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ABSTRACT
Most neurodegenerative disorders are characterised by an inflammatory process in the
brain. Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the
most common form of dementia in the elderly. Activated astrocytes and microglia
surrounding the amyloid plaques represent evidence for neuroinflammation in the AD
brain. The reactive glial cells produce cytokines such as interleukin (IL)-1, IL-6 and
tumour necrosis factor-α (TNF-α), as well as chemokines, complement factors and
acute phase reactants.
A constitutive expression of caspase-1 was found in the arcuate nucleus of normal rat
brain (Paper I). Caspase-1 was shown to co-exist in these neurons with α-
melanocyte-stimulating hormone (α-MSH), a neuropeptide with anti-inflammatory
properties. This may reflect interactions of α-MSH with the formation of IL-1β and
IL-18 through caspase-1 cleavage. Analysis of inflammatory proteins in cerebrospinal
fluid (CSF) and serum from patients with mild cognitive impairment (MCI) and
severe AD (Paper II), showed no correlation of IL-18 or caspase-1 with the stage of
disease. The finding that the levels of soluble IL-1 receptor type II (sIL-1RII) were
not altered in MCI or severe AD, unlike previous findings of increased levels in mild
to moderate AD, suggests correlation of this protein with stage of disease.
β-amyloid (Aβ) peptide, the major component of amyloid plaques, has been shown to
activate microglia and stimulate cytokine production. Characterisation of the
microglial responses to different forms of Aβ peptides (Paper III) showed that
freshly dissolved Aβ1-40, containing a mixture of monomers, oligomers and/or
protofibrils, induced an increased secretion of IL-1β from rat primary microglia, and
freshly dissolved Aβ1-42 stimulated the release of IL-1α. and interferon-γ (IFN-γ),
whereas Aβ1-40 fibrils did not stimulate the release of anyone of the cytokines. Freshly
dissolved Aβ1-40 induced IL-6 release from a human microglial cell line, CHME3
(Paper IV) and reduced cell viability. Co-incubation with α-MSH did not affect the
Aβ-induced secretion, but α-MSH alone was found to stimulate IL-6 release. α-MSH
did not affect cell viability alone or the reduced viability due to Aβ1-40. The CHME3
cells were shown to express melanocortin receptor (MCR) 1, 3, 4 and 5 (Paper IV).
Together with blocking experiments, it would seem that MCR3 and/or MCR5 may
mediate the effects of α-MSH on IL-6 secretion. Certain cholesterol-lowering drugs,
statins, have been shown to exert anti-inflammatory activities. Incubation of the
CHME3 cells with atorvastatin and simvastatin, was found to decrease basal secretion
of IL-6, whereas only atorvastatin reduced lipopolysaccharide (LPS)- and Aβ-induced
secretion (Paper V). Both statins reduced the cell viability, but the effect of
simvastatin in combination with either Aβ1-40 or LPS, resulted in an even stronger
reduction.
An inflammatory reaction seems to be an early event that is important for the process
of developing AD. Finding a marker that can be detected before the first symptoms of
AD appear, and interfere with the activation of microglia and the inflammatory
process may be a useful therapeutic strategy.



LIST OF PUBLICATIONS

This thesis is based on the following papers, which will be referred to in the text by
their roman numbers:

I Lindberg C, Eriksson C, Van Dam A-M, Winblad B and Schultzberg M
Neuronal expression of caspase-1 like immunoreactivity in the rat central
nervous system
Journal of Neuroimmunology, 2004, 146, 99-113

II Lindberg C,* Chromek M,* Ahrengart L, Brauner A, Schultzberg M and
Garlind A
Soluble interleukin-1 receptor type II, IL-18 and caspase-1 in mild cognitive
impairment and severe Alzheimer’s disease
Neurochemistry International, 2005, 46, 551-557

III Lindberg C, Bardyl Selenica M-L, Westlind-Danielsson A and Schultzberg
M
β-amyloid protein structure determines the nature of cytokine release from rat
microglia
Journal of Molecular Neuroscience, 2005, in press

IV Lindberg C, Hjorth E, Post, C, Winblad B and Schultzberg M
Cytokine production by human microglia: effects of β-amyloid and α-
melanocyte-stimulating hormone
Manuscript

V Lindberg C, Crisby M, Winblad B and Schultzberg M
Effects of statins on microglia
Manuscript

* These authors have contributed equally to this work

All published papers are reprinted with permission from the publishers



1

CONTENTS
INTRODUCTION 1
Alzheimer’s disease 1

General 1
Risk factors 1
Neuropathology 2
Amyloid precursor protein and β-amyloid peptide 3
Neuroinflammation and AD 5

Microglia 6
Cytokines 7

General 7
Interleukin-1 system 7
Interleukin-6 and interferon-γ 8
Cytokines in the brain 9

AD, microglia and cytokines 9
αααα-melanocyte-stimulating hormone 10

General 10
Melanocortin receptors 11

Cholesterol in AD 11
General 11
Statins and inflammation 12

AIMS 13

METHODOLOGICAL CONSIDERATIONS 14
Experimental animals (Paper I, III and V) 14
Human material (Paper II) 14
Microglial cell cultures (Paper III - V) 14

Primary cultures 14
Human microglial cell line 15

Immunohistochemistry (Paper I and III) 15
Controls 16

Aββββ peptide forms (Paper III - V) 16
Cytokine release (Paper II - V) 17
Cell counts (Paper III) 17
Cell viability and cell death assays 18

MTT (Paper IV and V) 18
LDH (Paper V) 18

Statistical analysis (Paper II - V) 18

RESULTS AND DISCUSSION 19
IL-1 system 19

Constitutive expression (Paper I and II) 19
MCI and AD (Paper II) 20

Microglia and cytokine release 22
Amyloid activation (Paper III – V) 22
Immune stimulation (Paper III and V) 24

Microglial morphology (Paper III and V) 25
αααα-MSH - relation to inflammatory factors (Paper IV) 26
Statins and cytokine release (Paper V) 27
Microglial cell viability and cell death (Paper IV and V) 28

CONCLUDING REMARKS 30
ACKNOWLEDGEMENTS 32
REFERENCES 33



ABBREVIATIONS
α-MSH α-melanocyte-stimulating hormone
Aβ β-amyloid
ACh acetylcholine
AD Alzheimer’s disease
ADDLs Aβ-derived diffusible ligands
AICD APP intracellular domain
ApoE apolipoprotein E
APP amyloid precursor protein
BBB blood brain barrier
cAMP cyclic adenosine monophosphatase
CERAD Consortium to establish a registry for Alzheimer’s disease
CNS central nervous system
CSF cerebrospinal fluid
ELISA enzyme-linked immunosorbent assay
FAD familial AD
GFAP glial fibrillary acidic protein
HMG-CoA 3-hydroxy-3-methyl-glutaryl coenzyme A
ICE IL-1β-converting enzyme / caspase-1
IFN-γ interferon-γ
IL interleukin
IL-1RAcP IL-1 receptor accessory protein
IL-1ra IL-1 receptor antagonist
JAK/STAT janus kinase/signal transducer and activator of transcription
JNK c-Jun N-terminal kinase
LAF lymphocyte-activating factor
LDH lactate dehydrogenase
LPS lipopolysaccharide
MCI mild cognitive impairment
MCR melanocortin receptor
MHC-II major histocompatibility complex class II
MMSE mini-mental state examination
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NF-κB nuclear factor κB
NFT neurofibrillary tangle
NINCDS/ADRDA National Institute of Neurological and Communicative Disorders

and Stroke and Alzheimer’s Disease and Related Disorders
Association

NO nitric oxide
NMDA N-methyl-D-aspartate
NSAID non-steroidal anti-inflammatory drug
PBS phosphate-buffered saline
PET positron emission tomography
PF paraformaldehyde
PKA protein kinase A
POMC pro-opiomelanocortin
PS presenilin
RT-PCR reverse transcription-polymerase chain reaction
sAPPα / β secreted α / β-secretase cleaved amyloid precursor protein
sIL-1RII soluble IL-1 receptor type II
Tg transgenic
TGFβ transforming growth factor β
TH tyrosine hydroxylase
TNF-α tumour necrosis factor-α
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INTRODUCTION

ALZHEIMER’S DISEASE
General
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most
common form of dementia in elderly people. AD was first discovered in 1906 by the
German physician Alois Alzheimer, who examined a 51-year old female patient with
symptoms of memory loss and disorientation of space (Alzheimer, 1907). AD is clinically
characterised by progressive loss of memory and cognitive impairment and the duration of
the disease varies between 5 and 15 years. The cause of death in AD-patients is usually
associated with secondary disease, such as infections or pneumonia. Mild cognitive
impairment (MCI) has been suggested to be an early stage of AD (Morris et al., 2001). MCI
patients have disturbed memory functions as well as disturbance in one other cognitive
ability, such as speech or visuospatial capacity, albeit not affecting their activities at work
or daily living. MCI patients have been shown to progress to AD at rates of 10 to 15% per
year (Petersen et al., 1999). In order to clinically diagnose AD and MCI, several investigations
have been performed to determine the state of a possible dementia and to exclude other
diseases. The National Institute of Neurological and Communicative Disorders and Stroke
and Alzheimer’s Disease and Related Disorders Association (NINCDS/ADRDA) have
developed a set of criteria for diagnosis. The diagnosis is divided into possible, probable
and definitive AD (McKhann et al., 1984). Furthermore, neuropsychological procedures, such
as the mini-mental state examination (MMSE) has been developed to enable the clinical
diagnosis of AD or MCI (Folstein et al., 1975). The MMSE is a practical method for grading
the cognitive status and serve as a guide for the diagnosis of mild, moderate and severe
AD.

Risk factors
The major risk factor for AD is age. Although most cases of AD appear to be sporadic,
there are a small number of cases that result from genetic mutations, familial AD (FAD).
An important discovery for AD research was the identification of the double mutation (at
codons 670 and 671) in the amyloid precursor protein (APP) gene on chromosome 21,
found in a Swedish family with AD (Mullan et al., 1992). Also, mutations in the presenilin 1
(PS1) and 2 (PS2) genes on chromosomes 14 (Schellenberg et al., 1992) and 1, respectively,
have been shown to result in FAD. The presence of the ε4 allele of the apolipoprotein E
(apoE), located on chromosome 19, is a major risk factor for AD (Pericak-Vance et al., 1991;

Corder et al., 1993; Strittmatter et al., 1993).

As the population ages, more people will suffer from AD, which will lead to an increase in
AD-related costs for the society as well as a growing burden for the caregivers, not to
mention the patients. Although there is an increasing knowledge about the neuropathology
and risk factors of AD, there is, however, not yet a cure for the disease. The drug therapies
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available today consist of cholinesterase inhibitors, that increase acetylcholine (ACh)
levels in the brain by inhibition of its breakdown, and the N-methyl-D-aspartate (NMDA)
receptor antagonist memantine. These treatments slow down the memory loss in AD, but
do not provide a cure. Many of the behavioural changes associated with AD, such as
depression, paranoia and delusions, can be helped with appropriate medications.

