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Abstract
Alzheimer’s disease (AD) is the most common neurodegenerative disease in the
elderly. It is mainly characterized by the deposition of amyloid plaques and neurofibrillary
tangles. In addition, inflammatory processes in the brain are a well described feature of AD.
The contribution of inflammation to the pathological progression is still under debate.
Epidemiological studies have shown that the use of non-steroidal-anti-inflammatory drugs
(NSAIDs) delayed the onset, slowed the cognitive decline, and decreased the incidence of
AD. However, so far the results of pharmacological studies in both mice and humans are
inconsistent.
In this thesis, inflammatory processes in the 5XFAD mouse model were characterized
before using it to study the effect of ibuprofen. Assessment of inflammatory changes in the
mice, revealed an upregulation of a broad range of microglial and astroglial markers,
validating the suitability of the model for studying anti-inflammatory therapeutics.
The

influence

of

long-term

treatment

with

the

NSAID

ibuprofen

on

neuroinflammation, amyloid pathology and cognitive functions in the 5XFAD mouse model
was analyzed. Treatment with ibuprofen resulted in suppression of inflammation in the
5XFAD mouse model. Surprisingly, an increase in soluble Aβ42 levels and an aggravation of
some behavioral parameters were also noted, raising the question of whether suppression of
inflammation is beneficial in AD.
In addition to plaque development, AD patients often demonstrate an accumulation of
Aβ in blood vessels (cerebral amyloid angiopathy, CAA). Occurrence of CAA is associated
with increased number of hemorrhages during passive immunizations due to direct binding of
anti-Aβ antibody to cerebral amyloid. For safer therapeutic approaches, it is therefore
necessary to study the association of promising antibodies with the vasculature in the human
brain.
Our group has generated a conformation-dependent monoclonal antibody, 9D5, that
selectively recognizes low-molecular weight pyroglutamate AβpE3 oligomers, and
demonstrated its diagnostic and therapeutic potential. In this work, the CAA staining pattern
of the 9D5 antibody was assessed and the question was addressed whether the 9D5 antibody
recognizes the same amount of CAA as other Aβ antibodies. The 9D5 antibody exhibited a
limited detection of CAA, indicating that passive immunization with 9D5 antibodies will
likely yield fewer side effects due to possible cerebral hemorrhages in sporadic AD patients.

III

Up to two-thirds of the AD patients also develop α-synuclein positive Lewy bodies
and Lewy neurites, the major pathological hallmarks of Parkinson’s disease. The interaction
of α-synuclein with Aβ and the impact of α-synuclein on pathology progression has been a
matter of scientific debate.
In a pilot study, the effect of α-synuclein overexpression on Aβ pathology in the
5XFAD mouse model was analyzed. Stereotactic injection of α-synuclein AAV constructs led
to development of Lewy neurites. Only a minor degree of overlap between Aβ and αsynuclein pathology was seen, arguing against an interaction of both proteins.
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1. Introduction

1. Introduction
1.1. Alzheimer’s disease
Alzheimer’s disease (AD) is a neurodegenerative disease which represents the most
common form of dementia in the elderly population today. The disease, that is characterized
by extracellular plaques, neurofibrillary tangles and brain atrophy, was documented more than
100 years ago by the German psychiatrist Dr. Alois Alzheimer.

1.1.1. Epidemiology
In 2010, 35.6 million people worldwide suffered from dementia with AD, accounting
for 60 to 80 percent of the cases. Due to the international increase in life expectancies, the
number of AD patients is predicted to increase dramatically in the near future, reaching 115
million by 2050 (Thies and Bleiler, 2011).
Today, 1.2 million people suffer from dementia in Germany. This number is expected
to increase to 1.4 million by 2020 and to 2 million by 2050. Two thirds of these cases are
caused by AD (Deutsche Alzheimer Gesellschaft, 2010).
According the World Alzheimer Report 2010, worldwide costs of dementia exceed 1%
of global gross domestic product. By 2030, worldwide social costs will increase by 85 %
(Wimo and Prince, 2010).

1.1.2. Clinical features
It is believed that the neurodegenerative processes of AD are already ongoing for 20 to
30 years before the appearance of clinical symptoms. In this preclinical phase, plaques and
tangles accumulate, and, after reaching a certain threshold, the first symptoms appear. In the
mild cognitive impairment (MCI) phase, patients demonstrate a memory loss to a greater
extent than one would expect for normal aging (Arnáiz and Almkvist, 2003). MCI patients
often display subtle problems with attention and executive function, abstract thinking and
impairments in semantic memory, even though their daily living is not affected by it
(Bäckman et al, 2004).
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With progression of the disease, other cognitive domains are affected, leading to more
severe symptoms including confusion, irritability, aggression and mood swings. The
progressive impairment of learning and memory in the patients requires a close supervision of
their daily lives as they are unable to plan, judge, and organize tasks (Förstl and Kurz, 1999).
Up to 20% of the patients also develop hallucinations (Perry et al., 1990). At the late disease
stage, the memory is impaired to a degree that even biographical memories cannot be
recalled. Also, language is severely impaired, with patients using only simple sentences or
even just words to articulate their needs (Förstl and Kurz, 1999). Occurrence of motor
impairments is also commonly observed in AD patients, ranging from poor facial expression,
rigidity and posture/gait to bradykinesia (Scarmeas et al., 2004).

1.1.3. Current treatments
Despite tremendous efforts in clinical research, there is currently no treatment for AD.
All of the approved drugs are only for symptomatic treatment and cannot change the natural
course of the disease. The development of these drugs was based on the neurotransmitter
disturbances apparent in AD.
Current symptomatic drugs include the acetylcholinesterase inhibitors, donepezil,
galantamine and rivastigmine. These drugs aim to overcome the loss of cholinergic neurons
seen in AD by increasing the availability of acetylcholine through inhibition of its degradation
in the synaptic cleft. Furthermore, N-methyl-D-aspartate (NMDA)-receptor antagonists are
used for therapy. They protect neurons from glutamate-mediated excitotoxicity without
preventing physiological activation of the NMDA receptor. Memantine is the only approved
drug out of this group (Scarpini et al., 2003). Acetyl cholinesterase inhibitors have been
proven to be effective in mild to moderate AD (Birks, 2006).
In addition, antipsychotic drugs like risperidone and olanzapine can be used to reduce
behavioral symptoms such as aggression and psychosis in the patients. However, the drugs are
associated with serious side effects, and their use is only advised in severe cases (Ballard and
Waite, 2006).
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1.2. Neuropathological hallmarks

1.2.1. Amyloid plaques
Amyloid plaques are spherical protein accumulations that can be divided into two
types: neuritic and diffuse plaques.
Neuritic plaques consist of microscopic foci of extracellular filamentous amyloid beta
(Aβ) protein displaying a cross-sectional diameter ranging from 10 to 120 µm. Dystrophic
neurites, containing enlarged lysosomes, degenerating mitochondria and paired helical
filaments, are found in the vicinity of the plaques (Fig.1). Also, inflammatory markers, such
as microglia and astrocytes, are commonly associated with neuritic plaques (Selkoe, 2001)
In contrast, diffuse plaques harbor less immunoreactivity and their diameters differ
from 50 µm to several hundred µm. This type of plaque has been found largely in nondemented subjects and may represent a precursor to neuritic plaque generation (Duyckaerts et
al., 2009).

1.2.2. Neurofibrillary tangles
Another pathological hallmark of AD is the occurrence of neurofibrillary tangles
(NFTs) in the cell body and in apical dendrites (Fig.1). NFTs consist of hyperphosphorylated
tau formed into paired helical filaments. The tau protein belongs to the group of microtubuleassociated proteins and is associated with axonal stabilization processes (Dixit et al., 2008).
However, under pathological conditions, tau gets hyperphosphorylated and accumulates in the
somatodendritic compartment of neurons (Ballatore et al., 2007).
In the human brain, six tau isoforms are derived by alternative mRNA splicing from a
single gene (Goedert et al., 1989). Phosphorylation takes place in a post-translational step,
mainly at serine and threonine residues of the protein (Chen et al., 2004). Several kinases
have been identified to be involved in this step, such as glycogen synthase kinase 3 (GSK-3),
cyclin-dependent kinase 5 (CDK-5) and mitogen-activated protein kinase (MAPK) (Baumann
et al., 1993; Mandelkow et al., 1993).
Tau pathology has been found to correlate better with the cognitive decline in patients
than the plaque pathology and is therefore commonly used for post-mortem staging of AD
(Braak and Braak, 1991).
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Fig. 1 Plaques and tangles in the cerebral cortex in Alzheimer’s disease: Plaques are extracellular deposits of
Aβ surrounded by dystrophic neurites, reactive astrocytes, and microglia, whereas tangles are intracellular
aggregates composed of a hyperphosphorylated form of the microtubule-associated protein tau (Blennow et al.,
2006).

1.2.3. Cerebral amyloid angiopathy
AD patients often display a third pathological hallmark. In addition to extracellular
amyloid deposits and NFTs, these patients show cerebral amyloid angiopathy (CAA), an
accumulation of Aβ in blood vessels in the cerebral and cerebellar cortex (Ellis et al., 1996).
CAA is present in the brains of the elderly with an age-related prevalence from 10% to
40%. However, its incidence in Alzheimer disease is much higher ranging from 25% to 80%
(Tomimoto et al., 1999; Herzig et al., 2006).
Meningeal and cerebral ateries, and to a lesser degree capillaries and veins, are
affected by CAA, while white matter blood vessels are usually spared (Jellinger, 2002).
Deposition of vascular amyloid can result in cerebral blood flow dysregulation, breakdown of
the blood-brain barrier (BBB) and microhemorrhages (Zlokovic, 2011).
The contribution of CAA to the cognitive decline in AD is still unclear. Minor CAA
seems to be without effect on the cognitive decline in severe Alzheimer pathology, while both
mild Alzheimer pathology and small vessel disease may interact synergistically. However,
severe amyloid angiopathy has an important role in the cognitive symptoms in AD patients
(Jellinger, 2007).
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1.2.4. Synaptic deficits and neuron loss
Synapse and synaptic protein loss has been shown to be a key feature in memory
dysfunction. AD patients show a reduction of synaptic markers in the temporal and frontal
cortices (Davies et al., 1987). However, in the majority of cases, the hippocampus seems to be
more affected compared with other brain regions (Honer, 2003).
Synaptic loss is currently one of the best neurobiological correlates with the cognitive
deficits seen in AD. Decrease in synapse numbers significantly correlate with the mini mental
state examination performance of the patients (DeKosky and Scheff, 1990). A more detailed
comparison of neuropsychological tests with structural and neurochemical measurements
revealed neocortical synapse density as a major correlate to the cognitive performance. While
plaques and tangles only demonstrated weak connections (Terry et al., 1991), the severity of
synapse loss depends on the disease stage. Patients with MCI had synapse reductions of 18%,
whereas mild AD patients demonstrated a loss of 55% in comparison to healthy controls
(Scheff et al., 2007).
Another important marker for cognitive decline in AD is neuron loss. AD patients
show a prominent reduction in neuron numbers, especially in the temporal cortex and the CA1
region of the hippocampus (West et al., 1994). In addition, studies have also revealed neuron
loss in the locus coeruleus, nucleus basalis, substantia nigra and raphe nucleus, with the
degree of neuron loss differing between the regions (Hoogendijk et al., 1995; Zarow et al.,
2003; Lyness et al., 2003). The nucleus basalis of Mynert undergoes a profound neuron loss
which may exceed 75% (Whitehouse et al., 1982). In comparison, unbiased stereological
counting revealed a neuron loss of approximately 50% in the superior temporal cortex
(Gómez-Isla et al., 1997).
Brains of AD patients exhibit a prominent atrophy represented by enlargement of the
ventricles, widening of the sulci and shrinkage of the gyri. The most pronounced atrophic
changes are found in the hippocampus. An MRI-based analysis revealed a reduction of
hippocampal volume of about 30% in comparison to healthy controls (Bobinski et al., 1996).
In addition, changes in the entorhinal cortex and the amygdala can also appear (Bottino et al.,
2002).
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1.2.5. Inflammation
Inflammatory processes in the brain are a well described feature of AD. However,
their contribution to the pathological progression is still under debate, as there have been
reports demonstrating toxic or even beneficial effects (Boche and Nicoll, 2008). Inflammation
is thought to be a downstream process appearing after Aβ plaques, NFTs and neuron
degeneration (Arnaud et al., 2006).
Increased astrogliosis, measured by glial fibrillary acidic protein (GFAP)
concentration, is found in cortex, thalamus, brainstem and cerebellum in AD brains
(Delacourte, 1990). Aggregation of Aβ results in activated microglia and induces the
production of reactive-oxygen species, pro-inflammatory cytokines, chemokines and
prostaglandines leading to degenerative changes in neurons (Akiyama et al., 2000). On the
other hand, microglia cells have been demonstrated to mediate soluble Aβ macropinocytosis
and efficient degradation in endolysosomal compartments (Mandrekar et al., 2009).
Epidemiological studies demonstrated that patients with rheumatoid disease taking
anti-inflammatory drugs have a lower prevalence of AD, a finding that underlines the
influence of inflammatory processes in AD pathology (in t’ Veld et al., 2001). In addition, a
recent study demonstrated that cognitive function was inversely associated with GFAP load in
the occipital, parietal and temporal lobes independent of NFT deposition (Kashon et al.,
2004).

1.2.6. Synucleopathies
α-synuclein is a ubiquitous presynaptic protein of unknown function, which plays a
role in neurodegenerative diseases, termed synucleopathies. Disruption of axonal transport
leads to aggregation of the protein in the cell body and dystrophic neurites (Murphy et al.,
2000).
α-synuclein is a major component of Lewy bodies and Lewy neurites, the
neuropathological hallmarks of Parkinson’s disease (PD) (Hamilton, 2000). Interestingly,
60% of AD cases show an accumulation of α-synuclein in Lewy bodies in the amygdala,
cortex and cerebellum (Hamilton, 2000; Kotzbauer et al., 2001). Furthermore, an increasing
number of cases with overlapping AD and PD pathologies have been identified, coined
dementia with Lewy bodies (DLB) (Lippa et al., 2007). DLB patients exhibit more severe
symptoms and have a faster rate of cognitive decline than AD patients (Kraybill et al., 2005).
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1.3. Generation of Abeta
1.3.1. The amyloid precursor protein
Aβ is derived from a larger precursor protein, the amyloid precursor protein (APP),
which is a single-transmembrane glycoprotein located on chromosome 21 (Goldgaber et al.,
1987; Kang et al., 1987). APP belongs to a gene family consisting of three members: APP and
two amyloid precursor like proteins (APLP). APLP-1 and 2 are also type-1 transmembrane
proteins demonstrating a significant sequence homology to APP in their ectodomains; though,
only APP possesses the Aβ sequence (Thinakaran and Koo, 2008).
The APP gene contains 19 exons, of which three can be alternatively spliced resulting
in the expression of three APP isoforms: APP695, APP751 and APP770 (Tanzi et al., 1988).
The APP isoforms 751 and 770 are widely expressed in non-neuronal cells, but can also occur
in neurons. APP695 is predominantly expressed in neurons and is the most abundant form in
the human brain. In neurons, APP occurs in the perikaya, nerve terminals, dendrites and
synapses in which it undergoes fast anterograde axonal transport (Koo et al., 1990).
The physiological function of APP remains largely undetermined. Roles in neurite
outgrowth, synaptogenesis, neuronal protein trafficking, transmembrane signal transduction,
cell adhesion and calcium metabolism have been suggested (Zheng et al., 1995). Furthermore,
APP 751 and 770 are believed to play a role in the blood coagulation (Smith et al., 1990).

1.3.2. Processing of APP
The processing of APP occurs in two distinct pathways: the amyloidogenic and the
non-amyloidogenic pathway. The three secretases active in the processing are: alpha-secretase
(α-secretase), beta-secretase (β-secretase) and gamma-secretase (γ-secretase) (Fig. 2).
In the non-amyloidogenic pathways, α-secretase cleaves APP twelve amino acids from
the transmembrane domain at the N-terminal, liberating a large soluble fragment (sAPPα)
from the membrane. The remaining membrane-bound C-terminal Fragment of 83 amino-acids
(CTFα) is then processed by γ-secretase to release the short p3 fragment and the APP
intracellular domain (AICD).
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Fig. 2 APP processing: Schematic overview of proteolytic processing of the amyloid precursor protein by α-, βand γ-secretase (Xu, 2009).

