Ziegler-Heidbrock et al. investigated this observation 

in a human monocytic cell line and in murine macrophages (Ziegler-Heitbrock et al. 1994; 

Ziegler-Heitbrock et al. 1997; Kastenbauer and Ziegler-Heitbrock 1999). She observed 

that pretreatement of these cells with LPS decreased p50/p65 heterodimer and increased 

inactive p50/p50 homodimer upon LPS stimulation. As the p50/p50 homodimer competes 
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with p50/p65 heterodimer binding to promoter regions, activity of p65 is blocked 

(Kastenbauer and Ziegler-Heitbrock 1999). It is discussed that this shift in subunit 

composition of NF-kB may be a mechanism of endotoxin tolerance. Our observations that 

an included washing step with several hours regeneration time in between the first and the 

second stimulus, did not lead to decreased NF-kB translocation, would underline this 

speculation. Nevertheless, more recently it was reported that LPS tolerance still could be 

induced in p50-/-, p52-/- and RelB-deficient mice (Wysocka et al. 2001). Our own findings 

about heterologous stimulation, which are discussed in detail within the next chapter, are 

also argueing against this hypothesis of unbalanced p50–p65 ratio or a limited capacity of 

the NF-kB machinery. In contrast to hyposensitization observed after homologous 

stimulation, we determined NF-kB hyperactivation after heterologous sequential 

stimulation. The reason for induced CCM tolerance, found in our experiments, may 

originate even further upstream on the early receptor signaling pathway. 

 

4.4 Heterologous stimulation induced hypersensitivity in 
astrocytes 

In our research field of chronic/repeated neuroinflammation, the investigation of sequential 

heterologous activation of glial cells is of high interest. Cells could be previously activated 

by a first acute stimulus, like stroke or brain abscess, which may alter the glial cell 

phenotype for long lasting time. But brain cells may also be activated by chronic 

inflammatory events accompanying neurodegenerative disease like Alzheimer’s or 

Parkinson’s disease. High amounts of inflammatory cytokines may persist in inflamed 

brain regions and lead to long-lasting cell activation. Individuals with such preactivated 

cells could be affected by a second acute inflammatory event. One scenario of brain 

infection as second stimulus was brain abscess by an invasion of gram positive bacteria.  

In our experiments we simulated a first inflammatory event by treatment with complete 

cytokine mix (CCM), which contains cytokines, well known, to be present in inflamed brain 

areas (Kettenmann 2004). Due to the special role of TLR2 for astrocytes in brain abscess, 

for the second stimulation we choose the highly potent TLR2 ligands FSL1 and Pam3Cys. 

In contrast to previous homologous stimulation experiments with repeated CCM-

stimulation, in this experiments not hyposensitization but an augmented NF-kB 

translocation after treatment TLR2 ligand was observed. This was the case when a 

washing step with several hours for recovering between the first and the second stimulus 

was included, but also, when there was just a direct change of medium and stimulatory 

factors. The observation of sensitization was highly surprising, as similar investigations 

with other outcome were performed on murine macrophages by Sato et al. (Sato et al. 

2000). This group used LPS as a first stimulus, and MALP-2, a TLR2 ligand similar to 
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FSL1, as second activator. Although these cells showed strong synergistic effects with 

highly increased TNFα release after simultaneous treatment with LPS and MALP-2, 

sequential stimulation with LPS and subsequent MALP-2 treatment resulted in cross 

tolerance and hyposensitivation. This effect was seen on NF-kB and c-Jun level, but was 

also confirmed by determining suppressed mRNA of several inflammation related genes 

and furthermore reduced release of TNFα (Sato et al. 2000). Similarly, Biswas et al. 

