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Clinical and pathological signs of Alzheimer’s disease 
Approximately 24 million people worldwide have dementia of which the majority  
(~60%) is due to Alzheimer’s disease (AD) (http://www.alz.co.uk/alzheimers/ 
faq.html). AD is a progressive neurological and psychiatric disorder. Clinically, 
patients present with progressive cognitive deterioration, loss of memory, a gradual 
retreat from normal activities of daily living, neuropsychiatric symptoms such as 
aphasia, apraxia and agnosia, and behavioural changes. During disease 
progression, patients lose the ability to walk and eat without assistance. From the 
onset of symptoms AD has an average duration of 8 years, eventually leading to 
death typically from pneumonia or lack of nutrition. During this time but also long 
before clinical symptoms are apparent, the brain is subject to pathological changes.  
Postmortem neuropathological analysis of AD brains shows cortical atrophy and 
enlargement of the ventricles. AD is also characterized by degenerative changes in 
selected brain regions, including the temporal and parietal lobes and restricted 
regions within the frontal cortex and cingulate gyrus (346). The degeneration of 
these systems may underlie the specific clinical aspects of the dementia associated 
with AD. Further microscopical analysis of the brains reveals two types of 
pathological lesions: senile plaques consisting of extracellular deposition of the 
amyloid β (Aβ) peptide and neurofibrillary tangles consisting of aggregated 
hyperphosphorylated tau protein in intracellular paired helical filaments. 
Study of post mortem human brain tissue has resulted in a pathological staging of 
Alzheimer’s disease, the Braak score (19,20). There is good correlation between 
the Braak score for neurofibrillary changes and the clinical course of AD as 
determined by the cognitive status (6,263). This suggests that the pathological 
staging indeed reflects the temporal sequence of events in the pathogenic cascade. 
The first two stages of the Braak score for neurofibrillary changes, stage I and II, 
present with mild to severe alterations of the transenthorinal region. Stage III and 
IV are characterized by the strong involvement of the enthorinal and 
transenthorinal region, while the isocortex gradually becomes mildly affected. 
Stages V and VI are marked by the frequent occurrence of neurofibrillary changes 
in the isocortex. While in Braak stage I to III for neurofibrillary changes the 
temporal cortex is almost devoid of neurofibrillary changes, low-fibrillar Aβ 
deposits can be detected in these cases, indicating a role for Aβ very early in the 
disease. A comparative study of the Aβ-associated pathology defined five phases 
(317). The neocortical phase 1 is followed by the allocortical phase 2. In phase 3, 
the diencephalic nuclei, the striatum and the cholinergic nuclei of the basal 
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forebrain develop Aβ deposits, and in phase 4, Aβ deposits expand to several 
brainstem nuclei. Finally, phase 5 is characterized by cerebellar Aβ-deposition. 
These findings suggest that Aβ-deposition expands anterogradely into regions that 
receive neuronal projections from regions already exhibiting Aβ depositions (317). 
One of the most important pathological changes is the development of extracellular 
plaques consisting of Aβ. Since the fibrillogenic Aβ plays a central role in disease 
pathogenesis, the following two sections will discuss both the generation and 
aggregation processes of this peptide.  
 
APP processing and Aβ generation 
The Aβ peptide sequence is embedded in the amyloid precursor protein (APP) and 
is formed by sequential proteolytic cleavages of APP by β- and γ-secretase (Figure 
1). APP is a ubiquitously expressed type I integral membrane glycoprotein 
expressed as three alternatively spliced isoforms: APP695, which is exclusively 
present in neuronal cells and APP770/751 isoforms which are the peripheral and 
glial isoforms.  
APP processing by the secretase proteins occurs in two distinct pathways, the non-
amyloidogenic pathway in which Aβ formation is precluded and the 
amyloidogenic pathway in which Aβ is formed (reviewed in (3,96,286)). In the 
non-amyloidogenic pathway, APP is cleaved by α-secretase between residues 16 
and 17 of the Aβ sequence (Figure 1), resulting in a membrane associated C-
terminal fragment of 83 amino acids (CTFα) and the soluble sAPPα. Subsequent 
γ-secretase cleavage of the CTFα releases the p3 fragment from the remaining 
APP intracellular domain (AICD). In the amyloidogenic pathway APP is cleaved 
first by β-secretase at the N-terminus of the Aβ sequence, generating CTFβ 
consisting of 99 amino acids (including the complete Aβ sequence), followed by γ-
secretase cleavage releasing the Aβ peptide. The cleavage by γ-secretase is a 
heterogeneous event that releases Aβ peptides of different sizes, with Aβ1-40 and 
Aβ1-42 being the most common forms. N-terminal truncated Aβ peptides, however, 
are also found accumulated in the brain of sporadic AD patients, in early onset 
familial AD (FAD) patients (especially in presenilin 1 (PS1) mutation carriers 
(136,273)) and in Down syndrome brain (272,278,314). Major forms of N-
truncated Aβ species in AD senile plaques are Aβ2-42, Aβ5-42 and Aβ11-42 species 
(195,310,352). It has been shown that the N-terminal truncatet Aβ peptides that are 
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Figure 1: APP processing 
APP is cleaved by β-secretase and γ-secretase to form Aβ1-40 or Aβ1-42. Indicated are the 
Swedish and Indiana mutations in APP in the regions flanking the Aβ sequence affecting the 
β-cleavage and γ-cleavage, respectively, leading to increased amyloidogenic processing, 
especially enhanced Aβ1-42 production. The Arctic mutation in the middle of the Aβ sequence 
leads to alterations in the aggregation propensity of Aβ leading to enhanced protofibril 
formation. The KLVFF sequence is a critical region for fibril formation and the pentapeptide 
has been shown to bind to Aβ and inhibit fibril formation. This sequence has been used as the 
lead compound for developing aggregation inhibitors. β-secretase cleavage (in the KLVFF 
sequence) precludes the formation of the aggregation prone Aβ peptide. See text for details. 
Figure is based on (288a). 

 
deposited as amyloid in AD brains also harbour several different modifications 
such as cyclization of glutamate (E) (forming pyroglutamate (pE)) at residues 3 
and 11 (221,277) and isomerization of aspartate at residue 7 (268).  
 
Aβ aggregation 
Aβ is a highly fibrillogenic peptide and is central to the pathogenesis of AD, as 
will be discussed below. The most important property of Aβ is that it quickly self-
aggregates to form mature 6- to 10-nm diameter fibrils with a characteristic cross-β 
structure. Previous studies on the aggregation process of Aβ identified the critical 
region of Aβ involved in self-aggregation (115,320). The hydrophobic core at 
residues 16-20 of Aβ, KLVFF, is crucial for the formation of β-sheet structures by 
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Aβ (Figure 1). Aβ has a high propensity to aggregate and readily forms small 
oligomeric, non-fibrillar aggregates that can progress to highly structure aggregates 
(fibrils) in a dynamic process (Figure 2). During fibrillization many different 
aggregation intermediates are formed. Electron microscopy and more recently 
(time-lapse) atomic force microscopy analyses have greatly contributed to 
visualizing different Aβ aggregation intermediates that are formed in vitro before 
formation of the β-sheet rich fibrils (82,101,187), thereby helping to understand the 
complex aggregation process. The aggregation conditions in vitro are very 
artificial, using high concentrations of pure Aβ, therefore caution is warranted in 
translating these data directly to the aggregation process in human brain.  
Here we will use the definitions for Aβ aggregation forms as proposed by Ross and 
Poirier (269); oligomeric aggregates are small globular assemblies, protofibrils are 
soluble fibril-shaped structures, thinner and shorter than a mature fibril and fibrillar 
aggregates are stable, insoluble and highly structured aggregates. Fibrillization of 
Aβ appears to proceed in two phases: a rate-limiting nucleation step in which a 
“seed” for further aggregation is formed (Figure 2), followed by an extension 
phase (99,315). Fibril growth in vitro proceeds by the addition of monomers to the 
ends of the fibrils (228,263,321).  
Aβ oligomers have been referred to by a variety of names, including amorphous 
aggregates, micelles, protofibrils, pre-fibrillar aggregates, and ADDLs 
(21,22,100,176,183,199,227,297,334). These Aβ oligomers have been generated in 
vitro using different protocols. Oligomers are usually considered as intermediates 
in fibril formation, but there is no definite proof that they are “on” the fibrillization 
pathway or whether they represent a pathway “off” fibril formation (Figure 2). 
However, oligomeric preparations used in the studies in chapters 2 and 3, the so-
called ADDLs (amyloid-derived diffusible ligands), have recently been suggested 
to be intermediates “off” the pathway to fibril formation (227), indicating they are 
a separate aggregation entity not linked to fibrillar Aβ. This is also corroborated by 
studies showing the stability of ADDLs: prolonged incubation of oligomeric 
preparations do not form fibrils even not during incubation at 37oC for several days 
(40). These ADDLs have also been shown to be present in AD brain in over 70-
fold higher levels relative to control brain, suggesting that they are of relevance in 
AD pathogenesis (83). Protofibrils have convincingly been shown to aggregate into 
mature fibrils, suggesting that they are “on” the pathway to fibrillization (Figure 2) 
(100).  
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Aβ1-42 was shown to nucleate easier than Aβ1-40 (99), which may be why subtle 
changes in the Aβ1-42/1-40 ratio induce AD pathology. Transgenic mice that secrete 
high levels of Aβ1-42 in the absence of APP overexpression, show massive amyloid 
pathology, in contrast to transgenic Aβ1-40 mice (215). These experiments 
underscore the importance of Aβ1-42 in amyloid deposition, and it was suggested 
that Aβ1-42 is required for nucleation in vivo. A very interesting insight in Aβ 
aggregation kinetics comes from the Arctic APP mutation. The conversion of the 
amino acid Glutamic acid to Glycine at position 22 in the Aβ peptide itself, gives 
rise to a classical AD phenotype, despite resulting in lower Aβ1-42 levels (229). 
This was shown not to be due to increased fibrillization, but rather to a change in 
aggregation kinetics that accelerates protofibril formation (188,229).  
The aggregation process is highly dependent on the Aβ concentration. In vitro, 
unphysiologically high concentrations are required, but it is likely that in vivo such 
a high concentration can be achieved locally in intracellular compartments or by 
binding to proteins or lipids (99). The exact nature of the nucleation seed in vivo is 
not known. It is very likely that in the crowded environment inside neurons or the 
brain parenchyma, binding of Aβ to other proteins or lipids, increases its local 
concentration, and contributes to seeding. For example Aβ bound to the 
ganglioside GM1 was shown to have a different conformation that appeared to act 
as a seed for aggregation, thereby greatly enhancing fibril formation (104). 
N-terminal truncated Aβ peptides accumulate in AD brains in diffuse plaques 
(277), one of the earliest forms of Aβ deposition in AD (136), indicating that they 
are highly fibrillogenic just like the full length peptide. Moreover, in vitro data 
shows increased aggregation propensity of N-terminal truncated Aβ1-42 species 
compared to full-length Aβ1-42 (106,256). In addition, plaques composed of Aβ3(pE)-

40/42 are present in equivalent or greater densities than those composed of full-
length Aβ, suggesting that deposition of these truncated species appears to precede 
deposition of the full-length peptide (277). This is further corroborated by the 
finding that diffuse plaques were more intensely stained with antibodies specific 
for Aβ3(pE)-40/42 species compared to Aβ1-5 antibodies (277) . All these data show 
that N-terminal truncated species are more prone to aggregation than full length 
Aβ, and are deposited in plaques prior to full length Aβ. N-terminal truncated Aβ 
species are thus important species involved in AD pathogenesis.  
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The amyloid cascade hypothesis: evidence from genetic studies and mouse 
models 
Neuropathological analysis of AD brains revealed two major types of pathological 
lesions: in addition to the senile Aβ plaques, neurofibrillary tangles consisting of 
aggregated hyperphosphorylated tau protein in intracellular paired helical filaments 
have been found as well. For long there has been major controversy between the 
so-called tauists and βaptists, each claiming an exclusive initiating role for 
respectively tau or Aβ in the neurodegenerative process in AD.  
According to the now widely supported amyloid cascade hypothesis, increased 
levels or a conformational change of Aβ is the primary cause of AD pathogenesis 
(97,98). Important genetic evidence for the central role of Aβ in AD comes from 
the familial variants of the disease. To date, mutations in three genes (APP, 
Presenilin 1 (PSEN-1) and Presenilin 2 (PSEN-2)) have been shown to cause AD 
in an autosomal dominant fashion (132) by favouring β- and/or γ- cleavage of APP 
and thereby enhancing the production of pathological Aβ, especially Aβ1-42, which 
aggregates more easily (308). This has been shown as well in many different APP 
mice (overexpressing APP containing FAD mutations) or double transgenic mice 
(overexpressing mutant APP and Presenilin) (60). 
The gene encoding APP was the first gene shown to have an association with AD. 
Down’s syndrome (DS) patients have a trisomy of chromosome 21, which contains 
the APP gene and typically develop early onset AD (202). Stronger evidence for a 
gene dosage effect comes from a recent report on a family that carries a duplication 
of the APP locus only, resulting in early onset AD (270). Currently there are 28 
mutations in the APP gene that have been described in families with AD and these 
mutations are clustered in or around the Aβ sequence within APP 
(http://www.molgen.ua.ac.be/ADMutations/; see also Fig.1).  
The presenilin proteins are central to the γ-secretase complex of proteins that 
cleave APP (28). It is the presenilin-mediated cleavage of APP that results in the 
release of the Aβ peptide. Genetic studies on FAD cases have uncovered 
164(PSEN1) and 10 (PSEN2) pathogenic mutations to date (http://www.molgen. 
ua.ac.be/ADMutations/). 
Apart from causative mutations in the presenilins and APP, the apolipoprotein 
(APOE) gene has been identified as a major genetic risk factor for sporadic AD. 
The ε4 allele is an isoform of APOE that increases the risk for developing AD (45). 
AD subjects homozygous for the ε4 alleles have a significantly higher number and 
density of Aβ deposits in the brain than subjects with other ε4 alleles, while 
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subjects heterozygous for the ε4 allele show an intermediate phenotype. In 
addition, mean age at onset is decreased from 84 to 68 years for homozygous ε4 
individuals (45,281). ApoE has been shown to accelerate aggregation of Aβ 
(279,303,355). In APP/ApoE-/- mice the amount of amyloid deposits was strongly 
reduced compared to APP/ApoE+/+ mice, suggesting that ApoE plays a critical 
role in facilitating amyloid deposition (4,5). 
All genetic factors found to be involved in AD so far have been shown to affect the 
production or aggregation of Aβ, indicating the central role of Aβ in AD 
pathogenesis. However, the role of tau is not considered in any of these studies. 
Clear evidence, separating the role of Aβ and tau, was found with the discovery of 
an autosomal dominantly inherited tau gene mutation in familial forms of 
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) 
(302), changed the ideas about the order of appearance of both pathologies. The 
identification of disease-causing mutations in tau established that tau dysfunction 
by itself is sufficient to cause neurodegeneration. The lack of genetic association to 
AD, however, corroborates the evidence that tau lies downstream of Aβ in the 
neurodegenerative cascade. Lewis et al. (193) found that the double-transgenic 
mice (containing hAPP and tau) developed enhanced neurofibrillary pathology 
compared with single mutant tau mice. In addition, Götz et al. (87) showed that the 
intracranial administration of fibrillar Aβ into mutant tau mice led to the increased 
generation of tangles within the amygdala. Both of these findings suggest that Aβ 
enhances tau pathology, although the mechanism underlying this effect is 
unknown. More evidence supporting the view that Aβ pathology precedes tau 
pathology, comes from an immunotherapy study by Oddo et al. in the triple 
transgenic (3xTg) mice (containing mutated tau, APP and PS1) that show that the 
removal of Aβ after a single intrahippocampal injection of an anti-Aβ antibody 
precedes the removal of early tau pathology (240). Moreover, after the antibody 
itself is cleared or degraded, the Aβ pathology reemerges prior to the tau 
pathology. All these results provide compelling evidence for the so-called amyloid-
cascade hypothesis, which proposes that the neurodegeneration in AD is an 
amyloid-driven process, in which other pathologies (tau, but also 
neuroinflammation) are secondary. 
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The role of intracellular Aβ in AD 
The classical view that Aβ, deposited in extracellular plaques, is the major culprit 
in AD, has been challenged in the last decade by emerging evidence from 
transgenic mice and human patients indicating intraneuronal accumulation of Aβ, 
which may contribute to disease progression. Below we will discuss the 
intracellular sites of Aβ generation and the relation of intraneuronal Aβ 
accumulation with extracellular pools of Aβ.  
 
Intracellular sites of Aβ generation  
APP follows a trafficking pathway through multiple secretory and endocytic 
compartments which plays an important role in its processing in the amyloidogenic 
and non-amyloidogenic pathway. APP thus localizes not only to the plasma 
membrane, but has also been shown to be localized at different intracellular 
compartments such as the trans-Golgi network (357), endoplasmic reticulum (ER) 
(41,43), and endosomal (156), lysosomal (249) and mitochondrial membranes. 
APP proteins are synthesized in the ER; once correctly folded, APP is transported 
to the cis-side of the Golgi-apparatus. APP then moves through the Golgi stacks to 
the trans-Golgi network (TGN). In the Golgi complex, APP undergoes post-
translational modifications via N- and O- glycosylation. Subsequently, APP is 
transported to the plasma membrane. Once APP reaches the cell surface, it is 
rapidly internalized into early endosomes. These early endosomes mature into or 
fuse with late endosomes and subsequently lysosomes, where APP can be degraded 
(329). APP can also be transported back to the cell surface via recycling 
endosomes.  
Amyloidogenic processing may occur in those compartments were APP, β-
secretase, and the γ-secretase complex are localized together.  For example, Aβ can 
be generated in the endosomal/lysosomal system, because β-secretase (130,289), 
presenilins (179,180) and APP (237) are all localized in the endosomes.  
The presence of β-secretase and γ-secretases has also been shown in the secretory 
pathway (43,90,141,170,309,358). Blocking APP transport within the Golgi 
compartment causes enhanced levels of Aβ1-40 and Aβ1-42, indicating that γ-
secretase cleavage can occur in the Golgi (349). In addition, it has been shown as 
well that retention of APP in the ER leads to an elimination of intracellular Aβ1-40, 
but leaves intracellular Aβ1-42 synthesis unaffected (43). These studies thus indicate 
that Aβ1-40 is generated in the trans-Golgi network (TGN) (90,103,358), whereas 
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Aβ1-42 is generated both in the endoplasmic reticulum (ER) (90) and Golgi 
compartments. 
Recently, autophagy is suggested to be related to intracellular Aβ generation (233). 
Autophagy is a cell ‘‘self-eating’’ process during serum or amino-acid starvation 
and protein aggregation stress. Autophagic vacuoles are shown to contain APP and 
β-cleaved APP and are highly enriched in PS1, nicastrin, and PS-dependent γ-
secretase activity, thereby providing another source for Aβ generation (364). 
 
Intra- versus extracellular Aβ 
Studies determining the intracellular localization of Aβ generation, as described 
above, have mostly used cellular models. However, also in brains from transgenic 
mouse models and AD patients, intracellular Aβ can be found in many different 
compartments. Since Aβ is produced intracellularly in a variety of subcellular 
compartments, by definition, it spends time inside neurons on its way out. LaFerla 
and colleagues were the first to describe the presence of intracellular Aβ in neurons 
in AD brain (178) and since then several reports showing intraneuronal Aβ 
accumulation have been published (reviewed in (283)). In human neurons 
intracellular oligomeric Aβ aggregates have been detected (335). In AD brain, 
neurons were shown to contain thioflavin S-reactive deposits (178), suggesting 
accumulation of fibrillar Aβ although this finding was not confirmed by others 
(88). It is not known whether intracellular aggregation of Aβ is a prerequisite for 
toxicity.  
In human post mortem brain Aβ is most easily detected in the endo-/lysosomal 
system (33,47,220), possibly because the acidic environment favours fibrillization. 
In addition, it has been found freely distributed in the perikaryon of neurons, 
indicating that Aβ can be translocated from membranous compartments into the 
cytosol (69). It is unclear whether Aβ in the endo-/lysosomal system is derived 
from re-uptake from the extracellular space or whether it is directly formed in these 
compartments. In transgenic mice, intraneuronal Aβ aggregates were found 
associated with the ER, Golgi and mitochondria (266).  
It appears that intracellular Aβ deposition is dependent on the levels of Aβ, as 
intracellular Aβ pathology is more prominent in models with higher Aβ 
production. This may imply that if the concentration is sufficiently high, Aβ is 
retained inside the cell, maybe because the high local concentration causes it to 
aggregate in intracellular compartments. Evidence for a correlation between the 
level of Aβ and the site of accumulation comes from studies in a transgenic mouse 
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model that produces very high levels of Aβ due to the presence of four familial 
FAD mutations. These mice exhibit intraneuronal rather than extracellular 
thioflavin-S positive Aβ aggregates (30). Interestingly, these mice show more 
extensive neuronal loss than models that predominantly have extracellular deposits, 
suggesting that intracellular Aβ is more toxic. Also a double transgenic hAPP 
mouse harboring the Swedish (KM670/671NL) and Arctic (E693G) APP mutation, 
leading to increased Aβ levels, displays early intraneuronal Aβ aggregation (201). 
In this respect it is interesting to mention sporadic Inclusion Body Myositis 
(sIBM). In sIBM myotubes, Aβ exclusively forms intracellular inclusion bodies 
that co-localize with several ER chaperones (326). The cause of the intracellular 
localisation of Aβ deposits in sIBM is not known, but it is likely that the different 
cellular environment is an important determinant. It is tempting to speculate that 
the local concentration of intracellular Aβ is much higher in muscle cells, possibly 
because their secretory capacity will be lower than that of neurons. In any case, the 
sIBM example indicates that also in man, conditions can be found where 
aggregation and deposition of Aβ is exclusively intracellular with degeneration as 
result. 
Intuitively it seems logical that there is equilibrium between extra- and intracellular 
pools of Aβ. Intracellular Aβ decreases with plaque load (88,220), although more 
intraneuronal Aβ correlating with a higher plaque load has also been reported (69). 
More direct experimental evidence for a balance between extra- and intracellular 
Aβ pools comes from Aβ vaccination experiments in the triple transgenic AD 
mouse model. This model shows intracellular Aβ accumulation before plaque 
formation (15). In the same model, immunization results in reduction of 
extracellular Aβ before the clearance of intracellular Aβ and after the immunizing 
antibody diffuses the intraneuronal accumulation of Aβ reappeared before the 
extracellular Aβ deposits (244). Because antibodies obviously can not enter the 
intracellular space, this points to a direct connection between intra- and 
extracellular Aβ pools. 
 