The amyloidogenic processing starts with β-secretase cleavage 16 amino acids
upstream from the α-secretase cleavage site, generating a soluble amino terminal APP
derivative (sAPPβ) and a membrane inserted C-terminal fragment that is 99 amino acids long
(CTFβ). The CTFβ fragment is further cleaved in a sequential manner by γ-secretase, yielding
Aβ peptides of varying lengths from 38 – 43 amino acids and an additional ACID fragment
(Xu, 2009).
Intensive research on the nature of the involved secretases led to the identification of
several putative enzymes; however, the underlying cleavage processes are not yet fully
understood.
α-secretase is a single zinc dependent transmembrane type-1 protein. Studies suggest
that α-cleavage is mediated by members of the ADAM (a disintegrin and metalloproteinase)
family such as ADAM 9, ADAM 10 and ADAM 17 (Allinson et al., 2003).
The beta site APP-cleaving enzyme (BACE) for β-secretase cleavage was identified
by several research groups (Sinha et al., 1999; Vassar et al., 1999). BACE1 is a type 1
membrane protease with a single transmembrane domain near its C-terminus. It cleaves Aβ at
known positions, the aspartate at position 1 or the glutamate at position 11 (Vassar et al.,
1999).
γ-secretase is an enzyme complex consisting of at least four subunits: presenilin (PS,
PS1 or PS2), presenilin enhancer-2 (PEN-2), nicastrin and anterior pharynx-defective-1
(APH-1) (Fig. 3). The presenilin subunit bears the γ-secretase active site catalyzing the
intramembrane sequential processing of APP. It is known that γ-secretase also cleaves other
substrates such as notch, cadherin, tyrosine, ErbB4 and CD44 (Wolfe, 2009).
8
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Fig. 3 γ-secretase complex: Schematic drawing of the predicted transmembrane helices of the four component
proteins of the γ-secretase (Lazarov et al., 2006).

1.3.3. Abeta modification and aggregation
Analysis of Aβ deposits in human brains revealed the abundance of heterogeneous Aβ
peptides, harboring N- and C-terminal modifications (Harigaya et al., 2000; Portelius et al.,
2010). C-terminal heterogeneity is caused by γ-secretase, which cleaves APP at different
positions yielding peptides such as Aβ42, Aβ40, Aβ38 and Aβ37.
Studies with C-terminal specific antibodies have shown that the parenchymal deposits
mostly consist of Aβ42 in contrast to the vascular amyloid which is predominantly composed
of Aβ40 (Gravina et al., 1995; Herzig et al., 2004). Increased C-terminal length seems to
influence toxicity of the peptide. Aβ1-42 exhibits a rapidly increased aggregation in
comparison to the shorter peptide of Aβ1-40 and is therefore believed to promote peptide
depositions and neurotoxicity in the brain (Jarrett et al., 1993; Suzuki et al., 1994).
Moreover, Aβ peptides are known which possess N-terminal truncations and
modifications generated by aminopeptidases, glutaminyl cyclase and isomerases. Peptides
with N-terminal deletions exhibit enhanced levels of aggregation in comparison with fulllength Aβ peptides (Pike et al., 1995). This holds true especially for pyroglutamate-modified
Aβ (AβpE3-x), a highly abundant peptide in Aβ plaques, which promotes an increased
aggregation propensity, stability and cellular toxicity (Jawhar et al., 2011a).
Aβ is a self-aggregating peptide that is able to form dimers and trimers and larger
oligomers of more than 100 kDa. It is hypothesized that monomeric Aβ exists in a complex
equilibrium with oligomers and other Aβ conformations. When the equilibrium is disturbed
by reaching a certain threshold amount of monomers, a nucleation-dependent polymerization
9

1. Introduction
process is initiated. Monomeric Aβ then self-associates into oligomers which are polymerized
into larger protofibrils and ultimately to Aβ-fibers, the major constituents of plaques (Fig. 4).
Protofibrils are metastable intermediate structures that can form fibrils or dissociate again into
monomers (Walsh and Selkoe, 2007; Roychaudhuri et al., 2009). Oligomers are described as
soluble peptides as they are soluble in aqueous buffer and remain in solution following high
speed centrifugation, while Aβ fibers are insoluble (Walsh et al., 1997).

Fig. 4 Aβ aggregation: Aβ is a natively disordered protein, existing in the monomeric state as an equilibrium
mixture of many conformers. Self-association leads to the formation of oligomeric nuclei, which are prolonged
into a protofibrils. Maturation of protofibrils yields the classical amyloid-fibrils found in plaques. Adpated from
(Walsh et al., 1997).

1.4. Amyloid hypothesis
The amyloid hypothesis considers accumulation of Aβ in the brain as the causative
event driving AD pathogenesis. The rest of the disease pathology, including NTFs, and
neuron loss is believed to occur as downstream events (Hardy and Allsop, 1991). Several
observations have supported the hypothesis since its development 20 years ago. One major
argument for the hypothesis arose from studies showing that mutations in APP and PS1 lead
to enhanced levels of Aβ42 peptides resulting in an early-onset forms of AD (Bertram et al.,
2010). The triplication of chromosome 21, the location of the APP gene, leads to the
development of AD pathology at a young age in Down Syndrome (DS) patients (Heston and
Mastri, 1977). Moreover, transgenic mouse models overexpressing mutant APP variants
exhibit an age-dependent AD pathology (Morrissette et al., 2009). In addition, it was shown
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that the apolipoprotein E ε4-polymorphism (ApoE4), which represents the most important
genetic risk factor for the sporadic forms of AD, is associated with increased Aβ
accumulation and reduced clearance (Strittmatter et al., 1993) .
However, an argument challenging this hypothesis is the fact that only a weak
correlation between the appearance of plaques and the cognitive status of the patient could be
observed and also non-demented patients can exhibit a high abundance of amyloid plaques
(Snowdon, 1997; Wirths et al., 2010a). Moreover, it has been demonstrated that soluble
oligomeric Aβ42, and not amyloid plaques, correlates better with cognitive dysfunction in AD
(McLean et al., 1999).
This discrepancies lead to modification of the amyloid hypothesis, taking into account
emerging evidence for the importance of intraneuronal Aβ in the disease development. The
occurrence of intraneuronal Aβ in AD has been known for long time. Already in 1985, using
immunohistochemical analyses Masters et al hypothesized that amyloid is first deposited in
the neuron and later in the extracellular space (Masters et al., 1985). Interestingly, it was
shown that intraneuronal Aβx-42 accumulates in AD vulnerable regions and seems to precede
deposition of extracellular plaque and NFTs (Gouras et al., 2000). This finding was supported
by a study in DS patients, which showed intraneuronal Aβ immunostaining many years before
the development of senile plaques (Gyure et al., 2001). Several studies demonstrated a
correlation between intraneuronal Aβ, neuron loss and cognitive impairment (Bayer and
Wirths, 2010).
Taken together, it is now hypothesized that aggregation of soluble Aβ inside the
neuron is triggering the disease cascade leading to subsequent events such as neuron loss and
brain atrophy (Wirths et al., 2004) (Fig. 5).
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Fig. 5 Schematic representation of the intraneuronal Aβ hypothesis: The increase in intraneuronal Aβ leads
to aggregation of the protein, triggering the disease cascade. In parallel, increased secretion and deposition of
Aβ42 leads to extracellular plaque formation (Wirths et al., 2004).

1.5. Risk factors and genetics
AD can be subdivided into the sporadic type and the familial type. Most cases of AD
are sporadic with a late onset, affecting people above the age of 65 years. The major risk
factor for developing AD remains aging. After 65 years of age, the prevalence of AD doubles
approximately every 5 years (Ferri et al., 2005). Furthermore, epidemiological studies found
low educational attainment and low mental ability in early life to be associated with an
increased risk of AD (Mortimer et al., 2003). Moreover, severe head trauma and traumatic
brain injury is also correlated to AD development (Van Den Heuvel et al., 2007). Other risk
factors are vascular diseases including high cholesterol, high blood pressure, smoking and
obesity (Mayeux, 2003).
Furthermore, ApoE4 has been reported to be associated with sporadic AD. The
presence of the ApoE4 allele is suggest to increase the risk of the disease by more than 4
times and decrease the age of onset (Corder et al., 1993). Recent genome wide association
studies also found links for sporadic AD with clustrin (CLU) and complement receptor 1
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(CR1) genes involved in Aβ clearance, and phosphatidylinositol-binding-clathrin-assemblyprotein (PICALM) affecting intracellular trafficking (Lambert et al., 2009; Kok et al., 2011).
The familial AD (FAD) cases only account for 5% of the cases, with an early-onset
before the age of 65 years. Familial forms are caused by mutations in single genes that are
inherited in an autosomal-dominant fashion. So far, studies revealed mutations in three genes:
APP, PS1 and PS2.
Mutations in the APP gene were the first ones to be detected and currently there are 32
missense mutations identified (Goate et al., 1991; Cruts and Van Broeckhoven, 1998). The
majority of APP mutations cluster primarily around the secretase processing sites influencing
the APP processing (Fig. 6). Mutations near the β-secretase site, such as the Swedish
mutation, enhance β-secretase cleavage and increase the overall Aβ levels (Citron et al., 1992;
Mullan et al., 1992). The London and Florida mutations near the γ-secretase site specifically
increase Aβ42 over Aβ40 ratio without affecting overall Aβ levels (Goate et al., 1991;
Eckman et al., 1997). In contrast, mutations within the Aβ sequence have been shown to alter
the aggregation pattern or fibril formation or increase cerebral amyloid angiopathy, as seen in
the Dutch and Arctic mutations (Van Broeckhoven et al., 1990; Basun et al., 2008).

Fig. 6 Familial mutations and their location within the APP gene: Amino acid exchange, name and location
of the mutation are given. Aβ sequence is underlined. Adapted from (Janssen et al., 2003).

Mutations in the PS1 gene, on chromosome 14, are responsible for the most aggressive
forms of AD and account for 18-50% of all early-onset AD cases (Sherrington et al., 1995).
So far, 185 mutations have been identified. Moreover, changes in the PS2 gene, on
chromosome 1 were found; however, only 13 mutations were described until now (Cruts and
Van Broeckhoven, 1998).
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PS1 and PS2 mutations are believed to alter the biochemical character of the γsecretase complex and its interaction with APP, thereby promoting the generation of more
Aβ42 peptides, altering the Aβ42 to Aβ40 ratio (De Strooper et al., 2012).

1.6. Mouse models of Alzheimer’s disease
Despite the availability of invertebrate organisms, like Drosophila melanogaster and
Caenorhabditis elegans for AD research, vertebrate models have given the most insight in
AD research, as they are evolutionary closer to humans. Advanced genetic modifications
made mice the most commonly used vertebrates for transgenic modeling. Transgenic mouse
models generally are designed based on gene mutations found in FAD. Various attempts have
been made to generate models that harbor typical human AD features such as Aβ aggregation
and deposition, NFTs formation, neuron loss and synaptic deficits.
In general, APP transgenic mice show increased production of Aβ and plaque
deposition and only limited neuron loss. The Tg2576 model expressing the Swedish APP
mutation is one of the most extensively studied mouse models. It shows a 5-fold increase in
Aβ40 and a 14-fold increase in Aβ42. Plaque deposition starts around 9-12 months of age and
is accompanied by impairments in spatial and working memory (Hsiao et al., 1996).
The use of PS1 mutations for single transgenic mouse lines resulted in increased levels
of Aβ42 in the mice but no plaque formation or behavioral deficits were found (Duff et al.,
1996; Guo et al., 1999). However, crossing PS1 models to APP transgenic models resulted in
an accelerated AD pathology progression in the mice (Holcomb et al., 1998).
Current mouse models are able to represent various features of AD pathology;
however there are still some drawbacks. Transgenic APP and PS1 models fail to generate
NFTs. Only introduction of tau mutations from frontal temporal dementias facilitates NFTslike pathology (Oddo et al., 2003). Furthermore, only a minority of the models display neuron
loss (Wirths and Bayer, 2010).

1.6.1. The 5XFAD mouse model
The 5XFAD mouse model is double transgenic APP/PS1 model harboring 5 FAD
mutations, three in the APP gene and two in the PS1 gene. It was generated by introducing
APP K670N/M671L (Swedish), I716V (Florida), V717I (London) and PS1 M146L, L286V
mutations into APP695 and PS1 cDNAs via site directed mutagenesis and subcloning of the
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genes into the Thy-1 transgene cassette. The mice showed stable transmission and expression
of both transgenes for more than 10 generations, demonstrating that the 5XFAD mice breed as
single transgenic model (Oakley et al., 2006).
The 5XFAD mouse model was originally described by the group of Robert Vassar.
Later on, these findings were extended in a more detailed analysis by our laboratory with
mice backcrossed to C57BL/6J genetic background; a more commonly used genetic
background in AD research. As the current thesis is based on experiments performed with
mice on C57BL/6J genetic background, the following description will focus mainly on the
findings of our group.
Due to the mutations used in the 5XFAD model, the mice show a dramatic increase in
Aβ42 in comparison to Aβ40. This results in an early pathology onset with plaque deposition
seen as early as 2-3 months and increasing in an age-dependent manner over time (Oakley et
al., 2006; Jawhar et al., 2012).
Furthermore, the mice display neuroinflammatory features, as the number of reactive
astrocytes and microglia increases proportionally to amyloid burden in the brain (Oakley et
al., 2006; Kalinin et al., 2009).
The 5XFAD model exhibits two cardinal features of AD: accumulation of
intraneuronal Aβ and neuron loss. A strong intraneuronal Aβ signal was found in the fifth
cortical layer at the age of 3 months, decreasing with age and being almost absent at 12
months of age. Interestingly, the amount of cortical neurons in layer 5 was significantly
decreased in the 5XFAD mice at the age of 12 months, demonstrating a possible link between
the two properties (Jawhar et al., 2012).
This extensive pathology also leads to changes on the behavioral level. 5XFAD mice
show impairment in spatial working memory at the age of 6 months and display a reduced
anxiety starting around the same time. Motor performance started to deteriorate at the age of 9
months; however no effect on general locomotor activity was observed (Jawhar et al., 2012).
Taken together, the 5XFAD mouse model displays a variety of AD hallmarks similar
to the human situation in a short amount of time. This made it a valuable tool for therapeutic
approaches (Kalinin et al., 2009; Wirths et al., 2010c; Jawhar et al., 2011b).
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1.7. Non-steroidal-anti-inflammatory drugs
1.7.1. Targets of NSAIDs
Non-steroidal-anti-inflammatory drugs (NSAIDs) have analgesic, antipyretic and, in
higher doses, anti-inflammatory features. The major targets of NSAIDs are the
cyclooxygenases (COX) 1 and 2 that catalyze the formation of inflammatory prostaglandins
from arachidonic acid (Fig. 7). COX 1 is a constitutively expressed enzyme, responsible for
maintenance of the gastric mucosa, while COX 2 expression is inducible and upregulated at
sites of inflammation (Vane and Botting, 1998). Just recently, COX-3 was identified as a
splice variant of COX-1 (Chandrasekharan et al., 2002), though its role in the production of
inflammatory mediators needs further elucidation.
There are two classes of NSAIDs: non-selective and selective inhibitors. Non-selective
inhibitors, inhibit COX-1 and COX-2 isoenzymes. Aspirin, ibuprofen, naproxen,
indomethacin and sulindac are examples of this group. Furthermore, selective NSAIDs have
been developed, only inhibiting COX-2, such as celecoxib and rofecoxib.

Fig. 7 Schematic overview of COX inhibition: COX-1 is involved in normal physiological functions including
maintenance of the gastric mucosa. COX-2 is induced by inflammation. Non-selective NSAIDs can inhibit both
enzymes, while selective NSAIDs only target COX-2. Adapted from (Maroon et al., 2006).

However, it has also been suggested that NSAIDs directly influence APP processing
and Aβ production, as it has been demonstrated that a subset of NSAIDs could selectively
alter the generation of Aβ peptides. In cell based assays, treatment with ibuprofen, sulindac
sulﬁde, or indomethacin led to a 70%–80% reduction of Aβ42 peptides with a parallel
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increase of the less toxic Aβ38 peptides, while Aβ40 levels remained unchanged. This effect
was independent of inhibition of the COX enzymes (Weggen et al., 2001).
The exact mechanism of this shift in Aβ production is not fully understood. Analysis
suggested that the change in Aβ production is due to a direct interaction of NSAIDs with the
γ-secretase complex. Small molecules with this activity have now been termed γ-secretase
modulators (GSMs) (Weggen et al., 2003; Richter et al., 2010).

