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Soluble amyloid-beta (Aβ) aggregates, including Aβ protofibrils, play a central role in
Alzheimer’s disease (AD) and constitute a potential diagnostic biomarker and a therapeutic
target. Aβ protofibrils promote synapse dysfunction and neurodegeneration, but the mechanisms
behind these effects remain unclear. The aim of this thesis was to increase the knowledge of Aβ
protofibrils in AD pathology.
When measuring low abundant antigens, such as soluble Aβ aggregates, in plasma and CSF
by immunoassays, there is a possibility of interference by heterophilic antibodies (HA). In paper
I, we show that HA generate false positive signals, by cross-binding the assay antibodies, when
plasma and CSF from AD patients and healthy controls were analyzed for soluble Aβ aggregates,
using sandwich ELISAs.
Natural anti-Aβ antibodies exist in AD patients and healthy individuals. Circulating Aβ and
anti-Aβ antibodies may form immune complexes, masking epitopes on the anti-Aβ antibody,
which makes the anti-Aβ antibody concentration difficult to measure. In paper II, the ELISpot
technique enabled us to successfully measure B cell production of anti-Aβ antibodies. Our
results show that anti-Aβ protofibril antibody production is present in both AD patients and
healthy individuals, but is significantly higher in AD patients, indicating that the immune system
attempt to eliminate the toxic Aβ species.
Insufficient lysosomal degradation is proposed to cause sporadic AD. In paper III, we used a
co-culture system of astrocytes, neurons and oligodendrocytes, to clarify the role of astrocytes in
Aβ protofibril clearance. Astrocytes are the most prominent glial cell type in the brain, but their
role in AD remains elusive. We found that astrocytes effectively engulf, but inefficiently degrade
Aβprotofibrils. This result in a high intracellular load of toxic, partly N-terminally truncated Aβ
and lysosomal dysfunction. Moreover, we found that secretion of microvesicles, containing Nterminally truncated Aβ, induce neuronal apoptosis. In paper IV, we show that treatment with
the protofibril selective antibody mAb158 lead to enhanced Aβ clearance and thereby prevent
Aβ neurotoxicity.
Taken together, this thesis contributes with important knowledge on the role of Aβ protofibrils
in AD pathogenesis and technical aspects that should be considered when measuring Aβ in
human tissues.
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Introduction

Alzheimer’s disease
In 2010, the prevalence of people with dementia was approximately 35 million worldwide. This number is predicted to almost double every 20 years if
there are no changes in prevention strategies or mortality number [1]. Alzheimer’s disease (AD) constitutes 60-80% of all dementia cases and is thereby the most common dementia disorder followed by vascular dementia,
Lewy body dementia and Frontotemporal dementia [2]. AD was first described 1906 by the German physician Alois Alzheimer after the investigation of a 50 years old patient named Auguste Dieter. Auguste suffered from
memory loss and disorientation and she had problems with writing and reading. When examining Auguste’s brain after her death, various abnormalities
including senile plaques and neurofibrillary tangles were found and reported
for the first time [3]. These abnormalities, amyloid plaques containing fibrillar amyloid-beta (Aβ) peptides and neurofibrillary tangles, containing hyperphosphorylated tau protein, are still the neuropathological hallmarks of AD
(Figure 1) [4]. Apart from plaque and tangles, a loss of neuronal cells is seen
in the brain of AD patients and there are also degeneration of axons and
dendrites, especially in the limbic structures (e.g. hippocampus and amygdala) of the brain.

Figure 1. Neuropathological hallmarks of AD. Amyloid plaques (A) and neurofibrillary tangles (B) are lesions frequently observed in sections from AD brains. Pictures
kindly provided by Paul O´Callaghan.
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The neuronal degeneration and dysfunction noticed in AD brains give rise to
the symptomatic picture of the disease [5, 6]. The first signs of AD are mild
memory deficits, primarily affecting short term memory, leading to difficulties remembering recent events of everyday life, e.g. recalling names of familiar persons and objects and remembering recent conversations. Subsequently, AD gradually affects multiple cognitive and behavioral processes
and ultimately progress into severe dementia, where the patient is unaware
of time and place, has a changed personality and has problems identifying
even closely related family members. Advanced AD is also accompanied by
deficits in the motor system, leading to symptoms such as slow movements
and hampered motor coordination. Death of AD patients occurs on average 9
years after diagnosis, due to secondary conditions, such as pneumonia or
other common infections [7].

Tau
Tau is a microtubule-associated protein regulating microtubule assembly and
stability by associating and dissociating from microtubules via dephosphorylation and phosphorylation, respectively. Pathologically, tau forms neurofibrillary tangles within neurons by aggregation of hyperphosphorylated tau.
Pathologic aggregated tau causes malfunction of cell transport and mitochondrial functions and is hence proposed to act as an essential mediator of
neurotoxicity [8]. In AD, the formation of tangles is proposed to be triggered
by Aβ, while tau is not believed to have any altering effect on Aβ [9-11].

Aβ precursor protein (AβPP)
The accumulation and aggregation of Aβ peptides is a main event in AD.
The Aβ peptide is produced by processing the Aβ precursor protein (AβPP)
[12]. AβPP, encoded by the AβPP gene on chromosome 21 [13], is a heterogeneous, ubiquitously expressed type I integral membrane protein, consisting of a large extracellular region, a single transmembrane part and a small
cytosolic tail [14]. Alternative splicing of AβPP yields several isoforms,
where the three major isoforms are 695, 751 and 770 residues long. The 695
isoform is widely expressed by neuronal cells, while the other isoforms are
primarily apparent in the periphery, but are occasionally found in the brain
[15, 16]. The function of AβPP is only partly understood. It has been suggested to play a role as a cell surface receptor [17] and to be important for
neuronal function, including synapse formation, plasticity, neurite outgrowth
and neuronal migration, as well as brain development and learning and
memory [18-24].
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AβPP processing
Processing of AβPP occurs in two pathways, the non-amyloidogenic pathway and the Aβ producing amyloidogenic pathway (Figure 2). AβPP processing involves enzymatic activities of α-secretase [25], β-secretase [26-28]
and γ-secretase [29]. First, AβPP is proteolytically cleaved by either αsecretase, in the non-amyloidogenic pathway or β-secretase, in the amyloidogenic pathway, releasing AβPP derivates into the lumen of the cell or to
the extracellular matrix. α-secretase, mediated by the ADAM family of proteases, sheds off a large soluble ectodomain fragment, α-AβPPs, leaving a 83
residues long C-terminal fragment in the membrane. In neurons, ADAM10
is the most likely candidate for α-secretase activity [30]. The membranebound aspartyl-protease BACE1 has been identified as the β-secretase enzyme. To produce Aβ, BACE1 cleaves AβPP at the N-terminal, before position 1 in the Aβ domain, releasing β-AβPPs and retaining a 99 residues long
C-terminal fragment in the membrane. After α-secretase or β-secretase
cleavage the remaining transmembrane fragment is processed stepwise by γsecretase, consisting of an aspartyl protease multiprotein complex, constituting presenilin (PS), nicastrin, anterior pharynx defective-1 (APH-1) and
presenilin enhancer-2 (PEN-2) [29, 31] of which PS is the catalytic component [32]. γ-secretase releases P3 or Aβ peptide [33].

Figure 2. AβPP processing. AβPP can be processed in two different pathways. In the
amyloidogenic pathway, AβPP is first cleaved by β-secretase with subsequent cleavage by γ-secretase. This leads to formation of Aβ peptides that are prone to aggregate and give rise to amyloid plaques. Initial cleavage by α-secretase results in processing through the non-amyloidogenic pathway.
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Aβ aggregation
γ-secretase cleaves the C-terminal at different sites in a sequential manner,
generating Aβ peptides of various chain lengths [34-36]. Predominantly, the
4 kDa Aβ40 is produced along with a minor portion of Aβ42. In addition, other Aβ-variants ranging from 38-43 amino acids have been observed [37, 38].
Since Aβ42 contains two additional hydrophobic amino acids, this peptide is
more prone to aggregate than Aβ40. The accumulation of Aβ causes formation of a wide range of soluble Aβ aggregates, ranging from small oligomers e.g. Aβ dimers, trimers and tetramers [39-43], Aβ*56 [44, 45], Aβ derived diffusible ligands (ADDLs) [46, 47] and globulomers [48, 49], to larger oligomers [50, 51], including oligomer paranuclei [52], protofibrils [5356] and annual protofibrils [57]. Protofibrils are described as curvilinear,
short flexible fibrils generally 4-10 nm in diameter and with a length of up to
200 nm [54, 58, 59]. The end stage in the Aβ aggregation process is insoluble amyloid fibrils depositing into fibrillar amyloid plaques [60]. Amyloid
fibrils are highly stable and have a cross-β structure, containing parallel βsheets with strands perpendicular to the fibril axis [61]. Before the fibril
formation, Aβ aggregates are only transiently formed. This makes it difficult
to separate these forms from each other and to characterize their conformation. There is no consistent classification system for soluble Aβ aggregates and the literature is therefore unclear. Soluble Aβ assemblies that are
distinct from Aβ protofibrils are commonly referred to as Aβ oligomers.
A lot of the knowledge about the Aβ peptide is based on studies of synthetic or modified Aβ peptides in vitro and the biological relevance of these
results can be questioned. It has been hypothesized that Aβ monomers can
assemble and aggregate along different pathways e.g. the on-pathway, ending up as amyloid fibrils and the alternative, off-pathway, ending up as soluble end-stage Aβ oligomers, e.g. ADDLs and globulomers (Figure 3). The
on-pathway acts through a nucleus-dependent fibrillization process. During a
lag phase, a nucleus is established from which fibrils can grow under thermodynamically favorable conditions. Aβ monomers have been suggested to
start the process by forming a hairpin structure, nucleating monomer folding
into dimers, trimers and oligomers, which act as building blocks for protofibrils, maturing into fibrils [62, 63]. Aβ oligomers in the on-pathway contain
intramolecular bonds and antiparallel β-sheets [61].
The off-pathway includes Aβ oligomers possessing spherical, irregular
secondary structures, distinct from the ordered protofibril and fibrillar conformations. These off-pathway oligomers will not aggregate further unless
they have made a thermodynamically favorable, conformational change [48,
63-65].
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Figure 3. Aβ aggregation pathways. Schematic illustration of Aβ monomers aggregating into fibrils via the off-pathway and the on-pathway. In the off-pathway, Aβ
aggregates into spherical, irregular secondary structures and will not aggregate further into fibrils, if not going through a conformational change first. The on-pathway
follows a nucleus-dependent fibrillization process. Aβ monomers folds into a hairpin
structure from which dimers, trimers and oligomers are formed. These forms act as
building blocks for protofibrils, which elongate and eventually become insoluble
fibrils.

Genetics and risk factors
AD exists both as late onset sporadic AD and early onset familiar AD, with
only a small percentage of the patients classified as autosomal dominant
familial AD [2]. Downs’s syndrome patients, known to have an extra copy
of chromosome 21, develop amyloid pathology and dementia around 45
years of age. The AD pathology is a direct consequence of AβPP overexpression and thus increased Aβ levels [66, 67]. Early onset AD has also been
reported in families with inherited AβPP duplications [68]. Further, mutations in the AβPP gene on chromosome 21 have been found to be associated
to familiar AD [69-72]. AβPP gene mutations are located at, or close to, the
Aβ cleavage sites or within the Aβ peptide (Figure 4). Mutations near the βsecretase cleavage sites, e.g. the Swedish mutation, leads to increased total
Aβ production [73], while mutations near the γ-secretase cleavage sites, e.g.
London mutation, is associated with an increased Aβ42/Aβ40 ratio [74]. The
Arctic mutation and mutations within the Aβ sequence promotes Aβ protofibrillar and Aβ fibrillar formation, due to changed peptide properties [58]. A
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recently found AβPP mutation, A673T, is intriguing as it was shown to be
protective against AD [75]. Familial AD is also associated with mutations in
the genes regulating proteolytic processing of Aβ; Presenilin 1 (PS1) and
Presenilin 2 (PS2), that similar to the mutations close to the γ-cleavage site,
increase the Aβ42/Aβ40 ratio [76]. Worth mentioning is that no mutations in
the tau gene have been shown to induce Aβ pathology [77].
Although the majority of AD patients are diagnosed with late onset, sporadic AD, much less is known about the cause of this type of the disease and
whether Aβ has an equally high importance in the sporadic form is not yet
completely investigated. Genetic and environmental risk factors are regarded
to be involved in sporadic AD and studies have shown that the familial heritability of AD is high [78-80]. Sporadic AD is age-dependent, with the prevalence increasing exponentially with age. Roughly, 0.5-1% of individuals
between 60-64 years of age and 10-30% of the individuals above 85 years of
age are diagnosed with AD [81]. Beside age, other proposed risk factors
associated with sporadic AD include head trauma, cardiovascular diseases,
gender and educational level [82-85].
There is only one well established “risk-gene” associated with sporadic
AD; the apolipoprotein E (APOE) gene [86, 87]. Aβ binds to ApoE and ApoE is present in the brain, in cerebrospinal fluid (CSF) and in amyloid
plaques. ApoE has been suggested to be involved in AβPP membrane insertion and processing, Aβ aggregation and in clearance of Aβ [88]. ApoE consists of three major isoforms, ε2, ε3 and ε4 and of these the ε4 allele is associated with an increased risk for AD while ApoE ε2 seems to be protective
[86, 89]. In addition, there are a number of genes associated with low to
moderate risk for increased susceptibility of AD. These genes are found to
have a role in lipid metabolism, immune response or endosomal/lysosomal
function [90].

Figure 4. AβPP mutations. Autosomal dominant mutations in the AβPP gene are
associated with AD. The mutations are located at, or close to, the Aβ cleavage sites
or within the Aβ peptide sequence. The mutations lead to increased total Aβ production, increased Aβ42/Aβ40 ratio or enhanced Aβ protofibrillar and Aβ fibrillar formation. Interestingly, the A673T AβPP mutation has been shown to be protective
against AD.
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Aβ toxicity
It is well established that Aβ plays an important pathologic role in AD.
However, which Aβ species that cause most neurological damage is debated.
The neurodegeneration can be a direct neurotoxic effect or an indirect effect
of Aβ, which e.g. reduce mitochondrial activity, prevent synaptic transmission and axonal transport, disrupt membranes or generate oxidative stress
[91].
Fibrillar Aβ was for a long time considered to be the neurotoxic species
[92-94]. However, the amount of amyloid plaques in the brain does not correlate well with the clinical symptomatology of AD [95, 96]. Instead, the
pathologic picture correlates much better with the concentration of soluble
aggregated Aβ species [46, 56, 95-100]. Moreover, oligomeric species of Aβ
have more impact on the viability of neurons, compared to both monomers
and fibrils [101-103]. Thus, soluble Aβ oligomers and protofibrils are believed to be the major neurotoxic species and Aβ plaques are assumed to
exist as reservoirs for Aβ, rather than being toxic themselves [100].

The amyloid hypothesis
The amyloid hypothesis (Figure 5) was generated in early 1990s by Hardy
and Higgins, based on the discovery that Aβ in amyloid plaques and
AβPP/PS mutations result in Aβ pathology [104]. The amyloid hypothesis
states that accumulation of Aβ is the trigger for a cascade of events culminating in AD. Aβ aggregation is believed to destroy synapses, induce neuroinflammation, form neurofibrilliary tangles and ultimately cause neuronal cell
death. Particularly, brain regions involved in learning and memory, e.g. hippocampus are affected. Increased amyloid burden and loss of synapses and
neurons cause progressive dementia. The amyloid hypothesis has not
changed much since first reported. However, the focus has shifted from Aβ
plaques as the main toxic entity to soluble aggregates of Aβ since these Aβ
intermediates have been found to be neurotoxic and correlate with cognitive
decline [105-107].
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Figure 5. The amyloid cascade hypothesis suggests that Aβ accumulation due to Aβ
overexpression, increased Aβ42/Aβ40 ratio, altered Aβ propensities or impaired Aβ
clearance results in Aβ aggregation. In turn, Aβ aggregates initiate a cascade of
events including formation of neurofibrilliary tangles, dysfunction of synapses,
induced neuroinflammation and neuronal cell death, culminating in cognitive decline and AD [107].

Aβ clearance and degradation
Defect Aβ clearance may contribute to pathological accumulations of cerebral Aβ in late onset sporadic AD [108]. Aβ are cleared from the brain by
various mechanisms including degradation by proteases [109-111], clearance
by blood brain barrier interstitial fluid bulk flow, cerebrospinal fluid absorption [112-117] and endocytosis by cells [118-123]. Endocytosis can be divided into phagocytosis and pinocytosis. Phagocytosis is devoted to specialized cells, such as microglia in the brain, and is highly regulated process
involving specific cell surface receptors. Pinocytosis occurs in all cells and
can be categorized into four mechanisms: macropinocytosis, clathrinmediated endocytosis, caveolae-mediated and clathrin/caveolae-independent
endocytosis. Pinocytosis is known to regulate hormone-mediated signal
18

transduction, immune surveillance, antigen presentation and homeostasis
[124].
In addition to microglia, other cell populations possess phagocytic features in the CSN e.g. astrocytes, oligodendrocytes and neurons [125, 126]. In
fact, astrocytes have been reported to engulf dead cells both in vitro and in
vivo, but then store, rather than degrade the ingested material due to poor
acidification of the astrocytic lysosomes [127]. In vitro, both microglia and
astrocytes are able to phagocytose soluble Aβ. Whether this also occurs in
vivo has been questioned, but Aβ deposits have been demonstrated in both
cell types in the AD brain [125, 128-131]. The pathway of endocytosis
seems to be decided by the aggregation state of Aβ. In microglia, soluble Aβ
are mainly taken up by pinocytosis and fibrillary Aβ by phagocytosis [132].
Internalization of Aβ by astrocytes is poorly understood, but macropinocytotic uptake and receptor-mediated phagocytosis have been suggested [133].
Following engulfment, the degradation occurs through the endosomallysosomal pathway [134] (Figure 6), in which the formation of early endosomes is the initial step. Early endosomes are characterized by the presence
of Rab4 and Rab5 GTPases. Rab4 and Rab5 have a role in sorting molecules
from the early endosome to various destinations in the cell, including Rab7
and Rab9 positive late endosomes and subsequently the lysosomes. Except
for Rab GTPases, lysosomal membrane-associated protein 1 and 2 (LAMP-1
and LAMP-2) are two well characterized proteins present from early endosomes to mature lysosomes. The lysosome is the main component, degrading
waste material in form of macromolecules, organelles and protein aggregates. During the endosomal/lysosomal pathway, both the membrane composition and endosomal luminal milieu changes. Most importantly, the proton pump V-ATPase changes the pH from around 6.2 in early endosomes to
5.5 and 5.0 in late endosomes and lysosomes respectively. The acidification
controls receptor-ligand uncoupling, lysosome enzyme activity and transport
[135].
Endosomal changes in the brain are observed early in AD with increased
transcription levels of endosomal genes e.g. PICALM (encoding a clathrin
assembly protein) and EEA1 (encoding EEA-1 protein localized in early
endosomes) and upregulation of proteins important in the endosomallysosomal pathway e.g. Rab4, Rab5, Rab7 and LAMP-1 [136-140]. Of particular interest is the observation that endosomal/lysosomal related dysfunctions in AD occurs before the appearance of Aβ and tau pathology [141,
142].

Microvesicles
Membrane vesicles of various sizes, e.g. exosomes and larger microvesicles
are generated and secreted from cells into the extracellular matrix. Their
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functions include removal of unnecessary proteins from the cell and involvement in cell-cell communication [143]. Microvesicles, with a diameter
of 100-1000 nm, are formed by outward budding and pinch off the plasma
membrane [144]. Exosomes, with a diameter of 30-100 nm, are instead
formed by invagination of the late endosome membrane, forming small vesicles that accumulate in the luminal space of the endosome, now called a
multivesicular body [145, 146]. If not transferred to the lysosome for degradation, the multivesicular body fuses with the plasma membrane, by a calcium-dependent mechanism and release the exosomes into the extracellular
space [147] (Figure 6). It has been proposed that Aβ is accumulated in multivesicular bodies and then released by exosomes into the extracellular environment [148].