Neuropathology
Alois Alzheimer described two lesions in particular, i.e. extracellular amyloid plaques
(Figure 1A) and intracellular neurofibrillary tangles (NFTs) (Figure 1B), which are now
the microscopic hallmarks for AD (Alzheimer, 1907). Brain atrophy with widening of sulci,
decreased gyri and larger ventricles are characteristic features of AD, all of which are due
to extensive neuronal loss. Amyloid deposits in the blood vessel walls within the brain
represent another characteristic change. The extracellular plaques are formed by fibrils of
the β-amyloid peptide (Aβ) (Glenner and Wong, 1984; Masters et al., 1985). Intracellular paired
helical filaments composed of hyperphosphorylated tau, a microtubule-binding protein,
form the NFTs (Grundke-Iqbal et al., 1986). NFTs have also been observed in brain tissue from
non-demented people, and are suggested to be a part of normal aging (Price and Morris, 1999).
The definitive diagnosis of AD is only determined upon post mortem demonstration of
NTFs and Aβ plaques of the brain (Braak and Braak, 1991; Mirra et al., 1991; Braak et al., 1993)

together with the clinical assessments. The neuropathological stages can be determined by
different criteria, such as the Braak stages (Braak and Braak, 1991), or according to the
Consortium to establish a registry for Alzheimer’s disease (CERAD) (Mirra et al., 1991). The
neocortical association areas and limbic structures, especially the hippocampus, entorhinal
cortex and amygdala, represent the regions where NFTs and plaques first appear. Other
areas are affected as the disease progresses (Braak and Braak, 1991).

Figure 1 A-B. The main hallmarks of AD. (A) Extracellular senile plaque with amyloid core.
Bielschowsky silver staining. (B) Intracellular neurofibrillary tangle. Gallyas silver impregnation.
Scale bars 10 µM. Courtesy of Dr. N. Bogdanovic.
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Two different types of Aβ plaques are seen in the AD brain. The classical plaque, also
called a neuritic plaque, consists of a compact extracellular deposit of filaments of Aβ
peptides and is surrounded by abnormal dendrites and axons. Reactive astrocytes can be
seen in the periphery of these plaques, and activated microglia are observed in the centre,
or in the immediate surrounding of the Aβ deposit (Figure 2) (Itagaki et al., 1989; Stalder et al.,

1999; Vehmas et al., 2003). These classical neuritic plaques represent only a minority of all
plaques whereas diffuse plaques are more common. The latter have a more amorphous
form of Aβ deposits and very few or no reactive astrocytes or activated microglia can be
seen in the surroundings of these plaques. The diffuse plaques outnumber the neuritic
plaques also in healthy elderly people (Huell et al., 1995; Knopman et al., 2003).

Figure 2. Amyloid plaque stained with alkaline Congo red and visualised with polarised light.
Microglial cells in the plaque (brown structures stained by immunohistochemistry for MHC-II).
Courtesy of Dr. N. Bogdanovic.

Amyloid precursor protein and ββββ-amyloid peptide
APP is a single transmembrane protein expressed at the cell surface of many cell types
throughout the body. APP is predominantly cleaved at three different sites by α-, β- and γ-
secretase (Figure 3). Normally, APP is cleaved by α-secretase activity at the extracellular
end of the Aβ peptide, generating a secreted NH2-terminal fragment named sAPPα, and a
COOH-terminal fragment which remains in the plasma membrane and is further cleaved
by γ-secretase, generating a small peptide, p3, and further at the ε-cleavage site (Weidemann

et al., 2002) generating APP intracellular domain (AICD). sAPPα has been shown to exert
neuroprotective activity (Mattson et al., 1993) and to participate in the formation of synapses
and in the integrity of memory (Meziane et al., 1998).
The alternative cleavage of APP by β-secretase, generates a secreted APPβ peptide,
sAPPβ. Cleavage by γ-secretase of the remaining COOH-terminal end of APP leads to
formation of the Aβ peptide of 39-43 amino acids, depending on the cleavage site of γ-
secretase. Increased production of Aβ is regarded as crucial for the development of AD
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(Selkoe, 2000). Mutations in each of the genes for APP, PS1 and PS2 leads to increased
production of the Aβ peptide (St George-Hyslop, 2000).

Figure 3. Schematic illustration showing the two proteolytic pathways for amyloid precursor
protein (APP). The left pathway demonstrates cleavage with β-secretase followed by cleavage of
the remaining carboxy-terminal (C99) with γ- and ε-secretase, generating the Aβ peptide and
soluble APPβ (sAPPβ), as well as an APP-intracellular domain (AICD). The pathway to the right
demonstrates cleavage with α-secretase, generating sAPPα , while further proteolysis of the
carboxy-terminal fragment (C83) by γ- and ε-secretase generates a small peptide P3 and the AICD.

Aβ1-42 is the major Aβ species in the AD brain (Roher et al., 1993; Näslund et al., 2000; Ingelsson

et al., 2004), and due to its high aggregation potential (Jarrett et al., 1993), it is the major Aβ
peptide deposited in amyloid plaques (Iwatsubo et al., 1994). Aβ1-40 has a significantly lower
aggregation potential than Aβ1-42 (Jarrett et al., 1993), and is the dominating form of Aβ found
in plasma and CSF from AD patients (Vigo-Pelfrey et al., 1993; Scheuner et al., 1996). The Aβ
peptides spontaneously aggregate into stable oligomers and larger protofibrils, before
further aggregation to mature Aβ fibrils. The fibrils are likely to be in equilibrium with
oligomers and monomers. Aβ-derived diffusible ligands (ADDLs) represent intermediate
species, i.e. globular oligomers that consist of trimers to 24-mers (Lambert et al., 1998).
It has previously been assumed that the formation of Aβ plaques is the major cause of
developing AD (Selkoe, 1991; Hardy and Higgins, 1992), but recent data suggest that small,
soluble Aβ oligomer intermediates are more neurotoxic than insoluble fibrils (Hardy and

Selkoe, 2002). Furthermore, studies on the transgenic (Tg) human APP mouse model, which
develop age-dependent Aβ plaques as well as memory dysfunction (Dodart et al., 2002;

Kotilinek et al., 2002), have given new insight into the research field of AD. Administration of
monoclonal antibodies against the Aβ peptide, i.e. vaccination, demonstrated cognitive
benefits with a partial reduction in amyloid burden (Morgan et al., 2000; Arendash et al., 2001;

Gelinas et al., 2004). However, the amount of Aβ plaques did not decrease upon immunisation
as recently reported, suggesting that immunisation involves removal of the Aβ oligomers
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(Jensen et al., 2005). Soluble Aβ is believed to accumulate in the extracellular matrix, where it
may reach concentrations that could be of a vicious quality. Increased levels of Aβ
oligomers have been found in the AD brain (Gong et al., 2003), in cerebrospinal fluid (CSF)
from AD patients (Kuo et al., 1996; Enya et al., 1999; Funato et al., 1999; McLean et al., 1999), and a
soluble pool of Aβ has been shown to be extractable from AD brain tissue (Ingelsson et al.,

2004).

Neuroinflammation and AD
In 1990, McGeer suggested that there is an inflammatory component in AD and put
forward the idea that non-steroidal anti-inflammatory drugs (NSAIDs) can be used to treat
AD patients (McGeer et al., 1990). Epidemiological studies have demonstrated a decreased
prevalence of AD in patient populations treated with NSAIDs (McGeer et al., 1990; Breitner et

al., 1995; Rich et al., 1995; Breitner, 1996; McGeer et al., 1996; Giacobini, 1997; Stewart et al., 1997; in´t

Veld et al., 2001). This was first shown in patients with rheumatoid arthritis receiving long-
term treatment with anti-inflammatory drugs (McGeer et al., 1990). However, prospective
studies do not support a marked beneficial effect of NSAIDs in AD (see e.g. (Aisen and

Davis, 1994)). These data indicate that anti-inflammatory drugs may be helpful for
prevention, but not as treatment at later stages of AD, when the symptoms of dementia
have started. Experimental studies have shown a decreased production of Aβ1-42 in human
neuroglioma cells upon incubation with the NSAID ibuprofen, and in the brain of mice
after administration of ibuprofen (Weggen et al., 2001; Eriksen et al., 2003). In addition,
ibuprofen was shown to decrease the cytokine-stimulated production of Aβ in human
neuronal cells (Blasko et al., 2001).

In the AD brain, the continued presence of Aβ plaques may keep microglial cells
persistently activated, leading to chronic inflammation in the central nervous system
(CNS) (Cotman et al., 1996). Increased levels of cytokines, such as interleukin-1β (IL-1β)
(Cacabelos et al., 1991; Blum-Degen et al., 1995), tumour necrosis factor-α (TNF-α) (Tarkowski et

al., 1999), as well as soluble IL-1 receptor type II (sIL-1RII) (Garlind et al., 1999), have been
demonstrated in CSF samples from AD patients. Increased levels of IL-1β have also been
shown in the circulation of AD patients (Cacabelos et al., 1991; Licastro et al., 2000). In addition,
a decrease in the IL-1 receptor antagonist (IL-1ra) was demonstrated in the CSF of AD
patients (Tarkowski et al., 2001). However, with regard to IL-1β, some groups have reported
unchanged levels in the CSF in AD as compared to healthy patients (Martinez et al., 1993;

Pirttila et al., 1994; Tarkowski et al., 1999). In addition, IL-6 immunoreactivity have been
demonstrated in diffuse Aβ plaques from AD (Huell et al., 1995; Hull et al., 1996), and the
expression of IL-6 mRNA was higher in entorhinal cortex and superior temporal gyrus in
demented AD patients as compared to healthy non-demented patients (Luterman et al., 2000).
Furthermore, increased levels of IL-6 have been observed in plasma from AD patients as
compared to non-demented healthy patients (Licastro et al., 2000). Different results have been
obtained upon analysis of IL-6 in CSF from AD patients i.e. in some patient populations
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the levels were increased or even decreased, and in some unaltered as compared to healthy,
age-matched controls (Blum-Degen et al., 1995; Yamada et al., 1995; Hampel et al., 1997; Martinez et

al., 2000).

