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Summary

The innate immune system is able to detect and respond to a diverse range of pathogen-
and host-derived molecules, such as cell wall components, nucleic acids and heat shock pro-
teins. These exogenous and endogenous molecules are recognized by the Toll-like receptors
(TLRs), a family of 13 highly conserved pattern-recognition receptors. TLRs are present
in the central nervous system (CNS), predominantly expressed in microglia, the major im-
mune cells of the brain. Increasing evidence suggests that, along with microglia-mediated
neuroinflammation, TLRs play a crucial role in CNS pathologies such as infection, stroke
and classical neurodegenerative diseases.

This thesis describes the consequences of TLR activation in the CNS. Highly specific
ligands for TLR2, TLR4, TLR7 and TLR9, were used to address the TLR’s individual
impact on neuroinflammation and –degeneration. In addition, combined TLR activation
was assessed, as it can be assumed that in both physiological and pathological states of
the CNS, more than one TLR ligand is present and multiple TLRs are activated.

In vitro, activation of TLR2, TLR4, TLR7 and TLR9 with their specific exogenous lig-
ands resulted in the microglia-mediated release of inflammatory molecules. Moreover, com-
bined TLR stimulation of TLR4 with TLR2 and TLR4 with TLR9 resulted in an increased
release of TNF-α, IL-6, IL-10 and nitric oxide compared to activation of the respective
single TLR in vitro. In contrast, additional activation of TLR7 suppressed the inflammatory
response mediated by TLR2, TLR4, or TLR9, indicating that TLRs individually modulate
the immune response. Further, neuronal cell injury occurred in response to activation of
each TLR, whereas only the combination of TLR4 with TLR2 resulted in significantly more
neuronal cell death compared to activation of each TLR alone. Remarkably, when replacing
the exogenous ligand of TLR4 by its endogenous ligand heat shock protein 60 (HSP60),
a stress-related protein, combined activation of TLR4 with TLR7 resulted in an increased
loss of neurons compared to single TLR activation, indicating diverging events subsequent
of TLR4 activation.

In vivo, the impact of TLR activation in the murine brain was evaluated after intrathecal
injection of the respective exogenous ligands for TLR2, TLR4, TLR7 and TLR9. Real-time
PCR analysis revealed that activation of each TLR leads to a distinct change in the mRNA
expression pattern of TLR1-9 in the murine brain. Furthermore, immunohistological analy-
sis of brain sections revealed that activation of TLR2, TLR7 and TLR9 causes axonal and
neuronal cell loss in the cerebral cortex. This was in part accompanied by a neuroinflamma-
tory response as indicated by microglia displaying an activated morphology, by the influx of
leukocytes into the cerebrospinal fluid and by elevated levels of TNF-α and IL-1β mRNA
in brain homogenates.

Further, the effect of TLR4 activation by its endogenous ligand HSP60 was evaluated
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in vivo. Intrathecal injection of HSP60 caused neuronal cell death and axonal injury, as
well as demyelination and loss of oligodendrocytes in the cerebral cortex of wild-type mice.
These deleterious effects were dependent on the TLR4-pathway as mice lacking TLR4 were
protected. However, in contrast to the exogenous ligand of TLR4, lipopolysaccharide, in-
trathecal HSP60 did not induce a measurable inflammatory response in the murine brain.
An additional challenge with HSP60 did not amplify TLR2- and TLR7-induced CNS in-
flammation, and loss of axons and neurons. To determine whether HSP60 is present in the
CNS in a physiological context, brain sections of mice were subjected to immunohistological
analysis. Endogenous HSP60 was found to be predominantly expressed in neurons. More-
over, elevated levels of HSP60 were detected in the cerebrospinal fluid of mice subjected
to a middle cerebral artery occlusion, the mouse-model of ischemic stroke, compared to
sham-operated mice, indicating a release of HSP60 during brain injury and a mechanism
by which TLR4 is exposed to HSP60 in CNS pathologies.

Taken together, these findings demonstrate that sole and combined activation of TLRs
modify the pattern and extent of TLR expression, of inflammation and of neuronal injury
in the CNS, a mechanism by which the intrinsic innate immunity might co-determine the
diversity of CNS diseases. Further, as demonstrated with the endogenous TLR4 ligand
HSP60, the release of TLR ligands during CNS cell damage, a common event in many forms
of brain disease, bi-directionally links CNS injury to neurodegeneration and demyelination
in vivo.
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Zusammenfassung

Das angeborene Immunsystem ist in der Lage auf unterschiedliche pathogen- und wirtsspe-
zifische Moleküle, wie Zellwandkomponenten, Nukleinsäuren und Hitze Schock Proteine zu
reagieren. Diese exogenen und endogenen Moleküle werden durch die Toll-like Rezeptoren
(TLR), eine Familie aus 13 Rezeptoren, welche hoch-konservierte Muster erkennen, de-
tektiert. TLR sind im Zentralen Nerven System (ZNS) vorhanden und werden überwiegend
von Mikroglia, den zentralen Immunzellen des ZNS exprimiert. Es gibt zunehmend Hinweise
dafür, dass neben der Mikroglia-vermittelten Neuroinflammation, TLR eine wichtige Rolle
in ZNS Erkrankungen, wie Infektionen, Schlaganfall und klassischen neurodegenerativen
Erkrankungen spielen.

Diese Arbeit beschreibt die Auswirkungen von TLR Aktivierung im ZNS. Hoch-spezifische
Liganden für TLR2, TLR4, TLR7 und TLR9 wurden verwendet, um den Einfluss einzelner
TLR auf neuroinflammatorische und -degenerative Prozesse zu untersuchen. Da anzuneh-
men ist, dass sowohl im gesunden als auch im erkranktem ZNS mehr als nur ein TLR Ligand
anwesend sind und somit mehrere TLR aktiviert werden, wurde zusätzlich untersucht, wel-
che Auswirkungen die Aktivierung mehrere TLR hat.

Die Aktivierung von TLR2, TLR4, TLR7 und TLR9 mit ihren spezifischen exogenen
Liganden resultierte in einer Mikroglia-vermittelten Freisetzung von inflammatorischen Mo-
lekülen in vitro. Darüber hinaus führte die kombinierte Aktivierung von TLR4 mit TLR2
und TLR4 mit TLR9 zu einer vermehrten Sezernierung von TNF-α, IL-6, IL-10 und Stick-
stoffmonoxid im Vergleich zur Aktivierung der jeweiligen einzelnen TLR. Im Gegensatz dazu
unterdrückte die gleichzeitige Aktivierung von TLR7 die TLR2-, TLR4- und TLR9-induzierte
inflammatorische Antwort, ein Hinweis dafür, dass TLR die Immunantwort individuell be-
einflussen. Desweiteren führte eine Aktivierung der einzelnen TLR zu neuronalem Zelltod
in vitro, der durch eine gemeinsame Aktivierung von TLR4 mit TLR2 signifikant erhöht
war. Als jedoch der exogene Ligand von TLR4 durch den endogenen Liganden Heat Shock
Protein 60 (HSP60) ersetzt wurde, führte im Vergleich zur Stimulation der jeweiligen ein-
zelnen TLR die gemeinsame Aktivierung von TLR4 und TLR7 zu einem vermehrten Verlust
von Neuronen. Dies deutet darauf hin, dass der exogene und endogene Ligand von TLR4
unterschiedliche Signalkaskaden induzieren.

In vivo wurde die Auswirkung einer TLR Aktivierung im ZNS nach der intrathekalen
Injektion der jeweiligen Liganden von TLR2, TLR4, TLR7 und TLR9 in Mäuse untersucht.
Eine Analyse mittels quantitativer PCR zeigte auf, dass die Aktivierung der einzelnen TLR
zu unterschiedlichen mRNA Expressionsmustern von TLR1-9 im Mausgehirn führte. Eine
immunohistologische Analyse von Gehirnschnitten ergab, dass die Aktivierung von TLR2,
TLR7 und TLR9 mit einem Verlust von Neurone und Axone im zerebralen Kortex einher-
geht. Dieser Verlust wurde zum Teil von einer neuroinflammatorischen Antwort begleitet,
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gekennzeichnet durch Mikroglia mit einer aktivierten Morphologie, die Einwanderung von
Leukozyten in die zerebrospinale Flüssigkeit und eine Zunahme an TNF-α and IL-1β mRNA
in Gehirnhomogenaten.

Desweiteren wurde der Einfluss einer TLR4 Aktivierung durch den endogenen Liganden
HSP60 in vivo untersucht. Die intrathekale Injektion von HSP60 hatte eine Schädigung der
Axone, einen Verlust von Neuronen und Oligodendrozyten, sowie eine Demyelinisierung im
zerebralen Kortex zur Folge. Diese zerstörerischen Effekte waren von der TLR4-vermittelten
Signalkaskade abhängig, da TLR4 defiziente Mäuse geschützt waren. Jedoch im Gegensatz
zu dem exogenen TLR4 Liganden, Lipopolysaccharid, verursachte HSP60 keine messbare
inflammatorische Antwort, wie z.B. die Aktivierung von Mikroglia oder Sezernierung von
Zytokinen. Interesanterweise, verstärkte eine zusätzliche Injektion von HSP60 die TLR2-
beziehungsweise TLR7-induzierte inflammatorische Antwort und den Verlust von Neuronen
und Axonen im ZNS nicht. Um feststellen zu können, ob HSP60 unter physiologischen Be-
dingungen im ZNS vorhanden ist, wurden Gehirnschnitte von Mäusen immunohistologisch
untersucht. Endogenes HSP60 wurde überwiegend in Neuronen gefunden. Desweiteren wur-
de, im Vergleich zu Kontroll-Mäuse, erhöhte Mengen an HSP60 in der zerebralospinalen
Flüssigkeit von Mäusen detektiert, bei denen ein ischemischer Schlaganfall durch den Ver-
schluss der mittleren zerebralen Arterie hervorgerufen wurde. Dies ist ein Hinweis dafür,
dass HSP60 während einer Gehirnverletzung freigesetzt wird und zeigt ein Mechanismus
auf durch den TLR4 in Erkrankungen des ZNS HSP60 ausgesetzt wird.

Zusammenfassend demonstrieren diese Ergebnisse, dass die alleinige und gemeinsame
Aktivierung von TLR das Muster und Ausmaß von TLR-Expression, Inflammation und Schä-
digung im ZNS beeinflussen. Ein Mechanismus durch den womöglich das angeborene Im-
munsystem im ZNS die unterschiedlichen Ausprägungen von ZNS Erkrankungen mitbe-
stimmt. Außerdem wurde anhand des endogenen TLR Liganden HSP60 demonstriert, dass
die Freisetzung von TLR Liganden durch eine Schädigung von ZNS Zellen, eine Begleiter-
scheinung vieler ZNS Erkrankungen, wechselseitig ZNS Schädigung mit Neurodegeneration
und Demyelinisierung koppelt.
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Introduction

Neuroinflammation is potentially destructive as it involves release of cytotoxic molecules.
The central nervous system (CNS) is a tissue with limited regenerative capacity and severe
damage can be a threat for essential body functions and even survival. Thus restriction
of neuroinflammation is crucial. The idea that the CNS is largely ignored by the immune
system was formed when experiments showed its foreign graft acceptance (Medawar, 1948).
The presence of the blood-brain barrier and blood-cerebrospinal fluid barrier with restricted
entry of antibodies and peripheral immune cells, as well as the absence of conventional
lymphatic drainage, of major histocompatibility complex expression and of resident profes-
sional antigen presenting cells, supported the idea of the CNS being an immune privileged
site (Arck et al., 2008). Meanwhile, a large body of evidence exists that the brain is not
immunologically inert, but dynamically interacts with the immune system within a complex
bi-directional relationship. Immunocompetent cells, such as astrocytes and microglia reside
within the CNS (Ransohoff and Brown, 2012) and even under non-pathological conditions
leukocytes can traffic into the CNS (Hickey, 1999). Further, the brain is actively kept in
an immunosuppressed state by high concentrations of anti-inflammatory molecules such as
the cytokines TGF-β and IL-10 and the T cell toxic gangliosides (Ransohoff and Brown,
2012). In addition, inflammatory responses can be inhibited or attenuated by a myriad of
soluble factors secreted by neurons themselves (Chavarría and Cárdenas, 2013). However,
pro-inflammatory processes can be elicited in the CNS. Although inflammation makes way
for repair processes and restoration of homeostasis after infection and injury, it is of con-
siderable debate what tips the balance leading to excessive or chronic inflammation, and
how inflammation is involved in autoimmune and neurodegenerative diseases of the CNS.
Numerous studies point to Toll-like receptors as pivotal contributors.

1.1 The intrinsic immune system of the CNS

A vast population of glial cells exist in the CNS, easily outnumbering neurons, indicat-
ing how much support neurons need to process and transmit information. Glial cells are
specialized CNS cells that ensure the structural and physiological integrity of the CNS,
by contributing to developmental processes, neuronal metabolism and function, mainte-
nance and repair of the CNS, as well as by exerting immunological functions to name
but a few of their functions. Particularly astrocytes establish numerous supportive and
functional connections with their highly ramified processes to adjacent cells such as neu-
rons and blood vessels (Brambilla et al., 2013). Astrocytes are important regulators of
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INTRODUCTION

CNS homeostasis, as they provide neurons with nutrients, regulate the permeability of the
blood-brain barrier and control levels of extracellular neurotransmitters and ions (Bram-
billa et al., 2013). Further, it has become clear that they facilitate all aspects of CNS
performance and even participate in neuronal communication (Brambilla et al., 2013).
Moreover, astrocytes are involved in sustaining the anti-inflammatory microenvironment
of the CNS (Gimsa et al., 2013). Although, in pathological conditions astrocytes can
change their morphological and biochemical phenotype displaying “reactive astrocytosis”.
In this state astrocytes secrete pro-inflammatory mediators and if necessary proliferate and
accumulate to form a glial scar (Gimsa et al., 2013). However, the overall picture of as-
trocytes suggests that they harbor mechanisms to limit damage by releasing factors with
anti-inflammatory, neuroprotective and growth promoting properties (Gimsa et al., 2013).
Although astrocytes and even neurons participate in CNS inflammation (Jensen et al., 2013;
Chavarría and Cárdenas, 2013), microglia–a population of innate immune cells in the CNS-
are regarded as the main effector cells in immune surveillance of the CNS (Kettenmann et
al., 2011) and will be introduced in the following.

1.1.1 Microglia - resident immune sentinels of the CNS

Microglia are resident macrophages and are distributed throughout the CNS. Microglia
invade the CNS during development and therefore do not arise from neuroectoderm-derived
neural progenitor cells as neurons, oligodendrocytes and astrocytes do (Levison et al., 2003),
but they also are not born from hematopoietic progenitors as the majority of immune cells.
Recently, it was reported that microglia are derived from primitive myeloid precursors in
the yolk sac, prior to the development of the bone marrow-derived hematopoietic system
(Alliot et al., 1999; Ginhoux et al., 2010). These primitive myeloid precursors populate
the CNS as tissue specific macrophages, which are well adapted and participate in CNS
development and homeostasis (Ginhoux et al., 2010). Depending on the brain region 0.5-
16.6% of the CNS cells are microglia (Mittelbronn et al., 2001). Microglia are capable
of self-renewal independent of hematopoietic progenitors (Ginhoux et al., 2010). On the
other hand, blood-borne monocytes/macrophages can repopulate the CNS after depletion
of microglia and mimic their function to a certain extent (Varvel et al., 2012) pointing to
the importance of constant presence of macrophages in the brain.

In the healthy brain, parenchymal microglia exhibit a ramified morphology visible as fine
processes with secondary and tertiary branching, radially arranged around a small somata.
This apparent quiescent state is caused by direct cell-cell contact as well as immunosup-
pressive molecules in their environment such as IL-10, TGF-β and fractaline, produced
by microglia themselves and neighboring cells (Kettenmann et al., 2011). However, the
microglia are not inactive or silent. They continuously monitor their microenvironment
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INTRODUCTION

and adjacent cells by palpation with their motile processes (Nimmerjahn et al., 2005).
Since microglia are constantly alert they can rapidly react to disturbances and are there-
fore the predominant cell type in initiating an immune response in the CNS (Streit et al.,
1988). Thereby they swiftly adopt diverse functional phenotypes and an amoeboid mor-
phology, a state commonly termed as “activated”. Depending on the stimulus confronted
with they migrate to the infected area or lesion, with local proliferation and accumulation,
up-regulate cell surface markers, produce various inflammatory molecules as well as growth
factors and/or increase phagocytic activity. Benefits of microglial activation are elimination
of pathogens or removal of cell debris, restoration of homeostasis and initiation of repair
processes in the CNS (Czeh et al., 2011). However, exaggerated or proceeding activation
of microglia and their excessive release of free radicals is thought to contribute to progres-
sive damage of the CNS (Block et al., 2007). The impact of activated microglial, as key
contributors to neuroinflammation, may depend on the pathological context in which they
are activated and the cues they are provided with as outlined below.

1.1.2 Neuroinflammation – a pivotal factor in CNS pathologies

Neurons require a strictly regulated environment to function properly. They are highly sen-
sitive to excessive amounts of the major excitatory transmitter glutamate (Takeuchi et al.,
2006) or of inflammation-related factors, such as TNF-α and reactive oxygen and nitrogen
species (Lyman et al., 2014), which are released by activated microglia. Depending on
the brain area affected, loss of neurons and their projections can result in severe neurologi-
cal deficits and disabilities, which cannot be compensated or only to a certain degree. As
CNS neurons show poor regenerative capacities due to sub-optimal repopulation by resident
neuronal precursors (Björklund and Lindvall, 2000), molecular inhibitors of axonal growth
(Fournier and Strittmatter, 2002) and brain tissue scaring (Kawano et al., 2012), neurode-
generation, the progressive, irreversible loss of neurons, is detrimental. Oligodendrocytes,
which form the myelin sheath, thereby accelerating neural conduction and providing long-
term integrity of neuronal axons in the CNS (Fünfschilling et al., 2012), are likewise affected
by the hostile environment generated during an immune response. Oligodendrocytes can be
replaced by precursor cells (Crawford et al., 2013); however, the initial loss or dysfunction of
oligodendrocytes and their myelin (demyelination) impairs axonal function and contributes
to neurodegeneration (Lee et al., 2012). Therefore, inflammatory conditions and release of
mediators with potentially cytotoxic properties can be detrimental in the CNS.

Invasion of bacteria, viruses or parasites into the brain can be appreciated as a situa-
tion, which requires an inflammatory response. Upon pathogen-recognition microglia release
pro-inflammatory factors, such as TNF-α, IL-1β, IL-6 (Olson and Miller, 2004) and recruit
peripheral immune cells with chemokines such as CCL2 and CCL5 (Rock et al., 2004).

3



INTRODUCTION

In addition, in defense against bacteria, microglia release free radicals during a respiratory
burst (Gerber and Nau, 2010). Activation of the immune response is primarily beneficial,
since it leads to elimination of pathogens, but an excessive generation of pro-inflammatory
cytokines and reactive oxygen and nitrogen species elicit neurotoxicity (Block et al., 2007;
Banati et al., 1993). For example, TNF-α, a central pro-inflammatory cytokine, can fuel the
immune response by inducing the generation of further cytokines, such as IL-1 and IL-6, and
the synthesis of nitric oxide (Aggarwal and Natarajan, 1996). Further, TNF-α can stimulate
excessive glutamate release resulting in exitoneurotoxicity (Takeuchi et al., 2006). More-
over, transgenic mice overexpressing TNF-α in the CNS developed a spontaneous inflamma-
tory demyelinating disease (Probert et al., 1995). Another crucial molecule is nitric oxide.
Nitric oxide (NO) is a messenger molecule in the CNS (Calabrese et al., 2007); however since
it is membrane permeant, cells cannot regulate its local concentration. Inappropriate forma-
tion during inflammation can cause neuronal cell overstimulation. Moreover, after conver-
sion into the potent oxidant peroxynitrite it can react with lipids, proteins and nucleic acid
thereby causing severe cell damage (Dawson and Dawson, 1996). It has been demonstrated
that excessive release of NO by activated microglia causes neuronal cell death (Chao et al.,
1992; Lehnardt et al., 2006). Thus, in addition to the toxicity of the pathogen itself, neu-
roinflammation can contribute to a great deal to CNS damage (Weber and Tuomanen, 2007;
Gerber and Nau, 2010).

Besides during infection, activated microglia and inflammatory processes are found
likewise in several other CNS insults and disorders such as traumatic injury, stroke and
Alzheimer’ disease (Kreutzberg, 1996). The factors triggering onset of Alzheimer’s dis-
ease (AD), a neurodegenerative CNS disorder causing prevailing dementia, are largely
unidentified. However, besides its pathological hallmarks of extensive amyloid beta pro-
tein (Aβ) deposits, neurofibrillary tau-tangles and considerable neuronal atrophy in certain
brain regions, increased levels of cytokines, chemokines, scavenger receptors and oxida-
tive damage are found within the brain (Landreth and Reed-Geaghan, 2009; Akiyama et
al., 2000). Activated microglia and elevated cytokine levels are closely related to Aβ
plaques (Bolmont et al., 2008). The activated microglia, which extend and wrap their
processes around Aβ plaques, are considered to contribute to the progressive neuronal in-
jury in AD by release of neurotoxic products (Bolmont et al., 2008) in addition to neu-
rotoxicity of Aβ itself (Hickman et al., 2008). On the other hand, microglia are ca-
pable of clearing Aβ by phagocytosis; however, Aβ-induced chronic inflammation likely
results in malfunction of microglia thereby promoting accumulation of Aβ and progres-
sion of AD (Hickman et al., 2008). Thus, chronic inflammation has emerged as one
cause of persistent neuronal cell damage in neurodegenerative diseases (Block et al., 2007;
Lull and Block, 2010). Approaches for treating AD therefore focus on supporting microglia-
mediated Aβ removal, but without inducing neurotoxic inflammation (Weiner and Frenkel,
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2006).
Neuroinflammation is also a considerable element in CNS injury caused by trauma

or an ischemic event. Traumatic CNS injury can be caused by mechanical forces (e.g.
compression, contusion, laceration), swelling or bleeding of brain tissue as a result of an
accident or surgery. In experimental models such as entorhinal cortex lesion, facial nerve
crush or traumatic brain injury, an accumulation of activated microglia is evident around the
lesion and neuroninflammation is established as a key mechanism promoting a continuous
spread of tissue damage (Kumar and Loane, 2012). Another form of brain injury is caused by
an ischemic event, the acute reduction of the blood supply in a given brain region, leading to
oxygen and glucose shortage. As a primary consequence neurons, with their high metabolic
rate, rapidly suffer and most likely die. Thereby acute and post-ischemic inflammation is
triggered, which is associated with exacerbation of brain damage (Macrez et al., 2011).
In the serum and cerebralspinal fluid of stroke patients elevated levels of pro-inflammatory
cytokines have been detected and increased IL-6 is associated with early clinical deterioration
(Vila et al., 2000). The underlying mechanisms of ischemia-induced sterile inflammation
are multifaceted; however the intrinsic innate immune system is regarded as an important
component (Wang et al., 2011).

Inflammation is indispensable in the response to pathogen invasion and tissue injury, by
clearing pathogens and cell debris, promoting restoration of homeostasis and paving the way
for repair processes (Chavarria and Alcocer-Varela, 2004). Immune responses are commonly
self-limiting, but continuous stimulation or failure in termination may result in uncontrolled
inflammation and production of neurotoxic factors, which amplify the underlying disease
states (Glass et al., 2010), resulting in collateral damage. In neurodegenerative diseases
inflammation-mediated neurotoxicity is proposed to be a consequence of dysregulation and
overactivation of microglia (Block et al., 2007). How microglia, as the intrinsic innate
immune cells of the CNS, sense danger in infectious and sterile CNS pathologies and initiate
an inflammatory response will be illustrated in the following.

1.2 Toll-like receptors bring specificity to the innate immune

system

Cells of the innate immunity are the first to encounter pathogens and rapidly mount an im-
mune response by secreting inflammatory molecules, attracting lymphocytes and presenting
the pathogen’s antigens. Notably, innate immune cells are also capable of limiting spread
of infection by phagocytosis and release of reactive oxygen species. However, until the
1990ies, innate immune cells were thought to respond in an unspecific manner. Moreover,
the mechanism by which they detected pathogens was not known. It was then postulated
that a system of “pattern recognition receptors” must exist which allows the innate immune
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cells to recognize microbial components (Janeway, 1989) albeit in a different way than via
antigen-receptors characteristic for the T and B cells. The Toll-like receptors (TLRs) were
identified as these pattern recognition receptors.

1.2.1 The discovery of the Toll-like receptors

In 1985, a protein required for formation of the dorsal-ventral axis in embryonic development
of fruit flies was identified, termed Toll (Anderson et al., 1985). The cytoplasmic domain
of Drosophila Toll was found to be homologous to that of the human interleukin (IL-) 1
receptor (IL-1R), indicating that signal transduction is similar among both proteins (Gay and
Keith, 1991). Likewise, it emerged that the transcription factor dorsal, induced by Toll, is a
homologue of NF-κB (Govind and Steward, 1991) which is important for the transcription
of genes of inflammatory molecules, such as TNF-α, IL-6 or IL-10, and enzymes, such
as iNOS. Due to these parallels among Toll and IL-1R, a possible role of Toll in sensing
infection and inducing a innate immune response was addressed (Lemaitre et al., 1996). It
was reported that the Toll-mutant of Drosophila infected with Aspergillus fumigates died,
due to an impaired immune defense. Further, it was found that Toll is responsible for
the production of antifungal and antibacterial peptides upon infection (Lemaitre et al.,
1996). Hence, a specific receptor complex was identified, which is involved in activation
of innate immunity-Drosophila do not exhibit an adaptive immunity-upon infection with
a microorganism. Yet, how the pathogen is recognized was not addressed. Soon, the
cloning and molecular characterization of five mammalian Toll-like receptors (TLR1-5) was
described (Rock et al., 1998). In sum, it was clear that TLRs function as immune receptors
in vertebrates, capable of inducing a typical immune response, but it was not evident that
the TLRs are pathogen-sensing receptors.

At the same time, lipopolysaccharide (LPS)-induced septic shock was investigated. LPS
is a component in the cell wall of gram-negative bacteria, which is released upon breakdown
of the bacteria and acts toxic (“endotoxin”). Notably, TNF-α, a pro-inflammatory cytokine
induced by NF-κB, was identified as a major soluble factor mediating the lethal effect of LPS
in septic shock (Beutler et al., 1985). The mouse strain C3H/HeJ, at that time widely used
for experiments on septic shock, is hyporesponsive to LPS (Sultzer, 1968), due to a point
mutation in a single autosomal locus (Watson and Riblet, 1974), which was designated
Lps. This indicated that there was a receptor for LPS, that is, a pathogen-sensing receptor.
It took several years until the exact position of Lps was found, which revealed that Lps
encoded one of the Toll-like receptors, that is TLR4 (Poltorak et al., 1998).

The discovery of the TLRs opened up a new field in innate immunity and Bruce A.
Beutler and Jules A. Hoffmann were awarded the Nobel Prize in Medicine in 2011.
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1.2.2 Toll-like receptors sense pathogens

In the following years 13 TLRs were identified. TLRs 1-9 are conserved among species.
There are 10 functional TLRs in human with TLR11 likely not functional due to a stop
codon (Zhang et al., 2004) and TLR12 and TLR13 missing. Twelve functional TLRs
exist in the mouse, with TLR10 nonfunctional due to a retroviral insertion (Akira et al.,
2006). TLRs are located on the cell surface as well as in intracellular vesicles, such as
the endoplasmic reticulum, endosomes, lysosomes and endolysosomes. A wide range of
pathogen-associated molecular patterns (PAMPs) are recognized by TLRs, as listed below.

The following group of TLRs has been described to mainly recognize outer membrane
components of microorganisms. As mentioned above TLR4 recognizes gram-negative bacte-
ria via LPS. In contrast, TLR2 is established as the major receptor for gram-positive bacteria
as it senses their cell wall components, such as lipopetides (Aliprantis et al., 1999), pepti-
doglycan and lipoteichoic acid (Schwandner et al., 1999). However, TLR2 also recognizes
a wide range of PAMPS from other pathogens, such as lipoarabinomannan from mycobac-
teria (Means et al., 1999), zymosan from fungi (Underhill et al., 1999), and hemagglutinin
protein from measles virus (Bieback et al., 2002). Further, TLR2 forms heterodimers with
TLR1 and TLR6 to discriminate subtle structural differences among lipopeptides. In par-
ticular, TLR2/1 recognizes triacylated lipopeptides such as peptidoglycan and Pam3CSK4
(Jin et al., 2007), while TLR2/6 recognizes diacylated lipopeptides and MALP-2 (Takeuchi
et al., 2001). TLR5 recognizes bacterial flagellin (Hayashi et al., 2001). TLR11 is thought
to recognize uropathogenic bacterial components (Zhang et al., 2004) and, just as TLR12,
the profilin-like molecule derived from Toxoplama gondii (Yarovinsky and Sher, 2006;
Koblansky et al., 2013). Murine TLR13 recognizes 23S ribosomal RNA from gram-positive
and gram-negative bacteria (Oldenburg et al., 2012).

Another group of TLRs was identified to recognize microbial nucleic acids. TLR3 is the
receptor for double stranded RNA (dsRNA) (Alexopoulou et al., 2001). TLR7 was originally
identified in recognizing imidazoquinoline derivatives such as imiquimod and resiquimod (R-
848) (Hemmi et al., 2002) and the guanine analog loxoribine (Akira and Hemmi, 2003).
Soon, single stranded RNA (ssRNA) derived from influenza virus (Diebold et al., 2004)
and from HIV-1 (Heil et al., 2004), was described as the physiological ligand of mouse
TLR7. TLR8 is phylogenetically similar to TLR7 and also recognizes R-848 and viral
ssRNA, indicating a redundancy among TLR7 and TLR8 (Jurk et al., 2002; Heil et al.,
2004). TLR9 recognizes DNA with unmethylated cystosine-phosphate-guanosine (CpG)
motifs, which are frequently present in bacteria and viruses but rare in mammalian cells
(Hemmi et al., 2000).

In comparison with the infinite variety of T cell receptors, the set of TLRs is relatively
small. However, TLRs can form homo- and heterodimers and utilize co-receptors (e.g.
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CD14) and accessory proteins (e.g. MD-2). Thus, as illustrated above, the family of TLRs
can recognize a great variety of invariant pathogen-associated molecules, in particular cell
wall components, intracellular proteins and nucleic acids. Notably, these structures are
required for the survival of the microorganism and therefore escape mutants do not exist.
The structure of TLRs is defined by highly conserved genes, and a constitutive expression
makes them constantly available for rapid pathogen recognition upon infection.

1.2.3 Extending Toll-like receptor recognition to danger

Immunologists had once adopted the doctrine in which the driving force of the immune
system was defined by the discrimination between self and non-self. This fundamental
concept has been replaced by the more sophisticated danger theory (Matzinger, 1994).
Accordingly, TLRs do not sense only the presence of a pathogen, but react to any type of
danger, even signaled by the host itself. Several host-derived (endogenous) TLR-ligands
have been identified, termed danger-associated molecular patterns (DAMPs) or alarmins.
It has been reported that beta-defensin (Biragyn et al., 2002), high-mobility group box-
1 (Tian et al., 2007; Curtin et al., 2009), Heat Shock Proteins (Ohashi et al., 2000;
Vabulas et al., 2001; Asea et al., 2002; Kakimura et al., 2002) and components of the
extracellular matrix, such as fibronectin (Okamura et al., 2001) and hyaluronan (Jiang et
al., 2005), are recognized by TLR4 and/or TLR2. Further, TLR3 detects mRNA (Karikó
et al., 2004) and TLR7 recognizes small interfering RNA (Hornung et al., 2005) and also
mRNA (Diebold et al., 2004). Recently, our group identified the microRNA let-7b and
its family members, which are all abundantly expressed in the brain, as agonists of TLR7
(Lehmann et al., 2012a). In the healthy state these endogenous ligands and the respective
TLRs are localized in different cellular compartments and cannot interact physiologically
(Yu et al., 2010). However, in pathological conditions, endogenous ligands are liberated
from injured and dying cells and/or are actively secreted (Yu et al., 2010).

1.2.4 Toll-like receptor activation initiates an inflammatory response

TLRs are type I transmembrane proteins. Varying numbers of leucine-rich repeats in the
extracellular domain of TLRs are responsible for the recognition of the diverse ligands
(e.g. lipoproteins, lipids and nucleic acid) (Sasai and Yamamoto, 2013). In addition, the
specificity of ligand recognition by TLRs is determined by their homo- or heterodimeriza-
tion and can include an additional binding of co-receptors and/or accessory proteins. The
cytoplasmic domain, homologous to that of interleukin 1 receptor and therefore termed
Toll/interleukin(IL)-1 receptor (TIR) domain, is required for the engagement with TIR-
containing adaptors molecules (Watters et al., 2007). The main adaptor molecule myeloid
differentiation primary response 88 (MyD88) was identified as the downstream media-
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tor of nearly all TLRs (Kawai et al., 1999; Takeuchi et al., 2000; Hemmi et al., 2002;
Häcker et al., 2000; Hayashi et al., 2001). TLR3 is the only TLR, which does not employ
MyD88, but signals via TIR domain-containing adaptor inducing interferon-β (TRIF) (Ya-
mamoto et al., 2002b). Remarkably, TLR4 signals via MyD88 and TRIF (Yamamoto et al.,
2003).