Aβ therapy 
Accumulation of Aβ in the brain is the key event in the pathogenesis of AD. Aβ 
has therefore played a central role in therapeutic intervention in AD (Figure 2). The 
most promising therapeutic approach that could prevent Aβ aggregation and 
deposition is immunization with Aβ peptides or vaccination with antibodies 
directed against the Aβ peptide. This approach will be discussed below. Where in  
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early-onset FAD cases, increased Aβ production is causative of for 
neurodegeneration, this does not seem to be the case for late onset AD. Aβ 
abnormally deposits in the brain in all forms of AD, but in healthy brains this 
accumulation is prevented at least in part by rapid proteolytic degradation of the 
peptide by several degrading enzymes, including NEP (neprilysin) and IDE 
(insulin-degrading enzyme) and Aβ clearance across the blood brain barrier by 
different transporters. Enhancing Aβ degrading enzymes or inhibiting Aβ 
production can both lead to decreased Aβ levels and therefore be of great interest 
as a therapeutic approach (Figure 2).  
 
Aβ production, a therapeutic target for AD 
Elucidation of the proteolytic processing pathway that generates Aβ from APP has 
led to the identification of three potential therapeutic targets, the α-, β-, and γ-
secretases. BACE1, a β-secretase, is an excellent target as it is the rate limiting 
enzyme in Aβ production. In vitro studies using siRNA directed to the BACE1 
gene showed reduced BACE1 expression and Aβ production (11,144).  BACE1 
deficiency also prevents learning and memory impairments in a transgenic mouse 
model for AD (245,246). However, it has been proven difficult to identify brain 
penetrant, small molecule inhibitors, selectively targeting BACE1. A very recent 
promising study using a potent BACE1 inhibitor, that could be orally administered 
(131), shows inhibition of Aβ production in a transgenic AD mouse model. In 
addition, it was shown in that study that BACE1 inhibition leads to a reduction of 
levels of intracellular Aβ, thus targeting the most toxic Aβ species. It remains to be 
determined whether long-term treatment with β-secretase inhibitors will be well 
tolerated. β-secretase knockout mice are viable and have lowered Aβ production 
(27,204,265), but suffer from hypomyelination (128), making it difficult to target 
this enzyme as a potential therapeutic. Inhibiting the proteolytic cleavage of APP 
by γ-secretase inhibitors could also block the production of Aβ along with Aβ 
specific activity. Preclinical studies clearly establish that γ-secretase inhibitors can 
reduce brain Aβ in rodent models. Initial studies on the effects of γ-secretase 
inhibitors showed that modest Aβ reductions (15-30%) are sufficient to reverse 
Aβ-induced cognitive deficits in Tg2576 mice. However the side-effects of γ-
secretase inhibition (abnormalities in the gastrointestinal tract, thymus and spleen 
in rodents) are detrimental (10), due to effects on Notch cleavage. Certain non-
steroidal anti-inflammatory drugs (NSAIDs), however, can modulate γ-secretase 
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Figure 2: Aβ therapy 
Targeting Aβ, being central to AD pathogenesis, is the most promising therapeutic approach. 
AD can be prevented or more effectively treated by prevention of Aβ aggregation and break 
down of the toxic aggregate (via β-sheet breakers, see chapter 6). Inhibiting Aβ uptake as a 
therapeutic approach will be discussed in chapter 6 as well. Decreasing Aβ production and/or 
enhancement of Aβ clearance and degradation have also shown promising results. The 
therapeutic approach with the most promising results so far is tackling Aβ via 
immunotherapy. (For details see text) 
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cleavage without blocking Notch cleavage. Different studies have shown that a 
subset of classical NSAIDs such as ibuprofen, flurbiprofen, indomethacin and 
sulindac also possess Aβ1-42-lowering properties in both cell cultures of peripheral, 
glial and neuronal origin and transgenic AD mouse models (61,222,342). In 
addition, there are indications that certain NSAIDs inhibit Aβ1-42 formation by 
direct modulation of γ-secretase activity (344). These NSAIDs have an allosteric 
effect on γ-secretase by which these drugs selectively reduce Aβ1-42 but do not 
affect processing of other γ-secretase targets (13,77,198,342-344). The main 
difference between Aβ-lowering NSAIDs and the classical γ-secretase inhibitors is 
the selective reduction in levels of Aβ1-42. This was accompanied by a proportional 
increase in the levels of shorter species, particularly Aβ1-38, which was interpreted 
as resulting from modulation of the cleavage specificity of γ-secretase caused by 
these drugs. Most remarkably, unlike the classical inhibitors of γ-secretase, NSAID 
modulators did not inhibit cleavage of other γ-secretase substrates (ERB4 and 
Notch), cause accumulation of the C-terminal fragments (CTFs) of APP (77,342), 
or interfere with the production of signaling protein AICD (APP intracellular 
domain) (343).  
Cleavage of APP by a proteolytic activity referred to as α-secretase is also a 
possible therapeutic target, though not as well characterized as either β-or γ-
secretase. α-Secretase cleavage within the Aβ sequence produces a large (110–135 
kDa) secreted fragment (sAPPα), and a small 10 kDa membrane bound fragment 
(C83 or CTFα). This cleavage cuts Aβ into two fragments. It is now known that 
several metalloprotease disintegrins (ADAM10 and ADAM17) are major α-
secretases (25,65,165). Thus, drugs that stimulate α-secretase can shift APP 
processing towards the non-amyloidogenic pathway and reduce Aβ production, but 
also increase production of sAPPα, a potentially neuroprotective form of the APP. 
Up-regulation of an α-secretase, ADAM10 in an APP transgenic mouse increased 
sAPPα, decreased Aβ production, reduced plaque formation and alleviated 
cognitive deficits (259). In a very recent study, nardilysin, a metalloendopeptidase, 
enhanced the α-secretase activity of ADAMs in vitro, by both increasing sAPPα 
and decreasing Aβ (116).  Bryostatin, a protein kinase C activator currently tested 
in clinical trials as an anticancer drug, also substantially enhances α-secretase 
processing of APP and reduces brain Aβ1-42 concentrations in AD transgenic mice 
(63). All these studies indicate that promoting the non-amyloidogenic pathway of 
APP processing, via increased α-secretase activity is a viable therapeutic approach 
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for the prevention and treatment of AD. 
Although the secretase proteins or protein complexes seem to be ideal therapeutic 
targets for lowering Aβ levels, their involvement in other important molecular 
processes makes it more difficult to design efficient therapeutic approaches with as 
little side effect as possible. Their effects on Aβ production and deposition in 
animal models show great promise, but the side-effects of these approaches should 
be carefully considered.  
 
Aβ degrading enzymes 
Iwata et al. (135) investigated the degradation of Aβ in rat brain by injecting 
radiolabeled Aβ1-42 into the hippocampal region of the brain in the presence of 
various protease inhibitors. Degradation of the radiolabeled Aβ1-42 was inhibited by 
a metalloprotease inhibitor and a more selective NEP inhibitor, thiorphan, but not 
by inhibitors of other classes of proteases. Infusion of thiorphan directly into the 
hippocampus of rats for 30 days resulted in the local deposition of Aβ1-42, 
demonstrating the dramatic pathological effects of inhibiting Aβ catabolism in 
vivo. In a follow-up study, Iwata et al. (134) conducted similar studies using NEP-
knockout mice and showed that degradation of exogenously administered Aβ1-42 
was decreased in the NEP-deficient mice compared with wild-type animals. In 
addition, the endogenous levels of Aβ1-40 and Aβ1-42 were significantly higher in the 
brains of NEP-knockout mice, confirming that NEP is a physiologically relevant 
Aβ-degrading enzyme (134). In similar studies, Farris et al. (67) and Miller et al. 
(218) reported that the endogenous levels of both Aβ1-40 and Aβ1-42 were 
significantly elevated in the brains of IDE-knockout mice.  
These studies all indicate that these Aβ-degrading enzymes are very important in 
maintaining the Aβ homeostasis in the brain. Aging is an important risk factor for 
developing AD. It has been shown in mouse brain, for both NEP and IDE, that the 
expression of these enzymes decreases with age (26). In addition this decrease was 
shown to be specific for brain regions severely affected by AD. These results 
suggest that a reduced clearance of Aβ might be responsible for Aβ accumulation 
in senile plaques in late-onset AD. 
To determine whether chronic overexpression of NEP or IDE could be tolerated, 
Leissring et al. (191) generated transgenic mice expressing either of these enzymes 
under control of the developmentally delayed, neuron specific CaM kinase II 
(Ca2+/ calmodulin-dependent protein kinase II) promoter. Both the NEP and IDE 
overexpressing mouse lines were healthy and had reduced cerebral Aβ levels 
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compared with non-transgenic mice. To investigate whether chronic 
overexpression of these enzymes would alter the course of amyloid deposition, the 
NEP and IDE overexpressing lines were then crossed with APPSwe/Ind transgenic 
mice that develop amyloid plaques in an age-dependent manner. At 14 months of 
age, amyloid plaque burden was greatly reduced in the brains of mice expressing 2-
fold levels of IDE, and essentially absent from the brains of mice expressing 8-fold 
levels of NEP (191).  
It should be noted, however, that IDE can only degrade monomeric Aβ and not 
aggregated Aβ (68,174,219,261,333), indicating that IDE upregulation can prevent 
Aβ accumulation in the brain, but most likely cannot be used as a therapeutic for 
targeting amyloid plaques. NEP on the other hand degrades both monomeric as 
well as oligomeric Aβ (142), both intra- and extracellularly (95). These studies 
show that an up-regulation of the NEP Aβ-degrading enzyme may be an effective 
strategy for the prevention and treatment of AD, since it targets both oligomeric 
and intracellular Aβ. 
 
Clearance of Aβ from the brain  
Next to Aβ degrading enzymes, Aβ can also be cleared via transport across the 
blood–brain barrier (BBB). Proteins such as lipoprotein receptor-related protein 
(LRP) and the lipid transporter ABCA1 and p-glycoprotein transporters (MDR1A 
and B) play a role in Aβ clearance through the BBB (181,370). In mouse models, 
manipulation of these transporters has been shown to influence Aβ deposition. 
Genetic knockout or inhibition of the transporters results in increased Aβ 
deposition (42,51,118,166,331,371). For example, low-density LRP mediates the 
efflux of Aβ from the brain into blood (113,291). Dysfunction of LRP leads to 
reduced efflux of Aβ from the brain and thus increased Aβ deposition in the mouse 
brain (143,291,325). Epidemiological studies show that LRP is genetically linked 
to AD (182). The expression of LRP is negatively regulated by Aβ levels (50,291). 
Reduced expression of brain endothelial LRP is associated with positive Aβ 
staining of vessels in AD (291).  
A soluble version of LRP (sLRP), a β-secretase cleavage product of full length 
LRP (330), normally circulating in plasma, provides endogenous peripheral ‘sink’ 
activity for Aβ in humans (276). In individuals with Alzheimer's disease, sLRP 
plasma levels were 30% lower than in non-demented controls and there was a 
280% increase in oxidized sLRP, which showed extremely low affinity for Aβ1-42 
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and Aβ1-40 (276). A recombinant modified version of sLRP, containing a high 
affinity Aβ binding site was designed (LRP-IV) and was shown to reduce Aβ 
pathology in an AD mouse model (276). Promoting LRP function shows great 
promise as a therapeutic approach for Aβ clearance in Alzheimer brains. 
 
Aβ immunotherapy 
The first report on immunization of PDAPP transgenic mice with the Aβ peptide 
showed reduced amyloid plaque formation (282). Subsequent reports not only 
confirmed the potential of immunization strategies to induce clearance of Aβ, but 
also indicated the potential of reducing cognitive dysfunction (reviewed by (78)). 
An immunization approach could work on different conformations of Aβ and at 
different sites of the body (CNS or in the periphery). First, immunization increases 
the efflux of Aβ out of the brain into the periphery, the so-called “peripheral sink-
effect” (52). The peripheral sink hypothesis proposes that the majority of 
antibodies remain in the periphery in which they bind to Aβ in the blood, thereby 
sequestering Aβ in an immune complex, which lowers the level of free Aβ in the 
blood. This alters the dynamics of transport of Aβ between the CNS and the blood, 
which contributes to a net efflux of Aβ from the brain (52,120,192). Second, 
antibodies directed against Aβ can reduce the cytotoxic effect which Aβ, especially 
the oligomeric forms, elicits on neuronal cells (216). And third, antibodies directed 
against Aβ could enhance the clearance of Aβ by stimulating Fc receptor mediated 
phagocytosis of Aβ by microglia in later stages of the disease (8). The latter two 
mechanisms require the presence of antibodies in the CNS. Although promising in 
preclinical studies, the first human trial with Aβ immunization halted prematurely 
due to the development of meningoencephalitis in 18 of the 298 patients enrolled 
in this trial (247). Also AD transgenic mouse studies have shown that besides a 
clearance of parenchymal Aβ deposits, also vascular amyloid and 
microhemorrhages increase after passive immunotherapy (253,348). This indicates 
that an immunization therapy has to develop toward a strategy where Aβ is 
efficiently removed without increasing Aβ levels at other sites of the brain (such as 
the brain vasculature). At later stages in AD pathology immunization therapy could 
be used in combination with agents that suppress the detrimental effects of the 
neuroinflammatory response (271).  
There is a large body of evidence demonstrating that Aβ accumulates 
intracellularly and that Aβ accumulation inside neurons is detrimental to a range of 
cellular processes (177). How an immunization approach can target intracellular 
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Aβ pools was for long a matter of intense debate. Aβ vaccination experiments in 
the 3xTg mouse model have shown that extra- and intracellular Aβ pools are 
related (as shown above). Therefore, targeting of the more easily accessible 
extracellular Aβ by an immunotherapeutic approach is a promising option for 
specifically targeting intracellular Aβ pools.  
 
Early and late responses of Aβ induced toxicity in AD 
As described above, the Aβ peptide can exist in diverse assembly states. These 
different assembly forms greatly differ in their neurotoxic potential while also the 
molecular mechanisms they activate are shown to be specific for the aggregation 
state. Here we will focus on cellular processes that can be attributed to specific Aβ 
aggregation states and can be placed in the pathogenic cascade. The mechanism of 
our interest and a main topic of this thesis, the unfolded protein response, will be 
discussed below as well.  
 
Synaptic dysfunction and LTP  
There are several lines of evidence indicating that synaptic dysfunction is one of 
the first presentations of AD pathology and probably of Aβ induced toxicity. 
Synaptic dysfunction in human or transgenic animal brains manifests for example 
as deficits of neurotransmitters, decreased synapse density and changed 
electrophysiological parameters (reviewed in (287)). For example the decreasing 
number of synapses in AD brain correlates better with disease progression than cell 
loss or plaque load (316). Especially mouse models for AD have been very 
instructive in this matter. Many of these models show loss of synapses before 
plaque formation and the actual loss of neurons (127,243). Recent studies using 
two-photon microscopy elegantly show the manifestation of this in decreased 
synaptic contacts (275). These effects are observed before plaque deposition, 
indicating this may be an effect of non-fibrillar Aβ.  
The role of non-fibrillar Aβ is corroborated by the inhibition of LTP by oligomeric 
Aβ specifically (333). This is reversed by passive immunization against oligomeric 
Aβ (161). Oligomeric Aβ was shown to co-localize with clusters of PSD-95, a 
marker for post-synaptic terminals, on dendritic arbors of hippocampal cultures 
(175).  
The data further show that Aβ targets specific synaptic sites, which may provide a 
basis for the selective loss of synapses in AD. Aβ may directly affect the presence 
of receptors in the synaptic cleft, as it has been shown that oligomeric Aβ induces 
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endocytosis of NMDA receptors (295). In AD brain, loss of proteins involved in 
dendritic spine dynamics like the kinase PAK and the spine regulatory protein 
drebrin is observed (368). In the same study, oligomeric Aβ induced loss of PAK 
activity and drebrin in cultured neurons. In conclusion there are several lines of 
evidence suggesting that early Aβ aggregation intermediates are causative to 
synaptic dysfunction in AD. 
 
Early endosome abnormalities in AD 
Abnormalities of neuronal early endosomes are another early pathological event in 
sporadic AD (and DS) are (31,33). Increasing evidence suggest an association 
between soluble Aβ levels in the AD brain and changes in the endosomal system: 
(i) Soluble Aβ levels were also shown to be increased in brains with abnormal 
endosomes (33). (ii) Double-immunostaining study shows that intracellular Aβ 
localizes primarily to rab5-positive endosomes in neurons of AD brains and is 
prominent in the enlarged endosomes (33). (iii) Overexpression of rab5, which 
leads to increased endocytosis and swollen early endosomes reminiscent of those 
seen in AD, has been shown to increase endocytosis of APP, and enhance Aβ 
production in transfected cells (89). (iv) In addition, in AD neurons, the pattern and 
intensity of immunolabeling for a number of regulators of early endocytic events 
strongly suggests that endocytosis itself is increased in the disease (31,34,235). 
Altogether, these results suggest that the endosome is a primary site for Aβ 
production, but also that Aβ increase is closely related to increased and abnormal 
endocytosis events in AD. 
 
Neuroinflammation in AD: a late event associated with fibrillar Aβ 
A variety of inflammatory and amyloid associated proteins has been reported to be 
related with AD pathology (2). Increased levels of cytokines, complement proteins 
and acute phase proteins can be detected in the vicinity of Aβ plaques. Since there 
is no apparent influx of leukocytes and immunoglobulins are absent, it is likely that 
these inflammatory proteins are synthesized locally in the brain by activated glial 
cells (58). Intracerebral Aβ amyloid plaques are associated with complement 
factors, α1- antichymotrypsin, apolipoprotein E (ApoE), clusterin, serum amyloid 
P component (SAP) and proteoglycans (327). The occurrence of these amyloid 
associated proteins is closely related with the fibrillarity of the Aβ plaques. Some 
amyloid associated factors, like ApoE and C1q, enhance the aggregation and fibril 
formation of newly formed Aβ peptides. Accumulation of most of the Aβ-
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associated proteins precedes the appearance of clusters of activated microglia. For 
instance, only in those Aβ plaques that have accumulated SAP and C1q, clusters of 
activated microglia can be observed in AD neocortex (328). While attempting to 
remove the Aβ, microglia become activated and release reactive oxygen species, 
pro-inflammatory cytokines, excitotoxins and proteases, all potentially neurotoxic 
substances. The Aβ induced microglial activation as measured by cytokine release 
in vitro, is reduced by peptides and drugs like minocycline and tetracycline. These 
drugs were also shown to inhibit fibril formation of Aβ. This inhibitory effect can 
in part be explained by inhibition of (SAP and C1q enhanced) Aβ fibril formation 
(66). This suggests that the fibrillarity of Aβ is an important determinant for 
microglial activation in vitro. In vivo, the neuroinflammatory response and the 
microglial activation in AD are observed in a disease stage (Braak IV-V) which 
can be discriminated from other stages in that it involves a reaction to the presence 
of fibrillar Aβ (57), suggesting that microglial activation is caused by fibrillar Aβ.  
Although the neuroinflammatory response induced by Aβ could be viewed as a 
potential contributor to AD neurodegeneration, some inflammatory proteins, 
particularly complement proteins, may also play a role in microglial mediated Aβ 
removal (267). The role of inflammation as a double-edged sword in 
neurodegenerative disorders attracts much interest in current AD research (356). 
This is not surprising because eliminating pathogenic stimuli, such as the removal 
of fibrillar Aβ deposits is an essential characteristic of the inflammatory process 
and interesting from a therapeutic point of view.  
 
Unfolded Protein Response 
Aβ can confer toxicity via many different molecular mechanism (as described 
above). The mechanism of our interest, is the unfolded protein response (UPR), 
because in a previous study from our group we have shown that the UPR is 
activated in AD patients compared to healthy controls (124).  
Accumulation of misfolded proteins in the ER leads to activation of the unfolded 
protein response (UPR), a stress response that may protect the cell against the toxic 
buildup of misfolded proteins (74,274).  The UPR is initiated by the binding of the 
ER chaperone BiP to the misfolded proteins. This releases BiP from three key 
proteins at the ER membrane, PERK, ATF-6, IRE-1. Increased levels of unfolded 
proteins titrates BiP from the sensor proteins. These proteins and their downstream 
pathways are subsequently activated: 1) The ER membrane kinase PERK, resulting 
in the phosphorylation of the translation factor eIF2α. This leads to translational 
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attenuation to prevent the further accumulation of proteins in the ER. 2) The 
transcription factor ATF-6, which then translocates to the nucleus and induces 
transcription of several genes involved in protein folding and degradation. 3) The 
endonuclease IRE1, resulting in splicing of the mRNA encoding the transcription 
factor XBP-1, which activates the expression of several genes including 
components of the ERAD machinery. During prolonged accumulation of misfolded 
proteins the apoptotic arm of the UPR is activated. This involves activation of the 
Jun kinase pathway (323) or the C/EBP homologous transcription factor 
CHOP/GADD153 (369), as wells as ER stress-specific caspases 4 (in humans) and 
12 (in rodents) (119,226).  
  