MICROGLIA
Microglial cells were first described in 1932 by Del Rio-Hortega, who used a silver
impregnation staining method. Microglia represent about 5-20% of all non-neuronal cells
in the CNS (Lawson et al., 1990). The general belief is that microglia originate from the
mesoderm, i.e. not from the ectoderm that gives rise to neuronal cells. Microglia populate
the brain early in foetal development and persist as long-lived cells, that are considered
resident macrophages in the CNS (Barron, 1995). During development, activated microglial
cells phagocytose cell debris from neurons undergoing programmed cell death (Kreutzberg,

1996). Several reports indicate that microglia may protect neurons by removing dead cells
and tissue debris, and by secreting neurotrophic factors, such as basic fibroblast growth
factor (Shimojo et al., 1991) and plasminogen (Nagata et al., 1993). In the healthy adult brain,
microglia are ramified resting cells that have lost their macrophage-like properties,
including phagocytic activity and macrophage marker expression (Nakajima and Kohsaka,

1993; Kreutzberg, 1996). Upon injury or microbial infections in the CNS, the microglia
become activated, i.e. proliferate and acquire a macrophagic phenotype, with activities
such as phagocytosis, expression of major histocompatibility complex class II (MHC-II)
and antigen presentation. Furthermore, the morphology of the microglia depends on the
state of activation (Streit and Kincaid-Colton, 1995) (Figure 4).

Figure 4. Activated microglial cell in rat cerebral cortex stained with caspase-1 antibodies.

Activated microglial cells produce a range of immunological proteins such as cytokines,
chemokines and complement pathway components (see (Benveniste, 1997)). Although a
beneficial role as cell debris scavengers is conceiveable, many studies indicate the
potentially toxic effects of activated microglia, due to their production of neurotoxic
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substances, such as glutamate (Piani et al., 1991; Piani et al., 1992), nitric oxide (NO) (Chao et al.,

1992; Dawson et al., 1994), superoxide anion (Théry et al., 1991), quinolinic acid (Espey et al., 1997),
and cytokines with neurotoxic actions (Banati et al., 1993). Thus, activated microglia can have
both neuroprotective and neurotoxic affects, depending on type, duration and severity of
the lesion. It is believed that chronic activation of microglia most likely means “bad news”
for the brain.

CYTOKINES
General
Cytokines are small, soluble proteins that act as intercellular messengers and are primarily
synthesised during development and during infection and immunological responses, i.e.
they are mediators of host defence. Due to the high affinity for receptors on the target cells,
cytokines are active at very small concentrations. Cytokines are pleiotropic, i.e. have
multiple effects and can act on different cell types. Furthermore, different cytokines can
have similar effects, leading to redundancy, i.e. if one cytokine is lacking there will be no
loss of function, as another cytokine will take over. They may also regulate synthesis and
secretion of other cytokines and can act synergistically, resulting in an effect that is greater
than the sum of the effects. Cytokines have been grouped in families according to
structural and/or functional similarities. These families include e.g. interleukins,
interferons, growth factors and tumour necrosis factors. Functionally, the cytokines can be
classified as pro-inflammatory, anti-inflammatory or hematopoetic. Cytokines such as IL-
1, IL-6 and TNF-α are all multipotent pro-inflammatory cytokines and their synthesis and
effects in the brain have been the subject of many studies (see (Dinarello, 2000)), while e.g.
IL-4, IL-10, transforming growth factor β (TGFβ) and IL-1ra are classified as anti-
inflammatory cytokines. However, this classification is not always clear, as some
cytokines may possess different biological activities depending on the stimulus.

Interleukin-1 system
The most studied cytokine is IL-1, originally discovered as an endogenous pyrogen (Beeson,

1948) and a lymphocyte activating factor (LAF) (Gery et al., 1972). There are two IL-1
receptors, type I (IL-1RI) and type II (IL-1RII), both of which bind the two structurally
related agonists IL-1α and IL-1β, as well as the endogenous antagonist IL-1ra (see
(Rothwell and Luheshi, 2000)). The IL-1RI mediates biological responses upon binding of the
agonists, whereas soluble (s) IL-1RII has been termed a decoy receptor, due to binding of
IL-1 without transducing a signal, and preventing IL-1 from binding to the signalling
receptor (Colotta et al., 1993; Re et al., 1996). Binding of the IL-1R accessory protein (IL-
1RAcP) to IL-1RI is necessary for signal transduction to occur. The signalling pathway for
IL-1 involves activation of nuclear factor κB (NF-κB), which also regulates the genes for
pro-inflammatory cytokines.
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Both IL-1α and IL-1β are synthesised as precursors and are cleaved to the mature form by
enzymes. The precursor protein for IL-1α has biological activities (Mosley et al., 1987) and is
cleaved to mature form by calpains (Kobayashi et al., 1990). Unlike proIL-1α, the IL-1β pre-
cursor protein is inactive, and mature IL-1β is formed by cleavage of the proIL-1β by IL-
1β-converting enzyme (ICE) (Black et al., 1988; Kostura et al., 1989). IL-1α  and IL-1β have
overlapping biological activities, although IL-1β is believed to be the dominating agonist
in the brain.
IL-1ra, the endogenous receptor antagonist exists in three isoforms, two intracellular (icIL-
1ra) (Haskill et al., 1991; Muzio et al., 1995) and one extracellular, secreted IL-1ra (sIL-1ra)
isoform (Eisenberg et al., 1990). sIL-1ra controls the activities of IL-1β by binding to the IL-
1RI receptor without mediating a signal.
ICE, the enzyme catalysing the cleavage of proIL-1β was found to have apoptotic activity
(Miura et al., 1993; Yuan et al., 1993), cleaving between the amino acids aspartate and alanine
and was renamed to caspase-1. Caspase-1 is synthesised as a 45-kDa precursor protein and
the active form consists of a tetramer of two 10 kDa (p10) and two 20 kDa (p20) subunits.
Both subunits are required for the catalytic activity (Cerretti et al., 1992; Thornberry et al., 1992;

Walker et al., 1994; Wilson et al., 1994). The levels of active caspase-1 are usually low and the
predominant form within the cell is p45 (pro-caspase-1) (Thornberry et al., 1992; Singer et al.,

1995).
A more recent member of the IL-1 family is IL-18, also a pro-inflammatory cytokine. IL-
18 was first described as interferon-γ (IFN-γ) inducing factor (Dinarello et al., 1998). Similarly
to IL-1β, IL-18 is synthesised as a biologically inactive precursor protein (proIL-18)
lacking a signal peptide and is also cleaved by caspase-1 to the mature, biologically active
protein (Culhane et al., 1998; Dinarello, 1999).
In recent years, the IL-1 family has been extended to include several new members, all of
which have similar homology (Dunn et al., 2001; Sims et al., 2001). These cytokines have been
named IL-1F5 – IL-1F10, with ‘F’ for family (Sims et al., 2001; Nicklin et al., 2002).

Interleukin-6 and interferon-γγγγ
IL-6 is a pleiotropic cytokine involved in immunological and inflammatory processes. It is
a 26 kDa protein and all cells types within the CNS can be induced to produce IL-6 upon
different stimuli. The major inducers of IL-6 synthesis are IL-1β and TNF-α (Shalaby et al.,

1989; Ng et al., 1994). IL-6 is viewed as a pro-inflammatory cytokine that can induce the
synthesis of acute phase proteins and act as a pyrogen (Rothwell et al., 1991; Chai et al., 1996),
and some of its effects are synergistic with those of IL-1 and TNF-α (Le et al., 1988).
However, IL-6 has also been shown to regulate neuronal survival and function (Gadient and

Otten, 1997; Gruol and Nelson, 1997). Transgenic mice overexpressing IL-6 display
neurodegeneration and gliosis in the brain as well as breakdown of the blood brain barrier
(BBB) (Brett et al., 1995), while regeneration of axons after crush lesion of the sciatic nerve is
delayed in IL-6 knock-out mice (Zhong et al., 1999). Furthermore, IL-6 has been shown to
have neuroprotective effects during focal ischaemia (Loddick et al., 1998).
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IFN-γ is a classical cytokine that influences more than 200 genes and regulate
inflammatory processes (Boehm et al., 1997). One of the first described biological effects of
interferons was their ability to up-regulate MHC molecules (Rosa et al., 1986).
The primary signalling pathway of both IL-6 and IFN-γ is the janus kinase/signal
transducer and activator of transcription (JAK/STAT) cascade (Farrar and Schreiber, 1993;

Heinrich et al., 1998; Platanias and Fish, 1999; Kerr et al., 2003).

Cytokines in the brain
Cytokines have several activities within the nervous system, including those (i) resulting in
host defence responses such as fever, increased sleep and behavioural changes, (ii)
involved in development and growth as well as damage and repair processes (Rothwell and

Strijbos, 1995), and (iii) involved in the establishment of memory (see (Rachal Pugh et al.,

2001)). Synthesis of cytokines has been demonstrated to occur in glia, neurons and
endothelial cells. For many cytokines, activated microglia and/or astrocytes seem to be the
primary cellular source in the CNS, in addition to infiltrating immunocompetent cells.
Under normal conditions, IL-1 is believed to play a role in the modulation of sleep (Krueger

et al., 1984), bodyweight homeostasis (Matsuki et al., 2003) and glucose (Endo et al., 1985) and
lipid (Matsuki et al., 2003) metabolism. However, upon infections, IL-1 acts as an endogenous
pyrogen, reduces food and water intake, stimulates slow-wave sleep and reduces social and
sexual interactions, all part of the so called sickness syndrome (see (Dantzer, 2001)). IL-1 has
also been shown to modulate learning and memory (Katsuki et al., 1990; Bellinger et al., 1993;

Schneider et al., 1998; Avital et al., 2003; Ikegaya et al., 2003).

AD, MICROGLIA AND CYTOKINES
Neurological disorders, such as stroke, epilepsy, brain ischaemia, multiple sclerosis and
Alzheimer’s disease, are all accompanied by an inflammatory process, with activation of
microglia and increased synthesis of inflammatory cytokines (Dickson et al., 1993; Kreutzberg,

1996). Recent studies with positron emission tomography (PET) demonstrated that
activated microglia is an early event, that precedes cerebral atrophy (Cagnin et al., 2001). A
significant activation of microglia at an early stage of the disease, i.e. before severe
cognitive decline has occurred, has also been shown in human post mortem brain tissue
(Vehmas et al., 2003). Activated glial cells produce cytokines such as IL-1, IL-6 and TNF-α
(Griffin et al., 1989; Bauer et al., 1991; Dickson et al., 1993), as well as chemokines, complement
factors, acute phase reactants (Vandenabeele and Fiers, 1991; Eikelenboom et al., 1994; McGeer and

McGeer, 2003) and α1-antichymotrypsin (Abraham et al., 1988). Increased production of
inflammatory and cytotoxic compounds may cause or potentiate the neurodegeneration,
particularly upon a prolonged exposure, as in the AD brain. Furthermore, head trauma has
been associated with an increased risk of AD (Fleminger et al., 2003; Jellinger, 2004) indicating a
possible inflammatory mechanism in the initiation of AD.
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Cytokines, such as IL-1 have been shown to stimulate synthesis and metabolism of APP
(Goldgaber et al., 1989; Forloni et al., 1992; Del Bo et al., 1995; Grilli et al., 1996; Yang et al., 1998)

resulting in the formation of Aβ (Blasko et al., 1999). Furthermore, IL-1 or TNF-α in
combination with IFN-γ can stimulate the production of Aβ peptides and also decrease the
secretion of the neuroprotective sAPPα  (Blasko et al., 1999). IL-1, TNF-α  and IFN-γ
have been shown to stimulate γ-secretase activity and thereby increase the production of
Aβ, which can be suppressed by a c-Jun N-terminal kinase (JNK) inhibitor (Liao et al., 2004).
In addition, several studies have shown that Aβ peptides induce cytokine synthesis and
release from microglia (Araujo and Cotman, 1992; Del Bo et al., 1995; Meda et al., 1995; Murphy et al.,

1998; Combs et al., 2001; Szczepanik et al., 2001; Lee et al., 2002; Takata et al., 2003). Moreover, the
release of glutamate from Aβ-activated microglia (Klegeris and McGeer, 1997; Barger and Basile,

2001) can cause NMDA-receptor-mediated toxicity to neurons in vitro (Piani et al., 1991; Piani

and Fontana, 1994; Kingham et al., 1999). A cell surface receptor complex has been identified on
the microglial cells, with the capacity to bind to fibrillar Aβ, which is thought to mediate
microglial activation leading to pro-inflammatory response (Bamberger et al., 2003).
Thus, Aβ-induced production of cytokines may initiate a vicious circle, in which cytokines
further stimulate the synthesis of APP and the production of Aβ peptides. Furthermore, IL-
6 has been shown to induce hyperphosphorylation of the tau protein in rat hippocampal
neurons (Quintanilla et al., 2004) and IL-1 increases tau phosphorylation in cortical neurons (Li

et al., 2003), which may further lead to increased amounts of NFTs.