investigated responsiveness of bone marrow derived macrophages after subsequent 

endotoxin challenge (Biswas et al. 2007). Here endotoxin tolerance was determined after 

pre-treatment with Lipoprotein A and restimulation with Pam3Cys. Although the impact of 

autocrine IFNß on hyposensitvity was evident, it is postulated that there are other 

molecular pathways involved in endotoxin tolerance (Biswas et al. 2007). Nevertheless 

other groups postulate the phenomenon of hypersensitization after sequential 

heterologous stimulation (Merlin et al. 2001; Freudenberg et al. 2003). Mice, primed with 

Propionibacterium acnes or Salmonella typhimurium were found to be hyperresponsive to 

components of gram negative or gram positive bacteria, or even the whole killed bacterial 

strains. Preconditioned mice had significantly increased plasma levels of TNFα after 

restimulation. It was shown that for some bacterial strains used for restimulation, this 

sensitization is highly dependent on IFNγ, whereas for others IFNγ dependent and, to a 

low extent also IFNγ independent mechanism seem to be involved (Merlin et al. 2001).  

In our investigations, in which astrocytes pre-activated with CCM, reacted hypersensitive 

to a TLR2 ligand, with an increased NF-kB activation, another phenomenon could also be 

involved. It was shown that TLR2 is highly expressed in stimulated astrocytes, even 

several hours after stimulation and washing. This increased TLR expression, which alters 

the phenotype of astrocytes, may lead to augmented sensitivity to TLR2 ligands. 

A similar phenomenon was shown earlier on patients infected with Plasmodium falciparum 

(Hartgers et al. 2008). It was shown that on their peripheral blood mononuclear cells, the 

expression of TLR2 was significantly increased. These monocytes appeared to be 

hypersensitive upon restimulation with Pam3Cys. Compared to healthy individuals, cells of 

P. falciparum infected patients showed significantly increased TNFα and IL-10 release 

after treatment with TLR2 ligand. On a lower level, they also had an increased LPS 

responsiveness. The group postulates that the enhanced responsiveness of TLR2, and on 

a lower level of TLR4, in infected individuals might be the result of direct interaction of 

specific parasite-derived PAMPs with TLR2 more strongly than with TLR4 (Hartgers et al. 

2008). The pathogen P. falciparum, which was used in these experiments, expressed 

glycosylphosphadtidylinositol membrane structures, which prefer TLR2 activation 

(Krishnegowda et al. 2005). Other groups studying infections in malaria patients also 

postulated that cell priming by pathogens results in an altered phenotype and function of 
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the cell. It was shown that malaria induces the innate immune response due to enhanced 

TLR expression and function. The experimental preconditioning of humans with 

Plasmodium falciparum enforced response to most TLR ligands. Here it was also 

postulated that this priming is due to IFNγ induction (Franklin et al. 2009).  

 

4.5 Hypersensitivity is not caused by autocrine/paracrine TNFα 
For prestimulation, we usually used CCM, which consists of TNFα, IL-1ß and IFNγ. This 

combination of highly potent proinflammatory cytokines is able to prime astrocytes for an 

increased inflammatory response after specific stimulation with TLR2. We also showed 

that TNFα or IL-1ß could effectual prime astrocytes for hypersensitive NF-kB response. 

IFNγ alone was not sufficient to preactivate the cells. The hypersensitivity to Pam3Cys or 

FSL1 may result from increased TLR2 expression after prestimulation with the cytokines 

TNFα or IL1ß. It has been reported earlier that TLR2 expression in astrocytes is induced 

by TNFα and NF-kB dependent pathways (Phulwani et al. 2008). The group of Tammy 

Kielian investigated TLR2 expression after stimulation with S. aureus during blocking the 

NF-kB pathways with distinct inhibitors. They postulated that among direct induction with 

the proinflammatory mediators NO, TNFα and CXCL2, the effects of autocrine and 

paracrine TNFα were also pivotal for augmenting TLR2 expression. This was investigated 

on TNFα knockout astrocytes (Phulwani et al. 2008). Nevertheless, in our investigations, 

we could exclude a special role of TNFα on induction of hypersensitivity. Similar to 

astrocytes prestimulated with IL-1ß alone or CCM, cells stimulated with IL-1ß and co-

incubated with anti TNF antibody, were hypersensitive to a second stimulus with TLR2 

ligand. Therefore, the impact of endogenous TNFα on astrocyte sensitization is unlikely.  