Upon ligand binding downstream signaling is initiated as displayed in Fig. 1.1. The
complex signaling network results in activation of the transcription factors NF-κB, activa-
tor protein 1 (AP-1) and/or interferon regulatory factor (IRF) 3, 5 and 7. Whereas MyD88
mediates an early phase of NF-κB activation, TRIF mediates the production of IFN-β and a
late phase of NF-κB activation (Dunne and O’Neill, 2005; Sasai et al., 2005). NF-κB, AP-1
and the IRFs induce the transcription of genes encoding cytokines, chemokines, interferons,
enzymes and other molecules essential for mounting and modulating an immune response
(Kawai and Akira, 2008). A number of negative regulators (e.g. IRAK-M, MyD88s, TRAF1
and 4) exist, which inhibit binding or dissociation, or increase degradation of protein com-
plexes, thereby terminating the immune response to prevent excessive inflammation (Marsh
et al., 2009; Sasai and Yamamoto, 2013).
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Figure 1.1: TLR signaling cascade. Upon ligand binding TLRs dimerize and undergo conformational
changes that lead to the induction of a complex cascade of intracellular signaling events resulting in activa-
tion of transcription factors and production of inflammatory molecules. Except TLR3, each TLR initiates
a signal via MyD88 - either directly (TLR5, 7, 8, 9 and 11) or via the bridging adaptor TIRAP (TLR1,
2, 4 and 6) - which engages members of the IRAK family (IRAK1, 2, 4) to start a process of auto-
and cross-phosphorylation among the IRAK proteins. IRAK1 (and possibly IRAK-2) dissociate from the
receptor complex and subsequently associate with Traf6, which activates TAK1, which in turn activates
the IKK complex and MAPKKs. The IKK complex (IKKα, IKKβ and regulatory subunit IKKγ/NEMO)
phosphorylates IκB proteins, which are ubiquitinated and degraded proteosomally, allowing subsequent
translocation of transcription factor NF-κB to the nucleus. Transcription factor AP-1 is activated through
phosphorylation by members of the MAPK family. Together NF-κB and AP-1 induce generation of inflam-
matory cytokines and chemokines. When recruited to TLR7 and TLR9 MyD88 and the phosphorylated
IRAK proteins can bind TRAF3 in addition to TRAF6. Activation of TRAF3 results in phosphorylation,
dimerization and nuclear localization of the transcription factors IRF3, 5 and 7. This pathway leads to
production of Type I interferon (IFN-α/β) in addition to the activation of NF-κB and AP-1. The receptor
TLR3 is unique since it signals via TRIF, TBK1 and IKKepsilon, which activate IRF3, the transcription
factor of Type I interferons. In addition TRIF can signal via TRAf6, RIP-1 and TAK1 which results in
late phase NF-κB and AP-1 translocation and cytokine production. TLR4 is the only one able to recruit
MyD88 via TIRAP, or TRIF via TRAM inducing both pathways. Illustration adapted from (Marsh et al.,
2009).
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1.3 Toll-like receptors in the CNS

Initially, studies on the function of TLRs concentrated on the innate immune cells of the
peripheral immune system. However, since inflammation does take place in the CNS and
involves microglia, the intrinsic innate immune cells, efforts were initiated to characterize
the role of TLRs in the CNS, some of which are outlined below.

1.3.1 Toll-like receptor expression in the CNS

Several in vitro and in vivo studies have reported on the presence of mRNA and protein
of TLRs and their related signaling proteins in the CNS of human and mice. Moreover, it
has become clear that TLR expression is dynamically regulated during brain development
(Kaul et al., 2012) and pathological conditions of the CNS, such as stroke, infection, CNS
autoimmunity and neurodegenerative disorders (Konat et al., 2006; Landreth and Reed-
Geaghan, 2009; Downes and Crack, 2010; Marta, 2009). Further, evidence is emerging
that the CNS cells exhibit their own cell type specific set of TLRs and adaptor molecules,
allowing a distinct cell type specific response to TLR stimuli as is the case for peripheral
immune cells (Kawai and Akira, 2010).

Microglia express the wide repertoire of TLRs 1-9 (Jack et al., 2005; Olson and Miller,
2004; Kielian et al., 2002; Lehnardt et al., 2006; Dalpke et al., 2002). Stimulation of
purified microglia with TLR ligands results in an inflammatory response with the secretion of
cytokines, chemokines and reactive oxygen and nitrogen species such as TNF-α, IL-1β, IL-
6, IL-10, IL-12, IL-18, IFN-α, IFN-β, CCL2, CCL3, CCL5 and NO (Olson and Miller, 2004;
Bsibsi et al., 2002). Furthermore, proliferation and phagocytosis are induced (Redlich et
al., 2013).

Expression of TLRs 1-9 has also been reported on astrocytes, however in low levels
except for a striking preference for high levels of TLR3 (Jack et al., 2005; Farina et al., 2005;
Bsibsi et al., 2006). Upon TLR3 stimulation, human astrocytes showed a marked induction
of large array of transcripts for anti-inflammatory and neuroprotective mediators, whereas
response to TLR4 activation was minimal (Bsibsi et al., 2006). In addition, in comparison to
microglia, astrocytes were slower in upregulating TLRs and immunostimulatory mediators,
pointing to a role in a subsequent repair response (Bsibsi et al., 2006). On the other hand,
astrocytes challenged with the gram-positive bacterium S. aureus or its cell wall product
peptidoglycan produced pro-inflammatory mediators including IL-1β, TNF-α and CCL2 in a
TLR2-dependent manner (Esen et al., 2004), indicating that astrocytes likewise participate
in TLR-mediated pro-inflammatory immune responses.

Reports on TLR expression and function in oligodendrocytes are limited. Howsoever,
TLR2 and TLR3 are present whereas TLR4 is not (Bsibsi et al., 2002; Lehnardt et al.,
2002). Activation of TLR2 on cultured oligodendrocytes promotes differentiation, survival
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and myelination, whereas TLR3 is a potent inducer of apoptosis (Bsibsi et al., 2012).
Strikingly, even neurons exhibit TLRs, in particular TLR3, TLR7 and TLR8 (Cameron et

al., 2007; Lehmann et al., 2012b; Ma et al., 2006). Activation of any of these nucleic acid-
sensing TLRs causes detrimental effects, such as growth cone collapse, inhibition of neurite
outgrowth and extension, and apoptosis. Importantly, in all these studies TLR signaling was
found to be independent of NF-κB, the classical terminal effector in microglial signaling and
inflammation. Thus, in neurons TLRs rather promote death than induce an inflammatory
cascade as it is known for innate immune cells.

In summary, CNS cells, predominantly microglia, express TLRs and activation of TLRs
can trigger pro-inflammatory as well as anti-inflammatory reactions and cell-autonomous
cell death.

1.3.2 Toll-like receptors are involved in CNS pathologies

As TLRs are pathogen-recognition receptors, it is self-evident to determine the role of TLRs
during CNS infection. Studies on injection of the gram-positive bacteria S. pneumonaie into
the CNS of mice revealed that TLR2 -/- mice (the major receptor of this class of bacteria)
were more susceptible to infection than wild-type mice. TLR2 -/- mice developed more
severe clinical symptoms, displayed a higher bacterial load in the CNS, a massive leukocyte
infiltration and an increased blood-brain barrier permeability (Echchannaoui et al., 2002;
Koedel et al., 2003). These studies point to the necessity of TLRs in the CNS to combat
infection. Notably, intrathecal injection of the TLR2 ligand Pam3CSK4 can also induce
signs of meningitis, such as influx of leukocytes, elevated regional cerebral blood flow and
intracranial pressure, which are absent in TLR2 -/- mice (Hoffmann et al., 2007). Similarily,
intracisternal injection the TLR9 ligand CpG ODN can mimic symptoms of meningitis with
elevated numbers of leukocytes and levels of TNF-α in the cerebrospinal fluid (Deng et al.,
2001). These studies demonstrate how potent TLRs are in inducing neuroninflammation
in vivo.

As outlined earlier inflammation and activation of microglia is a near universal inci-
dence in CNS pathologies, even in those where the presence of pathogens is not evident.
Host-derived molecules released from injured cells or accumulation of abnormal proteins
such as Aβ are foreign in the extracellular compartment. TLRs are capable of detecting
these endogenous molecules thereby eliciting the production of cytokines and chemokines
(Henderson et al., 2010; Jana et al., 2008). This is of particular interest as inflammation
is involved in secondary tissue damage following CNS injury. Therefore, the contribution of
TLRs in non-infectious CNS insults, such as stroke, trauma and Alzheimer’s disease, has
been evaluated in numerous studies as outlined below.

Mice with a genetic or functional absence of TLR2 (Lehnardt et al., 2007a; Ziegler et
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al., 2007) or TLR4 (Cao et al., 2007; Caso et al., 2007; Tang et al., 2007; Kilic et al., 2008;
Hyakkoku et al., 2010) subjected to experimental stroke display smaller infarct volumes than
their wild-type counterparts. Several aspects indicate that attenuation of ischemia-induced
brain injury is due to the lack of a microglial TLR-mediated pro-inflammatory response
(Kilic et al., 2008; Caso et al., 2007; Hyakkoku et al., 2010; Lehnardt et al., 2007). Hence,
as pathogens are likely not present short after an ischemic event, these studies point to
endogenous ligands causing TLR-induced inflammation and exacerbation of tissue injury.
Accordingly, levels of endogenous TLR ligands such as fibronectin, HSP60, HMGB-1 were
found to be elevated in the cerebrospinal fluid and brain of mice, as well as in the serum of
stroke patients, and correlated with parameters of inflammation and disease severity (Brea
et al., 2011; Yang et al., 2011). Thus, TLRs appear to be involved in the amelioration of
CNS tissue damage following ischemia (Wang et al., 2011).

Similar to the studies on the role of TLRs in stroke, studies on traumatic CNS injury
suggest that TLRs contribute to inflammation-mediated secondary brain damage. Experi-
mental nerve transection or contusion injury led to elevated levels of TLR2 and/or TLR4 in
the lesion-site and associated areas, predominantly visible in activated microglia (Babcock
et al., 2006; Zhang et al., 2012b; Chen et al., 2008). On the other hand, in the injured
brains of TLR2 -/- mice, glial cells displayed a less activated morphology, levels of distinct
inflammatory mediators were reduced and the recruitment of leukocytes was delayed com-
pared to those of wild-type mice (Babcock et al., 2006; Park et al., 2008). These results
suggest an important role of TLR2-signaling in the early response to brain injury. Moreover,
the decreased expression of inflammatory cytokines (TNF, IL-1β, IL-6) was associated with
less neurological deficits in the TLR2 -/- mice (Yu and Zha, 2012), showing which impact
TLR2 activation can have on the outcome of injury. Similar brain injury-mediated mech-
anisms were also found to be dependent on TLR4 (Ahmad et al., 2013). However the
potential endogenous activators of TLR2 and TLR4 remained unidentified.

An imbalance of Aβ production and clearance influences the pathogenesis of Alzheimer’s
disease and increasing evidence implicates that neuroninflammation, mediated by microglia
and TLRs, is a critical factor (Landreth and Reed-Geaghan, 2009). Strikingly, AD-mice de-
ficient for functional TLR4 exhibit a higher Aβ load (Tahara et al., 2006). Analysis of brain
lysates revealed a TLR4-dependent elevation of IL-1β, IL-10, IL-17 and TNF-α, which likely
originates from Aβ-stimulated microglia as shown in cell culture (Jin et al., 2008), pointing
to a requirement of inflammation for Aβ removal. Moreover, in vitro studies revealed that
Aβ uptake by microglia can be boosted by activation of TLR2, TLR4 or TLR9, demon-
strating that TLRs are involved in clearance of Aβ deposits by microglia (Chen et al., 2006;
Tahara et al., 2006). On the other hand, it has been demonstrated that TLR4 mediates
Aβ-induced microglial neurotoxicity (Walter et al., 2007). Thus, by modulating neuron-
inflammation TLRs are involved in Alzheimer’s disease pathogenesis (Landreth and Reed-
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Geaghan, 2009).

Taken together, neuroinflammation is a crucial underlying mechanism of CNS diseases
and disorders and TLRs, the key innate immune receptors, are pivotal contributors. Notably,
the studies on the role of TLRs in CNS pathologies indicate on the one hand, that during
the formation and course of the disease a single TLR can play a crucial role, and on the
other that different TLRs can mediate similar outcomes. Thus, a remarkable point is the
redundancy among TLRs. This is given by the conserved TIR domain present in cytoplasmic
portion of all TLRs and the intracellular adaptor molecules (Watters et al., 2007), which
allow the induction of similar signaling pathways downstream of TLR engagement. However,
as outlined earlier, the variety of receptors-dimers, TLR-specific adaptor molecules and
cell-specific set of signaling molecules confer a certain degree of specificity in the overall
redundancy of TLRs (Netea et al., 2004). In addition, it must be kept in mind, that there
are numerous TLR agonists present in pathogens and host cells, which can engage the
different TLRs. Whereas this permits the detection of a pathogen or injured cell by any
single TLR, it is conceivable that these diverse ligands trigger multiple TLRs in a combined
manner.
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1.4 Aim of the study

The intrinsic innate immunity of the CNS, as represented by microglia and TLRs, detects
invading pathogens and damaged tissue and initiates an inflammatory cascade to encounter
these forms of danger. Whereas promoting restoration of homeostasis is intended, molecules
generated during the inflammatory event are potentially neurotoxic. Accumulation of these
molecules during an exaggerated inflammatory response, causing loss of neurons and oligo-
dendrocytes, is deleterious in the CNS, a vital organ with a limited regenerative capacity.
Toll-like receptors have proven to be pivotal contributors in several CNS pathologies and
the underlying neuroninflammatory response.

This study aims at a comprehensive evaluation of the consequences of specific TLR ac-
tivation in the CNS in vitro and in vivo. Highly specific agonists allow a selective activation
of TLRs to address what functional relevance single as well as combined TLR activation
has on neuroinflammation and neuronal cell survival.

15





Materials and Methods

2.1 Materials

Table 2.1: Consumables.

Consumables Supplier
Cell Strainer 70µm Nylon BD Falcon
Circular Cover Slips (1mm) Marienfelde Superior
Low Profile Microtome Blades Leica
MicroAmp Fast Optical 96-well Reaction Plates (0.1ml) Applied Biosystems
MicroAmp Fast Optical Adhesive Film Applied Biosystems
Nunc F96 MaxiSorb Thermo Fisher Scientific Inc.
Super Frost Ultra Plus® glass slides Thermo Scientific
MaxTract Tubes Qiagen
Syringes BD

Table 2.2: Reagents.

Reagents Supplier
2% Lidocain Astra Zeneca
2.5% Trypsin Gibco
B-27 supplement Gibco
BCA Protein Assay Kit Pierce
cOmplete ULTRA Tablets, mini Roche Diagnostics GmbH
Dapi (4’,6-Diamidin-2’-phenylindoldihydrochlorid) Sigma
DMEM [+]4.5 g/l Glucose, L-Glutamine, Pyruvate Gibco
DNaseI (1mg/ml) Roche
DTT Promega
Fetal calf serum (FCS) Gibco
Griess’ reagent for nitrite Fluka
HBSS (+ MgCl2/CaCl2) and (w/o MgCl2/CaCl2) Gibco
Isotonic saline 50ml (0.9% sodiumchlorid) Fresenius Kabi Deutschland GmbH
Ketamin-Actavis 50mg/ml Actavis
Leibovitz’s L-15 Gibco
L-Glutamine 200mM Gibco
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Reagents Supplier
M-MLV Reverse Transcriptase Promega
Neurobasal™ Medium Gibco
Normal goat serum Vector Laboratories Inc.
Nose and eye ointment Bayer
Penicillin/Streptomycin Gibco
Poly-D-lysine hydrobromide Sigma-Aldrich
RNasin® Ribonuclease Inhibitor Promega
Rompun® 2% Bayer
RQ1 RNase-Free DNase Promega
RT2 SYBR Green ROX™ qPCR Mastermix Qiagen
Shandon Immu-Mount™ Thermo Scientific
Tissue freezing medium® Jung
TMB (3,3’5,5’-Tetramethylbenzidine dihydrochlo-
ride)

Sigma

TRIzol® reagent Invitrogen
UltraPure™ Phenol:Chloroform:Isoamyl Alcohol
(25:24:1 v/v)

Invitrogen

Table 2.3: Kits.

Kit System Supplier
BD OptEIA™ Set Mouse TNF (mono/mono) BD
BD OptEIA™ Set Mouse IL-1β BD
FlowCytomix Bender MedSystems
RT2 qPCR Primer Assays SA Biosciences Corporation

(a Qiagen company)
BCA Protein Assay Reagent Pierce
In Situ Cell Death Detection Kit, TMR red Roche
ApopTag® Plus Fluorescein In Situ Apoptosis Detection
Kit S7111

Millipore

ECL Western Blotting Detection Reagent GE Healthcare Lifesciences

Table 2.4: TLR Ligands.

TLR Ligand Receptor Supplier
CpG thioat-stabalized oligonucleotide “1668”
(5’ TCCATgACgTTCCTgATgCT3’)

TLR9 TIB MolBiol
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TLR Ligand Receptor Supplier
Hsp60 (low endotoxin, human, recombinant)
dissolved in sterile PBS

TLR4 Enzo Life Sciences Stress-
gen (ADI-ESP-540)

Imiquimod TLR7 InvivoGen (tlrl-imq)
Loxoribine (Guanosine analog) TLR7 InvivoGen (tlrl-lox)
LPS from E. coli, Serotyoe 0111:B4 TLR4 Enzo Life Sciences (581-

002-M005)
Pam3Cys-SK4 x 3HCl TLR2 EMC microcollection

GmbH (L2000)
Recombinant human serum albumin dissolved
in sterile PBS

control Humanzyme (HZ-3002)

Table 2.5: RT2 qPCR Primer Assays.

Gene Symbol Gene Name UniGene no.
CCL2 Chemokine (C-C motif) ligand 2 (MCP-1) Mm.290320
CCL5 Chemokine (C-C motif) ligand 5 (RANTES) Mm.284248
IFN-γ Interferon gamma Mm.240327
TGF-β Transforming growth factor, beta 1 Mm.248380
IL-23 Interleukin 23 Mm.125482
Cox-2 Prostaglandin-endoperoxide synthase 2 Mm.292547
Gls Glutaminase Mm.440465
IDO Indoleamine 2,3-dioxygenase 1 Mm.392
IL-10 Interleukin 10 Mm.874
IL-1β Interleukin 1 beta Mm.222830
IL-6 Interleukin 6 Mm.1019
iNOS Inducibale nitric oxide synthase Mm.2893
IRAK1 Interleukin-1 receptor-associated kinase 1 Mm.38241
IRAK4 Interleukin-1 receptor-associated kinase 4 Mm.422858
MyD88 Myeloid differentiation primary response gene 88 Mm.213003
NF-κB Nuclear factor of kappa light polypeptide gene en-

hancer in B-cells 1, p105
Mm.256765

TLR1 Toll-like receptor 1 Mm.273024
TLR2 Toll-like receptor 2 Mm.87596
TLR3 Toll-like receptor 3 Mm.33874
TLR4 Toll-like receptor 4 Mm.38049
TLR5 Toll-like receptor 5 Mm.116894
TLR6 Toll-like receptor 6 Mm.42146
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Gene Symbol Gene Name UniGene no.
TLR7 Toll-like receptor 7 Mm.489377
TLR8 Toll-like receptor 8 Mm.196676
TLR9 Toll-like receptor 9 Mm.44889
Tnf Tumor necrosis factor (alpha) Mm.1293
TRAF6 Tnf receptor-associated factor 6 Mm.292729
Gapdh Glyceraldehyde-3-phosphate dehydrogenase Mm.304088

Table 2.6: Antibodies.

Antibody Antigene Manufacturer Dilution
Ms-anti-NeuN Neuronal nuclei (MAB377) Millipore 1:300
Ms-anti-NF Neurofilament 200kDa, clone

RT97 (MAB5262)
Millipore 1:300

Anti-IB4 Isolectin binding protein 4
(I21411)

Invitrogen 1:1000

Rb-anti-Iba1 Ionized calcium binding adaptor
molecule 1 (019-19741)

Wako 1:500

Rat-anti-CD11b Cluster of differentiation
molecule 11B (14-0112)

eBioscience 1:100

Rb-anti-GFAP Glial fibrillary acidic protein Dako 1:500
Rb-anti-Caspase-3 active Caspase-3 (557035) BD Pharmingen 1:100
Anti-APC adenomatous polyposis coli Merck Millipore 1:100
Anti-MBP myelin basic protein Merck Millipore 1:100
Anti-HSP60 Heat schock protein 60

(ADI-SPA_807)
Enzo Life
Sciences

1:100

Table 2.7: Equipment.

Instrument Manufacturer
7500 Fast Real-Time PCR System Applied Biosystems
APT.line® CB CO2 Incubator Binder
balance CP225D Sartorius AG
balance Navigator™ Ohaus® Corporation
Binocular GZ6 and cold-light source KL 1500 LCD Leica Camera AG and

Schott AG
Binocular Stemi DV4 Zeiss
Biomate 3 UV-Vis Spectrophotometer (software Visionlite) Thermo Scientific
cryostat CM1900 Leica
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Instrument Manufacturer
Elix-5 Water Purification System tap water deionisized and
filtered for analytical purposes (Milipore type II)

Merck Millipore

Epson-Twain 5 scanner Epson
horizontal shaker Edmund Bühler GmbH
instruments Fine science tools
Megafuge 1.0R Heraeus Instruments
microscop BX51 (software Magnafire, camera) Olympus
microscop IX 70 (software Magnafire, camera) Olympus
microscop X50 Olympus
Milli-Q Synthesis A10 System Elix-5 Water Purification
System with ultra pure water for molecular biological pur-
poses (Milipore type I)

Merck Millipore

Opsys MW™ Microplate Washer Dynex Technologies
peristaltic pump BVP ISM444B (+Model 7015-20) Ismatec® IDEX Health

and Science GmbH
pH meter SevenEasy with InLab® Routine Pro Mettler-Toledo GmbH
Plate reader
sonifier Sonopuls GM70 with SH70G probe Bandelin Electronic
Thermomixer Comfort Eppendorf
Ultra-Turrax® T 25 basic (S25N-8G dispersing tool) IKA®-Werke

Table 2.8: Buffers, Media and Solutions.

Name Formula
4% paraformaldehyde (PFA) 4% paraformaldehyde was dissolved in 0.1M PB at ap-

prox. 57℃ and filtered

4x loading buffer 0.1M Tris (pH 6.8); 10% Glycerin; 4% SDS; 4% β-
mercaptoethanol; bromphenolblue in Millipore type I wa-
ter

Ammonium persulfate (APS) 10% APS in H2O

Anode I buffer 300mM Tris; 10% methanol; pH 10.4

Anode II buffer 25mM Tris; 10% methanol; pH 10.4

Block solution PBS + 5% FCS + 0.1% Triton X-100

Brain lysis buffer 50mM Tris complemented with cOmplete ULTRA pro-
tease inhibitor short before use

Electrophoresis buffer 0.25M Tris; 1.92M Glycin; 1% SDS; pH 8.3

Cathode buffer 40mM Glycin; 25mM Trisbase; 10% methanol; pH 9.4
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Name Formula
ELISA Stop Solution 1% SDS

ELISA Substrate solution 5.14ml 0.2M Na2HPO4*2H2O + 4.86ml 0.1M
C6H8O7*H2O + 1 tab. TMB + 2µl H2O2

Ketamin-Cocktail Ketamin 100mg/kg BW and Xylazin 16mg/kg BW in
0.9% NaCl solution

Microglia medium DMEM + 1% Pen/Strep + 10% FCS

Neuronal medium Neurobasalmedium + 1% L-Glutamine + 1% Pen/Strep
+ 2% B-27; freshly prepared

Phenylmethanesulfonylfluoride
(PMSF)

10mM in isopropanol

Phosphate buffer (PB) pH
7.4

0.1M Na2HPO4; 0.1M NaH2PO4

Phosphate buffered saline
(PBS) pH 7.4

140mM NaCl; 2.7mM KCl; 10mM Na2HPO4*7H2O;
1.8mM KH2PO4

Poly-D-lysine (PDL) 20µg/ml poly-D-lysine; sterile filtered

Resolving gel (12%) 3.25ml Millipore type I water; 1.9ml resolving gel buffer;
2.25ml 40% acrylamid; 75µl 10%SDS; 37.5µl 10%
APS; 15µl TEMED

Resolving gel buffer 1.5M Tris (pH 8.8)

SDS lysis buffer 20mM Tris (pH 7.4); 150mM NaCl; 1mM EDTA; 1mM
EGTA; 1% Triton X-100; 2.5mM Na4P2O7; 1mM
Na3VO4; 1µg/ml Leupeptin; 3µg/ml Aprotinin; 1mM
Glycerolphosphat; 1% SDS in Millipore type I water

Stacking gel 4.5ml Millipore type I water; 1.9ml stacking gel buffer;
810µl 40% acrylamid; 75µl 10%SDS; 57µl 10% APS;
19µl TEMED

Stacking gel buffer 0.5M Tris (pH 6.8)

Sucrose solution 10%, 20% or 30% D-sucrose in 0.1M PB

Tris buffered saline (TBS) 0.5M Tris; 1.5M NaCl2; pH 7.4

TBST Tris buffered saline + 0.05% Tween20

2.2 Mice

Wild type mice (C57BL/6J) were obtained from the Forschungseinrichtung für experi-
mentelle Medizin Berlin (FEM). TLR2 knock out (TLR2 -/-), TLR2/4 -/-, TLR7 -/-, TLR9 -/-

and MyD88 -/- mice were generated in the lab of and generously provided by Dr. Shizuo
Akira (Osaka Universtiy, Department of Host Defense, Osaka, Japan). TLR4 -/- were gen-
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erated by back-crossing TLR2/4 -/- with C57BL/6J. Genotyping was performed according to
the protocols of the Akira Lab (http://hostdefense.ifrec.osaka-u.ac.jp/ja/other/index.html).
All mice were maintained according to the guidelines of the committee for animal care in
the animal facilities of the FEM in a specific pathogen free (SPF) environment.

2.3 In vitro experiments

Primary cultures were prepared under a laminar hood with sterile instruments. Further
procedures were carried out under a clean bench. Cultures were incubated at 37℃ and 5%
CO2 in a humid atmosphere.

2.3.1 Primary cortical microglial cell cultures

T-75 flasks were treated with 7-10ml of PDL at RT for at least overnight. Before platting
cells, flasks were washed 3 times with sterile PBS. Pups at postnatal stage 0-4 were killed by
decapitation. In a petri dish with ice-cold Leibovitz’s L-15 buffer the cranium was lifted off
and the cortices isolated from the scull with forceps. After removing the hippocampus and
the meninges the tissue was coarsely minced with a scalpel and collected in L-15 buffer. The
buffer was discarded and 3ml 2.5% trypsin were added to enzymaticaly dissociate the tissue
while lying in an incubator at 37℃. After 25-30min 3ml FCS were added to minimize tissue
digestion. The fluffy tissue was treated with DNase I at a final concentration of 20µg/ml
for 30 sec to digest DNA released from damaged cells. Tissue was carefully dissociated by
resuspending with a 10ml cell culture pipette (maximum 10 times). Following centrifugation
at 1200 x g for 5min the pellet was resuspended in 10ml pre-warmed microglia medium and
passed through a 70µm cell strainer to remove remaining tissue pieces and debris. The
filtrate was plated with approx. 4 cortices per flask in a volume of 10ml. After 24 h the
medium was replaced by 12ml fresh pre-warmed medium. At 6-7DIV 1-2ml fresh medium
were added. Microglia were shaken between DIV8-12 (and again between DIV15-19) for
30min on an orbital shaker at 200-250 rpm. The supernatant was centrifuged at 1200 x g
for 5min. Leaving approx. 5ml medium in the tube the pellet was resuspended with
another 5ml fresh microglia medium. Cells were counted diluted in the vital stain trypan
blue (commonly 1:2) in a Neubauer hemocytometer. An usual yield of 0.5-1x106 microglia
per flask was plated at 30x103 cells/96-Well in 200µl (analysis of inflammatory molecules
in supernatant) or added to DIV3-neurons at 60-75x103 cells/24-Well in 500µl microglia
medium (see 2.3.3).
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2.3.2 Primary cortical neuronal cell cultures

For immunohistochemical purposes circular cover slips were washed 2 h in 70% ethanol,
then 3min in 100% ethanol, air-dried and heat sterilized at 200℃ for 2 h. Placed in 24-
well plates, they were treated with 500µl PDL at 37℃ for 2 h or at RT for maximum 2
days. Before platting cells, wells were washed 3 times with sterile PBS. Female mice at
gestational stage 17 were killed by cervical dislocation. The abdomen was disinfected with
70% ethanol (v/v) and the uterus removed. In a petri dish with ice-cold HBSS buffer
(w/o MgCl2/CaCl2) the embryos were removed from the amniotic sac and decapitated. In
fresh buffer the cranium was lifted off and the cortices isolated from the scull with forceps.
After removing the hippocampus and the meninges the tissue was collected in HBSS (w/o
MgCl2/CaCl2) and washed 3 times. With 3.5ml buffer remaining, 0.5ml 2.5% trypsin were
added to disintegrated the tissue at 37℃ in a water bath. After 20-25min 3ml FCS were
added to the fluffy tissue to minimize tissue digestion, followed by 3 careful washes with
HBSS (+ MgCl2/CaCl2). DNase I was added at a final concentration of 20µg/ml for 30 sec
to digest chromosomal DNA released from lysed cells thereby reducing viscosity, followed
by 3 washes with pre-warmed neuronal medium. Tissue was dissociated in 2ml by carefully
resuspending with a 10ml cell culture pipette (maximum 10 times). The suspension was
centrifuged at 30 x g for 5min to pellet leftovers of tissue, and microglia and astrocytes, then
the supernatant was transferred into a new tube and cells pelleted at 1200 x g for 5min. The
pellet was carefully resuspended in 10ml neuronal medium and cells were counted diluted
in the vital stain trypan blue (usually 1:4) in a Neubauer hemocytometer. A common yield
of 20-40x106 cells per 8 embryos was plated at 500x103cells/24-Well in 500µl (neuronal
death assay). After 24 h half the medium was replaced with fresh pre-warmed medium.
Purity of cultures was 96% after plating as verified by immunohistological staining (NeuN,
Ib4, GFAP).

2.3.3 Co-culture

Co-cultures of primary neurons with primary microglia were obtained by adding approx.
60-75x103 microglia per 24-Well to DIV3 neurons. Before adding the 500µl microglia
suspension (120-150x103 cells/ml in microglia medium) neuronal medium was completely
removed from the neurons.

2.3.4 Experimental set-ups

Neuronal and co-cultures

Experiments with pure neuronal cultures were performed at DIV4. Experiments with co-
cultures were started after microglia were allowed to settle for 24 h (neurons were then

24



MATERIALS AND METHODS

Figure 2.1: Mixed CNS culture and neuronal culture. a Mixed CNS culture 8 days after preparation
(DIV8). Astrocytes have established a confluent layer (grey irregular background). Microglia cells are
visible as resting adherent cells (white *) and as white loosely attached luminescent spheres, which are
collected with the supernatant. b Cortical neuron culture at DIV3. Neurons have established a network of
neurites and axons.

DIV4). For neuronal death assays groups were randomly distributed over the plate in
duplicate. After the indicated time points cells were washed 3 times with PBS and fixed
with 4% PFA for 10-15min for subsequent immunohistological staining.

Microglial cultures

Experiments were always performed 24 h after platting. Stimulation of microglia for de-
tection of inflammatory molecules was performed in duplicate. Microglia require their
conditioned medium (established during the 24 h after platting). Therefore ligands were
pre-mixed in microglia medium at twofold concentration and for each well 100µl medium
were replaced by 100µl ligand solution thereby obtaining the final concentration of the
ligands. For each condition (ligand, time point) one well was used (hence, no successive
removal of supernatant from the same well). Supernatants were collected at the indicated
time-points and stored at -20℃ until analysis by ELISA, multiple analyte or nitrite oxide
detection.

2.4 In vivo experiments

Experimental procedures were performed in compliance with institutional and state author-
ities.

2.4.1 Intrathecal injection

The protocol is according to (Lehmann et al., 2012a). Intrathecal injection into the spinal
canal allows easy application of TLR ligands to the CNS avoiding the risk of mechanically
damaging the brain. The ligands are flushed into the brain via the cerebrospinal fluid (CSF).
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Mice were anesthetized with 10µl/g body weight Ketamin-Cocktail by intraperitoneal in-
jection. Anaesthesia was verified by absence of nociceptive reflex. Eyes were kept moist
with an eye ointment. In prone position the skin was incised at hip level to expose the
lumbar spine. Using the side of arcuate forceps the gap between lumbal vertebrae 2 and
3 was identified by palpation. The 28-gauge needle of a 50µl Hamilton syringe with the
opening facing cranial was allowed to sink in vertically between the vertebrae until it hit the
ventral vertebrae. Correct positioning could be verified by moving the syringe left and right
causing the hips to sway. The injection of 40µl ligand solution was executed discontinuously
with 1µl every 2 sec and a short pause before withdrawing the canula. 2% Lidocain gel
was applied for local analgesia and the skin was closed with dermal clips. Mice were kept
in an incubator until fully awake and obtained free access to water and food. Commonly,
paraparesis and sickness behavior were not observed.