A novel hypothesis regarding microglia and AD has been suggested by Streit and co-
workers, where microglial dystrophy is part of decreased phagocytosis of Aβ, leading to
increased numbers of amyloid plaques (Streit et al., 2004). Dystrophic microglia differ from
activated microglia, and seem to increase with advancing age (Streit et al., 2004).

αααα-MELANOCYTE-STIMULATING HORMONE
General
α-melanocyte-stimulating hormone (α-MSH) is a 13 amino acid peptide derived from pro-
opiomelanocortin (POMC). Within the brain, α-MSH is mainly produced by neurons in the
arcuate nucleus of the hypothalamus (Jacobowitz and O'Donohue, 1978). α -MSH has several
biological actions, such as involvement in the regulation of bodyweight (Poggioli et al., 1986;

Fan et al., 1997) and blood pressure (Diz and Jacobowitz, 1983). Furthermore, α-MSH has anti-
inflammatory (Cannon et al., 1986; Robertson et al., 1986; Lipton and Catania, 1997) and anti-pyretic
effects (Glyn and Lipton, 1981). In fact, α-MSH has been shown to inhibit the production of
pro-inflammatory cytokines as well as NO from activated microglial cells (Delgado et al.,

1998; Galimberti et al., 1999), most likely by increasing intracellular cAMP, that inhibits NF-
κB-mediated transcription (Ollivier et al., 1996). Indeed, α-MSH has been shown to inhibit
NF-κB activation both in glioma cells and brain tissue (Ichiyama et al., 1999). In addition, α-
MSH has been shown to inhibit hyperalgesia induced by IL-1β (Oka et al., 1996).
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Melanocortin receptors
The biological activities of α-MSH are mediated by one or more of the five known
melanocortin receptor (MCR) subtypes, MCR 1 – MCR 5 (Tatro, 1996; Adan and Gispen, 1997).
There are considerable sequence homologies between the MCRs and all are G-protein-
coupled seven transmembrane receptors. In addition, the MCRs are functionally coupled to
adenylyl cyclase and mediate their activities primarily by stimulating the formation of
cAMP (see (Catania et al., 2004)). Other signalling pathways have been reported, such as in
the case of MCR3 which can mediate activities via the inositol phospholipid signalling
pathway (Konda et al., 1994) or the phosphatidylinositol 3-kinase mediated pathway for
MCR4 (Vongs et al., 2004). Furthermore, the JAK/STAT pathway has been shown to mediate
activities via MCR5 (Buggy, 1998).
MCR1 is mainly expressed in macrophages/monocytes (Star et al., 1995; Rajora et al., 1996) and
a few scattered MCR1-positive neurons have been observed in the periaqueductal grey in
both human and rat brain (Xia et al., 1995). MCR1 has the highest affinity to α-MSH and has
been shown to mediate anti-inflammatory effects e.g. in monocytes/macrophages (Star et al.,

1995) and astrocytes (Wong et al., 1997). MCR2 is mainly expressed in the adrenal cortex
(Mountjoy et al., 1992; Cammas et al., 1995) and is selective for adrenocorticotrophic hormone
(ACTH).
The most abundant MCR subtypes in the brain are MCR3 and MCR4 (Gantz et al., 1993;

Tatro, 1996; Adan and Gispen, 1997), whereas the expression of MCR5 is lower. The highest
levels of MCR3 mRNA were found in the limbic system, hypothalamus, including the
arcuate nucleus, as well as in septum, hippocampus and thalamus (Roselli-Rehfuss et al., 1993).
MCR3 seems to participate in e.g. feeding and inflammation (Abdel-Malek, 2001; Getting,

2002). MCR3-deficient mice show disturbance in energy homeostasis with increased fat
mass and higher ratio of weight gain to food intake (Chen et al., 2000).
MCR4 is found primarily in the brain (Gantz et al., 1993) with highest density in the cerebral
cortex, thalamus, hypothalamus and brainstem (Mountjoy et al., 1994). MCR4 is involved in
autonomic and endocrine functions and may regulate food intake (Huszar et al., 1997). MCR4
has also been shown to regulate sexual behaviour (Van der Ploeg et al., 2002).
The MCR5 subtype is ubiquitously expressed in peripheral tissues (Gantz et al., 1994; Labbé et

al., 1994; Fathi et al., 1995) and the activation of JAK/STAT pathway indicates a role of this
receptor in the immune system (Buggy, 1998).
Agouti is an endogenous antagonist of α-MSH-mediated activity, specific for MCR1
(Blanchard et al., 1995; Ollmann et al., 1998) and MCR4, but with some affinity for both MCR3
and MCR5 as agonist (Dinulescu and Cone, 2000). In humans, agouti is widespread throughout
the body, while only expressed in skin in rodents (Kwon et al., 1994; Wilson et al., 1995).

CHOLESTEROL IN AD
General
Cholesterol is an essential component in all cells, including the maintenance of plasma
membrane, as well as myelination during development of the brain. Epidemiological
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studies suggest high levels of blood cholesterol, hypercholesterolaemia, to be a risk factor
for AD (Notkola et al., 1998). Notably, mid-life hypercholesterolaemia was shown to be
associated with an increased risk of AD (Kivipelto et al., 2001), whereas, high serum levels of
cholesterol late in life have not been shown to correlate with the prevalence of AD (Tan et

al., 2003) or even shown to have inverse effects (Mielke et al., 2005). Hypercholesterolaemia
was also found to be associated with increased tau phosphorylation and with increased
number of plaques (Launer et al., 2001). ApoE, one of the risk factors for AD, is the major
cholesterol transport protein in the CNS and has been demonstrated to occur in plaques and
tangles in the AD brain (Namba et al., 1991). The number of Aβ plaques are increased in AD
patients with the ApoE4 allele (Rebeck et al., 1993; Schmechel et al., 1993). Furthermore,
synthetic Aβ has been shown to bind ApoE from human CSF (Strittmatter et al., 1993).
The cholesterol-lowering drugs, statins, inhibit the activity of 3-hydroxy-3-methyl-glutaryl
coenzyme A (HMG-CoA) reductase, an enzyme that catalyses the rate-limiting step in
cholesterol synthesis. Long-term medication with statins has been shown to provide
decreased prevalence of AD (Jick et al., 2000; Wolozin et al., 2000; Rockwood et al., 2002).
Treatment of AD patients with statins resulted in reduced levels of α- and β-cleaved APP
in the CSF (Sjögren et al., 2003). Furthermore, in vitro studies on primary rat neuronal
cultures showed reduced intracellular and extracellular levels of Aβ1-40 and Aβ1-42 upon
treatment with simvastatin. Incubation of murine neuroblastoma cells with lovastatin
resulted in a reduced production of Aβ, concomitant with the decrease in cellular
cholesterol levels (Ehehalt et al., 2003) and in vivo studies on guinea-pigs treated with
simvastatin demonstrated reduced levels of Aβ1-40 and Aβ1-42 in CSF and brain tissue
(Fassbender et al., 2001). Moreover, rosuvastatin was shown to stimulate α-secretase activity
in human neuroblastoma SH-SY5Y cells exposed to Aβ (Famer and Crisby, 2004). Studies on
a transgenic mouse model of AD showed a shift in the balance of APP-processing, from β-
to α-cleavage, upon treatment with statins (Chauhan et al., 2004).

Statins and inflammation
Several studies describe the anti-inflammatory properties of statins (Adamson and Greenwood,

2003; Blanco-Colio et al., 2003; Stüve et al., 2003). In vitro studies demonstrate e.g. that statins can
reduce the release of IL-6 from monocytes (Li and Chen, 2003) and the secretion of IL-1β and
IL-6 from endothelial cells (Inoue et al., 2000) and a mouse microglial cell line (Cordle and

Landreth, 2005). Furthermore, statin medication results in reduced serum levels of pro-
inflammatory cytokines (Rosenson et al., 1999). However, statins have also been shown to
stimulate the production of TNF-α from murine macrophages (Monick et al., 2003; Matsumoto

et al., 2004), IL-1β and TNF-α from human monocytes (Kiener et al., 2001), as well as secretion
of IL-1β, IL-18 and IFN-γ from human peripheral mononuclear cells (Montero et al., 2000).
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AIMS

Activation of microglia results in increased production of inflammatory and cytotoxic
compounds that may cause or potentiate neurodegeneration, particularly upon a prolonged
exposure, as in the AD brain. Analysis of the effects of anti-inflammatory substances on
microglial responses is a means to understand the mechanisms of microglial activation, and
how microglia and their products are involved in neurodegenerative processes in AD, as
well as other neurodegenerative disorders.

The general aim of this thesis has been to study the contribution of inflammation to
neurodegeneration and amyloidosis, with emphasis on the IL-1 system, microglia and AD.

The specific aims of this thesis were to analyse:
•  the constitutive expression of caspase-1 in the rat nervous system
•  the levels of caspase-1, IL-18 and sIL-1RII, in CSF and serum samples from AD

patients with severe dementia and patients with MCI
•  the effects of different aggregational forms of Aβ peptides on cytokine release from

microglial cells
•  the effects of an anti-inflammatory substance, α-MSH, on Aβ-activated microglial

cells
•  the effects of statins on microglial responses
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METHODOLOGICAL CONSIDERATIONS

The studies presented in this thesis are based on tissues from the rat brain and on clinical
material, as well as on primary cultures of microglia from rat cerebral cortex and a human
microglial cell line. Detailed descriptions of the materials and methods can be found in
Paper I - V. A brief account of some aspects on the materials used and the methodology
follows.