1.7.2. Epidemiology
In 1990, McGeer and colleagues observed that patients with rheumatoid arthritis
receiving a NSAID therapy had a lower prevalence of AD. This led to the hypothesis that
NSAID intake is associated with a reduced risk of AD (McGeer et al., 1990). Since then
several epidemiological studies have supported this idea, showing that the use of NSAIDs
delayed the onset, slowed the cognitive decline, and decreased the incidence of AD by 25%–
80% (Szekely and Zandi, 2010). In addition, several studies demonstrated that the relative risk
for AD decreased with increasing duration of NSAID use (Stewart et al., 1997; in t’ Veld et
al., 2001; Zandi et al., 2002). Neuropathological analysis of postmortem brain tissue revealed
that NSAID intake caused a reduction of activated microglia but did not change the overall
number of extracellular plaques. This might indicate that, in humans, NSAIDs mainly acted
by suppressing inﬂammation rather than by inhibiting plaque or tangle formation (Mackenzie
and Munoz, 1998).

1.7.3. Pharmacological trials
The combined anti-inﬂammatory and γ-secretase modulating activities of some
NSAIDs appeared to be a promising approach for treatment of AD. However, the results of
pharmacological studies in both mice and humans have been inconsistent (Imbimbo, 2009).
Long-term treatment studies with ibuprofen have revealed beneficial effects in several mouse
models of AD (McGeer and McGeer, 2007; Imbimbo, 2009). Use of ibuprofen in the Tg2576
mouse model led to a decrease in insoluble Aβ deposits, activated microglia and inflammatory
markers, resulting in improved behavior that is comparable to wild-types (Lim et al., 2000,
2001). Similar results were reported from double or triple transgenic mouse models, showing
a significant reduction in Aβ load after the use of ibuprofen and an improvement in spatial
working memory (Jantzen et al., 2002; McKee et al., 2008). Furthermore, other studies
utilizing a non-selective inhibitor like indomethacin or selective COX-2 inhibitors such as
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Celecoxib or an derivat of flurbiprofen also demonstrated positive treatment effects (Jantzen
et al., 2002; Sung et al., 2004; Melnikova et al., 2006).
However, clinical trials using NSAIDs revealed controversial outcomes. Smaller
initial pilot studies using indomethacin seemed to show beneficial effects. Unfortunately, a
high dropout rate and the small number of subjects made the results less reliable (Rogers et
al., 1993; de Jong et al., 2008). Larger studies with several NSAIDs produced completely
negative results. Long-term treatment with COX-2 selective NSAID celecoxib, rofecoxib and
naproxen, a non-selective NSAID, showed no benefit or even detrimental effects. The
supposed positive effect of high-dose Tarenfluribil seen in mildly affected AD patients lead to
the largest-ever study in patients with AD; yet the study came out negative (Aisen et al., 2003;
Soininen et al., 2007).
The reasons for the discrepancy between mouse and human trials are still under
debate. The failure could be explained by issues such as timing and duration of treatment,
dose and class of the chosen drugs. Also, the role of inflammation in the brain should be taken
into account, as it might harbor protective features, which have so far been neglected.
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1.8. Introduction to experiments
1.8.1. Project I: Chronic ibuprofen treatment in the 5XFAD mouse model
Several NSAIDs demonstrate anti-inﬂammatory and γ-secretase modulating activities,
making them valuable candidates for AD treatment. However, the results of pharmacological
studies in both mice and humans have been inconsistent. Preventative effects could be seen in
mice, while in humans there was no beneficial outcome.
It is not yet clear whether the beneficial effects of NSAIDs are due to theirs influences
on γ-secretase modulation and subsequent reduction of Aβ load or if the anti-inflammatory
properties of the drugs lead to an enhancement of the overall cognitive status of the mice. This
needs to be further elucidated.
Recently, it has been shown that many PS1 mutations associated with FAD impede the
Aβ42-reducing effects of NSAIDs and other GSMs both in vitro and in vivo (Weggen et al.,
2003; Czirr et al., 2007; Page et al., 2008). Consequently, AD mouse models incorporating
such PS1 mutations present an opportunity to study the effects of NSAIDs on ﬂammatory
in
processes and cognitive function independent of their anti-amyloidogenic properties.
Interestingly, the PS1 double mutation M146L and L286V, used in the 5XFAD mouse
model, has been shown to render cultured cells completely resistant to the Aβ42-reducing
activity of the potent GSM BB25 (Hahn et al., 2011). This makes the 5XFAD mouse model a
valuable tool in studying the exclusive effects of ibuprofen on inflammation.
In the present study, we evaluated the long-term treatment effects of ibuprofen in the
5XFAD mice. Treatment started at the age of 3 months and lasted until 6 months of age.
Progression of amyloid pathology, ﬂammation
in
and cognitive changes in the mice were
assessed.

Aims of the project:
•

Analyze the inflammation status of the 5XFAD model at 3 and 6 months of age.

•

Assess the influence of ibuprofen treatment on amyloid levels and depositions in
the brain.

•

Elucidate the effects of ibuprofen treatment on inflammatory markers in terms of
RNA and protein levels.

•

Unravel whether ibuprofen treatment can rescue behavior deficits seen in the
5XFAD mice.
19

1. Introduction

1.8.2. Project II: Analysis of oligomeric pyroglutamate Abeta in CAA
Immunotherapy has gained considerable attention in the last years as it was shown that
active and passive Aβ immunization lower cerebral Aβ levels and improve cognition in
animal models of AD. In 1999, Schenk et al. first reported that active immunization using
full-length Aβ1−42 prevented the development of plaque formation in young mice and
reduced the extent and progression of plaques in aged PDAPP mice (Schenk et al., 1999).
Similar beneficial effects were seen with passive immunization (Janus et al., 2000).
A clinical trial using active immunization with Aβ1-42 (AN1792) resulted in cognitive
benefit and amyloid clearance in some cases but also demonstrated a strong autoimmune
reaction in a subset of patients (Orgogozo et al., 2003; Gilman et al., 2005)
Neuropathological analysis of an AD patient brain revealed extensive areas of the
neocortex with only very few plaques, although tangles, neuropil threads and CAA were
apparently unchanged. However, T-lymphocyte meningoencephalitis and cerebral white
matter infiltration by macrophages was also observed. This side-effect was also seen in other
patients who received the same antibody (Nicoll et al., 2003). Due to these side effects the
phase II clinical trial of the Aβ vaccine was stopped when approximately 6% of the
immunized patients developed meningoencephalitis.
In addition, passive immunization decreased plaque burden in a transgenic mouse
model, but resulted in an increase in the occurrence of microhemorrhages in areas with CAA
(Pfeifer et al., 2002). Since then, microhemorrhages within the brain vasculature have been a
matter of concern and are believed to be caused by anti-Aβ antibody binding to CAA (Racke
et al., 2005).
Our group has recently developed a conformational specific pyroglutamate Aβ
antibody 9D5, which only recognizes low molecular weight pyroglutamate Aβ oligomers (410mers) and not monomers, dimers or higher molecular fibrillar forms of pyroglutamate Aβ.
Passive immunization for 10 weeks (one treatment per week) stabilized the behavioral deficit
of the transgenic AD mouse model and AD-associated neuropathology. This is of special
interest, as the antibody detects only a small subpopulation of the Aβ variants present in the
5XFAD mouse brain (Wirths et al., 2010c). Therefore, the 9D5 antibody might be a safe,
promising tool for therapeutic intervention.
In the current work, the CAA staining pattern of the 9D5 antibody was assessed and
the question was addressed whether the 9D5 antibody recognizes the same amount of CAA as
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other Aβ antibodies. In addition, a possible correlation between CAA staining and gender,
age, Braak stage and ApoE genotype was studied.

Aims of the project:
•

Analysis of the correlation of CAA staining with gender, age, Braak stage and
ApoE genotype.

•

Qualitative and quantitative assessment of the 9D5 CAA staining pattern in
comparison with other Aβ antibodies.

1.8.3. Project III: Study of synuclein and Aβ interaction in the cortex of
5XFAD mice
In addition to plaques, 60% of AD cases show an accumulation of Lewy bodies in the
amygdala, cortex and cerebellum (Kotzbauer et al., 2001). Lewy bodies and Lewy neurites
have been shown to consist mostly of aggregated α-synuclein and are the major pathological
hallmarks of PD. An increasing number of reports demonstrated the occurrence of an
overlapping pathology of AD and PD, the so called dementia with Lewy bodies (Lippa et al.,
2007). DLB patients have been shown to exhibit a faster rate of cognitive decline than AD
patients (Kraybill et al., 2005).
It is believed that Aβ and synuclein have synergistic effects on each other, promoting
aggregation and pathology. Over expression of α-synuclein in AD mouse models resulted in
an increased neurodegeneration and congnitive decline. In one study, mice exhibiting
accumulation of intraneuronal Aβ were crossed to α-synuclein over-expressing mice. Double
transgenic animals demonstrated an enhanced accumulation of intraneuronal synuclein and an
accelerated development of motor deficits in comparison to synuclein single transgenic mice
(Masliah et al., 2001). Furthermore, Clinton et al. demonstrated that over expression of
mutant α-synuclein in the 3xTg mouse model resulted in a change of Aβ solubility and
accumulation with an dramatic increase in Aβ42 (Clinton et al., 2010).
In vitro NMR studies showed that both Aβ40 and Aβ42 can interact with α-synuclein
(Mandal et al., 2006). Furthermore, studies in vitro cell-free conditions demonstrated that Aβ
directly interacts with α-synuclein forming hybrid pore-like oligomers which can alter
neuronal activity (Tsigelny et al., 2008).
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Based on these findings, the study of the coexistence of Lewy bodies, Aβ plaques and
intraneuronal deposition in AD seems to be an interesting approach to gain more insight about
the disease processes.
The first objective of this pilot study was to establish the stereotactic surgery
procedure in the lab. After achieving this, adeno-associated-viruses (AAV) serotype 1/2
carrying wild-type α-synuclein, mutant α-synuclein and β-synuclein constructs were injected
into a small cohort of 5XFAD mice. Injections were performed into the frontal-cortex aiming
for the fifth cortical layer. Mice were injected at the age of 3 months, when a high abundance
of neuronal Aβ accumulation can be seen in the designated cortical layer and sacrificed at the
age of 7 months.
The question raised by this project is whether an additional intraneuronal expression of
synuclein variants might lead to the development of Lewy bodies in the neurons harboring
intraneuronal Aβ and if the synuclein overexpression influences the Aβ pathology in the mice.
Aims of the pilot study:
•

Establishment of stereotactic surgery protocol for injection of AVV into mouse
brains.

•

Analysis of expression pattern of different synuclein constructs.

•

Assessment of AD pathology and synuclein pathology in the injected region.
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2. Materials and Methods
2.1. Transgenic mice
The generation of 5XFAD mice has been described previously (Oakley et al., 2006).
In brief, 5XFAD mice express the 695 amino acid isoform of the human APP (APP695)
carrying the Swedish/London/Florida mutations under the control of the murine Thy1promoter. In addition, human PS1 carrying the M146L/L286V mutations is expressed under
the control of the murine Thy1-promoter. 5XFAD mice used in the current thesis were
backcrossed for more than 5 generations to C57BL/6J wild type mice to obtain an incipient
congenic line on a C57BL/6J genetic background (Jawhar et al, 2010). All animals were
handled according to German guidelines for animal care.
Only female 5XFAD mice were used for chronic ibuprofen treatment. Mice were fed
either a standard chow or standard chow containing ibuprofen (50mg/kg bw/day). Treatment
of the mice started at 3 months of age and lasted for 3 months.
For stereotactic surgery and injection of AVV, male 5XFAD and WT mice were used.
Injections were applied at 3-4 months of age and mice were sacrifced 3.5 months after being
injected. All animal experiments were performed according to the German guidelines for
animal care and approved by the local legal authorities.

2.2. Human AD brain tissue
Human brain samples of the gyrus temporalis superior were obtained from the
Netherlands Brain Bank (NBB), Amsterdam, Netherlands. Tissue was post-fixed in 4%
buffered formalin at 4°C for several weeks and then embedded into paraffin.
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2.3. Antibodies

Table 1 Details for primary antibodies used in this thesis:
Primary
Secondary
Target
Dilution
antibody
Antibody

Manufacturer

4G8

Aβ17-24

1:10.000

Mouse

Covance, USA

IC16

generic Aβ

1:000

Mouse

Gift of S. Weggen

NT244

generic Aβ

1:1000

Mouse

Synaptic Systems,
Germany

Abeta[N]

Aβ1-x

1:500

Rabbit

IBL, Germany

mab2-48

AβpE3-x

1:1000

Mouse

Synaptic Systems,
Germany

G2-10

Aβ40

1:1000

Mouse

Millipore, Germany

G2-11

Aβ42

1:1000

Mouse

Millipore, Germany

23850

APP

1:500

Rabbit

Gift of G. Multhaup

OC

Fibrillar Aβ
oligomers

1:1000

Rabbit

Gift of C. Glabe

Iba1

Activated microglia

1:1000

Rabbit

GFAP

GFAP

1:2000

Mouse

LB509

human α-synuclein

1:1000

Mouse

Invitrogen, Germany

α/β-synuclein
(3B6)

human
α- and β-synuclein

1:1000

Mouse

Santa Cruz, USA

Synaptic Systems,
Germany
Synaptic Systems,
Germany

Table 2 Details for secondary antibodies used in this thesis:
Antibody

Manufacturer

Rabbit anti-mouse immunoglobulins, biotinylated

DAKO, Denmark

Swine anti-rabbit immunoglobulins, biotinylated

DAKO, Denmark

Alexa Fluor 488 donkey anti-mouse immunoglobulins

Invitrogen, Germany

Alexa Fluor 568 donkey anti-rabbit immunoglobulins

Invitrogen, Germany

Goat Anti-Rabbit immunoglobulins, Dylight® 488 conjugated

Thermo scientific, USA

Goat Anti-Mouse immunoglobulins, Dylight® 594 conjugated

Thermo scientific, USA
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2.4. Tissue collection and preservation
Mice were briefly anaesthetized by exposure to CO2 in a box with dry-ice and then
killed by spinal dislocation. Brain and spinal cord tissue was removed and brains were divided
at the midline. One half of the brain was snap frozen on dry ice and stored at -80°C until
further analysis. The other brain half was post fixed in 4% Roti®-Histofix solution (Roth,
Germany) at 4°C.
For analysis of AAV injections, perfused tissue was used. Mice were anesthetized by
10 mL/kg intraperitonal injection of 1% ketamine (Medistar, Germany) and 0.1% zylazine
(Riemser, Germany) in aqua ad injectabilia. Transcardial perfusion was performed through
the left ventricle of the heart with 30 mL ice-cold phosphate buffered saline (PBS) followed
by 30 mL 4% paraformaldehyde (PFA) dissolved in PBS. The brain was taken out, cut in
coronal blocks and also post fixed in 4% Roti®-Histofix (Roth, Germany) at 4°C.
After a post fixation interval of at least 2 days, the tissue was placed in the TP 1020
Automatic Tissue Processor (Leica, Germany). The tissue was dehydrated and paraffin fixated
according to the following protocol: 5 min in 4% formalin, 30 min in tap water, 1 hour each in
ethanol of 50%, 60%, 70%, 80%, 90%, and 2x 100% followed by 1 hour of xylol treatment
and a final emersion in liquid paraffin for 2 hours. Afterwards, tissue was embedded in solid
paraffin blocks using an EG1140 H Embedding Station (Leica, Germany).