2.4.2 Liquor extraction

To quantify leucocyte infiltration as an indicator for inflammation CNS liquor was extracted
(Hoffmann et al., 2007). Mice were anesthetized as mentioned above at the indicated time
point post intrathecal injection. The scalp was cut open longitudinally to expose the nape
and the scull. The muscles were cut along the midline and at the base of the scull (T-cut)
with a Nachstar-scissor to expose the cisterna magna. This was punctured with a 28-gauge
butterfly canula and the cerebrospinal fluid (2-20µl) withdrawn. Mice were then decapitated
to retrieve the brain. CSF leukocytes were counted in a Fuchs-Rosenthal hemocytometer.

2.4.3 Transcardial perfusion

Brain tissue was fixed by transcardial perfusion of the mice. Therefore, mice were anes-
thetized as described above 72 h post intrathecal injection. The heart was exposed from
ventral. Transcardial perfusion was carried out by inserting the blunt G26 canula of the
perfusing system into the left heart ventricle and opening the right atrium with an incision.
Using a peristaltic pump approx. 50ml 0.9% saline solution were used to rinse out the
blood followed by 50ml 4% PFA for fixation (both solutions were prepared a day ahead and
used at RT). After decapitation brains were removed from the skull and immersed in 4%
PFA over night.

2.4.4 Cryopreservation and sectioning of brain tissue

Perfusion fixed and post-fixed brains were subjected to a sucrose series of 10% for 12-24 h,
20% for 24 h and 30% at 4℃ (completely infiltrated brains sink to the bottom of the tube)
until freezing. Deep-freezing was carried out in 2-methylbutane on dry-ice for 3-5min after
dabbing off the sucrose solution. The brains were stored at -80℃ until sectioning. Brains
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were cut in 14µm thick coronal sections of five defined levels (Fig. 2.2) on a cryostat at
-18℃ and thaw-mounted on Super Frost Ultra Plus® slides. After air-drying they were
stored at -80℃ until subjected to immunohistostaining.

Figure 2.2: The five brain levels as mounted on glass slides. Levels were declared 1 to 5 (left to
right). Relative position are as following interaural 6.60mm; 5.3mm; 3.94mm; 1.86mm; -0.08mm

2.4.5 Brain preparation for protein and mRNA analysis

Mice were deeply anesthetized 14 h after intrathecal injection and liquor obtained (see
2.4.2). After decapitation the brain (with the bulbus olfactorius and cerebellum) was re-
moved from the skull, the hemispheres separated along the midline with a scalpel and each
hemisphere shock frozen in liquid nitrogen and stored at -80℃ until further processing.

2.4.6 Experimental set-ups

Experiments were commonly performed with 3-4 mice per group and in 2-3 independent
repeats.

Evaluation of neurodegeneration and -inflammation

For analysis of neuronal death (NeuN), loss of fibers (NF) and morphology of microglia
(Iba1 and CD11b) and astrocytes (GFAP) 40µl of the indicated ligands were injected
intrathecally and mice sacrificed after 3 days. LPS is a very potent endotoxin (causing septic
shock), therefore a maximum amount of 10µg was chosen; 40µg Pam3CSK4 according to
(Hoffmann et al., 2007); 136µg Loxoribine according to a personal communication with
Sabrina Hoche, née Lehmann; a maximum amount of 10µg CpG ODN according to (Tauber
et al., 2009), which applied 1µg/d for 4 weeks. The maximum possible amount of HSP60
(40µg) was used.
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Analysis of inflammatory factors and mRNA expression

For analysis of inflammation (leucocyte infiltration, multiple analyte detection, ELISA and
nitrite oxide) and mRNA expression 40µl of the indicated ligands were injected intrathecally
and mice were sacrificed after 12 h or after 6 h, 12 h and 72 h, as indicated. LPS is a very
potent endotoxin (causing septic shock), therefore a maximum amount of 10µg was chosen;
the amounts of Pam3CSK4, Loxoribine and CpG ODN used, were adjusted to that of LPS
for comparison of the results.

Double injection

To analyze the impact of TLR stimulation with an exogenous ligand followed by TLR
stimulation with an endogenous ligand subsequent intrathecal injections were performed.
Exogenous ligands (40µl) were injected 1 day before injection of the endogenous ligand
HSP60 (40µl). Mice were sacrificed after another 3 days.

2.5 Analysis of inflammatory molecules

2.5.1 ELISA

TNF and IL-1β concentrations in cell culture supernatants or in brain tissue lysate were
measured by enzyme-linked immunosorbent assay (ELISA) using the BD OptEIA™ Set
Mouse TNF (mono/mono) (range: 15.6-1000 pg/ml) and BD OptEIA™ Set Mouse IL-
1β (range: 31.3-2000 pg/ml) according to the manufacturer’s manual. Substrate solution
was prepared as described in 1.5. Culture supernatants were analyzed undiluted, tissue
lysates were diluted to 1mg/ml in Assay Diluent. Standards and samples were analyzed in
duplicate.

2.5.2 Multiple analyte detection

Multiple analyte detection was performed using FlowCytomix. The immunoassay is a bead-
based method to detect the concentrations of up to 20 analytes in one sample using a flow
cytometer. The mouse/rat basic kit was used with mouse simplex kits and mouse Th1/Th2
10plex sample kit. Undiluted microglial culture supernatants and brain tissue lysates diluted
to 15mg/ml with lysis buffer were analyzed in singular, standards in duplicate.

2.5.3 Nitric oxide detection

The content of nitric oxide (NO) in culture supernatants or brain tissue lysates was analyzed
indirectly by assaying the stable end product nitrite (NO2-) with the Griess reaction. In
a microtiter plate 50µl Griess reagent were added to 50µl sample. After 10min at RT
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colorimetric reaction was detected at 540 nm and the concentrations calculated from an
eight point standard curve (1.5µM-100µM NaNO3) dissolved in medium or lysis buffer as
appropriate. Standards and samples were assayed in duplicate.

2.6 Analysis of mRNA expression

All materials were RNase and DNase free and tips with filters were used.

2.6.1 Extraction of total RNA from brain tissue

One brain hemisphere was homogenized in 1ml TRIzol® with an Ultra-Turrax® at 21500 rpm
for 30 sec. The homogenate was centrifuged at 1200 x g and 4℃ for 15min. The pink col-
ored supernatant was transferred to a new tube with 200µl chloroform and vortexed for
3-5 sec. After centrifugation for 1min the top aqueous phase was transferred into a new
tube. The total RNA was precipitated by adding 500µl ice cold isopropanol followed by
vortexing for 3-5 sec and centrifugation for 10min. The pellet was washed with 1ml 75%
ethanol (v/v) and dissolved in 20µl nuclease-free water after discarding the ethanol and
air-drying for 5-10min. To remove DNA the 20µl total RNA were mixed with 15µl DNase
master mix (per reaction: 5µl nuclease-free water, 3.5µl RQ1 RNase-free DNase 10x re-
action buffer, 3.5µl 40U/mul RNA-sin and 3µl 1 U/mul RQ1 RNase-free DNase) and
incubated at 37℃ for 20min. On ice 165µl Millipore type I water and 200µl UltraPure™
phenol:chloroform:isoamyl alcohol were added followed by 3-5 sec of vortexing. After cen-
trifugation at 12000 x g and 4℃ for 5min the top aqueous phase was mixed for 3-5 sec with
200µl ice cold chloroform in a MaxTract tube and centrifuged for 5min. The MaxTract
tube contains resin, which allows clear separation and recovery of the uppermost RNA con-
taining aqueous phase. This was supplemented with 6µl 10mM ammonium acetate and
550µl 96% ethanol (v/v) in a new tube. After vortexing, RNA was precipitated at -80℃
for 1 h and pelleted by centrifugation for 30min. The pellet was washed with 75% ethanol
(v/v) and centrifuged for another 30min. After discarding the ethanol and air-drying for
5-10min the RNA was dissolved in 25µl nuclease-free water and stored at -80℃.

2.6.2 Determination of total RNA concentration

Concentration and purity of total RNA was determined by photometric detection at λA=260 nm.
Typically a 1:10 dilution of brain lysate in Millipore type I water was performed and a
concentration of 8.8mg/ml ± 3.5 and a purity of 1.9 ± 0.08 (ratio of RNA to Protein
[A260nm/A280nm]) was measured.
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2.6.3 cDNA synthesis

For synthesis of cDNA random hexamers were used. A volume containing 40µg total RNA
was adjusted to 15µl with nuclease-free water and 10.5µl master mix (per reaction: 5µl 5x
MMLV buffer, 1.5µl 100µM random hexamers, 1.5µl 2.5mM dNTPs, 0.5µl 0.1M DTT,
0.5µl 40U/µl RNA-sin and 1.5µl 200U/µl MMLV-RT) was added. The RT- control was
obtained by substituting the enzyme by the same volume water. After incubating at 21℃
for 5min and subsequently at 37℃ for 1 h the reaction was stopped by denaturing the
enzyme at 95℃ for 5min. The cDNA was stored at -20℃.

2.6.4 real-time PCR

SYBR® Green-based quantitative real-time PCR was performed with the RT2 qPCR Primer
Assays according to the manufacturer’s manual. The two-step cycling program: 1 cycle
(95℃ 15min), 40 cycles (95℃ 15 sec; 60℃ 1min) was followed by a dissociation curve
program: 1cycle (95℃ 15 sec; 60℃ 1min; 95℃ 15 sec) to verify the presence of only
one PCR product. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as a
housekeeping gene due to the fact, that its expression was not influenced by the treatments.
For both gene of interest (GOI) and house keeping gene (HKG) the samples, RT- control
and none template control were analyzed in duplicate. The samples were rerun when the
cycle threshold (CT) difference between the duplicates was greater 0.5. For statistics ∆CT
values (∆CT = CTGOI-CTHKG) were log2-transformed according to (Rieu and Powers,
2009). Fold exchange (2-(ddCT)) of treatment group to control group was calculated using
the median of each group setting the control group to 1.

2.7 Analysis of protein

2.7.1 Protein extraction from primary cultures

Cultures rinsed with ice-cold PBS were placed on cold packs and 100-200µl SDS lysis buffer
(supplemented with PMSF at a final concentration of 1mM short before use) was added.
Lysate was collected with a cell scraper and transferred into a 1.5ml tube. After sonification
for 3 sec and incubation on ice for 30min the lysate was centrifuged at 13000 x g and 4℃
for 20min. The supernatant was stored at -20℃.

2.7.2 Protein extraction from brain tissue

Protein was isolated from one brain hemisphere on ice by adding 1ml ice cold brain lysis
buffer and homogenising with an Ultra-Turrax® at 17500 rpm for 5 sec with subsequent
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sonification for 3 sec. After centrifugation at 10000 rpm and 4℃ for 15min the supernatant
was transferred into a new tube on ice and stored at -20℃.

2.7.3 Determination of protein concentration

Concentration of total protein was determined with the BCA Protein Assay Reagent Kit
(BSA standard, range: 25-1500 pg/ml) according to the manufacturer’s manual using the
microplate procedure. A 1:50 dilution of brain lysates in lysis buffer or 1:10 dilution of cell
lyate in Millipore type I water was quantified in duplicate.

2.7.4 Western blot analysis

SDS PAGE

Before loading samples were boiled with 4x loading buffer for 5min at 95℃ and were spun
down to collect condensate from the tube lid. Gels were run at 70V until samples reached
the border of the resolving gel and then at 140V as long as required.

Blotting

Blotting was performed with a three buffer system in a semi-dry blotter. Gels were equi-
librated in cathode buffer for 15min. The PDVF membrane was activated/hydrated in
methanol for 15 sec, washed in Millipore type I water for 2min and left in anode II until
use. Filter papers were soaked in anode I and cathode buffer, respectively. The blot was set
up as following: Anode, filter paper (anode I), membrane (anode II), gel (cathode), filter
paper (cathode), cathode. Transfer was commonly at 15V for 60min.

Detection

After blotting membranes were washed in TBST for 15min and blocked with the indicated
blocking buffer at RT for 1 h. Primary antibodies were applied in blocking buffer for 1 h at
RT or overnight at 4℃. Membranes were washed 3 times for 10min and incubated with the
horseradish peroxidase linked-secondary antibody in blocking buffer for 1 h at RT. Before
detection membranes were washed 3 times 10min each. Periods of washing and incubating
were carried out on an orbital shaker at 50 rpm.

Detection of luminescence was performed with ECL Western Blotting Detection Reagent
according to the manufacturer’s manual and visualized on film.

Stripping and re-probing

To detect β-actin, antibodies were stripped from the membranes with stripping buffer for
10min at RT while gently agitating und washed with TBST for 5min. Re-probing was
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performed as described above.

2.8 Immunohistology

The applied dilutions of primary and secondary antibodies are found in Tab 2.6. Staining,
assessment/evaluation, photographing (except representative photographs) and quantifica-
tion of all sections were performed in a blindfolded manner.

2.8.1 Quantification of neuronal death in vitro

Fixed cultures were stained over night with primary antibody in block solution at 4℃. After
washing with PBS three times, secondary antibody was added in block solution for 1-2 h at
RT. Nuclei were stained with Dapi for 2-3min and after washing 3-4 times the coverslips
were placed on glass slides with Immumount. The mean amount of NeuN-positive cells per
cover slip was quantified by counting at least 6 microscopic fields at 600 x magnification.
Fields were counted, when NeuN-positive cells could be distinguished from one another and
appeared to be evenly distributed across the field. The mean of the cover slip duplicates was
used for calculation. Control was set to 100% to account for biological variation between
experiments.

2.8.2 TUNEL assay in vitro

Staining of apoptotic cells by Terminal desoxyribosyl-transferase mediated dUTP nick end
labeling was performed with In Situ Cell Death Detection Kit, TMR red according to the
manufacturer’s handbook and nuclei were stained with Dapi for 2-3min.

2.8.3 Quantification and evaluation of neuronal death and inflammation in
vivo

Sections were air-dried for 10-15min at RT and post-fixed with 4% PFA for 10min. After
washing 3 times in a cuvette with PBS for 5min each, sections were pre-incubated with
block solution for 1 h at RT in a wet chamber. Primary antibodies diluted in block solution
were applied overnight at 4℃. Negative controls were obtained by omitting the primary
antibody. After washing 3 times secondary antibodies diluted in block solution were applied
for 1-2 h at RT. Nuclei were stained by incubating with Dapi for 2-3min at RT. After
washing 3-4 times sections were coversliped with Immumount.

Neurons were quantified at three given spots per hemisphere in the cerebral cortex
(of level 4 sections). Therefore pictures were taken at 600 x magnification and NeuN-
positive nuclei (fragments and unfocused cells were ignored) were counted manually with
a clicker. The mean per mouse was calculated and is expressed as NeuN+ cells/mm2 (area
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at 600 x magnification equates to 0.063mm2). Microglia and astrocytes were quantified
at three given spots per hemisphere in the cerebral cortex (of level 4 sections) at 600 x
magnification. Therefore Iba-1-positive (microglia) and GFAP-positive (astrocytes) cell
bodies were counted manually with a clicker. The mean per mouse was calculated and is
expressed as Iba-1+ cells/mm2 and GFAP+ cells/mm2, respectively.

Morphology and appearance of astrocytes (GFAP) and microglia (Iba-1 and CD11b)
was evaluated in the cerebral cortex. The criteria were overall amount and size of cell
bodies, number of projections and intensity of staining.

Destruction/degeneration of fibers was analyzed by examining NF-positive projections
in the cerebral cortex and the corpus callosum at level 4. An intact corpus callosum has a
clear triangle bonfire-like structure with radial projections through the cortex towards the
brain surface. Intact NF-positive projections in the corpus callosum and cortex display a
bright staining, are thin and continuous. Destroyed fibers appear as thick short bundles or
punctual and the staining is weaker.

2.8.4 TUNEL assay in vivo

Visualisation of apoptotic nuclei by Terminal desoxyribosyl-transferase mediated dUTP nick
end labeling was performed with the ApopTag® Plus Fluorescein In Situ Apoptosis Detec-
tion Kit S7111 according to the manufacturer’s manual and nuclei were stained with Dapi
for 2-3min. Apoptosis induced DNA fragmentation is detected by enymatically labeling the
free 3’-OH ends with modified nucleotides. DNase I treated brain sections were used as a
positive control and also as a negative control by omitting the enzyme terminal deoxynu-
cleotidyl transferase. TUNEL-positive cells were quantified in the cortex of all five levels at
200 x magnification, while each one was verified at 400 x magnification accounting for mor-
phological criteria (overlay with Dapi and localization in apoptotic bodies). TUNEL-positive
cells are expressed as the sum per mouse.

2.9 Statistics

Statistics were calculated using Graphpad Prism version 5.01 for Windows, Graphpad Soft-
ware, San Diego California USA. The tests used are indicated in the figure legends. Stastical
significance is defined as the following: */#/† when P≤ 0.05, **/##/†† when P≤ 0.01
and ***/###/††† when P≤ 0.001.
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Thirteen TLRs have been identified in human and mouse. To study the impact of TLR
activation in the CNS TLR2, TLR4, TLR7 and TLR9 have been selected for the following
reasons. Toll-like receptor 2 recognizes a broad range of pathogen-derived and host-derived
molecular patterns. As the first TLR identified, TLR4 and its binding of bacterial LPS is ex-
tensively studied, making it the best described and therefore representative TLR. Moreover,
as pointed out in the introduction, TLR2 and TLR4 are implicated CNS pathologies, such as
stroke, traumatic brain injury and Alzheimer’s disease. Whereas TLR2 and TLR4 recognize
a broad range of structurally diverse molecules such as lipopolysaccharides, lipopeptides
or glycoproteins, TLR7 and TLR9 detect nucleic acids. Thereby, TLR7 recognizes single
stranded RNA of viral and host origin, while TLR9 binds DNA with unmethylated CpG-
motifs from both bacteria and viruses. The TLR ligands used in this study are specific
for each TLR and thereby enable a selective activation. In the following the TLRs were
activated with these ligands: TLR2 with Pam3CSK4, TLR4 with lipopolysaccharide (LPS)
or Heat Shock Protein 60 (HSP60), TLR7 with Loxoribine or Imiquimod and TLR9 with
CpG-Oligodesoxynucleotide (CpG-ODN) 1668. The ligands are differentiated into exoge-
nous (Pam3CSK4, LPS, Loxoribine, Imiquimod and CpG ODN) and endogenous agonists
(HSP60).

3.1 Results (I) – The Impact of single and combined Toll-like

receptor activation on the CNS in vitro

This first part of the result section is focused on the functional relevance of single and
combined TLR-stimulation on microglia and neurons in vitro and describes the kinetics and
pattern of the microglial TLR-induced inflammatory response and the consequence of TLR
activation on neuronal survival.

3.1.1 Combined TLR activation with exogenous ligands modulates microglial
TNF-α production

Activation of any TLR in immune cells initiates a canonical pathway resulting in NF-κB-
mediated secretion of pro-inflammatory molecules (Akira et al., 2006). It is established
that upon TLR stimulation microglia readily release the pro-inflammatory and neurotoxic
cytokine TNF-α (Ebert et al., 2005; Lehmann et al., 2012b). Therefore, TNF-α levels
were determined in microglial cultures as a functional assay to elucidate the reaction of
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microglia to single and combined TLR activation in vitro. Microglial cells were incubated
with the highly specific ligands Pam3CSK4 (TLR2), LPS (TLR4), Loxoribine (TLR7) and
CpG ODN (TLR9) in single or pair-wise simultaneous combination, as indicated, for up to
72 h. The concentrations used, comply with established working doses (Takeuchi et al.,
2002; Yamamoto et al., 2002a). Supernatants were collected at the indicated time points
and TNF-α concentrations were measured by ELISA.

A direct comparison between the TNF-α levels induced by the different TLR agonists
alone is not feasible due to different properties and concentrations of each ligand and was not
intended. However, each of the four ligands induced the secretion of TNF-α at every time
point measured (Fig. 3.1). Accordingly, TNF-α levels in cultures of unstimulated microglia
were very low or undetectable. Simultaneous challenge of microglial TLR2 and TLR4 led
to a sub additive increase of TNF-α release from 3 h on to 72 h, which was significant to
each single TLR stimulation at 24 h (Fig. 3.1a). Compared to single activation, combined
stimulation of TLR4 and TLR9 induced significant supra additive levels of TNF-α from 12 h
to 72 h, which first dropped by 72 h (Fig. 3.1c). Activation of TLR2 and TLR9 together
resulted in a slight increase, which was not significant compared to sole stimulation of TLR2
or TLR9 at any time point measured (Fig. 3.1b). Thus, simultaneous stimulation of the
bacteria sensing TLRs TLR2 and TLR4, TLR4 and TLR9 and to a lesser extent TLR2 and
TLR9 resulted in prolonged elevated TNF-α secretion in comparison with the stimulation
of the respective single receptor (Fig. 3.1a,b,c). In contrast, simultaneous activation of
the virus sensing TLR7 significantly suppressed TLR2-, TLR4- and TLR9-induced TNF-α
secretion to levels induced by activation of TLR7 itself from 3 h on and up to 24 h (TLR4
and TLR9; Fig. 3.1d,f) or 72 h (TLR2; Fig. 3.1e). Similar results were found using another
TLR7 ligand, namely Imiquimod (10µg/ml; data not shown).
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Figure 3.1: Combined activation of distinct TLRs results in an elevated or suppressed pro-
inflammatory response from microglia. Microglia were stimulated with TLR specific ligands Pam3CSK4
(Pam, 100 ng/ml), LPS (100 ng/ml), Loxoribine (Lox, 1mM) and CpG ODN (CpG, 1µM), with the pair-
wise stimulations carried out simultaneously. The supernatants were collected at the indicated time points
and analysed via TNF-α ELISA; mean ± SEM of n ≥ 5 independent experiments run with duplicates,
ANOVA with Bonferroni selected pairs of each individual compound vs. combination; n.d. not detected
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3.1.2 Combined TLR activation with exogenous ligands induces the release of
a distinct cytokine/chemokine profile from microglia

Upon activation microglia secrete a myriad of immunostimulatory molecules. These molecules
enable the microglia to mount and modulate the inflammatory response in part by attracting
further immune cells (professional antigen presenting cells and T cells) to the site promot-
ing clearing of pathogen and debris. The effect of combined TLR stimulation on microglial
activation, as determined by TNF-α secretion, was most prominent at 24 h (Fig. 3.2a).
Therefore, using the same samples, the presence of further cytokines and chemokines was
determined by a bead-based assay, allowing the simultaneous detection of multiple analytes
by flow cytometry. Except for the anti-inflammatory cytokine IL-10, which was not detected
after stimulation of TLR7, similar cytokines and chemokines were induced by stimulation
of TLR2, TLR4, TLR7 and TLR9, although to different extents (Fig. 3.2b). The cytokines
IL-4, IL-17, IFN-γ, IL-12p70, IL-13, IL-α, GM-CSF and IL-23 were not induced at all by
stimulation of any of the TLRs at this time-point (data not shown). Combined simultaneous
stimulation of TLR2 and TLR4, and TLR4 and TLR9 led to sub additive levels of IL-6 and
significant supra additive levels of IL-10 in comparison to stimulation of each single TLR
(Fig. 3.2b 1st, 2nd column). On the other hand TLR7 suppressed TLR2, TLR4 or TLR9
mediated IL-6 and IL-10 release as observed in the TNF-α assay (Fig. 3.2b 4th, 5th 6th
column). None of the pair-wise combinations increased levels of the chemokines CXCL1,
CCL2 or CCL5 in comparison with single TLR activation by 24 h.
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Figure 3.2: Single and combined TLR activation mediates a distinct cytokine and chemokine pro-
file. Microglia were stimulated with TLR specific ligands Pam3CSK4 (Pam, 100 ng/ml), LPS (100 ng/ml),
Loxoribine (Lox, 1mM) and CpG ODN (CpG, 1µM) alone or with pair-wise stimulation carried out simul-
taneously. Supernatants were analysed via (A) TNF-α ELISA (extract from Fig. 3.1; mean ± SEM of n ≥
6 independent experiments run with duplicates) (B) Flowcytometry-based multiple analyte detection for
cytokine and chemokine levels (same samples as used for TNF-α ELISA 24 h after stimulation; mean ±
SEM of n=3 independent experiments) ANOVA with Bonferroni selected pairs between each individual
compound and combination; n.d. not detected
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3.1.3 Combined TLR activation with exogenous ligands modulates the release
of neurotoxic nitric oxide from microglia

In vitro, LPS-stimulated microglia release neurotoxic nitric oxide (NO) (Boje and Arora,
1992; Lehnardt et al., 2006). To further unravel the effect of sole and combined TLR
activation on the release of neuroinflammatory and –toxic molecules from microglia the
content of NO was measured after several time points (3, 6, 12, 24, 48 and 72 h). De-
tectable levels were not found until 48 h after single application of the TLR4 ligand LPS
and combinations with LPS (Fig. 3.3). While co-stimulation of TLR4 with TLR2 or TLR9
led to a supra additive NO release, while co-stimulation of TLR4 with TLR7 nearly dimin-
ished TLR4-induced NO secretion (Fig. 3.3). In detail, simultaneous activation of TLR2
and TLR4 significantly increased NO release by more than 2.5-fold at 48 h (Fig. 3.3) and
up to 3-fold by 72 h (control 0.142µM ±0.198; LPS 12.88µM ±6.59; Pam3SCK4 0.89µM
±0.93; LPS+Pam3SCK4 38.4µM ±14.72, *** vs. LPS and *** vs. Pam3SCK4). The
effect of CpG ODN combination with LPS, thereby activating TLR9 and TLR4 respectively,
was weaker with merely 1.5-fold more NO at 48 h (Fig. 3.3) and 72 h (control 0.142µM
±0.198; LPS 12.88µM ±6.59; CpG ODN 0,15µM ±0.26; LPS+CpG ODN 19.30µM
±9.97, *** vs. CpG ODN), and only significant to stimulation with CpG ODN.

0

10

20

30

40 ***
***

ctr
l
LP

S
Pam

LP
S+P

am

TLR4 + TLR2

0
1
2
3
4
5

CpGLo
x

Lo
x+

CpGctr
l

TLR7 + TLR9

0
1
2
3
4
5

PamCpG

Pam
+C

pGctr
l

TLR2 + TLR9

0
1
2
3
4
5

PamLo
x

Pam
+L

oxctr
l

TLR2 + TLR7

0

5

10

15

20

***

ctr
l
LP

S

LP
S+L

oxLo
x

TLR4 + TLR7

N
O

2-  [
µM

]

0

5

10

15

20
***

ctr
l

TLR4 + TLR9

CpG

LP
S+C

pGLP
S

Figure 3.3: Combined activation of distinct TLRs results in an elevated or suppressed release of
neurotoxic nitric oxide from microglia. Microglia were stimulated with TLR specific ligands Pam3CSK4
(Pam, 100 ng/ml), LPS (100 ng/ml), Loxoribine (Lox, 1mM) and CpG ODN (CpG, 1µM) alone or with
pair-wise stimulation carried out simultaneously. The supernatants were collected at several time points
(3, 6, 12, 24, 48 and 72 h) and analysed via Griess’ reaction for nitrite (NO2

-) content. Above NO levels
after 48 h incubation are displayed (same samples as used for TNF ELISA 48 h after stimulation; mean ±
SEM of n=5 independent experiments run with duplicates). ANOVA with Bonferroni selected pairs of
each individual ligand vs. combination; n.d. not detected

40



RESULTS

3.1.4 Combined activation of TLR2 with Pam3CSK4 and TLR4 with the en-
dogenous ligand HSP60 modulates the inflammatory response of mi-
croglia

As several endogenous ligands of TLRs have been identified, the question emerged whether
the response of microglia to TLR activation depends on the exogenous or endogenous nature
of the TLR agonists confronted with. Heat Shock Protein 60 (HSP60) is a ubiquitously ex-
pressed molecular chaperone (Mayer, 2010) essential for maintenance of cellular homeosta-
sis, especially in stress-situations. It is an established endogenous TLR4 agonist (Ohashi et
al., 2000). Previously, our group demonstrated in cell cultures assays that HSP60 is released
by damaged CNS cells and mediates microglial TLR4-dependent inflammation and neuronal
injury (Lehnardt et al., 2008). To further unravel the impact of combined TLR activation
on the microglial inflammatory response the endogenous TLR4 ligand HSP60 was applied
alone or in combination with the exogenous ligands Pam3CSK4 (TLR2), LPS (TLR4),
Loxoribine (TLR7) and CpG ODN (TLR9). Notably, a subject of considerable debate has
been whether immunostimulatory effects of endogenous TLR ligands are due to a contam-
ination of the recombinant protein preparations with bacterial products from the microbial
expression system (Henderson et al., 2010). Previous control experiments excluded LPS
being present in the low endotoxin preparations of HSP60 used in these studies (Lehnardt
et al., 2008). Purified microglia were stimulated with each ligand alone or with the TLR4
ligand HSP60 in combination with one of the exogenous TLR ligands. Supernatants were
analysed for TNF-α content at several time points (3, 12, 24 and 48 h). Incubation of mi-
croglia with HSP60 itself, thereby activating TLR4, did not result in TNF-α secretion at any
time point (Fig. 3.4a), in accordance with a report on macrophages (Gao and Tsan, 2003).
However, treatment of microglia with HSP60 (TLR4) and Pam3CSK4 (TLR2) resulted in
a supra additive release of TNF-α, which was significant to both single applications at 12 h
(Fig. 3.4a). TNF-α levels in the supernatants of microglia cultures remained unchanged
after combined stimulation with HSP60 (TLR4) and Loxoribine (TLR7) or HSP60 (TLR4)
and CpG ODN (TLR9) compared with the single stimulations (Fig. 3.4a). Interestingly,
stimulation of TLR4 with both its endogenous and exogenous ligands HSP60 and LPS at
the same time did not elicit an elevated TNF-α secretion in comparison with sole stim-
ulation (Fig. 3.4a). Further analysis of the TLR4 and TLR2-induced cytokine/chemokine
profile after 12 h stimulation with HSP60 and Pam3CSK4 revealed a significant increase
of IL-6 in comparison to stimulation with HSP60 and Pam3CSK4 alone (Fig. 3.4b). In
summary, these results indicate, that the reponse intiated by TLR4 might depend on the
type of ligand engaged.
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Figure 3.4: The inflammatory response of microglia is enhanced after combined stimulation with
the endogenous TLR4 ligand HSP60 and the exogenous TLR2 ligand Pam3CSK4. Microglia were
stimulated with TLR specific ligands (10µg/ml HSP60, 100 ng/ml LPS, 100 ng/ml Pam3CSK4 (Pam),
1mM Loxoribine (Lox) and 1µM CpG ODN (CpG)) for the indicated time periods. The pair-wise stimu-
lation was carried out simultaneously. Supernatants were analysed via (A) TNF-α ELISA (mean ± SEM
of n=2-4 independent experiments run with duplicates) ANOVA with Bonferroni selected pairs between
each individual compound and combination; n.d. not detected (B) Flowcytometry-based multiple analyte
detection for cytokine/chemokine levels (same probes as used for TNF-α ELISA 12 h after stimulation;
mean ± SEM of n=3 independent experiments run with duplicates); n.d. not detected
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3.1.5 Combined activation of microglial TLR2 and TLR4 with exogenous TLR
ligands enhances neuronal death in vitro

In the following experiments the functional relevance of single and simultaneous pair-wise
TLR activation on neuronal survival in vitro was investigated. To determine if TLR acti-
vation results in inflammation-mediated neuronal death in vitro microglia were co-cultured
with neurons. Pure neuronal cultures were carried out as a control to determine microglia-
dependent neuronal decay. To quantify the number of surviving neurons, cultures were
immunostained with an antibody directed against neuronal nuclei (NeuN), a marker for
neurons.

Neuronal cultures and co-cultures were incubated with Pam3CSK4 (TLR2), LPS (TLR4),
Loxoribine (TLR7) or CpG ODN (TLR9) in single or simultaneous pair-wise combination,
as indicated, for 72 h. Applying 1µM CpG resulted in neurons clumping together thereby
impeding quantification, therefore the concentration was reduced by 10-fold.