Nevertheless, there may be other mediators enabling a hypersensitization in astrocytes. 

Often the impact of IFNγ dependent pathways is discussed (Merlin et al. 2001). In our 

study IFNγ treatment did not lead to hypersensitization. Astrocytes are thought not to 

express endogenous IFNγ (Benveniste 1998; Kettenmann 2004). Therefore, the idea that 

endogenous IFNγ may react in a synergistic manner with other cytokines and interact with 

pathways involved in the inflammatory response after stimulation, which leads to 

hypersensitization, is unlikely. 

However, it has to be considered that there are other mediators highly expressed in 

astrocytes after prestimulation. Our data received from the cytokine screening experiment 

with the membrane array showed that e.g. the chemotactic cytokine RANTES was highly 

secreted into the medium, even 18 h after prestimulation and wash. Such strong CCM-

responder could interact with the pathways induced after a second stimulation. 

Concerning this assumption, longlasting alterations in signal transduction pathways are 

more likely than synergism due to simultaneous co-stimulation of different receptors. In 
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case of determination of NF-kB translocation 30 min after medium change and 

restimulation, there was not much time for accumulation of such an enhancing mediator in 

the medium. Additionally, these pathway alterations may appear very receptor proximal, 

because NF-kB translocation and c-Jun phosphorylation, which were altered in our 

experiments, are also receptor proximal events.  

 

4.6 Activated microglia interact with astrocytes, which leads to 
hypersensitivity 

In our studies we used the simplified model of brain inflammation using complete cytokine 

mix for stimulation of astrocytes. Prestimulation with cytokines, known to be released from 

activated microglia, is a well defined method to study inflammatory events in astrocytes, 

but allows only limited statements about functional interaction of glial cells. A more direct 

way to study inflammatory properties of microglia and astrocytes is the use of conditioned 

medium (CM) of LPS-stimulated microglia for prestimulation of astrocytes. We showed 

that CM, similar to CCM, did fully preactivate astrocytes for increased NF-kB translocation 

after treatment with TLR2 ligand. Furthermore, investigations of direct interaction between 

microglia and astrocytes were enabled by co-culture of these different cell types. We 

showed that resting microglia did not activate astrocytes for hypersensitive reaction to 

FSL1 treatment. But microglia, activated by LPS treatment, were able to interact with 

astrocytes for increased NF-kB translocation in astrocytes after treatment with FSL1. Most 

likely this priming is caused by secretion of proinflammatory cytokines by activated 

microglia.  

Astrocytes were not significantly stimulated for NF-kB translocation by treatment with 

control medium containing LPS (see 3.1.4.) Furthermore, astrocytes prestimulated with 50 

ng/ml LPS alone, without the presence of microglia, did not lead to increased FSL1 

sensitivity. This observation implies that astrocytes are not reactive to LPS. This is 

consistent with earlier findings that astrocytes were not sensitive to LPS (Lehnardt et al. 

2002; Lehnardt et al. 2003; Falsig et al. 2004a). But this is still highly discussed (Kielian 

2009). Furthermore and most importantly, this finding also implies that our primary 

astrocyte culture is highly purified and excludes serious microglia contaminations.  

 

4.7 Chronic/ repeated inflammatory stress leads to 
hypersensitivity in astrocytes 

We could show that hypersensitivity to FSL1 also appears after continuous stimulation, as 

well as after repeated stimulation over 3 days. This implies the robustness of this 

phenomenon which even may occur after several days of acute inflammation or when 
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cytokine concentrations alternate during chronic inflammation. In permanently or 

sequential stimulated cell cultures, high concentration of cytokines (autocrine as well as 

those from CCM) are present in the medium. This may result in an ongoing acute 

inflammation with mutual impairment of plenty of signaling pathways and acute phase 

molecules.  