Figure 6. Extracellular material can be taken up by endocytosis through various
mechanisms including macropinocytosis and receptor mediated phagocytosis. After
internalization, the material is transported and degraded through the endosomal/lysosomal pathway. In this pathway, the pH will subsequently drop causing
activation of degrading enzymes. Several proteins are required for the endosomal/lysosomal pathway to work properly, including Rab5, Rab 7 and LAMP-1 and
LAMP-2. Exosomes, derived from the late endosome, may release material into the
extracellular space.
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AD diagnostics and therapy
At present, there is no curative treatment for AD. The current therapies provide symptomatic benefits without altering the underlying disease process.
The two therapeutic strategies used today are cholinesterase (ChE) inhibitors, for mild to moderate AD and an N-methyl-D-aspartate (NMDA) antagonist, for moderate to severe AD. ChE inhibitors prevent breakdown of acetylcholine and have only a modest effect in AD since the inhibitor only prolongs the half-life of the produced neurotransmitter. However, it does not
inhibit the ongoing loss of neurons, contributing to the cognitive decline
[149]. Stimulation of NMDA receptors by the principal brain excitatory neurotransmitter glutamate is important for learning and memory functions
[150], but the excessive levels noticed in AD can instead evolve in excitotoxicity, followed by neurodegeneration. An uncompetitive NMDA receptor antagonist is used as a treatment to impede this outcome [151].
The diagnosis of AD is based on the medical history of the patient, imaging analysis of the brain, physical and neurological examination and cognitive assessment. A definitive diagnosis can however only be made by postmortem autopsy of the brain. Blood and serological tests are performed to
exclude other causes for the symptoms. Analysis of CSF may be used as
diagnostic criteria for AD [152], where a combination of low levels of Aβ42
and high levels of tau and phospho-tau in CSF are associated with AD [153,
154]. Even though these tests are useful, they are not suitable to follow disease progression.
Novel AD biomarkers are needed that better reflect the disease progression and mirror drug responses. As soluble Aβ oligomers and protofibrils
have been implied to be causatives for AD, they are believed to be good
biomarker candidates. Highly sensitive assays for Aβ oligomers are needed
to quantify the very low levels of soluble Aβ oligomers in CSF. Fukumoto et
al. (2010) reported increased levels of high molecular weight Aβ oligomers
in CSF from patients with AD and mild cognitive impairment (MCI), compared to control subjects. The levels also correlated to the disease state and
the most severe cases had higher levels of high molecular weight Aβ oligomers [155]. Since the study by Fukumoto was published, several studies
have reported the existence of soluble Aβ aggregates in CSF [155-162], but
their diagnostic potential is still questionable.

Aβ immunotherapy
Schenk et al. [163] reported in year 1999 that immunization with synthetic,
pre-aggregated Aβ42 reduced the plaque burden and the extent and progression of AD pathology in an AD mouse model over-expressing mutant AβPP.
Since then, active and passive immunization has been the main target for
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developing a future treatment for AD. Active immunization, using synthetic
intact Aβ42 or conjugated Aβ42 fragments, stimulates the host immune system
to recognize and induce the defense against Aβ. AD patients, responding to
the treatment, were found to have a slower rate of decline of cognitive functions. These patients was also found to produce high levels of antibodies
against Aβ [164]. Unfortunately, active immunization also generated cases
of meningoencephalitis, probably due to an inflammatory response caused
by activated T cells [165, 166]. Therefore the phase II study was halted in
2002 [166].
Treating AD mice with antibodies directed towards Aβ resulted in enhanced clearance and/or prevention of deposition of Aβ plaques, resulting in
reduced amyloid burden [167-169]. Cognitive function was improved in the
mice, but also unwanted adverse effects in form of vascular amyloid and
small hemorrhages was noticed [170]. To avoid adverse effects, antibodies
have been redesigned to minimize interactions with effector proteins, such as
complement proteins and Fcγ receptors [171]. Several clinical trials using
monoclonal antibodies against Aβ peptide are ongoing. Bapineuzimab (targeting the N-terminal of Aβ) from Pfizer/Janssen and Solanezumab (targeting the central domain of Aβ) from Eli Lilly have just ended their evaluation
as immunotherapeutics for AD in two large phase III clinical trials. Unfortunately, both failed to show any evidence of clinical benefits and this lead to
termination of the Bapineuzimab clinical trial [172, 173]. In the Solanezumab trial, positive effects on cognitive measures were detected in mild AD
patients, indicating that treatment have to start early to give an effect [172].
Currently, antibodies against soluble Aβ oligomers or protofibrils are studied
as AD immunotherapeutic drugs. One of these is the BAN2401, from BioArctic Neuroscience AB and Eisai, targeting Aβ protofibrils. BAN2401 is
presently in phase 2b clinical trials [174].

AD and inflammation
The importance of the inflammatory system in AD is well documented and
supported by both cellular and genetic studies. Genes for immune receptors;
TREM2 and CD33 have been found to be associated with AD [175-177].
The amyloid cascade hypothesis states that the immune system is activated
following Aβ accumulation. However, recent studies suggest that an early
involvement of immune system exist in AD and it has been suggested that
inflammation exacerbate, precedes or cause AD [178-180]. In brains of AD
patients there is an ongoing neuroinflammation, manifested by a large number of activated microglia, reactive astrocytes and inflammation markers
(e.g. cytokines, chemokines, complement proteins and reactive oxygen species), surrounding the amyloid plaques [181-183]. Microglia is considered to
be the macrophages of the brain. It is assumed that Aβ triggers an innate
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response by binding several cell-surface receptors including CD36, TLR4
and TLR6 on microglia, thereby inducing production of pro-inflammatory
cytokines, e.g. IL-1β and TNF, and chemokines [184-186]. During AD progression, microglia will keep a highly responsible primed phenotype that
rapidly switches to a pro-inflammatory phenotype upon Aβ exposure, neurodegeneration and ischemic changes. Other cellular changes contributing to
neuroinflammation in AD includes astrogliosis, increased levels of complement factors by oligodendrocytes, reduced inhibitor expression by neurons
and production of immune molecules and regulating vascular inflammation
by endothelial cells [187].
Except for inflammation in the brain, alterations of the immune system on
a systemic level have been found in AD patients and have been proposed to
contribute to the pathogenesis of AD. It has even been suggested that the
systemic response can induce the progression of AD [188, 189]. The cytokine expression in AD patients are suggested to demonstrate higher levels of
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6
(IL-6), compared to control subjects [190, 191]. The immune system of offspring with parental history of AD has responsiveness towards inflammation
already at middle-age, indicating that the immune response in AD patients
may be altered [192].

Natural anti-Aβ antibodies
Naturally occurring antibodies against Aβ have been found in the periphery
in both AD and non-demented individuals [193]. The function of anti-Aβ
antibodies is not clearly understood, but they have been implied to inhibit
fibrillization and affect clearance of Aβ [194-196]. Thus, infusion of natural
antibodies from healthy individuals, hopefully including natural Aβautoantibodies, is currently studied in AD. Positive effects on mouse behavior and AD cognition [194, 197, 198] have been reported but no positive
treatment effects have been seen in clinical AD trials [199, 200]. In AD patients, plasma concentrations of anti-Aβ antibodies have demonstrated contradicting results with increased, decreased or equal levels, compared to control subjects. This might depend on the degree of existing antibody-antigen
complexes and antigen specificity [201-205]. Recently, it has been proposed
that natural anti-Aβ antibodies mainly show affinity towards oligomeric
species of Aβ [194]. This would suggest that the immune system reacts specifically towards toxic Aβ oligomers and not necessarily towards the native,
monomeric forms of Aβ.
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Astrocytes in AD
The existence of neuroglia was first reported by Rudolf Virchow, year 1846.
The cells were considered to be the supporting substance between neuronal parts
in the brain [206, 207]. During the years that followed, the astroglia, named after
its star-like appearance, was described. Although the number of astrocytes varies
depending on brain area, it is estimated that 20-40% of the total mammalian
brain cell number consists of astrocytes [208]. Astrocytes can be divided into
two groups, based on morphology and anatomic location, fibrous and protoplasmic astrocytes. The fibrous astrocytes have numerous long fiber-like processes and are spread out within the white matter. Protoplasmic astrocytes have
a bushy appearance with several stem branches, giving rise to innumerous thin
processes [209].
Astrocytes are highly organized and spread throughout the whole brain, in a
non-overlapping manner, coupled with each other through gap junctions. Astrocytes surround neuronal somata and dendrites, and provide fine ensheathment of
synapses [210, 211]. The role of astrocytes in CNS is multifunctional, including
guidance of axons and neuroblast migration during development, formation and
function of synapses, synaptic pruning [212-216], regulation of CNS blood flow
[217], maintenance of fluid, ion, pH and transmitter homeostasis [218-220],
regulation of the blood brain barrier [221] and metabolic support for neurons
[222]. Glial fibrillary acid protein (GFAP) is a widely used astrocytic marker,
present in terminally differentiated astrocytes. GFAP is upregulated in reactive
astrocytes, but the expression in protoplasmic and early fibrous astrocytes is less
apparent [223]. Moreover, GFAP is expressed by cells of radial glia origin in
CNS and by other cells in peripheral organs [224, 225]. Other markers used to
identify astrocytes include S100-β, glutamate-aspartate transporter (GLAST)
and glutamate transporter-1 (GLT-1), but these are not exclusively expressed by
astrocytes. All markers vary in expression and location, demonstrating that there
are specialized populations of astrocytes. It would be valuable to find markers
that represent distinct astrocytic subpopulations [226, 227].
Astrocytes are also implemented in inflammation [228]. Reactive astrogliosis
is a pathological hallmark of injured and diseased CNS. Upon astrogliosis, the
astrocytes respond by increased gene expression of a number of structural proteins including GFAP, vimentin and nestin. Moreover, the astrocytes go through
morphological changes, such as hypertrophy, resulting in enlarged cell body and
increased number of processes. This is crucial for the formation of an astrocyte
scar around tissue lesions [229, 230]. Astrocytes importance in inflammation is
further supported by their expression of toll like receptors, scavenger receptors
and complement receptors and their secretion of cytokines and chemokines
[231-235]. In AD, reactive astrogliosis are prominent before onset of disease
and in mouse models, they have even been reported to precede amyloid plaques
[236-238]. Further, in astrocytic cultures, reactive astrogliosis can be induced by
amyloid plaques isolated from AD patients [239].
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Aims

The overall aim of this thesis was to increase the knowledge regarding Aβ
protofibrils in AD pathology.

Specific aims
I

To investigate if heterophilic antibody (HA) interference is a common problem when using sandwich ELISAs for measuring oligomeric and protofibrillar Aβ in plasma and CSF from Arctic mutation carriers, sporadic AD patients and control individuals.

II

To investigate anti-Aβ antibody production on a cellular level by
measuring the amount of anti-Aβ antibody producing B cells, instead
of the plasma level of anti-Aβ antibodies. This may more accurately
represent the situation in AD patients and control subjects.

III

To clarify the role of astrocytes in Aβ protofibril clearance by studying uptake, degradation and toxicity of Aβ protofibrils in a co-culture
system of neurons, astrocytes and oligodendrocytes.

IV

To investigate if degradation of Aβ42 protofibrils by astrocytes can be
enhanced by treatment with the protofibril selective antibody
mAb158.
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Methods

Human samples
Human plasma, CSF (Paper I) and whole blood (Paper II) from diagnosed
AD patients or non-AD patients were provided by the Memory Disorder
Unit, Uppsala University Hospital. Clinical AD diagnosis was determined by
clinical and neuropsychological examination including neuroimaging and
Mini-mental State Examination (MMSE). All study participants were included after obtaining a written informed consent.
In Paper I, we aimed to measure Aβ levels in plasma and CSF, with or
without anti- heterophilic antibody (HA) treatment. In the AD patient group,
we included plasma and CSF from sporadic AD and MCI and in the non-AD
group we included plasma and CSF from healthy individuals and patients
with Frontotemporal degeneration. Frontotemporal degeneration is a heterogeneous neuropathological disorder, both clinically and pathologically,
without Aβ pathology [240]. We also included AD patients who were carriers/non-carriers of the Arctic mutation in Paper I. Arctic mutation carriers
were specifically interesting to study due to their increased levels of Aβ protofibrils in the brain which also may be reflected in the periphery [58, 241].
Whole blood from age-matched AD patients and healthy volunteers were
collected in Paper II (Table 1) to isolate peripheral blood mononuclear cells
(PBMCs) for subsequent measurement of anti-Aβ producing B cells.
Table 1. Age matched AD patients and healthy individuals included in paper III.
Age (years)

82-91
72-81
62-71
48-61

AD patients

Healthy individuals

♂

♀

♂

♀

11
13
4
-

3
14
5
-

6
13
2
2

7
14
5
1

Model systems
Both in vitro and in vivo models are frequently used in AD research. Model
systems are important for understanding specific mechanisms essential for
the disease and to test new diagnostic and therapeutic strategies. Since all
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model systems have both advantages and disadvantages, it is important to
carefully select a suitable system for the studies of interest. Due to the anatomically similarity with the human brain, the possibility to use genetically
modified strains and the existence of numerous behavioral tests to examine
neural dysfunction, mice are extensively used as AD animal models [242].
Cell culture models are a more direct way to study the role of specific cellular or molecular processes in a disease, e.g. neuronal and glial response upon
Aβ exposure. Moreover, cell cultures are easy to reproduce and enable reduced animal numbers to be used in research. Both in vitro and in vivo models carrying the familial inherited genetic mutations have been important for
AD research, but they do not mirror the complete complexity of this heterogeneous disease.

Animal model
Non-transgenic mice and tg-ArcSwe mice, characterized by increased levels
of soluble Aβ protofibrils, intraneuronal Aβ accumulation and accelerated
senile plaque pathology [243-245], were used in Paper I. Both monoclonal
antibody mAb158 ELISA and mAb82E1 ELISA are based on antibodies
derived from mice and therefore, mice samples are not affected by HA in
these two immunoassays. As a positive control in Paper I, we used saline
perfused brain homogenates from frontal cortex, known to contain Aβ pathology [246]. The homogenates were investigated to assure that the Aβ
signal remained in Aβ protofibril ELISA after anti-HA treatment and depletion of antibodies by protein G. To obtain brain homogenates, mice were
intracardially perfused with saline solution to rinse traces of blood derivate.
Brains were homogenized by using a tissue grinder with teflon pestle. To
avoid degradation of proteins, complete protease inhibitor cocktail was used.
To remove cell debris and to obtain a preparation of TBS-soluble extracellular and cytosolic proteins, including a wide range soluble Aβ, the homogenates were centrifuged at 100 000 g x 1 h [95-97, 247, 248].
To compare if in vitro data from co-cultures reflected the pattern in vivo
in Paper III and IV, immunohistochemistry was performed on brain slices
from tg-ArcSwe mice. A saline perfusion step was followed by fixation of
the brain in 4% phosphate-buffered formaldehyde to avoid autolyse. Brains
were frozen and cryo-sectioned sagittally to a thickness of 14 μm and then
permeabilized and blocked in with 0.3% Triton X-100 in PBS, containing
5% normal goat serum.

Cell culture models
In Paper III and IV we used differentiated neural stem cell cultures. In order to grow these cells, cerebral cortex was dissected from C57/BL6 mice
embryos, 14 days of age (E14). The cells were dissociated and cultured as
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free floating neurospheres in cell culture media supplemented with bFGF
and EGF. The mitogens allowed the cells to maintain their stem cell potential and promoted cell proliferation. The neural stem cells were allowed to
differentiate for 7 days in mitogen free medium, to a mixed culture of astrocytes, neurons and oligodendrocytes (Figure 7). As we sought to follow the
role of astrocytes in Aβ42 protofibril clearance in the absence of microglia,
which originate from a different progenitor, this cell culture system was ideal [127].
In Paper III, we aimed to study the toxic ability and the Aβ content of
microvesicles (including both larger vesicles and exosomes) derived from
conditioned medium harvested day 6 and 12 following Aβ42 protofibril removal. To study the neurotoxic effect, conditioned media were administered
to pure E14 cortical neurons. Following dissection, neurons were directly
seeded on poly-L-ornithine and laminin coated cover slips and cultured in
neurobasal medium for 12 days prior to experiment.

Figure 7. Representative images of mixed neural cell cultures. Neural stem cells
were allowed to differentiate to a mixed culture of astrocytes (GFAP, A), oligodendrocytes (CNPase, B) and neurons (βIII-tubuline, C).

Microvesicle isolation
Microvesicles were isolated by repeated centrifugation steps. Conditioned
medium were centrifuged for 5 min at 300 x g to remove any cell remnants,
10 min at 2000 x g to remove apoptotic bodies and 1.5 h ultracentrifugation
at 135 000 x g at 4°C to isolate large microvesicles and exosomes. There
should not exist any excess Aβ aggregates in the media contaminating the
microvesicle isolation as we extensively washed and transferred the cells to
new wells after the 24 h of Aβ42 protofibril exposure.
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Synthetic Aβ
Throughout this thesis, synthetic Aβ has been used. The quality of Aβ and its
propensity to aggregate vary between manufacturers and even between lotto-lot. In order to minimize variations in Aβ we aimed to use the same lot in
all experiments throughout each study [249, 250]. Aβ has, due to its hydrophobicity, a propensity to stick to glass and plastic surfaces in tubes, plates,
pipette tips and columns. This may be avoided by addition of small amount
of detergents.
When setting up experiments for production of Aβ of various forms, nonaggregated synthetic Aβ are used as starting material. Many laboratories use
HFIP for monomerization of Aβ. However, when dissolving Aβ in acids, Aβ
pass through the pI (5.1), which may cause formation of oligomers/aggregates [56]. Instead, we and others routinely use sodium hydroxide
to dissolve Aβ, bringing Aβ to a high pH (pH ≈10.5-11), followed by neutralisation with PBS, avoiding Aβ to pass its pI. Pretreatment with sodium
hydroxide produces peptide solutions with higher yields of low molecular
weight Aβ and lower levels of pre-existent aggregates [251-253].
In Paper I-IV, we have worked with monomeric and/or protofibrillar Aβ.
Importantly, Aβ exists as a mixture of monomers and low‐order oligomers in
quasiequilibrium rather than solely as monomers [51, 55, 254, 255], and
therefore low molecular weight Aβ are actually a more correct term to use
[54]. Protofibrillar Aβ is defined by us as aggregates larger than 75 kDa,
eluting in the void volume on a size exclusion Superdex 75 column. The
biotinylation (Paper II) or the HiLyte™ Fluor 555-label (Paper IV) of Aβ
protofibrils did not disturb the protofibril conformation.

Enzyme-linked immunosorbent assay (ELISA)
The Enzyme-linked immunosorbent assay (ELISA) is used to analyze the
concentration of a specific antigen or antibody in a sample [256]. The method is used in Paper I-IV. ELISA is an immunological technique depending
on the interaction between antigens and antibodies. In our studies, the sandwich ELISA setup has been used to identify and calculate concentration of
Aβ monomers, oligomers and protofibrils in human body fluids, mice homogenates, cell culture medium, cell lysates and microvesicle preparations.
Moreover, mAb158 ELISA has been used to characterize Aβ42 protofibrils
after biotinylation and HiLyte™ Fluor 555-labeling. In the first step of a
sandwich ELISA, antibodies are immobilized on a microplate surface. Next,
the surface is blocked and the samples are added and only antigens recognized by the antibody will be captured, while non-specific proteins in the
samples will be removed by washing. A secondary antibody, linked with a
detection enzyme e.g. horseradish peroxidase (HRP), is then added, followed
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by the addition of a substrate that leads to a detectable signal in the presence
of antigen.