All TLR agonists affected neuronal survival when neurons were co-cultured with mi-
croglia (Fig. 3.5a,b). Yet, incubation with the TLR7 ligand Loxoribine also led to neu-
ronal death in absence of microglia (Fig. 3.5b). As published before neurons exhibit TLR7
and exposure to TLR7 agonists induces cell-autonomous death (Lehmann et al., 2012b;
Lehmann et al., 2012a). As compared with pure neuronal cultures activation of TLR2,
TLR4 and TLR9 with their specific agonists reduced neuronal survival solely when microglia
were present (Fig. 3.5b), as expected (Lehnardt et al., 2008; Iliev et al., 2004). Neuronal
survival was further affected by the simultaneous activation of TLR2 and TLR4 and to
a lesser extent TLR4 and TLR9 in co-cultures (Fig. 3.5a,b). Subsequent quantification
of NeuN-positive cells revealed that compared with single activation, combined activation
of TLR2 and TLR4 significantly enhanced microglia-dependent neuronal death. Thereby
neuronal viability was reduced by 74% compared with the control co-culture (Fig. 3.5b).
Incubation of co-cultures with LPS and CpG ODN, thereby stimulating TLR4 and TLR9,
resulted merely in a trend of further reducing neuronal viability as compared with stimula-
tion of each microglial TLR alone (Fig. 3.5b). None of the other TLR ligand combinations
increased neuronal death in cultures of neurons alone nor supplemented with microglia in
comparison with the respective single application (Fig. 3.5b). These results demonstrate
that combined stimulation of microglial TLRs can deteriorate neuronal injury in comparison
to activation of a single TLR in microglia.
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Figure 3.5: Simultaneous challenge of TLR2 and TLR4 with exogenous TLR ligands enhances
microglia-dependent neuronal injury in vitro. Neurons were cultured alone or supplemented with
microglia and stimulated with 100 ng/ml LPS, 100 ng/ml Pam3CSK4 (Pam), 1mM Loxoribine (Lox) or
0.1µM CpG ODN (CpG) in single or pair-wise simultaneous application. After 72 h (A) cultures were fixed
and stained for neuronal nuclei (NeuN, neurons, red), neurofilament (NF, axons, red) and Isolectin IB4 (IB4,
microglia, green), representative images (scale bar 100µm) and (B) NeuN-positive cells were quantified,
mean ± SD from 4-5 individual experiments with each condition performed in duplicate, ANOVA followed
by Bonferroni post-hoc test of control vs. each treatment and of each single vs. pair-wise stimulation
within culture testing for treatment effect (neurons: †; co-cultures: *), respectively, 2-way ANOVA with
Bonferroni post-hoc test of indicated groups testing if effect is dependent on microglia (#).

3.1.6 The endogenous ligand HSP60 causes neuronal death dependent on
microglial TLR4 in vitro

Previously, it was demonstrated that HSP60 activates the TLR4 pathway in microglia re-
sulting in neuronal injury in vitro (Lehnardt et al., 2008). The CNS cells used for the
experiments were isolated from mice of the C3H/HeJ strain, in which TLR4 is expressed
but non-functional due to a naturally occurring point mutation (Watson and Riblet, 1974).
To verify that HSP60 requires the presence of TLR4 to elicit microglia-dependent neu-
ronal death, I repeated the co-culture experiments using a mouse strain deficient for TLR4
(TLR4 -/-). Neurons were supplemented with wild-type or TLR4 -/- microglia and incubated
with HSP60 for 48 h. LPS served as an established TLR4-specific control and markedly
reduced neuronal survival in a microglial TLR4-dependent manner (Fig. 3.6a,b). In co-
cultures with wild-type microglia a significant loss of 25% NeuN-positive cells compared
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with the control occurred after HSP60 stimulation (Fig. 3.6b). Neurons co-cultured with
TLR4 -/- microglia were protected from HSP60-mediated neuronal death (Fig. 3.6b). These
results verify that HSP60 induces neuronal death via microglial TLR4.

Figure 3.6: HSP60-induced neuronal loss is dependent on microglial TLR4 in vitro. Purified neurons
and neurons supplemented with microglia derived from wild-type (WT) or TLR4 -/- mice were incubated
with 10µg/ml HSP60 or 10µg/ml LPS, as indicated. After 48 h cell cultures were fixed and stained with
NeuN antibody (neurons; red) and with Isolectin IB4 (IB4, microglia; green). (A) Representative images of
cultures at 48 h, scale bar 100µm (B) Quantification of NeuN-positive cells, mean ± SD of 3-4 individual
experiments with each condition performed in duplicate, ANOVA followed by Bonferroni post-hoc test
of each treatment vs. the respective co-culture control, 2-way ANOVA with Bonferroni post-hoc test of
indicated groups testing if effect is dependent on microglial TLR4.

3.1.7 Combined activation of TLR4 with HSP60 and TLR7 with Loxoribine
enhances neuronal death in vitro

Next, the impact of simultaneous stimulation of TLRs on neuronal survival was determined
using combinations of the endogenous TLR4 ligand HSP60 together with the four exogenous
TLR ligands. Therefore, co-cultures of neurons supplemented with wild-type microglia were
stimulated with HSP60 (TLR4), Pam3CSK4 (TLR2), LPS (TLR4), Loxoribine (TLR7) or
CpG ODN (TLR9) alone or in simultaneous pair-wise combination, as indicated, and after
72 h surviving neurons were quantified. In co-cultures the combined activation of TLR4
and TLR7 with HSP60 and Loxoribine led to a significant increase in neuronal death by
approximately 10% more compared with each single application (Fig. 3.7a). Co-cultures
incubated with both TLR4 agonists HSP60 and LPS showed a slight trend of more microglia-
dependent neuronal decay in comparison to single stimulus, which did not reach statistical
significance (Fig. 3.7a). Compared with single ligand challenge enhanced toxicity was absent
when challenging co-cultures with the ligand combinations HSP60 and Pam3CSK4, and
HSP60 and CpG ODN for TLR4 and TLR2, and TLR4 and TLR9, respectively (Fig. 3.7a).

Remarkably, in comparison with single ligand application, challenge with HSP60 and
Loxoribine amplified neuronal death in co-cultures (Fig. 3.7a), whereas in the previous ex-
periments the combination of LPS and Loxoribine did not (Fig. 3.5), although in both cases
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TLR4 and TLR7 were activated. To rule out, that the enhanced toxicity of HSP60 and
Loxoribine combination was based on the 10-fold higher HSP60 concentration, that of LPS
was adjusted. However, also in this control experiment simultaneous LPS and Loxorib-
ine exposure did not result in an increase of neuronal death compared to single challenge
(Fig. 3.7b).

Figure 3.7: Simultaneous challenge of TLR4 and TLR7 with the endogenous ligand HSP60
and exogenous ligand Loxoribine causes increased neuronal loss. Neurons were cultured alone or
supplemented with wild-type (A, B, D) or TLR4 -/- (C) microglia and stimulated with (A) 1µg/ml HSP60,
100 ng/ml LPS, 100 ng/ml Pam3CSK4 (Pam), 1mM Loxoribine (Lox) and 0,1µM CpG ODN (CpG), (B)
1µg/ml LPS and 1mM Loxoribine (Lox) or (C, D) 1µg/ml HSP60 and 1mM Loxoribine (Lox), in single
or pair-wise application, as indicated. (A, B, C) After 72 h NeuN-positive cells were quantified, mean ±
SD from (A) 3-4, (B) 4 or (C) 2 individual experiments with each condition performed in duplicate and
averaged, ANOVA followed by Bonferroni post-hoc test of control vs. each treatment and each single vs.
pair-wise stimulation within co-culture testing for treatment effect (*) and 2-way ANOVA with Bonferroni
post-hoc test of indicated groups testing if effect is dependent on microglia (#) (D) After 24 h Caspase-
3-positive cells (green with co-staining for NeuN and neurofilament (NF) in red) were quantified with each
condition performed in duplicate and averaged, mean ± SEM from 4 individual experiments with ANOVA
followed by Bonferroni post-hoc test between control and each treatment and each single to pair-wise
stimulation.

To verify that HSP60 contributes to the elevated neuronal death in co-cultures exposed
to HSP60 and Loxoribine via activation of microglial TLR4, neurons were co-cultured with
microglia from TLR4-deficient mice. The HSP60-induced effect in co-cultures treated with
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HSP60 alone as well as with HSP60 and Loxoribine was completely abolished (Fig. 3.7c).
To identify if HSP60 and Loxoribine-mediated increased neuronal death is based on

enhanced apoptosis, co-cultures were immunostained 12 h, 24 h and 36 h after stimulation
with an antibody against active Caspase-3, a central effector protein in apoptosis. Quantifi-
cation of active Caspase-3-positive cells revealed that significantly more apoptotic cells were
present in Loxoribine-treated co-cultures compared with the control condition (Fig. 3.7d).
Exposing co-cultures to HSP60 and Loxoribine together resulted in a sub additive increase
in active Caspase-3-positive cells after 24 h in comparison with single ligand application,
which did not reach statistical significance (Fig. 3.7d).

In summary, in vitro, activation of TLR2, TLR4, TLR7 and TLR9 with their specific
exogenous ligands resulted in the microglia-mediated release of inflammatory molecules.
Moreover, combined TLR stimulation of TLR4 with TLR2 and TLR4 with TLR9 resulted
in an increased release of TNF-α, IL-6, IL-10 and nitric oxide compared to activation of
the respective single TLR in vitro. In contrast, additional activation of TLR7 suppressed
the inflammatory response mediated by TLR2, TLR4, or TLR9, indicating that TLRs in-
dividually modulate the immune response. Further, neuronal injury occurred in response
to activation of each TLR, whereas only the combination of TLR4 with TLR2 resulted in
significantly more neuronal death compared to activation of each TLR alone. Remarkably,
when replacing LPS by HSP60, combined activation of TLR4 with TLR7 resulted in an
increased loss of neurons compared to single TLR activation. These results point to a
complex fine-tuning in TLR-signaling.

3.2 Results (II) – The impact of single and multiple Toll-like

receptor activation on the CNS in vivo

This part focuses on the relevance of single and combined TLR-stimulation on the CNS in
vivo. Intrathecal injection is an established model allowing application of TLR ligands to the
CNS without exposing and risking damage of the brain (Hoffmann et al., 2007; Lehmann et
al., 2012a). Under anesthesia the TLR ligands are injected into the lumbar spinal canal and
are delivered to the brain via the cerebrospinal fluid. It has been demonstrated that injection
of the TLR2 ligand Pam3CSK4 elicits typical signs of bacterial meningitis in mice, such
as infiltration of leukocytes, an increased intracranial pressure and apoptosis of neurons in
the dentate gyrus, in a TLR2-dependent manner (Hoffmann et al., 2007). In this present
study, the model of intrathecal injection was used to investigate the impact of specific TLR
activation in the CNS on neuronal survival. Further, signs of a TLR-induced inflammatory
response such as changes in glial cell morphology and in transcription and/or secretion
of inflammatory molecules and enzymes in brain tissue were evaluated. Immunhistological
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studies are mainly concentrated on the cerebral cortex and corpus callosum as these are
areas in the brain, in which commonly features related to CNS pathologies, such as stroke
and Alzheimer’s disease, are found (personal communication Prof. Dr. Lehnardt).

3.2.1 Relative expression of TLR mRNA in the brain is increased by TLR
activation with exogenous ligands

Although TLRs recognize each a different class of pattern-associated molecules, the re-
sponse they initiate is redundant to a certain extent (Netea et al., 2004). For example,
TLR2 is typically classified as a gram-positive bacteria-recognizing receptor as it engages
their conserved structural motifs such as the cell wall product peptidoglycan of S. aureus
(Yoshimura et al., 1999). However, although in response to peptidoglycan alone the expres-
sion of inflammatory molecules was impaired in microglia deficient for TLR2, as expected,
the response to intact S. aureus was qualitatively similar to that of wild-type microglia
(Kielian et al., 2005). This indicates that pathogens exhibit several ligands capable of
engaging different TLRs, which can substitute for one another. Further, a study on the
expression of TLRs in the CNS after challenge with gram-positive bacteria, gram-negative
bacteria or a DNA-virus has revealed that not only the TLR thought to recognize the
respective pathogen is transcriptionally regulated (Böttcher et al., 2003). Therefore, the
influence of a distinct TLR on its own transcription and that of the other TLRs including
the central adptor molecule MyD88 in the CNS was investigated.

Mice received an intrathecal injection of the exogenous TLR agonists Pam3CSK4 (TLR2),
LPS (TLR4), Imiquimod (TLR7) or CpG-ODN (TLR9) or the carrier (control) and after
12 h whole brain homogenates were analysed for relative mRNA expression levels of TLRs
and TLR-associated signaling molecules using commercially available real-time PCR assays.

In the brains of control mice the mRNA expression levels of each TLR differed from one
another (Fig. 3.8). In detail, the expression level of TLR3 mRNA was the highest followed
by that of TLR5 mRNA. Further, intermediate levels of mRNA for TLR2, TLR6, TLR7,
TLR9 and MyD88 and relatively low mRNA levels of TLR1 and TLR8 were present. In the
brains of most of the control mice mRNA for TLR4 was nearly undetectable. Interestingly,
while intrathecal injection of Pam3CSK4 (TLR2) and CpG ODN (TLR9) resulted in an
up-regulation of their respective receptor, injection of LPS (TLR4) or Imiquimod (TLR7)
did not influence transcription levels of their engaged TLRs (Fig. 3.8). Further, except for
TLR3, all TLR mRNA levels, which were regulated, displayed an up-regulation compared
with the control condition (Fig. 3.8). In detail, activation of TLR2 by intrathecal injection of
Pam3CSK4 resulted in the up-regulation of TLR1, TLR2 and TLR8 mRNA, while activation
of TLR4 by LPS injection led to an increased expression of only TLR1 and TLR2. Injection
of the TLR7 ligand Imiquimod influenced mRNA transcription levels of the nucleic acid-
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sensing TLRs TLR3, TLR8 and TLR9. While the TLR3 mRNA level was decreased by 2-fold
- notably the only down-regulation detected - transcription of TLR8 and TLR9 mRNA was
elevated. Activation of TLR9 with CpG ODN induced the up-regulation of TLR1 and
TLR2 as well as TLR8 and TLR9 mRNA. As mentioned above, levels of TLR4 mRNA in
homogenates of control mice were below the reliable detection limit and they remained
unchanged after intrathecal injection of any of the TLR ligands. Regulation of TLR5,
TLR6, TLR7 and MyD88 mRNA was unaffected by challenge with any of the TLR ligands
compared with the control condition.

In conclusion, TLR activation in the CNS influences the regulation of TLR mRNA
expression. Thereby a distinct pattern of regulated TLR mRNAs is induced by different
TLRs.
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Figure 3.8: Regulation of relative mRNA levels of TLR1-9 and the central adaptor molecule
MyD88 in the murine brain after intrathecal injection of specific exogenous TLR ligands. Mice
received intrathecal injection of either 10µg Pam3CSK4 (Pam, TLR2, n=9), 10µg LPS (TLR4, n=9),
10µg Imiquimod (Imi, TLR7, n=8) or 10µg CpG ODN (CpG, TLR9, n=9) or carrier as a control (ctrl,
n= 9) and were sacrificed after 12 h. Brain tissue homogenates were analysed for relative mRNA expression
levels. Data are presented as delta cycle threshold (∆CT=CTgeneofinterest(GOI)-CTGapdh) of each mouse
with median per group on reverse scale to visualize increase/decrease of relative mRNA levels. Fold change
(under brackets with values ≥2 x and ≤0.5 x expressing biological significance) was calculated using the
2-ddCT method with the median of each group, setting the control to 1, ANOVA of log2 transformed
∆CT values followed by Bonferroni post-hoc test of control vs. treatment (stars above brackets indicating
statistical significance). Fold increase for TLR4 mRNA is not displayed due to cycle threshold (CT) values
greater 34 (data not reliable). It should be noted that statistical significance often does not reflect biological
significance of a group due to the large variation of ∆CT values among the mice.
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3.2.2 Activation of TLR2, TLR7 and TLR9 in the CNS with exogenous ligands
causes neuronal and axonal damage in vivo

To assess the role of TLR stimulation on neuronal survival in the brain in vivo the four
exogenous TLR-ligands Pam3CSK4 (TLR2), LPS (TLR4), loxoribine (TLR7) or CpG-ODN
(TLR9) or the carrier (control) were injected intrathecally and after 3 days, the brains
were sectioned and stained with antibodies against neuronal nuclei (NeuN, neurons) and
neurofilament (NF, axons). Evaluation of NeuN-positive cells (verified by subsequent quan-
tification) and NF-positive fibers in the cerebral cortex revealed a robust loss of neurons
and axons after activation of TLR2, TLR7 and TLR9 (Fig. 3.9a,b). In detail, compared
with control mice, exposure of the CNS to the TLR2 ligand Pam3CSK4 resulted in a loss
of 12.1% NeuN-positive cells (Fig. 3.9b). In addition, neurons demonstrating pyknosis (cell
shrinkage), an indicator of apoptosis were observed (Fig. 3.9a upper panel). Further, the
amount of NF-positive fibers was greatly diminished in the cerebral cortex of 9 out of 11
mice (Fig. 3.9a lower panel). Upon Loxoribine-induced activation of TLR7 numbers of cor-
tical neurons were reduced by 11.9% compared with control mice (Fig. 3.9b) and 7 out of
9 mice displayed signs (fragmentation and loss) of severed axons (Fig. 3.9a lower panel).
A considerable loss of 17% NeuN-positive cells was found upon challenge with the TLR9
agonist CpG ODN compared with control mice (Fig. 3.9b). Further, signs of axonal injury
were apparent in the cerebral cortex of 7 out of 10 CpG ODN treated mice (Fig. 3.9a lower
panel). After activation of TLR4 with LPS neuronal numbers were decreased slightly by
5.2% (not significant) compared to control mice (Fig. 3.9b) and minor signs of axonal injury
were present in 8 out of 10 mice compared with the control mice (Fig. 3.9a lower panel).

As mentioned above upon challenge with Pam3CSK4 (TLR2) NeuN-positive cells dis-
played pyknosis (Fig. 3.9a upper panel). To identify if apoptosis contributes to cell death
in the cerebral cortex after TLR activation, the brain sections of all groups were stained
by TUNEL (detection of a late-stage of apoptosis). Mice having received Pam3CSK4
(TLR2) injection had 4-fold more TUNEL-positive cells in the cerebral cortex compared
with control mice (Fig. 3.9c). Interestingly, injection of LPS (TLR4) caused an increase
of TUNEL-positive cells by 3-fold (Fig. 3.9c). The amount of TUNEL-positive cells in the
cerebral cortex of mice challenge with Loxoribine or CpG ODN did not differ from control
(Fig. 3.9c).

In summary, these data imply that activation of TLR2, TLR7 and TLR9 in the brain
has detrimental consequences in the CNS affecting neuronal cell survival and integrity of
axons.
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Figure 3.9: Activation of TLRs by intrathecal injection of specific exogenous TLR ligands provokes
neuronal injury in the cerebral cortex. Activation of TLR2, TLR7 or TLR9 causes profound loss of
neurons and axons. Mice received intrathecal injection of either 40µg Pam3CSK4 (Pam, TLR2, n=11),
10µg LPS (TLR4, n=10), 136µg Loxoribine (Lox, TLR7, n=9) or 10µg CpG ODN (CpG, TLR9, n=10)
or carrier as a control (ctrl, n= 7) and were sacrificed after 3 d. (A) Representative images of the cerebral
cortex stained for neuronal nuclei (NeuN, neurons) and neurofilament (NF, axons), scale bars 100µm, inset
50µm. Quantification of (B) NeuN-positive cells and (C) TUNEL-positive cells in the cerebral cortex;
median of group with Kruskal-Wallis followed by Bonferroni post-hoc test of control vs. treatment.

3.2.3 Challenge with exogenous TLR ligands in vivo elicits a pro-inflammatory
response in the CNS

To determine the inflammatory properties of TLR activation in the CNS in vivo the mor-
phology of microglia in the cerebral cortex, the regulation of mRNA levels of inflammatory
molecules and the influx of leukocytes into the CSF was evaluated. To this end, brain
sections (3 d after injection; see 3.2.2) were probed with an antibody against the microglial
marker ionized calcium adaptor binding molecule 1 (Iba1) and relative mRNA levels in brain
tissue homogenates (12 h after injection; see 3.2.1) were determined by real-time PCR. Also,
the number of leukocytes in the CSF (12 h after injection; see 3.2.1) was quantified in a
Rosenthal cell chamber.

Resting microglia in the parenchyma of the healthy brain exhibit a small cell body and
their processes are fine with complex branching, which is visible in the cerebral cortex of
the control mice (Fig. 3.10a). In the cerebral cortex of mice challenged by intrathecal
injection of Pam3CSK4, thereby activating TLR2, Iba1-positive microglia displayed a pro-
nounced activated (amoeboid) morphology as apparent by retracted short, thick processes
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(Fig. 3.10a). Like-wise, although to a lower degree, the processes of Iba1-positive microglia
exposed to intrathecal LPS (TLR4), Loxoribine (TLR7) or CpG ODN (TLR9) appeared
thicker and less complex and therefore more prominent compared with those in the control
brains (Fig. 3.10a).

Upon TLR-induced activation of microglia in vitro several inflammatory molecules are
up-regulated (Olson and Miller, 2004; Bsibsi et al., 2002). Therefore, the expression levels
of mRNA for the pro-inflammatory cytokines TNF-α, IL-1β and IL-6 and the nitric oxide-
producing enzyme iNOS as well as the anti-inflammatory cytokines IL-4 and IL-10 were
determined by real-time PCR. Intrathecal injection of Pam3CSK4, LPS, and CpG ODN,
thereby activating TLR2, TLR4 and TLR9, respectively, led to an up-regulation of TNF-α
and IL-1β mRNA relative to control (Fig. 3.10b). Stimulation of TLR7 by Imiquimod did
not influence the expression of these pro-inflammatory cytokines (Fig. 3.10b).

Figure 3.10: Challenge with exogenous TLR ligands in vivo elicits an inflammatory response in
the CNS. (A) Representative images of the cerebral cortex stained for ionized calcium adaptor binding
molecule 1 (Iba1, microglia) from mice 3 d after receiving intrathecal injection of 40µg Pam3CSK4 (Pam;
n=11), 10µg LPS (n=10), 136µg Loxoribine (Lox; n= 9) or 10µg CpG ODN (CpG; n=10) or carrier
(control [ctrl], n= 7); scale bars 100µm, higher magnification 50µm. (B) Relative mRNA expression
levels of pro-inflammatory cytokines in brain tissue and (C) quantification of infiltrating leukocytes in the
cerebrospinal fluid (CSF) of mice 12 h after intrathecal injection of one of the four exogenous TLR ligands
(10µg Pam3CSK4 [Pam], n= 9; 10µg LPS, n=9; 10µg Imiquimod [Imi], n= 8 or 10µg CpG ODN [CpG],
n=9) or carrier (control [ctrl], n= 9). (B) Levels of mRNA were determined by real-time PCR, Data are
presented as ∆CT per animal with median of group; ANOVA of log2 transformed ∆CT values followed
by Bonferroni post-hoc test of control vs. treatment (C) CSF was obtained from the cisterna magna and
samples containing blood were excluded from analysis. Median with Kruskal-Wallis followed by Dunn’s
multiple comparison test of control vs. treatment.
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Infiltration of peripheral macrophages and leukocytes is restricted in the brain until they
are attracted by signals generated in response to infection or injury (Ransohoff et al., 2003).
Accordingly, leukocytes were not present in the CSF of control mice (Fig. 3.10c). Activation
of TLR2, TLR4 and TLR9 by intrathecal injection of Pam3CSK4, LPS, and CpG ODN,
respectively, led to an infiltration of peripheral immune cells into the CSF (Fig. 3.10c). The
largest amount of leukocytes was found in the CSF of mice challenged with the TLR2
Ligand Pam3CSK4 (Fig. 3.10c). Activation of TLR7 in the CNS in vivo did not provoke
recruitment of leukocytes (Fig. 3.10c).

These results point to a distinct inflammatory response induced by TLR2, TLR4, TLR7
and TLR9 in the CNS, in which cells of the intrinsic innate immune system and cells of the
peripheral adaptive immune system participate.

3.2.4 The host-derived TLR4 agonist HSP60 induces neuronal injury in the
CNS dependent on a functional TLR4 pathway in vivo

To study if the host-derived TLR4 agonist HSP60 is capable of inducing CNS damage in
vivo, it was administered to mice by intrathecal injection. The protein serum albumin ex-
hibits a similar molecular weight of 60 kDa as HSP60 does and served as a negative control.
After 3 days, brains were sectioned and immunostained for markers of neurons (NeuN) and
axons (NF) to study signs of neurodegeneration. Neuronal integrity was unaffected in brains
of mice receiving intrathecal injection of serum albumin as compared to non-operated mice
(naïve; Fig. 3.11b). Importantly, the cerebral cortex of HSP60-injected mice revealed a sig-
nificant reduction of NeuN-positive cells (Fig. 3.11a). Subsequent quantification confirmed
a significant loss of 10.1% NeuN-positive cells in comparison to the serum albumin-treated
control group (Fig. 3.11b). Seven out of ten of the HSP60-treated wild-type mice showed a
clearly distinguishable loss of axons in the corpus callosum (Fig. 3.11c) and cerebral cortex
(data not shown) compared to control injected mice.

To test whether TLR4 is required for HSP60-induced neuronal cell death in vivo, TLR4 -/-

mice were subjected to the same protocol. Subsequent immunohistochemical analysis re-
vealed that neuronal numbers of the cerebral cortex did not differ between HSP60- and
serum albumin-treated animals (Fig. 3.11b). Similarly, six out of seven TLR4 -/- mice did
not display any major loss or injury of axonal structures after HSP60 injection compared to
SA treated mice (Fig. 3.11c).

The adaptor molecule MyD88 is central in TLR signalling upon ligand engagement
(Watters et al., 2007). A requirement for MyD88 in HSP60 induced neuronal cell loss
has been shown in vitro (Lehnardt et al., 2008). To elucidate the role of MyD88 in
HSP60-mediated CNS damage in vivo, experiments with intrathecal injection of HSP60 were
repeated using MyD88-deficient (MyD88 -/-) mice. Remarkably, naïve and serum albumin-
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treated MyD88 -/- mice displayed more NeuN-positive cells in the cerebral cortex than in that
of wild-type mice (Fig. 3.11a,b), suggesting a role in neurogenesis, as has been demonstrated
for TLR2 and TLR4 (Rolls et al., 2007). HSP60-treated MyD88 -/- mice displayed a loss
of 9.7% NeuN-positive cells compared with MyD88 -/- mice receiving the control protein
serum albumin; however, the reduction did not reach statistical significance (Fig. 3.11b). In
addition, axonal structures in the corpus callosum of MyD88 -/- mice injected with HSP60
remained intact as compared with the control groups of MyD88 -/- mice (Fig. 3.11c).

Figure 3.11: HSP60 causes TLR4-dependent and MyD88-involving CNS damage in vivo. In-
trathecal injection of HSP60 results in a significant loss of neurons in the cerebral cortex and of
axonal structures in the corpus callosum associated with apoptosis in wild-type, but not TLR4 -/-

or MyD88 -/- mice. Wild-type (WT), TLR4 -/- and MyD88 -/- mice received intrathecal injection of 40µg
HSP60 or 40µg serum albumin (SA) and were sacrificed after three days. Naïve mice were not subjected
to surgery. The cerebral cortex and corpus callosum were evaluated for signs of neuronal and axonal
loss. (WT/SA n=8, WT/HSP60 n=11, TLR4 -/-/SA n=6, TLR4 -/-/HSP60 n=7, MyD88 -/-/SA n=6,
MyD88 -/-/HSP60 n=7) (A) Representative images and (B) quantification of neuronal nuclei (NeuN)-
positive neurons in the cerebral cortex. (B) Median, Mann-Whitney-U-Test. (C) Representative images of
the corpus callosum, visualized by immunostaining with neurofilament (NF) (D) Quantification of TUNEL-
positive cells in the cerebral cortex. Median, Mann-Whitney-U-Test. Scale bars 100µm

To analyse whether the observed injurious effects induced by HSP60 are associated with
apoptosis in the CNS, brain sections were stained by TUNEL. Quantification of TUNEL-
positive cells revealed a small, but significant increase of 1.8 times more apoptotic cells in the
cerebral cortex of wild-type mice after HSP60 challenge compared to treatment with serum
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albumin (Fig. 3.11d). In line with the results from quantification of neurons and evaluation
of axonal integrity, numbers of apoptotic cells were not increased in the cerebral cortex of
TLR4 -/- mice, but slightly, although not statistically significant, increased in MyD88 -/- mice
compared to the respective serum albumin control (Fig. 3.11d). Taken together, the above
results demonstrate that HSP60 mediates neuronal injury in vivo and imply an obligatory
role of TLR4, and a partial involvement of the adaptor molecule MyD88.

3.2.5 Subsequent challenge with HSP60 does not amplify TLR-induced in-
flammation and neuronal damage

As demonstrated above activation of different TLRs in the CNS resulted in CNS tissue injury.
It has been demonstrated that endogenous TLR ligands are liberated from injured cells (Yu
et al., 2010). During CNS infection the host immune response considerably contributes
to neuronal damage (Weber and Tuomanen, 2007) and after CNS insults injury-induced
inflammation is involved in secondary tissue damage (Giulian and Vaca, 1993). Therefore,
it was tested whether exposure to the endogenous TLR ligand HSP60 contributes to a
previous TLR-induced insult. I hypothesized that additional activation of TLRs by their
endogenous ligands fuels the TLR-response to exogenous ligands, thereby amplifying CNS
damage.

Intrathecal injection of the exogenous TLR ligands Pam3CSK4 or Loxoribine, thereby
activating TLR2 and TLR7, respectively, was followed by an intrathecal injection of HSP60
the next day. Water in which Pam3CSK4 and Loxoribine were dissolved and cell culture
grade PBS in which HSP60 was dissolved, were injected as carrier controls. Mice were
sacrificed after another 3 days and the brains were subjected to immunohistological analysis.

Quantification of NeuN-positive cells in the cerebral cortex of mice after sole activation
of TLR2 with Pam3CSK4, TLR7 with Loxoribine or TLR4 with HSP60 revealed a loss of
4.4%, 5.7% and 9.3%, respectively, in comparison with control mice (Fig. 3.12a). Further,
as compared with control mice combined injection of Pam3CSK4 and HSP60 or Loxoribine
and HSP60 resulted in a reduction of NeuN-positive cells by 6.5% and 8.2%, respectively
(Fig. 3.12b). However, subsequent injection of HSP60 to Pam3CSK4 or Loxoribine did
not result in increased neuronal death compared with challenge to each TLR ligand alone
(Fig. 3.12a,b). As axonal damage can precede to neuronal death (Raff et al., 2002), the
cerebral cortex was examined for the integrity of NF-positive fibers. However, Pam3CSK4-
and Loxoribine-induced axonal injury was not increased by the additional injection of HSP60
(Fig. 3.12c,d upper panel). Further, the amount and morphology of Iba1-positive microglia
in the cerebral cortex of HSP60-treated mice resembled those in the control (Fig. 3.12c,d
lower panel). Notably, in contrast to the previous in vivo experiment (Fig. 3.10a),

56



RESULTS

Figure 3.12: Subsequent challenge with HSP60 does not exacerbate TLR-induced CNS damage
or inflammation in the cerebral cortex. Neuronal and axonal loss mediated by activation of TLR2
or TLR7 with exogenous agonists is not amplified by subsequent exposure to the endogenous
TLR4 ligand HSP60. Mice received 2 subsequent intrathecal injections. On day one 40µg Pam3CSK4
(Pam) or 136µg Loxoribine (Lox) or carrier (H2O), were injected. On day two 40µg HSP60 or carrier
(PBS) were injected and all mice were sacrificed after another 3 days (H2O/PBS n=7; H2O/HSP60
n=4; Pam/PBS n=5; Lox/PBS n=5; Pam/HSP60 n=8; Lox/HSP60 n=8. (A, B) Neuronal nuclei
(NeuN)-positive neurons were quantified in the cerebral cortex, median with Kruskal-Wallis followed by
Bonferroni post-hoc test of control vs. treatment. (C, D) Representative images of the cerebral cortex
stained for neurofilament (NF, axons/dendrites) and ionized calcium adaptor binding molecule 1 (Iba1,
microglia) scalebars 100µm, (inset 50µm).
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in the cerebral cortex of mice challenged with the TLR2 agonist Pam3CSK4 most of the
microglia displayed a morphology resembling more a resting state (Fig. 3.12c,d lower panel).
In addition, microglia appeared to have decreased in number. A similar situation was
observed in the cerebral cortex of Pam3CSK4-HSP60-treated mice as well as Loxoribine-
treated and Loxoribine-HSP60-treated mice (Fig. 3.12c,d lower panel).

These results demonstrate that CNS inflammation and damage initiated by activation
of TLR2 and TLR7 is not exacerbated by the subsequent activation of TLR4 with the
endogenous ligand HSP60 in this experimental set-up.