Furthermore hypersensitivity was still detectable after acute inflammation, provoked by 

CCM stimulation, even 6 days after removal of the acute phase cytokines. Therefore, we 

assume that the phenomenon of hypersensitivity found in our studies may also occur 

during brain inflammation even, when the acute phase of high proinflammatory cytokine 

release has been overcome. In theis case the increased expression of TLR2 may play an 

important role. Although Konat et al did not investigate hypersensitivity in glial cells in 

detail, he postulated that exposure to microbial motifs and/or inflammatory immune 

mediators may potentially sensitize astrocytes by increasing expression of PRRs and 

might lead to enhanced immune responses of these cells following CNS damage or 

infection (Konat et al. 2006). 

Interestingly, the TLR2 expression on the surface of astrocytes slowly attenuated after 

removal of CCM by washing. Within 4 days, the TLR2 expression returned back closely to 

base level of resting astrocytes. Nevertheless, hypersensitivity to a second stimulation 

with FSL1 was still observed in astrocytes even after 6 days. The hypersensitivity effect 

seems to persist longer than the TLR2 expression. One explanation for this observation is 

that prestimulation leads to induced TLR2 expression, but TLR2 may also be kept in the 

golgi apparatus. Very fast trafficking of TLR2 from golgi to cell surface may be induced by 

the second stimulus. Another, more technical explanation for hypersensitivity without 

significantly increased TLR2 expression may be the detection limit for TLR2 by flow 

cytometry. In astrocytes a low upregulation of TLR2 on cell surface may be sufficient for 

full TLR2-ligand responsibility. This increase of TLR2 may not be detected by flow 

cytometry, although it leads to hypersensitive inflammatory response.  

 

4.8 Kinetics of hypersensitivity 
Besides NF-kB controlled genes, also genes regulated by the JNK pathway and AP1 are 

involved in the changed behaviour of prestimulated astrocytes. For the NF-kB 

translocation as well as the c-Jun phosphorylation, it was unclear, whether the signaling 

sensitization applies over extended period, or whether this phenomenon is only an 

acceleration. Therefore, we examined the kinetics of cell activation after restimulation with 

different concentration of FSL1. We found that after stimulation with higher concentrations 

of FSL1 (100 ng/ml), for both, prestimulated and resting cells, there arises indeed some 

alignment of activation state over time. Nevertheless, for lower FSL1 concentrations (10 
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ng/ml), the difference in cell activation in prestimulated and non prestimulated cells 

retained over extended time. This was determined for NF-kB pathway, as well as for c-Jun 

phosphorylation. We assume that there is a threshold in FSL1 concentration, leading to 

ongoing differences, when FSL1 concentration for restimulation is low. In case of high 

FSL1 restimulation compensation is provoked. These findings would imply that 

hypersensitivity in astrocytes is highly dependent on the intensity of the second 

inflammatory event, or especially on the severity of pathogen invasion and their reactivity 

to TLR2. 

 

4.9 Pharmacologic intervention in prestimulation effects 
Activated astrocytes show enhanced signaling in the NF-kB pathway as well as in AP-1 

pathway including c-Jun phosphorylation, resulting in augmented transcription of 

proinflammatory genes. We showed that these pathways are also involved in 

hypersensitivity after prestimulation with CCM and restimulation with the TLR2 ligand 

FSL1. Intervention in these pathways may result in changed behaviour of astrocytes 

concerning hypersensitivity. Therefore, we determined the effect of the MLK inhibitor 

CEP1347 on the cell activation by FSL1. The inhibitory capacity of CEP1347 was already 

determined on astrocytes stimulated with CCM (Falsig et al. 2004b), but was not 

investigated on prestimulation models or after stimulation with TLR2 ligands. Now we 

could show that co-treatment with CEP1347 totally prevents c-Jun phosphorylation after 

restimulation with FSL1, whereas the NF-kB translocation after FSL1 treatment was not 

affected by CEP1347. The specificity of the MLK inhibitor CEP1347 in astrocytes is the 

basic requirement for further analysis of the impact of c-jun pathway on cell alterations 

after preconditioning.  