Aβ40 and Aβ42 ELISA
Various in house Aβ40 and Aβ42 ELISA setups, in numerous different combinations, were used in this thesis. The aggregation state of Aβ is important
to consider when measuring synthetic or biological Aβ. The hydrophobic Cterminal is often hidden in the core of aggregates leading to underestimation
of Aβ levels in C-terminus dependent ELISA assays [257, 258]. To circumvent this problem samples containing Aβ can be boiled in SDS to dissolve
the aggregates and unmask the C-terminus. It is important to dilute samples
after SDS treatment prior to the ELISA in order to avoid interference from
SDS. N-terminal truncation is yet another factor that can lead to underestimation in samples. To measure N-terminally truncated Aβ in cell culture or
in vivo [259, 260], an antibody binding the middle of Aβ-sequence, together
with an Aβ40/42 antibody is to be preferred.

ELISA measuring soluble Aβ aggregates
In the mAb158 ELISA, the same monoclonal antibody is used both for capture and detection. Thus, more than one epitope have to be present to be
detected by the ELISA (Figure 8). The mAb158 ELISA does not detect
monomeric Aβ or low molecular weight Aβ oligomers. Only larger Aβ protofibrils are measured with this method [244]. In order to detect smaller aggregates, the mAb82E1 ELISA was employed. This ELISA is designed in a
similar setup as the mAb158 ELISA, but uses the Aβ N-terminal specific
antibody mAb82E1 as capture and detection antibody. Compared to
mAb158, mAb82E1 is a non-conformational selective antibody recognizing
all forms of Aβ. Therefore, theoretically, the mAb82E1 ELISA is able to
detect aggregates from small dimers up to large Aβ aggregates [161]. To
describe measured levels of Aβ oligomers or protofibrils, we express the
concentration in monomer concentration units. The size and the number of
conformational epitopes per Aβ monomer unit may differ between biological
samples and synthetic Aβ used as a standard in our ELISAs. This may be a
problem if Aβ aggregates in biological samples have high variability in size.
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Figure 8. mAb158 ELISA. The Aβ protofibril specific, mAb158 ELISA uses the
same antibody (mAb158) for both capture and detection. Thus, to achieve a signal in
the ELISA, more than one epitope are needed.

HA interference in sandwich ELISAs
The aim of Paper I was to investigate if HA interference was a problem
when analyzing plasma and CSF from AD patients and controls, by mAb158
ELISA and mAb82E1 ELISA. HAs, including human anti-mouse antibodies
(HAMA), are polyreactive antibodies recognizing antibodies from other
species occurring as a result of exposure to animals or animal products during life. HA can cross-bind assay antibodies, thus generating false positive
signals in ELISAs [261] (Figure 9). To avoid HA interference, the samples
in Paper I were subjected to a commercial neutralizing HA buffer containing a large excess of unrelated antibodies. The samples were only diluted
1:4-1:6 due to the expected low levels of Aβ oligomers and protofibrils.
Therefore, in ELISA setups, where HA interference has not been considered,
low dilution of samples could generate false positive signals. In CSF, antibody concentrations are low, allowing nearly complete depletion of HA using protein G.

Figure 9. Principle of HA interference. In a sandwich ELISA, an immobilized capture
antibody specifically binds its antigen. A second specific binding to the antigen occurs
by an enzyme labelled detection antibody (A). False positive signals may be generated
by HA due to crossbinding of assay antibodies in the sandwich ELISA (B).
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PBMC preparation
PBMCs, containing lymphocytes, monocytes, macrophages and dendritic
cells, were separated from blood by Ficoll-Paque separation technique. Ficoll-Paque is a density gradient medium and upon centrifugation, blood cells
will migrate differently in the media. In short, blood diluted in PBS was
carefully layered over Ficoll Paque-PLUS. After centrifugation, the following layers were distinct: plasma, PBMCs, Ficoll Paque, granulocytes and
erythrocytes. The cloudy layer, consisting of PBMCs was carefully collected
and washed. The cells were then counted and resuspended in freezing medium for storage in liquid nitrogen. Before use, PBMCs were carefully thawed.

Flow cytometry
In flow cytometry, suspended particles or cells from 0.2-150 µm in size are
carried by a fluid stream to a laser intercept. By appropriately positioned
lenses in the intercept, the particles or cells will be registered by scattering
the laser light and, if tagged by any fluorescent molecule, they will fluoresce.
The scattered and fluorescent light will be collected by detectors converting
the received optical signals to electronic signals. In Paper II, flow cytometry
was used to determine B cell numbers in AD patients and healthy controls.
Before analysis of flow cytometry, PBMCs were stained for 1 h with the
fluorescently labeled pan B cell surface marker anti CD19 [262].

B cell ELISpot
Antibodies secreted from cells can be measured on a single-cell level using
the immunoassay enzyme-linked immunospot (ELISpot). The advantages
using ELISpot when measuring natural anti-Aβ antibodies (Paper II) is that
the assay has a high sensitivity and is less affected by protease activity and
Aβ/anti-Aβ antibody complex binding. We used B cell ELISpot to investigate if B cells producing Aβ40 monomers or Aβ42 protofibrils could be detected and if they differed in AD patients compared to healthy controls.
PBMCs, prestimulated with R848 and recombinant human IL-2 to efficiently
activate B cells, were cultured in human-anti-IgG coated wells specific for
ELISpot assay and secreted antibodies were captured. Anti-Aβ antibodies
were detected by biotinylated Aβ and Streptavidin-ALP. Development occurred by filtered BCIP until spots were evident. Each spot correspond to an
individual antibody-secreting cell (Figure 10). An alternative way to measure anti-Aβ antibodies by ELISpot is to first immobilize Aβ in the well and
then add PBMCs. However, this approach was less suitable as Aβ conformation may be affected by surface binding [263]. Moreover, it may often
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cause increased background and lower sensitivity and higher antigen concentrations are needed. Although Aβ ELIspot is of great advantage when measuring Aβ antibodies produced by B cells, both low and high binding intensity
antibodies will be detected. Thus, the assay cannot provide a measurement of
the affinity of the detected antibodies.

Figure 10.To initiate the antibody production from B cells, PBMCs were stimulated
with R848 and hIL-2 (A-B). PBMCs were added to ELISpot wells, coated with antiIgG capture antibodies (C). The captured anti-Aβ antibodies, secreted from the B
cells were recognized by biotinylated Aβ (D) and visualized by Streptavidin-ALP.
The dots in the ELISpot wells represent individual B cells secreting anti-Aβ antibodies (E).

Immunofluorescence and other staining techniques
Immunofluorescence is a common technique based on antigen-antibody interaction. Antibodies, chemically conjugated with a fluorophore, bind directly or indirectly to a specific antigen of interest in e.g. cultured cells and tissue samples. In direct immunofluorescence, the primary antibody, detecting
the antigen of interest, is labeled a fluorophore and can be visualized in fluorescence or confocal microscopy. In Paper III and IV we have applied indirect immunofluorescence. Here, the primary antibody is unlabeled and the
secondary antibody, recognizing the constant part of the primary antibody, is
carrying a fluorophore, amplifying the sensitivity. By using fluorophores of
different colors, multiple antigens can be detected in the same sample.
To visualize the individual cell types in the primary cell culture model
used in Paper III and IV we have used well-known markers. For astrocytes,
antibodies recognizing the intermediate filament protein GFAP were used.
Importantly, it has been reported that as little as 15% of astrocytic area can
be observed by GFAP, leading to underestimation of astrocytes size [210].
Neurons and oligodendrocytes were recognized by microtubule component,
βIII-tubulin and CNPase antibodies, respectively. Rab5 was stained to visualize early endosomes, Rab7 visualizing late endosomes and LAMP-1 and
LAMP-2 to identify endosomal/lysosomal compartments.
Aβ, N-terminally labeled with HiLyte™ Fluor 555-label was used in
some experiments in Paper III and IV to follow Aβ clearance and degrada33

tion in the neuronal and glial co-cultures. Vectashield mounting medium
containing 4',6-diamino-2-phenylindole (DAPI) was used to stain cell nuclei
in Paper III and IV. DAPI is extensively used in fluorescence microscopy
and binds to A-T rich regions in DNA. To label apoptotic cells in Paper IV,
Terminal deoxynucleotidyl transferase dUTP nick labeling (TUNEL) assay
was used. TUNEL identifies free 3'-hydroxyl termini generated by DNA
fragmentation. Degraded DNA may also be displayed by necrotic cells
[264]. Therefore, TUNEL should not be considered a specific marker for
apoptosis.
The LysoTracker® Red DND-99 dye accumulates and labels all vesicles
with low internal pH within the cells and is thus not lysosome-specific.
LysoTracker consists of a fluorophore linked to a weak base that is only
fluorescent at acidic pH. LysoTracker was used in Paper III to study whether Aβ was present in acidic vesicles.

Microscopic techniques
Results in Paper III and IV are mainly based on imaging techniques to
study mechanisms of Aβ protofibril clearance in primary cell cultures. By
using fluorescence microscopy we studied uptake and accumulation of Aβ
and co-localization and expression of enzymes in the endosome/lysosome
pathway. To verify that Aβ42 protofibrils were localized intracellularly, confocal microscopy was used, providing a three-dimensional image. This technique allows the specimen to be imaged one “point” at a time and the images
can then be joined to a z-stack to get the three-dimensional image. In short,
out-of-focus light from above and below a focus point are eliminated as a
small pinhole aperture allows only light emitted from the desired focal point
to pass through. In time-lapse, image sequences are captured with regular
intervals and viewed at a greater speed to give an accelerated view of dynamic process. Time-lapse microscopy was used to image the cell culture
over time, to follow Aβ accumulation and other cellular processes.
In order to visualize isolated microvesicles secreted by the cell culture we
used transmission electron microscope (TEM). TEM uses electrons instead
of light to produce an image. As electrons have a much lower wavelength
than light they provide resolution in the low nanometer range e.g. small
structures in the cells can be detected. In TEM, a beam of electrons are focused on a single element of a studied ultra-thin specimen. The electrons
interact with the specimen and only electrons going through the sample will
convert into light when meeting a phosphor screen. When electrons are absorbed or scattered on their way through the specimen, dark areas are formed
and when more electrons pass through they will form lighter areas resulting
in an image.
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Present investigations

Detection of Aβ oligomers and protofibrils in human
body fluids using sandwich ELISAs. Is the signal true?
One purpose of this thesis was to evaluate Aβ protofibrils as a CSF biomarker. At first glance, our data looked promising and we found positive
signals in the protofibril specific mAb158 ELISA when measuring human
CSF. However, when performing control experiments, we found HA interference causing false positive signals in the ELISA. Further, we noticed that
interference of HA was often neglected among researchers in the AD field,
when measuring Aβ oligomer and protofibril levels in CSF using immunoassays. Therefore, in Paper I, we aimed to study the extent of HA interference
when measuring Aβ oligomers and protofibrils in human plasma and CSF.
Human plasma and CSF from Arctic mutation carriers, sporadic AD patients and control individuals was examined with the mAb158 ELISA to
investigate if Aβ protofibrils could be detected. In both plasma and CSF, the
mAb158 ELISA generated Aβ protofibril signals. In plasma AD patients had
significantly higher Aβ protofibril levels than control individuals. Similar
results were obtained also with the mAb82E1 ELISA. All signals in the
mAb158 ELISA and the majority of signals in the mAb82E1 ELISA in
plasma samples, were reduced to below the limit of detection when diluted
in anti-HA plasma diluent instead of the standard ELISA buffer (Figure 11
A-C, Paper I, Table 1 & Figure 2 A-C). Most CSF samples generating signal in the mAb158 ELISA lost their signal upon protein G depletion. In
some CSF samples, positive signals remained but were greatly reduced (Figure 11 D, Paper I, Table 1 & Figure 2 D). This can be explained by the
presence of HAs of other isotypes than IgG since protein G favor binding to
IgG and binds other isotypes to a lesser extent. To verify the results from
protein G depletion in CSF, anti-HA sample diluent was also tested in a few
samples with high signals in the standard buffer, and also in these samples
the signal disappeared after treatment (Paper I, figure 3 B).
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Figure 11. HA interference in oligomer/protofibril ELISAs. Plasma (A-C) and CSF
(D) from AD patients or control individuals were analyzed by the mAb158 ELISA
(A,B & D) or the mAb82E1 ELISA (C). Positive signals obtained in Aβ protofibril
and oligomer ELISAs were greatly reduced when treating the samples with anti-HA
treatment.

The results from our studies indicated that plasma and CSF samples from
both AD and control subjects contained HA in sufficient levels to interfere
with Aβ sandwich ELISAs. In a selection of positive HA samples, the capture, the detection, or both capture and detection antibodies of the mAb158
ELISA were exchanged for irrelevant mouse antibodies. Without anti-HA
treatment the samples still gave positive signal (Paper I, Figure 3 A-B),
while the signal dropped below limit of detection with anti-HA treatment
(Paper I, Figure 3 A). This verifies the notion that the signals were in fact
unrelated to Aβ, and that HA interfering with the ELISA caused false positive results. Thus, it is of importance to consider the possibility of false positive results due to HA interference when carrying out immunoassay based
studies of soluble Aβ aggregates.
To ensure that Aβ protofibrils from in vivo samples were correctly measured by mAb158 ELISA, brain homogenates from AβPP transgenic mice,
containing substantial amounts of Aβ protofibrils, were analyzed [244]. Aβ
signals were received in the standard mAb158 setup even after anti-HA
treatment, but were lost when exchanging antibodies in the ELISA to irrelevant antibodies. Non-transgenic mice did not obtain any signals in the
mAb158 ELISA (Paper I, Figure 3 C).
Although we did not find any true signals of soluble Aβ oligomers or protofibrils in Paper I, these Aβ species may still be present in CSF and plasma. In fact, by combining Aβ42 concentrations determined by a denaturing
and a non-denaturing method into an Aβ42 oligomer ratio, we have indirectly
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detected the presence of Aβ oligomers in human CSF from AD patients
[258]. Numerous studies have been able to measure soluble Aβ oligomers in
human CSF [155-162]. To our knowledge, HA have not been considered in
most of these studies. To ensure a true Aβ signal and to avoid distrust, these
studies should perform and present further characterization of the results by
e.g. perform serial dilutions of samples to confirm the linearity of the signal,
perform immunodepletion to confirm their Aβ specificity, excluding HAs as
signals, and recovery of signal from samples spiked with an oligomer standard. One study measuring Aβ oligomers in CSF is worth to mention. Fukumoto et. al (2010) measured elevated levels of soluble Aβ oligomers in AD
CSF compared to control CSF, by using fragment antigen-binding F(ab’)
fragments of anti-Aβ antibodies as detection instead of whole antibodies,
thus minimizing the risk of HA interference [155].

Anti-Aβ antibodies in healthy controls and AD patients
Since Aβ oligomers in CSF are difficult to measure by traditional ELISA we
sought to investigate another approach. Instead of measuring protofibrils
directly we measured the anti-Aβ antibody response from B cells to see if
they differed between AD patients and healthy controls. If we were able to
measure anti-Aβ antibody producing B cells in humans correctly, this could
be an important diagnostic marker. Anti-Aβ antibodies are also interesting as
many of research groups are evaluating anti-Aβ antibodies as a therapeutic
approach for AD. Thus, it is important to know the effect of these antibodies
in vivo, since they can play a role in the natural defense against AD. Aβ protofibrils are toxic and may induce an antibody response from B cells. Numerous studies have demonstrated that humans are able to synthesize antibodies against Aβ. However, it has not been established if these antibodies
are important for Aβ clearance and acts protective against AD [265], or if
they exist in a higher degree in AD patients as a result of the disease process
[201].
ELISA has been widely used to measure anti-Aβ antibodies in human serum and plasma [266]. In serum/plasma, Aβ and anti-Aβ antibodies can form
a complex with each other making it troublesome to measure anti-Aβ antibody concentration by conventional methods. The problem of Aβ/anti-Aβ
antibodies complex binding can be circumvented by dissociation of Aβ from
the anti-Aβ antibody at low pH. After dissociation, serum from AD patients
has been shown to have higher anti-Aβ antibody levels than controls [266].
In Paper II we used an alternative method, instead of measuring the anti-Aβ
antibodies concentration directly; the number of B cells producing anti-Aβ
antibodies of IgG subclass was analyzed with the ELISpot technique. The
number of anti-Aβ antibody producing B cells were measured in a large set
of age matched AD patients and healthy controls. Samples that were unable
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to produce a general IgG response upon stimulation were excluded from the
study as were samples with low PBMC numbers. Although no differences in
total B cell number were seen, AD patients had a higher number of IgG producing B cells in their blood compared to healthy controls (Paper II, Figure
2 A-B). In AD, the immune response is generally active [267] and this could
lead to a higher activation of B cells in AD patients compared to healthy
controls.
Both the number of B cells producing anti-Aβ40 monomer antibodies and
anti-Aβ42 protofibril antibodies were studied. Interestingly, B cells were
significantly more prone to produce antibodies recognizing anti-Aβ42 protofibrils than Aβ40 monomers (Figure 12 A & Paper II, Figure 3 A). We speculate that this could be a result of the immune system responding to the increased Aβ42 protofibril load as an attempt to remove the toxic Aβ42 protofibrils. Aβ40 monomers are the native form of Aβ and have probably physiological functions. There was low or no existing numbers of B cells
recognizing Aβ40 monomers and they did not differ between AD patients and
healthy controls (Figure 12 B & Paper II, Figure 3 B). This result was predicted since the immune system should not react towards self-proteins [268272]. Interestingly, AD patients had a higher degree of anti-Aβ42 protofibril
antibodies compared to healthy individuals (Figure 12 C & Paper II, Figure
3 C). This difference was even greater in AD patients with ApoE ε4 genotype. In this study, we found no correlation between B cell producing antiAβ42 protofibril antibodies and the mini mental status in the AD group (Paper II, Figure 4).

Figure 12. B cells mainly produced anti-Aβ antibodies towards Aβ42 protofibrils and
not Aβ40 monomers (A). No difference was seen in the level of anti-Aβ40 monomer
antibody producing B cells when comparing AD patients with healthy controls (B).
However, AD patients had a higher level of anti-Aβ42 protofibril producing B cells
compared to healthy controls (C).

The existing overlap of the number of anti-Aβ42 protofibril antibody producing cells in AD patients and healthy controls and the lack of correlation between anti-Aβ42 protofibril antibody producing cells and mini mental status
makes this measure less suitable as a biomarker for AD. However, anti-Aβ42
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protofibril antibodies role as therapeutics should be further evaluated, since
they seem to be a part of the natural defense against Aβ42 protofibrils.

The role of astrocytes in Aβ clearance
Being the most numerous cell type in the brain, astrocytes are important for
many functions, but their role in AD is poorly understood. It has been suggested that insufficient lysosomal degradation is a main cause of sporadic
AD [273, 274]. Ineffective degradation of Aβ may lead to spreading of AD
pathology, due to Aβ secretion from the phagocytic cells [275]. Many studies have been focusing on the role of microglia in Aβ clearance, but the importance of astrocytes in Aβ clearance needs to be further investigated. It has
been reported that monomeric Aβ is engulfed and degraded by astrocytes
[120-122]. However, in these studies it is unclear whether Aβ was degraded
or transported to the lysosomes for storage. Our research group has recently
shown that astrocytes effectively engulf whole dead cells, but store, rather
than degrade the ingested material [276]. This may be the case for Aβ as
well, since astrocytes with high Aβ load have been found in AD brain [128].
In Paper III, co-cultures of astrocytes (70%), neurons (25%) and oligodendrocytes (5%) were exposed to Aβ42 protofibrils for 24 h to study uptake, degradation, secretion and toxic effects of Aβ. Aβ42 protofibrils, labeled
with fluorescent HiLyte™ Fluor 555 were efficiently taken up by astrocytes
and oligodendrocytes (Paper III, Figure 1 A & C, respectively). Aβ were
often found to co-localize with DAPI stained condensed nuclei intracellularly (Figure 13 & Paper III, Figure 1 D). To verify that it was Aβ and not the
555-labeling agent that was detected after the engulfment, unlabeled Aβ42
protofibrils were immunostained using Aβ antibodies binding to the Nterminus of Aβ, Aβ protofibrils or Aβ42. All Aβ antibodies detected intracellular Aβ deposits, verifying a specific Aβ signal (Paper III, Additional file 2
A-D).