EXPERIMENTAL ANIMALS (Paper I, III and V)
The animal experiments included in this thesis were approved by the Stockholm South
local committee on ethics of animal experiments: S92/99 (Paper I) and S113/01 (Paper III
and V). Male Sprague-Dawley rats (Paper I) and pregnant Wistar rats (Paper III and V)
purchased from BK Universal (Sollentuna, Sweden) were used. The animals were kept
under controlled light/dark conditions with food and water available ad libitum.

HUMAN MATERIAL (Paper II)
CSF and serum samples were collected following approval from the Stockholm South
ethical committee (D 118/02 and 346/01). The samples were obtained from patients with
severe AD, according to DSM IV (American Psychiatric Association, 1994) and
NINCDS/ADRDA (McKhann et al., 1984) criteria, with a MMSE value of 12 or below.
Samples were also collected from patients with MCI, with a mean MMSE value of 25, and
from healthy control subjects. All MCI patients included in the study were diagnosed AD
at a later follow-up visit.

MICROGLIAL CELL CULTURES (Paper III - V)
Primary cultures (Paper III and V)
The experiments were based upon purified microglial cultures in order to investigate
specific microglial responses. In view of the relevance of interactions between astrocytes
and microglia for the in vivo situation, it could be an advantage to use mixed glial cultures.
However, mixed glial cultures have a disadvantage in the loss of specificity in determining
the cellular source of the response observed. Primary cultures of rat cortical microglial
cells were prepared from the brains of Wistar rats as described previously (Flavin and Ho,

1999) with some modifications (Paper III and V). Briefly, the cerebral cortex was isolated
on day 0-2 postnatally. Meninges and blood vessels were removed and the cortical tissue
was minced and passed through a stainless steel mesh, triturated to obtain single-cell
suspension and washed by centrifugation in total of three times. The final cell suspension
was plated in 75 cm2 flasks and the mixed glial (astrocytes and microglia) cultures were
kept in the incubator for approximately 12-13 days. Microglial cells were isolated by
shaking and the cells were seeded into chamber slides or 24-well plates at a known density.
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Due to variability in the number of pups and the resulting number of microglial cells for
each experiment, the number of cells for each treatment varied between experiments. The
data presented in Paper III are based on 6 experiments with 8 wells for each treatment in
each experiment. Despite the large number of experiments, there is a marked variability in
the results of the secretion of cytokines from the stimulated microglia. Although the inter-
experimental variation in number of cells seeded was corrected for, there were still
considerable variations in the amount of secreted cytokines. An explanation for this may
be that cell density per se influences the cellular responses (Gingras et al., 2003; Zaniolo et al.,

2005).
A clear advantage using primary cultures is that the cultured cells are known to maintain
their biological properties, but a problem lies in obtaining sufficient numbers of cells and
to ensure purity. During preparation of the primary cultures of microglia, a considerable
amount of tissue debris is generated. This will represent a stimulus for activation of the
microglial cells and their transformation to macrophages. This may influence the outcome
of treatments of the cells.

Human microglial cell line (Paper IV and V)
A human microglial cell line, CHME-3, was used (Paper IV and V) (a kind gift from
Professor M. Tardieu, Université Paris Sud, France). This cell line consists of primary
microglia from eight- to ten-week-old embryos immortalised by transfection with the
SV40 large T antigen (Janabi et al., 1995). The advantage of using a human cell line as
experimental tool lies in relevance for the clinical situation. Thus, it has been shown that
murine microglia produce large amounts of NO, whereas the same activating agents did
not stimulate detectable levels in human microglia (Colton et al., 1996). However, a clear
limitation of the CHME-3 cell line is the cytokine profile of these cells, i.e. neither IL-1α,
IL-1β, IL-18 nor TNF-α were released in response to stimulation with Aβ1-40, Aβ1-40/IFN-γ
or lipopolysaccharide (LPS) in amounts that were detectable in the culture media (Paper
IV). The cells were tested for and free of mycoplasmic infection.

IMMUNOHISTOCHEMISTRY (Paper I and III)
Analysis of the constitutive expression of caspase-1 in normal rat brain was performed by
immunohistochemistry (Paper I). Paraformaldehyde (PF)-fixed (with or without picric
acid) brains were sectioned coronally at 14 µM thickness. Caspase-1 immunoreactivity
was detected by primary antibodies raised in rabbit against the p10 subunit of human
caspase-1, i.e. recognising the active form of caspase-1. Double-staining with primary
antibodies against α -MSH and tyrosine hydroxylase (TH) was performed. Secondary
antibodies conjugated with fluorophores were used in order to visualise the
immunoreactivities.
To establish the purity of the primary microglial cell cultures (Paper III), the cells were
fixed with 4% PF and labelled with ED1 antibodies, a marker that recognises a lysosomal
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glycoprotein in microglia, and with antibodies against glial fibrillary acidic protein
(GFAP), a structural protein in astrocytes. In addition, primary antibodies against IL-1β
and IL-1ra were used in order to determine possible differences in the intracellular levels
of these cytokines upon treatment.

Controls
Unspecific staining was blocked by incubation with normal sera, and omittance of primary
antiserum served as a general control of unspecific immunoreactivity due to unspecific
binding of secondary antibodies (Paper I and III). The specificity of the immunoreactive
labelling of caspase-1 in the rat brain was analysed by pre-absorption of the caspase-1
antibody with the p10 subunit peptide. Furthermore, the sensitivity of the caspase-1
antibody was assessed by adsorption of human recombinant p10 subunit peptide onto a
nitrocellulose membrane followed by fixation and processing for immunohistochemistry.

Aββββ PEPTIDE FORMS (Paper III - V)
Various forms of Aβ peptide have been used in in vitro experiments to investigate
microglial responses (Araujo and Cotman, 1992; Meda et al., 1995; Murphy et al., 1998; Combs et al.,

2001; Szczepanik et al., 2001; Lee et al., 2002; Takata et al., 2003). Due to the fact that Aβ peptide is
a highly aggregation-prone peptide and that different protocols have been used to dissolve
and pre-treat the peptide, varying results have been described. A further cause of varying
results may be the source and batch of Aβ peptides (Howlett et al., 1995). In Paper III, we
have used Aβ peptide from two different companies and different batches, albeit with
similar results. One of these, the recombinant Aβ1-40, was chosen for the studies in Paper
IV and V.
In order to investigate microglial responses to different aggregational forms of Aβ peptide
with regard to cytokine release (Paper III), we used the human recombinant Aβ1-40 and
Aβ1-42 peptides, dissolved in distilled H2O, and then prepared in different ways. A
preparation of “freshly dissolved” Aβ1-40 or Aβ1-42, respectively, was obtained by dilution
of the stock solution in phosphate-buffered saline (PBS) immediately prior to use. Aβ
peptide fibrils and so called βamy balls (Westlind-Danielsson and Arnerup, 2001) (see Figure 5
A-B), were prepared as described previously (Westlind-Danielsson and Arnerup, 2001). βamy
balls are supramolecular spherical structures, about 20-200 µm in diameter, spontaneously
formed in vitro from synthetic Aβ1-40. This form was included since it presents a minimal
external surface area of Aβ1-40 peptide, similarly to Aβ deposits in amyloid plaques in vivo.
To verify that Aβ1-40 βamy balls had formed, small aliquots were stained with toluidin blue
and analysed in a Nikon light microscope, before adding to the microglial cultures.
In order to identify which aggregational forms that the microglial cells were exposed to
during the 24 h incubation with the freshly dissolved Aβ peptides, we performed western
blotting. Cross-linking with glutaraldehyde was performed prior to the analysis, since it
helps to “freeze” the Aβ species in the test tube (LeVine, 1995; Bitan and Teplow, 2004),
predominantly hindering the shift of the equilibrium of the Aβ polymerisation reaction that
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may occur during sample handling. The process of Aβ fibril formation can also be
analysed by e.g. the thioflavin fluorescence test (LeVine, 1993).
Dose-response curves were performed to determine which concentration of Aβ to be used
for the experiments. The concentration used in Paper III was 75 µM, a dose required to
stimulate the primary microglial cell cultures. In the studies on the human microglial cell
line (Paper IV and V), the dose of 10 µM was used, which may be more physiologically
relevant. Not surprisingly, the dosage of Aβ needed for microglial activation, seemed to be
dependent on the density of the cells at the time of treatment.

Figure 5 A-B. A shows an Aβ1-40 βamy ball with a homogenous core (toluidine blue staining).
Diameter 150 µM. B shows Aβ1-40 fibrils (negative staining). Fibril diameter 6-10 µM. Courtesy of
Dr. A. Westlind-Danielsson.

CYTOKINE RELEASE (Paper II - V)
Enzyme-linked immunosorbent assays (ELISAs) were used for the assessment of
cytokines in clinical samples (Paper II), and in conditioned media from microglial cell
cultures (Paper III-V). The Luminex Bio-Plex rat cytokine 5-plex panel was used in Paper
III in order to determine 5 different cytokines in a small sample volume - 50 µl. In cases
where the level of cytokine secretion was below the range of the standard curve, the values
were set to the minimum detection level of the standard curve.

CELL COUNTS (Paper III)
In order to take into account the variations between experiments in the number of cells
seeded, and a possible cell loss, the total number of cells was assessed at the end of each
experiment. The cells were randomly counted in seven fields of 1.5 mm2 in each of three
wells per treatment. From these data, the total number of cells per well was calculated. The
resulting values were used to calculate the survival of cells and for calculating the amount
of cytokine released per cell.
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CELL VIABILITY AND CELL DEATH ASSAYS
MTT (Paper IV and V)
Cell viability of microglial cultures were analysed using the colometric 3-(4,5-
dimethylthiazol-2-yl)-2-5-diphenyl tetrazolium bromide (MTT) assay that determines the
activity of mitochondrial dehydrogenases. Reduction of MTT by these enzymes leads to
formation of a coloured product. A decrease or loss in activity is not a true reflection of
cell death, but rather a measure of cellular viability. Thus, dying or injured cells may have
some, albeit decreased dehydrogenase activity.

LDH (Paper V)
The lactate dehydrogenase (LDH) assay is based on the fact that this enzyme is released
into the culture medium from dead cells, thereby representing a more accurate assessment
of cell death, than the MTT assay.