In future experiments we are going to investigate the impact of c-Jun pathway on 

triggering hypersensitivity after CCM prestimulation, using CEP1347. Determination of the 

not directly affected NF-kB translocation and/or the IL-6 release may allow further 

statements. 

The anti-inflammatory properties of CEP1347 in brain inflammation also have recently 

been investigated in vivo. Eggert et al determined neuroprotective activities of CEP1347 in 

a murine model of HIV-1 neuropathogenesis (Eggert et al.). Furthermore, it was shown 

earlier on microglia that CEP1347 also prevents c-Jun phosphorylation after stimulation 

with the TLR4 ligand LPS. Similar to our findings on astrocytes, the NF-kB signaling 

pathway was spared by CEP1347 (Lund et al. 2005).  

Besides specific pathway inhibition with CEP1347, we investigated the activation of 

astrocytes prestimulated with CCM and co-treated with cycloheximide (CHX), an inhibitor 

of protein synthesis. We wanted to study, whether hypersensitivity is dependent on de 
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novo TLR2 synthesis after prestimulation. Surprisingly, cells co-incubated with CCM and 

CHX showed strong NF-kB translocation, even several hours after removal of the 

proinflammatory CCM. This persistent cell activation may occur due to amplifying 

stimulatory effects of CCM, when co-incubated with CHX. Another explanation could be 

that the synthesis of important regulatory proteins of the NF-kB signaling pathway may 

also be inhibited by CHX. For example a reduction in I-kB synthesis may lead to 

permanent NF-kB translocation to the nucleus. This may be dependent on the half-life of 

these proteins. Unfortunately, concerning hypersensitization, the impact of induced 

synthesis of TLR2 after prestimulation remains still unclear and has to be further 

investigated. 

Brefeldin A (BFA) inhibits the transport and export of proteins, like TLR2 from golgi 

departments to the cell surface. We wanted to determine whether receptor transport is 

relevant for hypersensitivity after FSL1 restimulation. Therefore, we used BFA during 

prestimulation and also after removal of the proinflammatory cytokines. In the case of 

astrocytes, this is of special interest, as resting astrocytes express only very low levels of 

TLR2 on their surface, but is highly augmented upon prestimulation with CCM. Therefore, 

BFA may inhibit transport of de novo synthesized TLR2 to the cell surface. Indeed, 

prestimulated cells, treated with BFA could not be activated by FSL1. Hence, we conclude 

that hypersensitivity of astrocytes due to prestimulation with CCM and restimulation with 

TLR2 is dependent of golgi translocation. The omitted NF-kB translocation is not directly 

provoked by BFA, as co-treatment of BFA and CCM did lead to normal NF-kB 

translocation.  

One may assume that the loss of cell activation appears not due to reduced TLR2 export 

to the cell surface, but vice versa due to inhibited internalization of the receptor 

complexes, which normally may provoke signaling. But this seems not to be the case. 

Triantafilou et al investigated BFA treatment on constitutively TLR2/TLR6 expressing HEK 

cells. They postulated that disruption of the TLR2-localization in the golgi did not affect 

NF-kB activation. Internalization and trafficking was not necessary for TLR2-mediated 

activation and TLR2/TLR6 localization in the golgi was not essential for signaling and 

cytokine secretion (Triantafilou et al. 2006). 