2.5. Immunohistochemistry
The paraffin-embedded tissues were cut into 4 µm thick paraffin sections using a
microtome (Microm, Germany). Sections were mounted on coated SuperFrost® Plus glass
slides (Menzel-Gläser, Germany) and dried overnight at 37°C.
Sections were deparaffinized in xylol (2 x 5 min) and rehydrated using a series of
ethanol baths (EtOH): 10 min 100% EtOH, 5 min 95% EtOH, 5 min 70% EtOH and 1 min
ddH2O. Endogenous peroxidases were blocked by incubation of the slides in 0.3% H2O2 in
0.01M PBS. Antigen retrieval was achieved by boiling sections in 0.01 M citrate buffer pH
6.0, followed by 15 min incubation at room-temperature (RT) to cool down. This was
followed by a washing step of 1 min in ddH2O and afterwards sections were incubated for 3 x
5 minutes in 0.1% Triton X-100 in 0.01M PBS to permeabilize the membrane. In the case of
intracellular Aβ staining, sections were then incubated for 3 minutes in 88% formic acid (FA).
Non-specific binding sites were blocked by 1 hour treatment with 4% skim milk and 10%
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fetal calf serum (FCS) in 0.01M PBS, prior to the addition of the primary antibodies. Primary
antibody dilutions were prepared in 0.01M PBS solution containing 10% FCS (PBS-FCS).
Incubation for primary antibodies was performed overnight in a humid chamber at RT.
On the second day, sections were washed 3 x 5 min in 0.1% Trition X-100 in 0.01M
PBS followed by 1 min in 0.01M PBS. Biotinylated secondary antibodies were diluted 1:200
in PBS-FCS and applied to the sections. Incubation occurred for 1 h at 37 °C. Sections were
then washed in 0.01M PBS and incubated for 1 h with ABC-solution prepared from the
Vectastain Elite ABC Kit (Vector Laboratories).
Section were washed 3 x 5min in PBS and visualized using diaminobenzidine (DAB)
as a chromagen. DAB developing solution (0.5 mg/mL DAB solution in Tris/HCL) was
added to the section and a red brown staining pattern could be seen after 1-5 min. Afterwards,
sections were washed 3 x 5min in 0.01M PBS and counterstained with hematoxylin solution
(Roth, Germany) for 40 sec, followed by 5 min of tap water. In the last step, sections were
dehydrated in a series of EtOH baths: 1 min 70%, 5 min 95%, 10 min 100% and 2 x 5min
xylol, and embedded by adding Roti-Histokitt mounting medium (Roth, Germany).

For fluorescent staining, the same protocol was followed; however, the peroxidase
blocking step was omitted. After primary antibody incubation, AlexaFluor or Dylight
conjugated secondary antibodies were diluted in PBS-FCS solution and applied for 1.5 h.
Afterwards, the sections were washed 3 x 5 min in 0.01M PBS and counterstained for 1 min
in a solution of 1.5 mg/L′,64 -Diamidin-2-phenylindol (DAPI, Sigma) in ddH2O. After an
additional washing step of 1 min in PBS, sections were embedded with fluorescent mounting
medium (DAKO, Denmark) and stored in the dark.

2.6. Quantitative Real-time PCR
Deep frozen brain hemispheres were homogenized in 1 ml of Trizol® reagent
(Invitrogen, Darmstadt, Germany) per 100 mg tissue using a glass-Teflon® homogenizer (10
strokes, 800 rpm). RNA extraction was performed according to the protocol of the
manufacturer. Reverse transcription of the purified RNA samples was carried out using the
First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) according to the
protocol of the supplier.
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Quantitative Real-time PCR (RT-PCR) was performed using a Stratagene MX3000P
Real-Time Cycler (Agilent, Santa Clara, USA). The SYBR-green based DyNAmo Flash
SYBR Green qPCR Kit (Finnzymes, Espoo, Finland) containing ROX as an internal reference
dye was used for amplification. Generated cDNA was diluted 1:10 in ddH2O and used as the
sample template. Undiluted cDNA from all samples was pooled and serially diluted in ddH2O
to create a standard curve for assessing amplification efficiency.
Primers were purchased from Qiagen as intron-spanning validated primer sets
(QuantiTect Primer Assays, Qiagen, Hilden, Germany), except for the following primers:
•

MCSF-R (Wirths et al., 2010b): forward 5’-GACCTGCTCCACTTCTCCAG-3’
reverse 5’-GGGTTCAGACCAAGCGAGAAG-3’

•

Interleukin-1β (Li et al., 2008): forward 5'-AAGGAGAACCAAGCAACGACAAAA-3'
reverse 5'-TGGGGAACTCTGCAGACTCAAACT-3'

Statistical analysis of quantitative RT-PCR measurements was done by using the
Relative Expression Software Tool V1.9.6 (REST) (Pfaffl et al., 2002). The expression ratio
results of the studied transcripts were tested for significance by the Pair Wise Fixed
Reallocation Randomization Test. Levels of significance were as follows: ***p < 0.001; **p
< 0.01; *p < 0.05.

2.7. In vitro dose-response experiments with ibuprofen
Experiments were carried out by the group of Prof. Sascha Weggen at the University
of Düsseldorf, Germany.
Chinese hamster ovary (CHO) cell lines with stable expression of wild-type human
APP751 (CHO-APPwt cells) or stable co-expression of human APP751 harboring the
“Swedish” (K670N/M671L), "London" (V717I), and "Florida" (I716V) mutations together
with PS1 harboring the double mutation M146L/L286V (CHO-5XFAD cells) have been
described previously (Hahn et al., 2011). All cell lines were maintained in Dulbecco’s
modified Eagle's medium with 10% fetal bovine serum, 1 mM sodium pyruvate and 100
units/ml penicillin/streptomycin (Invitrogen, Germany). Aβ secretion of individual cell lines
after ibuprofen treatments was compared in dose-response experiments as described earlier
(Czirr et al., 2007; Hahn et al., 2011). All cell lines intended for comparison were cultured
and treated in parallel at similar cell densities. Cells were cultured in serum-containing
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medium and treated for 24 h with indicated concentrations of ibuprofen (Sigma-Aldrich,
Munich, Germany) or DMSO vehicle. Aβ40 and Aβ42 levels in conditioned media were
determined by a previously described sandwich ELISA assay. Triplicate measurements from
each drug concentration were averaged and normalized to DMSO control conditions. Doseresponse experiments were repeated at least three times, and results were analyzed by twoway ANOVA with Bonferroni post-hoc tests.

2.8. Quantification of Aβ plaque load and GFAP staining
Extracellular Aβ plaque load was evaluated in the cortex and the hippocampus using
an Olympus BX-51 microscope equipped with an Olympus DP-50 camera (Olympus,
Hamburg, Germany) and the ImageJ software (V1.41, NIH, Bethesda, USA). Serial images of
4x magnification (hippocampus) and 10x (cortex) were captured on four sections per animal
which were 30 µm apart from each other. Using ImageJ, the pictures were binarized to 16-bit
black and white images and a fixed intensity threshold was applied defining the DAB
staining. Measurements were performed for the percentage of area covered by DAB staining
(Breyhan et al., 2009). For GFAP staining, the astrocyte-covered area in the dentate gyrus was
quantified accordingly.
For plaque load quantification of coronal sections, pictures were taken at 20x
magnification following the same protocol was applied.

2.9. Morphometric assessment of Aβ deposits in CAA
Aβ deposits were evaluated in blood vessels using an Olympus BX-51 microscope
equipped with an Olympus DP-50 camera (Olympus, Hamburg, Germany) and the ImageJ
software (V1.41, NIH, Bethesda, USA). Serial images of stained blood vessels were taken at
40x magnification. The number of blood vessels analyzed per patient remained unchanged
for each antibody (n= 4-9). Using ImageJ, the outer and inner border of the blood vessels
were delineated so that only the region in between was assessed. The pictures were binarized
to 16-bit black and white images and a fixed intensity threshold was applied defining the
percentage of DAB staining.
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2.10. Enzyme-linked immunosorbent assay (ELISA) of Aβ levels
Experiments were carried out by the group of Hans-Ulrich Demuth at Probiodrug AG
in Halle/Saale, Germany.
To analyze soluble Aβ levels, frozen brains were homogenized in a Douncehomogenizer in TBS [120 mM NaCl, 50 mM Tris pH 8.0 containing complete protease
inhibitor (Roche, Mannheim, Germany)], and subsequently centrifuged at 27.000 g for 20 min
at 4 °C. To analyze the insoluble Aβ fraction, brains were weighted in frozen state and
directly homogenized in a Dounce-homogenizer in 2.5 ml 2% SDS, containing complete
protease inhibitor (Roche, Mannheim, Germany). Homogenates were sonicated for 30 s and
subsequently centrifuged at 80.000 g for 1 min at 4 °C. Supernatants were directly frozen at 80 °C. The resulting pellets were resuspended in 0.5 ml 70% formic acid and sonicated for 30
seconds. Formic acid was neutralized with 9.5 ml 1 M Tris and aliquots were directly frozen
at –80 °C. Both Aβ40- and Aβ42-ELISA measurements were performed according to the
protocol of the manufacturer (IBL Co. Ltd., Japan).

2.11. Measurement of MCP1 concentrations in brain
Experiments were performed by the group of Hans-Ulrich Demuth at Probiodrug AG
in Halle/Saale, Germany.
MCP-1 concentrations were analyzed in the TBS fraction of the brain using a mouse
cytokine MilliplexTM MAP Kit (Merck Millipore, USA). The assay was performed according
to the manufacturers’ protocol using 25 µl of undiluted brain sample. The bead-based ELISA
was analyzed using a Bioplex 200 (BioRad, Munich, Germany) multiplex array reader.

2.12. Behavior analysis
2.12.1. Balance beam task
Balance and general motor function were assessed using the balance beam task. A one
cm dowel beam was attached to two support columns 44 cm above a padded surface. At either
end of the 50 cm long beam, a 9 x 15 cm escape platform was attached. The animal was
placed on the center of the beam and released. Each animal was given three trials during a
single day of testing. The time the animal remained on the beam was recorded and the
resulting latencies to fall of in all three trials were averaged. If an animal remained on the
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beam for the whole 60 sec trial period or escaped to one of the platforms, the maximum time
of 60 sec was recorded (Arendash et al., 2001; Wirths et al., 2008).

2.12.2. Y-Maze alternation task
Y-maze test was used to assess the spontaneous alternation percentage by a triangular
Y-shaped maze built from a black plastic material (arms size: 30 cm length, 8 cm width, 15
cm height). For 10 min, each mouse was placed in the first arm and allowed to discover the
maze freely. An entry was defined as successful only when the mouse entered the arm with
four paws. Alternation was considered successful when entries into three different arms in
overlapping triplet sets were made (for example 1, 2, 3 or 2, 3, 1 but not 1, 2, 1). The
alternation percentage was calculated as the percent of the actual alternations relative to the
total possible arm entries. Possible entries were calculated by subtracting 2 from the total arm
entries. In order to diminish odor cues, the maze was cleaned with 70% ethanol solution
(Oakley et al., 2006; Jawhar et al., 2011b).

2.12.3. Cross-Maze alternation task
Spontaneous alternation rates were assessed using a cross-maze built from black
plastic material which had 4 arms arranged at 90° extending from a central space measuring 8
x 8 cm (arm sizes: 30 cm length, 8 cm width, and 15 cm height). This test is based on the
same principle and protocol as the Y-maze. During 10 min test sessions, each mouse was
randomly placed in one arm and allowed to move freely through the maze. Alternation was
defined as successive entries into the four arms in overlapping quadruple sets (e.g. 1, 3, 2, 4 or
2, 3, 4, 1 but not 1, 2, 3, 1). The alternation percentage was calculated as the percentage of
actual alternations to the possible number of arm entries. In order to diminish odor cues, the
maze was cleaned with 70% ethanol solution (Jawhar et al., 2012)

2.12.4. Elevated plus maze paradigm
Behavior in this task (i.e. activity in the open arms) reflects a conflict between the
mice's preference for protected areas (e.g., closed arms) and their innate motivation to explore
novel environments (Karl et al., 2003).
The test setting consists of a plus-shaped apparatus with two open and two enclosed
arms (15 cm long), each with an open roof, elevated 72 cm above the ground. The mice were
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placed in the center facing the open arms and allowed to discover the maze freely for 5 min.
Monitoring was done by an automated tracking system (VideoMot2, TSE-Systems,
Germany). By setting the software’s parameters according to the manufacturer protocol, the
software calculated the time spent in the closed and the opened arms and the central region.
Anxiety levels were evaluated by calculating the percentage of time spent in the open arms
realative to the total time in the maze (Wirths et al., 2010c; Jawhar et al., 2012).

2.12.5. Open Field
The open field test was used to asses both exploratory behavior and locomotor
activity. The mice were tested using an open field box made of grey plastic with 50 x 50 cm
surface area and 38 cm-high walls. Monitoring was done by an automated tracking system
(VideoMot2, TSE-Systems, Bad Homburg, Germany). The behavioral parameters registered
during 5-min sessions were the percentage of time spent in the central part (20 x 20 cm)
versus total time, total traveled distance, speed and percentage of locomotor activity during
the test period (Lim et al., 2001).

2.13. Stereotaxic injection of Adeno Associated Virus (AAV)
2.13.1. Stereotaxic surgery
Mice were anesthetized by intraperitonal injection of a mixture of ketamine (~100
µg/g animal weight) and xylazine (~6.4 µg/g animal weight) in aqua ad injectabilia (Braun,
Germany). When the mice no longer reacted to pain stimuli, their heads were shaved and the
mice were secured in a stereotaxic frame with ear cups (Kopf Instruments, USA). After
exposure of the skull, the coordinates of bregma and lambda were determined and the
calculated position for injection was marked. The bone was thinned around the injection site
with a drill and a portion of the skull was removed.
Pulled glass capillaries were used for injection (World Precision Instruments, USA).
After lowering the glass capillary to the desired depth in the cortex, the tissue was given time
to equilibrate for 4 minutes. Coordinates used for injection in the frontal cortex were bregma
+1.54 mm, lateral 1.5 mm and 1.75 mm in depth. One microliter of virus, containing 1.0 x 108
transducing units, was delivered into the brain with a speed of 200 nL/min controlled via a
microliter injector (World Precision Instruments, USA). After injection of the virus, the
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capillary remained in the brain for another 4 minutes and was then slowly withdrawn. The
scalp was sutured and the mice were placed in front of a heat lamp to recover. For each
injection, a new capillary was used.

2.13.2. AAV - Vectors
Recombinant AAV1/2 vectors were provided by Prof. Sebastin Kügler, University
Medicine Göttingen.
In brief, recombinant AAV were produced in HEK293 cells by transient cotransfection with helper plasmids pDG and PDP1 and the respective AAV genome plasmid.
Forty-eight hours after transfection, cells were lysed using three rounds of freezing and
thawing. Virus particles were pre-purifed by ultracentrifugation through an iodixanol step
gradient. The 40% iodixanol fraction was further purified using heparin-affinity
chromatography on an Äkta FPLC. The concentrated eluate was then dialyzed against PBS.
The genome titer of the recombinant virus was determined by RT-PCR.
Vectors carried either the human α-synuclein WT, human α-synuclein A30P or human
β-synuclein WT gene under control of the human synapsin 1 gene (hsyn) promoter. In
addition, all vectors harbored an enhanced green fluorescent protein (EGFP) gene in a
separate expression cassette also under the control of the hsyn promoter.
Viruses were transported on dry ice and stored at -80°C. Stability of the virus was
ensured by avoiding repeated thawing.

2.14. Statistical analysis
Differences between groups were analysed using one-way ANOVA or unpaired t-tests.
All data are shown as mean ± standard error of the mean (SEM). Significance levels were as
follows: ***p < 0.001; **p < 0.01; *p < 0.05. All calculations were performed using
GraphPad Prism version 5 (GraphPad Software, San Diego, USA).
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3.1. Project I: Chronic ibuprofen treatment in the 5XFAD mouse
model
Besides amyloid plaques and neurofibrillary tangles, neuroinflammation is a well
described feature of AD. So far no clear answer can be given about the influence of
inflammation on disease progression, as both detrimental and beneficial effects have been
described (Boche and Nicoll, 2008).
There is substantial epidemiological evidence that users of NSAIDs have a decreased
risk of developing AD. The exact mechanism has not been resolved but a number of
possibilities have been suggested that could account for the protective effects, including antiinflammatory as well as anti-amyloidogenic activity by modulation of γ-secretase (Imbimbo,
2004).
In order to gain further insight into the mechanism of these drugs, a mouse model was
chosen which expresses PS mutations that render it resistant to γ-secretase modulation (Hahn
et al., 2011). This allows the effects of NSAIDs on ﬂammatory
in
processes and cognitive
function to be studied without inference of anti-amyloidogenic properties.
In the present study, effects of 3 months of treatment with the NSAID ibuprofen were
examined in the 5XFAD mice.