3.2.6 CNS injury caused by challenge with HSP60 includes demyelination de-
pendent on TLR4 and MyD88

A former study revealed that activation of TLR4 by LPS causes oligodendrocyte injury in
vitro and in vivo (Lehnardt et al., 2002). To evaluate if the endogenous ligand HSP60
has the capacity to induce injury of oligodendrocytes and/or loss of myelin in vivo, brain
sections were probed with antibodies directed against adenomatous polyposis coli (APC)
and myelin basic protein (MBP) as markers for oligodendrocytes and myelin, respectively.
Wild-type mice challenged with HSP60 showed a major loss of oligodendrocytes in the
cerebral cortex compared to mice treated with serum albumin (Fig. 3.13a). Quantification
confirmed this observation with a loss of 65.3% APC-positive cells (Fig. 3.13b). Whereas
the cerebral cortex of serum albumin-injected mice displayed a widespread distribution of
MBP, in those of HSP60-injected mice a reduction in MBP immunoreactivity, a sign of
demyelination, was observed (Fig. 3.13c). To determine the role of TLR4 and MyD88 in
oligodendrocyte injury and in demyelination induced by HSP60 in vivo, brain sections were
stained with the antibodies mentioned above. None of the TLR4 -/- nor MyD88 -/- mice
that received HSP60 exhibited loss of oligodendrocytes or fragmentation of MBP-positive
structures compared to the respective serum albumin control (Fig. 3.13a,c). Quantitative
analysis confirmed that survival of APC-positive cells in the cerebral cortex of TLR4 -/-

and MyD88 -/- mice was not compromised by injection of HSP60 (Fig. 3.13b). These data
suggest that intrathecal HSP60 is toxic towards oligodendrocytes dependent on a functional
TLR4 and MyD88 pathway in vivo.
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Figure 3.13: Challenge with HSP60 results in demyelination dependent on TLR4 and MyD88
in vivo. Three days after intrathecal injection of 40µg HSP60 or 40µg serum albumin (SA) coronal
sections of wild-type (WT, HSP60 n=4, SA n=4), TLR4 -/- (HSP60 n=4, SA n=4) and MyD88 -/-

(HSP60 n=4, SA n=4) mice were evaluated for the effect of HSP60 on myelination. (A) Representative
images of the cerebral cortex of WT, TLR4 -/-, and MyD88 -/- mice probed with an antibody directed
against adenomatous polyposis coli (APC, oligodendrocytes). Scale bar 50µm. (B) Quantification of
APC-positive cells in the cerebral cortex of WT, TLR4 -/-, and MyD88 -/- mice. Median, Mann-Whitney
U test of indicated groups. n.s. not significant (C) Representative images of the cerebral cortex of WT,
TLR4 -/-, and MyD88 -/- mice stained for myelin basic protein (MBP, myelin). Scale bar 50µm.

3.2.7 Glial cells of mice treated with HSP60 do not display major signs of
activation

The inflammatory response generated by activated microglia was identified as a major cause
of TLR4-induced neuronal injury in vitro (Lehnardt et al., 2003; Lehnardt et al., 2008).
To examine if exposure to HSP60 results in activation of the innate immune cells of the
CNS in vivo, brain sections from the HSP60- and serum albumin-treated wild-type mice
were immunostained for microglia with an antibody directed against Iba1. As compared with
serum albumin-treated mice signs of microglial activation such as shortening and thickening
of processes and cell proliferation were absent in the cerebral cortex of HSP60-treated mice
(Fig. 3.14a). Quantification of Iba1-positive cells in the cerebral cortex confirmed that
the number of microglia was not explicitly higher after injection of HSP60 in comparison
with serum albumin (Fig. 3.14a). Likewise, cells positive for CD11b, another marker for
macrophages/microglia, displayed a similar morphology and number in the cerebral cortex of
both groups (data not shown), additionally indicating that peripheral macrophages did not
enter the CNS parenchyma. Astrocytes, another glial cell type of the CNS, also contribute
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to various forms of brain injury (Raivich et al., 1996). To evaluate the role of astrocytes in
HSP60-associated CNS damage in vivo, brain sections were probed with anti-glial fibrillary
acidic protein (GFAP). However, activation of astrocytes, which can be characterized by
enhanced intensity of the GFAP signal or proliferation and accumulation of GFAP-positive
cells, was not observed in the cerebral cortex of mice challenged with HSP60 (Fig. 3.14b).
Accordingly, numbers of GFAP-positive cells quantified, did not differ among HSP60- and
serum albumin-treated groups (Fig. 3.14b).

Figure 3.14: Brains challenged with HSP60 do not display major signs of glial activation in vivo.
The cerebral cortex was evaluated for signs of microglial and astrocyte activation 3 d after injection of
40µg HSP60 (n=11) or 40µg serum albumin (SA, n=8). (A) Representative images and quantification
of Iba1-positive microglia in the cerebral cortex of wild-type mice, median, Mann-Whitney-U-Test. (B)
Representative images and quantification of GFAP-positive astrocytes in the cerebral cortex of wild-type
mice, median, Mann-Whitney-U-Test. Scale bars 100µm, insets 50µm

3.2.8 Intrathecal injection of HSP60 does not result in release of cytokines or
chemokines in the brain in vivo

Upon activation cells of the innate immune system respond by rapidly secreting immunos-
timulatory molecules. The question was therefore whether HSP60 triggers the release of
inflammatory mediators in the brain. Therefore, wild-type mice received an intrathecal
injection of HSP60 or serum albumin. Further, mice subjected to intrathecal injection of
the exogenous TLR4 ligand LPS or sham surgery (insertion of the syringe but no injection)
served as a positive and negative control, respectively. After 12 h lysates of whole brains
were analysed with the flowcytometry-based multiplex assay and ELISA for the presence
of pro-inflammatory cytokines and chemokines. Inflammatory molecules such as TNF-α,
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GM-CSF, IFN-γ and IL-10 were not detected in brain homogenates of any of the investi-
gated groups (data not shown). As expected, injection of the positive-control LPS induced
a marked inflammatory response (Szczepanik and Ringheim, 2003), with elevated protein
levels of typical inflammatory molecules such as IL-α, IL-1β, IL-6, CXCL1, CCL2, CCL3 and
CCL5 compared with sham mice (Fig. 3.15). In contrast, activation of TLR4 with HSP60
did not induce an increased production of any of the inflammatory mediators as compared
with the control groups (Fig. 3.15).
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Figure 3.15: Stimulation of the CNS with HSP60 in vivo does not trigger a considerable in-
flammatory response. Wild-type mice were subjected to intrathecal injection of 40µg HSP60, 40µg
serum albumin (SA) or 10µg LPS or sham surgery. After 12 h brain lysates were analysed for protein
levels of cytokines and chemokines by flowcytometry-based multiple analyte detection and IL-1β ELISA,
median; Kruskal-Wallis followed by Dunn’s selected pairs; SA- and LPS-treatment vs. sham and HSP60-
vs. SA-treatment.

3.2.9 Nitric oxide and transcription levels of neurotoxic metabolite-producing
enzymes are unchanged in the CNS in response to HSP60 challenge

Reactive oxygen species released during an inflammatory burst contribute to neuronal in-
jury (Chao et al., 1992; Brosnan et al., 1994). In particular, upon activation of microglial
TLR4 with HSP60, nitric oxide (NO) is released and acts neurotoxic in vitro (Lehnardt
et al., 2008). Further, exposure of microglia to necrotic neurons induces the expres-
sion of the enzymes inducible nitric oxide synthase (iNOS), indoleamine 2,3-dioxygenase
(Ido), cyclooxygenase-2 (Cox-2) and glutaminase (Gls), the latter participating in enhanced
microglia-mediated neurotoxicity in vitro (Pais et al., 2008). These pro-inflammatory en-
zymes are involved in the generation of the potentially neurotoxic NO (iNOS), quinolic
acid (Ido), and glutamate (Gls) and the inflammation-related and vasodilation-mediating
prostaglandin (Cox-2). To further elucidate the inflammatory response to HSP60 in vivo,
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brain lysates were analysed for mRNA expression of enzymes mentioned above and for con-
tent of NO. Injection of the positive-control LPS led to a 2.3-fold increase of Cox-2 mRNA
and a 6.9-fold increase of iNOS mRNA (Fig. 3.16a), whereas NO itself was undetectable at
this time point (Fig. 3.16b). Injection of the endogenous TLR4 ligand HSP60 did not cause
any changes in expression of the investigated mRNAs or production of NO (Fig. 3.16a,b).
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Figure 3.16: Expression of neurotoxic metabolite-producing enzymes and production of nitric
oxide are not enhanced in brains challenged with HSP60 in vivo. Wild-type mice received intrathecal
injection of 40µg HSP60 (n=4), 40µg serum albumin (SA, n=4) or 10µg LPS (n=4) or sham surgery
(n=4). After 12 h brain lysates were analysed for (A) relative mRNA expression levels of idolamine 2,3-
dioxygenase (Ido), cyclooxygenase-2 (Cox-2), glutaminase (Gls) and inducible nitric oxide synthase (iNOS)
and (B) content of nitrite (NO2

-). (A) Levels of mRNA were determined by real-time PCR, ∆CT per
animal with median of group; ANOVA of log2 transformation followed by Bonferroni selected pairs with
SA- and LPS-treatment vs. sham and HSP60- vs. SA-treatment. Bars above groups indicate fold increase
relative to sham calculated with medians. (B) Determination of nitrite levels by Griess’ reaction; median;
Kruskal-Wallis followed by Dunn’s selected pairs with SA- and LPS-treatment vs. sham and HSP60- vs.
SA-treatment.

3.2.10 Intrathecal injection of HSP60 does not change mRNA expression levels
of cytokines and chemokines in the CNS

An obvious activation of glia was not observed 3 d after intrathecal injection of HSP60. Fur-
ther, secretion of cytokines, chemokines and NO, and expression of mRNA from neurotoxic
metabolite-producing enzymes was not detected by 12 h post HSP60 challenge. Therefore,
the experiment was repeated with additional time points, and the fold change of various
genes encoding molecules that are typically involved in inflammation-related CNS patholo-
gies was evaluated (Ransohoff and Brown, 2012; Jaerve and Müller, 2012). To this end,
wild-type mice were injected intrathecally with HSP60 or with serum albumin or LPS that
each served as a negative control or positive control, respectively. After 6 h, 12 h and 3 d
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whole brain lysates were analysed by real-time PCR. Intrathecal injection of the exogenous
TLR4 ligand LPS resulted in a robust up-regulation of the cytokines TNF-α and IL-1β and
the chemokines CCL2 and CCL5 at every time point tested (Fig. 3.17). In contrast, none of
the tested pro-inflammatory genes were up-regulated after intrathecal injection of HSP60
compared to serum albumin at any time point observed (Fig. 3.17). However strikingly,
6 h after challenge with HSP60 the mRNA level of TGF-β was drastically down-regulated,
which was not the case for LPS (Fig. 3.17). TGF-β is a growth factor and has neuropro-
tective properties as it can suppress microglial cytotoxicity (Merrill and Zimmerman, 1991)
and induce synthesis of neurotrophins (Buchman et al., 1994).

In summary, in vivo, the impact of TLR activation in the murine brain was evaluated after
intrathecal injection of the respective exogenous ligands for TLR2, TLR4, TLR7 and TLR9.
Real-time PCR analysis revealed that activation of each TLR leads to a distinct change in the
mRNA expression pattern of TLR1-9 in the murine brain. Furthermore, immunohistological
analysis of brain sections revealed that activation of TLR2, TLR7 and TLR9 causes neuronal
and axonal loss in the cerebral cortex. This was in part accompanied by a neuroinflammatory
response as indicated by microglia displaying an activated morphology, by the influx of
leukocytes into the cerebrospinal fluid and by elevated levels of TNF-α and IL-1β mRNA
in brain homogenates. Furthermore, intrathecal injection of HSP60 resulted in injury and
loss of neurons and oligodendrocytes in a TLR4-dependent and MyD88-involving manner.
In contrast to the robust generation of inflammatory molecules induced by injection of the
exogenous TLR4 ligand LPS, signs of HSP60-mediated activation of the immune system in
the CNS were not measurable at the time points evaluated. However, early after exposure
of the CNS to HSP60 a marked down-regulation of the neuroprotective growth factor TGF-
β was detected. In conclusion, TLRs mediate neuroinflammation and -degeneration in the
CNS.

63



RESULTS

TGF-β mRNA

0

5

10

15

20

****

0.53x0.01x 1.28x0.89x1.34x1.16x

6h 3d12h

IFN-γ mRNA
0

5

10

15

20

0.93x1.11x 1.55x0.89x1.45x0.79x

IL-23 mRNA
0

5

10

15

20

*

1.07x0.76x 0.93x0.84x 1.20x0.88x

SA
HSP60
LPS

TNF-α mRNA
0

5

10

15

20

13.80x0.96x

**

0.38x 3.99x 0.92x 4.01x

IL-1β mRNA
0

5

10

15

20

7.83x0.61x

**

0.84x 2.22x1.42x 1.92x

CCL5 mRNA

0

5

10

15

20

**

29.48x1.06x

***

25.99x1.45x 5.80x0.93x

***

6h 3d12h

CCL2 mRNA

0

5

10

15

20

1.98x0.54x

***

2.30x0.92x

**

23.88x0.57x

∆C
T 

(C
TG

O
I-C

TG
ap

dh
)

∆C
T 

(C
TG

O
I-C

TG
ap

dh
)

∆C
T 

(C
TG

O
I-C

TG
ap

dh
)

∆C
T 

(C
TG

O
I-C

TG
ap

dh
)

Figure 3.17: In contrast to LPS, HSP60 does not induce a considerable inflammatory response
in the brain in vivo. Wild-type mice received intrathecal injection of 40µg HSP60 (n=4), 40µg serum
albumin (SA, n=4), or 10µg LPS (n=4). After 6 h, 12 h, and 72 h brain lysates were analysed for the
expression of various genes encoding pro-inflammatory molecules, as indicated, by real-time PCR. ∆CT
per animal with median of group; ANOVA of log2 transformation followed by Bonferroni-selected pairs;
versus SA for each time point. Bars above groups indicate fold increase calculated with the median.

3.3 Results (III) – The physiological relevance of the endoge-

nous TLR4 ligand HSP60 in the CNS in vivo

When endogenous intracellular molecules such as HSP60 are present in the extracellular
environment they are regarded as foreign and activate the innate immune system (Kono
and Rock, 2008), which in turn likely is involved in causing secondary damage. The results
above demonstrate that intrathecal injection of HSP60 is capable of compromising the
survival of neurons and oligodendrocytes. To pinpoint HSP60 as a potential endogenous
danger signal in the CNS, it was necessary to determine its presence in the CNS. Moreover,
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the physiological event of cell damage was approached to determine whether HSP60 is
exposed to the extracellular space and is therefore available to TLR4. To this end, mice
were subjected to a middle cerebral artery occlusion (MCAo), which is a mouse model
of cerebral ischemia and generates a defined brain injury. Sham-operated mice, which
underwent all surgical procedures except induction of ischemia itself, served as a negative
control.

3.3.1 HSP60 protein is located to neurons and increased after cerebral is-
chemia

To study the localisation of HSP60 in the healthy and injured CNS mice were subjected
to MCAo, or sham-operated (performed by Odilo Engel at the Center for Stroke Research,
Charité-Universitaetsmedizin Berlin) and after 1 d, 2 d, 4 d and 14 d the brains were removed
for immunohistological analysis. Coronal sections were probed with an antibody directed
against HSP60 and co-stained with markers for neurons (NeuN), microglia (Iba1), astro-
cytes (GFAP) and oligodendrocytes (APC). Although HSP60 is considered being expressed
ubiquitously (Mayer, 2010), in the brains of sham-operated mice and in the contralateral in-
tact hemisphere of mice subjected to MCAo, HSP60 was detected predominantly in neurons
and located to the cytoplasma (Fig. 3.18a). However, some oligodendrocytes displayed a
weak immunoreactivity of HSP60 (Fig. 3.18a). A signal for HSP60 was absent in microglia
and astrocytes (Fig. 3.18a). Immunoreactivity for HSP60 was clearly enhanced 1 d after
MCAo in the infarct area and surrounding lesion-associated region of stroked mice as com-
pared with the contralateral hemisphere and with brains of sham-operated mice (Fig. 3.18a).
Western blot analysis of pure neuronal cultures confirmed a robust expression of HSP60
in neurons (Fig. 3.18b). Moreover, after exposing neurons to the TLR7 ligand Imiquimod,
thereby inducing cell-autonomous apoptosis (Lehmann et al., 2012b), the amount of HSP60
was clearly increased in comparison with untreated neurons (Fig. 3.18b). Consistent with
the in vivo results described above, HSP60 was absent in cultured microglia. However a
faint expression was observed after incubation with Imiquimod (Fig. 3.18b).
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Figure 3.18: HSP60 is predominantly present in neurons of the CNS. (A) Immunofluorescence images
of the contralateral (co) brain hemisphere, and of the ipsilateral (ipsi) brain hemisphere with the stroked
area (infarct) and lesion-associated region (lar) of mice 1d after MCAo. Sham-operated animals served
as a negative control. Tissues were double-stained with anti-HSP60 and with anti-NeuN, anti-APC, anti-
Iba1 and anti-GFAP antibodies to mark neurons, oligodendrocytes, microglia and astrocytes, respectively.
Nuclei were stained with DAPI. Scale bars, 50µm. (B) Immunoblots of lysates from cultured neurons and
microglia, both incubated with 10µg/ml imiquimod or PBS (control) for 12 h or 3 h, respectively, probed
with an antibody directed against HSP60. β-actin served as loading control.
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3.3.2 Endogenous HSP60 is released in CNS injury

To determine whether endogenous HSP60 is released during injurious processes in the CNS
in vivo, cerebrospinal fluid (CSF) obtained from the cisterna magna of the mice subjected to
MCAo and sham surgery was analysed by ELISA. At 1 d after the ischemic insult, elevated
levels of HSP60 were detected in the CSF of stroked mice compared with the CSF of control
mice (Fig. 3.19); however, these data did not reach statistical significance.

Figure 3.19: The amount of HSP60 is increased in the cerebrospinal fluid of stroked mice.
Cerebrospinal fluid (CSF) from mice subjected to focal cerebral ischemia (1 d after MCAo, n=4) and from
control mice (1 d after sham surgery, n= 3) was assayed for HSP60 concentrations by ELISA. Median,
Mann-Whitney u test, p= 0.0651.

In summary, endogenous HSP60 was detected in the CNS and was predominantly located
in neurons. Upon CNS injury, HSP60 was markedly increased in neurons of the affected
area. Moreover, elevated levels of HSP60 were detected in the CSF, suggesting its release by
damaged neurons. These results underline that in principle endogenous HSP60 can serve as
a danger signal to the innate immune cells of the brain, thereby triggering neurodegenerative
processes.
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4.1 Distinct regulation of Toll-like receptor expression in the

CNS upon specific Toll-like receptor activation

Toll-like receptors are constitutively expressed in the CNS. In addition, several studies have
demonstrated that TLRs are dynamically and differentially regulated during CNS devel-
opment (Kaul et al., 2012) and pathologies such as stroke (Lehnardt et al., 2007a; Caso
et al., 2007), traumatic brain injury (Babcock et al., 2006; Zhang et al., 2012b), Morbus
Alzheimer (Walter et al., 2007; Frank et al., 2009) and Multiple Sclerosis (Bsibsi et al., 2002;
Prinz et al., 2006). Whereas the exact inducers of TLR expression during the events men-
tioned above are not known, it is likely that transcription of TLRs during CNS infections
might be initiated in part by pathogen-mediated activation of TLRs themselves (Böttcher
et al., 2003; Koedel et al., 2003). Further, TLRs, although they bind molecules of diverse
structures, respond in a redundant manner, as they share the same signaling pathways
(Netea et al., 2004). For example, TLR2 is established as the major receptor for gram-
positive bacteria since it detects their characteristic cell wall components. Yet, studies
suggest that TLR2 might be dispensable in the recognition of whole gram-positive bacteria
in the brain (Koedel et al., 2003). Therefore the impact of distinct TLR activation on the
regulation of TLR expression in the CNS in vivo was investigated. A substantial consti-
tutive expression of mRNA for TLR1-9, except TLR4, and the central adaptor molecule
was detected in the healthy brain of control animals, whereas at different levels (Fig. 3.8).
The highest mRNA level of all TLRs tested was found for TLR3, the receptor for double
stranded RNA, and could be largely attributed to the abundant population of astrocytes,
which exhibit a marked expression of TLR3 in vitro (Jack et al., 2005; Farina et al., 2005;
Bsibsi et al., 2006). In addition, microglia (Olson and Miller, 2004) and neurons (Cameron
et al., 2007) express TLR3. Brian tissue has a limited regenerative capacity and since
pathogens are capable of eliciting devastating consequences, the concept of redundancy
among TLRs is of particular concern in the brain. A substantial repertoire of available
pattern recognition receptors ensures a rapid ignition of an effective immune response upon
infection of the CNS parenchyma.

Interestingly, after 12 h the activation of a given TLR did not necessarily influence its
own transcription and did not regulate TLR expression per se (Fig. 3.8). None of the
signaling molecules included in the expression analysis were regulated, not even the central
adaptor molecule MyD88. Nevertheless, all TLR mRNAs, which displayed a fold change to
control, were up-regulated and each will be discussed later on in the appropriate context.
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An advantage of elevated TLR availability would be an increased sensitivity of the innate
immune cells towards pathogens and tissue damage. For example, it was demonstrated
that elevated TLR4 protein on the cell surface of microglia results in increased binding
of LPS. Furthermore, activation of NF-κB and secretion of IL-1β, IL-6, TNF-α and NO
were enhanced (Parajuli et al., 2012). However, increased sensitivity could result in over-
activation of the immune response and increased severity of the insult. For example, an
increase of TLR8 was observed in purified neurons suffering oxygen and glucose deprivation
and ischemic mice additionally subjected to a TLR8 agonist suffered increased mortality,
neurological deficit, infarct size and T cell infiltration (Tang et al., 2013). Alternatively,
as demonstrated with TLR2, TLRs might be post-translationally modified to a soluble
form and released into the extracellular space, serving as a decoy receptor to capture
TLR ligands before they can engage functional membrane-bound TLRs (LeBouder et al.,
2003). Such a regulatory mechanism could contribute to dampening the immune response,
thereby minimizing inflammation-mediated tissue damage. It has to be taken into account
that leukocytes had already infiltrated the CSF (Fig. 3.10b) and possibly migrated into the
parenchyma at this time point. The change in levels of the TLR mRNAs detected in the
brain homogenates could be influenced by their expression on the leukocytes. Which points
to the draw-back of this experimental design – the cells in which TLR up-regulation has
taken place were not determined. However, the distinct and dynamic expression of TLRs
upon TLR activation described in this study and during CNS pathologies as reported by
other studies (Lehnardt et al., 2007a; Babcock et al., 2006; Frank et al., 2009; Böttcher et
al., 2003) point to the relevance of TLRs in the CNS.

4.2 The impact of TLR2 and TLR9 activation on the CNS

Analysis of TLR transcription revealed a strong up-regulation of TLR2 in the murine brain
by activation of TLR2, TLR4 and TLR9 (Fig. 3.8). Constitutive expression of TLR2 is found
on microglia (Jack et al., 2005; Lehnardt et al., 2006), astrocytes (Lehnardt et al., 2006;
Bsibsi et al., 2002) and oligodendrocytes (Lehnardt et al., 2006; Bsibsi et al., 2002). An up-
regulation of TLR2 has been described in several experimentally induced CNS pathologies
such as cerebral ischemia (Lehnardt et al., 2007a), traumatic brain injury (Babcock et al.,
2006; Zhang et al., 2012b) and Alzheimer’s disease (Frank et al., 2009), and has been
predominantly detected in microglia/macrophages of the affected brain areas (Lehnardt et
al., 2007a; Ziegler et al., 2007; Zhang et al., 2012b; Frank et al., 2009). However, an
up-regulation of TLR2 has also been observed in cortical neurons soon after experimental
ischemia (Tang et al., 2007; Ziegler et al., 2007). It has been proposed that up-regulation
of TLR2 is a sign of microglial activation (Lalancette-Hébert et al., 2009) and is part of a
non-specific neuroinflammatory effector phase in neurodegenerative diseases (Letiembre et
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al., 2009). TLR2 is under transcriptional control of NF-κB (Johnson and Tapping, 2007),
therefore any type of stimulus causing activation of NF-κB may be responsible for the
non-specific up-regulation of TLR2.

Transcription levels of the viral and bacterial DNA-sensing TLR9 were only affected by
activation of the viral ssRNA-sensing TLR7 and TLR9 themselves (Fig. 3.8). Expression
of TLR9 has been detected in microglia and at low levels in astrocytes in vitro (Jack et
al., 2005; Bsibsi et al., 2002). In vivo studies have described an up-regulation of TLR9 in
mouse models of parasitic or viral infection (Mishra et al., 2006; Böttcher et al., 2003) as
well as in the mouse model of Alzheimer’s disease (Frank et al., 2009) or multiple sclerosis
(Prinz et al., 2006). The location of increased TLR9 protein was investigated only in the
case of the parasite infection and found in infiltrating immune cells present in the ventricles
and meninges (Mishra et al., 2006). Just like TLR2, transcription of TLR9 is regulated by
NF-κB activation (Takeshita et al., 2004). However, as mRNA levels of TLR2 and TLR9
were increased by activation of different TLRs (Fig. 3.8), additional transcriptional control
mechanisms must exist.

Toll-like receptors are a key element in pathogen-recognition by innate immune cells.
Together, TLRs bind a large array of pathogen-associated molecules and initiate an inflam-
matory response, which is redundant to a certain degree (Netea et al., 2004). Activation
of microglial TLR2, TLR4 or TLR9 with the specific exogenous ligands resulted in the
secretion of the same cytokines and chemokines in vitro (Fig. 3.2). In particular the cy-
tokine TNF-α and the chemokines CCL2 and CCL5 were detected (Fig. 3.2a,b). Similarly,
in vivo microglia displayed an activated morphology and the stimulation of TLR2, TLR4 or
TLR9 led to induction of the pro-inflammatory cytokines TNF-α and IL-1β (Fig. 3.10a,c).
This is in line with the observed leukocyte influx upon activation of the respective TLRs
(Fig. 3.10b). TNF-α production by microglia was demonstrated to be critical for leukocyte
recruitment to the CNS upon LPS exposure (Zhou et al., 2006). Moreover, TNF-α and
IL-1β likely alter blood-brain-barrier permeability and induce expression of critical adhesion
molecules on CNS vascular endothelium, which are required for entry of leukocytes into
the CNS (Esen et al., 2004), while the chemokines CCL2 and CCL5 propagate adhesion of
leukocytes to the brain microvasculature (dos Santos et al., 2005). However, in addition to
triggering protective immunity, the release of inflammatory molecules from microglia can
cause neuronal death. In vitro, TLR2-, TLR4- and TLR9-induced loss of neurons required
the presence of microglia (Fig. 3.5). Microglia-dependent TLR-induced neuronal death has
been reported before and was in part ascribed to the release of the neurotoxic molecules
TNF-α and NO. For example, in the presence of microglia CpG ODN was highly toxic
to neurons, resulting in dramatically reduced neurite density. Treatment of the co-cultures
with an inhibitor of iNOS or blockage of the TNF receptor prior to CpG ODN challenge was
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neuroprotective to a certain degree (Iliev et al., 2004). Similarly, whole heat-inactivated
Group B Streptococci induced neuronal apoptosis by a TLR2-dependent release of NO from
microglia (Lehnardt et al., 2006). In this study specific activation of TLR2 in vivo by injec-
tion of Pam3CKS4 resulted in a dramatic loss of axonal structures with a less pronounced
reduction in neuronal numbers (Fig. 3.9a,b). Loss of severed axons can precede to disinte-
gration of the cell body itself (Raff et al., 2002). Accordingly, some of the surviving neurons
displayed nuclear shrinkage, a feature of apoptosis, indicating onset of cell death. The mas-
sive loss of axons (Fig. 3.9a) and the amoeboid morphology of the microglia (Fig. 3.10a)
observed in the cerebral cortex at day 3 after intrathecal injection of Pam3CSK indicate
a rapid removal of the debris by a marked phagocytic activity of the microglia. Several
reports have illuminated the impact of TLR2 in CNS pathologies. For example, TLR2 -/-

mice subjected to MCAo exhibited a smaller infarct size and since the lesion-associated
microglia of the wild-type mice exhibited increased TLR2, it was postulated that the stroke-
induced CNS damage is propagated by TLR2 signaling in microglia (Lehnardt et al., 2007a;
Ziegler et al., 2007). Similarly, TLR2 -/- mice with traumatic brain injury exhibit a decreased
expression of inflammatory cytokines, which is associated with less neurological deficits (Yu
and Zha, 2012). These studies point to a deleterious function of TLR2 in injury-induced
inflammatory processes. On the other hand, in experimental Alzheimer’s disease TLR2 -/-

mice have increased Aβ levels in the brain that correlate with accelerated memory deficits
(Richard et al., 2008). Furthermore, in vitro microglial uptake of Aβ was mediated by
activation of TLR2, demonstrating that modulation of the innate immunity contributes to
Morbus Alzheimer (Chen et al., 2006).

Activation of TLR9 in the murine brain led to a marked neuronal and axonal loss
(Fig. 3.9a,b). Recently the impact of TLR9 activation in the murine brain was investigated.
In contrast to this present study, CpG ODN was chronically administered by intraventricular
infusion to investigate the impact of chronic inflammation. Notably, infusion of CpG ODN
led to the loss of ependymal integrity, and increased microglial activation and axonal damage
in the vicinity of the ventricle and a deficit in spatial memory. The magnitude of the
observations was more severe after long-term (4 weeks) than short-term (1 week) exposure
and was ascribed to ongoing microglia-mediated neuroinflammation (Tauber et al., 2009).
However, in this study at hand a single injection of CpG ODN was sufficient enough to cause
neuroinflammation and –degeneration (Fig. 3.9, Fig. 3.10). In contrast, TLR9 activation
can be beneficial as vaccination of Alzheimer mice with CpG ODN ameliorated the disease-
related pathology by markedly reducing amyloid burden in the cortex (Scholtzova et al.,
2009). In summary, signaling via TLR2 as well as TLR9 can mediate neuroinflammation and
trigger neuronal and axonal injury. However, it appears that depending on the pathological
context in which TLRs are activated, their influence can likewise be beneficial.
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4.3 Activation of TLR7 in the CNS causes neuronal injury in a

cell-autonomous manner

Three days after intrathecal injection of Loxoribine, thereby activating TLR7, a decline
in neuronal numbers and damage of axonal structures in the cerebral cortex of mice
was observed (Fig. 3.9a,b). Surrounding microglia displayed a minor activated morphol-
ogy (Fig. 3.10a). In addition, activation of TLR7 did not enhance the expression of
the pro-inflammatory molecules TNF-α and IL-1β or provoke an influx of peripheral im-
mune cells to the CNS by 12 h post injection (Fig. 3.10b,c). Similarly, in vitro the se-
cretion of cytokines and chemokines from Loxoribine-challenged microglia was relatively
low (Fig. 3.2). Moreover, microglia were dispensable in TLR7-induced neuronal death
in vitro (Fig. 3.5) in accordance with recently published data (Lehmann et al., 2012a;
Lehmann et al., 2012b). Previously, our group has demonstrated that TLR7 is expressed
on neurons of the cerebral cortex (Lehmann et al., 2012a; Lehmann et al., 2012b). More-
over, in vivo activation of TLR7 with the agonists single-stranded RNA 40 (ssRNA40,
human deficiency virus-derived) or lethal-7b (let7b, notably, an endogenous microRNA and
a newly identified agonist) triggered death of cortical and striatal neurons with loss of axons
in the cortex, corpus callosum and hippocampus (Lehmann et al., 2012a; Lehmann et al.,
2012b). Importantly, several experiments revealed that TLR7-induced neuronal cell death
occurred in a cell-autonomous fashion. In a crucial in vivo experiment specifically cortical
neurons were replenished with TLR7 by in utero electroporation of TLR7 -/- mice to verify
that neurons are directly harmed by let-7b via TLR7 and not through TLR7 activation
of any other CNS cell (Lehmann et al., 2012a). In another experiment prior elimination
of microglia from the brain did not protect cortical neurons from let7b-mediated toxicity
(Lehmann et al., 2012a). However, TLR7-induced cell-autonomous neuronal cell death is
amplified by the presence of microglia in vitro (Lehmann et al., 2012b). In vitro very low
levels of cytokines and chemokines were detected and in vivo mRNA levels of TNF-α and
Il-1β remained unchanged after activation of TLR7 (Fig. 3.1, 3.2, 3.10c). Activation of
TLR7 in immune cells can result in cytokine production via NF-κB; however it primarily
leds to the generation of the type I interferons IFN-α and IFN-β via activation of the IRF
transcription factors (Yamamoto et al., 2002b). As type I IFNs mediate antiviral properties,
possibly, since TLR7 senses viral ssRNA, the CNS immune cells encounter viral infection by
primarily secreting IFN-α and/or IFN-β to block virus spread (van den Pol et al., 2014).
In accordance, it has been shown that intracerebroventricular inoculation of the TLR7 ag-
onist Imiquimod results in a weak cytokine, yet strong IFN-β response in the murine brain
(Butchi et al., 2011).