STATISTICAL ANALYSIS (PAPER II – V)
Data obtained from the analysis of cytokine levels in human serum and CSF samples
(Paper II) were analysed by the chi-square test, or, in the case of small expected
frequencies, Fisher's Exact Test. The Kruskal-Wallis test was used for simultaneous
comparison of the results from all three groups. Differences between two groups were
analysed with the Mann-Whitney test. Regression analysis was used in order to evaluate
the dependency between variables and the Spearman rank correlation coefficient was used
to test independence between variables. The 5, 1 and 0.1 % levels of significance were
considered.
The data on cell density and cytokines secreted from cell cultures (Paper III – V) were
analysed using the non-parametric Kruskal-Wallis test followed by the Mann-Whitney test
for individual comparisons of each treatment group with the vehicle group, or between
different treatment groups. The statistical significance was established at a level of p <
0.05.
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RESULTS AND DISCUSSION

IL-1 SYSTEM
Constitutive expression (Paper I and II)
The constitutive expression of IL-1β and IL-18 in neurons has been demonstrated in
several species (Breder et al., 1988; Bandtlow et al., 1990; Lechan et al., 1990; Molenaar et al., 1993;

Culhane et al., 1998; Huitinga et al., 2000; Watt and Hobbs, 2000; Wheeler et al., 2000). In view of this
and the role of caspase-1 as the synthesising enzyme for both of these cytokines, it was of
interest to analyse the expression and distribution of caspase-1 in the brain (Paper I).
Furthermore, the release of caspase-1 enables it to be detected in cell culture media and
biological fluids such as serum and CSF (Ilzecka et al., 2001). Therefore, we have also
analysed the basal levels of caspase-1 in human serum and CSF samples from healthy
controls (Paper II), as a basis for studies on patients with different degrees of dementia (see
below).
Our studies on the rat brain revealed the constitutive expression of caspase-1
immunoreactivity in nerve cells in the arcuate nucleus of the hypothalamus and in nerve
fibres throughout the brain (Paper I). Varicose fibres with caspase-1 immunoreactivity
could be seen in networks of varying density depending on the brain region. The highest
density of fibres was observed in the hypothalamus and thalamus, with a distribution
resembling the projections of α-MSH-containing neurons in the arcuate nucleus (Jacobowitz

and O'Donohue, 1978; Khachaturian et al., 1985). We analysed the co-localisation with regard to
α-MSH and demonstrated co-existence of caspase-1 and α-MSH in neuronal cell bodies in
the arcuate nucleus and nerve fibres throughout the hypothalamus. To further validate the
co-localisation of caspase-1 and α-MSH, double-labelling experiments with antibodies to
tyrosine hydroxylase (TH) and α-MSH were performed, since these proteins are known not
to be co-localised within the arcuate nucleus (Everitt et al., 1986). There was no co-
localisation between TH and caspase-1, indicating that caspase-1 is not produced in
dopaminergic neurons in the arcuate nucleus. Although α-MSH immunoreactive neurons
have been described in the dorsolateral hypothalamus and zona incerta (Köhler et al., 1984),
the caspase-1 expression seems to be limited to the population of α -MSH-containing
neurons in the arcuate nucleus.
The co-localisation of caspase-1 in α-MSH-containing neurons may reflect a situation in
which α-MSH modulates IL-1β-mediated activity, e.g. by affecting the caspase-1 cleavage
of proIL-1β to the mature protein, by interfering with IL-1β signalling through increased
formation of cAMP and thereby reducing the levels of NF-κB, known to regulate gene
expression of cytokines such as IL-1β. This hypothesis is supported by studies showing
that α-MSH can reduce IL-1β-induced fever, and inhibit IL-1β-induced hyperalgesia (Oka

et al., 1996).
Our studies on caspase-1 levels in samples from healthy aged patients revealed detectable
levels in the serum, but not in the CSF (Paper II). Similarly, the levels of IL-18, a product
of caspase-1 activity, were detectable in the serum, but not in the CSF. The results indicate
a role of the members of the IL-1 family in normal physiological processes. Constitutive



20

expression of caspase-1 was observed in the rat brain (Paper I), and reverse transcription-
polymerase chain reaction (RT-PCR) analysis have shown the occurrence of caspase-1
mRNA in the human brain (Pompl et al., 2003), and detectable capase-1 levels were also
found in CSF samples from control subjects and patients with amyotrophic lateral sclerosis
(Ilzecka et al., 2001). The lack of detectable capase-1 in the patient population and healthy
controls analysed in Paper II, may have several explanations, such as individual differences
and sampling procedure. In recent preliminary studies we have been able to demonstrate
caspase-1 immunoreactivity in neurons in the human arcuate nucleus (Figure 6 A-B). The
constitutive expression of caspase-1 in the brain, may reflect a role in producing mature
IL-1β and IL-18, as mediators of inflammation, but also with other activities such as in
modulation of sleep (Krueger et al., 1984) or involvement in bodyweight homeostasis (Matsuki

et al., 2003). In addition, caspase-1 may have a role in mediating apoptotic activity.

Figure 6 A-D. Caspase-1 immunoreactivity in the arcuate nucleus of normal aged control patients
(A-B) and in a patient with severe AD (C-D). Arrow on one of the caspase-1-positive neurons. B
and D are higher magnifications of parts of A and C, respectively.

MCI and AD (Paper II)
It has been suggested that neuroinflammation, with activated microglia, is an early event in
AD pathology (Cagnin et al., 2001; Vehmas et al., 2003; Eikelenboom and van Gool, 2004). Increased
expression of IL-1β (Griffin et al., 1989; Araujo and Lapchak, 1994; Cacabelos et al., 1994b) and IL-6
(Bauer et al., 1991; Strauss et al., 1992; Wood et al., 1993; Huell et al., 1995; Hull et al., 1996) has been
reported in post mortem brain tissue from AD patients. Many studies have been performed
to assess the levels of cytokines in the CSF from AD patients. IL-1β (Cacabelos et al., 1991;
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Blum-Degen et al., 1995), TNF-α (Tarkowski et al., 1999) and IL-6 (Blum-Degen et al., 1995; Martinez

et al., 2000) levels were increased in CSF-samples from AD-patients. The fact that several
studies have failed to demonstrate increased levels of IL-1β  (Wood et al., 1993) and IL-6
(Araujo and Lapchak, 1994) in brain tissue from AD patients, and of IL-1β,  (Martinez et al., 1993;

Pirttila et al., 1994; Lanzrein et al., 1998; Engelborghs et al., 1999; Tarkowski et al., 1999; Martinez et al.,

2000), TNF-α  (Lanzrein et al., 1998; Engelborghs et al., 1999) and IL-6 (Hampel et al., 1997; Lanzrein

et al., 1998; Engelborghs et al., 1999; Tarkowski et al., 1999), in the CSF, and even found decreased
CSF levels of IL-6 (Yamada et al., 1995), illustrates the importance of defining the population
of AD patients, such as in terms of disease stage. In fact, studies on IL-6 suggested a
correlation of cytokine production with stage of disease (see (Griffin and Mrak, 2002)), and the
expression of IL-6 mRNA was shown to correlate with the occurence of NTFs (Luterman et

al., 2000). The variability is evident also in the levels of cytokines in serum/plasma samples
from AD as compared to control patients (Cacabelos et al., 1991; Fillit et al., 1991; Cacabelos et al.,

1994a; Pirttila et al., 1994; Blum-Degen et al., 1995; Singh and Guthikonda, 1997; Lanzrein et al., 1998;

Maes et al., 1999; Licastro et al., 2000; De Luigi et al., 2002).
Previous studies on sIL-1RII in CSF samples from AD patients in a mild to moderate stage
of the disease (Garlind et al., 1999), showed markedly increased levels as compared to control
subjects. In order to further investigate whether the levels of sIL-1RII are correlated with
the stage of disease and whether this protein could be used as a diagnostic marker for AD,
we have analysed sIL-1RII in CSF and serum from cases with MCI, later progressing to
AD, and from severe AD cases (MMSE < 12) (Paper II). Unlike in the cases with mild to
moderate AD (Garlind et al., 1999), there was no alteration in CSF and serum levels of sIL-
1RII in patients with MCI or severe AD, as compared to the levels in control subjects
(Paper II). Likewise, there was no significant difference between patients with MCI and
severe AD.
Analysis of caspase-1 and IL-18 in the serum from the AD and MCI patients gave similar
results. The levels of caspase-1 and IL-18 in the CSF samples were below the detection
limits. These results would seem to indicate that the IL-1 system is relatively intact in the
early and late stages of AD, but, at least in the case of sIL-1RII, the levels were altered in
mild to moderate AD (Garlind et al., 1999). Similar results were obtained in studies on plasma
IL-1β levels, i.e. increased levels were encountered in patients with MMSE of 10-19, but
not in patients with MMSE above 20 (De Luigi et al., 2002). Similarly, a peak of microglial
activation has been demonstrated at a moderate stage of AD (Arends et al., 2000).
Furthermore, a decreased secretion of the cytokines IL-1β and IL-6 was demonstrated in
patients with severe AD upon stimulation of whole blood samples with LPS, whereas the
secretion in cultures from patients with mild and moderate AD was similar to controls (Sala

et al., 2003), indicating a decrease in cytokine production with increasing disease severity.
Analysis of the caspase-1 mRNA levels demonstrated increased levels in entorhinal cortex
of patients at an early, as well as late stage of AD (Pompl et al., 2003), whereas the levels at
an intermediate stage were not investigated. Elevated protein levels and enzyme activity of
caspase-1 have been found in post mortem brain tissue from AD patients (Zhu et al., 1999).
We found the caspase-1 levels too low for detection in both patient and control samples
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(Paper II), possibly due to the dilution factor, i.e. an increased secretion locally, may not be
sufficient for detection in the CSF, as in the case of other biomarkers (Ryberg et al., 2004).
Methods with higher sensitivity may be necessary for further evaluation of possible
involvement of these cytokines in AD. Furthermore, mRNA synthesis is not always
followed by protein synthesis (Dinarello, 1996). However, our preliminary study on
constitutive caspase-1 immunoreactivity in human brain of healthy aged patient (see
above), also demonstrate an increase in caspase-1 immunoreactivity in the hypothalamus in
brain from patient with severe AD (Figure 6 C-D). This indicates that caspase-1 protein is
indeed increased in AD, although not detectable in the CSF.