ER stress in AD 
We have previously shown the activation of the UPR in neurons in AD brain (124). 
In the temporal cortex and the hippocampus of AD cases protein levels of 
BiP/GRP78 are increased, which is indicative for UPR activation. At the 
immunohistochemical level increased staining of BiP/GRP78 was observed in 
neurons of AD cases. In addition, immunohistochemistry for phosphorylated-
PERK and phosphorylated eukaryotic initiation factor 2α (p-eIF2α), a substrate for 
PERK, indicates activation of the UPR only in AD neurons and not in non-
demented control cases.  
BiP/GRP78 expression levels were shown to increase progressively with 
increasing Braak scores for amyloid deposits. A potential source for the activation 
of the UPR in AD could thus be an increase in Aβ levels. In vitro studies indicate 
that Aβ toxicity involves the ER stress response. Knock-down of BiP increases cell 
death induced by Aβ25-35 in rat hippocampal neurons (18, 22), indicating that BiP 
protects against Aβ toxicity. Aβ appears to activate ER-stress specific caspases: Aβ 
induced cytotoxicity is reduced in caspase-12 deficient cortical mouse neurons 
(16). The human homologue of caspase-12, caspase-4, is also activated by Aβ (6). 
Because our previous data indicate that activation of the UPR precede tangle 
formation and occurs as early as Braak stage III in the temporal cortex (124), it is a 
relatively early response, likely to be mediated by oligomeric or low fibrillar Aβ. 
Interestingly, oligomeric Aβ also induces release of Ca2+ from intracellular stores, 
i.e. the endoplasmic reticulum (53), which may have severe effects on the function 
of the ER in protein synthesis and folding. Together, these data point towards a 
role for ER stress in the cellular response to Aβ, although until now (chapter 2) 
actual activation of the UPR by Aβ had not been demonstrated.   
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Outline of this thesis 
Several lines of evidence suggest that Aβ plays a central role in AD pathogenesis. 
Despite this overwhelming evidence, there are still some important issues 
concerning Aβ toxicity under debate. For example, the subcellular localization of 
action of Aβ is still under investigation and the relative contribution of the 
different aggregation species of Aβ on neurodegeneration in AD is still not known.  
In this thesis we touch upon both issues: in chapter 2 we studied the effects of 
extracellularly applied Aβ oligomers and fibrils on toxicity and ER stress 
induction. We show that oligomers are more toxic than fibrils and that Aβ 
oligomers specifically induce mild ER stress, but fibrils do not. In addition, our 
data shows that oligomeric Aβ1-42 is significantly more toxic to cells primed for 
UPR activation than fibrillar Aβ1-42, indicating that activation of the UPR 
contributes to oligomer-specific Aβ1-42 toxicity. The mechanism underlying this 
differential effect was studied in chapter 3. We hypothesized that these differences 
are related to a different accessibility of these aggregation states to the intracellular 
space of the cell. We generated oligomeric and fibrillar preparations using 
fluorescent Aβ to study the subcellular localization of the Aβ species. We show 
that oligomers are selectively internalized by the cell, whereas fibrils remain on the 
outside of the cell. Internalization of Aβ oligomers occurs via endocytosis, and 
they are subsequently transported to the lysosomal compartment. In addition we 
show that preventing Aβ oligomers from entering the cell reduces its toxicity to a 
level similar to that of extracellularly located fibrils, suggesting that oligomers are 
most toxic when present intracellularly. This suggests that the subcellular 
localization of Aβ is an important parameter in Aβ toxicity. This led us to also 
study the interaction of intracellularly produced Aβ with the ER stress response in 
chapter 4. In this chapter we show increased induction of ER stress markers by 
tunicamycin in cells overproducing Aβ1-42 as well as increased sensitivity of ER 
stress toxicity. This increased sensitivity is alleviated by pre-treatment with a γ-
secretase inhibitor, indicating that this is dependent on Aβ production. In the above 
chapters we show not only the importance of the subcellular localization of Aβ on 
its toxicity but also of the aggregation state of Aβ. In chapter 5 we studied in more 
detail the aggregation process of Aβ, using a multivalent KLVFF based 
aggregation inhibitor. We show that the multivalent aggregation inhibitor is much 
more potent in inhibiting further aggregation as well as breaking down existing 
aggregates compared to the parental monovalent KLVFF peptide. Using a 
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multivalent aggregation inhibitor might be a useful therapeutic strategy. In chapter 
6 the results presented in this thesis are summarized and the implications of this 
study for therapeutic treatments in AD are discussed. 
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Abstract 
Alzheimer’s disease (AD) is characterized by the aggregation of misfolded 
proteins. Previously, we reported activation of the unfolded protein response 
(UPR) in AD neurons. A potential source for UPR activation in AD neurons may 
be the increased levels of β-Amyloid (Aβ).  In this study we used preparations 
enriched in oligomeric or fibrillar Aβ1-42 to investigate the role of the 
conformational state of Aβ in UPR activation in differentiated neuroblastoma cells. 
Both oligomeric and fibrillar Aβ1-42 do not induce BiP expression to the extent that 
it can be detected in a pool of cells.  However, using a fluorescent UPR reporter 
cell line that allows analysis of individual cells, we demonstrate mild activation of 
the UPR by oligomeric but not fibrillar Aβ1-42. We show that oligomeric Aβ1-42 is 
significantly more toxic to cells primed for UPR than fibrillar Aβ1-42, indicating 
that activation of the UPR contributes to oligomer-specific Aβ1-42 toxicity. Because 
UPR activation is observed in AD brain at a stage that precedes the massive 
fibrillar Aβ deposition and tangle formation, this may indicate a role for non-
fibrillar Aβ in the induction of the UPR in AD neurons. 
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Introduction 
Alzheimer’s disease (AD) is neuropathologically characterized by the 
accumulation of aggregated proteins: intracellular aggregates of 
hyperphosphorylated tau in the neurofibrillary tangles and extracellular aggregates 
of β-amyloid (Aβ) in the senile plaques (212). Therefore AD is a prime example of 
a protein folding disease. 
Accumulation of aggregation-prone proteins in the endoplasmic reticulum (ER) 
triggers a cellular stress response called the unfolded protein response (UPR) 
(74,274). Under normal cellular homeostasis, the ER chaperone BiP (or GRP78) is 
bound to three sensor proteins at the ER membrane; pancreatic ER kinase (PERK), 
transcription factor ATF-6 and endoribonuclease Ire-1. Increased levels of 
unfolded proteins titrates BiP from the sensor proteins which are consequently 
activated. UPR activation results in [1] transcriptional induction of ER chaperones, 
including BiP, to increase the protein folding capacity of the ER and prevent 
protein aggregation and [2] translational attenuation to reduce protein overload in 
the ER.  
Recently, we and others showed the activation of the UPR in neurons in AD brain 
(124,322). In the temporal cortex and hippocampus of AD patients, protein levels 
of BiP are increased compared to non-demented control cases. In addition, 
phosphorylated PERK is found in neurons of AD patients, but not in non-demented 
control cases. BiP/GRP78 expression levels were shown to increase progressively 
with increasing Braak scores for amyloid deposits. A potential source for the 
activation of the UPR in AD could thus be an increase in Aβ levels. In vitro studies 
indicate that Aβ toxicity involves the ER stress response. Knock-down of BiP 
increases cell death induced by Aβ25-35 in rat hippocampal neurons (305,365), 
indicating that  the ER chaperone BiP protects against Aβ toxicity. Aβ appears to 
activate ER-stress specific caspases: Aβ induced cytotoxicity is reduced in 
caspase-12 deficient cortical mouse neurons (226). The human homologue of 
caspase-12, caspase-4, is also activated by Aβ (119). Together, these data point 
towards a role for ER stress in the cellular response to Aβ, although actual 
activation of the UPR by Aβ has not been demonstrated. In this study we 
investigated the role of the conformational state of Aβ in ER stress induction. The 
data presented here show that Aβ1-42 does not induce upregulation of BiP, 
irrespective of the aggregation state. However, using a fluorescent ER stress 
indicator, that allows for analysis of individual cells, we demonstrate mild 
activation of the UPR by oligomeric but not fibrillar Aβ1-42. Moreover, we 
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demonstrate that activation of the UPR contributes to oligomer-specific Aβ1-42 

toxicity via an apoptotic mechanism, indicating that UPR activation might be one 
of the molecular mechanisms responsible for oligomer-specific Aβ toxicity. 
 
Materials and methods 
Cell culture, constructs and transfections 
Cell culture reagents were purchased from Gibco BRL (Gaithersburg, MD, USA). 
SK-N-SH human neuroblastoma cells were maintained in DMEM supplemented 
with 10% foetal calf serum (FCS), 100 U/ml penicillin, 100 µg/ml streptomycin 
and 300 µg/ml glutamine. SK-N-SH human neuroblastoma cells were 
differentiated for 5 days using cell culture medium supplemented with 10µM 
Retinoic Acid (Sigma, St. Louis, MO, USA), prior to treatment with Aβ1-42 

treatment for 48 hrs in cell culture medium without phenol red. HEK293 cells 
stably expressing the ERAI fluorescent reporter plasmid pCAX-F-XBP1deltaDBD-
venus (a kind gift from Dr. M. Miura, Tokyo, Japan(137)) were obtained by co-
transfection with pcDNA3 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) according to manufacturer’s protocols. Separate colonies were selected using 
500µg/ml G418 (Invitrogen) and expression of the ERAI reporter was established 
by the appearance of fluorescent cells upon treatment with 0.2-1 μg/ml 
tunicamycin (Sigma) for 24hrs. The stable ERAI cells were maintained in the same 
medium as SK-N-SH cells supplemented with 50 µg/ml G418.  
 
Peptide solubilization and aggregation 
To obtain Aβ1-42 preparations enriched in oligomers and fibrils we essentially used 
the method described by Dahlgren et al. (48). Aβ1-42 or Aβ42-1 peptide (Anaspec, 
San Jose, CA, USA) was initially dissolved in 1,1,1,3,3,3-hexafluoroisopropanol 
(Sigma) (1mg/ml), to monomerize pre-existing aggregates. Subsequently, the 
peptide was resuspended in anhydrous dimethyl sulfoxide (DMSO) to a 
concentration of 2.5 mM and bath sonicated for 10 min. To enrich for oligomers, 
phenol red-free DMEM was added under continuous vortexing to bring the peptide 

to a final concentration of 100 µM and incubated at 4 °C for 24 h. To enrich for 
fibrils 10 mM HCl was added under continuous vortexing to bring the peptide to a 
final concentration of 100 µM and incubated for 24 h at 37 °C. The fibrillar Aβ1-42 

preparation was centrifuged (220,000 g) in a Beckman tabletop ultracentrifuge for 
30 min at room temperature and the pellet was resuspended in 4% DMSO/10mM 
HCL. A Bradford protein assay (Biorad, Hercules, CA, USA) was performed on 
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both oligomeric and fibrillar Aβ1-42 preparations. Characterization of the Aβ1-42 

aggregates was performed by electron microscopy (EM) and Thioflavin T assay. 
The maximal final concentration in the assays is 0.4% DMSO in the oligomeric 
preparations and 0.4%/1mM HCl in the fibrillar preparations. These solvent 
concentrations were experimentally tested and do not affect any of the structural or 
cellular read-outs. 
 
Electron Microscopy 
Aβ1-42 preparations were adsorbed onto formvar-coated 300-mesh copper grids for 
5 min and excess fluid was filtered off. Subsequently, the samples were stained 
with 1% uranyl acetate for 5 min, excess fluid was filtered off and the grids were 
analyzed with a Philips EM-420 transmission electron microscope operated at 100 
kV. The grids were thoroughly examined to get an overall evaluation of the 
structures present in the sample.  
 
Thioflavin T Fluorescence Assay  
A 100 µM aqueous solution of Thioflavin T (ThT) was prepared and filtered 
through a 0.2 µm filter. For ThT measurements Aβ1-42 preparations (5 μM), were 
prepared in 10 µM ThT/90mM Glycine (pH 8.5) solution. Fluorescence was 
measured in 96 wells plates using a Fluostar microplate reader (BMG Labtech 
GmbH, Offenburg, Germany) at an excitation wavelength of 450 nm and an 
emission wavelength of 485 nm. 
 
MTT assay 
The cytotoxicity of the Aβ1-42 preparations was assessed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Differentiated SK-N-SH cells were incubated with 10 µM oligomeric or fibrillar 
Aβ1-42 preparations for 48 hours. Cells were incubated with MTT (0.25 mg/ml) for 
two hours at 37°C and the formazan-salt generated by viable cells as a result of 
conversion of MTT was dissolved in DMSO and the absorbance was measured at 
570 nm. In some experiments, differentiated SK-N-SH cells were co-incubated 
with 1 µM Aβ1-42 and 0.1µg/ml tunicamycin for 48 hours.  
 
Western blot analysis 
For cell lysates, SK-N-SH cells were scraped in ice-cold lysisbuffer [1% Triton X-
100, 1 µg/ml Leupeptin, 1 mM AEBSF in PBS]. The total lysate (supernatant) was 
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obtained after centrifugation at 12.000g at 4°C for 5 min. Protein concentration 
was determined with a Bradford protein assay. Equal amounts of protein were 
analyzed on 8% SDS-PAGE gels and blotted onto PVDF membrane using a semi-
dry electro blotting apparatus. Blots were pre-incubated with Blotto [5% non-fat 
dried milk in PBST (0.05% Tween-20 in PBS)] for 1 hour and subsequently 
incubated with goat polyclonal anti-BiP/Grp78 antibody (Santa Cruz 
Biotechnology (Santa Cruz, CA, USA) for 2 hours at room temperature in Blotto. 
Alternatively blots were incubated with rabbit anti-eukaryotic elongation factor 2α 
(eEF2α) antibody (Cell Signaling Technology, Beverly, MA, USA) in [PBS, 5% 
BSA, 0.1% Tween-20]. The blots were washed four times in PBST and incubated 
for 1 hour with HRP-conjugated goat anti-rabbit or rabbit anti-goat IgGs (Dako, 
Glostrup, Denmark). Blots were washed four times in PBST and once in PBS 
before analysis using Lumi-LightPLUS Western blot substrate from Roche 
Diagnostics (Mannheim, Germany) and a LAS-3000 luminescent image analyzer 
(Fuji Photo Film (Europe) GmbH, Düsseldorf, Germany). Western blot data were 
evaluated and quantified using Advanced Image Data Analyzer (AIDA, version 
3.45.039, Raytest GmbH, Straubenhardt, Germany).  
 
Immunofluorescence microscopy 
HEK293 ERAI cells were grown on pre-coated (Poly-L-Lysine and Laminin) glass 
coverslips and treated with 10 µM of either oligomeric or fibrillar Aβ1-42 
preparations for 48 hours. Subsequently the cells were washed and then fixed with 
4% paraformaldehyde in PBS for 20 minutes at room temperature. Coverslips were 
incubated with DAPI to visualize nuclei, washed and mounted in Vectashield 
(Vector Laboratories, Burlingame, CA, USA), before analysis on a fluorescence 
microscope (Olympus AH3 Vanox) equipped with a digital CCD camera. 
Activation of the UPR results in a fluorescent signal. As a positive control, cells 
were treated for 24 hours with 0.2-0.5 µg/ml tunicamycin. Slides were analysed 
using identical exposure times for the different conditions. Pictures were taken at 
20x magnification. Image analysis was performed with ImagePro Plus software 

(Media Cybernetics, Inc). Four fluorescence intensity thresholds were set using the 
YFP fluorescence in a field of 0.5 μg/ml tunicamycin-treated cells. These 
thresholds were applied in all subsequent analyses. The lowest threshold (TH1) 
was set such that non-treated cells showed no positivity, the highest threshold 
(TH4) was determined using the strongest positive signal in the 0.5 μg/ml 
tunicamycin treated cells and two additional intermediate thresholds (TH2 and 
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TH3) were chosen. The fluorescence area with intensity ≥ threshold was 
determined for TH1-4 and normalized against the DAPI fluorescence to correct for 
cell numbers. The thus obtained TH1 value represents the total normalized 
fluorescence area (tNFA). To evaluate the intensity distribution, the tNFA was 
subdivided in NFAs designated low (TH2-TH1), low-medium (TH3-TH2), 
medium-high (TH4-TH3) and high (TH4).  
 
TUNEL assay 
Differentiated SK-N-SH were grown on pre-coated (Poly-L-Lysine and Laminin) 
glass coverslips and treated with 1-10 µM of oligomeric or fibrillar Aβ1-42 
preparations for 48 hours in the presence or absence of 0.1µg/ml tunicamycin. 
Subsequently the cells were washed and then fixed with 4% paraformaldehyde in 
PBS for 20 minutes at room temperature. Coverslips were counterstained with anti 
Calnexin Rabbit polyclonal antibody (Calbiochem, San Diego, CA, USA), 
followed by Goat anti Rabbit Cy3 (Jackson Immunoresearch, New Market, 
Suffolk, UK.) and TUNEL staining using the In Situ Cell Death Detection Kit 
(Roche Diagnostics) according to the protocol of the manufacturer and mounted in 
Vectashield, before analysis on the fluorescence microscope. 
 
Statistical methods 
SPSS 12.0.1 for Windows was used to assess statistical significance of differences 
between levels of toxicity upon treatment with Aβ1-42 peptides, combinations of 
Aβ1-42 with  
tunicamycin, or medium alone. Analysis of variance (ANOVA), followed by 
Bonferroni’s post hoc test, was used to analyze repeated measures data. Student’s 
t-test was performed on the fluorescence quantification data to assess statistical 
significance of difference between levels of fluorescence after treatment with 
oligomeric or fibrillar Aβ preparations.  
 
Results 
Characterization of enriched oligomeric and fibrillar Aβ1-42 preparations  
To investigate the possible differential effect of oligomeric Aβ1-42 and fibrillar Aβ1-

42, we generated enriched preparations of oligomeric and fibrillar Aβ1-42 as 
described in Materials and Methods. The Aβ1-42 preparations were characterized by 
electron microscopy (EM) and Thioflavin T (ThT) assay. EM analysis showed the 
soluble oligomers as a homogeneous population of small globular structures, free  
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Figure 1: Characterization of enriched oligomeric and fibrillar Aβ1-42 preparations 
Preparations enriched in oligomeric (Oligomers) and fibrillar (Fibrils) Aβ1-42 were prepared 
as described in Materials and Methods. A. Representative electron microscope images of 
oligomeric and fibrillar preparations of Aβ1-42 (scale bar 200nm) using negative stain. B. ThT 
assay performed on the oligomeric (Oligo) and fibrillar (Fibril) Aβ preparations. Graph 
represents the mean ± S.D. for n=15 from triplicate wells from 5 separate experiments using 
oligomeric or fibrillar enriched Aβ1-42 preparations. C. HEK 293 cells or D. SK-N-SH cells 
differentiated for 5 days were treated without Aβ1-42 (Control) or with 10µM oligomeric or 
fibrillar Aβ1-42 for 48h. Viability of the cells was determined by MTT assay and is depicted as 
percentage of control. The graphs represent the mean ± S.D. for n=9 from triplicate wells 
from three independent experiments using different Aβ1-42 preparations. ∗ p<0.005; ** 
p<0.001 . E.  SK-N-SH cells were treated as in D. and TUNEL staining was performed to 
assess apoptosis, Calnexin was used as counterstain.See Color figures 
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of fibrillar structures (Fig.1A). The fibrillar Aβ1-42 samples showed long threads 
measuring >1µm in length (Fig.1A). In addition, the fibrillar Aβ1-42 preparations 
have an approximately 10-fold higher ThT binding capacity than the Aβ1-42 

oligomers, showing the higher β-sheet content of fibrillar Aβ1-42 (Fig 1B). A 
viability assay was performed with actively dividing HEK293 cells, as well as with 
differentiated SK-N-SH cells to compare the toxic properties of the Aβ1-42 

preparations. The cells were treated with 10 µM oligomeric or fibrillar Aβ1-42 for 
48h.  Oligomeric Aβ1-42 was significantly more toxic to both cell types than fibrillar 
Aβ1-42 using the MTT viability assay (Fig. 1 C+D). The effect of  Aβ1-42 was less 
pronounced for the HEK293 cells, most likely due to proliferation during the 
incubation. Aβ42-1 had no effect on cell viability (data not shown). TUNEL staining 
shows more positive nuclei in SK-N-SH cells treated with oligomeric than with 
fibrillar Aβ1-42 indicating increased apoptosis (Fig. 1E). Our results confirm the 
structural and biological properties of the oligomeric and fibrillar Aβ1-42  
preparations, as previously described (48,146,183) and thus provide a valid model 
to study effects of Aβ aggregation state. 
 