Figure 13. Confocal image of astrocyte containing Aβ inclusions. Scale bar: 10 µm.
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Interestingly, in the brains of tg-ArcSwe mice we found Aβ, often colocalized with condensed nuclei of dead cells, ingested by reactive astrocytes
(Paper III, Figure 2 E). This confirms that our in vitro data from the cell
culture studies reflected cellular processes of Aβ pathology in vivo. In neurons, stained with βIII-tubulin, Aβ42 protofibril levels were often below the
detection limit (Paper III, Figure 1 B) suggesting that Aβ42 protofibrils were
not taken up by neurons or that they were successfully degraded. When
studying the cells using immunostaining and time-lapse over the course of
12 days after Aβ removal, we found that both astrocytes and oligodendrocytes degraded Aβ extremely slow, leading to intracellular accumulation of
Aβ protofibrils (Paper III, Figure 3 A, B & D-G). Aβ1-x, Aβx-42 and Aβ protofibril ELISAs were used to measure Aβ levels in both the soluble and the
insoluble fraction of the cell lysate. The insoluble fraction was analyzed in
order to determine if accumulated Aβ were packed into insoluble aggregates
that were pelleted during the centrifugation. The ELISAs demonstrated that a
larger part of the accumulated Aβ was N-terminally truncated (Paper III,
Figure 5).
Immunostainings using the lysosome specific LAMP-1 antibody showed
that Aβ were slowly transported to lysosomal compartments within astrocytes (Paper III, Figure 4 A). Moreover, immunostainings of 14-month-old
tg-ArcSwe mice brains, using antibodies against GFAP and Aβ were performed. The results demonstrated that astrocytes, as expected, were tightly
localized around Aβ plaques and Aβ co-localized, in the outermost layer of
the Aβ plaque, with both GFAP and LAMP-2 (Paper III, Figure 4 C-D).
These data indicates that Aβ may be situated in lysosomal compartments
inside the glial cells that tightly surround the plaque. Degradation does not
always occur following arrival to the lysosome. In fact we found that Aβ42
containing lysosomes did not stain with the LysoTracker, indicating that
Aβ42 stored in the glial cells were situated in immature lysosomes (Paper
III, Figure 4 B)
Time-lapse recordings showed formation of enlarged, dynamic vacuoles,
~50 μm in diameter, in the astrocytes after 2-3 days of Aβ42 protofibril exposure (Figure 14 & Paper III, Figure 6 A-B). The vacuoles were probably
induced by the high Aβ load since no vacuoles were formed in corresponding control cultures. Immunostainings using the early endosomal marker
Rab5 and the late endosomal marker Rab7 identified the vacuoles, suggesting them to be enlarged early endosomes (Paper III, Figure 6 C).
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Figure 14. Enlarged, dynamic early endosomes (*), ~50 µm in diameter, appeared
inside the astrocytes, 2-3 days after Aβ42 protofibril exposure. The images show 3
enlarged endosomes that fuses (white arrows) to one larger endosome, 5 days after
Aβ42 protofibril exposure. Scale bar: 10 µm.

Aβ exposure had no toxic effect on astrocytes and oligodendrocytes, but
neurons were negatively affected in the long term, indicating that the cell
death is due to a secondary mechanism (Paper III, Figure 7). We speculated
that the severe lysosome failure, induced by accumulation of Aβ in astrocytes, could lead to secretion of toxic agents into the extracellular environment, causing neurotoxicity. To identify the possible mechanism for the
secondary toxicity, we investigated if microvesicles secreted by Aβ42 protofibril treated co-cultures induce apoptosis of cortical neurons.
There was a significant increase in apoptosis in neural cultures treated
with microvesicles from Aβ42 protofibril exposed co-cultures, compared to
microvesicles from untreated co-cultures. Hence, microvesicles from Aβ
exposed cell cultures induced neurotoxicity. Further, we demonstrated by
Aβ1-x and Aβx-42 ELISA, that the microvesicles contained Aβ which were
mainly truncated in the N-terminal (Paper III, Figure 8). Compared to full
length Aβ, N-terminally truncated Aβ is known to be more resistant to degradation, more aggregation prone and more toxic [277].

mAb158 enhance clearance of Aβ by astrocytes
Currently, different anti-Aβ antibodies, including the humanized version of
the Aβ protofibril selective mAb158, BAN2401, are evaluated in clinical
trials for AD. mAb158 has previously been shown to inhibit fibrillogenesis
and Aβ toxicity in vitro and to lower Aβ protofibril levels, prevent Aβ deposition and promote clearance of Aβ in tg-ArcSwe mice [278, 279]. However,
the cellular mechanisms of mAb158 and other therapeutically Aβ antibodies
remain to be elucidated. Fcγ-receptor mediated phagocytosis of Aβ [165,
167, 169, 280], disaggregation of Aβ aggregates [281], neutralization of Aβ
toxicity and sequestration of Aβ monomers [282] are suggested pathways for
antibody mediated Aβ clearance pathways.
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In Paper IV, we aimed to investigate whether mAb158 was able to enhance the degradation of Aβ through Fcγ receptor phagocytosis. Differentiated neural stem cell cultures (composed of neurons and glia) were used in
order to compare clearance of Aβ42 protofibrils when treating with mAb158
or not. The study showed that mAb158 was able to reduce Aβ accumulation
already after 24 h in astrocytes, if added to cell cultures at the same time as
the Aβ42 protofibrils (Figure 15 A-B & Paper IV, Figure 1 A-B). However,
mAb158 addition, 3 days after Aβ42 protofibril exposure, had no Aβ lowering
effect (Figure 15 C, Paper IV, Figure 1 C). Twelve days after Aβ42 protofibril + mAb158 treatment, the Aβ load in astrocytes had been further reduced
(Paper IV, Figure 1 D-F). To actively follow the course of events after adding Aβ42 protofibrils and mAb158 to the cell cultures, time-lapse recordings
were performed. The recordings visualized co-localization of low Aβ and
mAb158 levels within astrocytes (Paper IV, Figure 2 A-B). The
Aβ/mAb158 co-localization was further confirmed by confocal microscopy
(Paper IV, Figure 2 C). The reduced Aβ accumulation in astrocytes in the
presence of mAb158 might be a result of Aβ internalization through Fcγ
receptor mediated phagocytosis. Possibly, the Fcγ receptor pathway is more
efficient to degrade Aβ42 protofibrils than e.g. macropinocytosis and phagocytosis by other receptors. Alternatively, mAb158 inhibits uptake of Aβ.
However, we did not detect any larger Aβ/mAb158 complexes in the media
during the time-lapse experiments. Moreover, when analyzing the cell culture media by Aβ1-x ELISA after 24 h Aβ42 protofibril exposure, with or
without mAb158 treatment, no significant differences were observed in Aβ
levels (Paper IV, Figure 6).
As noticed in Paper III, there was a longitudinal decrease of neuronal viability after Aβ exposure. Interestingly, Aβ42 protofibril induced neurotoxicity was eliminated when co-administered with mAb158, but not when
mAb158 where administered 3 days after Aβ42 protofibril exposure (Figure
15 D & Paper IV, Figure 3). Thus, whether mAb158 inhibits the Aβ uptake
by astrocytes or if they enhance degradation of Aβ in astrocytes, the neurotoxicity is reduced by mAb158. This is important as neurodegeneration is a
central process in the pathology of AD.
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Figure15. mAb158 reduces Aβ42 protofibril accumulation in astrocytes. Astrocytes
accumulate Aβ after Aβ42-555 protofibril exposure (A). mAb158 added together (B),
but not after Aβ42-555 protofibrils (C), markedly reduced Aβ accumulation. The
secondary, neurotoxic effect of Aβ42 protofibrils were prevented if co-administered
with mAb158 (D). Scale bars: 20 µm.

The glycosylation site is crucial for the ability of IgG to bind to the Fcγ receptor. Fcγ receptor binding may be impaired by using the N297D antibody.
N297D has the same CDR sequence as mAb158 but is mutated at the glycosylation site, i.e. it binds equally well to Aβ protofibrils, but does not have
the same glycosylation pattern. Compared to Aβ42 protofibril exposed cell
cultures, a reduction in astrocytic Aβ accumulation was seen when treating
cell cultures with Aβ42 protofibrils and N297D (Paper IV, Figure 4 A & C).
Possibly, N297D still bind to high affinity Fcγ receptors, thereby enabling
degradation of Aβ. Alternatively, the degradation of Aβ may occur through
the recently described intracellular TRIM21 Fc receptor. The high affinity
receptor TRIM21 can mediate immune responses by interacting with antibodies through a domain in the Fc region, independent of glycosylation
[283]. Since TRIM21 interacts with a different domain in the Fc region of
the antibody than Fcγ receptor, recombinant mAb158 containing the N297D
mutation could still bind. Aβ levels, both Aβ1-x and Aβx-42, were reduced by
treatment with mAb158, recombinant mAb158 and N297D, compared to cell
cultures exposed to Aβ42 protofibrils only (Paper IV, Figure 5), supporting
the results from the immunostainings and time-lapse experiments.
The importance of scavenger receptors for Aβ42 protofibril clearance by
astrocytes was investigated by pre-treating cells with the general scavenger
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receptor blocker fucoidan. When analyzing the cell lysate, samples treated
with fucoidan consistently had lower levels of both Aβ1-x and Aβx-42, compared to corresponding treatment without fucoidan (Paper IV, Supplementary Table 1). The effect could depend on antibody guidance of Aβ42 protofibrils through an alternative pathway (e.g. Fcγ receptor or TRIM21 dependent
pathway) that might have a higher degradation rate than the scavenger receptor pathway. The decrease of Aβ levels can also be due to reduced uptake by
astrocytes as scavenger receptors are inhibited.
Taken together, our data indicate that Aβ clearance can be enhanced by
mAb158, but the mechanisms behind this most likely involves more than
one pathway. Therefore, further studies are needed in order to clarify these
processes.

Further studies
To elucidate the mechanisms involved in the decreased accumulation of Aβ
in astrocytes after antibody treatment, we will perform further experiments.
One possible explanation for our results may be that mAb158 prevent Aβ
from entering the astrocytes, thus keeping Aβ in the cell culture media. In
time-lapse recordings, the background signals were low, without increased
amount of complexes floating in the medium. Further, we did not find any
difference in media concentrations between Aβ42 protofibrils with or without
mAb158 and N297D (Paper IV, Figure 6). Our hypothesis is that astrocytes
engulf Aβ with equal rate in the absence and presence of antibodies, but
more detailed analysis of medium will be performed in future studies.
The antigen-binding site of the antibody is called the F(ab’) fragment,
which is composed of one constant and one variable domain of the heavy
and light chains. If cleaving an antibody by pepsin enzyme below the hinge
region, the antibody will be divided into an F(ab’)2 fragment and an pFc’
fragment. It would be interesting if we could treat cultures with only the
F(ab’)2 fragment of mAb158 to study the effect on Aβ accumulation in astrocytes. If we still see decreased Aβ accumulation by F(ab’)2, this may suggest
a Fcγ receptor independent mechanism, since the Fc part is lacking in the
F(ab’)2 fragment. We will also study the involvement of the TRIM21 pathway on Aβ degradation in astrocytes.
Finally, in vivo studies of tg-ArcSwe mice will be performed. We have
brain material from tg-ArcSwe mice intraperitoneally injected once weekly
for 4 weeks with mAb158, recombinant mAb158, N297D or PBS. This material will be used to study if Aβ inclusions in astrocytes are reduced by
mAb158 treatment.
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Conclusion

The molecular and cellular mechanism of soluble Aβ aggregates is in focus
for many research teams, and various soluble Aβ aggregates are investigated
as both diagnostic markers and therapeutic target for AD. Great efforts have
been made to investigate soluble Aβ aggregates in plasma and CSF as reliable biomarkers for AD. However, this has proven to be challenging due to
the low concentrations of these Aβ species in CSF and plasma. We did not
find any Aβ aggregates in CSF in the work of this thesis, but instead we
proved the importance of heterophilic antibody (HA) interference when
measuring Aβ aggregates in plasma and CSF by immunoassays. Results
from the study described in Paper I have led to some awareness regarding
HA. Still, recent articles have measured Aβ oligomers in AD, without specifying if HA has been concerned [155-161]. There is a lot of focus on understanding mechanisms of action of antibodies when targeting Aβ in vivo and
to investigate their role as AD therapeutics. Natural anti-Aβ antibodies in the
human body have been identified, but discrepancies remain regarding the
levels, and whether they differ between AD patients and control individuals.
In Paper II, we managed to indirectly measure natural anti-Aβ antibodies by
ELISpot. We found that B cells in humans mainly produce antibodies
against the toxic Aβ protofibrils but not against Aβ monomers. Interestingly,
AD patients had higher numbers of anti-Aβ antibody producing B cells than
healthy controls. Due to an overlap between the numbers of B cells producing anti-Aβ antibodies in AD patients and healthy controls and a lack of
correlation between anti-Aβ antibody producing B cells and mental status in
AD patients, the diagnostic potential for anti-Aβ antibody producing B cells
are low. Yet, our results indicates that a natural defense mechanism is ongoing in the body to eliminate Aβ protofibrils, implicating that anti-Aβ protofibril antibodies used in therapeutics could be effective during right circumstances.
In Paper III, we found that astrocytes effectively engulf, but inefficiently
degrade Aβ protofibrils, resulting in a high intracellular load of toxic, partly
N-terminally truncated Aβ and severe lysosomal dysfunctions. Moreover, we
propose that the phagocytic astrocytes induce apoptosis of neurons by secreting microvesicles containing N-terminally truncated Aβ. Hence, astrocytes
can play an important role in the progression of AD and may constitute a
important therapeutic target. BAN2401, the humanized version of mAb158
is presently evaluated in phase 2b clinical trials. mAb158 targets Aβ protofi45

brils and has been shown to reduce Aβ levels in mouse studies [278], but the
mechanisms of the antibody in reducing protofibrils are still to be clarified.
In Paper IV we found that mAb158 reduced accumulation of Aβ within
astrocytes. Further studies are needed to elucidate the exact mechanism behind this effect. From our current data, we hypothesize that mAb158 manages to induce a more efficient degradation of Aβ in astrocytes, either through
Fcγ receptor mediated phagocytosis or through an intracellular pathway,
possibly including the recently described receptor TRIM21.
In conclusion, the results from our in vitro and in vivo data included in
this thesis, increase the knowledge of both Aβ protofibrils and Aβ antibodies
on a biological level. Our results may be beneficial when developing both
new diagnostics and therapeutics for AD and for improved understanding of
AD pathology.
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Sammanfattning på svenska

Alzheimers sjukdom är den vanligaste orsaken till demens och medför stort
lidande för patienter och anhöriga. Vid Alzheimers sjukdom försämras minnet och andra kognitiva förmågor p.g.a. att nervceller i hjärnan förtvinar och
inte förmår att kommunicera med varandra. Alzheimers sjukdom är en åldersrelaterad sjukdom och risken för att drabbas ökar exponentiellt efter 65
års ålder. I vissa sällsynta fall av ärftlig Alzheimers sjukdom så kan man
dock drabbas betydligt tidigare i livet. Riskfaktorer som kan associeras med
Alzheimers sjukdom är bland annat kön, utbildningsnivå och ärftlighet. De
tidigaste symptomen vid Alzheimers sjukdom yttrar sig oftast som minnessvårigheter och sämre förmåga att utföra dagliga sysslor. I ett senare skede
får den drabbade en utbredd glömska, förändrad personlighet och svårigheter
att orientera sig i tid och rum. Ofta drabbas även rörelseapparaten, så att
rörelserna blir långsamma och svårkoordinerade.
En viktig aktör i sjukdomsförloppet vid Alzheimers sjukdom är proteinet
”amyloid prekursor protein”, vilket klyvs och frisätter peptiden amyloid-beta
(Aβ). Aβ bildas naturligt i kroppens alla celler och för höga nivåer av Aβ
leder till Alzheimers sjukdom. På grund av sin vattenavstötande natur har Aβ
en benägenhet att klumpa ihop sig och bilda både lösliga och olösliga aggregat som deponeras i amyloida plack. Flera studier har visat att det är främst
de lösliga Aβ-formerna som skadar hjärnan vid sjukdomen. I slutet på 1990talet hittades den ”Arktiska mutationen” (AβPP E22G) i en svensk familj.
Den arktiska Aβ-peptiden ansamlas och bildar större former av lösliga aggregat, så kallade protofibriller, snabbare än Aβ utan mutationen. Detta fynd
gav kliniska indicier för att just protofibriller orsakar sjukdomen.
De ”bromsmediciner” som existerar idag mildrar symptomen hos vissa
patienter under något år, men behandlingen angriper inte den bakomliggande
sjukdomsorsaken, utan nedbrytningen av nervceller i hjärnan fortskrider.
Forskningen kring nya behandlingsstrategier vid Alzheimers sjukdom är
intensiv och nya, lovande terapier, däribland immunterapi, utvärderas just nu
i kliniska prövningar världen över. För att dessa nya behandlingar skall
kunna utvärderas i ett tidigt skede och på ett optimalt sätt krävs det nya,
bättre markörer för sjukdomen. De biomarkörer som finns idag, sänkta nivåer av Aβ42 och förhöjda nivåer av tau och fosfo-tau i ryggmärgsvätska
(CSF), är förhållandevis bra på att urskilja sjukdomen tidigt, men de är inte
optimala för att kunna följa sjukdomsförloppet.
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Idag pågår det flera studier där lösliga Aβ-aggregat analyseras som potentiella diagnostiska markörer. Det är därför viktigt att känna igen olika metodiska problem som kan uppstå vid dessa mätningar. Sandwich enzymelinked immunosorbent assay (ELISA), utnyttjar antikroppars förmåga att
känna igen olika typer av antigen, i vårt fall Aβ-protofibriller. Ett problem
som kan uppstå vid immunologiska mätningar av antigen, t.ex. Aβ aggregat,
som finns i låga nivåer i human plasma och CSF, är påverkan av heterofila
antikroppar. Människor som exponerats för djur och/eller produkter från djur
kan producera heterofila antikroppar i plasma och CSF. Heterofila antikroppar som då känner igen antikroppar från andra arter korsbinder antikropparna i metoden och kan därmed skapa falskt positiva resultat. I många forskningsfält så är man noga med att ta hänsyn till heterofila antikroppar, men
inom forskningsfältet för Alzheimers sjukdom har flera studier påvisat Aβ
utan att de tagit hänsyn till influens av heterofila antikroppar. I Paper I visade vi att de positiva signaler som erhölls i sandwich ELISA berodde på
förekomst av heterofila antikroppar och inte av Aβ oligomerer och protofibriller i plasma och CSF. Förekomsten av lösliga Aβ aggregat kan fortfarande vara riktig, och har uppmäts, i både plasma och CSF, men eftersom
nivåerna är väldigt låga krävs det känsliga och specifika metoder för att
kunna mäta dessa korrekt.
Autoantikroppar mot Aβ har också varit under utredning som biomarkörer
för Alzheimers sjukdom. Dessutom utvärderas de som behandling för Alzheimers sjukdom. I plasma kan det bildas komplex av Aβ och dess autoantikroppar. Detta leder till underestimering av Aβ-autoantikroppsnivåerna när
mätningar görs med konventionella immunologiska metoder. Som en alternativ metod studerade vi i Paper II förekomst av Aβ-autoantikroppar med
hjälp av den så kallade ELISpot-metoden. Med ELISpot lyckades vi räkna
antalet B celler som producerar autoantikroppar mot Aβ i stället för att, som
tidigare, direkt försöka mäta nivån av Aβ-autoantikroppar i blodet. Detta gav
en mer sanningsenlig bild av nivåerna och det visade sig att autoantikropparna reagerar med Aβ-protofibriller och inte mot Aβ-monomerer. Dessutom
fann vi, trots stort överlapp, att Alzheimerpatienter hade ett högre antal B
celler som producerade autoantikroppar mot Aβ-protofibriller, jämfört med
friska kontrollindivider. Vi fann ingen korrelation mellan antalet B celler
som producerade autoantikroppar mot Aβ-protofibriller och minnessvårigheter hos Alzheimerpatienter. Detta talar emot Aβ-autoantikroppars roll som
biomarkörer. Våra resultat visar att ett naturligt antikroppssvar var riktat mot
de toxiska Aβ-protofibrillerna. Denna kunskap kan vara viktig för utvecklingen av nya behandlingar för Alzheimers sjukdom.
Immunsystemet har en viktig roll vid AD och runt amyloida plack i Alzheimer-hjärnan finner man ett stort antal immunceller i form av aktiverade
microglia och reaktiva astrocyter. Man har sett att astrocyter kan ta upp Aβ
men området är relativt outforskat och i avhandlingens två avslutande studier
har vi fokuserat på astrocyters roll i Alzheimers sjukdom. I Paper III har vi
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studerat huruvida astrocyter tar upp, bryter ner och utsöndrar de toxiska Aβprotofibrillerna. Våra resultat pekar på att astrocyter snabbt tar upp Aβprotofibriller men att deras förmåga att bryta ner Aβ inte är tillräckligt effektiv. Detta leder till att Aβ-aggregat, delvis nedrutna och toxiska, lagras i
astrocyterna. Detta skapar fel i astrocytens nedbrytningskedja och utsöndring
av blåsor, innehållandes Aβ, är giftiga för nervcellerna. I Paper IV visar vi
att mAb158, en antikropp som är riktad mot Aβ protofibriller, kan förhindra
ansamlingen av Aβ-protofibriller i astrocyter och även utsläpp av toxiska
Aβ-former. Som en fortsättning på denna studie kommer vi att titta på olika
mekanismer som kan vara inblandade i upptaget av Aβ och även vilka processer som kan leda till ökad nedbrytning av Aβ-protofibriller inuti astrocyterna.
Sammanfattningsvis har avhandlingen gett ökad kunskap om Aβprotofibrillers och Aβ-antikroppars biologiska roll. Våra resultat kan bidra
till utveckling av nya diagnostiska metoder och läkemedel för Alzheimers
sjukdom och till en djupare förståelse patologin vid Alzheimers sjukdom.
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talks and discussions =).
Min stora familj och mina vänner! Ni kanske inte hjälpt till så mycket med
just doktorerandet och denna avhandling, men jag vill ändå tacka er. Ni förgyller tiden då jag inte är på jobbet och erbjuder alltid en hjälpande hand när
jag väl behöver den.
Mamma och Pappa, tack för allt ni gjort för mig, för att ni finns och för att
ni gjort mig till den jag är idag. Mina systrar, lite kiv får man leva med ;),
men jag är lyckligt lottad att ha er så nära. Att era familjer är fantastiska är ju
bara ett stort +. Mormor, Farmor och Kjell ni är de bästa!
Min ”nya” familj, Anneli, Anders och Jonas. Otroligt glad över att få ha
just er som svärföräldrar/svåger! Att jag bosatte mig mindre än kilometer
bort från er säger en del om hur mycket jag tycker om er!
Jag vill speciellt tacka dig Olle. Tack för att du tror på mig (även om du gör
det lite i smyg). Du har varit ett otroligt stöd genom åren och jag är stolt över
allt vi åstadkommit tillsammans. I år är jag speciellt tacksam för att du tagit
över chefstronen hemma, med allt vad det innebär (handling, middagar,
VAB, nattvak). Du har tjänat in många Uscados och jag kommer försöka
betala tillbaka under 2016! Signe och Hilma! Mina små vildingar, ni har gett
mig nya dimensioner i livet och jag älskar att komma hem till er varje dag!
And, if I have forgotten someone, I thank you as well!
Uppsala, Oktober 15th, 2015