MICROGLIA AND CYTOKINE RELEASE
Amyloid activation (Paper III – V)
A history of exposure to anti-inflammatory treatments in patients with no symptoms of
AD, such as patients with rheumatoid arthritis treated with NSAIDs, has been shown to
decrease the prevalence of AD (McGeer et al., 1990; Li et al., 1992; Myllykangas-Luosujarvi and

Isomaki, 1994). However, trials designed to treat already established AD do no support a
significant beneficial effect of NSAIDs (Aisen and Davis, 1994; Scharf et al., 1999; Aisen et al.,

2003). This may indicate that inflammation is an early event starting years before we
clinically can detect the disease, which is supported by the study demonstrating that use of
NSAIDs decrease microglial activation in non-demented patients as compared to control
subjects with no history of anti-inflammatory drugs (Mackenzie and Munoz, 1998).
Furthermore, the possibility to use PET scan to detect activated microglia in vivo (Cagnin et

al., 2001) has brought new light into the discussion of inflammation and AD. An increased
number of activated microglial cells was observed in patients with AD as compared to
healthy individuals and an age-dependent increase in activated microglia was observed in
the thalamus of normal individuals (Cagnin et al., 2001).
To further investigate the interactions between microglia and different aggregational forms
of Aβ and to further characterise the responses of microglia, we have studied the release of
cytokines from microglia incubated with different forms of Aβ, i.e. freshly dissolved Aβ1-

40 or Aβ1-42, Aβ1-40 fibrils or Aβ1-40 βamy balls (Paper III). We demonstrated that the
freshly dissolved Aβ1-40 and Aβ1-40 βamy balls increased the secretion of IL-1β in
statistically significant amounts, and Aβ1-40 βamy balls as well as freshly dissolved Aβ1-42

stimulated an increase in IL-1α  secretion. Freshly dissolved Aβ1-42 also stimulated an
increase in the secretion of IFN-γ. The Aβ1-40 fibrils did not stimulate any of the cytokines
analysed. A basal secretion of IL-6 and TNF-α and of the endogenous IL-1ra was detected,
but not altered by incubation with Aβ peptides. The preparation of freshly dissolved Aβ1-40

was shown to contain mainly monomers, oligomers and protofibrils during the 24 h
incubation period, while the solution of Aβ1-42 consisted of monomers, trimers and
tetramers during the first hours after dissolving, and then quickly aggregated to larger
complexes during the following hours of the incubation period.
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The finding that Aβ1-40 fibrils did not stimulate anyone of the cytokines studied would
seem to agree with the studies showing that non-fibrillar forms of Aβ, such as monomers,
oligomers and protofibrils, are most potent in causing neuronal cell death (Aksenova et al.,

1996; Hartley et al., 1999; Dahlgren et al., 2002; Selkoe, 2002; Hoshi et al., 2003), provided that the
cytokine release is considered a deleterious event for surrounding neurons. Aβ oligomers
have also been shown to interfere with synaptic transmission (Lambert et al., 1998; Walsh et al.,

2004; Cleary et al., 2005). Earlier studies suggested that β-sheet conformation of the Aβ
peptide, as in fibrils, is needed to activate microglial cells (Weldon et al., 1998). However, this
is not supported by our studies since the microglial cells were clearly activated upon
stimulation with a preparation containing e.g. oligomers, and not fibrils, although the
possibility of small amounts of fibrils in the later part of the incubation can not be
excluded, since a small amount of aggregated Aβ1-40 was observed at the incubation time
of 18 h, i.e. the occurrence of immunoreactivity in the loading well of the electrophoresis
gel indicates that it was too large to migrate into the gel (Paper III).
Microglia seem to be more attracted to Aβ1-40-containing plaques, than to plaques
containing only Aβ1-42/43 (Mann et al., 1995; Fukumoto et al., 1996a; Arends et al., 2000). This is
supported by our findings that Aβ1-40 is the peptide most potent in activating microglial
cells with regard to cytokine release. Comparison between aged AD patients and aged non-
demented individuals showed that plaques in non-demented aged brains contained
significantly less Aβ1-40 (Fukumoto et al., 1996b).
Incubation of rat microglia with different forms of Aβ-peptides did not induce an increase,
or decrease, in the release of IL-1ra, as compared to incubation with vehicle, nor was there
any difference between the various aggregation forms. In vivo studies have shown that
activation of microglia, e.g. by excitotoxic brain lesions, results in induction of IL-1ra
mRNA and protein expression (Eriksson et al., 1998; Eriksson et al., 1999). The lack of increase
in IL-1ra release after incubation with Aβ-peptides, may be that the effect of Aβ peptide on
IL-1ra is delayed in relation to the stimulation of IL-1β release. In fact, the induction of IL-
1ra expression upon excitotoxic stimulation is preceded by the induction of IL-1β (Eriksson

et al., 1999). Analysis of IL-1ra in CSF samples from AD patients showed either no
difference in the levels as compared to control subjects (Lanzrein et al., 1998), or a decrease in
the levels in AD patients (Tarkowski et al., 2001). However, increased neuronal expression of
IL-1ra was shown by immunohistochemistry in AD brains (Yasuhara et al., 1997). These
results may indicate that there is an increase in the intracellular form(s) of IL-1ra, but not
in the secreted form in the AD brain. Furtermore, microglial production of IL-1ra may not
respond to amyloidosis.
Studies on a human microglial cell line was performed in attempts to approach the clinical
situation of AD, and on the basis of the studies on rat microglial cells (Paper III), freshly
dissolved Aβ1-40 was used as stimulator (Paper IV and V). Thus, freshly dissolved Aβ1-40

stimulated the secretion of IL-6 in a time- (Figure 7) and dose-dependent manner (Paper
IV) and the dose of 10 µM Aβ1-40 was chosen for 24 h incubations. Co-stimulation of
microglia with Aβ and IFN-γ has been shown to have additive effects on the release of
TNF-α and NO (Goodwin et al., 1995; Meda et al., 1995; Galimberti et al., 1999) as well as on NF-



24

0

5 0

100

150

200

250

300

350

400

450

500

5 8 2 4 3 0 4 8 h

0 20 40 0 20 40 0 20 40 0 20 40 0 20 40 µM Αβ

IL-6
pg/ml

κB activation (Casal et al., 2004). Stimulation of the human microglial cells with IFN-γ alone
resulted in activation of the cells and induction of IL-6 secretion (Paper IV). However, co-
stimulation with IFN-γ and Aβ1-40 did not significantly add to the effect of Aβ1-40, or IFN-
γ, alone. This could be due to the fact that IL-6 and IFN-γ share the same signalling
pathway, i.e. the JAK/STAT pathway (Heinrich et al., 1998; Platanias and Fish, 1999; Kerr et al.,

2003).

Figure 7. Release of IL-6 from cells of the human microglial cell line CHME-3 after exposure to 0,
20 and 40 µM of freshly dissolved Aβ1-40 for different time periods.

Immune stimulation (Paper III and V)
LPS, a major component of the outer cell wall of gram-negative bacteria (Qureshi et al., 1999),
is a strong stimulus of immune and inflammatory responses, and is commonly used
experimentally to induce activation of immune responses such as macrophage production
and release of cytokines. Septic chock is caused by LPS-induced effects, including rapid
increase in circulating levels of inflammatory cytokines such as TNF-α, IFN-γ, IL-1β, and
IL-6. It is conceivable that bacterial infections in the periphery could intensify microglial
activation in the brain and have consequences for AD pathology, although LPS has not
been considered to have a causative role in AD. The effects of LPS on microglial responses
were similar to those of Aβ with regard to IL-1β (Paper III) and IL-6 (Paper V) secretion.
Both human and rat microglia responded with an increased secretion of IL-6, whereas a
release of IL-1β was only detectable in the culture medium of rat microglia. Several
studies have demonstrated an effect of LPS on microglial cells with regard to secretion of
cytokines, such as IL-6 (Forloni et al., 1997; Nakamura et al., 1999; Lee et al., 2002; Kuwabara et al.,

2003), which is in agreement with our results. However, a study on a murine microglial cell
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line demonstrated that LPS alone did not increase the secretion of IL-6 (Gasic-Milenkovic et

al., 2003). This discrepancy could be due to species difference, since we demonstrated an
increase in both rat and human.

MICROGLIAL MORPHOLOGY (Paper III and V)
Microglial cells are able to change their morphology in response to different stimuli, and
their morphology is thus related to the state of activity. Resting microglia are characterised
by long ramified processes that enable them to monitor the health of cells in their
surroundings. Activation of microglia leads to development of phagocytic activity, and
further to an amoeboid morphology (Streit and Kincaid-Colton, 1995). Microscopical analysis of
the morphological characteristics of the primary rat microglial cells (Paper III) showed that
freshly dissolved Aβ1-40 and Aβ1-42, and Aβ1-40 fibrils, resulted in an irregular distribution
of the cells, with fewer processes (Figure 8 C-D and H-K). This would seem to indicate
activation and even a conversion towards the phagocytotic stage. The Aβ1-40 βamy balls
may be considered as a model of amyloid plaques (Westlind-Danielsson and Arnerup, 2001), and
would therefore be expected to attract the microglial cells, as in the AD brain. However,
the microglial cells were not preferentially located close to the βamy balls (Figure 8 E-F).
The cells incubated with Aβ1-40 fibrils and Aβ1-40 βamy balls had a somewhat enlarged
appearance (Figure 8 E-I), indicating an activation, but not to the same extent as freshly
dissolved Aβ peptides. In the case of cells incubated with Aβ1-40 fibrils, the morphological
changes were not accompanied by increased secretion of cytokines.
The morphology of the human microglial cells were markedly changed in response to the
statins atorvastatin and simvastatin, when applied at higher doses (Paper V). The cells
became rounded, as towards an apoptotic stage, although the analysis of cell death with the
LDH-assay did not result in significantly increased cell death as compared to treatment
with vehicle (see Microglial cell viability and cell death below). Notably, neither freshly
dissolved Aβ1-40, nor LPS or α-MSH, induced changes in the morphology of the human
microglial cells.
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Figure 8 A–K. Micrographs of neonatal rat cortical microglia after incubation with vehicle (A, B),
freshly dissolved Aβ1-40 (C, D) or Aβ1-42 (J, K), Aβ1-40 βamy balls (E – G) or Aβ1-40 fibrils (H, I) for
24 h. The cells are processed for immunocytochemistry with antibodies to IL-1β (A – F, H – K) or
with omittance of the primary antiserum (G). Arrowheads indicate punctuate (B) and spot-like (D,
E) unspecific staining. Clusters of cells with longer processes (arrow in C). A cluster of bamy balls
surrounded by microglial cells (arrow in F). Scale bars represent 50 µm.