3.1.1. Inflammatory processes in the 5XFAD mouse model
As previous reports only briefly described the inflammatory pathology occurring in
the 5XFAD mouse model (Oakley et al., 2006), it was first investigated if inflammatory
marker transcripts were up-regulated in the mice in general. Therefore, we compared the
expression levels of a variety of inflammatory mediators in 3- and 6-month-old 5XFAD and
age-matched wildtype (WT) mice.
At 3 months of age, the majority of the genes tested showed no significant changes
compared to WT animals. Only Tlr-2 (1.8-fold, p < 0.05), CD11B (1.4-fold, p < 0.05) and
cathepsin D (2.2-fold, p < 0.01) were up-regulated, while IL-10 was significantly decreased
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(0.2-fold, p < 0.01) (Fig. 8 A, B). The lack of severe brain inflammation at this early time
point correlates with the mild pathology seen in the mice.
In contrast, at 6 months of age, when 5XFAD mice have developed a robust AD
pathology including cognitive impairment, a broad range of inflammation markers were
highly up-regulated. Six-month-old 5XFAD mice showed a consistent increase of the
interleukins IL-1β (3.2-fold, p < 0.05), IL-6 (1.7-fold, p < 0.05), IL-10 (4.0-fold, p < 0.01) and
TNF-α (2.5-fold, p < 0.05). Also, Toll-like receptor family members were up-regulated such
as Tlr-2 (3.3-fold, p < 0.05), Tlr-7 (3.3-fold, p < 0.05) and Tlr-9 (2.4-fold, p < 0.01) (Fig. 8
A). Expression levels of the microglia-associated markers CD11B (2.3-fold, p < 0.001), F4/80
(4.1-fold, p < 0.01), cathepsin D (CathD, 3.2-fold, p < 0.001), macrophage colony-stimulating
factor receptor (MCSF-R) (2.4-fold, p < 0.001) were similarly up-regulated (Fig. 8 B). The
astrocytic marker, glial ﬁbrillary acidic protein (GFAP), showed the highest increase (28 -fold,
p < 0.001) of all genes tested, indicating a severe astrogliosis in the mice in comparison to
WT animals (Fig. 8 B).
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Fig. 8 Analysis of gene expression of various inflammatory markers by quantitative RT-PCR:
Expression levels of 5XFAD mice were compared to age-matched WT control animals. Normalization was
performed against two housekeeping genes: Actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The expression of the housekeeping genes did not differ in the different age groups. Significance levels as
calculated by REST program refer to 5XFAD mice compared to age-matched WT animals: **, p < 0.01; *, p <
0.05; n = 3-4 per group.
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3.1.2. Effect of ibuprofen treatment on transcript levels and protein levels
of inflammatory markers in 5XFAD mice
As described in the previous chapter, the 5XFAD mouse model shows an agedependent increase in inflammatory pathology. Between 3 and 6 months of age, a robust upregulation of microglial and astroglial markers occurs. Therefore, in an initial experiment,
analysis of ibuprofen treatment’s effect on expression levels of inflammatory markers was
performed.
A comparison between ibuprofen-treated and untreated 5XFAD mice at the age of 6
months revealed a down-regulation of several inflammatory markers like interleukins IL-6
(0.7-fold, p < 0.05) and IL-10 (0.3-fold, p < 0.05), MCSF-R (0.8-fold, p < 0.05) and GFAP
(0.3-fold, p < 0.001). Furthermore, Tlr-7 (0.6-fold, p=0.099) and F4/80 (0.6-fold, p=0.145)
showed a non-significant decrease in expression. Other markers like IL-1β, Tlr-2, TNFα and
CathD remained unchanged after ibuprofen treatment (Fig. 9).

Fig. 9 Quantitative RT-PCR analysis of ibuprofen treated mice: Analysis showed significant downregulation of several inflammatory markers including IL-6, IL-10, MCSF-R and GFAP in ibuprofen treated mice
in comparison to untreated age-matched controls. Significance levels as calculated by REST program refer to
5XFAD mice compared to age-matched WT animals: **, p < 0.01; *, p < 0.05; n = 3-4 per group.
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To assess the effect of ibuprofen treatment on protein levels, qualitative doubleimmunostainings were performed using an Aβ antibody (4G8-green) and microglial/
macrophage marker (Iba-1-red). A reduction of Iba-1 staining (in red) was observed in
cortical samples of ibuprofen treated (Fig. 10 B) compared to untreated 5XFAD mice (Fig. 10
A). To corroborate this finding, the levels of monocyte chemotactic protein-1 (MCP-1) were
quantified by ELISA in TBS-soluble protein fractions. Strongly reduced MCP-1 levels were
detected in ibuprofen treated 5XFAD mice (2.81 ± 0.73 pg/ml) compared to untreated
5XFAD mice (8.63 ± 1.59 pg/ml, p < 0.01) (Fig. 10 F).
To assess whether the strong down-regulation of GFAP expression was also reflected
on the protein level, the astrocyte covered area was quantified in the dentate gyrus of
ibuprofen treated and untreated control 5XFAD mice. Ibuprofen treated mice displayed a
strong trend towards reduced GFAP load, which almost reached statistical significance (p =
0.055; Fig. 10 C-E).
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Fig. 10 Effect of ibuprofen treatment on protein levels of inflammatory markers: Immunohistochemical
detection of Aβ (red) and Iba-1 (green) revealed reduced macrophage/microglia staining in the cortex in
ibuprofen treated mice (B) compared to untreated 5XFAD mice (A). Quantification of GFAP-positive astrocytes
in the dentate gyrus showed a strong trend towards reduced astrogliosis in ibuprofen treated mice (D, E)
compared to untreated 5XFAD mice (C). Quantification of the pro-inflammatory chemokine MCP-1 using
ELISA revealed a substantial down-regulation after ibuprofen-treatment (F). MCP-1 ELISA was performed by
the group of Hans-Ulrich Demuth, Probiodrug, Halle/Saale, Germany.
All error bars represent SEM. Unpaired t-test; **, p < 0.01. n = 7 (5XFAD) and 8 (5XFAD-Ibu) for MCP-1
ELISA. n = 4 per group for GFAP quantification. Scale bar: A-D: 50 µm.
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3.1.3. CHO-5XFAD cells are resistant to the Aβ42-lowering activity of
ibuprofen
It was previously shown that CHO-cells expressing the 5XFAD combination of APP
and PS1 mutations are completely resistant to the Aβ42-lowering activity of the potent GSM
BB25, indicating that this mouse model is insensitive to γ-secretase modulation (Hahn et al.,
2011).
In order to confirm this result for ibuprofen, dose-response experiments were
performed using the same cell lines. Cells with stable expression of the 5XFAD combination
of APP (Swedish/London/Florida) and PS1 (M146L/L286V) mutations (CHO-5XFAD cells)
displayed an 18-fold increase in the Aβ42/Aβ40 ratio as compared to cells with stable
expression of wild type APP (CHO-APPwt cells) demonstrating that the expression of 5 FAD
mutations caused a dramatic shift to increased production of the amyloidogenic Aβ42 peptide
species (Fig. 11 A).
To compare the response of individual cell lines to ibuprofen, cells were treated with
increasing concentrations of ibuprofen (100 – 500µM). Aβ42 and Aβ40 levels in cell culture
supernatants were measured by sandwich ELISA. CHO-APPwt cells showed a dosedependent decrease in Aβ42 levels (200 µM, p < 0.05; 300 – 500 µM, p < 0.001) (Fig. 11 C).
In contrast, Aβ42 reductions after ibuprofen treatment were strongly attenuated in CHO5XFAD cells (Fig. 11 C). Aβ40 levels were not affected by ibuprofen treatment in both cell
lines (Fig. 11 B).
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Fig. 11 Cells with stable expression of the 5XFAD combination of APP and PS1 mutations are resistant to
the Aβ42-lowering activity of ibuprofen: (A) Comparison of Aβ42/Aβ40 ratios in cell lines with stable
expression of wild type APP (CHO-APPwt cells) and the 5XFAD combination of APP and PS1 mutations
(CHO-5XFAD cells) was performed. CHO-5XFAD revealed an 18-fold increase in the Aβ42/Aβ40 ratio
compared to CHO-APPwt cells. Response of individual cell lines to increasing ibuprofen concentration was
measured in cell culture supernatants by sandwich ELISA. Aβ40 levels remained unchanged (B). Aβ42 levels
showed a dose-dependent decrease in CHO-APPwt cell, while the effect was strongly attenuated in CHO5XFAD cells (C). Experiments were performed by the group of Prof. Sascha Weggen at the University of
Düsseldorf, Germany. All error bars represent SEM. Two-way analysis of variance (ANOVA) with Bonferroni
post tests; *, p < 0.05; ***, p < 0.001.

3.1.4. No effect of ibuprofen treatment on extracellular plaque pathology
in 5XFAD mice
To assess the influence of ibuprofen treatment on the Aβ plaque progression in the
5XFAD mice, plaque load analysis was performed. Sagittal brain sections of 6-month-old
ibuprofen-treated and control 5XFAD mice were stained with two different Aβ antibodies
detecting either overall Aβ (4G8, Aβ17-24) or Aβx-42 peptides (G2-11).
Using the 4G8 antibody, no significant differences were observed in the cortex
(5XFAD: 5.67 ± 0.76%; 5XFAD-Ibu: 6.98 ± 0.18%) or the hippocampus (5XFAD: 3.7 ±
0.18%; 5XFAD-Ibu: 4.05 ± 0.35%) (Fig. 12 A, B) of ibuprofen treated mice in comparison to
untreated controls.
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Similar findings were obtained for Aβ peptides ending at amino acid 42 with no
significant differences in cortex (5XFAD: 2.16% ± 0.27%; 5XFAD-Ibu: 2.37% ± 0.56%) or
hippocampus (5XFAD: 1.54% ± 0.22%; 5XFAD-Ibu: 1.39% ± 0.36%) (Fig. 12 C, D).

Fig. 12 Unchanged hippocampal and cortical plaque load in 5XFAD mice: No reduction in overall Aβ (A,
B) or Aβ42-plaque load (C, D) either in the cortex (A, C) or the hippocamous (B, D), could be detected
following 3-months of ibuprofen-treatment. All error bars represent SEM. Unpaired t-test. n = 4 per group.

3.1.5. Effect of ibuprofen on Aβ levels in 6-month-old 5XFAD mice
ELISA quantification of Aβx-40 and Aβx-42 (mass Aβ /gram brain weight) revealed
no alteration in TBS-soluble Aβx-40 levels (5XFAD: 0.18 ± 0.03 µg/g, 5XFAD-Ibu: 0.12 ±
0.02 µg/g) of ibuprofen-treated 5XFAD mice in comparison to untreated controls (Fig. 13 A).
Interestingly, increased Aβx-42 levels in the TBS-soluble fraction (5XFAD: 0.12 ±
0.011µg/g, 5XFAD-Ibu: 0.25 ± 0.015µg/g; p < 0.001) could be detected (Fig. 13 B).
In the insoluble Aβ fraction (combined SDS and FA fractions), no significant
differences were detected for Aβx-40 (5XFAD: 16.77 ± 2.7 µg/g, 5XFAD-Ibu: 12.94 ± 0.74
µg/g) or Aβx-42 levels (5XFAD: 78.52 ± 6.54 µg/g, 5XFAD-Ibu: 75.08 ± 4.3 µg/g)
comparing both test groups (Fig. 13 C, D).
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Fig. 13 Effect of 3 months of ibuprofen-treatment on Aβ40 and Aβ42 levels in 6-month-old 5XFAD mice:
Quantification of Aβx-40 and Aβx-42 using ELISA showed increased TBS-soluble Aβx-42 levels after
ibuprofen-treatment (B), whereas Aβx-40 levels remained unchanged (A). No differences were detected in SDSand FA-soluble Aβx-40 and Aβx-42 levels (C, D). Experiments were performed by the group of Hans-Ulrich
Demuth, Probiodrug AG, Halle/Saale, Germany. All error bars represent SEM. Unpaired t-test; ***, p < 0.001.
n = 7 (5XFAD-Ibu) and 8 (5XFAD).

3.1.6. Effect of ibuprofen-treatment on behavioral performance in 5XFAD
mice
Motor coordination was assessed using the balance beam task (Fig. 14 A). Ibuprofen
treated 5XFAD mice performed significantly worse than untreated mice (p < 0.001). Working
memory was assessed using the Y-maze and the cross-maze alternation tasks.
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Performance in the Y-maze was similar in both the treated and untreated groups (Fig.
14 B, C). Analysis of the more difficult, and hence more sensitive, cross-maze task revealed a
significantly reduced alternation frequency in ibuprofen treated 5XFAD mice compared to
untreated 5XFAD (Fig. 14 D; p < 0.001). Exploratory behavior of the mice was unchanged
between the groups as the number of arm entries during the test period was not significantly
different (Fig. 14 E).

Fig. 14 Effect of ibuprofen-treatment on behavioral performance in 5XFAD mice: Ibuprofen treated
5XFAD mice displayed an impaired motor performance in the balance beam task (A). No changes were seen in
the Y-maze (B). However, mice demonstrated a significantly reduced alternation frequency in the cross-maze
task, which is around chance level (dotted line, D). This reduction was not due to reduced exploratory behavior
as no difference in the total arm entries has been detected in both tasks (C, E). All error bars represent SEM.
Unpaired t-test; ***, p < 0.001. n = 7 (5XFAD-Ibu) and 12 (5XFAD).
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In addition, anxiety behavior was analyzed using the elevated plus maze paradigm. No
effect of ibuprofen treatment could be seen, as both groups spent similar time in the open
arms of the maze (Fig. 15 B). Also, the number of arm entries, indicating the activity level of
the mice, was nearly the same in both groups (Fig. 15 A).
Furthermore, the open field paradigm was used to assess exploratory and spontaneous
locomotor activity and anxiety. As expected, there were no significant differences in the time
the mice spent in the center of the maze (Fig. 15 C). This confirms the data from the elevated
plus maze that ibuprofen treatment has apparently no influence on anxiety levels of the mice.
Locomotor activity in ibuprofen-treated 5XFAD mice was reduced compared to
untreated 5XFAD mice (Fig. 15 D; p < 0.01). This finding is also displayed in a nearly
significant decrease in the speed of ibuprofen mice during the test period (Fig. 15 F; p = 0.05).
Distance traveled during the test was decreased but did not reach significance (Fig. 15 E; p =
0.072).
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Fig. 15 Influence of ibuprofen-treatment on behavioral performance in 5XFAD mice: Ibuprofen treatment
had no effect on anxiety performance in the 5XFAD mice tested in the elevated plus maze and open field
paradigms (A and C). Exploratory activity was similar in both groups in the elevated plus maze (B). Ibuprofentreated 5XFAD mice showed a significant reduction in overall locomotor activity (D) and a trend towards
reduced path-length and speed in the open field task (E, F). All error bars represent SEM. Unpaired t-test; **, p <
0.01. n = 7 (5XFAD-Ibu) and 12 (5XFAD).
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3.2. Project II: Analysis of oligomeric pyroglutamate Abeta in CAA
Within the last decade, immunotherapy has gained considerable attention as an AD
treatment. However, clinical studies have been facing some drawbacks as patients receiving
an active vaccination had a strong autoimmune reaction causing meningoencephalitis
(Orgogozo et al., 2003). Furthermore, microhemorrhages within the brain vasculature have
been reported and are believed to be caused by anti-Aβ antibody binding to CAA (Racke et
al., 2005). For safer therapeutic approaches, it is necessary to study the association of
promising antibodies with the vasculature in the human brain.
The CAA staining pattern of the 9D5 antibody was assessed and the question was
addressed whether the 9D5 antibody recognizes the same amount of CAA as other Aβ
antibodies. In addition, a possible correlation between CAA staining and gender, age, Braak
stage and ApoE genotype was studied.

3.2.1. Screening for CAA
Sections of the gyrus temporalis superior from 99 AD patients were stained with a
generic Aβ (NT244) antibody and a conformational-specific antibody for pyroglutamate
oligomers (9D5). Then, they were used to screen for CAA.
Data regarding diagnosis, gender, age, Braak stage, ApoE genotype and plaque load in
the brain were available for each patient. The cohort used in this study consisted of samples of
76 females and 23 males with a mean age of 77.1 ± 12 years. Braak stages ranged from 4 to 6
with an average of 5.1. Fifty-seven of the patients were carriers for at least one ApoE4 allele.
Of these, 46 patients were heterozygous for ApoE4 and 11 patients were homozygous for
ApoE4. Staining with the NT244 antibody, detecting general Aβ, demonstrated CAA in 24
patients (24%). 9D5 positive blood vessels were found in 13 patients (13%). The majority of
the samples showed a heavy plaque load deposition. Only nine patients had minor plaque
accumulation in the brain. Statistical analysis revealed no correlation of the occurrence of
9D5-positive CAA staining with gender, age, Braak stage, ApoE genotype and plaque
deposition (data not shown).
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3.2.2. Comparative CAA staining of 9D5 versus NT244
For further analysis of the 9D5 staining pattern, a comparative staining between 9D5
and a generic Aβ1-16 antibody (NT244) was conducted. Analysis revealed a high degree of
variation in the staining pattern. Blood vessels positive for NT244 rarely lacked
immunoreactivity for 9D5 (Fig. 16 A, B). Sometimes blood vessels showed a complete
overlap in the staining pattern for both antibodies (Fig. 16 E, F). However, the majority of the
blood vessels showed a positive immunoreactivity for NT244 over the complete vessel wall
area while the 9D5 demonstrated only a partial overlap (Fig. 16 C, D). Therefore, 9D5
occupied a subfraction of NT244-positive blood vessel areas.