52

References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

[11]
[12]

[13]
[14]

Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP (2013) The
global prevalence of dementia: a systematic review and metaanalysis.
Alzheimers Dement 9, 63-75 e62.
Alzheimer's A (2015) 2015 Alzheimer's disease facts and figures. Alzheimers
Dement 11, 332-384.
Alzheimer A (1907) Über eine eigenartige erkrankung der birnrinde. All Z
Psychiat 64, 146-148.
Holtzman DM, Morris JC, Goate AM (2011) Alzheimer's disease: the
challenge of the second century. Sci Transl Med 3, 77sr71.
Price JL, Ko AI, Wade MJ, Tsou SK, McKeel DW, Morris JC (2001) Neuron
number in the entorhinal cortex and CA1 in preclinical Alzheimer disease.
Arch Neurol 58, 1395-1402.
Mouton PR, Martin LJ, Calhoun ME, Dal Forno G, Price DL (1998)
Cognitive decline strongly correlates with cortical atrophy in Alzheimer's
dementia. Neurobiol Aging 19, 371-377.
Heneka MT, O'Banion MK (2007) Inflammatory processes in Alzheimer's
disease. J Neuroimmunol 184, 69-91.
Mandelkow EM, Stamer K, Vogel R, Thies E, Mandelkow E (2003)
Clogging of axons by tau, inhibition of axonal traffic and starvation of
synapses. Neurobiol Aging 24, 1079-1085.
Oddo S, Caccamo A, Cheng D, Jouleh B, Torp R, LaFerla FM (2007)
Genetically augmenting tau levels does not modulate the onset or progression
of Abeta pathology in transgenic mice. J Neurochem 102, 1053-1063.
Hurtado DE, Molina-Porcel L, Iba M, Aboagye AK, Paul SM, Trojanowski
JQ, Lee VM (2010) A{beta} accelerates the spatiotemporal progression of
tau pathology and augments tau amyloidosis in an Alzheimer mouse model.
Am J Pathol 177, 1977-1988.
Musiek ES, Holtzman DM (2015) Three dimensions of the amyloid
hypothesis: time, space and 'wingmen'. Nat Neurosci 18, 800-806.
Kang J, Lemaire HG, Unterbeck A, Salbaum JM, Masters CL, Grzeschik
KH, Multhaup G, Beyreuther K, Muller-Hill B (1987) The precursor of
Alzheimer's disease amyloid A4 protein resembles a cell-surface receptor.
Nature 325, 733-736.
Robakis NK, Ramakrishna N, Wolfe G, Wisniewski HM (1987) Molecular
cloning and characterization of a cDNA encoding the cerebrovascular and the
neuritic plaque amyloid peptides. Proc Natl Acad Sci U S A 84, 4190-4194.
Dyrks T, Weidemann A, Multhaup G, Salbaum JM, Lemaire HG, Kang J,
Muller-Hill B, Masters CL, Beyreuther K (1988) Identification,
transmembrane orientation and biogenesis of the amyloid A4 precursor of
Alzheimer's disease. EMBO J 7, 949-957.

53

[15]

[16]
[17]

[18]
[19]

[20]

[21]
[22]

[23]
[24]
[25]

[26]

[27]

54

Golde TE, Estus S, Usiak M, Younkin LH, Younkin SG (1990) Expression of
beta amyloid protein precursor mRNAs: recognition of a novel alternatively
spliced form and quantitation in Alzheimer's disease using PCR. Neuron 4,
253-267.
van der Kant R, Goldstein LS (2015) Cellular functions of the amyloid
precursor protein from development to dementia. Dev Cell 32, 502-515.
Kimberly WT, Zheng JB, Guenette SY, Selkoe DJ (2001) The intracellular
domain of the beta-amyloid precursor protein is stabilized by Fe65 and
translocates to the nucleus in a notch-like manner. J Biol Chem 276, 4028840292.
Perez RG, Zheng H, Van der Ploeg LH, Koo EH (1997) The beta-amyloid
precursor protein of Alzheimer's disease enhances neuron viability and
modulates neuronal polarity. J Neurosci 17, 9407-9414.
Weyer SW, Klevanski M, Delekate A, Voikar V, Aydin D, Hick M, Filippov
M, Drost N, Schaller KL, Saar M, Vogt MA, Gass P, Samanta A, Jaschke A,
Korte M, Wolfer DP, Caldwell JH, Muller UC (2011) APP and APLP2 are
essential at PNS and CNS synapses for transmission, spatial learning and
LTP. EMBO J 30, 2266-2280.
Wang Z, Wang B, Yang L, Guo Q, Aithmitti N, Songyang Z, Zheng H
(2009) Presynaptic and postsynaptic interaction of the amyloid precursor
protein promotes peripheral and central synaptogenesis. J Neurosci 29,
10788-10801.
Ramaker JM, Swanson TL, Copenhaver PF (2013) Amyloid precursor
proteins interact with the heterotrimeric G protein Go in the control of
neuronal migration. J Neurosci 33, 10165-10181.
Dawson GR, Seabrook GR, Zheng H, Smith DW, Graham S, O'Dowd G,
Bowery BJ, Boyce S, Trumbauer ME, Chen HY, Van der Ploeg LH,
Sirinathsinghji DJ (1999) Age-related cognitive deficits, impaired long-term
potentiation and reduction in synaptic marker density in mice lacking the
beta-amyloid precursor protein. Neuroscience 90, 1-13.
Ott MO, Bullock SL (2001) A gene trap insertion reveals that amyloid
precursor protein expression is a very early event in murine embryogenesis.
Dev Genes Evol 211, 355-357.
Young-Pearse TL, Bai J, Chang R, Zheng JB, LoTurco JJ, Selkoe DJ (2007)
A critical function for beta-amyloid precursor protein in neuronal migration
revealed by in utero RNA interference. J Neurosci 27, 14459-14469.
Buxbaum JD, Liu KN, Luo Y, Slack JL, Stocking KL, Peschon JJ, Johnson
RS, Castner BJ, Cerretti DP, Black RA (1998) Evidence that tumor necrosis
factor alpha converting enzyme is involved in regulated alpha-secretase
cleavage of the Alzheimer amyloid protein precursor. J Biol Chem 273,
27765-27767.
Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, Teplow
DB, Ross S, Amarante P, Loeloff R, Luo Y, Fisher S, Fuller J, Edenson S,
Lile J, Jarosinski MA, Biere AL, Curran E, Burgess T, Louis JC, Collins F,
Treanor J, Rogers G, Citron M (1999) Beta-secretase cleavage of Alzheimer's
amyloid precursor protein by the transmembrane aspartic protease BACE.
Science 286, 735-741.
Hussain I, Powell D, Howlett DR, Tew DG, Meek TD, Chapman C, Gloger
IS, Murphy KE, Southan CD, Ryan DM, Smith TS, Simmons DL, Walsh FS,
Dingwall C, Christie G (1999) Identification of a novel aspartic protease
(Asp 2) as beta-secretase. Mol Cell Neurosci 14, 419-427.

[28]

[29]

[30]

[31]

[32]
[33]
[34]

[35]

[36]
[37]

[38]

[39]

[40]

Hussain I, Powell DJ, Howlett DR, Chapman GA, Gilmour L, Murdock PR,
Tew DG, Meek TD, Chapman C, Schneider K, Ratcliffe SJ, Tattersall D,
Testa TT, Southan C, Ryan DM, Simmons DL, Walsh FS, Dingwall C,
Christie G (2000) ASP1 (BACE2) cleaves the amyloid precursor protein at
the beta-secretase site. Mol Cell Neurosci 16, 609-619.
Kimberly WT, LaVoie MJ, Ostaszewski BL, Ye W, Wolfe MS, Selkoe DJ
(2003) Gamma-secretase is a membrane protein complex comprised of
presenilin, nicastrin, Aph-1, and Pen-2. Proc Natl Acad Sci U S A 100, 63826387.
Kuhn PH, Wang H, Dislich B, Colombo A, Zeitschel U, Ellwart JW,
Kremmer E, Rossner S, Lichtenthaler SF (2010) ADAM10 is the
physiologically relevant, constitutive alpha-secretase of the amyloid
precursor protein in primary neurons. EMBO J 29, 3020-3032.
Fraering PC, Ye W, Strub JM, Dolios G, LaVoie MJ, Ostaszewski BL, van
Dorsselaer A, Wang R, Selkoe DJ, Wolfe MS (2004) Purification and
characterization of the human gamma-secretase complex. Biochemistry 43,
9774-9789.
Wolfe MS, Xia W, Ostaszewski BL, Diehl TS, Kimberly WT, Selkoe DJ
(1999) Two transmembrane aspartates in presenilin-1 required for presenilin
endoproteolysis and gamma-secretase activity. Nature 398, 513-517.
Chow VW, Mattson MP, Wong PC, Gleichmann M (2010) An overview of
APP processing enzymes and products. Neuromolecular Med 12, 1-12.
Okochi M, Tagami S, Yanagida K, Takami M, Kodama TS, Mori K,
Nakayama T, Ihara Y, Takeda M (2013) gamma-secretase modulators and
presenilin 1 mutants act differently on presenilin/gamma-secretase function
to cleave Abeta42 and Abeta43. Cell Rep 3, 42-51.
Takami M, Nagashima Y, Sano Y, Ishihara S, Morishima-Kawashima M,
Funamoto S, Ihara Y (2009) gamma-Secretase: successive tripeptide and
tetrapeptide release from the transmembrane domain of beta-carboxyl
terminal fragment. J Neurosci 29, 13042-13052.
Beher D, Wrigley JD, Owens AP, Shearman MS (2002) Generation of Cterminally truncated amyloid-beta peptides is dependent on gamma-secretase
activity. J Neurochem 82, 563-575.
Näslund J, Schierhorn A, Hellman U, Lannfelt L, Roses AD, Tjernberg LO,
Silberring J, Gandy SE, Winblad B, Greengard P, et al. (1994) Relative
abundance of Alzheimer A beta amyloid peptide variants in Alzheimer
disease and normal aging. Proc Natl Acad Sci U S A 91, 8378-8382.
Portelius E, Bogdanovic N, Gustavsson MK, Volkmann I, Brinkmalm G,
Zetterberg H, Winblad B, Blennow K (2010) Mass spectrometric
characterization of brain amyloid beta isoform signatures in familial and
sporadic Alzheimer's disease. Acta Neuropathol 120, 185-193.
Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I,
Brett FM, Farrell MA, Rowan MJ, Lemere CA, Regan CM, Walsh DM,
Sabatini BL, Selkoe DJ (2008) Amyloid-beta protein dimers isolated directly
from Alzheimer's brains impair synaptic plasticity and memory. Nat Med 14,
837-842.
Roher AE, Chaney MO, Kuo YM, Webster SD, Stine WB, Haverkamp LJ,
Woods AS, Cotter RJ, Tuohy JM, Krafft GA, Bonnell BS, Emmerling MR
(1996) Morphology and toxicity of Abeta-(1-42) dimer derived from neuritic
and vascular amyloid deposits of Alzheimer's disease. J Biol Chem 271,
20631-20635.

55

[41]

[42]
[43]

[44]
[45]
[46]

[47]

[48]
[49]

[50]
[51]
[52]

[53]
[54]

56

Klyubin I, Betts V, Welzel AT, Blennow K, Zetterberg H, Wallin A, Lemere
CA, Cullen WK, Peng Y, Wisniewski T, Selkoe DJ, Anwyl R, Walsh DM,
Rowan MJ (2008) Amyloid beta protein dimer-containing human CSF
disrupts synaptic plasticity: prevention by systemic passive immunization. J
Neurosci 28, 4231-4237.
Townsend M, Shankar GM, Mehta T, Walsh DM, Selkoe DJ (2006) Effects
of secreted oligomers of amyloid beta-protein on hippocampal synaptic
plasticity: a potent role for trimers. J Physiol 572, 477-492.
Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS,
Rowan MJ, Selkoe DJ (2002) Naturally secreted oligomers of amyloid beta
protein potently inhibit hippocampal long-term potentiation in vivo. Nature
416, 535-539.
Lesne S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A, Gallagher M,
Ashe KH (2006) A specific amyloid-beta protein assembly in the brain
impairs memory. Nature 440, 352-357.
Sherman MA, Lesne SE (2011) Detecting abeta*56 oligomers in brain
tissues. Methods Mol Biol 670, 45-56.
Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M,
Morgan TE, Rozovsky I, Trommer B, Viola KL, Wals P, Zhang C, Finch CE,
Krafft GA, Klein WL (1998) Diffusible, nonfibrillar ligands derived from
Abeta1-42 are potent central nervous system neurotoxins. Proc Natl Acad Sci
U S A 95, 6448-6453.
De Felice FG, Velasco PT, Lambert MP, Viola K, Fernandez SJ, Ferreira ST,
Klein WL (2007) Abeta oligomers induce neuronal oxidative stress through
an N-methyl-D-aspartate receptor-dependent mechanism that is blocked by
the Alzheimer drug memantine. J Biol Chem 282, 11590-11601.
Gellermann GP, Byrnes H, Striebinger A, Ullrich K, Mueller R, Hillen H,
Barghorn S (2008) Abeta-globulomers are formed independently of the fibril
pathway. Neurobiol Dis 30, 212-220.
Barghorn S, Nimmrich V, Striebinger A, Krantz C, Keller P, Janson B, Bahr
M, Schmidt M, Bitner RS, Harlan J, Barlow E, Ebert U, Hillen H (2005)
Globular amyloid beta-peptide oligomer - a homogenous and stable
neuropathological protein in Alzheimer's disease. J Neurochem 95, 834-847.
Deshpande A, Mina E, Glabe C, Busciglio J (2006) Different conformations
of amyloid beta induce neurotoxicity by distinct mechanisms in human
cortical neurons. J Neurosci 26, 6011-6018.
Huang TH, Yang DS, Plaskos NP, Go S, Yip CM, Fraser PE, Chakrabartty A
(2000) Structural studies of soluble oligomers of the Alzheimer beta-amyloid
peptide. J Mol Biol 297, 73-87.
Bitan G, Kirkitadze MD, Lomakin A, Vollers SS, Benedek GB, Teplow DB
(2003) Amyloid beta -protein (Abeta) assembly: Abeta 40 and Abeta 42
oligomerize through distinct pathways. Proc Natl Acad Sci U S A 100, 330335.
Harper JD, Wong SS, Lieber CM, Lansbury PT (1997) Observation of
metastable Abeta amyloid protofibrils by atomic force microscopy. Chem
Biol 4, 119-125.
Walsh DM, Hartley DM, Kusumoto Y, Fezoui Y, Condron MM, Lomakin A,
Benedek GB, Selkoe DJ, Teplow DB (1999) Amyloid beta-protein
fibrillogenesis. Structure and biological activity of protofibrillar
intermediates. J Biol Chem 274, 25945-25952.