αααα-MSH - RELATION TO INFLAMMATORY FACTORS (Paper IV)
It is well established that α -MSH gives rise to anti-inflammatory (see (Lipton and Catania,

1997)) and anti-pyretic effects (Glyn and Lipton, 1981). We have speculated that caspase-1
production specifically by α-MSH containing neurons in the arcuate nucleus (Paper I) may
reflect a situation where α-MSH modulates IL-1β-mediated activities (see above). In order
to further investigate the anti-inflammatory properties of α-MSH and its effects on Aβ1-40-
stimulated microglia, we have analysed human microglial responses with regard to cell
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survival and cytokine release (Paper IV). α-MSH was found to induce an increase in the
basal secretion of IL-6 and did not affect the IL-6 release induced by Aβ1-40 or Aβ1-40+IFN-
γ. However, studies on a murine microglial cell line demonstrated an inhibitory effect of α-
MSH on the release of IL-6 and TNF-α, upon Aβ1-40+IFN-γ stimulation (Delgado et al., 1998),
possibly indicating a species difference.
The responses to α-MSH may also depend on the nature of receptor subtypes present.
MCR3 and 4 have been shown to be the most abundant subtypes in the brain (Gantz et al.,

1993; Tatro, 1996; Adan and Gispen, 1997), and MCR1, 3 and 5 have been shown in human
monocytes (Rajora et al., 1996; Ichiyama et al., 2000). Moreover, the expression of MCR1, was
shown to vary with the state of activation and maturation of human monocytes (Bhardwaj et

al., 1997). Thus, the activation state of the human microglial cells may also influence the
response to α-MSH.
In order to determine which receptor subtype that mediated the observed effects of α-MSH
on the human microglial cell line, CHME3, we performed blocking experiments with
agouti, an endogenous antagonist of MCR1 and 4. Exposure of the cells to agouti alone
resulted in an increased basal secretion of IL-6. Furthermore, we found that agouti
increased the α-MSH-induced secretion of IL-6. Earlier studies have indeed shown that
agouti may act as weak agonist on MCR3 and MCR5 (see (Dinulescu and Cone, 2000)).
Analysis of total RNA from the human microglia by RT-PCR demonstrated the expression
of mRNA for MCR1, MCR3, MCR4 and MCRC5 (Paper V). Protein kinase A (PKA), a
downstream mediator of MCR-signalling, has been shown to activate murine microglial
cells (Min et al., 2004), most likely through the second messenger cAMP, that is stimulated
by α-MSH (Konda et al., 1994; Delgado et al., 1998). The PKA inhibitor H89 was used to
investigate whether PKA mediates the effects of α-MSH on the human microglial cell line.
Addition of H89 simultaneously with α-MSH did not affect the α-MSH-induced secretion
of IL-6. This may indicate that α-MSH does not act through the PKA-signalling pathway
in the CHME-3 cells with regard to IL-6 secretion, and less likely via MCR3 coupled to
the inositol phospholipid signalling pathway, since this is regulated by PKA-activity (Konda

et al., 1994). However, MCR3 is also coupled to cAMP-signalling, and increased cAMP-
levels may have both stimulatory (Pyo et al., 1999; Marcus et al., 2003; Woo et al., 2004) and
inhibitory (Yoshimura et al., 1997; Si et al., 1998) effects on the regulation of inflammatory
factors. Alternatively, the activity of α-MSH on the human microglia may be mediated via
MCR5 and the JAK/STAT pathway (Buggy, 1998).

STATINS AND CYTOKINE RELEASE (Paper V)
Epidemiological studies have indicated that high serum cholesterol levels represent one of
the risk factors for AD (Kivipelto et al., 2001) and that treatment with the cholesterol-lowering
statins, may provide protection against AD (Wolozin et al., 2000). There is also evidence for
anti-inflammatory activity of these substances, such as reduction in pro-inflammatory
cytokines (Rosenson, 1999). In view of these findings it was of interest to analyse the effects
of statins on microglia, the main source of inflammatory factors in the brain, such as in
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AD. The effects of atorvastatin and simvastatin on the human microglial cells were
analysed with regard to the basal secretion of the pro-inflammatory cytokine IL-6 as well
as the release from cells activated by Aβ1-40 peptide or LPS (Paper V). Both statins were
found to reduce the basal secretion of IL-6, although simvastatin induced a small, but
significant increase at lower doses (0.1 and 1 µM). Atorvastatin, but not simvastatin,
reduced both the LPS and Aβ-induced IL-6 secretion in a dose-dependent manner, almost
to the level of basal secretion. Parallel studies on the rat primary microglial cell cultures
gave similar results in that atorvastatin reduced the LPS-induced secretion of IL-6.
Simvastatin is somewhat more lipophilic than atorvastatin, and this may account for their
different effects on the microglial cells. The findings that atorvastatin reduced both basal
and induced secretion of IL-6 support its capacity as an anti-inflammatory substance, in
agreement with studies demonstrating an inhibitory effect on MHC-II expression in human
endothelial cells and monocytes/macrophages (Kwak et al., 2000).

MICROGLIAL CELL VIABILITY AND CELL DEATH (Paper IV and V)
The Aβ peptide is known to have cytotoxic effects on neurons (see Introduction),
astrocytes (Giulian et al., 1996) and microglia (Korotzer et al., 1993). In parallel with the studies
on cytokine release from the microglial cells, we performed analyses of the cell viability
and cell death. Not surprisingly, the incubation with freshly dissolved Aβ1-40 induced a
time- and dose-dependent decrease in cell viability as determined with the MTT-assay
(Figure 9). This is in agreement with previous studies demonstrating a decreased viability
of microglial cells upon Aβ stimulation (Korotzer et al., 1993; von Bernhardi and Eugenin, 2004).
However, IFN-γ did not affect the Aβ1-40-induced decrease in cell viability (Paper IV).
Incubation with IFN-γ or LPS alone did not affect cell viability as compared to controls, in
agreement with the studies by von Bernhardi and co-workers (von Bernhardi and Eugenin,

2004), whereas α-MSH induced a small decrease in cell viability. The effect of α-MSH was
potentiated by co-incubation with the PKA-inhibitor H89. Agouti, alone or in combination
with α-MSH, had no effect on the cell viability.
Simvastatin and atorvastatin each reduced the cell viability and potentiated the Aβ-induced
reduction, in agreement with the changes in morphology (see Microglial morphology
above) (Paper V). However, a low dose of simvastatin (1 µM) resulted in a small, but
significant increase in cell viability. This was also seen for the lowest dose (1 µM) of
atorvastatin, when added together with LPS, as compared to vehicle-treated cells.
The MTT assay does not provide proof of cell death, and we therefore analysed LDH-
activity. Neither Aβ1-40, atorvastatin (5 µM and 20 µM) nor simvastatin (5 µM and 10
 µM) resulted in significant cell death as compared to that in controls (Paper V). However,
it may be noted that the combination of simvastatin and LPS resulted in a marked
reduction in cell viability. This finding together with previous studies demonstrating that
simvastatin increased the LPS-induced TNF-α production (Matsumoto et al., 2004), indicates
that such interactions should be considered in cases of bacterial infections in patients on
medication with statins.
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Figure 9. Cell viability in cultures of the human microglial cell line CHME-3 after exposure to 0,
20 and 40 µM of freshly dissolved Aβ1-40 for different time periods.
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CONCLUDING REMARKS

In the search for AD therapy it is important to understand all aspects of the disease.
Inflammation is a known component of AD pathology that needs further investigation. The
work included in this thesis have been performed to increase the knowledge regarding
some of the mechanisms of the inflammatory process in AD. In order to understand
neuropathological processes, it is also important to know the mechanisms for normal
physiological functioning.

We have demonstrated the constitutive expression of caspase-1 in neurons in the arcuate
nucleus of the hypothalamus, indicating a role of caspase-1 in physiological processes. The
co-localisation with α-MSH, a neuropeptide with anti-inflammatory properties, may
indicate a role of caspase-1 in situations where α-MSH modulates the effects of IL-1β and
IL-18. Indeed, α-MSH has been shown to block effects of IL-1 on the hypothalamic-
pituitary-adrenal axis. This co-localisation may be of importance in the search of anti-
inflammatory drugs for use in AD therapy. Whether caspase-1 and α-MSH co-localise also
in the human brain remains to be established. In preliminary studies, we demonstrated a
constitutive expression of caspase-1 in the arcuate nucleus of normal aged human brain.
Although the levels of caspase-1 in CSF from patients with MCI and AD were too low for
detection, preliminary results demonstrate an increase in caspase-1 immunoreactivity in
hypothalamic neurons in post mortem brain tissue from AD patients, suggesting that the
intracellular increase in caspase-1 may not be reflected in increased levels in the CSF.
Furthermore, a co-localisation of caspase-1 with a marker for NFTs was observed,
indicating a role of caspase-1 in the process of AD. Whether caspase-1 is involved in the
formation of tangles will require further investigation.

If the inflammatory reaction is an early event that is important for the process of
developing AD, as indicated by the epidemiological data showing reduced prevalence upon
long-term medication of rheumatoid arthritis with NSAIDs from an early age, then it is
necessary to find early markers that can be detected before the first symptoms of AD
appear.
Knowledge of the effects of different forms of Aβ on microglia will aid in determining the
mechanisms of the inflammatory process in AD, and is necessary for understanding
whether, when and how, modification of the inflammatory process in AD is a useful
therapeutic strategy. We demonstrated that soluble Aβ peptides are the most potent forms
in activating microglial cells with regard to secretion of cytokines, and that the
inflammatory reaction in vitro is correlated with the presence of Aβ peptide in the form of
monomers, oligomers and/or protofibrils. This would seem to support a role of microglial
activation in the early stages of AD, before the Aβ peptides have accumulated into
insoluble plaques.
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Analysis of the effects of anti-inflammatory substances on microglial responses is a means
to understand the mechanisms of microglial activation, and how microglia and their
products are involved in neurodegenerative processes in AD, as well as other neurological
disorders, such as stroke, multiple sclerosis, and traumatic brain injury. The studies
included in this thesis demonstrate that in vitro treatment of microglial cells with α-MSH
increased the secretion of IL-6. IL-6 is a multifunctional cytokine shown to be involved in
both pro- and anti-inflammatory responses. The induction of IL-6 from human microglial
cells by Aβ, as well as α-MSH, is of interest as IL-6 may further stimulate the production
of Aβ in neurons and astrocytes, which would be an argument against using α-MSH in
anti-inflammatory treatment. However, these results were obtained from in vitro studies on
an embryonic microglial cell line. In vivo, α-MSH has recently been shown to have
neuroprotective effects in global cerebral ischaemia in the rat (Forslin Aronsson et al., 2005).
Although the α-MSH stimulated neuroprotection was accompanied by a decrease in
activation of astrocytes, further studies will be necessary to understand the mechanisms,
with regard to receptors, signalling pathways, etc. In view of the results described in this
thesis, it is possible that the neuroprotective effect of α-MSH is mediated by α-MSH-
stimulated microglial secretion of IL-6 that mediates a neuroprotective effect. Indeed, IL-6
has been shown to have neuroprotective effects in focal cerebral ischaemia (Loddick et al.,

1998).

Recent studies suggest statins as potentially beneficial treatment in AD and in view of their
known anti-inflammaotry effects, it is important to characterise their effects on microglial
responses. Both atorvastatin and simvastatin reduced the basal secretion of IL-6, but only
atorvastatin reduced the secretion from activated microglial cells. Furthermore, the statins
were shown to decrease microglial viability, which theoretically could be an advantage in a
situation where the microglial activation is too extensive. Thus, the effects of atorvastatin
on IL-6 secretion and cell viability support atorvastatin as an anti-inflammatory substance
and a possible immunomodulator.

In conclusion, the finding that soluble forms of the Aβ peptide appear to be the most potent
in activating microglial cells supports the view that inflammation is an early part of AD.
Statins, but not α-MSH, reduced the Aβ peptide-induced activation, at least with regard to
secretion of IL-6. However, further studies on microglia in co-cultures with both neurons
and astrocytes would be valuable for providing a situation in which interactions between
the different cell types can be analysed under controlled conditions. Furthermore, in view
of the fact that also microglia change with age, the most appropriate would be to use
microglial cultures prepared from human post mortem brain tissue from older ages.
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