Notably, the other 2 viral nucleic acid-sensing TLRs TLR3 and TLR8 have also been
detected on murine neurons (Cameron et al., 2007; Ma et al., 2006). TLR3 is concentrated
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in the growth cones with stimulation resulting in rapid collapse and irreversible inhibition of
neurite extension. TLR8 is localized to the cell body and axons and its activation inhibits
neurite outgrowth and causes apoptosis (Ma et al., 2006). Interestingly, in this present
study expression of TLR8, which is phylogenetically similar to TLR7 and likewise a ssRNA-
detecting TLR, was markedly up-regulated upon TLR2, TLR7 and TLR9 activation, whereas
TLR7 mRNA levels remained unchanged, even after activation of TLR7 itself (Fig. 3.8).
Other studies have revealed that while during an experimental parasite infection of the CNS
elevated TLR8 is present in infiltrating immune cells found in the ventricles and meninges
and in axons originating from granular neurons (Mishra et al., 2006), after an ischemic
event TLR8 is enhanced in cortical neurons (Tang et al., 2013). Moreover, ischemic mice
additionally subjected to a TLR8 agonist suffered increased mortality, neurological deficit,
infarct size and T cell infiltration (Tang et al., 2013), pointing to detrimental consequences
of TLR up-regulation. Death-mediated signaling of TLR3, TLR7 and TLR8 in neurons
has been found to be independent of NF-κB, the classical terminal effector in microglial
signaling and inflammation (Cameron et al., 2007; Ma et al., 2006; Lehmann et al., 2012a).
However, the pathway mediating TLR7-induced neuronal death includes activation of the
canonical TLR signaling molecule IRAK-4 (Lehmann et al., 2012a). Currently, our group
is investigating the role of the TLR adaptor molecule MyD88-5, which is preferentially
expressed in neurons at high levels and has been linked to neuronal death upon deprivation
of oxygen and glucose (Kim et al., 2007) but not to TLR activation itself. Possibly, viral-
detecting TLRs on neurons enable them to initialize apoptosis upon viral infection to arrest
viral replication and protect adjacent cells supporting the innate immunity in controlling
virus spread within the CNS.

4.4 Activation of TLR4 in the CNS: a double-edged sword

It is striking that depending on the ligand used, activation of the same receptor, in this
case TLR4, resulted in a different outcome regarding inflammation and injury. Intrathe-
cal injection of the exogenous ligand LPS induced a robust inflammatory response but
no discernible CNS injury, while intrathecal injection of the endogenous ligand HSP60
caused neuronal death as well as demyelination but failed to mediate neuroinflammation.
A detrimental as well as a beneficial influence of TLR4 on CNS pathologies has been
demonstrated before. For example, TLR4 -/- or mutant mice have reduced infarct sizes
compared with wild-type mice after an ischemic insult (Cao et al., 2007; Caso et al., 2007;
Tang et al., 2007; Kilic et al., 2008; Hyakkoku et al., 2010). Patients with a TLR4 poly-
morphism, which exhibit a blunted TLR4 mediated inflammatory response, have a reduced
risk of late-onset AD (Minoretti et al., 2006). On the other hand, TLR4 mutant mice
exhibit a higher Aβ load, a major hallmark of Morbus Alzheimer (Tahara et al., 2006;
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Jin et al., 2008). Further, TLR4 -/- mice present more severe EAE symptoms than wild-
type mice, indicating a regulatory role of TLR4 on priming autoimmune IL-17-producing
T cells (Marta et al., 2008). Moreover, upon nerve injury TLR4 proved to be critical for
clearing of inhibitory myelin debris thereby allowing rapid nerve regeneration (Boivin et al.,
2007).

As outlined above TLR4 plays a critical role in determining the pathological outcome
of several neurological disorders. Interestingly, TLR4 mRNA was rare to undetectable in
the brain homogenates of control mice as well as of those challenged with each of the
four TLR ligands (Fig. 3.8). Similarily, a former in situ hybridization study revealed that
TLR4 mRNA is present in the rat brain at low to moderate levels (Laflamme and Rivest,
2001). Similarly, in human white matter TLR4 was nearly undetectable (Bsibsi et al.,
2002). Possibly, low levels of TLR4 are sufficient to induce signaling, since functional TLR4
signaling was observed in peripheral innate immune cells despite low detectable surface
expression (Visintin et al., 2001). Importantly, application of the TLR4 specific ligand
LPS did cause a profound inflammatory response in the mouse brain (Fig. 3.15-3.17) and
the destructive effect of HSP60 on neurons and oligodendrocytes was dependent on TLR4
(Fig. 3.11, Fig. 3.13). An up-regulation of TLR4 was not detected upon activation of any
of the four TLRs (Fig. 3.8), although an increased expression has been observed during
infectious diseases of the murine brain with gram-positive bacteria, gram-negative bacteria,
viruses or a parasites (Böttcher et al., 2003; Mishra et al., 2006). Further, in mouse models
of stroke, traumatic brain injury, Alzheimer’s and Parkinson’s disease and brain tissue of
MS patients, levels of TLR4 mRNA and protein were augmented in the regions affected
by the respective diseases, predominantly on microglia (Hyakkoku et al., 2010; Tang et al.,
2007; Chen et al., 2008; Zhang et al., 2012b; Walter et al., 2007; Panaro et al., 2008;
Bsibsi et al., 2002). Possibly, transcription of TLR4 is regulated by mechanisms other
than TLR activation. Whereas it is established that neurons express TLR3, TLR7 and
TLR8 (Cameron et al., 2007; Lehmann et al., 2012b; Ma et al., 2006), it is controversial
if neurons likewise exhibit TLR4. It was reported that expression of TLR4 in cultured
cortical neurons renders these cells vulnerable to ischemia (Tang et al., 2007). However,
in vitro TLR4-mediated neuronal loss was not cell-autonomous but required the presence
of microglia (Fig. 3.5, Fig. 3.6) as neurons do not express TLR4 (Lehnardt et al., 2002;
Lehnardt et al., 2003; Lehnardt et al., 2008). Since TLR expression in neurons might depend
on the disease context, further studies are necessary to solve this controversy. However,
although the results reveal that TLR4 is essential for HSP60-induced neurodegeneration and
demyelination in vitro and in vivo (Fig. 311, Fig. 3.13), it must be kept in mind that, besides
TLR4, other receptors are capable of recognizing HSP60. HSP60 is bound to the cell surface
of macrophages even in the absence of TLR4 (Habich et al., 2002). The scavenger receptor
LOX-1 on dendritic cells was identified to bind HSP60 (Delneste et al., 2002). Recently,
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microglial LOX-1 was linked to propagating HSP60-mediated neurotoxicity (Zhang et al.,
2012a). Also, the protein TREM2 was identified as an HSP60 receptor with engagement
resulting in an increased phagocytic activity of a microglial cell line (Stefano et al., 2009)
which, notably, has been described as non-inflammatory phagocytosis (Takahashi et al.,
2005). Finally, TLR2, expressed in a fibroblast cell line, responded to HSP60 as determined
in an NF-κB reporter assay (Vabulas et al., 2001). As demonstrated using the exogenous
ligand Pam3CSK4, activation of TLR2 triggered neuronal cell death in vitro and in vivo
(Fig. 3.5, Fig. 3.9) and could therefore participate in HSP60-mediated TLR4-dependent
neurodegeneration.

I demonstrated here that HSP60 triggers injury of neurons and oligodendrocytes in a
TLR4-dependent fashion in vivo (Fig. 3.11, Fig. 3.13) and loss of neurons dependent on
microglial TLR4 in vitro (Fig. 3.6). A subject of considerable debate has been whether
immunostimulatory effects of heat shock proteins are due to contamination of the recom-
binant protein preparations with bacterial products from the microbial expression system
(Henderson et al., 2010). In particular it was discussed that more likely LPS and not the
recombinant HSP60 acted on macrophages as these do not secrete TNF-α upon HSP60 in-
cubation (Gao and Tsan, 2003). Likewise, upon challenge with HSP60 levels of TNF-α and
other cytokines and chemokines remained unaltered in supernatants of microglia(Fig. 3.4)
and brain lysates (Fig. 3.15) in comparison with LPS (Fig. 3.2, Fig. 3.15). However, previous
extensive control experiments excluded that LPS triggers the neurotoxic effects induced by
our HSP60, notably low-endotoxin, preparations (Lehnardt et al., 2008). The neurotoxic
effect of the HSP60 preparation was undiminished although it was treated with an antag-
onist of LPS (Lehnardt et al., 2008). Vice versa, the neurotoxic effect of HSP60 could be
abrogated by using denaturing approaches of subjecting it to heat or to the proteolytic en-
zymes protein K or trypsin (Lehnardt et al., 2008). Further, a LPS concentration sufficient
enough to cause neuronal death to the same extent as the HSP60 preparation did, clearly
exceeded the theoretical maximal content of LPS – as tested in an independent laboratory -
in the HSP60 preparation (Lehnardt et al., 2008). Additionally, HSP60 derived from injured
CNS cells demonstrated a neurotoxic effect considerably similar to that induced by recom-
binant HSP60 (Lehnardt et al., 2008). In this context it is noteworthy, that in contrast
to intrathecal injection of recombinant HSP60, which resulted in significant neuronal loss
and demyelination in the cerebral cortex (Fig. 3.11, Fig. 3.13), LPS itself did not affect the
survival of neurons in vivo (Fig. 3.9).

Nearly all diseases and insults of the CNS are accompanied or followed by inflammation.
Microglia are the sentinels of pathological settings in the CNS and rapidly initiate an inflam-
matory cascade (Kreutzberg, 1996). As demonstrated in vitro HSP60-induced neuronal
injury required the presence of microglia (Fig. 3.6), which release neurotoxic nitric oxide
(Lehnardt et al., 2008). However, CNS damage induced by intrathecal HSP60 was not ac-
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companied by major activation or proliferation of glial cells (Fig. 3.14), release of nitric oxide
(Fig. 3.16)or a considerable inflammatory response (Fig. 3.15, Fig. 3.17) in the brain in vivo.
Nevertheless, a subtle response, that was not detected in this experimental set-up, cannot be
excluded as microglia and astrocytes constantly monitor their proximity and respond to even
minor changes in their microenvironment (Nimmerjahn et al., 2005). Possibly, the neuroin-
flammatory or –toxic molecules analysed accumulated at other time points than those ob-
served or the local concentrations were sufficient enough to affect neurons but were diluted
by analysing whole brain. Further, HSP60 might induce the Type I interferons IFN-α and
IFN-β. However, challenge with HPS60 triggered injurious processes in the cerebral cortex in
a TLR4-dependent manner (Fig. 3.11). Several studies have suggested that TLR4-induced
neuroinflammation has a pivotal role in the CNS, as the neuroprotective effects in TLR4 -/-

mice is likely due to the lack of TLR4-mediated activation of microglia. For example, in
experimental Parkinson’s disease TLR4 -/- mice were less vulnerable to dopaminergic cell
death and displayed a decreased number of activated microglial cells (Noelker et al., 2013).
In studies on experimental stroke mice defective or deficient of TLR4 repeatedly display re-
duced infarct volumes in comparison with wild-type mice (Cao et al., 2007; Caso et al., 2007;
Tang et al., 2007; Kilic et al., 2008; Hyakkoku et al., 2010; Hua et al., 2009). These mice
with a disrupted TLR4 pathway exhibit less macrophages/microglia in the stroked area and
a decreased NF-κB translocation (Hyakkoku et al., 2010; Hua et al., 2009) or less amounts
of TNF-α and IL-6 (Cao et al., 2007). Further, the enzymes iNOS (Kilic et al., 2008;
Caso et al., 2007) and Cox-2 (Caso et al., 2007) were lower, and inhibition of both en-
zymes in wild-type resulted in a better outcome and reduced infarct volumes (Caso et
al., 2007). In this model of specific TLR4 activation the indicators of neuroinflammation
mentioned above were evaluated. Whereas the exogenous TLR4 ligand LPS induced ex-
pression of Cox-2, iNOS, TNF-α, IL-6 amongst others (Fig. 3.15, Fig. 3.16) and activation
of microglia (Fig. 3.10a), the endogenous TLR4 ligand HSP60 did not (Fig. 3.14, Fig. 3.15,
Fig. 3.165), although it did cause severe CNS damage, which was not the case for LPS.

However of all the enzymes, cytokines, chemokines and neurotoxic metabolites tested,
one candidate did stand out. Soon after injection of HSP60, but not of LPS, the expression
of TGF-β drastically dropped (Fig. 3.17). The growth factor TGF-β has multifaceted
properties in the CNS (Flanders et al., 1998). It has a survival-promoting effect, which
may occur directly on neurons as well as indirectly by inducing synthesis of neurotrophins
such as NGF or NT-3 (Buchman et al., 1994). Further, TGF-β can suppress microglial
cytotoxicity (Merrill and Zimmerman, 1991) and deactivate macrophages (Tsunawaki et al.,
1988). TGF-β is implicated in acute and chronic degenerative CNS diseases (Flanders et
al., 1998) and therefore down-regulation of TGF-β by HSP60 could at least in part account
for the neurodegenerative effects observed.

Activation of TLR4 by its exogenous ligand LPS or endogenous ligand HSP60 led to
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different outcomes in the CNS and might be due to the initiation of opposing subsequent
pathways. TLR4 is the only TLR, which uses both the MYD88- and TRIF-pathway (Ya-
mamoto et al., 2003). The recruitment of the adaptor molecule MyD88 results in NF-κB
activation and the production of a wide array of inflammatory cytokines and chemokines,
and the transcription of enzymes, such as iNOS. These inflammatory mediators and tran-
scripts were not increased in the brain upon challenged with HSP60. The recruitment of
TRIF leds to activation of the IRF transcription factors and production of IFN-α and IFN-β
(Sasai and Yamamoto, 2013), which can act neurotoxic in high levels (Reder and Feng,
2014). Intrathecal injection of HSP60 into TRIF-deficient mice could reveal whether the
HSP60 activates the TRIF-pathway upon TLR4-binding. However, it is possible that the
dose is critical whether TLR4 mediates a beneficial of deleterious response and remains to
be elucidated in vivo.

4.5 Combined activation of Toll-like receptors results in a fine-

tuned response

As discussed above specific activation of TLRs is capable of causing CNS injury in vitro
and in vivo. Single TLRs were exposed to their respective specific ligands to analyze what
impact each TLR has. However, host cells and pathogens comprise several molecular pat-
terns recognized by TLRs and therefore they are likely to be present in a mixture. Hence,
it can be assumed that they engage more than one TLR during pathological events in the
CNS. Consequently, the impact of combined TLR activation on inflammation and neurode-
generation in the CNS was analysed in this study. Cultures of pure microglia were used
to evaluate the impact of combined TLR activation on the neuroinflammatory response.
Further, cultures of neurons with and without microglia allowed determining what impact
the modulated neuroinflammatory response has on neuronal survival.

Production of TNF-α, NO and other inflammatory molecules was determined in pure
microglial cultures after stimulation of each TLR alone and in combination. Combined
stimulation of TLR4 plus TLR2 and TLR4 plus TLR9 caused additive secretion of TNF-α,
IL-6, IL-10 and NO from microglia compared to activation of the respective single TLR
(Fig. 3.2). On the other hand, combined stimulation with ligands specific for TLR2 and
TLR9 did not trigger such an enhanced response. A synergistic effect of TLR4 and TLR2
activation on TNF-α secretion has been observed before in macrophages (Sato et al., 2000;
Beutler et al., 2001). In line with this, it was postulated that confirmation of one microbial
product through another might serve as a safety-mechanism for the organism (Beutler
et al., 2001). Further, in vivo it was observed that in comparison with single injection,
intracisternal injection of LPS or peptidoglycan (TLR2 agonist) together with CpG ODN
has a synergistic effect on the incidence of meningitis and influx of inflammatory cells
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(Deng et al., 2001). Whether TLR activation in microglia results in a synergistic response
might depend on which TLR-signaling pathways are initiated simultaneously. It has been
described that simultaneous activation of the MyD88- and TRIF-signaling pathway results
in a synergistic production of TNF-α and IL-6 by mouse bone-marrow-derived macrophages
(Bagchi et al., 2007). On the other hand, actvation of the MyD88-pathway with different
TLR ligands did not (Bagchi et al., 2007). This would explain why combined stimulation of
TLR4 (MyD88/TRIF) with TLR2 (MyD88), but not TLR2 (MyD88) with TLR9 (MyD88),
yielded an enhanced secretion of TNF-α and NO from microglia. Further, the prolongation
of TNF mRNA half-life might account in part for the synergistic TNF-α production (Gao
et al., 2001), whereas an up-regulation of mRNA for the enzyme iNOS could be responsible
for the increase in NO (Gao et al., 1999).

The relationship between TLR-dependent microglial activation and neurodegeneration
in vitro has been reported (Lehnardt et al., 2006; Iliev et al., 2004; Lehnardt et al., 2003)
and was in part ascribed to the release of the neurotoxic molecules TNF-α (Iliev et al.,
2004) and NO (Boje and Arora, 1992; Lehnardt et al., 2008; Lehnardt et al., 2007a;
Chao et al., 1992). Combined activation of TLR4 with TLR2 and TLR4 with TLR9 by
their respective specific exogenous agonists enhanced neuronal death in neuron-microglia-
cultures compared with exposure to the single agonists (Fig. 3.5). The decrease in neuronal
survival was clearly dependent on the presence of microglia. Further, the impact of combined
TLR activation on the microglial inflammatory response is reflected in the results of the co-
culture experiments. For example, levels of secreted inflammatory molecules hardly changed
after simultaneous activation of TLR2 and TLR9 in microglia (Fig. 3.2) and in comparison to
single TLR stimulation neuronal survival was not further compromised (Fig. 3.5). However,
activation of both TLR4 and TLR2 had a synergistic effect, namely production of pro-
inflammatory molecules (Fig. 3.2) and decreasing neuronal viability (Fig. 3.5). These results
indicate that in principle simultaneous activation of multiple TLRs in the CNS can exert a
detrimental effect on neuronal survival through an exaggerated inflammatory response.

On the other hand, TLR2, TLR4 and TLR9 signaling were remarkably suppressed by
combined TLR7 activation. Parallel stimulation of TLR7 did not only suppress secretion
of inflammatory mediators from microglia (Fig. 3.2), but also appeared to abolish TLR2-,
TLR4- and TLR9-induced neuronal cell death in co-cultures (Fig. 3.5). Interactions among
TLR7 and TLR9 have been studied before with conflicting results. Natural and synthetic
ligands of TLR7 inhibited TLR9 induced IFN-α secretion from plasmacytoid dendritic cells
and B cells, which was found unlikely due to kinetic up-take advantages (Berghöfer et
al., 2007) and was accounted to a reduced expression of the transcriptional factor IRF 7
(Marshall et al., 2007). In turn, another group suggested that Imiquimod-mediated TLR7
signaling did not affect CpG ODN-mediated TLR9 signaling in microglia. Yet, Imiquimod
might hinder binding of CpG ODN in addition to inhibition of TLR9 by physical interaction
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with TLR7 (Butchi et al., 2010). As the reports are contradicting, it remains elusive by
which mechanism TLR7 suppresses the TLR9 response as well as that of TLR2 and TLR4.
Studies on interaction of TLR7 with TLR2 or TLR4 are not at hand; however, a comparison
between inactivatedMycobacterium butyricum and its purified components lipoteichoic acid
and Pam3CSK4 (agonists of TLR2) has been performed (Gambhir et al., 2012). It was ob-
served that whole bacteria was less efficient in provoking the release of TNF-α, IL-6 and NO
from dendritic cells and macrophages. In addition, in contrast to the TLR2 agonists, which
initiated a rapid and prolonged DNA-binding of NF-κB, whole bacteria failed to increase
NF-κB activity to such an extent (Gambhir et al., 2012), emphasizing that signaling of a
single TLR can be compromised by other TLRs or factors. Possibly, since TLR2 and TLR4
recruit Mal in addition to MyD88 (Yamamoto et al., 2002a), TLR7 signaling is initiated
faster and therefore impedes consecutive TLR2 and TLR4 signaling. Moreover, TLRs com-
pete for the same signaling molecules and as the signaling complex assembled for TLR2 and
TLR4 requires additional proteins, the TLR7 pathway might be more rapid and “favorable”.
In addition, it cannot be ruled out, that other inflammatory molecules than those tested ac-
cumulated or that the outcome depends on the dose of each ligand used in the combination.

As demonstrated in vitro, combined TLR activation is capable of enhancing microglial
activation, which in turn amplifies neuronal injury. It is widely accepted that inflamma-
tory processes belong to the main contributors of brain tissue damage. During CNS in-
fection the host immune response considerably contributes to neuronal damage (Weber
and Tuomanen, 2007) and after CNS insults injury-induced inflammation is involved in
secondary tissue damage (Giulian and Vaca, 1993). Commonly, immune responses are self-
limiting, but a chronic inflammatory response could further exacerbate CNS injury (Glass
et al., 2010). In line with this, continuous intracerebroventricular infusion of the TLR9
ligand CpG ODN leads to pronounced microglial activation and axonal injury (Tauber et
al., 2009). Further, mice receiving an intracerebral injection of high-mobility group box-1
(HMGB1), another endogenous TLR4 ligand, shortly after experimental stroke exhibited
increased edema, infarct area and neurologic deficits, whereas TLR4 -/- mice were protected
(Yang et al., 2011). Similarly, young mice receiving a systemic LPS injection prior to
a normally harmless hypoxic-ischemic insult experience severe loss of axons and neurons
in the corpus callosum and underlying structures (Lehnardt et al., 2003). Systemic in-
fections are related with sustained aggravation in many diseases of the CNS. Moreover,
patients with CNS infections have an approximately 3 times higher risk of stroke (Chien
et al., 2013) and there is a growing body of evidence that bacterial and viral infections
trigger neurodegenerative and autoimmune CNS diseases (De Chiara et al., 2012). The
initial pathogen-mediated inflammatory response may be perpetuated by immunstimula-
tory molecules released by the host itself. To test whether TLR-induced CNS injury is
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exacerbated by subsequent TLR exposure to an endogenous ligand, an initial intrathe-
cal injection of the exogenous ligands for TLR2 (Pam3CSK4) or TLR7 (Loxoribine) was
followed by HSP60. Injection of each of the three TLR agonists alone provoked a consid-
erable loss of neurons and injury of axons in the cerebral cortex as expected (Fig. 3.12).
However, additional injection of HSP60 failed to deteriorate Pam3CSK4- or Loxoribine-
induced CNS injury (Fig. 3.12). In addition, in mice challenged with HSP60 subsequent
to Pam3CSK4 or Loxoribine, it could be observed, that the morphology of the microglia
resembled more a resting state (Fig. 3.12). This in vivo study possibly reflects the tolerance
paradigm found in in vitro studies, where it was observed that immune cells stimulated with
a TLR ligand respond hyporesponsively to subsequent TLR stimulation (Sato et al., 2000;
Dalpke et al., 2005). A variety of inhibitory strategies causing tolerance to subsequent
stimulation, such as decreased degradation or dissociation of signaling molecules and en-
hanced expression of inhibitory proteins, have been elucidated (Fan and Cook, 2004).
In the setting of CNS ischemia, the brain is resistant to a serious ischemic episode if a
previous sub-threshold ischemic event has occurred; a phenomenon termed ischemic pre-
conditioning (Stetler et al., 2014). Moreover, another phenomenon termed cross-tolerance
can be elicited by other forms of sub lethal stress such as hypothermia (Nishio et al., 2000)
or even challenge with TLR ligands. As such, systemic application of LPS, Pam3CSK4,
or CpG ODN, activating TLR4, TLR2, and TLR9, respectively, prior to an experimental
ischemic episode results in neuroprotection (Rosenzweig et al., 2007; Stevens et al., 2008;
Hua et al., 2008). Thereby-although the pre-conditioning stimuli did elevate TNF-α
levels-subsequent down-regulation of TNF-α levels emerged to be crucial in mediating
the neuroprotective effect in comparison to the control mice (Rosenzweig et al., 2007;
Stevens et al., 2008). Likewise, TLR4 -/- mice subjected to ischemic pre-conditioning are
not protected from subsequent cerebral ischemia as they display reduced NF-κB activity
as well as decreased TNF-α expression compared to wild-type mice (Pradillo et al., 2009).
Mice can also be protected by pre-conditioning with the TLR7 ligand Gardiquimod, which,
interestingly, is not dependent on TNF-α, but on IFN signaling (Leung et al., 2012). Over-
all, these studies point to the complex inflammatory processes in the brain of which a
delicate balance of pro-inflammatory signals and regulatory mechanisms is essential for tis-
sue integrity. Whereas an insufficient TLR response could increase susceptibility to infection
or fail to eliminate the pathogens, disproportionate signaling might result in excessive tissue
damage or autoimmune diseases. Therefore a tightly controlled TLR signaling allows the
host to respond properly to pathogens and tissue damage. However, TLR signaling is only
a fraction of the complex molecular and cellular events occurring in CNS pathologies and
its contribution might depend on the nature of the CNS insult.
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4.6 The TLR4 ligand HSP60 serves as a danger signal in the

CNS

Initially, TLRs were ascribed to detect the presence of pathogens based on their con-
served structures. Soon, it became clear that TLRs can sense danger signals derived from
the host itself. Under physiological conditions, TLRs might not be confronted with their
endogenous ligands or only to a minimum extent. During pathological conditions the
liberation or secretion of these molecules from injured or dying cells signals danger to
the organism. Repeatedly, TLR2 or TLR4 deficient mice subjected to an ischemic in-
sult, notably a non-infectious situation, displayed less destruction of the CNS tissue com-
pared with wild-type mice (Lehnardt et al., 2007a; Ziegler et al., 2007; Caso et al., 2007;
Hua et al., 2009). It was postulated that the engagement of TLRs by endogenous ligands
must be responsible for the deteriorated outcome. HSP60, an endogenous ligand of TLR4, is
capable of triggering neurodegeneration and demyelination in the CNS as demonstrated here
(Fig. 3.11, Fig. 3.13). Previous work has revealed that HSP60 is released by injured CNS
cells in vitro (Lehnardt et al., 2008). To evaluate whether HSP60 is present in the brain and
is released into the extracellular space of the CNS by damaged cells in vivo, thereby being
available to TLR4, mice were subjected to an ischemic insult. Evaluation of brain sections
from sham-operated mice revealed that HSP60 was particularly detectable in neurons. Neu-
rons have an extraordinarily high metabolic rate, which is dependent on mitochondrial func-
tion. To cover the energy needs hundreds of mitochondria are present in neurons (Knott et
al., 2008). Since HSP60 is associated with mitochondria (Mayer, 2010), it is plausible that a
marked presence of HSP60 was found in neurons (Fig. 3.18). It has been demonstrated that
high amounts of HSPs are released from necrotic but not apoptotic cells (Basu et al., 2000;
Lehnardt et al., 2008). Apoptosis is a programmed cell death producing apoptotic bod-
ies, which phagocytic cells quickly engulf before the contents spill out and cause damage
to the surrounding cells (Bruce Alberts, 2008). Accordingly, supernatants derived from
apoptotic neuronal cultures were to a lesser extent toxic than supernatant from necrotic
cells (Lehnardt et al., 2008). Thus, injury-induced disintegration of neurons thereby lib-
erating high amounts of HSP60 serves as a potent danger signal in the microenviron-
ment. In this study, a model of stroke which sets a defined injury to the CNS verified
that HSP60 is released into the extracellular space as the CSF of stroked mice contained
explicitly more HSP60 than that of sham-operated mice (Fig. 3.19). Strikingly, elevated
concentrations of soluble HSP60 have also been measured in the CSF of children suf-
fering severe traumatic brain injury (Lai et al., 2006). However, it is possible that in
addition to HSP60, other endogenous ligands, such as HSP70 and β-defensin, are re-
leased from injured CNS cells and activate TLRs and other receptors (Asea et al., 2002;
Biragyn et al., 2002), thereby contributing to CNS injury. In line with this, HMGB1, an-
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other endogenous ligand of TLR4, was found in the CSF of rats subjected to MCAO and
immunohistostaining and -blotting revealed that HMGB1 originated from neurons (Qiu et
al., 2008). Likewise, let-7b, a microRNA abundant in the brain, predominantly expressed in
neurons and identified as an endogenous ligand of TLR7, is elevated in the CSF of Alzheimer
patients (Lehmann et al., 2012a). Whereas HSP60 and HMGB1 might contribute in the
initial stages of the inflammatory response (Qiu et al., 2008), let-7b acts directly on neurons
causing cell-autonomous death (Lehmann et al., 2012a).

In addition to the ischemia-induced release of HSP60, it was further found to be in-
creased in intact cortical neurons of the infarct-region (Fig. 3.18). The finding that HSP60 is
overexpressed in injured neurons matches the results of other studies. In hippocampal neu-
rons HSP60 mRNA is increased after transient cerebral ischemia (Abe et al., 1993). Also,
elevated levels of HSP60 mRNA and protein are detectable in brain tissue homogenates
of the ipsilateral hemisphere compared to the contralateral hemisphere after permanent
focal cerebral ischemia, and it was suggested to be a mechanism to protect proteins from
aggregation and degradation during mitochondrial stress (Wagstaff et al., 1996). However,
it has been demonstrated that HSP60 can be translocated to the surface of damaged and
dying cells (Chen et al., 1999), with elevated amounts of HSP60 serving as a danger signal
to dendritic cells, T cells (Osterloh et al., 2004) and microglia (Lehnardt et al., 2008).
Thus, in addition to liberation of HSP60 from necrotic neurons during the ischemic insult,
possibly the increased amount of HSP60 found in neurons after the insult is released at a
later time point by active secretion or delayed death of the cells. Therefore, the acute and
an additional delayed release of HSP60 with binding to TLR4, in addition to other neu-
rotoxic factors, could account for exacerbated damage following ischemia. Thus, HSP60
seems to be an adequate candidate for signaling danger to TLR4 in the brain. Moreover,
in other neurodegenerative and demyelinating CNS diseases such as Alzheimer’s disease,
Parkinson’s disease, and Multiple Sclerosis extracellular danger signals could contribute to
disease progression. However, it cannot be ruled out that endogenous ligands may also
induce repair mechanisms in vivo.

4.7 Toll-like receptors as therapeutic targets in CNS pathologies

Currently, TLRs are used or are intended to be used as therapeutic targets, as they have
a strong potential for prevention or intervention of infections, especially sepsis, or can-
cer (Savva and Roger, 2013; Vacchelli et al., 2013). Imiquimod, an agonist of TLR7, is
prescribed as a topical anti-viral agent for e.g. external warts (Savva and Roger, 2013).
Further, modified ligands or antibodies as well as antagonists directed against TLRs are
under development or even being tested in clinical trials these days (Savva and Roger, 2013;
Vacchelli et al., 2013). As acute and chronic inflammation is a key element in CNS patholo-
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gies, targeting TLRs in the CNS is promising in generating protective immune responses
to cancer or modulating neuroinflammation and/or suppressing neurodegeneration (Marsh
and Stenzel-Poore, 2008). However, as demonstrate here single activation of TLRs in the
CNS can have a major fatal impact on CNS integrity. TLRs are expressed on immune cells
as well as neurons and can elicit inflammation as well as mediate cell-autonomous death.
Moreover, TLRs cannot only substitute for one another, they can influence the outcome
mediated by one another, what should be considered when developing antagonists for sin-
gle TLRs. Thus, the complexity of TLRs in CNS inflammation and injury brings up the
question how to target this family of pattern-recognition receptors to achieve an adequate
therapeutic strategy. To date, the exact role of the innate immunity as well as the whole
range of mediators involved in the very early events of CNS pathologies have not been
identified, and additional research is essential.
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4.8 Conclusions and Future Directions

It is evident that activation of TLRs in the CNS can cause neuroninflammation and neu-
rodegeneration. However, the results indicate that the degree of neuroinflammation and
neurodegeneration in the CNS depends on which TLR is engaged. Further, when more
than one TLR is engaged, the outcome likely depends on the combination and timing of
TLR activation. Moreover, the type of agonist might have an additional influence. These
are important factors as several pathogen- and host-derived TLR ligands exist. During
a neuropathological setting, these ligands could engage different TLRs and modulate the
outcome. As demonstrated on purified microglia, although the tested TLRs share common
signaling cascades, only some synergized, whereas others antagonized one another when
activated simultaneously. This fine-tuning of the inflammatory response also had an impact
on neuronal survival in co-cultures. Further, in vivo subsequent challenge with different
TLR agonists did not exacerbate neuronal injury. It can be assumed that microbial struc-
tures liberated from disintegrated pathogens and/or endogenous molecules discharged from
injured host cells persist after the termination of infection or insult, serving as agonists for
TLRs. As excessive activation of the immune response in the brain is destructive, control
mechanisms must exist to restrict continuous neurotoxic insults. Thus, it appears that the
extent of TLR-induced CNS injury is dependent on the physiological and pathological con-
text in which TLRs are activated. Possibly, whereas activation of the innate immunity by
PAMPS during an infection cannot be further stimulated by closely timed subsequent chal-
lenge of TLRs, release of DAMPS from CNS cells suffering an ischemic insult or traumatic
injury leads to TLR-mediated secondary damage. Here HSP60 has been verified as such
an endogenous agonist, which is increased in neurons and present in the extracellular space
after CNS injury. Moreover, intrathecal HSP60 is capable of causing neurodegeneration and
demyelination in a TLR4-dependent manner. It is therefore proposed that neuronal dam-
age provides a sufficient amount of endogenous agonists for TLR-mediated neurotoxicity,
driving a vicious cycle of neurodegeneration. A malfunction in the mechanisms regulating
inflammation could account for chronic inflammation in which TLRs may be involved.