 

4.10  Impact of hypersensitivity on neuroinflammation 
In our studies, we observed hypersensitivity in prestimulated astrocytes after restimulation 

with TLR2 ligands. Hypersensitivity was determined in increased NF-kB translocation and 

augmented c-Jun phosphorylation. In consequence, increased release of the 

proinflammatory cytokine IL-6 was detected. Hence in our studies, we found an 

enhancement of activated actrocytes and inflammatory molecules, which are markers for 



4. Discussion 
______________________________________________________________________________________________________________________________________________________________ 

 

73 

an acute inflammatory response. Our in vitro model enables examination of the special 

role of astrocytes and their inflammatory response but allows only fewer statements on the 

complex situation, given in vivo, or especially when “real” neuroinflammatory pathogenesis 

is involved. In brain inflammation, different cell types are involved, which, dependent on 

the severity of disease, the size of inflamed region and the resident time, may highly differ 

and lead to pro- or anti-inflammatory response, neuronal cell death or in other cases 

relatively fast recovery. When there is repeated inflammatory stress with heterogenous 

stimuli, this nearly rules out any prediction of ethiopathology.  

 

In Fig. 38 we suggest only some proposed models how chronic brain inflammation could 

continue after a second stimulus, which in an early response leads to hypersensitivity.  

 

Fig. 38: Proposed models chronic inflammation and additional inflammatory stiumulis, 
which in a first reaction leads to hypersensitivity. A: a second inflammatory stimulus leads to 
increased glial activation and cytokine expression, which persists over time, resulting in elevated 
baseline levels (1) or further increases (2). B: Activation of glial cells and cytokine expression and 
release are transient. C: Cell activation and cytokine expression returns and further decreases to a 
lower persistent level than it was during ongoing chronic inflammation (1) or is futher repressed (2). 
 

A: Induced inflammation in preactivated cells may increase glial activation and cytokine 

release. This augmentation may persist continuously over time (1) or may result in 

elevated baseline levels (2). This heightened level of activation may be supported by 

interaction of several cell types involved in brain inflammation, following the autocrine loop 

of cytokine expression, cell activation and cell damage. 

B: An additional inflammatory event may initiate a burst of glial activation and may lead to 

cytokine overexpression. Over time, this inflammatory response may return to baseline. 

The transient cell activation may occure due to washing out effects of proinflammatory 

cytokines and increased expression of anti-inflammatory molecules. Cell adaptations to 

the changed environment may also lead to a decrease in cell activation compared to the 

previous level. 

C: Similar to B, the inflammatory response due to hypersensitivity returns to the level of 

ongoing chronic inflammation, but then cytokine release and cell activation is depressed 

under the base level of preactivated cells. The inflammatory response may persist over 

time on an abased level (1) or may further decrease (2) until recovery of inflammation. A 

highly potent anti-inflammatory reaction, following the acute proinflammatory event, could 
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be an explanation for this scenario. This could be supported by special actions of activated 

cells such as phagocytotic microglia, which may enable clearance of cell debris or protein 

accumulations (e.g. A beta) in chronically inflamed brain areas.  

 

In the special case of hypersensitive inflammatory response it is not clear if the increased 

cell activation and cytokine release is an advantage or disadvantage for the whole defence 

of neuroinflammation disease. In some cases, preactivation had beneficial effects on 

repression of disease. Previous microglia activation by lipopolysaccharide protected brain 

cells against stroke (Yenari and Giffard 2001). Furthermore, it was postulated that 

microglia, activated by LPS, showed induced clearance activity of A beta from the brain 

(Cameron and Landreth; Herber et al. 2007; Mandrekar et al. 2009). Microglia-mediated 

clearance by phagocytotic removal of tissue debris has an important function in creating a 

pro-regenerative environment within the CNS (Neumann et al. 2009). On the other hand it 

is supposed that TLR tolerance enhances, rather than suppresses HIV-1 gene expression 

(Bafica et al. 2004), which would be a severe disadvantage of prestimulation. In general, 

there is a thin line between beneficial and destructive inflammatory response. 