Fig. 16 Comparative CAA staining of 9D5 versus NT244: NT244 stained all blood vessels and always
covered the entire vessel area (B, D, F). In contrast, 9D5 stained none of the vessel (A), part of the vessel area
(C) or, very rarely, the entire vessel area (E). Scale bar = 50 µm.
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3.2.3. Quantitative analysis of blood vessels stained by diverse Aβspecific antibodies
Tissues from all 13 cases which demonstrated CAA staining with the 9D5 antibody in
the initial screening were further analyzed in detail. Analysis of the staining intensity was
performed using different antibodies targeting the N-terminus (Aβ1-x) or C-terminus of Aβ
(Aβx-40), generic Aβ and the linear N-terminus of pyroglutamate Aβ (AβpE3-x). In addition,
the monoclonal antibody OC was used. The OC antibody is also a conformation dependent
antibody and detects fibrillar oligomers.
All antibodies besides the 9D5 showed a comparable immunoreactivity for the blood
vessel area (Fig. 17 A-F). A significant difference compared to the 9D5 staining intensity was
discovered in all other antibodies. 9D5 staining covered only 37% of the blood vessel area in
comparison to 73% for 2-48; 80% for NT244; 81% for Aβ[N]; 84% for G2-10 and 79% for
OC (Fig. 17 G).
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Fig. 17 Representative images of various Aβ antibodies staining CAA and quantitative analysis of
positively stained areas in blood vessels: (A-F) 9D5 only partially stained the vessel area, while all other
antibodies stained the entire area with 2-48 against N-terminus of pyroglutamate Aβ (B); NT244 against generic
Aβ (C); Abeta[N] targeting the N-terminus Aβ1-x (D); G2-10 against C-terminus of Aβx-40 (E) and OC that
selectively labels amyloid fibrils (F). Quantitative analysis of the stained blood vessel showed a significant
reduction in the staining intensity of the 9D5 compared to all other antibodies (G). All error bars represent SEM,
One-way-ANOVA; ***, p < 0.001. Scale bar = 50 µm.
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3.3. Project III: Study of synuclein and Aβ interaction in the cortex
of 5XFAD mice
An increasing number of reports demonstrated an overlapping pathology of AD and
PD, termed as dementia with Lewy-bodies (DLB) (Lippa et al., 2007). Patients with DLB
typically exhibited a more aggressive disease course and more pronounced cognitive
dysfunction than patients with pure AD (Hansen et al., 1990; Kraybill et al., 2005).
Furthermore, studies in transgenic mice supported the hypothesis that α-synuclein and Aβ
interact and may enhance aggregation of each other (Masliah et al., 2001; Clinton et al.,
2010). Therefore, studying the effects of synuclein and Aβ coexpression provides the
possibility to gain more insight into the pathogenic processes of DLB.
The objective of this study was to establish the procedure of stereotactic injection of
synuclein AVV-constructs into the brains of 5XFAD mice and analyze the developing
pathology pattern. Injections were performed into the frontal cortex targeting the fifth cortical
layer, an area that has been shown to exhibit a high abundance of intracellular Aβ in the
5XFAD mouse model (Jawhar et al., 2012). The question raised by this project was whether
an additional expression of synuclein variants might lead to the development of Lewy-bodies
in the neurons harboring intraneuronal Aβ and if the synuclein overexpression influences the
Aβ pathology in the mice.

3.3.1. Establishment of stereotactic injection of AVV into mouse brain
In initial experiments, stereotactic surgery was established in the laboratory. To
control the accuracy of injection and the distribution of the virus in the cortex, EGFP
fluorescence signal was checked for each injected mouse.
EGFP signal from the virus was mainly found localized to the injection site (Fig. 18
A). In rare cases, a more widespread distribution could be seen. Virus expression occurred in
neurons throughout all layers of the cortex (Fig. 18 B).
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Fig. 18 Representative images of the expression pattern of injected AVV in the frontal cortex of 5XFAD
mice: EGFP signal was found mainly localized around the injection site in the frontal cortex of the mice (A).
Virus expression occurred intraneuronaly (B). Scale bars = 500 µm (A); 50 µm (B).

3.3.2. Analysis of specificity of synuclein antibody used in the study
In order to rule out cross-reactivity of the human-specific synuclein antibody LB509
with the endogenous murine-synuclein or β-synuclein, sections from injected and uninjected
5XFAD mice were stained. In addition, antibody reactivity for the α-synuclein A30P mutant
was confirmed. The LB509 antibody specifically detected both α-synuclein WT and the A30P
mutant (Fig. 19 A, B). No positive immunoreaction was seen for β-synuclein injected mice
(Fig. 19 C). Also, cross-reactivity was not detected with murine synuclein in uninjected
5XFAD mice (Fig. 19 D).

5XFAD
α-syn WT

5XFAD
α-syn A30P

5XFAD
β-syn

5XFAD
uninjected

Fig. 19 Analysis of LB509 antibody specificity: Positive immunoreactivity was only seen in α-synuclein
injected mice (A, B). No staining was detectable in β -synuclein injected mice or uninjected 5XFAD mice (C,
D). Scale bar = 100 µm.

51

3. Results

3.3.3. Expression of different synuclein variants in 5XFAD and wild-type
mice
The aim of this study was to analyse the aggregation pattern of α- and β-synuclein
variants overexpressed in the cortex of 5XFAD mice. Therefore, sections of AAV injected
animals were stained with the LB509 antibody. Furthermore, β-synuclein aggregation was
studied with an antibody specific for human α- and β-synuclein.
Synuclein aggregation could be seen in the form of Lewy neurites in α-synuclein WT
and α-synuclein A30P injected 5XFAD mice. No Lewy body formation was seen in injected
mice (Fig. 20 A, B, D, E). In the cortices of β-synuclein injected 5XFAD mice, no
aggregation was seen (Fig. 20 C, F). No obvious differences in the severity or formation of
neuritic aggregates between both synuclein variants were detected.

5XFAD
α-syn WT

5XFAD
α-syn A30P

5XFAD
β-syn

20X

60X

Fig. 20 Representative images of the cortices of 5XFAD mice injected with different synuclein variants:
Sections were stained with LB509 antibody (A, B, D, E) and a β-synuclein specific antibody (C, F), respectively.
Lewy neurites were detected in α-synuclein WT (A, D) and α-synuclein A30P (D, E) injected 5XFAD mice.
Cortices of β-synuclein injected 5XFAD mice displayed no aggregation (C, F). Scale bars = 100µm (A-C);
33µm (D-F).

In order to control if the aggregation pattern seen for α-synuclein is dependent on the
AD pathology of the 5XFAD mice, non-transgenic mice were also analyzed. The three
synuclein variants where therefore injected into the frontal cortex of WT animals using the
same coordinates as in the 5XFAD mice.
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Immunohistological analysis revealed a similar picture as seen in the 5XFAD injected mice.
Aggregation was only detectable for the α-synuclein WT and A30P mutant (Fig. 21 D, E).
Aggregation patterns were similar for both α-synuclein variants in the mice. No neuritic
pathology was detectable in the β-synuclein injected WT animals (Fig. 21 C, F).

WT
α-syn WT

WT
α-syn A30P

WT
β-syn

20X

60X

Fig. 21 Representative images of the expression of different synuclein variants in WT mice: Sections were
stained with LB509 antibody (A, B, D, E) and a β-synuclein specific antibody (C, F), respectively. Lewy neurits
were detected in α-synuclein WT (A, D) and α-synuclein A30P (D, E) injected WT mice. Cortices of β-synuclein
injected WT mice displayed no aggregation (C, F). Scale bars = 100µm (A-C); 33µm (D-F).

3.3.4. Colocalization analysis of α-synuclein aggregates with APP and Aβ
It has been shown in previous studies that α-synuclein and Aβ might interact with each
other. An analysis of the localization of both proteins in the injected mice was therefore
conducted. Immunofluorescent double-labeling revealed only a partial overlap of α-synuclein
with APP (Fig. 22). Furthermore, α-synuclein showed no colocalization with Aβ. As
determined by immunofluorescent double-labeling, α-synuclein was found mainly in
dystrophic structures surrounding plaques (Fig. 23).
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DAPI
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Synuclein
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5XFAD
α-syn WT

5XFAD
α-syn A30P

Fig. 22 α-synuclein WT and α-synuclein A30P only partially colocalize with APP in injected 5XFAD mice:
Immunofluorescent double-labeling in α-synuclein injected mice revealed only partial colocalization of
synuclein protein and APP in some dystrophic neurites (yellow, indicated by asterisk). Antibodies against APP
(23850, green) and α-synuclein (LB509, red) were used with DAPI counterstaining (blue). Scale bar = 20 µm.
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Synuclein

Aβ

Merge

5XFAD
α-syn WT

5XFAD
α-syn A30P

Fig. 23 α-synuclein WT and α-synuclein A30P show no colocalization with Aβ in injected 5XFAD mice:
Immunofluorescent double-labeling of α-synuclein variants and Aβ displayed no colocalization of both proteins.
Antibodies against Aβ (Aβ[N], green) and α-synuclein (LB509, red) were used with DAPI counterstaining
(blue). Scale bar = 20 µm.

3.3.5. No influence of synuclein expression on extracellular plaque
deposition in 5XFAD mice
To assess the influence of synuclein overexpression on the Aβ pathology, cortical
plaque load was compared between α-synuclein A30P and β-synuclein injected mice and
non-injected mice. Sections were stained with four different Aβ antibodies detecting either
overall Aβ (IC16), Aβ1-x (Aβ[N]), Aβx-40 (G2-10) or Aβx-42 (G2-11) peptides. No
significant differences were observed in the overall Aβ load in the cortex of 5XFAD-α-syn
A30P (6.77 ± 0.96%), 5XFAD-β-syn (6.97 ± 1.52%) and non-injected 5XFAD mice (7.13 ±
54

3. Results
0.76%) (Fig. 24 A). Additionally, deposition of Aβ1-x plaques was not affected by synuclein
overexpression (Fig. 24 B; 5XFAD-α-syn A30P (1.90 ± 0.52%), 5XFAD-β-syn (2.26 ±
0.44%) and non-injected 5XFAD mice (2.42 ± 0.38%)).
C-terminal specific antibodies yielded similar results (Fig. 24 C and D). Aβx-40
plaque load remained the same in all three groups (5XFAD-α-syn A30P (3.93 ± 0.46%),
5XFAD-β-syn (5.38 ± 0.09%) and non-injected 5XFAD mice (4.98 ± 1.29%)). Also, Aβx-42
plaque load comparison showed no significant changes between the mice (5XFAD-α-syn
A30P (5.25 ± 1.03%), 5XFAD-β-syn (4.73 ± 0.46%) and non-injected 5XFAD mice (4.56 ±
0.60%)).

Fig. 24 Plaque load analyses revealed no differences between injected and non-injected 5XFAD groups:
No changes could be detected in cortical deposition of overall Aβ (IC16, A); Aβ1-x (Aβ[N], B); Aβ40 (G2-10,
C) and Aβ42 (G2-11, D) comparing α-synuclein A30P, β-synuclein injected and non-injected mice. All error
bars represent SEM. One-way ANOVA. n= 3 (5XFAD-α-syn A30P), 3 (5XFAD-β-syn) and 4 (5XFAD-noninjected).
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4. Discussion
4.1. Project I: Chronic ibuprofen treatment in the 5XFAD mouse
model
The aim of this project was to study the influence of ibuprofen treatment on the
pathology of the 5XFAD mouse model. Therefore, the first step was to characterize the agedependent inflammatory changes. Based on that, mice were treated from 3-6 months of age
and studied in terms of pathology progression and cognitive changes.

4.1.1. Inflammatory processes in the 5XFAD mouse model
The 5XFAD mouse model develops an age-dependent pathology similar to the human
situation. Plaque deposition is already seen at the age of 2-3 months and accelerates in an agedependent manner. Behavioral changes start to appear at 6 months of age in the form of
spatial working memory impairment and reduced anxiety. Later on, motor deficits can also be
observed (Jawhar et al., 2012).
Correlating with the marginal plaque deposition and the absence of behavioral
impairments, no prominent changes in inflammatory markers were observed at the age of 3
months in the transgenic mice. Only Tlr-2, CD11B and CathD were significantly increased in
comparison to age-matched WT animals.
The upregulation of these markers might indicate an early microglial activation in the
mice, as CD11B is a well-known marker for activated microglia, and CathD has been shown
to play a role in the mediation of microglial neurotoxicity (Akiyama et al., 2000; Kim et al.,
2007). In addition, in vitro and in vivo experiments also indicated that Tlr-2 promotes
microglia activation by Aβ peptides (Jana et al., 2008). However, the cytokine IL-10 was
strongly decreased in 3-month-old 5XFAD mice. IL-10 is an anti-inflammatory cytokine
known to suppress inflammatory processes induced by Aβ deposition (Szczepanik et al.,
2001). The down-regulation of this marker could indicate that the neuroinflammation in the
5XFAD mice is not well advanced and therefore IL-10 is not yet activated.