Aβ1-42 does not affect overall BiP levels 
To determine whether extracellular Aβ1-42 can induce the UPR, BiP levels were 
analysed in differentiated SK-N-SH cells after treatment with oligomeric Aβ1-42, 
fibrillar Aβ1-42 or reverse Aβ1-42 for 48 hrs (Fig. 2A and B).  Tunicamycin, an 
inhibitor of N-glycosylation in the ER, was used as a positive control for UPR 
induction. Treatment with 0.2μg/ml tunicamycin induces BiP levels approximately 
2.5-fold as expected (Fig. 2A and B). In contrast, we find no upregulation of BiP 
with any of the Aβ1-42 preparations. The same result was obtained after prolonging 
the treatment with Aβ1-42 to 4 days (Fig. 2C and D). Because upregulation of BiP is 
an obligatory consequence of UPR activation, these data indicate that Aβ1-42 does 
not induce an ER stress response in this  set-up. To exclude possible cell-specific 
effects, we also analyzed the BiP levels in HEK293 cells treated with Aβ1-42. These 
cells respond to Aβ1-42 in a similar way as SK-N-SH cells: Neither oligomeric nor 
fibrillar Aβ1-42 results in upregulation of BiP levels (Fig. 2E+F).   
 
Aβ1-42 oligomers, but not fibrils induce low level ER stress 
It is possible that extracellular Aβ perturbs ER homeostasis in a more subtle 
manner that is not detected by analysis of protein levels in a pool of cells. 
Therefore we employed a HEK293 fluorescent ER stress reporter cell line (ERAI) 
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Figure 2: Aβ1-42  does not induce BiP levels, irrespective of its aggregation state 
Western blot analysis of BiP levels in cells incubated without Aβ1-42 (Con), or in the presence 
of 0.2 μg/ml tunicamycin (T), 10μM oligomeric (Oligo), fibrillar (Fibril) or reverse (Rev) 
Aβ1-42. The top band indicated with the arrow is BiP, the lower band is cross-reactivity with 
Hsc70; eEF2α was used as loading control. A. Differentiated SK-N-SH cells treated for 48 
hrs with Aβ1-42, tunicamycin treatment was 24 hrs. B. Quantification performed on the 
Western blot shown in A. C.  Differentiated SK-N-SH cells treated for 5 days with Aβ1-42, 
tunicamycin treatment was 24 hrs. D. Quantification performed on the Western blot shown in 
C. E. Western blot analysis of BiP levels in HEK293 cells incubated for 48 hrs without Aβ 
(control), or in the presence of 10μM oligomeric (Oligo) or fibrillar (Fibril) Aβ1-42. The top 
band indicated with the arrow is BiP, the lower band is crossreactivity with Hsc70; eEF2α 
was used as loading control. F. Graph of the quantification performed on the Western blot 
shown in E. 
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based on XBP-splicing (137). This allows analysis of ER stress in individual cells 
and could therefore provide a read-out in case only low level ER stress is induced 
in a relatively small fraction of the cell population. The ERAI cell line responds to 
ER stress by a fluorescent signal (YFP) that increases with increasing 
concentrations of tunicamycin (Fig. 3A). The specificity of the reporter for ER 
stress is demonstrated by treatment of ERAI cells with either tunicamycin or the 
proteasome inhibitor epoxomycin. The latter treatment does not result in an ER 
stress response, as shown by absence of BiP induction, but does induce the 
cytosolic heat-shock stress response, indicated by induction of Hsp70 (Fig. 3B). 
This is opposite to treatment with tunicamycin that induces the ER stress response, 
shown by induction of BiP, but not the cytosolic stress response (Fig. 3B). The 
ERAI cells become fluorescent with tunicamycin, but not with epoxomycin (Fig. 
3C), showing the specificity of the reporter for ER stress.  
The level of fluorescence increases with increasing tunicamycin concentration 
(Fig. 3A and Table 1). This is caused by a higher number of fluorescent cells (total 
fluorescence, Table 1), as well as a shift to higher intensity per cell (relative 
intensity distribution, Fig. 4B). At a mild ER stress inducing concentration (0.1 
μg/ml) of tunicamycin, the population of cells with low level fluorescence intensity 
contributes most to the total level of fluorescence, whereas with increasing 
concentrations of tunicamycin the contribution of the population with medium and 
higher fluorescence intensity increases. 
ERAI cells were treated with 10 µM oligomeric or fibrillar Aβ1-42. Treatment with 
oligomeric preparations of Aβ1-42 induces ER stress in the ERAI cells (Fig. 4A) 
albeit not very potently. Not every cell shows fluorescence and the total level of 
fluorescence is less than that induced by tunicamycin treatment (Table 1). The 
fluorescent signal was observed after treatment with Aβ1-42 for 24 hrs (data not 
shown), but was stronger at 48 hrs (7 fold higher than untreated cells, Table 1), 
indicating a relatively slow response. Interestingly, treatment with an equal amount 
of fibrillar Aβ1-42 does not lead to an ER stress response, suggesting that it is an 
effect mediated specifically by non-fibrillar Aβ. Treatment with the reverse Aβ42-1 

does also not induce an ER stress response (data not shown), indicating that not 
just any non-fibrillar 42-mer induces ER stress. The fluorescence intensity 
distribution in oligomer-treated cells is similar to the mild ER stress inducing 
concentration (0.1 μg/ml) of tunicamycin, where the low-fluorescence intensity 
population contributes approximately 70% to total fluorescence (Fig. 4B). These  
data suggest that Aβ1-42 induces low level ER stress in an aggregation state  
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dependent manner.  
 
UPR induction contributes to oligomer-specific Aβ1-42 toxicity  
To study the functional implications of mild UPR induction by oligomeric Aβ1-42, 
we tested whether ER stress induction sensitizes cells for Aβ-induced toxicity.  To 
this end, differentiated SK-N-SH cells were treated with Aβ1-42 in the presence of 
0.1 μg/ml tunicamycin.  This concentration of tunicamycin mildly induces the UPR 
in these cells (122), but does not result in a (significant) reduction of viability (Fig. 
5A). To facilitate analysis of interactions of ER stress and Aβ1-42 toxicity, a lower 
and less toxic concentration of Aβ1-42 (1 µM) was used. Treatment with 1 µM of 
oligomeric and fibrillar Aβ1-42 reduces the viability to 70% and 90%, respectively, 
showing that the differential effect of oligomers and fibrils on cell viability is also 
observed using this concentration (Fig. 5A). Co-incubation of tunicamycin with 
fibrillar Aβ1-42 did not result in decreased viability (Fig. 5A).  In contrast, 
oligomeric Aβ1-42 induces a significant reduction in cellular viability in the 
presence of tunicamycin (Fig. 5A). This increased sensitization for oligomer-
toxicity suggests that Aβ1-42 oligomers and tunicamycin have a common 
mechanism of toxicity. This result indicates that induction of the UPR contributes 
specifically to the toxicity of oligomeric Aβ1-42 but not to the toxicity of fibrillar 
Aβ1-42. This at least in part involves an apoptotic process, because increased 
TUNEL staining is observed in oligomer/tunicamycin treated cells, but not in 
fibril/tunicamycin treated cells (Fig. 5B), thus reflecting the viability data.  ER 
stress could thus be one of the molecular mechanisms involved in oligomer-
specific Aβ toxicity. 
 
Discussion 
In the present study we investigated whether extracellular Aβ can be involved in 
induction of the UPR, as well as the possible role of the conformational state of Aβ 
on UPR activation. To this end we made preparations enriched in oligomeric or 
fibrillar forms of Aβ1-42. Analysis by EM and ThT assay shows that these 
preparations have the structural properties of oligomeric and fibrillar Aβ 
aggregates. In addition, oligomeric Aβ1-42 is significantly more toxic than Aβ1-42 

fibrils, which reflects the biological properties of Aβ aggregates as previously 
reported by others (48,146,183). 
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Figure 3: ERAI is an ER stress-specific reporter 
A. HEK293 ERAI cells were treated with increasing tunicamycin concentrations for 24 hrs. 
Shown are representative fluorescence pictures, in the top panel DAPI-staining of the nuclei, 
in the bottom panel the YFP signal of the ER stress reporter. B. Western blot analysis of BiP 
levels in differentiated SK-N-SH cells treated with 0.2 μg/ml tunicamycin or 100 nM 
epoxomycin for 24 hrs. The antibody recognizes several Hsp70 proteins: top band indicated 
with the arrow is BiP, the middle band is cross-reactivity with Hsc70 and the lower band that 
is only visible in the epoxomycin treated sample is Hsp70. C. HEK293 ERAI cells were 
treated with 0.2 μg/ml tunicamycin or 100 nM epoxomycin for 24 hrs. Shown are 
representative fluorescence pictures, in the left panel DAPI-staining of the nuclei, in the right 
panel the YFP signal of the ER stress reporter. See Color figures 

 



Aβ1-42 induces mild endoplasmic reticulum stress in an aggregation state dependent manner 

 46 

Figure 4: Mild UPR induction by Aβ1-42  is dependent on its aggregation state 
A. ERAI293 ER-stress reporter cells were incubated without Aβ (Control) or in the presence 
of 10μM oligomeric (Oligomers) or fibrillar (Fibrils) preparations of Aβ1-42 for 48 hrs. 
Treatment with 0.2µg/ml Tunicamycin (TM) for 24hrs is shown as positive control. Shown 
are representative fluorescence pictures from a representative experiment, in the top panel 
DAPI-staining of the nuclei, in the bottom panel the YFP signal of the ER stress reporter. B. 
Distribution of the fluorescence intensity in HEK293 ERAI cells after treatment with 0.1, 0.2 
and 0.5 μg/ml tunicamycin (TM) for 24 hrs or 10μM oligomeric (Oligo) Aβ1-42 for 48 hrs. 
See materials and methods for details. See Color figures 
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Table 1 
Quantification of fluorescent signal corrected for cell number in HEK293 ERAI cells after 
treatment without (Control) or with 0.1, 0.2 and 0.5 μg/ml tunicamycin (TM) for 24 hrs or 
with oligomeric (Oligo) or fibrillar (Fibril) Ab for 48 hrs. Numbers represent mean ± S.D. of 
normalized YFP fluorescence signal (arbitrary units) from 12-25 images from three different 
experiments. See materials and methods for details. 

 
In two different cell types (differentiated SK-N-SH and HEK293 cells), we 
determined the levels of the ER stress indicator BiP after treatment with Aβ1-42. In 
this experimental set-up we found no evidence for UPR induction by extracellular 
Aβ1-42, irrespective of the aggregation state, cell type or duration of treatment. 
Using a fluorescent ER stress indicator that allows analysis of individual cells, we 
demonstrate that extracellular application of oligomer-enriched preparations of 
Aβ1-42 causes an induction of the UPR, whereas fibrillar Aβ1-42 does not. The 
fluorescent ER stress reporter signal is induced 7-fold by oligomeric Aβ1-42, the 
total level of fluorescence is approximately 2.5 times lower than cells treated with  
0.1 μg/ml tunicamycin. In addition, we found that in the oligomer-treated cells the 
low level ER stress population contributes most to the total fluorescence level, 
comparable to cells treated with 0.1 μg/ml tunicamycin. This indicates that 
oligomeric Aβ1-42 induces a mild ER stress response. This subtle induction of the 
UPR in a fraction of the cells will be diluted out using biochemical analysis and 
could explain why we do not find induction of BiP levels by Aβ1-42 on Western 
blot. Previously, mild induction of BiP levels by a fragment of Aβ, Aβ25-35, has 
been reported (305,365). Aβ25-35 is often used as “toxic fragment” in in vitro 
studies, but is not naturally occurring in human brain, unlike the full length Aβ1-42 

used in this study. Aβ25-35 lacks the peptide domains critical for fibril formation, 
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which would fit with our observation that only non-fibrillar Aβ1-42 induces ER 
stress. Although UPR activation results in increased BiP levels, increased BiP is 
not necessarily the result of UPR induction. Aβ was reported to cause apoptosis via 
activation of ER-stress specific caspases (119,226), but induction of the UPR by 
Aβ was not shown in these studies. The reporter used in our study is based on the 
unconventional splicing of XBP1 mRNA that is specific for the UPR and thus 
provides the first direct evidence for UPR activation by Aβ1-42. Because XBP1 
splicing is downstream of Ire1 signaling, we can not fully rule out that Aβ affects 
the splicing in an ER stress independent manner. However, this seems very 
unlikely, since the splicing of XBP1 mRNA involves a different machinery than 
the conventional pre-mRNA splicing and is only activated by ER stress. In a recent 
study Aβ induced apoptosis was found to be independent of an unfolded protein 
response (363). Our study indicates that enriched oligomeric preparations of Aβ1-42 

are needed to cause an induction of ER stress. In the study by Yu et al. (363), a 
more fibrillar Aβ preparation was used, which may explain why no ER stress 
induction was found. In addition, the low level of ER stress we report in this study 
is only found using the fluorescent reporter system, that allows detection of low 
level ER stress in only part of a cell population.  
Oligomeric Aβ1-42 induces only mild ER stress, but that does not imply that it has 
no functional implications. Long-term exposure to a mild toxic stimulus, which is 
likely to be the case for Aβ exposure of AD neurons, may be just as deleterious as 
short exposure to a strong toxic stimulus. Also combination with additional toxic 
factors may increase the stress in the ER. This is illustrated by the observation that 
ER stress-mediated toxicity is potentiated more by oligomeric than by fibrillar Aβ1-

42. This increased sensitivity to oligomer toxicity indicates that Aβ1-42 oligomers 
and tunicamycin have a common mechanism of toxicity. This suggests that ER 
stress is involved in oligomer-specific toxicity, at least to a larger extent than in 
fibril-specific toxicity.  How extracellular Aβ would signal to the ER is unknown. 
One possible mechanism is that extracellular Aβ induces a signalling cascade, 
which extends to the ER, possibly via Ca2+. Previous studies have shown that Aβ 
triggers the release of Ca2+ from the ER in neurons (70,133,305). Disturbance of 
ER Ca2+ homeostasis may result in perturbations of ER functioning and induce ER 
stress. Interestingly, oligomeric Aβ specifically has been shown to cause this 
release of Ca2+ from the ER (53). Whether the oligomer specific induction of ER 
stress, found in this study, is caused by disturbed Ca2+ homeostasis remains to be  
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Figure 5: ER stress induction sensitizes cells specifically for oligomeric Aβ1-42 toxicity 
SK-N-SH cells were differentiated for 5 days prior to co-incubation for 48hrs with 0 or 0.1 
µg/ml Tunicamycin (0.1 TM) and 1μM oligomeric (O) or fibrillar (F) preparations of Aβ1-42. 
A. Viability of the cells was determined by MTT assay and is depicted as percentage of 
control (= untreated cells). The graphs represent the mean ± S.D. for n=6 from triplicate wells 
from two independent experiments using different Aβ1-42 preparations. B. TUNEL staining 
of SK-N-SH cells treated as in A. Calnexin was used as counterstain. See Color figures 
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shown. Alternatively, Aβ may be internalized and transported to the ER itself. It is 
possible that the induction of the UPR is only found with oligomeric Aβ1-42 
because the more bulky fibrillar Aβ1-42 is not as easily internalized. This may also 
explain why only small fragments of Aβ have previously been reported to induce 
BiP levels (305,365). The presence of aggregated Aβ in the ER may directly 
interact with the quality control systems in the ER. An indication that this may be 
the case is found in sporadic Inclusion Body Myositis (sIBM), a degenerative 
muscle disease characterized by the formation of intracellular Aβ inclusion bodies 
(59). Several ER chaperones (including BiP) are upregulated in sIBM, suggesting 
activation of the UPR (326). Although in this case Aβ is produced intracellularly, 
this at least suggests that Aβ can invoke a response of the ER quality control 
system. 
Different Aβ assembly forms may mediate diverse toxic effects at different stages 
of the disease (121). For example, the effects of Aβ on synapses were shown to be 
specifically mediated by oligomeric Aβ in vitro (161). This correlates well with the 
occurrence of synaptic dysfunction early in the pathogenic cascade of AD, before 
deposition of fibrillar Aβ in plaques. In this study we show that extracellular Aβ1-42 
in oligomeric form can induce an ER stress response in vitro. The association with 
pre-fibrillar Aβ would fit with our previous observation that the UPR in AD brain 
is activated before deposition of fibrillar Aβ (124). Our data also indicate that 
activation of the UPR contributes to the aggregation-state specific toxicity of 
oligomeric Aβ1-42.  ER stress could thus be an important mechanism of Aβ induced 
neuronal loss in AD pathogenesis. Better understanding of the role of ER stress in 
AD pathology will create the possibility for targeted therapeutic intervention.  
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Abstract  
Alzheimer’s disease (AD) is characterized by the aggregation and subsequent 
deposition of misfolded β-amyloid (Aβ) peptide. Previous studies have shown that 
oligomeric Aβ is more toxic than fibrillar Aβ aggregates, and that each aggregation 
form activates specific molecular pathways in the cell. We hypothesize that these 
differences between oligomers and fibrils could be related to their different 
accessibility to the intracellular space. Therefore we used fluorescently labelled Aβ 
to generate oligomeric and fibrillar species. We show that Aβ oligomers readily 
enter both HeLa and differentiated SK-N-SH cells whereas fibrils remain on the 
outside. In addition we show that this uptake of oligomers occurs, at least in part, 
via endocytosis. Aβ oligomers are subsequently transported to the lysosomal 
compartment. Inhibition of endocytosis specifically inhibits oligomer but not fibril 
toxicity. Our study thus indicates that selective uptake of oligomers is a 
determinant of oligomer specific toxicity. 
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Introduction 
One of the most prominent neuropathological hallmarks in brains of Alzheimer’s 
disease (AD) patients is the deposition of senile plaques. These plaques are 
extracellular lesions primarily composed of β-amyloid (Aβ). Aβ is a 40 or 42 
amino acid peptide derived from the amyloid precursor protein (APP) by 
proteolytic processing. Genetic and neuropathological studies provide strong 
evidence for a central role of Aβ in the pathogenesis of AD (3,132,288,313).  
One of the main questions still under debate concerning Aβ toxicity is the (sub-) 
cellular localization of action. Aβ is secreted into the extracellular space and finally 
deposited in the amyloid plaques in AD brain. Aβ applied extracellularly, in 
culture, has also been shown to be toxic to various cell types (40,255,285). This 
provides strong evidence for Aβ exerting its toxic action from the outside of the 
cell. In addition to the deposition of Aβ peptides into extracellular plaques there is 
a large number of studies now providing evidence for the presence of Aβ within 
neurons on post-mortem AD and transgenic mouse brains (as reviewed in (283)). 
Aβ is produced intracellularly in a variety of subcellular compartments, including 
the endoplasmic reticulum (ER), the Golgi apparatus and lysosomes. Intracellular 
Aβ aggregates have been found in these compartments as well (33,47,220,266).  
A modified amyloid cascade hypothesis has been formulated, emphasizing the role 
of intraneuronal Aβ as the key factor in AD pathogenesis prior to extracellular Aβ 
deposition (353). The role of intracellular Aβ is illustrated in a triple transgenic AD 
mouse model (3xTg). This model shows intraneuronal Aβ accumulation and early 
cognitive impairments before plaque formation (15). Deficits in synaptic plasticity, 
learning, and memory appear to be induced by the buildup of intraneuronal Aβ. 
This indicates the importance of intracellular Aβ in the pathogenesis of AD.  
Important insight into the connection between intracellular and extracellular Aβ 
pools comes from this 3xTg mouse model as well. Immunization of these mice 
resulted in clearance of extracellular Aβ before the clearance of intracellular Aβ 
and when the antibody dissipates the intraneuronal accumulation of Aβ reappeared 
before the extracellular Aβ deposits (244), indicating exchange between the intra- 
and extracellular Aβ pools. The respective contribution of extracellular and 
intracellular Aβ in AD disease progression, however, is still a matter of debate. In 
addition, it is unknown whether intraneuronal Aβ originates from retention and 
subsequent aggregation of intracellularly generated Aβ or from re-uptake of 
extracellular Aβ. 
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Another major issue in the toxicity of Aβ is the pathophysiological role of the 
different aggregation species of Aβ. The Aβ peptide can exist in diverse assembly 
states (186). Apart from the monomeric state and the fibrillar end-stage, different 
intermediate species such as low molecular weight oligomers (like dimers and 
trimers), larger more globular oligomers (Aβ-derived diffusible ligands) and 
protofibrils have been reported. In vitro, both oligomeric as well as fibrillar 
preparations of Aβ induce cell death in virtually any cell type in culture, but 
oligomeric preparations do so more potently (48,146,183). These different 
assembly forms thus greatly differ in their neurotoxic potential while also the 
molecular mechanisms they activate are shown to be specific for the aggregation 
state. For example, small oligomers are shown to cause an impairment of long-term 
potentiation (161,333), whereas the neuroinflammatory response appears to 
involve more fibrillar Aβ (56). Another example of aggregation state specific 
effects demonstrates that oligomeric Aβ, but not fibrillar Aβ induces endoplasmic 
reticulum (ER) stress (36). The mechanism underlying the differential effects of 
oligomeric and fibrillar Aβ on cell viability and on the molecular pathways 
activated by these Aβ aggregation states is not exactly known.  
The current study addresses the mechanism underlying these aggregation-state 
specific effects. One possible explanation is that these differences are related to a 
differential accessibility of different aggregation states to the intracellular space of 
the cell. We show selective uptake of oligomers via endocytosis in different cell 
types. In addition we show accumulation of Aβ oligomers in the lysosomal 
compartment. Preventing oligomeric Aβ from entering the cell reduces its toxicity 
whereas the toxicity of extracellular located fibrils is not affected. Our study thus 
indicates that the higher toxicity of oligomers compared to fibrils is caused by the 
selective uptake of the oligomers into the cell.  
 