[55]
[56]

[57]
[58]

[59]
[60]

[61]

[62]
[63]
[64]

[65]
[66]
[67]
[68]

[69]

Walsh DM, Lomakin A, Benedek GB, Condron MM, Teplow DB (1997)
Amyloid beta-protein fibrillogenesis. Detection of a protofibrillar
intermediate. J Biol Chem 272, 22364-22372.
Hartley DM, Walsh DM, Ye CP, Diehl T, Vasquez S, Vassilev PM, Teplow
DB, Selkoe DJ (1999) Protofibrillar intermediates of amyloid beta-protein
induce acute electrophysiological changes and progressive neurotoxicity in
cortical neurons. J Neurosci 19, 8876-8884.
Kayed R, Pensalfini A, Margol L, Sokolov Y, Sarsoza F, Head E, Hall J,
Glabe C (2008) Annular protofibrils are a structurally and functionally
distinct type of amyloid oligomer. J Biol Chem.
Nilsberth C, Westlind-Danielsson A, Eckman CB, Condron MM, Axelman
K, Forsell C, Stenh C, Luthman J, Teplow DB, Younkin SG, Naslund J,
Lannfelt L (2001) The 'Arctic' APP mutation (E693G) causes Alzheimer's
disease by enhanced Abeta protofibril formation. Nat Neurosci 4, 887-893.
Caughey B, Lansbury PT (2003) Protofibrils, pores, fibrils, and
neurodegeneration: separating the responsible protein aggregates from the
innocent bystanders. Annu Rev Neurosci 26, 267-298.
Jan A, Gokce O, Luthi-Carter R, Lashuel HA (2008) The ratio of monomeric
to aggregated forms of Abeta40 and Abeta42 is an important determinant of
amyloid-beta aggregation, fibrillogenesis, and toxicity. J Biol Chem 283,
28176-28189.
Cerf E, Sarroukh R, Tamamizu-Kato S, Breydo L, Derclaye S, Dufrene YF,
Narayanaswami V, Goormaghtigh E, Ruysschaert JM, Raussens V (2009)
Antiparallel beta-sheet: a signature structure of the oligomeric amyloid betapeptide. Biochem J 421, 415-423.
Jarrett JT, Lansbury PT, Jr. (1993) Seeding "one-dimensional crystallization"
of amyloid: a pathogenic mechanism in Alzheimer's disease and scrapie? Cell
73, 1055-1058.
Roychaudhuri R, Yang M, Hoshi MM, Teplow DB (2009) Amyloid betaprotein assembly and Alzheimer disease. J Biol Chem 284, 4749-4753.
Sandberg A, Luheshi LM, Sollvander S, Pereira de Barros T, Macao B,
Knowles TP, Biverstal H, Lendel C, Ekholm-Petterson F, Dubnovitsky A,
Lannfelt L, Dobson CM, Hard T (2010) Stabilization of neurotoxic
Alzheimer amyloid-beta oligomers by protein engineering. Proc Natl Acad
Sci U S A 107, 15595-15600.
Glabe CG (2008) Structural classification of toxic amyloid oligomers. J Biol
Chem 283, 29639-29643.
Olson MI, Shaw CM (1969) Presenile dementia and Alzheimer's disease in
mongolism. Brain 92, 147-156.
Wisniewski KE, Wisniewski HM, Wen GY (1985) Occurrence of
neuropathological changes and dementia of Alzheimer's disease in Down's
syndrome. Ann Neurol 17, 278-282.
Rovelet-Lecrux A, Hannequin D, Raux G, Le Meur N, Laquerriere A, Vital
A, Dumanchin C, Feuillette S, Brice A, Vercelletto M, Dubas F, Frebourg T,
Campion D (2006) APP locus duplication causes autosomal dominant earlyonset Alzheimer disease with cerebral amyloid angiopathy. Nat Genet 38, 2426.
Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad B,
Lannfelt L (1992) A pathogenic mutation for probable Alzheimer's disease in
the APP gene at the N-terminus of beta-amyloid. Nat Genet 1, 345-347.

57

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[77]
[78]
[79]
[80]
[81]

58

Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L,
Giuffra L, Haynes A, Irving N, James L, et al. (1991) Segregation of a
missense mutation in the amyloid precursor protein gene with familial
Alzheimer's disease. Nature 349, 704-706.
Chartier-Harlin MC, Crawford F, Houlden H, Warren A, Hughes D, Fidani
L, Goate A, Rossor M, Roques P, Hardy J, et al. (1991) Early-onset
Alzheimer's disease caused by mutations at codon 717 of the beta-amyloid
precursor protein gene. Nature 353, 844-846.
Murrell J, Farlow M, Ghetti B, Benson MD (1991) A mutation in the amyloid
precursor protein associated with hereditary Alzheimer's disease. Science
254, 97-99.
Citron M, Oltersdorf T, Haass C, McConlogue L, Hung AY, Seubert P, VigoPelfrey C, Lieberburg I, Selkoe DJ (1992) Mutation of the beta-amyloid
precursor protein in familial Alzheimer's disease increases beta-protein
production. Nature 360, 672-674.
Eckman CB, Mehta ND, Crook R, Perez-tur J, Prihar G, Pfeiffer E, GraffRadford N, Hinder P, Yager D, Zenk B, Refolo LM, Prada CM, Younkin SG,
Hutton M, Hardy J (1997) A new pathogenic mutation in the APP gene
(I716V) increases the relative proportion of A beta 42(43). Hum Mol Genet 6,
2087-2089.
Jonsson T, Atwal JK, Steinberg S, Snaedal J, Jonsson PV, Bjornsson S,
Stefansson H, Sulem P, Gudbjartsson D, Maloney J, Hoyte K, Gustafson A,
Liu Y, Lu Y, Bhangale T, Graham RR, Huttenlocher J, Bjornsdottir G,
Andreassen OA, Jonsson EG, Palotie A, Behrens TW, Magnusson OT, Kong
A, Thorsteinsdottir U, Watts RJ, Stefansson K (2012) A mutation in APP
protects against Alzheimer's disease and age-related cognitive decline.
Nature 488, 96-99.
Scheuner D, Eckman C, Jensen M, Song X, Citron M, Suzuki N, Bird TD,
Hardy J, Hutton M, Kukull W, Larson E, Levy-Lahad E, Viitanen M, Peskind
E, Poorkaj P, Schellenberg G, Tanzi R, Wasco W, Lannfelt L, Selkoe D,
Younkin S (1996) Secreted amyloid beta-protein similar to that in the senile
plaques of Alzheimer's disease is increased in vivo by the presenilin 1 and 2
and APP mutations linked to familial Alzheimer's disease. Nat Med 2, 864870.
Marx J (2007) Alzheimer's disease. A new take on tau. Science 316, 14161417.
Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA, Berg S,
Fiske A, Pedersen NL (2006) Role of genes and environments for explaining
Alzheimer disease. Arch Gen Psychiatry 63, 168-174.
Cupples LA, Farrer LA, Sadovnick AD, Relkin N, Whitehouse P, Green RC
(2004) Estimating risk curves for first-degree relatives of patients with
Alzheimer's disease: the REVEAL study. Genet Med 6, 192-196.
Silverman JM, Li G, Zaccario ML, Smith CJ, Schmeidler J, Mohs RC, Davis
KL (1994) Patterns of risk in first-degree relatives of patients with
Alzheimer's disease. Arch Gen Psychiatry 51, 577-586.
Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, Hall K,
Hasegawa K, Hendrie H, Huang Y, Jorm A, Mathers C, Menezes PR,
Rimmer E, Scazufca M (2005) Global prevalence of dementia: a Delphi
consensus study. Lancet 366, 2112-2117.

[82]

[83]
[84]
[85]

[86]

[87]

[88]

[89]
[90]
[91]
[92]
[93]
[94]

Guo Z, Cupples LA, Kurz A, Auerbach SH, Volicer L, Chui H, Green RC,
Sadovnick AD, Duara R, DeCarli C, Johnson K, Go RC, Growdon JH,
Haines JL, Kukull WA, Farrer LA (2000) Head injury and the risk of AD in
the MIRAGE study. Neurology 54, 1316-1323.
Breteler MM (2000) Vascular risk factors for Alzheimer's disease: an
epidemiologic perspective. Neurobiol Aging 21, 153-160.
Kukull WA, Higdon R, Bowen JD, McCormick WC, Teri L, Schellenberg
GD, van Belle G, Jolley L, Larson EB (2002) Dementia and Alzheimer
disease incidence: a prospective cohort study. Arch Neurol 59, 1737-1746.
Launer LJ, Andersen K, Dewey ME, Letenneur L, Ott A, Amaducci LA,
Brayne C, Copeland JR, Dartigues JF, Kragh-Sorensen P, Lobo A, MartinezLage JM, Stijnen T, Hofman A (1999) Rates and risk factors for dementia
and Alzheimer's disease: results from EURODEM pooled analyses.
EURODEM Incidence Research Group and Work Groups. European Studies
of Dementia. Neurology 52, 78-84.
Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC,
Small GW, Roses AD, Haines JL, Pericak-Vance MA (1993) Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset
families. Science 261, 921-923.
Genin E, Hannequin D, Wallon D, Sleegers K, Hiltunen M, Combarros O,
Bullido MJ, Engelborghs S, De Deyn P, Berr C, Pasquier F, Dubois B,
Tognoni G, Fievet N, Brouwers N, Bettens K, Arosio B, Coto E, Del Zompo
M, Mateo I, Epelbaum J, Frank-Garcia A, Helisalmi S, Porcellini E, Pilotto
A, Forti P, Ferri R, Scarpini E, Siciliano G, Solfrizzi V, Sorbi S, Spalletta G,
Valdivieso F, Vepsalainen S, Alvarez V, Bosco P, Mancuso M, Panza F,
Nacmias B, Bossu P, Hanon O, Piccardi P, Annoni G, Seripa D, Galimberti
D, Licastro F, Soininen H, Dartigues JF, Kamboh MI, Van Broeckhoven C,
Lambert JC, Amouyel P, Campion D (2011) APOE and Alzheimer disease: a
major gene with semi-dominant inheritance. Mol Psychiatry 16, 903-907.
Holtzman DM, Bales KR, Wu S, Bhat P, Parsadanian M, Fagan AM, Chang
LK, Sun Y, Paul SM (1999) Expression of human apolipoprotein E reduces
amyloid-beta deposition in a mouse model of Alzheimer's disease. J Clin
Invest 103, R15-R21.
Martins CA, Oulhaj A, de Jager CA, Williams JH (2005) APOE alleles
predict the rate of cognitive decline in Alzheimer disease: a nonlinear model.
Neurology 65, 1888-1893.
Karch CM, Goate AM (2015) Alzheimer's disease risk genes and
mechanisms of disease pathogenesis. Biol Psychiatry 77, 43-51.
Crouch PJ, Harding SM, White AR, Camakaris J, Bush AI, Masters CL
(2008) Mechanisms of A beta mediated neurodegeneration in Alzheimer's
disease. Int J Biochem Cell Biol 40, 181-198.
Lorenzo A, Yankner BA (1994) Beta-amyloid neurotoxicity requires fibril
formation and is inhibited by congo red. Proc Natl Acad Sci U S A 91,
12243-12247.
Mattson MP, Tomaselli KJ, Rydel RE (1993) Calcium-destabilizing and
neurodegenerative effects of aggregated beta-amyloid peptide are attenuated
by basic FGF. Brain Res 621, 35-49.
Pike CJ, Burdick D, Walencewicz AJ, Glabe CG, Cotman CW (1993)
Neurodegeneration induced by beta-amyloid peptides in vitro: the role of
peptide assembly state. J Neurosci 13, 1676-1687.

59

[95]

[96]

[97]
[98]
[99]

[100]

[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]

[110]

60

Lue LF, Kuo YM, Roher AE, Brachova L, Shen Y, Sue L, Beach T, Kurth
JH, Rydel RE, Rogers J (1999) Soluble amyloid beta peptide concentration as
a predictor of synaptic change in Alzheimer's disease. Am J Pathol 155, 853862.
McLean CA, Cherny RA, Fraser FW, Fuller SJ, Smith MJ, Beyreuther K,
Bush AI, Masters CL (1999) Soluble pool of Abeta amyloid as a determinant
of severity of neurodegeneration in Alzheimer's disease. Ann Neurol 46, 860866.
Näslund J, Haroutunian V, Mohs R, Davis KL, Davies P, Greengard P,
Buxbaum JD (2000) Correlation between elevated levels of amyloid betapeptide in the brain and cognitive decline. Jama 283, 1571-1577.
Lesne S, Kotilinek L, Ashe KH (2008) Plaque-bearing mice with reduced
levels of oligomeric amyloid-beta assemblies have intact memory function.
Neuroscience 151, 745-749.
Resende R, Ferreiro E, Pereira C, Resende de Oliveira C (2008) Neurotoxic
effect of oligomeric and fibrillar species of amyloid-beta peptide 1-42:
involvement of endoplasmic reticulum calcium release in oligomer-induced
cell death. Neuroscience 155, 725-737.
Martins IC, Kuperstein I, Wilkinson H, Maes E, Vanbrabant M, Jonckheere
W, Van Gelder P, Hartmann D, D'Hooge R, De Strooper B, Schymkowitz J,
Rousseau F (2008) Lipids revert inert Abeta amyloid fibrils to neurotoxic
protofibrils that affect learning in mice. EMBO J 27, 224-233.
Dahlgren KN, Manelli AM, Stine WB, Jr., Baker LK, Krafft GA, LaDu MJ
(2002) Oligomeric and fibrillar species of amyloid-beta peptides
differentially affect neuronal viability. J Biol Chem 277, 32046-32053.
Klyubin I, Cullen WK, Hu NW, Rowan MJ (2012) Alzheimer's disease Abeta
assemblies mediating rapid disruption of synaptic plasticity and memory. Mol
Brain 5, 25.
Walsh DM, Klyubin I, Fadeeva JV, Rowan MJ, Selkoe DJ (2002) Amyloidbeta oligomers: their production, toxicity and therapeutic inhibition. Biochem
Soc Trans 30, 552-557.
Hardy JA, Higgins GA (1992) Alzheimer's disease: the amyloid cascade
hypothesis. Science 256, 184-185.
Kirkitadze MD, Bitan G, Teplow DB (2002) Paradigm shifts in Alzheimer's
disease and other neurodegenerative disorders: the emerging role of
oligomeric assemblies. J Neurosci Res 69, 567-577.
Haass C, Selkoe DJ (2007) Soluble protein oligomers in neurodegeneration:
lessons from the Alzheimer's amyloid beta-peptide. Nat Rev Mol Cell Biol 8,
101-112.
Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's disease:
progress and problems on the road to therapeutics. Science 297, 353-356.
Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC,
Yarasheski KE, Bateman RJ (2010) Decreased clearance of CNS betaamyloid in Alzheimer's disease. Science 330, 1774.
Farris W, Mansourian S, Chang Y, Lindsley L, Eckman EA, Frosch MP,
Eckman CB, Tanzi RE, Selkoe DJ, Guenette S (2003) Insulin-degrading
enzyme regulates the levels of insulin, amyloid beta-protein, and the betaamyloid precursor protein intracellular domain in vivo. Proc Natl Acad Sci U
S A 100, 4162-4167.
Kanemitsu H, Tomiyama T, Mori H (2003) Human neprilysin is capable of
degrading amyloid beta peptide not only in the monomeric form but also the
pathological oligomeric form. Neurosci Lett 350, 113-116.

[111] Hernandez-Guillamon M, Mawhirt S, Blais S, Montaner J, Neubert TA,
Rostagno A, Ghiso J (2015) Sequential Amyloid-beta Degradation by the
Matrix Metalloproteases MMP-2 and MMP-9. J Biol Chem 290, 1507815091.
[112] Zlokovic BV, Deane R, Sagare AP, Bell RD, Winkler EA (2010) Lowdensity lipoprotein receptor-related protein-1: a serial clearance homeostatic
mechanism controlling Alzheimer's amyloid beta-peptide elimination from
the brain. J Neurochem 115, 1077-1089.
[113] Deane R, Du Yan S, Submamaryan RK, LaRue B, Jovanovic S, Hogg E,
Welch D, Manness L, Lin C, Yu J, Zhu H, Ghiso J, Frangione B, Stern A,
Schmidt AM, Armstrong DL, Arnold B, Liliensiek B, Nawroth P, Hofman F,
Kindy M, Stern D, Zlokovic B (2003) RAGE mediates amyloid-beta peptide
transport across the blood-brain barrier and accumulation in brain. Nat Med
9, 907-913.
[114] Shibata M, Yamada S, Kumar SR, Calero M, Bading J, Frangione B,
Holtzman DM, Miller CA, Strickland DK, Ghiso J, Zlokovic BV (2000)
Clearance of Alzheimer's amyloid-ss(1-40) peptide from brain by LDL
receptor-related protein-1 at the blood-brain barrier. J Clin Invest 106, 14891499.
[115] Pascale CL, Miller MC, Chiu C, Boylan M, Caralopoulos IN, Gonzalez L,
Johanson CE, Silverberg GD (2011) Amyloid-beta transporter expression at
the blood-CSF barrier is age-dependent. Fluids Barriers CNS 8, 21.
[116] Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H,
Vates GE, Deane R, Goldman SA, Nagelhus EA, Nedergaard M (2012) A
paravascular pathway facilitates CSF flow through the brain parenchyma and
the clearance of interstitial solutes, including amyloid beta. Sci Transl Med 4,
147ra111.
[117] Weller RO, Subash M, Preston SD, Mazanti I, Carare RO (2008)
Perivascular drainage of amyloid-beta peptides from the brain and its failure
in cerebral amyloid angiopathy and Alzheimer's disease. Brain Pathol 18,
253-266.
[118] Wilcock DM, Munireddy SK, Rosenthal A, Ugen KE, Gordon MN, Morgan
D (2004) Microglial activation facilitates Abeta plaque removal following
intracranial anti-Abeta antibody administration. Neurobiol Dis 15, 11-20.
[119] Mandrekar S, Jiang Q, Lee CY, Koenigsknecht-Talboo J, Holtzman DM,
Landreth GE (2009) Microglia mediate the clearance of soluble Abeta
through fluid phase macropinocytosis. J Neurosci 29, 4252-4262.
[120] Basak JM, Verghese PB, Yoon H, Kim J, Holtzman DM (2012) Low-density
lipoprotein receptor represents an apolipoprotein E-independent pathway of
Abeta uptake and degradation by astrocytes. J Biol Chem 287, 13959-13971.
[121] Koistinaho M, Lin S, Wu X, Esterman M, Koger D, Hanson J, Higgs R, Liu
F, Malkani S, Bales KR, Paul SM (2004) Apolipoprotein E promotes
astrocyte colocalization and degradation of deposited amyloid-beta peptides.
Nat Med 10, 719-726.
[122] Xiao Q, Yan P, Ma X, Liu H, Perez R, Zhu A, Gonzales E, Burchett JM,
Schuler DR, Cirrito JR, Diwan A, Lee JM (2014) Enhancing astrocytic
lysosome biogenesis facilitates Abeta clearance and attenuates amyloid
plaque pathogenesis. J Neurosci 34, 9607-9620.
[123] Bolmont T, Haiss F, Eicke D, Radde R, Mathis CA, Klunk WE, Kohsaka S,
Jucker M, Calhoun ME (2008) Dynamics of the microglial/amyloid
interaction indicate a role in plaque maintenance. J Neurosci 28, 4283-4292.

61

[124] Conner SD, Schmid SL (2003) Regulated portals of entry into the cell.
Nature 422, 37-44.
[125] Sokolowski JD, Mandell JW (2011) Phagocytic clearance in
neurodegeneration. Am J Pathol 178, 1416-1428.
[126] Nguyen KB, Pender MP (1998) Phagocytosis of apoptotic lymphocytes by
oligodendrocytes in experimental autoimmune encephalomyelitis. Acta
Neuropathol 95, 40-46.
[127] Loov C, Mitchell CH, Simonsson M, Erlandsson A (2015) Slow degradation
in phagocytic astrocytes can be enhanced by lysosomal acidification. Glia.
[128] Nagele RG, D'Andrea MR, Lee H, Venkataraman V, Wang HY (2003)
Astrocytes accumulate A beta 42 and give rise to astrocytic amyloid plaques
in Alzheimer disease brains. Brain Res 971, 197-209.
[129] Nicoll JA, Barton E, Boche D, Neal JW, Ferrer I, Thompson P, Vlachouli C,
Wilkinson D, Bayer A, Games D, Seubert P, Schenk D, Holmes C (2006)
Abeta species removal after abeta42 immunization. J Neuropathol Exp
Neurol 65, 1040-1048.
[130] Wyss-Coray T, Lin C, Yan F, Yu GQ, Rohde M, McConlogue L, Masliah E,
Mucke L (2001) TGF-beta1 promotes microglial amyloid-beta clearance and
reduces plaque burden in transgenic mice. Nat Med 7, 612-618.
[131] Shie FS, Breyer RM, Montine TJ (2005) Microglia lacking E Prostanoid
Receptor subtype 2 have enhanced Abeta phagocytosis yet lack Abetaactivated neurotoxicity. Am J Pathol 166, 1163-1172.
[132] Lee CY, Landreth GE (2010) The role of microglia in amyloid clearance
from the AD brain. J Neural Transm 117, 949-960.
[133] Li Y, Cheng D, Cheng R, Zhu X, Wan T, Liu J, Zhang R (2014) Mechanisms
of U87 astrocytoma cell uptake and trafficking of monomeric versus
protofibril Alzheimer's disease amyloid-beta proteins. PLoS One 9, e99939.
[134] Scott CC, Vacca F, Gruenberg J (2014) Endosome maturation, transport and
functions. Semin Cell Dev Biol 31, 2-10.
[135] Scott CC, Gruenberg J (2011) Ion flux and the function of endosomes and
lysosomes: pH is just the start: the flux of ions across endosomal membranes
influences endosome function not only through regulation of the luminal pH.
Bioessays 33, 103-110.
[136] Baig S, Joseph SA, Tayler H, Abraham R, Owen MJ, Williams J, Kehoe PG,
Love S (2010) Distribution and expression of picalm in Alzheimer disease. J
Neuropathol Exp Neurol 69, 1071-1077.
[137] Jiang Y, Mullaney KA, Peterhoff CM, Che S, Schmidt SD, Boyer-Boiteau A,
Ginsberg SD, Cataldo AM, Mathews PM, Nixon RA (2010) Alzheimer'srelated endosome dysfunction in Down syndrome is Abeta-independent but
requires APP and is reversed by BACE-1 inhibition. Proc Natl Acad Sci U S
A 107, 1630-1635.
[138] Ginsberg SD, Mufson EJ, Counts SE, Wuu J, Alldred MJ, Nixon RA, Che S
(2010) Regional selectivity of rab5 and rab7 protein upregulation in mild
cognitive impairment and Alzheimer's disease. J Alzheimers Dis 22, 631-639.
[139] Barrachina M, Maes T, Buesa C, Ferrer I (2006) Lysosome-associated
membrane protein 1 (LAMP-1) in Alzheimer's disease. Neuropathol Appl
Neurobiol 32, 505-516.
[140] Armstrong A, Mattsson N, Appelqvist H, Janefjord C, Sandin L, Agholme L,
Olsson B, Svensson S, Blennow K, Zetterberg H, Kagedal K (2014)
Lysosomal network proteins as potential novel CSF biomarkers for
Alzheimer's disease. Neuromolecular Med 16, 150-160.