A detailed understanding of how the intrinsic innate immunity is involved in both CNS
disorders and health is crucial, when reducing excessive neuroinflammation and its effects
is intended. Using co-cultures allowed discriminating whether the presence of microglia
is obligatory for TLR-induced neuronal injury in vitro. In vivo, microglial activation and
the presence of inflammatory mediators in the CNS were evaluated, whether TLR-induced
brain damage is dependent on microglia could not be elucidated. This is of particular
interest as activation of TLR4 with its endogenous ligand HSP60 caused prominent CNS
injury, whereas an activated morphology of microglia and mediators of an inflammatory
response were absent. The mouse strain CD11b-HSVTK (Heppner et al., 2005) enables
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a nearly complete ablation of microglia in the adult CNS (Grathwohl et al., 2009). Thus,
whether microglia are essential for TLR-induced CNS injury in vivo could be approached by
intrathecal injection of the TLR agonists into these microglia-depleted mice with subsequent
immunohistological analysis.

Further, although TLRs are receptors of the innate immunity, it is appreciated that neu-
rons constitutively express TLRs, which have been linked to inhibition of axonal growth and
cell-autonomous death (Ma et al., 2006; Cameron et al., 2007; Lehmann et al., 2012b). It is
intriguing to study how come TLRs in neurons all mediate death and if the adaptor molecule
MyD88-5, which is highly expressed in neurons and has been linked to neuronal death in-
duced by oxygen and glucose deprivation (Kim et al., 2007), is responsible for initiation of
this detrimental pathway upon activation of neuronal TLRs. This could be approached by
performing viability assays with cultures of purified neurons from MyD88-5-/- mice and by
subsequent immunoprecipitation assays and western blots to decipher the signaling cascade.

Taken together, the findings of this study demonstrate that single and combined activa-
tion of TLRs influence the pattern and extent of TLR expression, of neuroinflammation and
neurodegeneration in the CNS, a mechanism by which the intrinsic innate immunity might
co-determine the diversity of CNS diseases. Further, as demonstrated with the endogenous
TLR4 ligand HSP60, the release of TLR ligands during CNS cell damage, a common event
in many forms of brain disease, bi-directionally links CNS injury to neurodegeneration and
demyelination in vivo.

86







Bibliography

Abe K, Kawagoe J, Aoki M, Kogure K (1993) Changes of mitochondrial dna and heat
shock protein gene expressions in gerbil hippocampus after transient forebrain ischemia. J
Cereb Blood Flow Metab 13:773–780.

Aggarwal BB, Natarajan K (1996) Tumor necrosis factors: developments during the last
decade. Eur Cytokine Netw 7:93–124.

Ahmad A, Crupi R, Campolo M, Genovese T, Esposito E, Cuzzocrea S (2013) Absence of
tlr4 reduces neurovascular unit and secondary inflammatory process after traumatic brain
injury in mice. PLoS One 8:e57208.

Akira S, Hemmi H (2003) Recognition of pathogen-associated molecular patterns by tlr
family. Immunol Lett 85:85–95.

Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate immunity.
Cell 124:783–801.

Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR, Eikelenboom
P, Emmerling M, Fiebich BL, Finch CE, Frautschy S, Griffin WS, Hampel H, Hull M,
Landreth G, Lue L, Mrak R, Mackenzie IR, McGeer PL, O’Banion MK, Pachter J, Pasinetti
G, Plata-Salaman C, Rogers J, Rydel R, Shen Y, Streit W, Strohmeyer R, Tooyoma I, Van
Muiswinkel FL, Veerhuis R, Walker D, Webster S, Wegrzyniak B, Wenk G, Wyss-Coray T
(2000) Inflammation and alzheimer’s disease. Neurobiol Aging 21:383–421.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA (2001) Recognition of double-stranded
rna and activation of nf-kappab by toll-like receptor 3. Nature 413:732–738.

Aliprantis AO, Yang RB, Mark MR, Suggett S, Devaux B, Radolf JD, Klimpel GR,
Godowski P, Zychlinsky A (1999) Cell activation and apoptosis by bacterial lipoproteins
through toll-like receptor-2. Science 285:736–739.

Alliot F, Godin I, Pessac B (1999) Microglia derive from progenitors, originating from the
yolk sac, and which proliferate in the brain. Brain Res Dev Brain Res 117:145–152.

Anderson KV, Bokla L, Nüsslein-Volhard C (1985) Establishment of dorsal-ventral po-
larity in the drosophila embryo: the induction of polarity by the toll gene product.
Cell 42:791–798.

89



BIBLIOGRAPHY

Arck PC, Gilhar A, Bienenstock J, Paus R (2008) The alchemy of immune privilege
explored from a neuroimmunological perspective. Curr Opin Pharmacol 8:480–489.

Asea A, Rehli M, Kabingu E, Boch JA, Bare O, Auron PE, Stevenson MA, Calderwood SK
(2002) Novel signal transduction pathway utilized by extracellular hsp70: role of toll-like
receptor (tlr) 2 and tlr4. J Biol Chem 277:15028–15034.

Babcock AA, Wirenfeldt M, Holm T, Nielsen HH, Dissing-Olesen L, Toft-Hansen H,
Millward JM, Landmann R, Rivest S, Finsen B, Owens T (2006) Toll-like receptor 2
signaling in response to brain injury: an innate bridge to neuroinflammation. J Neu-
rosci 26:12826–12837.

Bagchi A, Herrup EA, Warren HS, Trigilio J, Shin HS, Valentine C, Hellman J (2007)
Myd88-dependent and myd88-independent pathways in synergy, priming, and tolerance
between tlr agonists. J Immunol 178:1164–1171.

Banati RB, Gehrmann J, Schubert P, Kreutzberg GW (1993) Cytotoxicity of microglia.
Glia 7:111–118.

Basu S, Binder RJ, Suto R, Anderson KM, Srivastava PK (2000) Necrotic but not apop-
totic cell death releases heat shock proteins, which deliver a partial maturation signal to
dendritic cells and activate the nf-kappa b pathway. Int Immunol 12:1539–1546.

Berghöfer B, Haley G, Frommer T, Bein G, Hackstein H (2007) Natural and synthetic
tlr7 ligands inhibit cpg-a- and cpg-c-oligodeoxynucleotide-induced ifn-alpha production. J
Immunol 178:4072–4079.

Beutler B, Milsark IW, Cerami AC (1985) Passive immunization against cachectin/tumor
necrosis factor protects mice from lethal effect of endotoxin. Science 229:869–871.

Beutler E, Gelbart T, West C (2001) Synergy between tlr2 and tlr4: a safety mechanism.
Blood Cells Mol Dis 27:728–730.

Bieback K, Lien E, Klagge IM, Avota E, Schneider-Schaulies J, Duprex WP, Wagner H,
Kirschning CJ, Ter Meulen V, Schneider-Schaulies S (2002) Hemagglutinin protein of
wild-type measles virus activates toll-like receptor 2 signaling. J Virol 76:8729–8736.

Biragyn A, Ruffini PA, Leifer CA, Klyushnenkova E, Shakhov A, Chertov O, Shirakawa AK,
Farber JM, Segal DM, Oppenheim JJ, Kwak LW (2002) Toll-like receptor 4-dependent
activation of dendritic cells by beta-defensin 2. Science 298:1025–1029.

Björklund A, Lindvall O (2000) Self-repair in the brain. Nature 405:892–3, 895.

90



BIBLIOGRAPHY

Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms. Nat Rev Neurosci 8:57–69.

Boivin A, Pineau I, Barrette B, Filali M, Vallières N, Rivest S, Lacroix S (2007) Toll-
like receptor signaling is critical for wallerian degeneration and functional recovery after
peripheral nerve injury. J Neurosci 27:12565–12576.

Boje KM, Arora PK (1992) Microglial-produced nitric oxide and reactive nitrogen oxides
mediate neuronal cell death. Brain Res 587:250–256.

Bolmont T, Haiss F, Eicke D, Radde R, Mathis CA, Klunk WE, Kohsaka S, Jucker M,
Calhoun ME (2008) Dynamics of the microglial/amyloid interaction indicate a role in
plaque maintenance. J Neurosci 28:4283–4292.

Brambilla L, Martorana F, Rossi D (2013) Astrocyte signaling and neurodegeneration:
new insights into cns disorders. Prion 7:28–36.

Brea D, Blanco M, Ramos-Cabrer P, Moldes O, Arias S, Pérez-Mato M, Leira R, Sobrino T,
Castillo J (2011) Toll-like receptors 2 and 4 in ischemic stroke: outcome and therapeutic
values. J Cereb Blood Flow Metab 31:1424–1431.

Brosnan CF, Battistini L, Raine CS, Dickson DW, Casadevall A, Lee SC (1994) Reactive
nitrogen intermediates in human neuropathology: an overview. Dev Neurosci 16:152–161.

Bruce Alberts AJ JLMRKRPW (2008) Molecular Biology of the Cell Garland Publishing
Inc, 5th edition.

Bsibsi M, Nomden A, van Noort JM, Baron W (2012) Toll-like receptors 2 and 3 ag-
onists differentially affect oligodendrocyte survival, differentiation, and myelin membrane
formation. J Neurosci Res 90:388–398.

Bsibsi M, Persoon-Deen C, Verwer RWH, Meeuwsen S, Ravid R, Van Noort JM (2006)
Toll-like receptor 3 on adult human astrocytes triggers production of neuroprotective me-
diators. Glia 53:688–695.

Bsibsi M, Ravid R, Gveric D, van Noort JM (2002) Broad expression of toll-like receptors
in the human central nervous system. J Neuropathol Exp Neurol 61:1013–1021.

Buchman VL, Sporn M, Davies AM (1994) Role of transforming growth factor-
beta isoforms in regulating the expression of nerve growth factor and neurotrophin-3
mrna levels in embryonic cutaneous cells at different stages of development. Develop-
ment 120:1621–1629.

91



BIBLIOGRAPHY

Butchi NB, Du M, Peterson KE (2010) Interactions between tlr7 and tlr9 agonists and
receptors regulate innate immune responses by astrocytes and microglia. Glia 58:650–664.

Butchi NB, Woods T, Du M, Morgan TW, Peterson KE (2011) Tlr7 and tlr9 trigger
distinct neuroinflammatory responses in the cns. Am J Pathol 179:783–794.

Böttcher T, von Mering M, Ebert S, Meyding-Lamadé U, Kuhnt U, Gerber J, Nau R
(2003) Differential regulation of toll-like receptor mrnas in experimental murine central
nervous system infections. Neurosci Lett 344:17–20.

Calabrese V, Mancuso C, Calvani M, Rizzarelli E, Butterfield DA, Stella AMG (2007)
Nitric oxide in the central nervous system: neuroprotection versus neurotoxicity. Nat Rev
Neurosci 8:766–775.

Cameron JS, Alexopoulou L, Sloane JA, DiBernardo AB, Ma Y, Kosaras B, Flavell R,
Strittmatter SM, Volpe J, Sidman R, Vartanian T (2007) Toll-like receptor 3 is a potent
negative regulator of axonal growth in mammals. J Neurosci 27:13033–13041.

Cao CX, Yang QW, Lv FL, Cui J, Fu HB, Wang JZ (2007) Reduced cerebral ischemia-
reperfusion injury in toll-like receptor 4 deficient mice. Biochem Biophys Res Com-
mun 353:509–514.

Caso JR, Pradillo JM, Hurtado O, Lorenzo P, Moro MA, Lizasoain I (2007) Toll-like
receptor 4 is involved in brain damage and inflammation after experimental stroke. Circu-
lation 115:1599–1608.

Chao CC, Hu S, Molitor TW, Shaskan EG, Peterson PK (1992) Activated microglia
mediate neuronal cell injury via a nitric oxide mechanism. J Immunol 149:2736–2741.

Chavarria A, Alcocer-Varela J (2004) Is damage in central nervous system due to inflam-
mation? Autoimmun Rev 3:251–260.

Chavarría A, Cárdenas G (2013) Neuronal influence behind the central nervous system
regulation of the immune cells. Front Integr Neurosci 7:64.

Chen G, Shi J, Jin W, Wang L, Xie W, Sun J, Hang C (2008) Progesterone administration
modulates tlrs/nf-kappab signaling pathway in rat brain after cortical contusion. Ann Clin
Lab Sci 38:65–74.

Chen K, Iribarren P, Hu J, Chen J, Gong W, Cho EH, Lockett S, Dunlop NM, Wang JM
(2006) Activation of toll-like receptor 2 on microglia promotes cell uptake of alzheimer
disease-associated amyloid beta peptide. J Biol Chem 281:3651–3659.

92



BIBLIOGRAPHY

Chen W, Syldath U, Bellmann K, Burkart V, Kolb H (1999) Human 60-kda heat-shock
protein: a danger signal to the innate immune system. J Immunol 162:3212–3219.

Chien LN, Chi NF, Hu CJ, Chiou HY (2013) Central nervous system infections and stroke
– a population-based analysis. Acta Neurol Scand 128:241–248.

Crawford AH, Chambers C, Franklin RJM (2013) Remyelination: the true regeneration of
the central nervous system. J Comp Pathol 149:242–254.

Curtin JF, Liu N, Candolfi M, Xiong W, Assi H, Yagiz K, Edwards MR, Michelsen KS,
Kroeger KM, Liu C, Muhammad AKMG, Clark MC, Arditi M, Comin-Anduix B, Ribas A,
Lowenstein PR, Castro MG (2009) Hmgb1 mediates endogenous tlr2 activation and brain
tumor regression. PLoS Med 6:e10.

Czeh M, Gressens P, Kaindl AM (2011) The yin and yang of microglia. Dev Neu-
rosci 33:199–209.

Dalpke AH, Frey M, Morath S, Hartung T, Heeg K (2002) Interaction of lipoteichoic acid
and cpg-dna during activation of innate immune cells. Immunobiology 206:392–407.

Dalpke AH, Lehner MD, Hartung T, Heeg K (2005) Differential effects of cpg-dna in
toll-like receptor-2/-4/-9 tolerance and cross-tolerance. Immunology 116:203–212.

Dawson VL, Dawson TM (1996) Nitric oxide neurotoxicity. J Chem Neuroanat 10:179–190.

De Chiara G, Marcocci ME, Sgarbanti R, Civitelli L, Ripoli C, Piacentini R, Garaci E,
Grassi C, Palamara AT (2012) Infectious agents and neurodegeneration. Mol Neuro-
biol 46:614–638.

Delneste Y, Magistrelli G, Gauchat J, Haeuw J, Aubry J, Nakamura K, Kawakami-Honda
N, Goetsch L, Sawamura T, Bonnefoy J, Jeannin P (2002) Involvement of lox-1 in dendritic
cell-mediated antigen cross-presentation. Immunity 17:353–362.

Deng GM, Liu ZQ, Tarkowski A (2001) Intracisternally localized bacterial dna containing
cpg motifs induces meningitis. J Immunol 167:4616–4626.

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C (2004) Innate antiviral responses
by means of tlr7-mediated recognition of single-stranded rna. Science 303:1529–1531.

dos Santos AC, Barsante MM, Arantes RME, Bernard CCA, Teixeira MM, Carvalho-
Tavares J (2005) Ccl2 and ccl5 mediate leukocyte adhesion in experimental autoimmune
encephalomyelitis–an intravital microscopy study. J Neuroimmunol 162:122–129.

93



BIBLIOGRAPHY

Downes CE, Crack PJ (2010) Neural injury following stroke: are toll-like receptors the
link between the immune system and the cns? Br J Pharmacol 160:1872–1888.

Dunne A, O’Neill LAJ (2005) Adaptor usage and toll-like receptor signaling specificity.
FEBS Lett 579:3330–3335.

Ebert S, Gerber J, Bader S, Mühlhauser F, Brechtel K, Mitchell TJ, Nau R (2005) Dose-
dependent activation of microglial cells by toll-like receptor agonists alone and in combi-
nation. J Neuroimmunol 159:87–96.

Echchannaoui H, Frei K, Schnell C, Leib SL, Zimmerli W, Landmann R (2002) Toll-like
receptor 2-deficient mice are highly susceptible to streptococcus pneumoniae meningitis be-
cause of reduced bacterial clearing and enhanced inflammation. J Infect Dis 186:798–806.

Esen N, Tanga FY, DeLeo JA, Kielian T (2004) Toll-like receptor 2 (tlr2) mediates
astrocyte activation in response to the gram-positive bacterium staphylococcus aureus. J
Neurochem 88:746–758.

Fan H, Cook JA (2004) Molecular mechanisms of endotoxin tolerance. J Endotoxin
Res 10:71–84.

Farina C, Krumbholz M, Giese T, Hartmann G, Aloisi F, Meinl E (2005) Preferential expres-
sion and function of toll-like receptor 3 in human astrocytes. J Neuroimmunol 159:12–19.

Flanders KC, Ren RF, Lippa CF (1998) Transforming growth factor-betas in neurodegen-
erative disease. Prog Neurobiol 54:71–85.

Fournier AE, Strittmatter SM (2002) Regenerating nerves follow the road more traveled.
Nat Neurosci 5:821–822.

Frank S, Copanaki E, Burbach GJ, Müller UC, Deller T (2009) Differential regulation of
toll-like receptor mrnas in amyloid plaque-associated brain tissue of aged app23 transgenic
mice. Neurosci Lett 453:41–44.

Fünfschilling U, Supplie LM, Mahad D, Boretius S, Saab AS, Edgar J, Brinkmann BG,
Kassmann CM, Tzvetanova ID, Möbius W, Diaz F, Meijer D, Suter U, Hamprecht B,
Sereda MW, Moraes CT, Frahm J, Goebbels S, Nave KA (2012) Glycolytic oligodendro-
cytes maintain myelin and long-term axonal integrity. Nature 485:517–521.

Gambhir V, Yildiz C, Mulder R, Siddiqui S, Guzzo C, Szewczuk M, Gee K, Basta S
(2012) The tlr2 agonists lipoteichoic acid and pam3csk4 induce greater pro-inflammatory
responses than inactivated mycobacterium butyricum. Cell Immunol 280:101–107.

94



BIBLIOGRAPHY

Gao B, Tsan MF (2003) Recombinant human heat shock protein 60 does not in-
duce the release of tumor necrosis factor alpha from murine macrophages. J Biol
Chem 278:22523–22529.

Gao JJ, Xue Q, Papasian CJ, Morrison DC (2001) Bacterial dna and lipopolysaccharide
induce synergistic production of tnf-alpha through a post-transcriptional mechanism. J
Immunol 166:6855–6860.

Gao JJ, Zuvanich EG, Xue Q, Horn DL, Silverstein R, Morrison DC (1999) Cutting
edge: bacterial dna and lps act in synergy in inducing nitric oxide production in raw 264.7
macrophages. J Immunol 163:4095–4099.

Gay NJ, Keith FJ (1991) Drosophila toll and il-1 receptor. Nature 351:355–356.

Gerber J, Nau R (2010) Mechanisms of injury in bacterial meningitis. Curr Opin Neu-
rol 23:312–318.

Gimsa U, Mitchison NA, Brunner-Weinzierl MC (2013) Immune privilege as an intrinsic cns
property: astrocytes protect the cns against t-cell-mediated neuroinflammation. Mediators
Inflamm 2013:320519.

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway SJ, Ng
LG, Stanley ER, Samokhvalov IM, Merad M (2010) Fate mapping analysis reveals that
adult microglia derive from primitive macrophages. Science 330:841–845.

Giulian D, Vaca K (1993) Inflammatory glia mediate delayed neuronal damage after
ischemia in the central nervous system. Stroke 24:I84–I90.

Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH (2010) Mechanisms underlying
inflammation in neurodegeneration. Cell 140:918–934.

Govind S, Steward R (1991) Dorsoventral pattern formation in drosophila: signal trans-
duction and nuclear targeting. Trends Genet 7:119–125.

Grathwohl SA, Kälin RE, Bolmont T, Prokop S, Winkelmann G, Kaeser SA, Odenthal J,
Radde R, Eldh T, Gandy S, Aguzzi A, Staufenbiel M, Mathews PM, Wolburg H, Heppner
FL, Jucker M (2009) Formation and maintenance of alzheimer’s disease beta-amyloid
plaques in the absence of microglia. Nat Neurosci 12:1361–1363.

Habich C, Baumgart K, Kolb H, Burkart V (2002) The receptor for heat shock protein
60 on macrophages is saturable, specific, and distinct from receptors for other heat shock
proteins. J Immunol 168:569–576.

95



BIBLIOGRAPHY

Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira S,
Underhill DM, Aderem A (2001) The innate immune response to bacterial flagellin is
mediated by toll-like receptor 5. Nature 410:1099–1103.

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, Lipford G, Wagner
H, Bauer S (2004) Species-specific recognition of single-stranded rna via toll-like receptor
7 and 8. Science 303:1526–1529.

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsumoto M, Hoshino
K, Wagner H, Takeda K, Akira S (2000) A toll-like receptor recognizes bacterial dna.
Nature 408:740–745.

Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, Horiuchi T, Tomizawa H,
Takeda K, Akira S (2002) Small anti-viral compounds activate immune cells via the tlr7
myd88-dependent signaling pathway. Nat Immunol 3:196–200.

Henderson B, Calderwood SK, Coates ARM, Cohen I, van Eden W, Lehner T, Pockley AG
(2010) Caught with their pamps down? the extracellular signalling actions of molecular
chaperones are not due to microbial contaminants. Cell Stress Chaperones 15:123–141.

Heppner FL, Greter M, Marino D, Falsig J, Raivich G, Hövelmeyer N, Waisman A,
Rülicke T, Prinz M, Priller J, Becher B, Aguzzi A (2005) Experimental autoimmune
encephalomyelitis repressed by microglial paralysis. Nat Med 11:146–152.

Hickey WF (1999) Leukocyte traffic in the central nervous system: the participants and
their roles. Semin Immunol 11:125–137.

Hickman SE, Allison EK, El Khoury J (2008) Microglial dysfunction and defective beta-
amyloid clearance pathways in aging alzheimer’s disease mice. J Neurosci 28:8354–8360.

Hoffmann O, Braun JS, Becker D, Halle A, Freyer D, Dagand E, Lehnardt S, We-
ber JR (2007) Tlr2 mediates neuroinflammation and neuronal damage. J Im-
munol 178:6476–6481.

Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M, Uematsu S, Noronha
A, Manoharan M, Akira S, de Fougerolles A, Endres S, Hartmann G (2005) Sequence-
specific potent induction of ifn-alpha by short interfering rna in plasmacytoid dendritic
cells through tlr7. Nat Med 11:263–270.

Hua F, Ma J, Ha T, Kelley J, Williams DL, Kao RL, Kalbfleisch JH, Browder IW, Li
C (2008) Preconditioning with a tlr2 specific ligand increases resistance to cerebral is-
chemia/reperfusion injury. J Neuroimmunol 199:75–82.

96



BIBLIOGRAPHY

Hua F, Ma J, Ha T, Kelley JL, Kao RL, Schweitzer JB, Kalbfleisch JH, Williams DL, Li
C (2009) Differential roles of tlr2 and tlr4 in acute focal cerebral ischemia/reperfusion
injury in mice. Brain Res 1262:100–108.

Hyakkoku K, Hamanaka J, Tsuruma K, Shimazawa M, Tanaka H, Uematsu S, Akira
S, Inagaki N, Nagai H, Hara H (2010) Toll-like receptor 4 (tlr4), but not tlr3 or tlr9,
knock-out mice have neuroprotective effects against focal cerebral ischemia. Neuro-
science 171:258–267.

Häcker H, Vabulas RM, Takeuchi O, Hoshino K, Akira S, Wagner H (2000) Immune
cell activation by bacterial cpg-dna through myeloid differentiation marker 88 and tumor
necrosis factor receptor-associated factor (traf)6. J Exp Med 192:595–600.

Iliev AI, Stringaris AK, Nau R, Neumann H (2004) Neuronal injury mediated via stimulation
of microglial toll-like receptor-9 (tlr9). FASEB J 18:412–414.

Jack CS, Arbour N, Manusow J, Montgrain V, Blain M, McCrea E, Shapiro A, Antel JP
(2005) Tlr signaling tailors innate immune responses in human microglia and astrocytes.
J Immunol 175:4320–4330.

Jaerve A, Müller HW (2012) Chemokines in cns injury and repair. Cell Tissue
Res 349:229–248.

Jana M, Palencia CA, Pahan K (2008) Fibrillar amyloid-beta peptides activate microglia
via tlr2: implications for alzheimer’s disease. J Immunol 181:7254–7262.

Janeway J C (1989) Approaching the asymptote? evolution and revolution in immunology.
Cold Spring Harb Symp Quant Biol 54 Pt 1:1–13.

Jensen CJ, Massie A, De Keyser J (2013) Immune players in the cns: the astrocyte. J
Neuroimmune Pharmacol 8:824–839.

Jiang D, Liang J, Fan J, Yu S, Chen S, Luo Y, Prestwich GD, Mascarenhas MM, Garg
HG, Quinn DA, Homer RJ, Goldstein DR, Bucala R, Lee PJ, Medzhitov R, Noble PW
(2005) Regulation of lung injury and repair by toll-like receptors and hyaluronan. Nat
Med 11:1173–1179.

Jin JJ, Kim HD, Maxwell JA, Li L, Fukuchi KI (2008) Toll-like receptor 4-dependent
upregulation of cytokines in a transgenic mouse model of alzheimer’s disease. J Neuroin-
flammation 5:23.

Jin MS, Kim SE, Heo JY, Lee ME, Kim HM, Paik SG, Lee H, Lee JO (2007) Crystal
structure of the tlr1-tlr2 heterodimer induced by binding of a tri-acylated lipopeptide.
Cell 130:1071–1082.

97



BIBLIOGRAPHY

Johnson CM, Tapping RI (2007) Microbial products stimulate human toll-like receptor 2
expression through histone modification surrounding a proximal nf-kappab-binding site. J
Biol Chem 282:31197–31205.

Jurk M, Heil F, Vollmer J, Schetter C, Krieg AM, Wagner H, Lipford G, Bauer S (2002)
Human tlr7 or tlr8 independently confer responsiveness to the antiviral compound r-848.
Nat Immunol 3:499.

Kakimura JI, Kitamura Y, Takata K, Umeki M, Suzuki S, Shibagaki K, Taniguchi T,
Nomura Y, Gebicke-Haerter PJ, Smith MA, Perry G, Shimohama S (2002) Microglial
activation and amyloid-beta clearance induced by exogenous heat-shock proteins. FASEB
J 16:601–603.

Karikó K, Ni H, Capodici J, Lamphier M, Weissman D (2004) mrna is an endogenous
ligand for toll-like receptor 3. J Biol Chem 279:12542–12550.

Kaul D, Habbel P, Derkow K, Krüger C, Franzoni E, Wulczyn FG, Bereswill S, Nitsch R,
Schott E, Veh R, Naumann T, Lehnardt S (2012) Expression of toll-like receptors in the
developing brain. PLoS One 7:e37767.

Kawai T, Adachi O, Ogawa T, Takeda K, Akira S (1999) Unresponsiveness of myd88-
deficient mice to endotoxin. Immunity 11:115–122.

Kawai T, Akira S (2008) Toll-like receptor and rig-i-like receptor signaling. Ann N Y Acad
Sci 1143:1–20.

Kawai T, Akira S (2010) The role of pattern-recognition receptors in innate immunity:
update on toll-like receptors. Nat Immunol 11:373–384.

Kawano H, Kimura-Kuroda J, Komuta Y, Yoshioka N, Li HP, Kawamura K, Li Y, Raisman
G (2012) Role of the lesion scar in the response to damage and repair of the central nervous
system. Cell Tissue Res 349:169–180.

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A (2011) Physiology of microglia.
Physiol Rev 91:461–553.

Kielian T, Esen N, Bearden ED (2005) Toll-like receptor 2 (tlr2) is pivotal for recognition
of s. aureus peptidoglycan but not intact bacteria by microglia. Glia 49:567–576.

Kielian T, Mayes P, Kielian M (2002) Characterization of microglial responses to staphy-
lococcus aureus: effects on cytokine, costimulatory molecule, and toll-like receptor expres-
sion. J Neuroimmunol 130:86–99.

98



BIBLIOGRAPHY

Kilic U, Kilic E, Matter CM, Bassetti CL, Hermann DM (2008) Tlr-4 deficiency pro-
tects against focal cerebral ischemia and axotomy-induced neurodegeneration. Neurobiol
Dis 31:33–40.

Kim Y, Zhou P, Qian L, Chuang JZ, Lee J, Li C, Iadecola C, Nathan C, Ding A (2007)
Myd88-5 links mitochondria, microtubules, and jnk3 in neurons and regulates neuronal
survival. J Exp Med 204:2063–2074.

Knott AB, Perkins G, Schwarzenbacher R, Bossy-Wetzel E (2008) Mitochondrial frag-
mentation in neurodegeneration. Nat Rev Neurosci 9:505–518.

Koblansky AA, Jankovic D, Oh H, Hieny S, Sungnak W, Mathur R, Hayden MS, Akira S,
Sher A, Ghosh S (2013) Recognition of profilin by toll-like receptor 12 is critical for host
resistance to toxoplasma gondii. Immunity 38:119–130.

Koedel U, Angele B, Rupprecht T, Wagner H, Roggenkamp A, Pfister HW, Kirschning CJ
(2003) Toll-like receptor 2 participates in mediation of immune response in experimental
pneumococcal meningitis. J Immunol 170:438–444.

Konat GW, Kielian T, Marriott I (2006) The role of toll-like receptors in cns response to
microbial challenge. J Neurochem 99:1–12.

Kono H, Rock KL (2008) How dying cells alert the immune system to danger. Nat Rev
Immunol 8:279–289.

Kreutzberg GW (1996) Microglia: a sensor for pathological events in the cns. Trends
Neurosci 19:312–318.

Kumar A, Loane DJ (2012) Neuroinflammation after traumatic brain injury: opportunities
for therapeutic intervention. Brain Behav Immun 26:1191–1201.

Laflamme N, Rivest S (2001) Toll-like receptor 4: the missing link of the cerebral innate
immune response triggered by circulating gram-negative bacterial cell wall components.
FASEB J 15:155–163.

Lai Y, Stange C, Wisniewski SR, Adelson PD, Janesko-Feldman KL, Brown DS, Kochanek
PM, Clark RSB (2006) Mitochondrial heat shock protein 60 is increased in cerebrospinal
fluid following pediatric traumatic brain injury. Dev Neurosci 28:336–341.

Lalancette-Hébert M, Phaneuf D, Soucy G, Weng YC, Kriz J (2009) Live imaging of
toll-like receptor 2 response in cerebral ischaemia reveals a role of olfactory bulb microglia
as modulators of inflammation. Brain 132:940–954.

99



BIBLIOGRAPHY

Landreth GE, Reed-Geaghan EG (2009) Toll-like receptors in alzheimer’s disease. Curr
Top Microbiol Immunol 336:137–153.

LeBouder E, Rey-Nores JE, Rushmere NK, Grigorov M, Lawn SD, Affolter M, Griffin GE,
Ferrara P, Schiffrin EJ, Morgan BP, Labéta MO (2003) Soluble forms of toll-like receptor
(tlr)2 capable of modulating tlr2 signaling are present in human plasma and breast milk.
J Immunol 171:6680–6689.

Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, Liu Y, Tsingalia A, Jin L,
Zhang PW, Pellerin L, Magistretti PJ, Rothstein JD (2012) Oligodendroglia metabolically
support axons and contribute to neurodegeneration. Nature 487:443–448.

Lehmann SM, Krüger C, Park B, Derkow K, Rosenberger K, Baumgart J, Trimbuch T,
Eom G, Hinz M, Kaul D, Habbel P, Kälin R, Franzoni E, Rybak A, Nguyen D, Veh
R, Ninnemann O, Peters O, Nitsch R, Heppner FL, Golenbock D, Schott E, Ploegh HL,
Wulczyn FG, Lehnardt S (2012a) An unconventional role for mirna: let-7 activates toll-like
receptor 7 and causes neurodegeneration. Nat Neurosci 15:827–835.

Lehmann SM, Rosenberger K, Krüger C, Habbel P, Derkow K, Kaul D, Rybak A, Brandt
C, Schott E, Wulczyn FG, Lehnardt S (2012b) Extracellularly delivered single-stranded
viral rna causes neurodegeneration dependent on tlr7. J Immunol 189:1448–1458.

Lehnardt S, Henneke P, Lien E, Kasper DL, Volpe JJ, Bechmann I, Nitsch R, Weber
JR, Golenbock DT, Vartanian T (2006) A mechanism for neurodegeneration induced
by group b streptococci through activation of the tlr2/myd88 pathway in microglia. J
Immunol 177:583–592.

Lehnardt S, Lachance C, Patrizi S, Lefebvre S, Follett PL, Jensen FE, Rosenberg PA,
Volpe JJ, Vartanian T (2002) The toll-like receptor tlr4 is necessary for lipopolysaccharide-
induced oligodendrocyte injury in the cns. J Neurosci 22:2478–2486.

Lehnardt S, Lehmann S, Kaul D, Tschimmel K, Hoffmann O, Cho S, Krueger C, Nitsch
R, Meisel A, Weber JR (2007a) Toll-like receptor 2 mediates cns injury in focal cerebral
ischemia. J Neuroimmunol 190:28–33.