Material and methods 
Antibodies and reagents 
Cell culture reagents were purchased from Gibco BRL (Gaithersburg, MD, USA). 
Synthetic Aβ1-42 and TMR-labelled Aβ1-42 peptide was purchased from Anaspec 
(San Jose, CA, USA). Vectashield was from Vector Laboratories (Burlingame, 
CA, USA). Rabbit anti-Calnexin antibody was from Calbiochem (San Diego, CA, 
USA). Alexa-488 labelled Transferrin (Tfn) and Lysotracker Green was from  
Molecular Probes (Leiden, The Netherlands). All other chemicals were from Sigma 
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 (St Louis, MO, USA). 
 
Cell culture 
SK-N-SH human neuroblastoma cells and HeLa cells were maintained in DMEM 
supplemented with 10% foetal calf serum (FCS), 100 U/ml penicillin, 100 µg/ml 
streptomycin and 300 µg/ml glutamine. For use in experiments SK-N-SH human 
neuroblastoma cells were differentiated for 5 days using cell culture medium 
supplemented with 10µM Retinoic Acid.   
 
Peptide solubilization and aggregation 
Aβ1-42 preparations enriched in oligomers and fibrils were essentially obtained as 
described in (36). For the experiments conducted with TMR-Aβ, unlabelled Aβ1-42 
(in HFIP) was spiked with TMR-labelled Aβ1-42 (in HFIP) at a ratio of 1:2 (TMR-
Aβ:Aβ). This mixture was evaporated using a Speedvac and subsequently used for 
preparing TMR-oligomers and TMR-fibrils applying the same procedure as 
described above. Aβ treatments were performed in cell culture medium without 
phenol red. 
 
Congo Red staining 
Aβ preparations were spotted on a cover slip as a 5 µl droplet and left to dry. The 
dried specimen was subsequently fixed with methanol (-20oC) for 2 min and again 
left to dry. Then the samples were stained for 5 min with Congo Red (0.5 % in 
PBS/ 0.01% NaOH), washed with PBS and left to dry. Then the coverslips were 
mounted in Vectashield before analysis on a Zeiss light-microscope equipped with 
a polarization filter to analyze the Congo Red birefringence.  
 
Electron Microscopy 
Aβ1-42 preparations were adsorbed onto formvar-coated 300-mesh copper grids for 
5 min and excess fluid was filtered off. Subsequently, the samples were stained 
with 1% uranyl acetate for 5 min, excess fluid was filtered off and the grids were 
analyzed with a Philips EM-420 transmission electron microscope operated at 100 
kV. The grids were thoroughly examined to get an overall evaluation of the 
structures present in the sample. Using the AnalySIS © software the diameters of 
the fibrils on the EM pictures were measured. 
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MTT assay 
The cytotoxicity of the Aβ1-42 preparations was assessed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Differentiated SK-N-SH or HeLa cells were incubated with 10 µM oligomeric or 
fibrillar TMR-Aβ1-42 or unlabelled Aβ1-42 preparations for the indicated times. 
Following the treatments, cells were incubated with MTT (0.25 mg/ml) for two 
hours at 37°C and the formazan-salt generated by viable cells as a result of 
conversion of MTT was dissolved in DMSO and the absorbance was measured at 
570 nm. In some experiments, HeLa cells and differentiated SK-N-SH cell were 
incubated for 30 min with 5mM and 1mM methyl-β-cyclo-dextrin (MβCD), 
respectively, prior to Aβ1-42 treatment. Experiments were performed at least twice, 
in triplicates. 
 
Confocal and immunofluorescence microscopy 
Uptake of Aβ and the subcellular localization of Aβ was assessed by confocal 
microscopy, using a Leica TCS-SP2 mounted on an inverted microscope (Leica, 
Heidelberg, Germany) or by immunofluorescence microscopy (Olympus AH3 
Vanox) both equipped with a digital CCD camera. Differentiated neuroblastoma 
SK-N-SH cells and HeLa cells were grown on non-coated sterile glass coverslips. 
Cells were treated with 10 µM oligomeric or fibrillar TMR-labelled Aβ1-42 for 15 
min. Cells were washed twice with cell culture medium, fixed with 4% 
paraformaldehyde for 20 min at room temperature and subsequently permeabilized 
with 0.05% saponin in PBS. Primary and secondary antibody incubations were 
performed in 0.05% saponin/1.0 % BSA in PBS. Slides were subsequently 
incubated with DAPI and mounted in Vectashield.  
To study the possible involvement of endocytosis in Aβ uptake, cells were co-
incubated with TMR-Aβ and Alexa488 labelled Tfn. Therefore cells were 
incubated for 30’ with serum-free medium to deplete the cells from Tfn normally 
present in serum-containing medium, prior to co-incubation with  Aβ and the 
fluorescent Tfn-probe for 15 min. Cells were subsequently fixed with 4% 
paraformaldehyde in PBS for 20 min at room temperature and then incubated with 
DAPI and mounted in Vectashield. For endocytosis inhibitor experiments HeLa 
and differentiated SK-N-SH cells were pre-treated with 5mM and 1mM MβCD, 
respectively, for 30 min. Subsequently the MβCD was washed away and the cells 
were incubated in serum-free medium for 30 min followed by 15 min incubation 
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with Alexa488-labelled Tfn (40µg/ml in serum free medium). Then the cells were 
fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. 
Coverslips were incubated with DAPI to visualize nuclei, washed and mounted in 
Vectashield.  
To study the possible involvement of lysosomes in Aβ trafficking, we used 
Lysotracker Green for fluorescent labelling of lysosomes in live cells. Cells were 
incubated with TMR-labelled Aβ oligomers for the indicated times. Subsequently 
the cells were treated with 50nM Lysotracker Green for 5 min. Live cells were 
imaged on a confocal microscope using an objective heater (set at 37 oC). All 
microscopy experiments have been conducted at least twice with different Aβ 
preparations.  
 
Results 
Structural and biological properties of TMR-Aβ1-42  
Previously, it was shown that the N-terminus of Aβ is more accessible and less 
involved in fibrillogenesis than other regions of the sequence (149), thus a 
fluorescent group at the N-terminus is less likely to interfere with Aβ aggregation 
than a fluorescent goup at the C-terminus. Therefore we used Aβ1-42 that was N-
terminally labelled with the red fluophore tetramethylrhodamine (TMR-Aβ1-42) to 
make oligomeric and fibrillar preparations. TMR-Aβ1-42 was mixed with 2 molar 
equivalents of unlabelled Aβ1-42 to minimize interference of the fluorophore with 
aggregation whilst retaining sufficient fluorescent signal. This mixture is used as 
TMR-Aβ1-42 throughout the experiments.  
To characterize the structural and biological properties of TMR-Aβ1-42 the 
aggregation and toxic properties were compared to those of unlabelled Aβ1-42. 
Fibrillar and oligomeric preparations of both the TMR-Aβ1-42 as well as the 
unlabelled Aβ1-42 were analyzed using negative stain on transmission electron 
microscopy (TEM) (Fig. 1A-D). Both types of oligomers appeared as small 
globular structures (with an average diameter of approximately 5 nm) on electron 
micrographs, in good accordance with the size reported by others using a similar 
protocol for oligomer preparation (48,111,147,183). In the fibrillar preparations, 
both TMR-Aβ1-42 and unlabelled fibrils showed long threads measuring >1µm in 
length, in line with reported lengths for Aβ fibrils (48,183,285,340). In addition, 
the diameter of the labelled and unlabelled fibrils as measured on EM showed no 
significant difference (7.4 ± 1.41 and 7.6 ± 1.45 nm, respectively, Fig. 1E) and are 
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in line with the reported width of Aβ fibrils (48,183,285,340). EM analysis 
indicates that the fluorescent group does not interfere with the ultrastructure of Aβ 
aggregates. To obtain information about the β-sheet content of the fibrils, Congo 
Red (CR) staining was performed. Both fibril types showed CR binding (Fig. 1E, 
F) as well as birefringence under polarized light (Fig. 1G, H), indicating that the 
TMR group does not interfere with stacking in the fibrils.  
Next we compared the toxic properties of TMR-Aβ1-42 and unlabelled Aβ1-42 in 
differentiated SK-N-SH cells. The decrease in viability of SK-N-SH cells caused 
by fibrillar TMR-Aβ1-42 (82.3 ± 9.2%) and unlabelled fibrils (85.4 ± 5.2%) was not 
significantly different. Although, the decrease in viability of SK-N-SH caused by 
10 µM oligomeric TMR-Aβ1-42 (62.3 ± 3.5%) is slightly lower compared to 10 µM 
unlabelled oligomers (57.3 ± 2.8%), the differential toxicity between oligomeric 
and fibrillar Aβ1-42 is retained (Fig. 1J)  and reproduces findings from previous 
studies (36,48). Based on the combined structural (EM/CR) and biological data, we 
conclude that oligomeric and fibrillar TMR-labelled Aβ1-42 have similar structural 
and toxic properties as unlabelled Aβ1-42 therefore it is a valid model to study 
aggregation state specific effects on subcellular localization of Aβ1-42.  
 
Aggregation state specific uptake of Aβ1-42 
To investigate whether oligomeric and fibrillar Aβ1-42 are differentially 
internalized, cells were treated for 15 min with either TMR-oligomers or TMR-
fibrils. After treatment the cells were fixed and counterstained with anti-Calnexin 
(to visualize the ER) or DAPI (to label the nucleus). We used HeLa cells and 
differentiated SK-N-SH cells, the latter to provide a more neuronal model of non-
dividing cells. Our results show that in both cell lines, oligomers as well as fibrils 
are found located at the cell surface after 15 min (Fig. 2A-D). 
In addition, intracellular red spots are observed, but only in cells treated with 
oligomers, indicating specific uptake of oligomeric Aβ in both cell types. The 
oligomeric Aβ1-42 is distributed throughout the cell body of HeLa and SK-N-SH 
cells (Fig. 2A, B). In addition, it is found in the processes of the differentiated SK-
N-SH cells (Fig. 2G, H). Uptake of oligomeric Aβ is not a chance event, as it is 
observed in essentially every cell (see also Fig. 4C for a field with lower 
magnification). Some of the oligomeric material appears to remain outside the cell 
(Fig. 2B, indicated by asterisks throughout the figures) and is also observed at later 
time points (e.g. Fig. 5) This material is often localized at or close to the plasma 
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Figure 1: (On previous page) Structural and biological properties of TMR- Aβ1-42. 
Preparations enriched in oligomeric (Oligo) and fibrillar (Fibrils) Aβ1-42 were prepared as 
described in Materials and Methods. Representative electron microscope images of 
oligomeric (A-B) and fibrillar (C-D) preparations of TMR-labelled Aβ1-42 and Aβ1-42 using 
negative stain. (Scale bar: 100nm (A-D)). (E) The width of Aβ fibrils (in nm) on TEM was 
measured using the AnalySIS © software. Graph represents the mean ± S.D. for n≥30 from 
two separate experiments. (F-I) The β-sheet content of Aβ fibrils as well as TMR-labelled Aβ 
fibrils was analyzed using Congo Red (CR) staining. 5µl drops from labelled or unlabelled 
Aβ fibril solution was spotted on a glass coverslip, allowed to dry, and subsequently stained 
with CR, as described in Materials & Methods. Shown are bright light pictures from 
TAMRA-Aβ fibrils (F) and Aβ (G) stained with CR and polarized light pictures (H, I) to 
analyze the CR birefringence, indicative for their β-sheet content. (Scale bars: 100 µm). (J) 
SK-N-SH cells differentiated for 5 days were treated in absence (Control) or presence of 
10µM oligomeric or fibrillar TMR-Aβ1-42 or unlabelled Aβ1-42 for 48h. Viability of the cells 
was determined by MTT assay and is depicted as percentage of control. The graph represents 
the mean ± S.D. for n=6 from triplicate wells from two independent experiments.  ∗ p<0.001  
See Color figures 
 

membrane and is larger in size than the internalized Aβ and may represent a larger 
aggregated form. Our results show that both cell types internalize Aβ oligomers, 
whereas fibrillar Aβ is located only at the cell surface. After prolonging the 
incubation time of TMR-labelled fibrils up to an hour, still no fluorescent signal is 
observed in the intracellular space of the cells (Fig. 2E, F), indicating that cells are 
not capable of taking up fibrillar Aβ1-42 aggregates.  
 
Uptake of Aβ1-42 oligomers via endocytosis 
To study if the uptake of Aβ oligomers occurs via endocytosis we used 
fluorescently labelled transferrin (Alexa-488 Tfn) as a marker for endocytosis. 
After depletion of Tfn in serum free cell culture medium, HeLa and differentiated 
SK-N-SH cells were co-incubated with TMR-Aβ oligomers and Alexa488-Tfn in 
serum-free medium. Although Tfn has entered the cells after 2 min, TMR-labelled 
oligomers are localized at the cell surface and are not found in the intracellular 
space (Fig. 3A, B). This is still the case at 5 min (not shown), but after 15 min 
oligomeric Aβ was observed inside the cell as shown before (Fig. 2). This 
internalized Aβ partially co-localizes with Tfn in both cell types (Fig. 3C-H). This 
indicates that Aβ is at least partly internalized by endocytosis in both HeLa and  
SK-N-SH cells, however, uptake of Aβ oligomers takes longer than uptake of 
fluorescent Tfn. 
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Figure 2: Aggregation state dependent internalization of Aβ1-42 

Shown are confocal images from HeLa cells (A, C, E) and differentiated SK-N-SH cells (B, D, F-H)  
treated with either 10 μM oligomeric (A, B, G, H) preparations of TMR- Aβ1-42  for 15 min or 10 µM 
fibrillar preparations for 15 (C,D) or 60 (E, F) min. After fixation, cells were counterstained with a 
Calnexin antibody (green) and/or DAPI (blue). Oligomeric Aβ1-42 is also internalized at the 
extensions of differentiated SK-N-SH cells (G, H). Asterisks indicate aggregates in the oligomeric 
preparation not internalized by the cells. Scale bar: 8 µm. see Color Figures 
 
To confirm the involvement of endocytosis in the specific uptake of Aβ oligomers 
the cells were pretreated with an endocytosis inhibitor, methyl-β-cyclodextrin 
(MβCD). In HeLa cells treated with 5 mM MβCD for 30 min, the uptake of 
fluorescent Tfn was strongly inhibited, indicating a near complete inhibition of 
endocytosis (Fig. 4A-D). In the same experimental set up, Aβ uptake is nearly 
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Figure 3: Aβ1-42 oligomers are internalized via endocytosis 
Differentiated SK-N-SH cells or HeLa cells were co-incubated with 10µM oligomeric TMR-
Aβ1-42 and 40µg/ml Alexa488-Tfn for different times.  (A-B) Confocal images from HeLa 
(A) and differentiated SK-N-SH (B) cells treated with oligomeric preparations of TMR-Aβ1-42 

for 2 min. TMR-Aβ1-42 oligomers are not internalized after 2 min. (C-H) Confocal images 
from HeLa cells (C-E) and differentiated SK-N-SH (F-H) treated with TMR-Aβ1-42 oligomers 
(C, F) in presence of Alexa-488-Tfn (D, G) for 15 min. Yellow signal (arrows) in the overlay  
pictures (E, H) shows partial co-localization of Aβ with endosomes. TMR-Aβ1-42oligomers 
are internalized after 15 min. Asterisks indicate larger aggregates in the oligomeric 
preparation not internalized by the cells. Scale bar: 5 µm. See Color figures 

 
abolished (Fig. 4E-H). The SK-N-SH cells do not tolerate this concentration of 
MβCD, therefore these cells were treated with a lower concentration (1 mM). 
Under these conditions, Tfn uptake is not completely inhibited (Fig. 5A, B), but the 
uptake of Aβ oligomers is strongly inhibited (Fig. 5C, D), albeit to a lesser extent 
than in the HeLa cells with the higher concentration of MβCD that shows stronger 
inhibition of endocytosis altogether. These combined results indicate that 
oligomeric Aβ1-42 is specifically internalized by both HeLa and differentiated SK- 
N-SH cells via endocytosis.  
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Figure 4: Inhibition of endocytosis prevents uptake of Aβ1-42 oligomers in HeLa cells 
HeLa cells (A-H) were treated with 40µg/ml Alexa488-Tfn or 10 µM TMR-Aβ1-42oligomers 
for 15 min following a pretreatment in absence (A, C, E, G) or presence (B, D, F, H) of 5mM 
MβCD for 30 min. Immuno-fluorescence pictures (A-D) demonstrating inhibition of 
endocytosis of Alexa488-Tfn after MβCD treatment and confocal pictures (E-H) showing 
inhibition of uptake of TMR-Aβ1-42oligomers (insets show nuclei of HeLa cells stained with 
DAPI) Asterisks indicate larger aggregates in the oligomeric preparation not internalized by 
the cells. Scale bars: 10 µm. See Color figures 
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Aβ1-42 oligomers are not transported to the ER and Golgi compartment 
In a previous study we have shown that Aβ1-42 oligomers induce mild ER stress, in 
contrast to fibrils. Because we find selective uptake of oligomers we studied 
whether oligomers are subsequently transported to compartments of the early 
secretory pathway. SK-N-SH and HeLa cells were incubated with TMR-Aβ1-42 
oligomers, and fixed and counterstained with GM130 antibody to label the Golgi 
apparatus or anti-Calnexin to label the ER-compartment at different time points. In 
SK-N-SH cells no co-localization was observed of Aβ oligomers and GM130 up to  
4 hours (Fig. 6A, B). In addition, we do not find a co-localization of Aβ with the 
ER in SK-N-SH and HeLa cells after incubation up to 24 hours (Fig. 6C-H). This 
indicates that following endocytosis, oligomeric Aβ1-42 is not retrogradely  
transported to the compartments of the early secretory pathway.  

Figure 5: Inhibition of endocytosis prevents uptake of Aβ1-42 oligomers in SK-N-SH cells 
Differentiated SK-N-SH cells (A-D) were treated with 10 µM TMR-Aβ1-42oligomers for 
15min following a pretreatment in absence (A, C) or presence (B, D) of 1mM MβCD for 30 
min. Shown are confocal pictures showing inhibition of uptake of TMR-Aβ1-42oligomers (A, 
B) or Alexa-488-Tfn (C, D); cells are counterstained with DAPI (blue). Asterisks indicate 
larger aggregates in the oligomeric preparation not internalized by the cells. Scale bars: 10 
µm. See Color figures 
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Aβ1-42 oligomers end up in lysosomes 
The most likely candidate for transport from the endosomes is the lysosomal 
compartment. Differentiated SK-N-SH and HeLa cells were treated for the 
indicated times with TMR-Aβ1-42 oligomers, and subsequently Lysotracker Green 
was added to visualize lysosomes in living cells on a confocal microscope. After 1 
hour we observed partial co-localization of TMR-labelled oligomers and 
Lysotracker Green (Fig. 7A-F). After 4 hours, the co-localization of the Aβ1-42 
oligomers with Lysotracker is still observed, indicating that Aβ1-42 is not rapidly 
degraded in the lysosomes, in either cell type (Fig. 7G, H). This result suggests that 
after endocytosis, Aβ1-42 oligomers are subsequently transported to the lysosomal 
compartment. 
 