62

[141] Cataldo A, Rebeck GW, Ghetri B, Hulette C, Lippa C, Van Broeckhoven C,
van Duijn C, Cras P, Bogdanovic N, Bird T, Peterhoff C, Nixon R (2001)
Endocytic disturbances distinguish among subtypes of Alzheimer's disease
and related disorders. Ann Neurol 50, 661-665.
[142] Cataldo AM, Peterhoff CM, Troncoso JC, Gomez-Isla T, Hyman BT, Nixon
RA (2000) Endocytic pathway abnormalities precede amyloid beta deposition
in sporadic Alzheimer's disease and Down syndrome: differential effects of
APOE genotype and presenilin mutations. Am J Pathol 157, 277-286.
[143] Kastelowitz N, Yin H (2014) Exosomes and microvesicles: identification and
targeting by particle size and lipid chemical probes. Chembiochem 15, 923928.
[144] Al-Nedawi K, Meehan B, Rak J (2009) Microvesicles: messengers and
mediators of tumor progression. Cell Cycle 8, 2014-2018.
[145] Gruenberg J, Stenmark H (2004) The biogenesis of multivesicular
endosomes. Nat Rev Mol Cell Biol 5, 317-323.
[146] Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F,
Schwille P, Brugger B, Simons M (2008) Ceramide triggers budding of
exosome vesicles into multivesicular endosomes. Science 319, 1244-1247.
[147] Savina A, Furlan M, Vidal M, Colombo MI (2003) Exosome release is
regulated by a calcium-dependent mechanism in K562 cells. J Biol Chem
278, 20083-20090.
[148] Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P, Simons
K (2006) Alzheimer's disease beta-amyloid peptides are released in
association with exosomes. Proc Natl Acad Sci U S A 103, 11172-11177.
[149] Samochocki M, Hoffle A, Fehrenbacher A, Jostock R, Ludwig J, Christner C,
Radina M, Zerlin M, Ullmer C, Pereira EF, Lubbert H, Albuquerque EX,
Maelicke A (2003) Galantamine is an allosterically potentiating ligand of
neuronal nicotinic but not of muscarinic acetylcholine receptors. J Pharmacol
Exp Ther 305, 1024-1036.
[150] Shimizu E, Tang YP, Rampon C, Tsien JZ (2000) NMDA receptordependent synaptic reinforcement as a crucial process for memory
consolidation. Science 290, 1170-1174.
[151] Reisberg B, Doody R, Stoffler A, Schmitt F, Ferris S, Mobius HJ (2003)
Memantine in moderate-to-severe Alzheimer's disease. N Engl J Med 348,
1333-1341.
[152] Hort J, O'Brien JT, Gainotti G, Pirttila T, Popescu BO, Rektorova I, Sorbi S,
Scheltens P (2010) EFNS guidelines for the diagnosis and management of
Alzheimer's disease. Eur J Neurol 17, 1236-1248.
[153] Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K, Minthon L
(2006) Association between CSF biomarkers and incipient Alzheimer's
disease in patients with mild cognitive impairment: a follow-up study. Lancet
Neurol 5, 228-234.
[154] Mattsson N, Zetterberg H, Hansson O, Andreasen N, Parnetti L, Jonsson M,
Herukka SK, van der Flier WM, Blankenstein MA, Ewers M, Rich K, Kaiser
E, Verbeek M, Tsolaki M, Mulugeta E, Rosen E, Aarsland D, Visser PJ,
Schroder J, Marcusson J, de Leon M, Hampel H, Scheltens P, Pirttila T,
Wallin A, Jonhagen ME, Minthon L, Winblad B, Blennow K (2009) CSF
biomarkers and incipient Alzheimer disease in patients with mild cognitive
impairment. JAMA 302, 385-393.

63

[155] Fukumoto H, Tokuda T, Kasai T, Ishigami N, Hidaka H, Kondo M, Allsop
D, Nakagawa M (2010) High-molecular-weight beta-amyloid oligomers are
elevated in cerebrospinal fluid of Alzheimer patients. FASEB J 24, 27162726.
[156] Bruggink KA, Jongbloed W, Biemans EA, Veerhuis R, Claassen JA, Kuiperij
HB, Verbeek MM (2013) Amyloid-beta oligomer detection by ELISA in
cerebrospinal fluid and brain tissue. Anal Biochem 433, 112-120.
[157] Holtta M, Hansson O, Andreasson U, Hertze J, Minthon L, Nagga K,
Andreasen N, Zetterberg H, Blennow K (2013) Evaluating amyloid-beta
oligomers in cerebrospinal fluid as a biomarker for Alzheimer's disease.
PLoS One 8, e66381.
[158] Herskovits AZ, Locascio JJ, Peskind ER, Li G, Hyman BT (2013) A
Luminex assay detects amyloid beta oligomers in Alzheimer's disease
cerebrospinal fluid. PLoS One 8, e67898.
[159] Tai LM, Bilousova T, Jungbauer L, Roeske SK, Youmans KL, Yu C, Poon
WW, Cornwell LB, Miller CA, Vinters HV, Van Eldik LJ, Fardo DW, Estus
S, Bu G, Gylys KH, Ladu MJ (2013) Levels of soluble apolipoprotein
E/amyloid-beta (Abeta) complex are reduced and oligomeric Abeta increased
with APOE4 and Alzheimer disease in a transgenic mouse model and human
samples. J Biol Chem 288, 5914-5926.
[160] Savage MJ, Kalinina J, Wolfe A, Tugusheva K, Korn R, Cash-Mason T,
Maxwell JW, Hatcher NG, Haugabook SJ, Wu G, Howell BJ, Renger JJ,
Shughrue PJ, McCampbell A (2014) A sensitive abeta oligomer assay
discriminates Alzheimer's and aged control cerebrospinal fluid. J Neurosci
34, 2884-2897.
[161] Xia W, Yang T, Shankar G, Smith IM, Shen Y, Walsh DM, Selkoe DJ (2009)
A Specific Enzyme-Linked Immunosorbent Assay for Measuring {beta}Amyloid Protein Oligomers in Human Plasma and Brain Tissue of Patients
With Alzheimer Disease. Arch Neurol 66, 190-199.
[162] Yang T, O'Malley TT, Kanmert D, Jerecic J, Zieske LR, Zetterberg H,
Hyman BT, Walsh DM, Selkoe DJ (2015) A highly sensitive novel
immunoassay specifically detects low levels of soluble Abeta oligomers in
human cerebrospinal fluid. Alzheimers Res Ther 7, 14.
[163] Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido T, Hu K,
Huang J, Johnson-Wood K, Khan K, Kholodenko D, Lee M, Liao Z,
Lieberburg I, Motter R, Mutter L, Soriano F, Shopp G, Vasquez N,
Vandevert C, Walker S, Wogulis M, Yednock T, Games D, Seubert P (1999)
Immunization with amyloid-beta attenuates Alzheimer-disease-like pathology
in the PDAPP mouse. Nature 400, 173-177.
[164] Hock C, Konietzko U, Papassotiropoulos A, Wollmer A, Streffer J, von Rotz
RC, Davey G, Moritz E, Nitsch RM (2002) Generation of antibodies specific
for beta-amyloid by vaccination of patients with Alzheimer disease. Nat Med
8, 1270-1275.
[165] Nicoll JA, Wilkinson D, Holmes C, Steart P, Markham H, Weller RO (2003)
Neuropathology of human Alzheimer disease after immunization with
amyloid-beta peptide: a case report. Nat Med 9, 448-452.
[166] Orgogozo JM, Gilman S, Dartigues JF, Laurent B, Puel M, Kirby LC,
Jouanny P, Dubois B, Eisner L, Flitman S, Michel BF, Boada M, Frank A,
Hock C (2003) Subacute meningoencephalitis in a subset of patients with AD
after Abeta42 immunization. Neurology 61, 46-54.

64

[167] Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, Guido T, Hu
K, Huang J, Johnson-Wood K, Khan K, Kholodenko D, Lee M, Lieberburg I,
Motter R, Nguyen M, Soriano F, Vasquez N, Weiss K, Welch B, Seubert P,
Schenk D, Yednock T (2000) Peripherally administered antibodies against
amyloid beta-peptide enter the central nervous system and reduce pathology
in a mouse model of Alzheimer disease. Nat Med 6, 916-919.
[168] DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman DM
(2001) Peripheral anti-A beta antibody alters CNS and plasma A beta
clearance and decreases brain A beta burden in a mouse model of
Alzheimer's disease. Proc Natl Acad Sci U S A 98, 8850-8855.
[169] Wilcock DM, Rojiani A, Rosenthal A, Levkowitz G, Subbarao S, Alamed J,
Wilson D, Wilson N, Freeman MJ, Gordon MN, Morgan D (2004) Passive
amyloid immunotherapy clears amyloid and transiently activates microglia in
a transgenic mouse model of amyloid deposition. J Neurosci 24, 6144-6151.
[170] Wilcock DM, Rojiani A, Rosenthal A, Subbarao S, Freeman MJ, Gordon
MN, Morgan D (2004) Passive immunotherapy against Abeta in aged APPtransgenic mice reverses cognitive deficits and depletes parenchymal amyloid
deposits in spite of increased vascular amyloid and microhemorrhage. J
Neuroinflammation 1, 24.
[171] Wilcock DM, Alamed J, Gottschall PE, Grimm J, Rosenthal A, Pons J,
Ronan V, Symmonds K, Gordon MN, Morgan D (2006) Deglycosylated antiamyloid-beta antibodies eliminate cognitive deficits and reduce parenchymal
amyloid with minimal vascular consequences in aged amyloid precursor
protein transgenic mice. J Neurosci 26, 5340-5346.
[172] Doody RS, Thomas RG, Farlow M, Iwatsubo T, Vellas B, Joffe S, Kieburtz
K, Raman R, Sun X, Aisen PS, Siemers E, Liu-Seifert H, Mohs R,
Alzheimer's Disease Cooperative Study Steering C, Solanezumab Study G
(2014) Phase 3 trials of solanezumab for mild-to-moderate Alzheimer's
disease. N Engl J Med 370, 311-321.
[173] Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, Sabbagh
M, Honig LS, Porsteinsson AP, Ferris S, Reichert M, Ketter N, Nejadnik B,
Guenzler V, Miloslavsky M, Wang D, Lu Y, Lull J, Tudor IC, Liu E,
Grundman M, Yuen E, Black R, Brashear HR, Bapineuzumab, Clinical Trial
I (2014) Two phase 3 trials of bapineuzumab in mild-to-moderate
Alzheimer's disease. N Engl J Med 370, 322-333.
[174] Lannfelt L, Moller C, Basun H, Osswald G, Sehlin D, Satlin A, Logovinsky
V, Gellerfors P (2014) Perspectives on future Alzheimer therapies: amyloidbeta protofibrils - a new target for immunotherapy with BAN2401 in
Alzheimer's disease. Alzheimers Res Ther 6, 16.
[175] Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E,
Cruchaga C, Sassi C, Kauwe JS, Younkin S, Hazrati L, Collinge J, Pocock J,
Lashley T, Williams J, Lambert JC, Amouyel P, Goate A, Rademakers R,
Morgan K, Powell J, St George-Hyslop P, Singleton A, Hardy J, Alzheimer
Genetic Analysis G (2013) TREM2 variants in Alzheimer's disease. N Engl J
Med 368, 117-127.
[176] Bradshaw EM, Chibnik LB, Keenan BT, Ottoboni L, Raj T, Tang A,
Rosenkrantz LL, Imboywa S, Lee M, Von Korff A, Alzheimer Disease
Neuroimaging I, Morris MC, Evans DA, Johnson K, Sperling RA, Schneider
JA, Bennett DA, De Jager PL (2013) CD33 Alzheimer's disease locus:
altered monocyte function and amyloid biology. Nat Neurosci 16, 848-850.

65

[177] Griciuc A, Serrano-Pozo A, Parrado AR, Lesinski AN, Asselin CN, Mullin
K, Hooli B, Choi SH, Hyman BT, Tanzi RE (2013) Alzheimer's disease risk
gene CD33 inhibits microglial uptake of amyloid beta. Neuron 78, 631-643.
[178] Tarkowski E, Andreasen N, Tarkowski A, Blennow K (2003) Intrathecal
inflammation precedes development of Alzheimer's disease. J Neurol
Neurosurg Psychiatry 74, 1200-1205.
[179] Brosseron F, Krauthausen M, Kummer M, Heneka MT (2014) Body fluid
cytokine levels in mild cognitive impairment and Alzheimer's disease: a
comparative overview. Mol Neurobiol 50, 534-544.
[180] Krstic D, Madhusudan A, Doehner J, Vogel P, Notter T, Imhof C, Manalastas
A, Hilfiker M, Pfister S, Schwerdel C, Riether C, Meyer U, Knuesel I (2012)
Systemic immune challenges trigger and drive Alzheimer-like
neuropathology in mice. J Neuroinflammation 9, 151.
[181] Dickson DW, Farlo J, Davies P, Crystal H, Fuld P, Yen SH (1988)
Alzheimer's disease. A double-labeling immunohistochemical study of senile
plaques. Am J Pathol 132, 86-101.
[182] Vehmas AK, Kawas CH, Stewart WF, Troncoso JC (2003) Immune reactive
cells in senile plaques and cognitive decline in Alzheimer's disease.
Neurobiol Aging 24, 321-331.
[183] Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR,
Eikelenboom P, Emmerling M, Fiebich BL, Finch CE, Frautschy S, Griffin
WS, Hampel H, Hull M, Landreth G, Lue L, Mrak R, Mackenzie IR, McGeer
PL, O'Banion MK, Pachter J, Pasinetti G, Plata-Salaman C, Rogers J, Rydel
R, Shen Y, Streit W, Strohmeyer R, Tooyoma I, Van Muiswinkel FL,
Veerhuis R, Walker D, Webster S, Wegrzyniak B, Wenk G, Wyss-Coray T
(2000) Inflammation and Alzheimer's disease. Neurobiol Aging 21, 383-421.
[184] El Khoury JB, Moore KJ, Means TK, Leung J, Terada K, Toft M, Freeman
MW, Luster AD (2003) CD36 mediates the innate host response to betaamyloid. J Exp Med 197, 1657-1666.
[185] Bamberger ME, Harris ME, McDonald DR, Husemann J, Landreth GE
(2003) A cell surface receptor complex for fibrillar beta-amyloid mediates
microglial activation. J Neurosci 23, 2665-2674.
[186] Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J, Halle A, Rayner
KJ, Boyer L, Zhong R, Frazier WA, Lacy-Hulbert A, El Khoury J,
Golenbock DT, Moore KJ (2010) CD36 ligands promote sterile inflammation
through assembly of a Toll-like receptor 4 and 6 heterodimer. Nat Immunol
11, 155-161.
[187] Heppner FL, Ransohoff RM, Becher B (2015) Immune attack: the role of
inflammation in Alzheimer disease. Nat Rev Neurosci 16, 358-372.
[188] Perry VH (2004) The influence of systemic inflammation on inflammation in
the brain: implications for chronic neurodegenerative disease. Brain Behav
Immun 18, 407-413.
[189] Kamer AR, Craig RG, Dasanayake AP, Brys M, Glodzik-Sobanska L, de
Leon MJ (2008) Inflammation and Alzheimer's disease: possible role of
periodontal diseases. Alzheimers Dement 4, 242-250.
[190] Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, Culliford
D, Perry VH (2009) Systemic inflammation and disease progression in
Alzheimer disease. Neurology 73, 768-774.
[191] Reale M, Iarlori C, Gambi F, Lucci I, Salvatore M, Gambi D (2005)
Acetylcholinesterase inhibitors effects on oncostatin-M, interleukin-1 beta
and interleukin-6 release from lymphocytes of Alzheimer's disease patients.
Exp Gerontol 40, 165-171.

66

[192] van Exel E, Eikelenboom P, Comijs H, Frolich M, Smit JH, Stek ML,
Scheltens P, Eefsting JE, Westendorp RG (2009) Vascular factors and
markers of inflammation in offspring with a parental history of late-onset
Alzheimer disease. Arch Gen Psychiatry 66, 1263-1270.
[193] Szabo P, Relkin N, Weksler ME (2008) Natural human antibodies to amyloid
beta peptide. Autoimmun Rev 7, 415-420.
[194] Dodel R, Balakrishnan K, Keyvani K, Deuster O, Neff F, Andrei-Selmer LC,
Roskam S, Stuer C, Al-Abed Y, Noelker C, Balzer-Geldsetzer M, Oertel W,
Du Y, Bacher M (2011) Naturally occurring autoantibodies against betaamyloid: investigating their role in transgenic animal and in vitro models of
Alzheimer's disease. J Neurosci 31, 5847-5854.
[195] Du Y, Wei X, Dodel R, Sommer N, Hampel H, Gao F, Ma Z, Zhao L, Oertel
WH, Farlow M (2003) Human anti-beta-amyloid antibodies block betaamyloid fibril formation and prevent beta-amyloid-induced neurotoxicity.
Brain 126, 1935-1939.
[196] Mengel D, Roskam S, Neff F, Balakrishnan K, Deuster O, Gold M, Oertel
WH, Bacher M, Bach JP, Dodel R (2013) Naturally occurring autoantibodies
interfere with beta-amyloid metabolism and improve cognition in a
transgenic mouse model of Alzheimer's disease 24 h after single treatment.
Transl Psychiatry 3, e236.
[197] Relkin NR, Szabo P, Adamiak B, Burgut T, Monthe C, Lent RW, Younkin S,
Younkin L, Schiff R, Weksler ME (2009) 18-Month study of intravenous
immunoglobulin for treatment of mild Alzheimer disease. Neurobiol Aging
30, 1728-1736.
[198] Morgan D (2010) Immunotherapy for Alzheimer's disease. J Intern Med 269,
54-63.
[199] Dodel R, Rominger A, Bartenstein P, Barkhof F, Blennow K, Forster S,
Winter Y, Bach JP, Popp J, Alferink J, Wiltfang J, Buerger K, Otto M,
Antuono P, Jacoby M, Richter R, Stevens J, Melamed I, Goldstein J, Haag S,
Wietek S, Farlow M, Jessen F (2013) Intravenous immunoglobulin for
treatment of mild-to-moderate Alzheimer's disease: a phase 2, randomised,
double-blind, placebo-controlled, dose-finding trial. Lancet Neurol 12, 233243.
[200] Relkin N (2014) Intravenous immunoglobulin for Alzheimer's disease. Clin
Exp Immunol 178 Suppl 1, 27-29.
[201] Mruthinti S, Buccafusco JJ, Hill WD, Waller JL, Jackson TW, Zamrini EY,
Schade RF (2004) Autoimmunity in Alzheimer's disease: increased levels of
circulating IgGs binding Abeta and RAGE peptides. Neurobiol Aging 25,
1023-1032.
[202] Du Y, Dodel R, Hampel H, Buerger K, Lin S, Eastwood B, Bales K, Gao F,
Moeller HJ, Oertel W, Farlow M, Paul S (2001) Reduced levels of amyloid
beta-peptide antibody in Alzheimer disease. Neurology 57, 801-805.
[203] Weksler ME, Relkin N, Turkenich R, LaRusse S, Zhou L, Szabo P (2002)
Patients with Alzheimer disease have lower levels of serum anti-amyloid
peptide antibodies than healthy elderly individuals. Exp Gerontol 37, 943948.
[204] Hyman BT, Smith C, Buldyrev I, Whelan C, Brown H, Tang MX, Mayeux R
(2001) Autoantibodies to amyloid-beta and Alzheimer's disease. Ann Neurol
49, 808-810.