In 6-month-old 5XFAD mice, an activation of a broad range of microglial and
astroglial markers was detected. The most prominent increase was in the expression level of
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the GFAP astrocytic marker, which was around 30-times higher in 5XFAD mice compared to
WT animals.
Astrocytes have various functions such as the biochemical support of endothelial cells
of the blood brain barrier (BBB), supplying nutrients to nervous tissue and maintenance of
extracellular ion balance. Activated astrocytes produce chemokines, cytokines, and reactive
oxygen species known to promote neuronal damage (Akiyama et al., 2000). Activation of
astrocytes can be induced by amyloid plaque deposition. In brains of human AD patients,
activated astrocytes occur predominantly around plaques (Dickson, 1997). The strong
association of astrocytes with Aβ plaques led to the hypothesis that astrocytes are also
involved in the degradation and phagocytosis of Aβ. This point was further supported by
studies showing Aβ immunoreactive material within astrocytes (Nagele et al., 2003; Pihlaja et
al., 2008).
In 6-month-old 5XFAD mice, markers for activated microglia, like F4/80 and
MCSFR, were significantly upregulated. In addition, expression levels of CD11B and CathD,
which were already increased at 3 months of age, were further raised in 6-months-old 5XFAD
mice. This indicates the development of an abundant microgliosis in 5XFAD mice.
Microglia are the resident immunocompetent cells and mostly composed of
mesodermally derived macrophages. They coordinate the inflammatory response in the CNS
(Kato et al., 1996). In a healthy brain, microglia exhibit a deactivated state that is
characterized by low expression of surface receptors, minimal secretory activity and minimal
migratory behavior when in contact with astroglia or neurons (Giulian, 1999). Aβ is capable
of inducing an active phenotype in the microglia, resulting in proliferation of microglia and
their accumulation around Aβ deposits (Bolmont et al., 2008). It is assumed that activated
microglia phagocytose Aβ, limiting the progression of amyloid deposits in the brain (Chen et
al., 2006; Herber et al., 2007). On the other hand, activation of microglia is characterized by
the secretion of various inflammatory cytokines and chemokines, reactive-oxygen species and
complement factors, thereby inducing inflammatory processes in the brain (Akiyama et al.,
2000).
Analysis of proinflammatory cytokine expression revealed an increase of IL-1β and
TNFα, but not IL-6, in the 6-month-old 5XFAD mice. IL-1β is abundantly expressed in
human AD brain tissue and protein levels are found to be increased in homogenates from
frontal cortex, parietal cortex, temporal cortex, hypothalamus, thalamus and hippocampus in
AD patients in comparison to healthy controls (Cacabelos et al., 1994; Sheng et al., 2001). IL57
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1β expression is linked to plaque-associated microglia. Chronic overexpression of IL-1β
seems to contribute to the neuropathological changes in AD as it has been shown to
upregulate the expression and processing of APP (Buxbaum et al., 1992; Mrak and Griffin,
2001).
TNFα also belongs to the group of proinflammatory cytokines. It regulates diverse
processes coupled to cell viability, gene expression, synaptic integrity and ion homeostasis
(Frankola et al., 2011). Its pathophysiological role is controversial, as studies reported
neurotoxic effects as well as neuroprotective functions (Zhao et al., 2003; Orellana et al.,
2007).
IL-6 is a pleiotropic cytokine that mediates immune responses and inflammatory
reactions affecting CNS cell growth and differentiation (Akiyama et al., 2000). It is expressed
during development in the nervous system and strongly induced under pathological conditions
(Vallières and Rivest, 1997). Interestingly, IL-6 has also been suggested to play a role in the
regulation of neuronal survival and function (Akiyama et al., 2000). Examination of AD
brains revealed a strong immunostaining of IL-6 around plaques as well as around large
cortical neurons (Strauss et al., 1992).
The unchanged expression of IL-6 in the 5XFAD mouse is surprising, as it has been
hypothesized that levels of proinflammatory cytokines are dependent on the degree of plaque
deposition in the brain (Patel et al., 2005). However, a study in APP/PS1KI mice also
revealed unchanged interleukin expression levels in the transgenic mice, despite exhibition of
a strong plaque pathology (Wirths et al., 2010b).
Moreover, the analysis of the inflammatory cytokine IL-10 demonstrated a strong
increase at the age of 6 months in the 5XFAD mice. The major function of IL-10 is to limit
inflammation by reducing proinflammatory cytokine synthesis, suppressing cytokine receptor
expression and inhibiting receptor activation (Strle et al., 2001). The upregulation of this
marker further underlines the severity of inflammatory processes ongoing in the 5XFAD
model.
In addition, expression levels of toll-like receptors have been studied in the 5XFAD
mice. At 6 months of age Tlr-2, Tlr-7 and Tlr-9 were significantly elevated in comparison to
WT mice, while Tlr-4 remained unaltered. Tlrs are pattern recognition receptors in the innate
immune system of the brain and respond to pathogenic insults and damaged host cells by
activation of phagocytes and dendritic cells, leading to secretion of chemokines and
cytokines. They secrete molecules for protective immune responses, efficient clearance of
damaged tissues and activating adaptive immunity (Tahara et al., 2006).
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Transcription levels of Tlr-2 and Tlr-7 have been shown to be increased in the AD
mouse model TgCRND8 in comparison to age-matched controls, while Tlr-4 was unchanged
(Letiembre et al., 2009), supporting observations in the current study. Interestingly, Tlr
expression has been recently associated with microglial activation. Fibrillar Aβ deposition
seems to stimulate a “host defense” mechanism, resulting in proinflammatory activation of
microglia (Landreth and Reed-Geaghan, 2009). Interestingly, it was also shown that microglia
(BV-2 cell) activation with ligands for Tlr-2, Tlr-4 or Tlr-9, markedly boosted ingestion of Aβ
in vitro (Tahara et al., 2006), also supporting a neuroprotective feature of Tlr upregulation.
The 5XFAD mouse model displays a robust activation of astroglial and microglial
markers, similar to findings in other transgenic mouse models (Benzing et al., 1999; Gordon
et al., 2002; Köhler et al., 2005; Wirths et al., 2010b). In addition to this, the mouse model has
been shown to display a pathology development similar to the human situation including
severe plaque pathology, cognitive decline and neuron loss. Therefore, the 5XFAD mouse
model can be considered a suitable model to study the effect of anti-inflammatory
interventions.

4.1.2. Ibuprofen treatment reduces gliosis in the 5XFAD mouse model
Based on the previous findings, treatment with ibuprofen began at 3 months of age, as
this seems to be the time point were pathology development begins, and lasted until 6 months
of age.
Three month treatment with ibuprofen resulted in a decrease of inflammation in the
5XFAD mice, confirming the anti-inflammatory activity of ibuprofen and the effectiveness of
the treatment paradigm. A reduction in the number of GFAP and Iba-1 positive cells was
observed in the cortex and hippocampus of ibuprofen treated 5XFAD mice, accompanied by
diminished expression of interleukins (IL-6 and IL-10) and microglial and astroglial markers,
such as MCSF-R and GFAP, respectively.
These results are in good agreement with previous ibuprofen studies. In the Tg2576
mouse, an oral ibuprofen treatment with similar dosing led to a decrease of IL-1β levels and
diminished the proliferation of activated microglia associated with plaques (Lim et al., 2000).
Additionally, in the R1.40 mouse model, a reduction in oxidative stress was reported after
ibuprofen treatment (Wilkinson et al., 2010).
Interestingly, the monocyte-chemoattractant protein 1 (MCP-1) protein level was
strongly decreased in the treated mice. MCP-1 has been associated with the recruitment of
astrocytes to the Aβ deposits, enhancing their degradation (Wyss-Coray et al., 2003). The
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cellular source of MCP-1 in the AD brain is not clear. In vitro experiments showed that
neonatal astrocytes from various species stimulated with Aβ1-42 produced MCP-1 (Johnstone
et al., 1999). However, contradicting results were found in vivo: no MCP-1 production could
be detected in plaque associated astrocytes in an AD mouse model (Mehlhorn et al., 2000),
but MCP-1 immunoreactivity was found in astrocytes of AD patients (Sokolova et al., 2009).
The strong parallel decrease of both the astroglial marker GFAP and the MCP-1
protein levels in the current study argues further for astrocytes as the main source of MCP-1.

4.1.3. 5XFAD mutations attenuate Aβ42 lowering activity of ibuprofen
In addition to their anti-inflammatory properties, a subgroup of NSAIDs is also able to
directly influence APP processing through γ-secretase modulation. The exact mechanism is
not fully understood, but analyses suggested that NSAIDs directly interact with the γsecretase complex. Small molecules with this activity have now been termed γ-secretase
modulators (GSM) (Czirr and Weggen, 2006).
In cell based assays, treatment with either ibuprofen, sulindac sulfide or indomethacin
lead to a 70-80% reduction of the amyloidogenic Aβ42 peptides with a parallel increase of the
less toxic Aβ38 peptides, while Aβ40 levels remained unchanged. This effect was
independent of the inhibition of the COX enzymes (Weggen et al., 2001). These findings
were corroborated by in vivo data demonstrating that ibuprofen, sulindac and indomethacin
also reduced Aβ42 levels in the brains of transgenic mice (Eriksen et al., 2003).
Recently, it has been shown that PS1 mutations can modulate the Aβ42-reducing
effects of NSAIDs. Overexpression of the PS1 mutation M146L enhanced the Aβ42
reduction, while the PS1 ΔExon9 mutation strongly diminished the Aβ42 response in a cell
culture assay using sulindac sulfide treatment (Weggen et al., 2003). Several aggressive PS1
mutations, causing early onset of AD, have been identified to be less sensitive towards the
Aβ42 lowering effect of NSAIDs (Czirr et al., 2007; Page et al., 2008). This insensitivity was
also confirmed in vivo, in a mouse model of AD with transgenic expression of mutant PS2,
which was entirely resistant to treatment with high doses of a potent GSM (Page et al., 2008).
Importantly, a systematic cell culture study revealed that the PS1 double-mutation
(M146L/L286V) present in the 5XFAD model, attenuates the Aβ42 reducing activity of the
potent GSM BB25 (Hahn et al., 2011). In the current study, dose response experiments using
CHO cells with stable expression of the 5XFAD mutations confirmed the expected
insensitivity of the cells towards the Aβ42 lowering activity of ibuprofen. This, together with
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the pathology seen in the 5XFAD mice, prompted the use of this model to study the effects of
ibuprofen independent of its γ-secretase-modulating features.

4.1.4. Ibuprofen treatment influences Aβ levels but not the deposition in
the 5XFAD mouse
Overall Aβ and Aβ42 plaque load were unaffected in 5XFAD mice after 3 months of
oral ibuprofen treatment. This is in strong contrast with earlier reports in which oral ibuprofen
treatment for 4 to 6 months in the Tg2576 model of AD with transgenic expression of
Swedish-mutant APP resulted in dramatic reductions (50%–60%) of the number and area of
Aβ deposits (Lim et al., 2000; Yan et al., 2003). Another study in APP transgenic mice with
the Swedish and London mutations treated with ibuprofen for 6 months showed only nonsignificant reductions for Aβ plaque area and number but reported a 60% reduction in
insoluble, FA-extractable Aβ42 in female animals compared with the vehicle-treated group
(Imbimbo et al., 2009).
Two previous studies investigated ibuprofen treatment in double-transgenic mice
expressing mutant APP and PS1. Ibuprofen treatment for 6 months in mice expressing
Swedish-mutant APP and the PS1- M146L mutation resulted in a reduced plaque load of
20%– 25% (Jantzen et al., 2002).
Taking into account, the unchanged extracellular plaque deposition, it is no surprise
that SDS and formic acid soluble Aβ40 and Aβ42 levels were not altered after ibuprofen
treatment, as plaques represent a major fraction of the insoluble Aβ in the brain. Interestingly,
TBS-soluble levels of Aβ42 were increased in the treated 5XFAD mice, while TBS-soluble
Aβ40 levels were unchanged.
No increase in soluble Aβ42 levels has been reported in previous studies using
ibuprofen treatment in AD mouse models. However, the mouse models studied so far were
susceptible to the γ-secretase modulating effect of ibuprofen.

4.1.5. Decline in behavioral performance after ibuprofen treatment
The 5XFAD mouse model harbors a variety of AD hallmarks similar to the human
situation, including motor impairment, memory deficits and changes in anxiety (Jawhar et al.,
2012). Changes in behavioral performance after 3 months of ibuprofen treatment were
evaluated by assessing motor performance, spatial working memory, anxiety levels and
general locomotor activity.
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While 5XFAD mice start to exhibit motor impairments around the age of 9 months,
ibuprofen treatment led to an earlier onset of motor deficits, as indicated by decreased
performance in the balance beam task in 6-month-old mice.
Furthermore, spatial working memory is affected in the 5XFAD mice. At 6 months of
age, a reduction in spatial alternation percentage in the cross maze can be observed in 5XFAD
mice in comparison to littermate controls. Interestingly, 5XFAD mice only demonstrate this
behavior in the cross-maze, and no changes were reported for the Y-maze. The cross-maze
test represents a more complex test, as it consists of four arms instead of three as in the Ymaze. It is therefore more sensitive in detecting memory impairments (Jawhar et al., 2012).
Ibuprofen treatment further aggravated the performance of 5XFAD mice in the cross
maze task in comparison to untreated controls. However, the decrease in spatial alternation
levels was not strong enough to influence the performance in the Y-maze. It is noteworthy to
mention that all mice displayed comparable levels of explorative behavior during the tests, as
shown by comparable numbers of arm entries. Reduction in spatial alternation levels was
therefore not caused by reduced activity.
The 5XFAD mice display a strongly reduced anxiety level starting from the age of 6
months (Jawhar et al., 2012). Ibuprofen treatment had no influence on anxiety behavior in the
mice. Treated mice spent the same amount of time on the open arms of the elevated plus maze
as the untreated controls. Correlating well with elevated plus maze behavior, no significant
differences were found for the percentage of time spend in the center of the open field.
Interestingly, ibuprofen treated mice demonstrated a reduced locomotor activity
percentage in comparison to untreated controls. Reduced activity was also confirmed by
trends in distance and speed reduction for the ibuprofen treated group.
The reduced locomotor activity in the open field in ibuprofen treated 5XFAD mice
concurs with a previous study in which significantly reduced open field activity, as measured
by number of grid crossings, was reported in female Tg2576 mice treated for six months with
a similar dose of ibuprofen (Lim et al., 2001). The replication of this behavioral effect and the
suppression of inflammatory markers verify the dosing paradigm in the current study and
indicate that ibuprofen was centrally effective.
The outcome of behavioral studies suggests that the intervention with ibuprofen did
not improve the phenotype in 5XFAD mice and was potentially harmful.
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4.1.6. Detrimental effects in 5XFAD mice might be caused by increase of
soluble Aβ42 after gliosis suppression
The surprisingly worsened behavior in ibuprofen treated 5XFAD mice might be due to
the observed elevation of soluble Aβ42 in the mice. The accumulation of soluble Aβ is
believed to contribute strongly to the AD pathology. In AD patients, the soluble pool of Aβ42
correlates tightly with disease severity (McLean et al., 1999). Moreover, soluble Aβ
oligomers have been demonstrated to inhibit hippocampal long-term potentiation (LTP) and
disrupt synaptic plasticity (Lambert et al., 1998; Walsh et al., 2002).
The reasons for the increase of soluble Aβ42 level after ibuprofen treatment are
currently unclear. Based on the results of the present study, one could hypothesize that
ibuprofen induced the reduction of microglia and astrocytes. This resulted in a diminished
phagocytosis of Aβ and thereby caused an increase in soluble Aβ.
Microglia have been shown to degrade soluble as well as fibrillar Aβ. Mandrekar et al.
demonstrated that microglia internalize soluble Aβ through fluid-phase macropinocytosis and
degrade it in endo-lysosomal compartments (Mandrekar et al., 2009). Additionally, a study
showed evidence for the uptake of fibrillar Aβ, as microglia internalized systemically injected
amyloid-binding dye in the vicinity of plaques (Bolmont et al., 2008). In addition, astrocytes
have been postulated to play a role in Aβ clearance. Mouse astrocytes were able to take up
and degrade fibrillar Aβ deposits from brain slices of transgenic animals expressing the
human APP (Wyss-Coray et al., 2003).
Importantly, Grathwohl et al. observed a 3- to 4-fold increase of soluble Aβ40 and
Aβ42 levels after microglia ablation in an APP/PS1 mouse model, strongly underlining the
role of microglia for clearance of soluble Aβ (Grathwohl et al., 2009).
Furthermore, a general neurotoxic effect of ibuprofen can be excluded. Ibuprofen
treatment in similar doses as used in the current study did not lead to behavioral deterioration
in a previous experiment with Tg2576 mice. Treatment of Tg2576 mice with ibuprofen
resulted in significantly higher mean probe scores in the Morris water-maze performance of
Tg2576 mice fed with ibuprofen in comparison to Tg2576 mice fed with control chow. Most
importantly, treatment with ibuprofen did not lead to any memory impairment in nontransgenic control mice treated with the same paradigm (Kotilinek et al., 2008).
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4.1.7. Conclusions of project I
Based on the results of the current work:
•

Three-month-old 5XFAD mice display no prominent changes in inflammatory
markers.

•

6-month-old 5XFAD mice show an upregulation of a broad range of inflammatory
markers, indicating a strong astrogliosis and microgliosis in the mice.

•

Cells with stable expression of the 5XFAD combination of APP and PS1 mutations
are resistant to the Aβ42 lowering activity of ibuprofen.