Inhibition of Aβ uptake inhibits oligomer specific toxicity. 
To test whether selective uptake of oligomers via endocytosis can explain the 
higher toxicity of oligomers compared to fibrils, HeLa cells were treated with 10 
µM oligomers or fibrils for 4 hrs following a pre-treatment with 5 mM MβCD or 
vehicle for 30 min. This treatment nearly abolishes uptake of Aβ oligomers, as 
shown above (Fig. 4E-H). The effect of inhibition of uptake on Aβ toxicity was 
analysed using the MTT viability assay. In absence of MβCD a significant 
difference in toxicity of oligomers compared to fibrils (Fig. 8A, viability 74% and 
84%, respectively, p<0.001) is observed, although less pronounced than in the 
differentiated SK-N-SH cells (Fig. 8B).  We find that MβCD pretreatment 
increases the viability of cells treated with Aβ oligomers to 85%, whereas the 
viability of fibril treated cells is unaffected (Fig. 8A), thereby losing the differential 
effect on cell viability of oligomers and fibrils. The effect of MβCD on Aβ toxicity 
was determined in the differentiated SK-N-SH as well, for these cells with 1mM 
MβCD (Fig. 8B). This demonstrates, that although under these conditions the 
inhibition of Aβ and Tfn uptake is incomplete (Fig. 5A-D), also in these cells, 
MβCD significantly reduces the toxicity of oligomeric Aβ (from 63 % to 74 % 
p<0.001). MβCD does not affect the viability of cells treated with fibrillar Aβ. 
Interestingly, preventing Aβ oligomers from entering intracellular space reduces 
the toxicity of oligomers to the level of fibrils in HeLa cells (Fig. 8A). This 
indicates that the aggregation state specific toxicity of oligomers is caused by its 
uptake by the cells.  
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Figure 6: Aβ1-42 oligomers do no traffic towards the ER- and Golgi- compartments 
Differentiated SK-N-SH cells (A, B, F-H) or HeLa cells (C-E) were treated with 10µM 
oligomeric TMR-Aβ1-42 (in red) for the indicated times and counterstained with ER or Golgi 
markers. (A,B) Confocal images from SK-N-SH cells counterstained for GM130 (green) and 
DAPI (blue). TMR-Aβ is shown in red. TMR-Aβ oligomers are not present in the Golgi-
compartment of SK-N-SH cells after 1 hr (A) or 4 hrs (B). (C-H) Confocal images from HeLa 
(C-E) and differentiated SK-N-SH cells (F-H) counterstained for Calnexin (green). TMR-Aβ 
is shown in red. TMR-Aβ oligomers are not present in the ER after 1 hr (C, F), 4 hrs (D, G) 
and 24 hrs (E, H). Scale bars: 10 µm. See Color figures 
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Figure 7: Internalized Aβ1-42 oligomers is targeted to lysosomes 
HeLa cells (A-C, G) and  differentiated SK-N-SH cells (D-F, H) were treated with 10µM 
TMR-Aβ1-42 oligomers for 1hr (A-F) or 4hrs (G-H) and subsequently incubated with 50nM 
Lysotracker (LT) Green. Merged confocal images (C, F, G, H) present TMR-Aβ1-42oligomers 
in red, LT in green and co-localization of Aβ oligomers with lysosomes in yellow (arrows). 
Scale bar: 10 µm See Color figures 
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Figure 8: Endocytosis of Aβ1-42 oligomers contributes to Aβ oligomer specific toxicity 
HeLa cells (A) and differentiated SK-N-SH cells (B) were treated with 10 µM Aβ oligomers 
or fibrils for 4 hrs following a pre-treatment in presence or absence of 5 mM (HeLa) or 1 mM 
(SK-N-SH) MβCD for 30 min. Shown is a representative graph of an MTT assay. Viability 
(mean ± S.D. from n=3) is depicted as percentage of cells without Aβ.  
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Discussion 
In the present study we investigated the mechanism underlying the differential 
effects of oligomeric and fibrillar Aβ1-42 on cellular toxicity. We hypothesized that 
this can be explained by a different accessibility to the intracellular space. To study 
interactions of Aβ oligomers and fibrils with cells, we used N-terminally TMR-
labelled Aβ to generate preparations enriched in oligomeric or fibrillar Aβ using an 
established protocol (36,48,146). Our data corroborate other studies where 
different fluorophores at the N-terminus of Aβ also showed little effect on the 
amyloidogenic properties of Aβ (12,129,290).  We show no effect of the 
fluorophore on oligomer or fibril morphology nor on the ability to form β-sheets. 
In addition our data show that the fluorophore does not affect the aggregation-
specific Aβ toxicity, showing similar difference in toxicity between oligomeric and 
fibrillar preparations as unlabelled Aβ. Therefore we consider the TMR-Aβ1-42 a 
valid model to study aggregation-state specific effects of Aβ1-42.  
Association of both oligomeric and fibrillar TMR-Aβ1-42 with the cell surface is 
observed already after 2 min. In two different cell lines (HeLa and differentiated 
SK-N-SH cells) we found that both cell types internalize oligomeric TMR-Aβ1-42, 
whereas the fibrils remain outside, even after prolonged incubation. Oligomeric 
TMR-Aβ1-42 is also found in the extensions of the differentiated SK-N-SH cells. 
Although there are no synapses in our cell model, this observation is in line with a 
previous study where in primary hippocampal neurons in culture, Aβ oligomers 
were shown to target post-synaptic terminals (175). Differential affects of fibrillar 
aggregates were not addressed in this study. We find similar results in HEK293 
cells and MelJuSo cells (data not shown). This indicates that the aggregation state 
dependent uptake is not cell-type specific. However, phagocytic cells like 
microglia and macrophages, cell types known for their ability to clear Aβ, have 
been shown to be able to phagocytose fibrillar Aβ (72,163). It is possible that the 
presence of Aβ in the relatively compact fibrillar structure precludes exposure of 
amino acids required for interaction with a specific receptor. Another very likely 
explanation for the selective uptake of oligomeric Aβ over fibrils is the size of the 
aggregates offered on the outside of the cell. In a previous study it was shown that 
uptake of particles into mammalian cells was size and shape dependent as 
determined by using different sized and shaped gold nanoparticles. Highest uptake 
was found with 50 nm spherical gold nanoparticles. Increasing particle size greatly 
reduces its uptake. Uptake of rod-shaped particles also occurs at a much lower rate 
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(38,39). Oligomers are spherical Aβ structures with an average z-height and 
diameter of 5 nm (40) and thus have structural features that facilitate uptake in the 
cell. In contrast, fibrils are rod-shaped structures over 1μm in length with a 
diameter of 7 nm, structural properties not compatible with easy internalisation. 
Not all Aβ in the oligomer preparation is internalized. In oligomer-treated samples, 
particles are observed on the outside of the cell membrane that are not taken up and 
are typically much larger than the internalised material. Since Aβ aggregation has 
been shown to occur very rapidly in the presence of lipid bilayers (such as lipid 
rafts) (145,154,211,332,359), this material may represent larger aggregates formed 
during the incubation with the cells, that can no longer be internalized. These 
larger aggregates are most likely not fibrils, since it was shown previously that 
oligomeric preparations similar to ours do not form fibrils for several days even not 
during incubation at 37oC (40). 
To study if oligomers are specifically internalized by the cell via endocytosis, cells 
were co-incubated with TMR-oligomers in presence of Alexa488-Tfn. Transferrin 
binds to the transferrin receptor and this complex is internalized via receptor-
mediated endocytosis. Both in HeLa cells and differentiated SK-N-SH cells Aβ 
oligomers were internalized at least in part via endocytosis, as shown by the co-
localization of TMR-Aβ oligomers and Alexa488-Tfn. The Tfn-probe only labels 
early and recycling endosomes, since the Tfn receptor/Tfn complex is recycled 
back to the plasma membrane (213). Therefore the Aβ not co-localizing with Tfn is 
most likely present in late endosomes or other compartments beyond early 
endosomes. Alternatively, Aβ oligomers are in an endosome that does not contain 
Alexa488-Tfn. This partial co-localization due to differential endocytic sorting has 
previously been shown for Tfn, that is recycled via recycling endosomes and LDL 
(low-density lipoprotein), that is (like TMR-Aβ oligomers) transported towards the 
lysosomal compartment (80). Pre-treatment with an endocytosis inhibitor, MβCD, 
strongly inhibits both Tfn and Aβ uptake, confirming endocytosis as mechanism of 
Aβ uptake. Endocytosis of Aβ oligomers occurs at a slower rate (15 min) than 
endocytosis of Tfn (<2 min). This is most likely due to the fact that Tfn, has a 
highly specific receptor (Tfn-receptor) to which it binds very efficiently, leading to 
fast uptake by the cell. The binding of Aβ to the plasma membrane has been 
studied previously, and a number of candidate Aβ-binding receptors have been 
identified (such as FPRL1-, RAGE-, NMDA- and LRP-receptors) (177). However, 
none of these receptors is designed for the uptake of Aβ oligomers and their 
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affinity for Aβ may be lower than for their natural ligands, which may explain the 
slower uptake. For example, Aβ binds to the alpha7 nicotinic acetylcholine 
receptor and it has been shown that this binding results in internalization and 
accumulation of Aβ intracellularly (225,336). Aβ internalization via the alpha7 
nicotinic receptor occurs only after 30 min (225), whereas its natural ligand 
nicotine is endocytosed within 5 min (197). To determine if there is a connection 
between subcellular localization and Aβ toxicity, toxicity of oligomers in absence 
or presence of MβCD was compared. Inhibition of endocytosis reduces the toxicity 
of oligomers in both HeLa as well as differentiated SK-N-SH cells. The toxicity of 
fibrillar Aβ1-42 is not affected, which is in good accordance with the lack of 
internalization of fibrils. In the differentiated SK-N-SH cells total block of 
endocytosis was not tolerated, but even incomplete inhibition relieved oligomer-
specific toxicity. In HeLa cells, the MβCD treatment reduced the oligomer toxicity 
to a level similar to that of fibrils. These data indicate that Aβ1-42 can exert toxicity 
from the outside of the cell (i.e. the toxicity of fibrils and the residual toxicity of 
oligomers after inhibition of uptake), but that for the specific toxicity of oligomeric 
Aβ1-42 uptake is required. A recent study by Bateman et al. shows that a cell line 
that is resistant to Aβ cytotoxicity, the non-neuronal human lymphoma cell line 
U937 (214), does not bind Aβ1-42 (12). This suggests that at least an interaction of 
Aβ with the cell membrane is required to confer toxicity on mammalian cells.  
In a previous study we have found that Aβ1-42 oligomers specifically induce mild 
ER stress and that activation of the UPR contributes to oligomer-specific toxicity 
(36). It is possible that this is also caused by the selective uptake of oligomers. We 
determined whether oligomers are transported to the Golgi compartment or 
endoplasmic reticulum after endocytosis. The use of this pathway (from the plasma 
membrane to the early secretory pathway) has been described in previous studies 
for several bacterial toxins (105). Subunit B of Shiga toxin was found in the Golgi 
apparatus after incubation for 1hr, and in the ER after 4hrs (140). We incubated the 
cells with oligomers in the same time frame studied for this toxin. We found no co-
localization of Aβ1-42 oligomers with the Golgi apparatus (after 1 hr) or the 
endoplasmic reticulum (after 4 hrs) in these cells. Trafficking of aggregated Aβ 
peptides may be more difficult than that of the monomeric toxin subunits and 
therefore take more time. However, even after prolonged incubation, no co-
localization with the Golgi apparatus or the ER is observed, suggesting that Aβ1-42 
oligomers induce ER stress indirectly.  
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Not surprisingly we found Aβ1-42 oligomers clearly present in lysosomes. Increased 
accumulation of Aβ1-42 oligomers in the lysosomal compartment after longer 
incubation, suggests that its presence in the lysosome is involved in toxicity. This 
is in accordance with other studies showing presence of Aβ1-42 in the 
endosomal/lysosomal system (184,280,360).  Aβ1-42 is poorly degraded by 
lysosomes (162) and its accumulation in lysosomes of cultured neurons causes 
leakage of lysosomal enzymes (55) and can ultimately lead to programmed cell 
death (172). This may explain the toxicity that we observe after endocytosis and 
subsequent accumulation in the lysosomes and may be one of the pathways leading 
to neurodegeneration in AD. This is supported by data from post-mortem brain 
material: neurons in vulnerable brain regions in AD patients show an increased 
number of structurally abnormal endosomes and lysosomes, endosome 
enlargement, and an increase in expression of lysosomal hydrolases 
(34,55,88,162,234). In addition to these direct toxic effects, the endosomal–
lysosomal pathway has been identified as particularly important to processing of 
the amyloid precursor protein (APP)  (89,170,208,249). In case the endosomal-
lysosomal compartment is compromised by Aβ this can lead to redistribution of 
APP and its processing activities and thus increase Aβ production. 
Endosomal/lysosomal abnormalities are therefore believed to contribute 
significantly to Aβ overproduction (32,208,231) and neuronal dysfunction (232). 
The presence of Aβ1-42 in the endosomal-lysosomal system can thus lead to an 
autocatalytic cycle that results in an increase in the levels of Aβ, that in turn can 
aggregate and is poorly degraded (361).  
There is a large body of evidence demonstrating that Aβ accumulates 
intracellularly and that Aβ accumulation inside neurons is detrimental to a range of 
cellular processes (177). It is unclear whether the intracellular Aβ accumulates 
because part of the intracellularly generated Aβ is not secreted, or whether secreted 
Aβ is taken back up by the cells to form these intracellular pools. Several studies 
indicate that intra- and extracellular pools are in equilibrium, as clearance of 
extracellular pools depletes intracellular pools as well (244). Therefore, targeting 
of the more easily accessible extracellular Aβ is still a promising option for 
therapeutic intervention.  We report here that oligomeric Aβ is readily endocytosed 
by cells and that this uptake contributes to toxicity. Our study indicates that 
prevention of the internalization of oligomeric Aβ may be an attractive additional 
aim in therapeutic strategies targeting extracellular Aβ.  
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Abstract 
Alzheimer’s disease (AD) is characterized by the aggregation and subsequent 
deposition of misfolded β-amyloid (Aβ) peptide. The unfolded protein response 
(UPR) is activated by misfolded protein stress in the endoplasmic reticulum (ER). 
In previous studies we demonstrated mild activation of the UPR by extracellularly 
applied oligomeric but not fibrillar Aβ1-42. In addition, we showed that oligomeric 
Aβ1-42 is internalized by cells, whereas fibrillar Aβ1-42 remains on the outside of the 
cell. Inhibition of Aβ uptake specifically inhibits toxicity of Aβ1-42 oligomers, 
underscoring the importance of intracellular Aβ. Therefore, in the present study, 
we investigated the connection between intracellularly produced Aβ and the ER 
stress response, using human neuroblastoma cells overexpressing either wild type 
APP695 (APPwt) or APP695V717F (APPmut). Both cell lines secrete higher levels 
of Aβ1-40 and Aβ1-42 compared to the parental line. In addition, APPmut produces 
more Aβ1-42 than APPwt. Whereas the basal levels of UPR markers are not 
different, we find augmented UPR induction in response to ER stress in both APP 
overproducing cell lines compared to the parental cell line, with the strongest UPR 
activation in APPmut cells.  In addition, we find increased ER stress toxicity in 
APPmut cells. The difference in ER stress mediated toxicity between the APPwt 
and APPmut cell lines is alleviated by pretreatment with γ-secretase inhibitor, 
indicating that it is dependent on Aβ production. Our data indicate that increased 
Aβ1-42 production sensitizes cells for ER stress toxicity in neuroblastoma cells. 
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Introduction 
One of the most prominent neuropathological hallmarks in brains of Alzheimer’s 
disease (AD) patients is the deposition of senile plaques. These plaques are 
extracellular lesions primarily composed of aggregated β-amyloid peptide (Aβ). 
Genetic and neuropathological studies provide strong evidence for a central role of 
Aβ in the pathogenesis of AD (3,132,288,313).  
Aβ is generated by sequential secretase cleavages from the larger Amyloid 
Precursor Protein (APP), a highly conserved and ubiquitously expressed 
transmembrane protein. APP is cleaved first by β-secretase at the N-terminus of 
the Aβ sequence, generating CTFβ consisting of 99 amino acids, followed by γ-
secretase cleavage releasing the Aβ peptide. The cleavage by γ-secretase releases 
Aβ peptides of different sizes, with Aβ1-40 and Aβ1-42 being the most common forms 
(3,96,286). In familial forms of AD (FAD) mutations in APP and the presenilins 
change the processing of APP such that the Aβ1-42/Aβ1-40 ratio increases. Aβ1-42 was 
shown to aggregate more readily than Aβ1-40 in vitro (99), which may explain why 
subtle changes in the Aβ1-42/1-40 ratio induce AD pathology. Transgenic mice that 
express high levels of Aβ1-42 in the absence of APP overexpression, show massive 
amyloid pathology, in contrast to transgenic Aβ1-40 mice (215). These experiments 
underscore the importance of Aβ1-42 in amyloid deposition, and it was suggested 
that Aβ1-42 is required as a “seed” for further aggregation of Aβ in vivo.  
Extracellular deposition of Aβ has long been considered as the major contributor to 
neurodegeneration in AD. However, there is accumulating evidence from post-
mortem AD and transgenic mouse brains demonstrating the presence of Aβ within 
neurons (as reviewed in (283)). Aβ is produced intracellularly in a variety of 
subcellular compartments, including the endoplasmic reticulum (ER), trans-Golgi 
network and the endo-lysosomal system (90,103,184,280,358,360). Aβ in 
aggregated form has been found intracellularly as well, indicating that Aβ 
aggregation can occur inside the cell (266). The importance of intracellular Aβ is 
illustrated in a triple transgenic AD mouse model (3xTg) (15). In these mice, 
deficits in synaptic plasticity, learning, and memory  become manifest before 
plaques are formed and appear to be induced by the buildup of intraneuronal Aβ 
(15,242,243). A modified amyloid cascade hypothesis has been formulated, 
emphasizing the role of intraneuronal Aβ as the key factor in AD pathogenesis 
prior to extracellular Aβ deposition (353). It is unkown whether intraneuronal Aβ  
originates from retention and subsequent aggregation of intracellularly generated 
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Aβ or from re-uptake of extracellular Aβ. 
The Aβ peptide may confer toxicity via different molecular mechanisms (121), one 
of which is the ER stress response. Accumulation of aggregation-prone proteins in 
the endoplasmic reticulum (ER) triggers a cellular stress response called the 
unfolded protein response (UPR) (74,274). Under normal cellular homeostasis, the 
ER chaperone BiP (or GRP78) is bound to three sensor proteins at the ER 
membrane. When the UPR is initiated BiP dissociates from the sensors and these 
three proteins and their downstream pathways are subsequently activated: 1) The 
ER membrane kinase PERK is autophosphorylated, resulting in the 
phosphorylation of the translation factor eIF2α. This leads to translational 
attenuation to prevent the further accumulation of proteins in the ER. 2) The 
transcription factor ATF-6, is processed and then translocates to the nucleus and 
induces transcription of multiple genes involved in protein folding and 
degradation. 3) The endonuclease IRE1 is autophosphorylated, resulting in splicing 
of the mRNA encoding the transcription factor XBP-1, which activates the 
expression of several genes including components of the ER associated 
degradation machinery. During prolonged ER stress the apoptotic arm of the UPR 
is activated. This involves activation of the Jun kinase pathway (323) or the C/EBP 
homologous transcription factor CHOP/GADD153 (369), as well as ER stress-
specific caspases (119,226).  
We have previously shown upregulation of the UPR markers BiP and 
phosphorylated PERK in neurons in the brain of AD patients. In the temporal 
cortex activation of the UPR is observed from Braak stage 3, indicating that it is an 
early phenomenon in the pathology of AD (124).  Activation of the UPR is found 
in non-tangle bearing neurons, suggesting that it precedes tangle formation and 
might be connected with earlier pathogenic events, like Aβ. In vitro studies 
indicate that Aβ toxicity involves the ER stress response. Knock-down of BiP 
increases cell death induced by Aβ25-35 in rat hippocampal neurons (305,365), 
indicating that  the ER chaperone BiP may protect against Aβ toxicity. Aβ appears 
to activate ER-stress specific caspases, since Aβ induced cytotoxicity is reduced in 
caspase-12 deficient cortical mouse neurons (226). Caspase 4, the human 
homologue of caspase-12, is also activated by Aβ (119). Together, these findings 
point towards a role for ER stress in the cellular response to Aβ. The first direct 
connection between Aβ and ER stress comes from our recent study demonstrating 
moderate induction of ER stress by oligomeric Aβ1-42 (36) (chapter 2). In addition, 
we showed that oligomers are selectively internalized by neuronal cells (Chafekar 
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et al. 2007, submitted, chapter 3). Inhibition of uptake specifically inhibits toxicity 
of Aβ1-42 oligomers, underscoring the importance of intracellular Aβ. Therefore, in 
the present study, we investigated the interaction of intracellularly produced Aβ 
with the ER stress response. 
 
Materials and Methods  
Cell culture, constructs and transfections 
Cell culture reagents were purchased from Gibco BRL (Gaithersburg, MD, USA). 
SK-N-SH human neuroblastoma cells were maintained in DMEM supplemented 
with 10% foetal calf serum (FCS), 100 U/ml penicillin, 100 µg/ml streptomycin 
and 300 µg/ml glutamine.  
SK-N-SH cells stably expressing APP695 or APP695 with the Indiana mutation 
(V717F) (224) in pCEP4 (kind gift from Dr. T. Hartmann, Heidelberg, Germany) 
were obtained by co-transfection with pcDNA3 using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s protocols. Separate 
colonies were selected using 500µg/ml G418 (Invitrogen) and expression of the 
APP transgenes was established by Western blotting. The stable SK-N-SH/APP 
cells were maintained in the same medium as SK-N-SH cells supplemented with 
50 µg/ml G418. For experiments the cells were differentiated for 5 days in medium 
containing 10μM Retinoic Acid. 
 
Aß measurements 
Aβ1-40 and Aβ1-42 levels in culture media from the untransfected, wtAPP and 
mutAPP SKNSH cells were determined in the “INNO-BIA plasma Aß forms” 
assay (Innogenetics, Gent, Belgium). In this LUMINEX assay fluorescent beads 
coated with monoclonal antibodies either specific for the C-terminal part of Aβ1-42 
or Aβ1-40 were used to capture the Aß in standard and samples, and a monoclonal 
antibody specific for the N-terminal sequence 1-3 (clone 3D6) within Aβ was used 
for detection, allowing the quantification of Aβ1-40 and Aβ1-42 levels in the samples. 
 
MTT assay 
The cytotoxicity of tunicamycin (Sigma) was assessed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Differentiated SK-N-SH, APPwt or APPmut cells were incubated with 
tunicamycin concentrations as indicated for 24 hours. Cells were incubated with 
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MTT (0.25 mg/ml) for two hours at 37°C and the formazan-salt generated by 
viable cells as a result of conversion of MTT was dissolved in DMSO and the 
absorbance was measured at 570 nm. 
 
Western blot analysis 
For cell lysates, SK-N-SH cells were scraped in ice-cold lysisbuffer [1% Triton X-
100 and protease inhibitor cocktail (Roche, Indianapolis, IN) in PBS]. The total 
lysate (supernatant) was obtained after centrifugation at 12.000g at 4°C for 5 min. 
Protein concentration was determined with a Bradford protein assay. Equal 
amounts of protein were analyzed on 8% SDS-PAGE gels and blotted onto PVDF 
membrane using a semi-dry electro blotting apparatus. Blots were pre-incubated 
with Blotto [5% non-fat dried milk in PBST (0.05% Tween-20 in PBS)] for 1 hour 
and subsequently incubated with mouse monoclonal anti-APP (22C11, Chemicon, 
Temecula, CA, USA). Alternatively, blots were incubated with rabbit anti-
eukaryotic elongation factor 2α (eEF2α) antibody (Cell Signaling Technology, 
Beverly, MA, USA) in [PBS, 5% BSA, 0.1% Tween-20]. The blots were washed 
four times in PBST and incubated for 1 hour with HRP-conjugated goat anti-rabbit 
or rabbit anti-mouse IgGs (Dako, Glostrup, Denmark). Blots were washed four 
times in PBST and once in PBS before analysis using Lumi-LightPLUS Western blot 
substrate from Roche Diagnostics (Mannheim, Germany) and a LAS-3000 
luminescent image analyzer (Fuji Photo Film (Europe) GmbH, Düsseldorf, 
Germany). Western blot data were evaluated and quantified using Advanced Image 
Data Analyzer (AIDA, version 3.45.039, Raytest GmbH, Straubenhardt, 
Germany).  
 