67

[205] Storace D, Cammarata S, Borghi R, Sanguineti R, Giliberto L, Piccini A,
Pollero V, Novello C, Caltagirone C, Smith MA, Bossu P, Perry G, Odetti P,
Tabaton M (2010) Elevation of {beta}-amyloid 1-42 autoantibodies in the
blood of amnestic patients with mild cognitive impairment. Arch Neurol 67,
867-872.
[206] Kimelberg HK (2004) The problem of astrocyte identity. Neurochem Int 45,
191-202.
[207] Freeman MR, Rowitch DH (2013) Evolving concepts of gliogenesis: a look
way back and ahead to the next 25 years. Neuron 80, 613-623.
[208] Herculano-Houzel S (2014) The glia/neuron ratio: how it varies uniformly
across brain structures and species and what that means for brain physiology
and evolution. Glia 62, 1377-1391.
[209] Zhang Y, Barres BA (2010) Astrocyte heterogeneity: an underappreciated
topic in neurobiology. Curr Opin Neurobiol 20, 588-594.
[210] Bushong EA, Martone ME, Jones YZ, Ellisman MH (2002) Protoplasmic
astrocytes in CA1 stratum radiatum occupy separate anatomical domains. J
Neurosci 22, 183-192.
[211] Oberheim NA, Takano T, Han X, He W, Lin JH, Wang F, Xu Q, Wyatt JD,
Pilcher W, Ojemann JG, Ransom BR, Goldman SA, Nedergaard M (2009)
Uniquely hominid features of adult human astrocytes. J Neurosci 29, 32763287.
[212] Ullian EM, Sapperstein SK, Christopherson KS, Barres BA (2001) Control of
synapse number by glia. Science 291, 657-661.
[213] Eroglu C, Allen NJ, Susman MW, O'Rourke NA, Park CY, Ozkan E,
Chakraborty C, Mulinyawe SB, Annis DS, Huberman AD, Green EM,
Lawler J, Dolmetsch R, Garcia KC, Smith SJ, Luo ZD, Rosenthal A, Mosher
DF, Barres BA (2009) Gabapentin receptor alpha2delta-1 is a neuronal
thrombospondin receptor responsible for excitatory CNS synaptogenesis.
Cell 139, 380-392.
[214] Powell EM, Geller HM (1999) Dissection of astrocyte-mediated cues in
neuronal guidance and process extension. Glia 26, 73-83.
[215] Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N,
Micheva KD, Mehalow AK, Huberman AD, Stafford B, Sher A, Litke AM,
Lambris JD, Smith SJ, John SW, Barres BA (2007) The classical
complement cascade mediates CNS synapse elimination. Cell 131, 11641178.
[216] Perea G, Navarrete M, Araque A (2009) Tripartite synapses: astrocytes
process and control synaptic information. Trends Neurosci 32, 421-431.
[217] Iadecola C, Nedergaard M (2007) Glial regulation of the cerebral
microvasculature. Nat Neurosci 10, 1369-1376.
[218] Simard M, Nedergaard M (2004) The neurobiology of glia in the context of
water and ion homeostasis. Neuroscience 129, 877-896.
[219] Obara M, Szeliga M, Albrecht J (2008) Regulation of pH in the mammalian
central nervous system under normal and pathological conditions: facts and
hypotheses. Neurochem Int 52, 905-919.
[220] Sattler R, Rothstein JD (2006) Regulation and dysregulation of glutamate
transporters. Handb Exp Pharmacol, 277-303.
[221] Abbott NJ, Ronnback L, Hansson E (2006) Astrocyte-endothelial interactions
at the blood-brain barrier. Nat Rev Neurosci 7, 41-53.
[222] Escartin C, Rouach N (2013) Astroglial networking contributes to
neurometabolic coupling. Front Neuroenergetics 5, 4.

68

[223] Sofroniew MV (2009) Molecular dissection of reactive astrogliosis and glial
scar formation. Trends Neurosci 32, 638-647.
[224] Oberheim NA, Goldman SA, Nedergaard M (2012) Heterogeneity of
astrocytic form and function. Methods Mol Biol 814, 23-45.
[225] Middeldorp J, Hol EM (2011) GFAP in health and disease. Prog Neurobiol
93, 421-443.
[226] Emsley JG, Macklis JD (2006) Astroglial heterogeneity closely reflects the
neuronal-defined anatomy of the adult murine CNS. Neuron Glia Biol 2, 175186.
[227] Bachoo RM, Kim RS, Ligon KL, Maher EA, Brennan C, Billings N, Chan S,
Li C, Rowitch DH, Wong WH, DePinho RA (2004) Molecular diversity of
astrocytes with implications for neurological disorders. Proc Natl Acad Sci U
S A 101, 8384-8389.
[228] Pekny M, Wilhelmsson U, Pekna M (2014) The dual role of astrocyte
activation and reactive gliosis. Neurosci Lett 565, 30-38.
[229] Wilhelmsson U, Bushong EA, Price DL, Smarr BL, Phung V, Terada M,
Ellisman MH, Pekny M (2006) Redefining the concept of reactive astrocytes
as cells that remain within their unique domains upon reaction to injury. Proc
Natl Acad Sci U S A 103, 17513-17518.
[230] Bardehle S, Kruger M, Buggenthin F, Schwausch J, Ninkovic J, Clevers H,
Snippert HJ, Theis FJ, Meyer-Luehmann M, Bechmann I, Dimou L, Gotz M
(2013) Live imaging of astrocyte responses to acute injury reveals selective
juxtavascular proliferation. Nat Neurosci 16, 580-586.
[231] Ambrosini E, Aloisi F (2004) Chemokines and glial cells: a complex network
in the central nervous system. Neurochem Res 29, 1017-1038.
[232] Sastre M, Klockgether T, Heneka MT (2006) Contribution of inflammatory
processes to Alzheimer's disease: molecular mechanisms. Int J Dev Neurosci
24, 167-176.
[233] Bsibsi M, Ravid R, Gveric D, van Noort JM (2002) Broad expression of Tolllike receptors in the human central nervous system. J Neuropathol Exp
Neurol 61, 1013-1021.
[234] Gasque P, Dean YD, McGreal EP, VanBeek J, Morgan BP (2000)
Complement components of the innate immune system in health and disease
in the CNS. Immunopharmacology 49, 171-186.
[235] Husemann J, Loike JD, Anankov R, Febbraio M, Silverstein SC (2002)
Scavenger receptors in neurobiology and neuropathology: their role on
microglia and other cells of the nervous system. Glia 40, 195-205.
[236] Owen JB, Di Domenico F, Sultana R, Perluigi M, Cini C, Pierce WM,
Butterfield DA (2009) Proteomics-determined differences in the
concanavalin-A-fractionated proteome of hippocampus and inferior parietal
lobule in subjects with Alzheimer's disease and mild cognitive impairment:
implications for progression of AD. J Proteome Res 8, 471-482.
[237] Heneka MT, Sastre M, Dumitrescu-Ozimek L, Dewachter I, Walter J,
Klockgether T, Van Leuven F (2005) Focal glial activation coincides with
increased BACE1 activation and precedes amyloid plaque deposition in
APP[V717I] transgenic mice. J Neuroinflammation 2, 22.
[238] Carter SF, Scholl M, Almkvist O, Wall A, Engler H, Langstrom B, Nordberg
A (2012) Evidence for astrocytosis in prodromal Alzheimer disease provided
by 11C-deuterium-L-deprenyl: a multitracer PET paradigm combining 11CPittsburgh compound B and 18F-FDG. J Nucl Med 53, 37-46.

69

[239] DeWitt DA, Perry G, Cohen M, Doller C, Silver J (1998) Astrocytes regulate
microglial phagocytosis of senile plaque cores of Alzheimer's disease. Exp
Neurol 149, 329-340.
[240] Rabinovici GD, Miller BL (2010) Frontotemporal lobar degeneration:
epidemiology, pathophysiology, diagnosis and management. CNS Drugs 24,
375-398.
[241] Johansson AS, Berglind-Dehlin F, Karlsson G, Edwards K, Gellerfors P,
Lannfelt L (2006) Physiochemical characterization of the Alzheimer's
disease-related peptides A beta 1-42Arctic and A beta 1-42wt. Febs J 273,
2618-2630.
[242] Eriksen JL, Janus CG (2007) Plaques, tangles, and memory loss in mouse
models of neurodegeneration. Behav Genet 37, 79-100.
[243] Lord A, Kalimo H, Eckman C, Zhang XQ, Lannfelt L, Nilsson LN (2006)
The Arctic Alzheimer mutation facilitates early intraneuronal Abeta
aggregation and senile plaque formation in transgenic mice. Neurobiol Aging
27, 67-77.
[244] Englund H, Sehlin D, Johansson AS, Nilsson LN, Gellerfors P, Paulie S,
Lannfelt L, Pettersson FE (2007) Sensitive ELISA detection of amyloid-beta
protofibrils in biological samples. J Neurochem 103, 334-345.
[245] Philipson O, Hammarstrom P, Nilsson KP, Portelius E, Olofsson T, Ingelsson
M, Hyman BT, Blennow K, Lannfelt L, Kalimo H, Nilsson LN (2009) A
highly insoluble state of Abeta similar to that of Alzheimer's disease brain is
found in Arctic APP transgenic mice. Neurobiol Aging 30, 1393-1405.
[246] Lord A, Philipson O, Klingstedt T, Westermark G, Hammarstrom P, Nilsson
KP, Nilsson LN (2011) Observations in APP bitransgenic mice suggest that
diffuse and compact plaques form via independent processes in Alzheimer's
disease. Am J Pathol 178, 2286-2298.
[247] Wang J, Dickson DW, Trojanowski JQ, Lee VM (1999) The levels of soluble
versus insoluble brain Abeta distinguish Alzheimer's disease from normal
and pathologic aging. Exp Neurol 158, 328-337.
[248] Kawarabayashi T, Younkin LH, Saido TC, Shoji M, Ashe KH, Younkin SG
(2001) Age-dependent changes in brain, CSF, and plasma amyloid (beta)
protein in the Tg2576 transgenic mouse model of Alzheimer's disease. J
Neurosci 21, 372-381.
[249] Soto C, Castano EM, Kumar RA, Beavis RC, Frangione B (1995)
Fibrillogenesis of synthetic amyloid-beta peptides is dependent on their
initial secondary structure. Neurosci Lett 200, 105-108.
[250] May PC, Gitter BD, Waters DC, Simmons LK, Becker GW, Small JS,
Robison PM (1992) beta-Amyloid peptide in vitro toxicity: lot-to-lot
variability. Neurobiol Aging 13, 605-607.
[251] Teplow DB (2006) Preparation of amyloid beta-protein for structural and
functional studies. Methods Enzymol 413, 20-33.
[252] Fezoui Y, Hartley DM, Harper JD, Khurana R, Walsh DM, Condron MM,
Selkoe DJ, Lansbury PT, Jr., Fink AL, Teplow DB (2000) An improved
method of preparing the amyloid beta-protein for fibrillogenesis and
neurotoxicity experiments. Amyloid 7, 166-178.
[253] Jan A, Hartley DM, Lashuel HA (2010) Preparation and characterization of
toxic Abeta aggregates for structural and functional studies in Alzheimer's
disease research. Nat Protoc 5, 1186-1209.
[254] LeVine H, 3rd (2004) Alzheimer's beta-peptide oligomer formation at
physiologic concentrations. Anal Biochem 335, 81-90.

70

[255] Bitan G, Vollers SS, Teplow DB (2003) Elucidation of primary structure
elements controlling early amyloid beta-protein oligomerization. J Biol Chem
278, 34882-34889.
[256] Engvall E, Perlman P (1971) Enzyme-linked immunosorbent assay (ELISA).
Quantitative assay of immunoglobulin G. Immunochemistry 8, 871-874.
[257] Roher AE, Baudry J, Chaney MO, Kuo YM, Stine WB, Emmerling MR
(2000) Oligomerizaiton and fibril asssembly of the amyloid-beta protein.
Biochim Biophys Acta 1502, 31-43.
[258] Englund H, Degerman Gunnarsson M, Brundin RM, Hedlund M, Kilander L,
Lannfelt L, Pettersson FE (2009) Oligomerization partially explains the
lowering of Abeta42 in Alzheimer's disease cerebrospinal fluid.
Neurodegener Dis 6, 139-147.
[259] Perez-Garmendia R, Hernandez-Zimbron LF, Morales MA, Luna-Munoz J,
Mena R, Nava-Catorce M, Acero G, Vasilevko V, Viramontes-Pintos A,
Cribbs DH, Gevorkian G (2014) Identification of N-terminally truncated
pyroglutamate amyloid-beta in cholesterol-enriched diet-fed rabbit and AD
brain. J Alzheimers Dis 39, 441-455.
[260] Sehlin D, Englund H, Simu B, Karlsson M, Ingelsson M, Nikolajeff F,
Lannfelt L, Pettersson FE (2012) Large aggregates are the major soluble
Abeta species in AD brain fractionated with density gradient
ultracentrifugation. PLoS One 7, e32014.
[261] Datta P (2008) Interference of heterophilic and other antibodies in
measurement of therapeutic drugs by immunoassays. In Handbook of Drug
Monitoring Methods, Dasgupta A, ed. Humana Press, Totowa, NJ, , 225233.
[262] Fujimoto M, Poe JC, Hasegawa M, Tedder TF (2000) CD19 regulates
intrinsic B lymphocyte signal transduction and activation through a novel
mechanism of processive amplification. Immunol Res 22, 281-298.
[263] O'Nuallain B, Acero L, Williams AD, Koeppen HP, Weber A, Schwarz HP,
Wall JS, Weiss DT, Solomon A (2008) Human plasma contains crossreactive Abeta conformer-specific IgG antibodies. Biochemistry 47, 1225412256.
[264] Festjens N, Vanden Berghe T, Vandenabeele P (2006) Necrosis, a wellorchestrated form of cell demise: signalling cascades, important mediators
and concomitant immune response. Biochim Biophys Acta 1757, 1371-1387.
[265] Henkel AW, Dittrich PS, Groemer TW, Lemke EA, Klingauf J, Klafki HW,
Lewczuk P, Esselmann H, Schwille P, Kornhuber J, Wiltfang J (2007)
Immune complexes of auto-antibodies against A beta 1-42 peptides patrol
cerebrospinal fluid of non-Alzheimer's patients. Mol Psychiatry 12, 601-610.
[266] Gustaw-Rothenberg K, Lerner A, Bonda DJ, Lee HG, Zhu X, Perry G, Smith
MA (2010) Biomarkers in Alzheimer's disease: past, present and future.
Biomark Med 4, 15-26.
[267] Britschgi M, Wyss-Coray T (2007) Systemic and acquired immune responses
in Alzheimer's disease. Int Rev Neurobiol 82, 205-233.
[268] O'Nuallain B, Wetzel R (2002) Conformational Abs recognizing a generic
amyloid fibril epitope. Proc Natl Acad Sci U S A 99, 1485-1490.
[269] Zou K, Kim D, Kakio A, Byun K, Gong JS, Kim J, Kim M, Sawamura N,
Nishimoto S, Matsuzaki K, Lee B, Yanagisawa K, Michikawa M (2003)
Amyloid beta-protein (Abeta)1-40 protects neurons from damage induced by
Abeta1-42 in culture and in rat brain. J Neurochem 87, 609-619.

71

[270] Puzzo D, Privitera L, Leznik E, Fa M, Staniszewski A, Palmeri A, Arancio O
(2008) Picomolar amyloid-beta positively modulates synaptic plasticity and
memory in hippocampus. J Neurosci 28, 14537-14545.
[271] Garcia-Osta A, Alberini CM (2009) Amyloid beta mediates memory
formation. Learn Mem 16, 267-272.
[272] Morley JE, Farr SA, Banks WA, Johnson SN, Yamada KA, Xu L (2010) A
physiological role for amyloid-beta protein:enhancement of learning and
memory. J Alzheimers Dis 19, 441-449.
[273] Nixon RA, Yang DS, Lee JH (2008) Neurodegenerative lysosomal disorders:
a continuum from development to late age. Autophagy 4, 590-599.
[274] Appelqvist H, Waster P, Kagedal K, Ollinger K (2013) The lysosome: from
waste bag to potential therapeutic target. J Mol Cell Biol 5, 214-226.
[275] Dinkins MB, Dasgupta S, Wang G, Zhu G, Bieberich E (2014) Exosome
reduction in vivo is associated with lower amyloid plaque load in the 5XFAD
mouse model of Alzheimer's disease. Neurobiol Aging 35, 1792-1800.
[276] Loov C, Hillered L, Ebendal T, Erlandsson A (2012) Engulfing astrocytes
protect neurons from contact-induced apoptosis following injury. PLoS One
7, e33090.
[277] De Kimpe L, van Haastert ES, Kaminari A, Zwart R, Rutjes H, Hoozemans
JJ, Scheper W (2013) Intracellular accumulation of aggregated pyroglutamate
amyloid beta: convergence of aging and Abeta pathology at the lysosome.
Age (Dordr) 35, 673-687.
[278] Lord A, Gumucio A, Englund H, Sehlin D, Sundquist VS, Soderberg L,
Moller C, Gellerfors P, Lannfelt L, Pettersson FE, Nilsson LN (2009) An
amyloid-beta protofibril-selective antibody prevents amyloid formation in a
mouse model of Alzheimer's disease. Neurobiol Dis 36, 425-434.
[279] Tucker S, Moller C, Tegerstedt K, Lord A, Laudon H, Sjodahl J, Soderberg
L, Spens E, Sahlin C, Waara ER, Satlin A, Gellerfors P, Osswald G, Lannfelt
L (2015) The murine version of BAN2401 (mAb158) selectively reduces
amyloid-beta protofibrils in brain and cerebrospinal fluid of tg-ArcSwe mice.
J Alzheimers Dis 43, 575-588.
[280] Ferrer I, Boada Rovira M, Sanchez Guerra ML, Rey MJ, Costa-Jussa F
(2004) Neuropathology and pathogenesis of encephalitis following amyloidbeta immunization in Alzheimer's disease. Brain Pathol 14, 11-20.
[281] Solomon B, Koppel R, Frankel D, Hanan-Aharon E (1997) Disaggregation of
Alzheimer beta-amyloid by site-directed mAb. Proc Natl Acad Sci U S A 94,
4109-4112.
[282] Citron M (2010) Alzheimer's disease: strategies for disease modification. Nat
Rev Drug Discov 9, 387-398.
[283] James LC (2014) Intracellular antibody immunity and the cytosolic Fc
receptor TRIM21. Curr Top Microbiol Immunol 382, 51-66.

72

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1147
Editor: The Dean of the Faculty of Medicine
A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-264647

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2015