•

Aβ plaque load deposition was not affected by ibuprofen treatment. Interestingly, a
strong increase in soluble Aβ42 protein levels was observed, while insoluble levels
remained unchanged

•

Ibuprofen treatment resulted in the reduction of some inflammatory markers on the
RNA and protein level, such as GFAP

•

Ibuprofen treatment could not rescue the behavior deficits of the 5XFAD mice.
Instead, an aggravation of some behavioral parameters was noted.
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4.2. Project II: Analysis of oligomeric pyroglutamate Abeta in CAA
Immunotherapy has gained considerable attention in the last years, as it was shown
that active and passive Aβ immunization lower cerebral Aβ levels and improve cognition in
animal models of AD (Schenk et al., 1999; Janus et al., 2000). However, severe side effects
were observed in animal and human trials. Removal of Aβ plaques resulted in an increase of
Aβ in the cerebral blood vessels, hindering the clearance of Aβ from the brain (Weller et al.,
2009). Furthermore, microhemorrhages within the brain vasculature have been reported in
transgenic mouse models and are believed to be caused by anti-Aβ antibody binding to CAA
(Racke et al., 2005). Deposition of amyloid in cerebral blood vessels is believed to result in a
loss of smooth muscle cells and to weaken the vessels walls, resulting in cerebral
hemorrhages (Maeda et al., 1993). For safer therapeutic approaches, it is therefore necessary
to study the association of promising antibodies with the vasculature in the human brain.
Our group has recently developed a conformation-dependent monoclonal antibody,
9D5, which only recognizes low-molecular weight pyroglutamate Aβ oligomers. Sizeexclusion chromatography followed by dot blot analysis revealed that 9D5 does not crossreact with Aβ1-42 variants (monomers to fibrils) and selectively detects a neoepitope
generated by low-molecular weight AβpE3-x oligomers (4-10mer), but not monomers or
dimers (Wirths et al., 2010c). Moreover, the 9D5 antibody is specific for Aβ.
Immunohistochemistry illustrated that 9D5 does not cross-react with aggregated protein
deposits of other neurodegenerative diseases, including Pick's disease, Parkinson's disease,
dementia with Lewy bodies, frontotemporal lobar degeneration, and Creutzfeldt-Jakob
disease (Venkataramani et al., 2012).
Passive immunization with the 9D5 antibody for 10 weeks stabilized the the ADassociated neuropathology and behavioral deficit of the 5XFAD mouse model. This is of
special interest, as this antibody detects only a small subpopulation of the Aβ variants present
in the 5XFAD mouse brain (Wirths et al., 2010c).
The objective of this study was to further elucidate the staining properties of the 9D5
antibody by assessing its abundance and staining pattern of CAA in sporadic AD cases in
comparison to other Aβ antibodies. In addition, a possible correlation between 9D5-positive
CAA staining and gender, age, Braak stage and ApoE genotype was studied.
CAA was first assessed using the general Aβ antibody, NT244, to confirm the
occurrence of CAA in the cohort. In 24 % of the patients, NT244 positive staining for CAA
was found, while only 13 % of the total cases demonstrated 9D5 positive CAA. As the 9D5
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antibody detects a highly specific conformational epitope, the reduced number of CAA cases
in comparison to the general Aβ antibody is not unexpected.
Studies with C-terminal specific antibodies have shown that the vascular amyloid is
predominantly composed of Aβ40 in contrast to the parenchymal deposits which mostly
consist of Aβ42 (Gravina et al., 1995; Herzig et al., 2004). In addition, vascular amyloid
demonstrated a strong immunoreactivity with antibodies targeting the N-terminus (AβN1) and
pyroglutamate Aβ in DS brains (Iwatsubo et al., 1996). Therefore, antibodies targeting
general Aβ, the N-terminus, the N-terminus of pyroglutamate Aβ (AβpE-x), and the Cterminus of Aβ40 were employed to compare the CAA staining intensity of the 9D5
antibody. In addition, the monoclonal antibody OC against another conformation-dependent
Aβ variant was used.
Quantitative analysis revealed that the 9D5 immunolabeled only a fraction of the total
Aβ immunoreactivity that was visualized by the generic antibody NT244. 9D5immunoreactivity only partially overlapped with the other Aβ antibodies, implicating
differences in the molecular protein composition of amyloid in CAA. In addition, all other
antibodies showed CAA loads of 70 -80 %, in contrast to 9D5 detecting only approximately
37%.
No conclusive correlation between development of CAA and AD pathology has been
found so far. Analysis of CAA and plaque deposition revealed positive and negative results
(Thal et al., 2003; Tian et al., 2003). Interestingly, human ApoE4 has been found to promote
CAA development in a transgenic mouse model (Fryer et al., 2005). In the present study, the
statistical analysis of 99 cases revealed no correlation between 9D5 positive CAA staining
and gender, age or Braak stage of the patients. ApoE genotypes were also assessed in
particular, but they showed no correlation to the abundance of 9D5 CAA. It should be
mentioned that only sections from the gyrus temporalis superior were used in the study. A
possible correlation between CAA and AD pathology in other brain regions cannot be
excluded.
Taken together, the 9D5 antibody seems to be a promising tool for therapeutic studies.
It exhibits a highly specific recognition of an epitope found only in oligomeric assemblies of
AβpE3 and shows no cross-reaction to other aggregated proteins (Venkataramani et al.,
2012). Despite the selective binding of only a minor fraction of Aβ deposits, it has been
shown to be highly effective in passive immunization (Wirths et al., 2010c). The reduced
detection of CAA indicates that passive immunization with 9D5 will likely yield fewer side
effects due to possible cerebral hemorrhages in sporadic AD patients. Future passive
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immunization studies of other CAA bearing mouse models, such as the APP23 model, might
shed light on this theory.

4.2.1. Conclusion of project II
Based on the current work:
•

No correlation between 9D5 CAA staining and the gender, age, Braak stage or ApoE
genotype of AD patients was found.

•

9D5 detected fewer instances of CAA in comparison to a general Aβ antibody.

•

9D5-immunoreactivity only partially overlapped the CAA staining pattern of other Aβ
antibodies. 9D5 positive CAA load was significantly reduced in comparision to all
other antibodies tested.

67

4. Discusssion

4.3. Project III: Study of synuclein and Aβ interaction in the cortex
of 5XFAD mice
Up to two-thirds of the AD patients also show a development of Lewy bodies and
Lewy neurites, the major pathological hallmarks of PD. Lewy bodies and Lewy neurites are
aggregations in the neuronal perikaya and cellular processes and have been shown to consist
mostly of aggregated α-synuclein. The interaction of α-synuclein and Aβ and the impact of αsynuclein on pathology progression has been a matter of scientific debate. The objective of
this pilot study was to analyze the effect of intracellular α-synuclein overexpression on the
pathology development in the 5XFAD mouse model.
In initial experiments, the procedure for stereotactic injections of AVV in the mouse
cortex was established. Afterwards, synuclein AVV-constructs were injected in to the fifth
cortical layer of a small cohort of 5XFAD mice, an area known to have a high abundance of
intracellular Aβ.
AVV injections have been established as a valuable tool for targeted gene transfer.
Constructs using the hsyn-promoter have been shown to promote long-term gene expression
in neurons (Kügler et al., 2003). In the present study, a strong EGFP signal of the injected
virus throughout all cortical layers was detectable 3.5 months after injection, underlining the
long-term expression efficiency of the hsyn-promoter and the accuracy of the injection.
5XFAD and WT mice were injected with three different constructs overexpressing αsynuclein WT, α-synuclein A30P and β-synuclein. The mutant α-synuclein A30P, a missense
mutation linked to familial AD, has been shown to aggregate into fibrils faster than α-syn WT
(Narhi et al., 1999). In addition, β-synuclein injection was used as a negative control, as this
synuclein homologue does not occur in Lewy bodies and does not aggregate (George, 2002).
Overexpression of α-synuclein WT and α-synuclein A30P mutant in the cortex of the
5XFAD mouse resulted in the development of α-synuclein positive Lewy-neurites, while no
cytoplasmic inclusions, like Lewy bodies, could be seen. No aggregation was found in the βsynuclein mice. These results indicate that the pathological changes are due to the α-synuclein
protein rather than just general protein overexpression.
Surprisingly, the same pattern of protein aggregation was also seen in AAV injected
WT mice. α-synuclein WT and α-synuclein A30P injected WT mice exhibited Lewy neurites
in the cortex. As expected, no aggregation was found in the β-synuclein injected WT mice.
No obvious differences in the pattern and severity of aggregation were seen in the αsynuclein WT and α-synuclein A30P mutant injected groups. It is noteworthy to mention that
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this finding is based on a qualitative analysis of light microscopy pictures. It cannot be
excluded that a more detailed structural analysis by electron microscopy could reveal more
subtle changes. The occurrence of α-synuclein positive neurites in both the transgenic and WT
mice indicates that Aβ does not influence the formation of Lewy bodies and Lewy neurites.
Based on recent research data, it has been hypothesized that Aβ and α-synuclein have
synergistic effects and enhance the aggregation of each other. In vitro studies using nuclear
magnetic resonance (NMR) spectroscopy have shown that membrane-assoicated α-synuclein
interacts with Aβ40 and Aβ42 (Mandal et al., 2006). Furthermore it was demonstrated that
aggregation of soluble α-synuclein is enhanced by Aβ1-42 in an in vitro cell free system. In
this study, it was also shown that under in vitro cell-free conditions Aβ directly interacts with
α-synuclein, forming hybrid pore-like oligomers which can alter neuronal activity (Tsigelny et
al., 2008).
Double-transgenic α-synuclein and APP mice demonstrated an increased deposition of
α-synulcein in comparison to α-synuclein single transgenic mice (Masliah et al., 2001). In
addition, overexpression of mutant α-synuclein in the 3xTg mouse model resulted in a change
of Aβ solubility and accumulation with an dramatic increase in Aβ42 (Clinton et al., 2010).
On the other hand, Tg2576 mice overexpressing human α-synuclein A53T did not show an
enhancement of α-synuclein pathology (Emmer et al., 2012).
In the present study, the possible overlap of synuclein and AD pathology was assessed
by employing fluorescent double staining. α-synuclein demonstrated an overlap with APP in
some dystrophic neurites surrounding plaques.
APP and synuclein are both axonally transported proteins. While APP undergoes fast
axonal transport (Koo et al., 1990), α-syunclein has been shown to move primarily in the slow
components. Only a smaller fraction is transported by fast components in the axons (Jensen et
al., 1999). Dystrophic neurites represent axonal swellings harboring abnormal accumulation
of microtubule-associated and molecular motor proteins, organelles, and vesicles and develop
due to disturbances in the axonal transport system (Stokin et al., 2005).
Contact of both proteins during transport seems unlikely; however, the colocalization
of synuclein and APP in axonal swellings might promote a possible interaction.
No colocalization of Aβ and α-synuclein was found in the current study. α-synuclein
aggregation was mostly found in dystrophic neurites surrounding the plaques and no
immunoreactivity in plaques was found.
Early studies also reported synuclein immunoreactivity within the plaque cores.
However, development of more specific antibodies revised this finding, showing no
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association of α-synuclein with mature amyloid plaques (Bayer et al., 1999). Occurrence of
synuclein in dystrophic neurites has also been demonstrated by a histological analysis in
patients with mixed AD and Lewy body pathology (Wirths et al., 2000).
Additionally, changes in extracellular plaque deposition after synuclein injection were
assessed. No effect of α-synuclein expression on the amount of extracellular Aβ deposits was
found. This stands in contrast to the study by Clinton et al, who reported an increase in plaque
deposition in α-synuclein overexpressing 3xTg mice in comparison to control animals
(Clinton et al., 2010). Furthermore, a study using PET scanning also reported an elevation of
amyloid load in patients with DLB (Edison et al., 2008).
5XFAD mice display strong plaque pathology; therefore, it might be possible that the
localized expression of α-synuclein in the cortex was insufficient to promote changes in
extracellular Aβ pathology.
The interaction of Aβ and α-synuclein and possible synergistic effects might be
dependent on their aggregation state. Both proteins are able to adopt different conformation
states, ranging from soluble monomers/oligomers to insoluble fibrils (Wood et al., 1999;
Roychaudhuri et al., 2009).
It should be noted that immuohistochemistry analysis only detects aggregated proteins,
and the majority of oligomeric species cannot be directly observed. Effects of α-synuclein
oligomers as well as the possible interaction with Aβ oligomers need further elucidation.
Recently, it was shown that a small subset of α-synuclein localizes to the lumen of the
endoplasmatic reticulum (ER)/microsome in vivo (Colla et al., 2012b). Accumulation of αsynuclein oligomers caused chronic ER stress and thereby promoted cell dysfunction (Colla et
al., 2012a). Interestingly, the ER also exhibits a high accumulation of Aβ peptides, which
have been shown to also induce stress responses (Cook et al., 1997; Ferreiro et al., 2006).
Assessment of stress markers, such as caspase activation, chaperone expression and changes
in calcium homeostasis might give an indication of whether Aβ and α-synuclein interact on a
cellular level.
In summary, this pilot study showed that injection of α-synuclein led to development
of Lewy neurites in transgenic as well as WT mice. An overlap between AD and α-synuclein
pathology was only detectable to a minor degree in plaque associated dystrophic neurites, and
no changes in Aβ depositions were found. Additional analyses assessing the influence of
soluble synuclein peptides on cell stress and apoptosis are necessary to gain further insight
into disease mechanisms and the possible interaction of α-synuclein with AD pathology.
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4.3.1. Conclusion of project III
Based on the current work:
•

The stereotactic injection procedure for AAV injection into the mouse cortex was
successfully established.

•

Formation of α-synulein positive Lewy neurites was observed in transgenic mice as
well as in WT mice, while β-synuclein showed no aggregation formation.

•

No obvious differences in the expression pattern and severity of aggregation were
observed between α-synuclein WT and α-synuclein A30P mutant.

•

No colocalization of α-synuclein with Aβ was found.

•

A partial colocalization of α-synuclein with APP was found in dystrophic neurites
surrounding plaques.
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5. Summary and Conclusions
Alzheimer’s disease (AD) is the most common neurodegenerative disease in the
elderly. It is mainly characterized by the deposition of amyloid plaques and neurofibrillary
tangles. In this thesis, additional neuropathological features such as inflammation, amyloid
deposition in blood vessels and the interaction of amyloid with other proteins were examined.

Inflammatory processes in the brain are a well described feature of AD. Their
contribution to the pathological progression is still under debate. Epidemiological studies
have shown that treatment with non-steroidal anti-inflammatory drugs (NSAIDs) leads to a
decreased risk of AD. However, the results of pharmacological studies in both mice and
humans are inconsistent. In addition to anti-inflammatory activity, a subgroup of NSAIDs,
including ibuprofen, has been shown to directly influence Aβ production, leading to the
reduction of Aβ42. This raised the question of whether the observed beneficial effects were
due to a reduction of Aβ or the influence of the NSAIDs on inflammatory processes. Based on
in vitro work, the 5XFAD mouse model has been shown to attenuate the Aβ42 lowering
feature of ibuprofen due to the mutations used. The presence of these mutations therefore
makes it possible to study the exclusive effects of ibuprofen on inflammation.
It was thus important to characterize the inflammatory processes in the 5XFAD mouse
model in detail as this has not been previously examined. 5XFAD mice displayed only minor
inflammation at three months of age. At 6 months of age, an upregulation of a broad range of
microglial and astrocyte markers was observed. This validates the suitability of the model for
studying anti-inflammatory therapeutics.
5XFAD mice were treated for three months with ibuprofen. As expected, ibuprofen
treatment resulted in a decrease in diverse inflammatory markers, suggesting that the
treatment paradigm was effective. Surprisingly, ibuprofen treatment resulted in a decline in
some behavioral parameters and lead to an increase in soluble Aβ42 levels. No difference in
Aβ plaque deposition was detected between ibuprofen-treated and control mice. Together,
these data suggest that suppression of inflammation might not be beneficial for the treatment
of AD as it seems to worsen pathology. This raises the question of whether treatment using
NSAIDs without Aβ42 lowering properties is an effective therapeutic strategy.
Accumulation of Aβ in blood vessels (cerebral amyloid angiopathy, CAA) is a
common neuropathological feature of AD. The occurrence of CAA is associated with an
increased number of hemorrhages during passive immunizations. It is believed that
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microhemorrhages within the brain vasculature result from direct binding of anti-Aβ
antibodies to vascular amyloid. Assessment of antibody association with the vasculature in
the human brain is therefore necessary for safer therapeutic approaches.
In the second project, the CAA staining pattern of a new conformation-dependent
antibody was assessed. Our group has generated a conformation-dependent monoclonal
antibody, 9D5, that selectively recognizes low-molecular weight pyroglutamate AβpE3
oligomers, and demonstrated its diagnostic and therapeutic potential. The 9D5 antibody
exhibited a unique CAA staining pattern and showed significantly less immunoreactivity in
blood vessels relative to all other antibodies tested. This indicates that passive immunization
with 9D5 antibodies will likely cause fewer side effects due to possible cerebral hemorrhages
in sporadic AD patients.
α-synuclein is considered the main compound of Lewy bodies and Lewy neurites, the
major pathological hallmarks of Parkinson’s disease. Interestingly, Lewy bodies are found in
up to 60% of AD cases. The interaction of α-synuclein and Aβ and the impact of α-synuclein
on pathology progression has been a matter of scientific debate. In the third project, the effect
α-synuclein overexpression on the pathology development in the 5XFAD mouse model was
analyzed in a small pilot study.
As the first step, the procedure of stereotactic injection of adeno associated viruses
(AAV) was established in the lab. Later on, overexpression of α-synuclein via AAV injection
in the cortex of the mice was analyzed. Formation of α-synulein-positive Lewy neurites was
observed in transgenic mice as well as in WT mice. In addition, a partial colocalization of αsynuclein with APP was found in dystrophic neurites surrounding plaques, while no
colocalization of α-synuclein with Aβ was detected. These findings indicate that α-synuclein
and Aβ pathology only have very limited overlap and are less likely to interact. However,
more detailed analyses of protein aggregation states and changes in cellular processes are
necessary to clarify this point.
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