RNA isolation and real-time quantitative PCR (qPCR) 
Cells were harvested in 1 ml Trizol reagent (Invitrogen, Carlsbad, CA, USA) and 
RNA was isolated according to manufacturer’s protocol.  For cDNA synthesis 1 μg 
of RNA was denaturated at 70°C for 10 min with 2.5 nM OligodT12-VN in a total 
volume of 10 μl. Denatured RNA was incubated with a mixture of  0.5 mM 
dNTPs, 2 mM MgCl2, 1x first strand buffer (RT, Invitrogen, Carlsbad, CA, USA), 
100 U SuperscriptII enzyme (RT, Invitrogen, Carlsbad, CA, USA) in total reaction 
volume of 25 μl at 42°C for 1h. SuperscriptII enzyme was inactivated at 70°C for 
15 min. 
qPCR was performed using the LC 480 LightCycler (Roche Molecular 
Biochemicals, Indianapolis, IN, USA). Oligonucleotide primers (Sigma-Genosys, 
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Haverhill, UK) and probes were identified using the ProbeFinder of Roche 
Universal Human ProbeLibrary at https://www.roche-applied-
science.com/sis/rtpcr/upl/adc.jsp and are listed in Table 1. 
For the qPCR 1 μl cDNA was spindried in a Lightcyler® 480 Multiwell Plate with 
in triplicate. Subsequently, 5 μl of qPCR mixture was added, containing 0.1 μM 
probe, 0.4 μM forward primer, 0.4 μM  reverse primer, 2.5 μl Lightcycler® 480 
Probes Master (Roche Molecular Biochemicals, Indianapolis, IN, USA). For 
detection of BiP and CHOP mRNA levels a monocolor hydrolysis probe from the 
Roche Universal Human ProbeLibrary was used. For analysis of spliced XBP-1 
mRNA (XBP-1s) SybrGreen mastermix was used. After centrifugation at 1500 
RPM for 2 minutes plates were sealed and run in the Lightcycler® with a 
customized integration time of 0.4 s. After denaturation at 95°C, amplification was 
performed using 45 cycles of denaturation (95°C for 0 s), annealing (55°C for 30 s) 
and elongation (72°c for 1 s). PCR efficiencies for each primer/probe set were 
determined by assaying serial dilution standard series of cDNA according to 
manufacturer’s protocol. Expression levels were normalized using GAPDH. 
 
Target Accession # Primer 5’-3’ Universal 

Probe # 
Product  
length 

BiP NM_005347.2 F catcaagttcttgccgttca 
R tcttcaggagcaatgtcttgt 

#10 99 

CHOP  NM_004083 F aaggcactgagcgtatcatgt 
R tgaagatacacttccttcttgaaca

#21 105 

GAPDH NM_002046 F tccactggcgtcttcacc 
R ggcagagatgatgaccctttt 

#45 78 

XBP-1s NM_005080.2 F gctgagtccgcagcagg 
R tgcccaacagggatatcagac 

n.a. 82 

. 
Results and Discussion 
To assess whether intracellularly produced Aβ affects the UPR, human SK-N-SH 
neuroblastoma cell lines overexpressing wt APP695  (APPwt) or V717F FAD 
mutant APP695 (APPmut) (308) were established. Both lines show strong 
overexpression of the APP transgenes to similar levels (Fig. 1A). In addition, both 
lines produce more Aβ than the parental line, demonstrated by ELISA of the media 
(Fig. 1B). Overexpression of APPwt or APPmut leads to an almost twofold 
increase of Aβ1-40 levels (1057 pg/ml and 1019pg/ml, respectively), compared to 
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the parental line (580 pg/ml). In addition, Aβ1-42 levels are more than twofold 
increased in APPwt compared to untransfected SK-N-SH (255 pg/ml and 98 pg/ml, 
respectively). The Aβ1-42 level of the APPmut line (591 pg/ml) is 5-fold higher than 
that of the untransfected SK-N-SH and 2.3-fold higher compared to the APPwt line 
(Fig. 1B). This effect of the APP mutation is in good accordance with results from 
others (308). Treatment with the γ-secretase inhibitor L685,458 nearly abolishes 
the production of Aβ1-40  as well as Aβ1-42  (Fig. 1B), thus providing a model to 
assess the effect of intracellularly produced Aβ on ER stress.  
 

 
 

Figure 1: Increased Aβ production in neuronal APP cell lines 
Differentiated SK-N-SH cells untransfected (con) or stably expressing APP695 (wt) or 
APP695V717F (mut) cultured 24 h in the absence (-) or presence (+) of the γ-secretase 
inhibitor L685,458. A. Western blot of showing overexpression of the APP transgenes, 
eEF2α is used as a loading control. B. Levels of Aβ1-40 and Aβ1-42 secreted in the media 
determined by ELISA.   
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Figure 2: UPR activation is increased in Aβ overproducing cell lines 
Differentiated SK-N-SH cells untransfected (con) or stably expressing APPwt or APPmut 
were treated with tunicamycin at the concentrations indicated for 24 h. The levels of the UPR 
marker transcripts BiP (A), XBP-1s (B) and CHOP (C) were determined by qPCR and are 
normalized for GAPDH.  
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First, the expression of the UPR markers BiP, spliced XBP-1 (XBP-1s) and CHOP 
in the APPwt and APPmut cell lines was determined by qPCR (Fig. 2). The basal 
expression levels of the UPR markers in the APP overexpressing cell lines are not 
different from those in untransfected SK-N-SH. To induce ER stress, cells were 
treated with tunicamycin (TM), an inhibitor of N-glycosylation. Treatment with 0.2 
µg/ml TM greatly induces the levels of the UPR marker BiP to a similar extent 
(>35-fold) in both APP cell lines and the untransfected parental line SK-N-SH 
(Fig. 2A). The BiP mRNA levels are higher in the APPmut line than in APPwt and 
SK-N-SH at 0.5 µg/ml TM. The BiP mRNA levels at 0.5 µg/ml TM are not very 
different from those at 0.2 µg/ml TM suggesting that induction was reaching 
plateau at 0.2µg/ml TM. Greater differences are observed in induction of XBP-1s 
and CHOP mRNA under ER stress. The APPwt cells show a much stronger 
induction of XBP-1s at 0.2 μg/ml TM (18.1 ± 2.7, compared to 8.2 ± 0.8 in the 
untransfected SK-N-SH cells, Fig. 2B). The levels of XBP-1s do not further 
increase in these cells when treated with 0.5 µg/ml TM. CHOP induction in the 
APPwt cells was also higher with increasing concentrations of TM (18.4 ± 3 
compared to 10.8 ± 1.2 in untransfected cells at 0.2 μg/ml TM, Fig. 2C).  The 
APPmut line demonstrates an even stronger induction of both XBP-1s (25.9 ± 1.8 
at 0.2 μg/ml, increasing to 34.7 ± 4.0 at 0.5 μg/ml TM, Fig. 2B) and CHOP (30.6 ± 
2.636.0 at 0.2 μg/ml ± 5.1 at 0.5 μg/ml, Fig. 2C). A possible explanation why only 
a small differential effect of TM on BiP induction in APP cells could be found is 
that maximum induction of BiP is reached at  0.2 μg/ml TM. This result 
corroborates other studies, where both TM and thapsigargin induced ER stress did 
not show any changes in BiP induction in APP cells relative to untransfected 
control cells (44,164), although we cannot exclude that it is due to differential 
effects of APP/Aβ on the UPR markers. The effect of APPwt overexpression on 
CHOP induction after a TM insult has previously been shown (44). However, in 
that study the effect of mutant APP on CHOP induction was not investigated. Our 
data show enhancement of induction of BiP, XBP-1s and CHOP in the presence of 
FAD mutant APP.  
To determine whether the augmented UPR induction in the APP cell lines has 
functional implications, the cell lines were treated with increasing concentrations 
of TM and the effects of ER stress induction on viability were determined. We 
observed a concentration-dependent effect of TM on viability of all three cell lines 
tested. In addition we find that the APPwt cells respond to ER stress in a similar 
way as the parental SK-N-SH neuroblastoma cell line (Fig. 3). The APPmut cells,  
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Figure 3: Increased Aβ1-42 production sensitizes cells for ER stress toxicity 
Differentiated SK-N-SH cells untransfected (con) or stably expressing APPwt or APPmut 
were treated with tunicamycin at the concentrations indicated for 24 h. Viability was 
determined using an MTT assay and is depicted as percentage of control. The graph 
represents the mean ± S.D. for n=6 from triplicate wells from two independent experiments.  
∗ p<0.05 (Student’s t-test).  

 
Figure 4: Inhibition of γ-secretase alleviates the higher ER stress toxicity in APPmut 
cells 
Differentiated APPwt or APPmut cells were pre-incubated with L685,458 24 h before 
treatment with tunicamycin at the concentrations indicated for 24 h. Viability was analyzed 
by MTT assay and is depicted as percentage of control. The graph represents the mean ± S.D. 
for n=4 from two independent experiments. ∗∗ p<0.001, ∗ p<0.01 (Student’s t-test).  
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however, are much more sensitive for ER stress toxicity (Fig. 3), confirming 
results from a previous study where neuroblastoma cells expressing mutant APP 
(containing the Swedish APP mutation) also showed increased sensitivity for ER 
stressors relative to APPwt (164). The increased sensitivity of the APPmut cells for 
ER stress induction by TM corresponds with the increased induction of CHOP (a 
pro-apoptotic UPR marker) by TM we found in these cells. Since the APPwt and 
the APPmut lines show similar levels of APP overexpression, the higher ER stress 
sensitivity of the APPmut line is unlikely to be caused by increased APP levels. To 
test whether this can be contributed to increased Aβ production or whether it is due 
to overexpression of APP, we assessed TM toxicity in the APP cells in presence of 
the γ-secretase inhibitor L685,458, thus preventing Aβ production. The difference 
in ER stress mediated toxicity between the APPwt and APPmut cell lines is 
alleviated by pretreatment with γ-secretase inhibitor, indicating that this is 
dependent on Aβ production (Fig. 4). Because the main difference between the 
APPmut line and the APPwt cell line is an increase in Aβ1-42 production, this 
suggests a connection with the production of Aβ1-42. We have previously shown 
that Aβ1-42 can activate the UPR, when applied extracellularly in oligomeric form 
(36). Increased Aβ1-42 production has previously been shown to enhance sensitivity 
for different toxic insults (62). A synergistic effect of TM with Aβ1-42 corroborates 
with our previous finding that TM contributes specifically to oligomer-specific 
Aβ1-42 toxicity (36) (chapter 2).  
Effects of Aβ1-42, but not other Aβ variants like Aβ1-40 on Ca2+ homeostasis in the 
ER have also been reported (307). Interestingly, this could be induced by both 
extracellular and intracellularly produced Aβ1-42. Re-uptake of secreted Aβ1-42 was 
required for the effect, as it could be blocked with Aβ1-42 specific antibodies in the 
culture media. Whether the association of Aβ with the UPR in these APP lines is 
caused by re-uptake of extracellular Aβ or by intracellularly produced and retained 
Aβ remains to be shown. In a recent study we have shown as well that inhibition of 
uptake of Aβ oligomers reduces cell death, indicating the importance of 
intracellular Aβ in toxicity (Chafekar et al. 2007, submitted, chapter 3). In a 
transgenic AD mouse model overexpressing hAPP carrying the same FAD 
mutation as used in our study (V717F), Aβ can be found intraneuronally (366). 
The increase of Aβ1-42 levels in the APPmut line may lead to increased 
intraneuronal accumulation of Aβ, because Aβ1-42 is a highly fibrillogenic peptide 
that may provide a seed for further aggregation. Aggregation and accumulation of 
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Aβ in the ER may directly affect the quality control systems in the ER. In fact, 
targeting of Aβ to the ER (using an artificial fusion of Aβ1-42  to a signal peptide 
(SP)) results in export from the ER by ERAD (284), showing that it is recognized 
by ER quality control as aberrant. In another study, that uses viral delivery of a 
similar SP-Aβ1-42, ER targeted Aβ1-42 was shown to be toxic (206). However, 
whether increased Aβ production in this cell line results in intraneuronal Aβ 
aggregates residing in the ER, awaits further study. 
In summary we show that intracellularly produced Aβ enhances UPR activation 
during ER stress and increases the sensitivity for ER stress toxicity. ER stress 
could thus be an important mechanism of Aβ induced neuronal loss in AD 
pathogenesis, since both intracellularly produced Aβ and extracellular Aβ affect 
the ER stress response. Better understanding of the role of ER stress in AD 
pathology will create the possibility for targeted therapeutic intervention. 
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Abstract  
The key pathogenic event in the onset of Alzheimer’s disease (AD) is the 
aggregation of  β-amyloid (Aβ) peptides into toxic aggregates. Molecules that 
interfere with this process may act as therapeutic agents for the treatment of AD. 
The amino acid residues 16-20 (KLVFF) are known to be essential for the 
aggregation of Aβ. In this study, we have used a first generation dendrimer as a 
scaffold for the multivalent display of the KLVFF peptide. The effect of four 
KLVFF-peptides attached to the dendrimer (K4) on Aβ aggregation was compared 
to the effect of monomeric KLVFF (K1). Our data show that K4 very effectively 
inhibits the aggregation of low-molecular-weight and protofibrillar Aβ1-42 into 
fibrils, in a concentration-dependent manner and much more potently than K1. 
Moreover, we show that K4 can lead to the disassembly of existing aggregates. Our 
data lead us to propose that conjugates bearing multiple copies of KLVFF may be 
useful as a therapeutic agent for Alzheimer’s disease. 
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Introduction 
One of the most prominent neuropathological hallmarks in brains of Alzheimer’s 
disease (AD) patients is the deposition of senile plaques. These plaques are 
extracellular lesions primarily composed of β-amyloid (Aβ). Aβ is a 40 or 42 
amino acid peptide derived from the amyloid precursor protein (APP) by 
proteolytic processing. Genetic and neuropathological studies provide strong 
evidence for a central role of Aβ in the pathogenesis of AD (3,132,288,313).  
Aβ is a highly fibrillogenic peptide that is prone to aggregate into 6- to 10-nm 
diameter fibrils with the characteristic cross-β structure (82,101,187). Initial 
studies have shown that aggregation of Aβ into fibrils is a prerequisite for its 
toxicity (255,285,293). Later studies demonstrated neurotoxicity of different 
prefibrillar intermediates in the Aβ aggregation pathway 
(48,102,146,169,183,185,340). These different aggregation states may mediate 
different toxic effects at different stages of the disease (121). Protofibrils (PF) 
(334) for example, are intermediates on the pathway towards mature fibrils. PF are 
short (10-200 nm) soluble curvilinear structures that have several characteristics of 
mature fibrils (high β-sheet content, and a fibril-like structure). Like fibrils, PFs 
have also been shown to induce neurotoxicity in culture and acute 
electrophysiological changes (102).  The exact nature of the Aβ species causing 
toxicity and eventually neurodegeneration in vivo is not known, but these studies 
do indicate that Aβ must be in an aggregated state to be toxic. This suggests that 
prevention of Aβ aggregation may inhibit Aβ neurotoxicity.  
Previous studies on the aggregation process of Aβ  identified the critical region of 
Aβ involved in amyloid fibril formation (115,320). The hydrophobic core at 
residues 16-20 of Aβ, KLVFF, is crucial for the formation of β-sheet structures by 
Aβ. It was also shown that KLVFF binds to the homologous sequence in Aβ and 
prevents its aggregation into amyloid fibrils (319,341). This KLVFF sequence has 
served as a lead compound for the development of inhibitory agents aimed at 
preventing Aβ aggregation in vivo (203,367). KLVFF has also been shown to 
reduce amyloid deposits in vivo (35).  
The use of multiple simultaneous interactions to enhance the affinity and 
specificity of binding, known as multivalency, is an important concept in biology. 
In the past different types of scaffold molecules have been used to obtain 
multivalent structures, such as colloidal gold particles (146) and 
poly(ethylene)glycol (PEG)(367).  A disadvantage of these approaches is the large 
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size of the particles (PEG) and the lack of control over the number of peptides 
attached (colloidal gold). These disadvantages are circumvented when using 
dendrimers. Dendrimers are multivalent macromolecules with a regular highly 
branched structure and dimensions resembling those of small proteins that have 
been used in several different biological applications (110).  In this study we have 
synthesized a first generation KLVFF dendrimer, using native chemical ligation 
(324), thereby generating a small, well defined molecule capable of making 
multivalent interactions. We have investigated the effect of dendritic KLVFF on 
the aggregation of low molecular weight (LMW) Aβ1-42 as well as its effects on 
preformed aggregates.   
Our data show that coupling of KLVFF to a dendrimeric scaffold potentiates its 
inhibitory effect on Aβ1-42 aggregation as well as on the disassembly of pre-
existing aggregates. Thus, our studies indicate that a dendrimer containing multiple 
copies of KLVFF may have therapeutic potential in Alzheimer’s disease. 

 
Materials and Methods 
Synthesis of peptide-dendrimer conjugate 
In this study native chemical ligation (324) was used for the generation of peptide 
dendrimers. Standard tert-butyloxycarbonyl (tBoc-) mediated solid phase peptide 
synthesis was used to make the KLVFFGG-peptide. The two glycine residues 
(GG) were included to provide a spacer between the KLVFF sequence and the 
dendrimer structure. The KLVFFGG peptides were functionalized with a C-
terminal mercaptopropionic acid-leucine (MPAL) thioester, essentially as 
described in Hackeng et al  (93). Functionalization of amine-terminated 
poly(propylene imine) dendrimers (kindly provided by DSM (Geleen, The 
Netherlands)) with cysteine residues, was done essentially as described in van Baal 
et al(324).  
 Four equivalents of peptide thioester were ligated to one equivalent of the cysteine 
dendrimer using standard ligation conditions (Tris buffer pH 7.5, 6 M guanidine, 2 
% (v/v) thiophenol, 2 v% benzylmercaptan, 37 oC), with stirring for 1h at 37 oC, 
resulting in the formation of [KLVFFGG]4-dendrimer. The ligation product was 
further purified using reverse-phase HPLC as described in van Baal et al (324). 
The cysteine-dendrimer will be referred to as C4, KLVFFGG will be referred to as 
K1 and [KLVFFGG]4-dendrimer will be referred to as K4. As an additional control 
in the aggregation experiments we used a dendrimer with 4 copies of the non-
related pentapeptide GRGDS and GG as a spacer (G4) (324). All peptides and 
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peptide dendrimers were analyzed by Matrix-Assisted Laser Desorption/Ionization 
Time-Of-Flight mass spectrometry (MALDI-TOF MS) analysis, using α-cyano-4-
hydrocinnamic acid as matrix. MS data of K1 and K4 structures are shown in the 
supplementary data. MS data of G4 as well as C4  has been shown previously in van 
Baal et al.(324). 
 
Preparation and purification of different Amyloid-β1-42 species 
Purified Aβ1-42 peptide was purchased from California peptide (Napa, CA, USA) or 
Anaspec (San Jose, CA, USA). For the preparation of protofibrils, Aβ1–42 was 
initially diluted in DMSO, then in water, and finally in Tris–HCl, pH 7.4, to give 
final concentrations of 5%, 25 mM and 1 mg/ml (222µM) for DMSO, Tris and Aβ, 
respectively. Large, insoluble particles (fibrils) were removed by a 5 min 
centrifugation step at 13,000g at 4 oC. The supernatants were loaded onto a 
Superdex 75 HR 10/30  gelfiltration column (GE Healthcare Europe, Munich 
Germany) and equilibrated with 5 mM Tris-HCl, pH 7.4, 75 mM NaCl to separate 
PF from LMW species. The column was calibrated using the following proteins as 
molecular mass standards: ribonuclease A (13.7 kDa), chymotrypsinogen A (25 
kDa), ovalbumin (43 kDa) and albumin (67 kDa). The protein was eluted at a flow 
rate of 0.5 mL/min and 0.5 mL fractions were collected. To assess which eluted 
fractions from the PF or LMW peaks had the highest Aβ1-42 concentration, a 
sample of each of the fractions was run on a 16.5% SDS gel and proteins were 
visualized by silverstaining. For each peak the most intense bands on the gels (thus 
containing the most of the Aβ1-42 peptide) were pooled and the concentration of the 
final mixture was determined (using a BCA protein assay (Pierce, Rockford, IL, 
USA), before initiating the co-aggregation experiments. EM analysis was 
performed to confirm the protofibrillar structures. 
To obtain LMW species hexafluoroisopropanol (HFIP) was used as an initial 
solvent. Aβ1-42 was dissolved in HFIP at a final concentration of 1 mg/ml, 
aliquoted, and allowed to evaporate, using a SpeedVac centrifuge. The resulting 
peptide film was stored at -80 oC until further use. For co-aggregation experiments 
the peptide film was first dissolved in DMSO, and sonicated in a bath sonicator for 
10 minutes. For LMW preparation, Aβ1-42 was subsequently diluted in 5 mM Tris-
HCl, pH 7.4, 75 mM NaCl buffer to a final concentration of 20 μM. EM analysis 
was performed to confirm the absence of fibrillar structures or other aggregates. 
This method has previously been shown to yield mainly monomeric and small 
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soluble Aβ species(340). HFIP-treated LMW Aβ species were also analyzed by 
SEC (not shown) and eluted from the column at approximately the same time as 
SEC-purified LMW Aβ separated from protofibrils. SEC purified LMW Aβ (not 
shown) as well as HFIP-treated Aβ (Figure 2B) show very few structures on EM. 
These findings confirmed previous findings that LMW species obtained by either 
method are too small to be detected by EM (102,334,340). Both LMW species also 
showed very low ThT binding. This indicates that they are similar structures. In 
addition, the same co-aggregation assays as with HFIP-treated LMW Aβ (at 20 
μM, see below), were also performed with the SEC-purified LMW Aβ species at 
10 μM (not shown) and showed similar results.  
To obtain fibrillar Aβ1-42 (fAβ) 10 mM HCl was added to Aβ/DMSO under 
continuous vortexing to bring the peptide to a final concentration of 100 µM 
followed by incubating at 37 °C for 24 h. The fibrillar Aβ1-42 preparation was 
centrifuged (220,000 g) in a Beckman tabletop ultracentrifuge for 30 min at room 
temperature and the pellet was resuspended in 4 % DMSO/10 mM HCl (final pH: 
4). The relative concentration of the fibrillar Aβ1-42 preparations was determined by 
a Bradford protein assay (Biorad, Hercules, CA, USA).  
 