Lehnardt S, Massillon L, Follett P, Jensen FE, Ratan R, Rosenberg PA, Volpe JJ, Vartanian
T (2003) Activation of innate immunity in the cns triggers neurodegeneration through a
toll-like receptor 4-dependent pathway. Proc Natl Acad Sci U S A 100:8514–8519.

Lehnardt S, Schott E, Trimbuch T, Laubisch D, Krueger C, Wulczyn G, Nitsch R, We-
ber JR (2008) A vicious cycle involving release of heat shock protein 60 from injured
cells and activation of toll-like receptor 4 mediates neurodegeneration in the cns. J Neu-
rosci 28:2320–2331.

100



BIBLIOGRAPHY

Lehnardt S, Wennekamp J, Freyer D, Liedtke C, Krueger C, Nitsch R, Bechmann I, Weber
JR, Henneke P (2007) Tlr2 and caspase-8 are essential for group b streptococcus-induced
apoptosis in microglia. J Immunol 179:6134–6143.

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA (1996) The dorsoventral
regulatory gene cassette spätzle/toll/cactus controls the potent antifungal response in
drosophila adults. Cell 86:973–983.

Letiembre M, Liu Y, Walter S, Hao W, Pfander T, Wrede A, Schulz-Schaeffer W, Fass-
bender K (2009) Screening of innate immune receptors in neurodegenerative diseases: a
similar pattern. Neurobiol Aging 30:759–768.

Leung PY, Stevens SL, Packard AEB, Lessov NS, Yang T, Conrad VK, van den Dungen
NNAM, Simon RP, Stenzel-Poore MP (2012) Toll-like receptor 7 preconditioning induces
robust neuroprotection against stroke by a novel type i interferon-mediated mechanism.
Stroke 43:1383–1389.

Levison SW, Druckman SK, Young GM, Basu A (2003) Neural stem cells in the sub-
ventricular zone are a source of astrocytes and oligodendrocytes, but not microglia. Dev
Neurosci 25:184–196.

Lull ME, Block ML (2010) Microglial activation and chronic neurodegeneration. Neu-
rotherapeutics 7:354–365.

Lyman M, Lloyd DG, Ji X, Vizcaychipi MP, Ma D (2014) Neuroinflammation: the role
and consequences. Neurosci Res 79:1–12.

Ma Y, Li J, Chiu I, Wang Y, Sloane JA, Lü J, Kosaras B, Sidman RL, Volpe JJ, Vartanian
T (2006) Toll-like receptor 8 functions as a negative regulator of neurite outgrowth and
inducer of neuronal apoptosis. J Cell Biol 175:209–215.

Macrez R, Ali C, Toutirais O, Le Mauff B, Defer G, Dirnagl U, Vivien D (2011) Stroke
and the immune system: from pathophysiology to new therapeutic strategies. Lancet
Neurol 10:471–480.

Marsh BJ, Williams-Karnesky RL, Stenzel-Poore MP (2009) Toll-like receptor signaling in
endogenous neuroprotection and stroke. Neuroscience 158:1007–1020.

Marsh BJ, Stenzel-Poore MP (2008) Toll-like receptors: novel pharmacological targets
for the treatment of neurological diseases. Curr Opin Pharmacol 8:8–13.

Marshall JD, Heeke DS, Gesner ML, Livingston B, Van Nest G (2007) Negative regulation
of tlr9-mediated ifn-alpha induction by a small-molecule, synthetic tlr7 ligand. J Leukoc
Biol 82:497–508.

101



BIBLIOGRAPHY

Marta M (2009) Toll-like receptors in multiple sclerosis mouse experimental models. Ann
N Y Acad Sci 1173:458–462.

Marta M, Andersson A, Isaksson M, Kämpe O, Lobell A (2008) Unexpected regula-
tory roles of tlr4 and tlr9 in experimental autoimmune encephalomyelitis. Eur J Im-
munol 38:565–575.

Matzinger P (1994) Tolerance, danger, and the extended family. Annu Rev Im-
munol 12:991–1045.

Mayer MP (2010) Gymnastics of molecular chaperones. Mol Cell 39:321–331.

Means TK, Wang S, Lien E, Yoshimura A, Golenbock DT, Fenton MJ (1999) Hu-
man toll-like receptors mediate cellular activation by mycobacterium tuberculosis. J Im-
munol 163:3920–3927.

Medawar PB (1948) Immunity to homologous grafted skin; the fate of skin homografts
transplanted to the brain, to subcutaneous tissue, and to the anterior chamber of the eye.
Br J Exp Pathol 29:58–69.

Merrill JE, Zimmerman RP (1991) Natural and induced cytotoxicity of oligodendrocytes
by microglia is inhibitable by tgf beta. Glia 4:327–331.

Minoretti P, Gazzaruso C, Vito CD, Emanuele E, Bianchi M, Coen E, Reino M, Geroldi D
(2006) Effect of the functional toll-like receptor 4 asp299gly polymorphism on susceptibility
to late-onset alzheimer’s disease. Neurosci Lett 391:147–149.

Mishra BB, Mishra PK, Teale JM (2006) Expression and distribution of toll-like receptors
in the brain during murine neurocysticercosis. J Neuroimmunol 181:46–56.

Mittelbronn M, Dietz K, Schluesener HJ, Meyermann R (2001) Local distribution of
microglia in the normal adult human central nervous system differs by up to one order of
magnitude. Acta Neuropathol 101:249–255.

Netea MG, van der Graaf C, Van der Meer JWM, Kullberg BJ (2004) Toll-like receptors
and the host defense against microbial pathogens: bringing specificity to the innate-
immune system. J Leukoc Biol 75:749–755.

Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo. Science 308:1314–1318.

Nishio S, Yunoki M, Chen ZF, Anzivino MJ, Lee KS (2000) Ischemic tolerance in the rat
neocortex following hypothermic preconditioning. J Neurosurg 93:845–851.

102



BIBLIOGRAPHY

Noelker C, Morel L, Lescot T, Osterloh A, Alvarez-Fischer D, Breloer M, Henze C, Dep-
boylu C, Skrzydelski D, Michel PP, Dodel RC, Lu L, Hirsch EC, Hunot S, Hartmann A
(2013) Toll like receptor 4 mediates cell death in a mouse mptp model of parkinson
disease. Sci Rep 3:1393.

Ohashi K, Burkart V, Flohé S, Kolb H (2000) Cutting edge: heat shock protein 60 is a
putative endogenous ligand of the toll-like receptor-4 complex. J Immunol 164:558–561.

Okamura Y, Watari M, Jerud ES, Young DW, Ishizaka ST, Rose J, Chow JC, Strauss
r J (2001) The extra domain a of fibronectin activates toll-like receptor 4. J Biol
Chem 276:10229–10233.

Oldenburg M, Krüger A, Ferstl R, Kaufmann A, Nees G, Sigmund A, Bathke B, Lauterbach
H, Suter M, Dreher S, Koedel U, Akira S, Kawai T, Buer J, Wagner H, Bauer S, Hochrein
H, Kirschning CJ (2012) Tlr13 recognizes bacterial 23s rrna devoid of erythromycin
resistance-forming modification. Science 337:1111–1115.

Olson JK, Miller SD (2004) Microglia initiate central nervous system innate and adaptive
immune responses through multiple tlrs. J Immunol 173:3916–3924.

Osterloh A, Meier-Stiegen F, Veit A, Fleischer B, von Bonin A, Breloer M
(2004) Lipopolysaccharide-free heat shock protein 60 activates t cells. J Biol
Chem 279:47906–47911.

Pais TF, Figueiredo C, Peixoto R, Braz MH, Chatterjee S (2008) Necrotic neurons enhance
microglial neurotoxicity through induction of glutaminase by a myd88-dependent pathway.
J Neuroinflammation 5:43.

Panaro MA, Lofrumento DD, Saponaro C, De Nuccio F, Cianciulli A, Mitolo V, Nicolardi
G (2008) Expression of tlr4 and cd14 in the central nervous system (cns) in a mptp mouse
model of parkinson’s-like disease. Immunopharmacol Immunotoxicol 30:729–740.

Parajuli B, Sonobe Y, Kawanokuchi J, Doi Y, Noda M, Takeuchi H, Mizuno T, Suzu-
mura A (2012) Gm-csf increases lps-induced production of proinflammatory mediators via
upregulation of tlr4 and cd14 in murine microglia. J Neuroinflammation 9:268.

Park C, Cho IH, Kim D, Jo EK, Choi SY, Oh SB, Park K, Kim JS, Lee SJ (2008) Toll-like
receptor 2 contributes to glial cell activation and heme oxygenase-1 expression in traumatic
brain injury. Neurosci Lett 431:123–128.

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos E, Silva
M, Galanos C, Freudenberg M, Ricciardi-Castagnoli P, Layton B, Beutler B (1998) De-

103



BIBLIOGRAPHY

fective lps signaling in c3h/hej and c57bl/10sccr mice: mutations in tlr4 gene. Sci-
ence 282:2085–2088.

Pradillo JM, Fernández-López D, García-Yébenes I, Sobrado M, Hurtado O, Moro MA,
Lizasoain I (2009) Toll-like receptor 4 is involved in neuroprotection afforded by ischemic
preconditioning. J Neurochem 109:287–294.

Prinz M, Garbe F, Schmidt H, Mildner A, Gutcher I, Wolter K, Piesche M, Schroers R,
Weiss E, Kirschning CJ, Rochford CDP, Brück W, Becher B (2006) Innate immunity
mediated by tlr9 modulates pathogenicity in an animal model of multiple sclerosis. J Clin
Invest 116:456–464.

Probert L, Akassoglou K, Pasparakis M, Kontogeorgos G, Kollias G (1995) Sponta-
neous inflammatory demyelinating disease in transgenic mice showing central nervous
system-specific expression of tumor necrosis factor alpha. Proc Natl Acad Sci U S
A 92:11294–11298.

Qiu J, Nishimura M, Wang Y, Sims JR, Qiu S, Savitz SI, Salomone S, Moskowitz MA
(2008) Early release of hmgb-1 from neurons after the onset of brain ischemia. J Cereb
Blood Flow Metab 28:927–938.

Raff MC, Whitmore AV, Finn JT (2002) Axonal self-destruction and neurodegeneration.
Science 296:868–871.

Raivich G, Bluethmann H, Kreutzberg GW (1996) Signaling molecules and neuroglial
activation in the injured central nervous system. Keio J Med 45:239–247.

Ransohoff RM, Brown MA (2012) Innate immunity in the central nervous system. J Clin
Invest 122:1164–1171.

Ransohoff RM, Kivisäkk P, Kidd G (2003) Three or more routes for leukocyte migration
into the central nervous system. Nat Rev Immunol 3:569–581.

Reder AT, Feng X (2014) How type i interferons work in multiple sclerosis and other
diseases: some unexpected mechanisms. J Interferon Cytokine Res 34:589–599.

Redlich S, Ribes S, Schütze S, Eiffert H, Nau R (2013) Toll-like receptor stimulation
increases phagocytosis of cryptococcus neoformans by microglial cells. J Neuroinflamma-
tion 10:71.

Richard KL, Filali M, Préfontaine P, Rivest S (2008) Toll-like receptor 2 acts as a natural
innate immune receptor to clear amyloid beta 1-42 and delay the cognitive decline in a
mouse model of alzheimer’s disease. J Neurosci 28:5784–5793.

104



BIBLIOGRAPHY

Rieu I, Powers SJ (2009) Real-time quantitative rt-pcr: design, calculations, and statistics.
Plant Cell 21:1031–1033.

Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF (1998) A family of human
receptors structurally related to drosophila toll. Proc Natl Acad Sci U S A 95:588–593.

Rock RB, Gekker G, Hu S, Sheng WS, Cheeran M, Lokensgard JR, Peterson PK
(2004) Role of microglia in central nervous system infections. Clin Microbiol
Rev 17:942–64, table of contents.

Rolls A, Shechter R, London A, Ziv Y, Ronen A, Levy R, Schwartz M (2007) Toll-like
receptors modulate adult hippocampal neurogenesis. Nat Cell Biol 9:1081–1088.

Rosenzweig HL, Minami M, Lessov NS, Coste SC, Stevens SL, Henshall DC, Meller R,
Simon RP, Stenzel-Poore MP (2007) Endotoxin preconditioning protects against the
cytotoxic effects of tnfalpha after stroke: a novel role for tnfalpha in lps-ischemic tolerance.
J Cereb Blood Flow Metab 27:1663–1674.

Sasai M, Oshiumi H, Matsumoto M, Inoue N, Fujita F, Nakanishi M, Seya T (2005) Cut-
ting edge: Nf-kappab-activating kinase-associated protein 1 participates in tlr3/toll-il-1
homology domain-containing adapter molecule-1-mediated ifn regulatory factor 3 activa-
tion. J Immunol 174:27–30.

Sasai M, Yamamoto M (2013) Pathogen recognition receptors: ligands and signaling
pathways by toll-like receptors. Int Rev Immunol 32:116–133.

Sato S, Nomura F, Kawai T, Takeuchi O, Mühlradt PF, Takeda K, Akira S (2000) Synergy
and cross-tolerance between toll-like receptor (tlr) 2- and tlr4-mediated signaling pathways.
J Immunol 165:7096–7101.

Savva A, Roger T (2013) Targeting toll-like receptors: Promising therapeutic strate-
gies for the management of sepsis-associated pathology and infectious diseases. Front
Immunol 4:387.

Scholtzova H, Kascsak RJ, Bates KA, Boutajangout A, Kerr DJ, Meeker HC, Mehta PD,
Spinner DS, Wisniewski T (2009) Induction of toll-like receptor 9 signaling as a method
for ameliorating alzheimer’s disease-related pathology. J Neurosci 29:1846–1854.

Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschning CJ (1999) Peptidoglycan-
and lipoteichoic acid-induced cell activation is mediated by toll-like receptor 2. J Biol
Chem 274:17406–17409.

105



BIBLIOGRAPHY

Stefano L, Racchetti G, Bianco F, Passini N, Gupta RS, Panina Bordignon P, Meldolesi
J (2009) The surface-exposed chaperone, hsp60, is an agonist of the microglial trem2
receptor. J Neurochem 110:284–294.

Stetler RA, Leak RK, Gan Y, Li P, Zhang F, Hu X, Jing Z, Chen J, Zigmond MJ, Gao Y
(2014) Preconditioning provides neuroprotection in models of cns disease: paradigms and
clinical significance. Prog Neurobiol 114:58–83.

Stevens SL, Ciesielski TMP, Marsh BJ, Yang T, Homen DS, Boule JL, Lessov NS, Simon
RP, Stenzel-Poore MP (2008) Toll-like receptor 9: a new target of ischemic preconditioning
in the brain. J Cereb Blood Flow Metab 28:1040–1047.

Streit WJ, Graeber MB, Kreutzberg GW (1988) Functional plasticity of microglia: a
review. Glia 1:301–307.

Sultzer BM (1968) Endotoxin-induced resistance to a staphylococcal infection: cellular
and humoral responses compared in two mouse strains. J Infect Dis 118:340–348.

Szczepanik AM, Ringheim GE (2003) Il-10 and glucocorticoids inhibit abeta(1-42)- and
lipopolysaccharide-induced pro-inflammatory cytokine and chemokine induction in the cen-
tral nervous system. J Alzheimers Dis 5:105–117.

Tahara K, Kim HD, Jin JJ, Maxwell JA, Li L, Fukuchi Ki (2006) Role of toll-like receptor
signalling in abeta uptake and clearance. Brain 129:3006–3019.

Takahashi K, Rochford CDP, Neumann H (2005) Clearance of apoptotic neurons with-
out inflammation by microglial triggering receptor expressed on myeloid cells-2. J Exp
Med 201:647–657.

Takeshita F, Suzuki K, Sasaki S, Ishii N, Klinman DM, Ishii KJ (2004) Transcriptional
regulation of the human tlr9 gene. J Immunol 173:2552–2561.

Takeuchi H, Jin S, Wang J, Zhang G, Kawanokuchi J, Kuno R, Sonobe Y, Mizuno
T, Suzumura A (2006) Tumor necrosis factor-alpha induces neurotoxicity via gluta-
mate release from hemichannels of activated microglia in an autocrine manner. J Biol
Chem 281:21362–21368.

Takeuchi O, Hoshino K, Akira S (2000) Cutting edge: Tlr2-deficient and myd88-deficient
mice are highly susceptible to staphylococcus aureus infection. J Immunol 165:5392–5396.

Takeuchi O, Kawai T, Mühlradt PF, Morr M, Radolf JD, Zychlinsky A, Takeda K,
Akira S (2001) Discrimination of bacterial lipoproteins by toll-like receptor 6. Int Im-
munol 13:933–940.

106



BIBLIOGRAPHY

Takeuchi O, Sato S, Horiuchi T, Hoshino K, Takeda K, Dong Z, Modlin RL, Akira S
(2002) Cutting edge: role of toll-like receptor 1 in mediating immune response to microbial
lipoproteins. J Immunol 169:10–14.

Tang SC, Arumugam TV, Xu X, Cheng A, Mughal MR, Jo DG, Lathia JD, Siler DA,
Chigurupati S, Ouyang X, Magnus T, Camandola S, Mattson MP (2007) Pivotal role for
neuronal toll-like receptors in ischemic brain injury and functional deficits. Proc Natl Acad
Sci U S A 104:13798–13803.

Tang SC, Yeh SJ, Li YI, Wang YC, Baik SH, Santro T, Widiapradja A, Manzanero S,
Sobey CG, Jo DG, Arumugam TV, Jeng JS (2013) Evidence for a detrimental role of tlr8
in ischemic stroke. Exp Neurol 250:341–347.

Tauber SC, Ebert S, Weishaupt JH, Reich A, Nau R, Gerber J (2009) Stimulation of
toll-like receptor 9 by chronic intraventricular unmethylated cytosine-guanine dna infu-
sion causes neuroinflammation and impaired spatial memory. J Neuropathol Exp Neu-
rol 68:1116–1124.

Tian J, Avalos AM, Mao SY, Chen B, Senthil K, Wu H, Parroche P, Drabic S, Golenbock D,
Sirois C, Hua J, An LL, Audoly L, La Rosa G, Bierhaus A, Naworth P, Marshak-Rothstein
A, Crow MK, Fitzgerald KA, Latz E, Kiener PA, Coyle AJ (2007) Toll-like receptor 9-
dependent activation by dna-containing immune complexes is mediated by hmgb1 and
rage. Nat Immunol 8:487–496.

Tsunawaki S, Sporn M, Ding A, Nathan C (1988) Deactivation of macrophages by trans-
forming growth factor-beta. Nature 334:260–262.

Underhill DM, Ozinsky A, Smith KD, Aderem A (1999) Toll-like receptor-2 mediates
mycobacteria-induced proinflammatory signaling in macrophages. Proc Natl Acad Sci U
S A 96:14459–14463.

Vabulas RM, Ahmad-Nejad P, da Costa C, Miethke T, Kirschning CJ, Häcker H, Wag-
ner H (2001) Endocytosed hsp60s use toll-like receptor 2 (tlr2) and tlr4 to acti-
vate the toll/interleukin-1 receptor signaling pathway in innate immune cells. J Biol
Chem 276:31332–31339.

Vacchelli E, Eggermont A, Sautès-Fridman C, Galon J, Zitvogel L, Kroemer G, Galluzzi
L (2013) Trial watch: Toll-like receptor agonists for cancer therapy. Oncoimmunol-
ogy 2:e25238.

van den Pol AN, Ding S, Robek MD (2014) Long-distance interferon signaling within the
brain blocks virus spread. J Virol 88:3695–3704.

107



BIBLIOGRAPHY

Varvel NH, Grathwohl SA, Baumann F, Liebig C, Bosch A, Brawek B, Thal DR, Charo
IF, Heppner FL, Aguzzi A, Garaschuk O, Ransohoff RM, Jucker M (2012) Microglial
repopulation model reveals a robust homeostatic process for replacing cns myeloid cells.
Proc Natl Acad Sci U S A 109:18150–18155.

Vila N, Castillo J, Dávalos A, Chamorro A (2000) Proinflammatory cytokines and early
neurological worsening in ischemic stroke. Stroke 31:2325–2329.

Visintin A, Mazzoni A, Spitzer JH, Wyllie DH, Dower SK, Segal DM (2001) Regulation
of toll-like receptors in human monocytes and dendritic cells. J Immunol 166:249–255.

Wagstaff MJ, Collaço-Moraes Y, Aspey BS, Coffin RS, Harrison MJ, Latchman DS, de
Belleroche JS (1996) Focal cerebral ischaemia increases the levels of several classes of
heat shock proteins and their corresponding mrnas. Brain Res Mol Brain Res 42:236–244.

Walter S, Letiembre M, Liu Y, Heine H, Penke B, Hao W, Bode B, Manietta N, Walter J,
Schulz-Schuffer W, Fassbender K (2007) Role of the toll-like receptor 4 in neuroinflam-
mation in alzheimer’s disease. Cell Physiol Biochem 20:947–956.

Wang YC, Lin S, Yang QW (2011) Toll-like receptors in cerebral ischemic inflammatory
injury. J Neuroinflammation 8:134.

Watson J, Riblet R (1974) Genetic control of responses to bacterial lipopolysaccharides
in mice. i. evidence for a single gene that influences mitogenic and immunogenic respones
to lipopolysaccharides. J Exp Med 140:1147–1161.

Watters TM, Kenny EF, O’Neill LAJ (2007) Structure, function and regulation of the
toll/il-1 receptor adaptor proteins. Immunol Cell Biol 85:411–419.

Weber JR, Tuomanen EI (2007) Cellular damage in bacterial meningitis: an interplay of
bacterial and host driven toxicity. J Neuroimmunol 184:45–52.

Weiner HL, Frenkel D (2006) Immunology and immunotherapy of alzheimer’s disease. Nat
Rev Immunol 6:404–416.

Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, Takeuchi O, Sugiyama
M, Okabe M, Takeda K, Akira S (2003) Role of adaptor trif in the myd88-independent
toll-like receptor signaling pathway. Science 301:640–643.

Yamamoto M, Sato S, Hemmi H, Sanjo H, Uematsu S, Kaisho T, Hoshino K, Takeuchi
O, Kobayashi M, Fujita T, Takeda K, Akira S (2002a) Essential role for tirap in activation
of the signalling cascade shared by tlr2 and tlr4. Nature 420:324–329.

108



BIBLIOGRAPHY

Yamamoto M, Sato S, Mori K, Hoshino K, Takeuchi O, Takeda K, Akira S (2002b) Cutting
edge: a novel toll/il-1 receptor domain-containing adapter that preferentially activates the
ifn-beta promoter in the toll-like receptor signaling. J Immunol 169:6668–6672.

Yang QW, Lu FL, Zhou Y, Wang L, Zhong Q, Lin S, Xiang J, Li JC, Fang CQ, Wang JZ
(2011) Hmbg1 mediates ischemia-reperfusion injury by trif-adaptor independent toll-like
receptor 4 signaling. J Cereb Blood Flow Metab 31:593–605.

Yarovinsky F, Sher A (2006) Toll-like receptor recognition of toxoplasma gondii. Int J
Parasitol 36:255–259.

Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski R, Golenbock D (1999) Cutting
edge: recognition of gram-positive bacterial cell wall components by the innate immune
system occurs via toll-like receptor 2. J Immunol 163:1–5.

Yu L, Wang L, Chen S (2010) Endogenous toll-like receptor ligands and their biological
significance. J Cell Mol Med 14:2592–2603.

Yu ZQ, Zha JH (2012) Genetic ablation of toll-like receptor 2 reduces secondary brain
injury caused by cortical contusion in mice. Ann Clin Lab Sci 42:26–33.

Zhang D, Zhang G, Hayden MS, Greenblatt MB, Bussey C, Flavell RA, Ghosh S
(2004) A toll-like receptor that prevents infection by uropathogenic bacteria. Sci-
ence 303:1522–1526.

Zhang D, Sun L, Zhu H, Wang L, Wu W, Xie J, Gu J (2012a) Microglial lox-1 re-
acts with extracellular hsp60 to bridge neuroinflammation and neurotoxicity. Neurochem
Int 61:1021–1035.

Zhang Z, Zhang ZY, Wu Y, Schluesener HJ (2012b) Immunolocalization of toll-like
receptors 2 and 4 as well as their endogenous ligand, heat shock protein 70, in rat traumatic
brain injury. Neuroimmunomodulation 19:10–19.

Zhou H, Lapointe BM, Clark SR, Zbytnuik L, Kubes P (2006) A requirement for mi-
croglial tlr4 in leukocyte recruitment into brain in response to lipopolysaccharide. J Im-
munol 177:8103–8110.

Ziegler G, Harhausen D, Schepers C, Hoffmann O, Röhr C, Prinz V, König J, Lehrach H,
Nietfeld W, Trendelenburg G (2007) Tlr2 has a detrimental role in mouse transient focal
cerebral ischemia. Biochem Biophys Res Commun 359:574–579.

109





List of Figures

1.1 TLR signaling cascade. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1 Mixed CNS culture and neuronal culture. . . . . . . . . . . . . . . . . . . 25
2.2 The five brain levels as mounted on glass slides. . . . . . . . . . . . . . . 27

3.1 Combined activation of distinct TLRs results in an elevated or suppressed
pro-inflammatory response from microglia. . . . . . . . . . . . . . . . . . 37

3.2 Single and combined TLR activation mediates a distinct cytokine and chemokine
profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3 Combined activation of distinct TLRs results in an elevated or suppressed
release of neurotoxic nitric oxide from microglia. . . . . . . . . . . . . . . 40

3.4 The inflammatory response of microglia is enhanced after combined stimu-
lation with the endogenous TLR4 ligand HSP60 and the exogenous TLR2
ligand Pam3CSK4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.5 Simultaneous challenge of TLR2 and TLR4 with exogenous TLR ligands
enhances microglia-dependent neuronal injury in vitro. . . . . . . . . . . . 44

3.6 HSP60-induced neuronal loss is dependent on microglial TLR4 in vitro. . . 45
3.7 Simultaneous challenge of TLR4 and TLR7 with the endogenous ligand

HSP60 and exogenous ligand Loxoribine causes increased neuronal loss. . . 46
3.8 Regulation of relative mRNA levels of TLR1-9 and the central adaptor

molecule MyD88 in the murine brain after intrathecal injection of specific
exogenous TLR ligands. . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.9 Activation of TLRs by intrathecal injection of specific exogenous TLR ligands
provokes neuronal injury in the cerebral cortex. Activation of TLR2, TLR7
or TLR9 causes profound loss of neurons and axons. . . . . . . . . . . . . 52

3.10 Challenge with exogenous TLR ligands in vivo elicits an inflammatory re-
sponse in the CNS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.11 HSP60 causes TLR4-dependent and MyD88-involving CNS damage in vivo.
Intrathecal injection of HSP60 results in a significant loss of neurons in the
cerebral cortex and of axonal structures in the corpus callosum associated
with apoptosis in wild-type, but not TLR4 -/- or MyD88 -/- mice. . . . . . 55

xiii



3.12 Subsequent challenge with HSP60 does not exacerbate TLR-induced CNS
damage or inflammation in the cerebral cortex. Neuronal and axonal loss
mediated by activation of TLR2 or TLR7 with exogenous agonists is not
amplified by subsequent exposure to the endogenous TLR4 ligand HSP60. 57

3.13 Challenge with HSP60 results in demyelination dependent on TLR4 and
MyD88 in vivo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.14 Brains challenged with HSP60 do not display major signs of glial activation
in vivo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.15 Stimulation of the CNS with HSP60 in vivo does not trigger a considerable
inflammatory response. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.16 Expression of neurotoxic metabolite-producing enzymes and production of
nitric oxide are not enhanced in brains challenged with HSP60 in vivo. . . . 62

3.17 In contrast to LPS, HSP60 does not induce a considerable inflammatory
response in the brain in vivo. . . . . . . . . . . . . . . . . . . . . . . . . 64

3.18 HSP60 is predominantly present in neurons of the CNS. . . . . . . . . . . 66
3.19 The amount of HSP60 is increased in the cerebrospinal fluid of stroked mice. 67

xiv



List of Tables

2.1 Consumables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Reagents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 Kits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4 TLR Ligands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5 RT2 qPCR Primer Assays. . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.6 Antibodies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.7 Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.8 Buffers, Media and Solutions. . . . . . . . . . . . . . . . . . . . . . . . 21

xv





Publications

Boato F, Hechler D, Rosenberger K, Lüdecke D, Peters EM, Nitsch R, Hendrix S (2011)
Interleukin-1 beta and neurotrophin-3 synergistically promote neurite growth in vitro.
J Neuroinflammation 8:183.

Boato F, Rosenberger K, Nelissen S, Geboes L, Peters EM, Nitsch R, Hendrix S (2013)
Absence of il-1 beta positively affects neurological outcome, lesion development and
axonal plasticity after spinal cord injury. J Neuroinflammation 10:6.

Lehmann SM, Krüger C, Park B, Derkow K, Rosenberger K, Baumgart J, Trimbuch T,
Eom G, Hinz M, Kaul D, Habbel P, Kälin R, Franzoni E, Rybak A, Nguyen D, Veh R,
Ninnemann O, Peters O, Nitsch R, Heppner FL, Golenbock D, Schott E, Ploegh HL,
Wulczyn FG, Lehnardt S (2012a) An unconventional role for mirna: let-7 activates
toll-like receptor 7 and causes neurodegeneration. Nat Neurosci 15:827–835.

Lehmann SM, Rosenberger K, Krüger C, Habbel P, Derkow K, Kaul D, Rybak A, Brandt C,
Schott E, Wulczyn FG, Lehnardt S (2012b) Extracellularly delivered single-stranded
viral rna causes neurodegeneration dependent on tlr7. J Immunol 189:1448–1458.

Rosenberger K, Dembny P, Derkow K, Engel O, Krüger C, Meisel A, Lehnardt S Intrathecal
heat shock protein 60 causes neurodegeneration and demyelination in the cns through
a tlr4- and myd88-dependent pathway. in revision, Mol Neurodegener

Rosenberger K, Derkow K, Dembny P, Krüger C, Lehnardt S The impact of single and
pair-wise toll-like receptor activation on neuroinflammation and neurodegeneration.
in revision, J Neuroinflammation

Schneider P, Weber M, Rosenberger K, Hoffmeister D (2007) A one-pot chemoenzymatic
synthesis for the universal precursor of antidiabetes and antiviral bis-indolyl-quinones.
Chem Biol 14:635–644.

Stadler K, Bierwirth C, Stoenica L, Battefeld A, Reetz O, Mix E, Schuchmann S, Velmans
T, Rosenberger K, Bräuer AU, Lehnardt S, Nitsch R, Budt M, Wolff T, Kole MHP,
Strauss U (2014) Elevation in type i interferons inhibits hcn1 and slows cortical
neuronal oscillations. Cereb Cortex 24:199–210.

xvii





Danksagung

Allen voran danke ich Prof. Dr. Seija Lehnardt für die Bereitstellung dieser interessanten
Aufgabe. Ohne ihr Enthusiasmus, herzliche Betreuung und ihr Vertrauen in mich, wäre diese
Arbeit nicht möglich gewesen.

Herrn Prof. Dr. Heyd danke ich für seine freundliche Zusage zur kurzfristigen Übernahme
des Zweitgutachtens.

Herrn Dr. Odilo Engel danke ich für die Bereitstellung der MCAo Mäuse.

Allen ehemaligen und aktuellen Mitarbeitern des Instituts für Zell- und Neurobiologie danke
ich für die angenehme Zusammenarbeit und den Zusammenhalt. Insbesondere bedanke ich
mich bei Marni Pollrich, das Herzstück des Instituts, für ihre Hilfe bei allen verwaltungsre-
levanten Aufgaben, bei Karl Roth für die schnelle Lösung von Probleme mit dem PC und
Jutta Schüler für ihre Expertise in der Mikroskopie. Ich bedanke mich herzlich bei der AG
Lehnardt und AG Wulczyn für die angenehme Arbeitsatmosphäre, den wissenschaftlichen
Austausch und die erheiternden Mittagessen. Vor allem bedanke ich mich bei Dr. Katja
Derkow für ihre aufmunternde Worte und die Unterstützung, sowohl fachlicher als auch
privater Art. Christina Krüger danke ich für Ihre technische Hilfe und ihren unermüdlichen
Einsatz das Labor am laufen zu halten. Dr. Anna Rohde danke ich für ihre positive und
offene Art und die hilfreichen Tipps in der letzten Phase dieser Arbeit.

Ich danke meiner Familie für Ihre liebevolle Unterstützung, unendliche Geduld und ihr Glau-
be in mich. Meinem Freund Matthias und meinem Sohn Xavi danke ich aus tiefstem Herzen
dafür, dass sie da sind.

xix





Ich versichere hiermit, dass ich die vorliegende Dissertation selbst und ohne unzulässi-
ge Hilfe Dritter verfasst habe und die benutzten Hilfsmittel sowie die Literatur vollständig
angegeben sind. Ich versichere, dass diese Arbeit in dieser oder anderer Form noch keiner
anderen Prüfungsbehörde vorgelegt wurde und mir der Inhalt der Promotionsordnung des
Fachbereichs Biologie, Chemie und Pharmazie der Freien Universität Berlin vom 04.09.2007
(mit der Ergänzung vom 07.02.2008) bekannt ist.

Berlin,

Karen Rosenberger

xxi