 

4.11  Outlook 
Although insights into the inflammatory mechanisms in glial cells have increased by 

means of this study, there still remain open questions. We found hypersensitivity in 

preactivated astrocytes upon restimulation with TLR2 ligand. TLR2 knock out astrocytes 

could not be activated by TLR2 ligands, even after prestimulation. Therefore, we conclude 

that the hypersensitive effect is at least in part due to increased TLR2 expression after 

prestimulation. For more detailed evidence, the pathway of TLR2 after induction by 

prestimulation, from gene expression until trafficking of TLR2 to the cell surface should be 

further investigated. First investigations on gene expression of inflammation related genes 

by qPCR after prestimulation with CCM, wash and restimulation with FSL1 after 24 h did 

not allow direct comparison with non prestimulated cells after FSL1 treatment. In this case 

prestimulation resulted in an upregulation of most genes, which did persist over 24 h, even 

after wash. Additional experiments on mRNA level 6 days after prestimulation and wash 

may resolve this problem. Furthermore, we want to know how fast and intense TLR2 

expression on the cell surface after stimulation with TLR2 ligand occurs several days after 

prestimulation with CCM, compared to non prestimulated astrocytes. Nevertheless, we 

assume that there are additional mechanisms, especially involved in alterations in 

signaling pathways.  

We already showed some basic investigations on the signaling pathway of NF-kB and c-

Jun with the inhibitor CEP1347. Further studies using either inhibitors of the c-Jun 



4. Discussion 
______________________________________________________________________________________________________________________________________________________________ 

 

75 

pathway or NF-kB inhibitors remain to be done. This could lead to information about the 

participation of these pathways on priming astrocytes for hypersensitivation. Especially 

screening of gene expression levels would help to understand pathway alterations in 

prestimulated astrocytes. Furthermore, there may exist other mediators, provoking 

hypersensitivity. The identification of autocrine cytokines and other molecules, involved in 

the altered behaviour of prestimualted astrocytes has to be done. Long-time studies of 

preactivation for more than one week would represent a better model for chronic cell 

activation.  

In our studies we used the highly potent, but synthetic, TLR2 ligands FSL1 and Pam3Cys. 

Although these compounds are highly specific and well accepted for investigations on 

TLR2, we do not know whether our results are comparable with “real” bacterial infection by 

gram positive bacteria. Therefore, the use of whole bacteria, e.g. S. aureus, for 

restimulation was a less artificial PAMP, adequate for brain abscess studies.  

In our experiments we used highly purified astrocytes to investigate the specific alterations 

in this cell type, without influence of other cell types, which may interact with astrocytes 

within the experiment. We found hypersensitivity in astrocytes, which could be induced by 

activated microglia. Nevertheless, even when we investigated co-culture of microglia and 

astrocytes, it could not simulate the in vivo situation, where different factors interact in a 

complex manner. Our model is convenient to for investigate molecular mechanisms in 

vitro. For prestimulation studies on pathological alterations of the whole organism, in vivo 

experiments can not be avoided. 

 

4.12  Conclusion 
The initial aim of this study was to determine the expression profile of activated microglia, 

and to investigate the interaction of secreted inflammatory mediators with astrocytes. 

Furthermore, we wanted to study alterations in astrocytes that may occur under chronic 

inflammatory conditions. Within this study, we showed that microglia were highly activated 

by LPS treatment. They expressed a wide pattern of inflammation related genes and were 

able to further interact with astrocytes. The cytokines IL-1 and TNFα were the main 

mediators for astrocyte activation. Activation of astrocytes resulted in an increased TLR2 

expression and enriched responsibility to specific TLR2 ligands. Prestimulation 

experiments enabled further investigations on altered activation states of astrocytes after 

treatment with TLR2 ligands under conditions of chronic/repeated stress. Astrocytes 

prestimulated with a complete cytokine mix as well as cells primed by microglia 

conditioned medium or directly by activated microglia, reacted hypersensitive to treatment 

with TLR2 ligands. This alteration to a hypersensitive activation state of prestimulated 

astrocytes was further examined under different prestimulation conditions. 
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