Co-aggregation assay 
For the fibril disaggregation experiments, the fibrillar samples were further diluted 
in 5 mM Tris-HCl, pH 7.4, 75 mM NaCl- buffer to a final concentration of 10 μM 
prior to addition of K1 or K4. For the protofibril aggregation experiments, isolated 
protofibril preparations were used at a final concentration of 10 µM in 5 mM Tris-
HCl, pH 7.4, 75 mM NaCl in presence or absence of the inhibitor peptides. Freshly 
prepared HFIP-treated LMW Aβ was used at a final concentration of 20 μM in the 
co-aggregation assays. The samples were first incubated at 4 oC for 1 hr to allow 
binding of the aggregation inhibitors to Aβ1-42. Subsequently, the samples were 
allowed to aggregate for 24 h at 37 oC. After 24 h samples were taken to perform a 
Thioflavin T assay and EM analysis.  
 
Thioflavin T assay 
A 100 µM aqueous solution of Thioflavin T (ThT) was prepared and filtered 
through a 0.2 µm filter. The Aβ aggregates were diluted to a final concentration of 
5 µM into  90 mM Glycine-NaOH  (pH 8.5) containing 10 µM ThT. Fluorescence 

was measured in 96 well plates using a Fluostar microplate reader (Fluostar 
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Optima, BMG Labtech, Offenburg, Germany) at an excitation wavelength of 450 
nm and emission at 485 nm. In the ThT graph of the co-aggregation experiments 
the relative change in fluorescence (Rel.ΔThT in %) was plotted against the molar 
ratio of Aβ1-42 to test-sample. In order to directly compare the effects of K4 and K1 
on Aβ aggregation, the ratios are expressed per mole of KLVFF-peptide-subunit 
and not per mole of conjugate-molecule. The change in ThT fluorescence of LMW 
or PF Aβ1-42 after 24 hours of aggregation in absence of the interfering peptides 
was set at 100%. The other experimental conditions were all related to this control. 
For the aggregation assays with fAβ, the ThT fluorescence of fibrils in absence of 
interfering peptides was set at 100%.  
 
Electron Microscopy 
Aβ1-42 preparations were adsorbed onto 300-mesh formvar/copper grids for 5 min 
and excess fluid was filtered off. Subsequently, the samples were stained with 1% 
uranyl acetate for 5 min, excess fluid was removed and the grids were analyzed 
with a Philips EM-420 or a Philips CM 100 transmission electron microscope 
operated at 100 kV.  
 
Atomic Force Microscopy (AFM) 
A total of 10 µl of each sample was adsorbed onto a freshly cleaved mica surface 
and were left to dry at room temperature for one hour. AFM images were obtained 
at room temperature with a Nanoscope III (Digital Instruments, Santa Barbara, 
CA) using force volume mode operating in liquid. Measurements were performed 
with a constant retraction speed of 355 nm/s. Calibrated standard triangular Si3N4

 

AFM cantilevers from Veeco (Santa Barbara, CA) were used with a 0.06 N/m 

nominal spring constant. 
 
Results 
Synthesis and characterization of fibrillogenesis inhibitor compounds 
The peptide-dendrimer complexes in this study are synthesized using native 
chemical ligation. Four equivalents of the MPAL-thioester of KLVFFGG (K1) 
were ligated to one equivalent of the cysteine-dendrimer C4 (see the dotted box in 
Scheme) resulting in the formation of the [KLVFFFGG]4-dendrimer (K4). 
Chemical structures of K1 and K4 are shown in the Scheme. The identity and purity 
of the peptides were verified by MALDI-TOF (see supporting Figure 1)  
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Aggregation properties of the KLVFF-compounds  
Before assessing the performance of K1 and K4 as inhbitors of Aβ1-42 aggregation, 
we first studied the possible self-aggregation of these KLVFF peptides. Neither K1 
nor K4 showed ThT binding after incubation for 24 hours at 37 oC. (Figure 1A). 
Increasing the aggregation time of either compound up to 5 days did not lead to an 
increase in ThT fluorescence (not shown). Morphological analysis by AFM 
showed the absence of fibrillar aggregates in the K4-sample, thus confirming 
results from the ThT assay (Figure 1B). Only globular structures, with a diameter 
of 20-80 nm and height of 10 to 15 nm were observed after aggregation at 37 oC 
for 24 h (Figure 1B). These data indicate that the dendritic KLVFF compound does 
not form fibrils or other structures with high β-sheet content.  

 
 

Scheme: Chemical structures of the interfering peptides  
Chemical structures of monomeric KLVFFGG (K1) and dendritic KLVFFGG (K4) Dotted 
box shows structure of cysein dendrimer (C4). 
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Figure 1: KLVFF derivatives do not self aggregate 
(A) KLVFF derivatives were aggregated for 24h at 37 oC and the β-sheet content was 
measured using a ThT assay. Shown is a representative graph of a ThT assay of the K1/K4 
peptides aggregated at t=0 and t=24 h. (B) The morphology of the novel dendritic KLVFF 
was analyzed by Atomic Force Microscopy (AFM). Shown is a representative AFM 
micrograph (image size is 2000 x 2000 nm) at t=24 h.  
 

Dendritic KLVFF is a more potent inhibitor of LMW Aβ aggregation than 
monomeric KLVFF 
LMW Aβ was prepared as described in Materials & Methods. EM analysis 
showed, as expected for LMW Aβ, only very few oligomer-like structures at t=0 
(Figure 2B, upper left panel). LMW Aβ1-42 was aggregated for 24 hours in 
presence of K1 or K4 in different ratios. In order to directly compare the effects of 
K1 and K4 on Aβ aggregation, the ratios are expressed per mole of KLVFF-peptide 
subunit. ThT analysis showed that K4 inhibits Aβ1-42 aggregation in a 
concentration-dependent manner, with strongest inhibition at the highest 
concentration used (Figure 2A). A 1:4 ratio of Aβ:K (in K4) inhibits the relative 
change of ThT fluorescence (Rel.ΔThT) by more than 90%,  whereas the same 
ratio of K1 inhibits Rel.ΔThT by only 25%. Moreover, a much lower ratio of 1:0.2 
for K4 also resulted in an inhibition of 25%, indicating that K4 inhibits Aβ1-42 
aggregation to the same extent as K1 at 20-fold lower concentration of peptide-
subunit (and at 80-fold lower concentration per conjugate molecule). K4 is thus a 
much more potent inhibitor of Aβ1-42 aggregation than K1. Half-maximal inhibition 
of LMW Aβ aggregation in assays performed both at 20 µM and 10 µM occurs at a  
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comparable Aβ:K (K4) ratio of approximately 1:0.5, corresponding to a 
concentration of 10 µM Aβ and 1.25 μM K4.   
EM-analysis was performed to study the morphology of the aggregates that form in 
the presence and absence of K1 and K4. Aggregation of LMW Aβ1-42 in the absence 
of inhibitors showed formation of fibrillar structures (Figure 2B, upper right 
panel). When LMW Aβ1-42 aggregation is strongly inhibited (>90%) by K4 (Aβ:K-
ratio 1:4), only small non-fibrillar structures are detected (Figure 2B, lower right 
panel). Using the same ratio for K1, that only results in 25% aggregation inhibition, 
fibrillar structures are still observed (Figure 2B, compare lower left panel to lower 
right panel). EM analysis thus confirms the results of the ThT assay.  
To show that the effect of K4 on Aβ1-42 aggregation is specifically caused by the 
KLVFF sequence, a similar co-aggregation experiment was performed of LMW 
Aβ1-42 with a dendrimer that contained 4 peptides, each with 5 non-Aβ-related 
amino acids (GRGDS) with a GG (G4). G4 had no inhibitory effect on Aβ1-42 
aggregation even at the highest ratio used (1:4). This result shows that the effect 
caused by K4 is mediated by the Aβ-derived sequence KLVFF.  
 
Dendritic KLVFF disassembles mature Aβ1-42 fibrils 
To test whether the KLVFF derivatives can also cause disassembly of mature Aβ1-

42 fibrils (fAβ), fAβ was incubated with K1 and K4 for 24 hr in different ratios. 
Figure 3A shows that K4 disassembles fAβ in a concentration dependent manner. A 
significant effect of K4 on fibril disassembly of 20% was already observed at an 
Aβ:K ratio of 1:0.2. Increasing the concentration of K4 up to an Aβ:K ratio of 1:16 
increased disassembly to 65 %. An Aβ:K (in K1) ratio of 1:16 caused a fibril 
breakdown of only 25 %. Thus, K4 breaks down preformed Aβ1-42 fibrils much 
more potently. Disassembly of mature fibrils by 50% by K4 is observed at an Aβ: 
K ratio of 1:2.7, corresponding to concentrations of 10 μM Aβ and 6.75 μM K4. 
The specificity of the effect of K4 was again shown by the small effect that the G4-
dendrimer has on fibril disassembly (10% at an Aβ:G (in G4) ratio of 1:16). As an 
additional control for the specificity of the effect of K4, we also studied the effect 
of the dendrimer itself (C4), since previous studies have shown that  dendritic 
structures are capable of breaking down pre-formed fibrillar aggregates by 
themselves. C4 reduced ThT binding only by 10% at an Aβ:C (in C4) ratio of 1:16. 
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Figure 2: K4 is a potent inhibitor of LMW Aβ aggregation 
(A) LMW Aβ was co-incubated with K1, K4 and G4 in the indicated ratios for 24h. The β-
sheet content was analyzed by the ThT assay. Shown is a graph of a ThT assay performed on 
the aggregates (n=6-9 from 2-3 independent experiments; mean ± S.D.). Increase of ThT 
fluorescence without inhibitors, was set to 100 % (RelΔThT). Inhibitory effects of the 
KLVFF compounds on LMW Aβ aggregation were all relative to this control. Ratios are 
expressed per (KLVFF-) peptide subunit. (B) Morphology of the (co-) aggregates was 
analyzed by EM. Shown are representative EM pictures of co-aggregates of LMW Aβ 
without inhibitors at t=0 (upper left panel) and t=24 h (upper right panel) and at t=24 with K1 
(lower left panel) or K4 (lower right panel). Aβ to peptide ratios are indicated in the figure. 
Scale bar: 100nm 
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This indicates that the observed effect by K4 is sequence specific. EM analysis of 
fibrillar Aβ preparations, confirmed the fibrillar nature of the starting material 
(Figure 3B, upper left panel). EM analysis of the Aβ/K1 co-aggregate (Aβ:K-ratio 
1:16) shows many fibrillar structures, thus confirming the minor effect K1 has on 
fibril disassembly (Figure 3B, upper right panel). In contrast, at the same Aβ:K (in 
K4) ratio no fibrillar structures are detected (although the 35% ThT binding still 
present, indicates that few fibrillar structures may be present in solution). Instead, 
globular, more oligomer-like structures are observed (Figure 3B, lower left panel). 
With Aβ/G4 co-aggregates no differences with Aβ alone are observed (Figure 3B, 
lower right panel). Together these results show the increased potency of K4 on 
fibril disassembly compared to K1.  
 
Purification and characterization of protofibrillar Aβ1-42. 
To study the effect of the inhibitory agents on “pre-formed” protofibrils we 
prepared highly enriched PF Aβ aggregates as described in Materials & Methods. 
The PF fraction was separated from LMW forms of Aβ1-42 by SEC, showing two 
separate peaks in the size-exclusion chromatogram (Figure 4A).  
To study the kinetics of Aβ1-42 aggregation, PF and LMW Aβ1-42 preparations were 
aggregated for 24 hours at 37 oC. LMW Aβ1-42 shows little ThT fluorescence at 
t=0. In contrast, PF Aβ1-42 had a 5-fold higher ThT fluorescence, indicating that PF 
Aβ1-42 contains more β-sheets then LMW Aβ1-42 at t=0. After 24 h of aggregation 
LMW Aβ1-42 and PF Aβ1-42 both reach a similar level of ThT fluorescence (Figure 
4B). To confirm the structure of the PF preparation, EM analysis was performed. 
Short curvilinear structures, characteristic for protofibrils were observed (Figure 
4C, left panel). Incubation of protofibrils for 24h at 37oC results in formation of 
fibrils (Figure 4B, right panel), confirming that protofibrils are intermediates “on” 
the pathway to fibrils.  
 
Dendritic KLVFF interferes in protofibril to fibril conversion by disassembly of 
protofibrils 
To study the effect of the K4 peptide-dendrimer on PF aggregates, SEC-purified PF 
Aβ1-42 was aggregated for 24h in presence or absence of K1 and K4 in different 
ratios. ThT analysis shows that K4 interferes in protofibril to fibril conversion of 
Aβ1-42 in a concentration dependent manner (Figure 5A). A 1:1 ratio of Aβ:K (in 
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Figure 3: K4 disassembles mature Aβ fibrils more potently then K1. 
(A)  Fibrillar Aβ was co-incubated with different concentrations of K1, K4, G4 and C4 for 24h. 
The β-sheet content was analyzed by the ThT assay. Shown is a graph of a ThT assay 
performed on the aggregates (n=6 from two independent experiments; mean ± S.D.). ThT 
fluorescence of fibrillar Aβ without inhibitors was set to 100%. Inhibitory effect of the 
compounds was compared to this control. Ratios are expressed per (KLVFF-) peptide 
subunit. (B) Morphology of the (co-) aggregates was analyzed by EM. Shown are 
representative EM pictures of (co-) aggregates of fibrillar Aβ alone (upper left panel), in 
presence of K1 (upper right panel), K4 (lower left panel) and G4 (lower right panel). Aβ to 
peptide ratios are indicated in the figure. Scale bar: 100nm. 
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Figure 4: Purification and aggregation kinetics of PF Aβ 
(A) Protofibrillar (PF) Aβ is prepared as described in Materials and Methods and purified by 
size exclusion chromatography (SEC) using a calibrated Superdex 75 10/30 HR column. Size 
exclusion of the Aβ preparation results in separation of LMW Aβ species from PF Aβ. 
Shown is a representative Size exclusion chromatogram. (B) LMW and PF fractions were 
aggregated for 24h at 37oC. β-sheet content was analyzed by ThT assay at t=0 and t=24h. 
Shown is a representative graph from a ThT assay on PF and LMW Aβ. The bracket in the 
graph indicates the change in ThT fluorescence after 24 hours (ΔThT) C) Morphology of PF 
Aβ before and after aggregation was studied by EM analysis. Shown are representative 
electron micrographs of PF Aβ at t=0 (left panel) and t=24h (right panel). Scale bar: 100nm  



CHAPTER 5 

 103 

K4) limits the relative change of ThT fluorescence (Rel.ΔThT)  to only 35% of the 
increase normally observed. At Aβ:K (in K4) ratios of 1:2 and higher the Rel.ΔThT 
of Aβ1-42 after 24h is actually decreased, indicating disassembly of pre-existing PF. 
Increasing the K4 concentration up to Aβ:K ratio of 1:16, caused further 
disassembly of PF  up to 70%.  A 1:8 ratio of Aβ:K (in K1) limits the conversion of 
PF to fibril to 55 %, whereas the same ratio of Aβ:K (in K4) results in breakdown 
of the pre-existing PF by 55%.  EM analysis of the morphology of the PF Aβ/K4 
co-aggregates shows the absence of fibrils and disappearance of PF in presence of 
high concentrations of K4. Instead, a rearrangement of PF Aβ1-42 into amorphous 
aggregates (Figure 5B; right panel) is observed.  This corroborates with the results 
from the ThT assay, since amorphous aggregates do not show any ThT 
fluorescence. In the presence of K1, fibrillar structures were still observed (Figure 
5B; left panel). 
 
Discussion 
One of the key pathogenic factors in AD is the Aβ peptide. Aβ aggregates into 
fibrils via several intermediate aggregation species. Different aggregated species 
may exert different toxic effects (121), for example, our own previous work 
showed induction of endoplasmic reticulum stress with oligomeric, but not with 
fibrillar Aβ aggregates (36). Nevertheless, plaques in AD patients consist mainly of  
fibrillar Aβ aggregates. Fibrillar Aβ has been shown to be toxic in culture, and may 
also be responsible for the neuronal loss observed in AD patients. In any case, it is 
clear that aggregation of Aβ is a prerequisite for toxicity, therefore prevention of 
Aβ aggregation may inhibit Aβ induced neurotoxicity. To this end, we investigated 
intervention in Aβ1-42 aggregation using a multivalent KLVFF variant. We 
successfully produced a dendritic variant of KLVFF using native chemical ligation. 
Like the monomeric K1, the  dendritic K4 shows no self-aggregation, not even after 
prolonged incubation at 37oC, which is important for downstream applications that 
require a soluble agent.  
In this study the effect of the branched KLVFF structure (K4) was compared to the 
monomeric KLVFF (K1). Since different Aβ species are known to contribute to 
AD pathogenesis, intervention of Aβ aggregation was studied at different 
aggregation stages of Aβ: the first onset of aggregation (LMW), aggregation of 
intermediate species (PF) and aggregated mature fibrils (fAβ). To prevent Aβ from 
reaching an aggregated state, we intervened at the first onset of aggregation, 
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Figure 5: K4 dissasembles protofibrillar Aβ 
(A)  Protofibrillar Aβ was co-incubated with different concentrations of K1 and K4 for 24h 
and the β-sheet content was analyzed by the ThT assay. Shown is a graph of a ThT assay 
performed on the aggregates (n=5 from two independent experiments; mean ± S.D.). Increase 
of ThT fluorescence without inhibitors, was set to 100% (Rel.ΔThT). Ratios are expressed 
per (KLVFF-) peptide subunit. (B) Morphology of the co-aggregates was analyzed by EM. 
Shown are representative EM pictures of co-aggregates of PF Aβ in presence of K1 (left 
panel) or K4 (right panel). Aβ to peptide ratios are indicated in the figure. Scale bar: 100nm. 
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starting from the LMW state. K4 was found to be highly effective in preventing 
LMW Aβ1-42 aggregation and to be much more potent than K1, as indicated by both 
the amount of fluorescence reduction at the same 1:4 ratio for K1 (30 %) and K4 
(90 %) as well as the 20-fold lower concentration of K4 (per peptide-subunit) 
needed for a similar inhibition as K1. Previously, a branched hexameric retro-
inverso FFVLK was shown to increase potency of Aβ1-40 aggregation inhibition 
(367). The multivalent effect reported in this study was threefold of a hexamer 
compared to a dimeric conjugate, indicating that the K4 conjugate from our study 
gives a stronger multivalent effect. However, direct comparison of the data is 
difficult, because another study showed that a KLVFF analogue is a more potent 
inhibitor of Aβ1-40 than of Aβ1-42 aggregation (301) and because vastly different Aβ 
and conjugate concentrations were used. 
Another level of aggregation intervention is the disassembly of preformed fAβ. 
Previous studies have shown that KLVFF analogues are capable of disassembling 
preformed fibrils (84,301). Our study also shows that K4 disassembles fAβ in a 
concentration dependent manner and in a more potent way than K1, as indicated by 
both the amount of ThT fluorescence reduction at the same 1:16 Aβ:K ratio for K1 
(25 %) and K4 (65 %) as well as the 40-fold lower concentration of K4 (per peptide-
subunit) needed for a similar inhibition as K1. It should be noted, however, that at 
the highest concentration of K4 used in this study, did not cause a complete 
breakdown, still leaving about 35% of potentially toxic amyloid fibrils in solution. 
This may be a drawback for potential use of K4 as a therapeutic agent in fibril 
breakdown. In contrast, the previously reported hexameric PEG FFVLK conjugate 
was not capable of fibril disassembly (367). This may be due to the use of the PEG 
scaffold, which is relatively large (10 kDa) compared to the first generation 
dendrimer (729 Da).   
Since PF are intermediate species on the pathway to fibrillization, they are an 
excellent experimental model to study both aggregation inhibition and breakdown 
of pre-exisiting aggregates in one experimental setup. In addition, PF have been 
shown to have diverse toxic effects in vitro(102). An early onset variant of AD, 
caused by the “Arctic” mutation in APP is shown to result in accelerated 
production of PF (188),  indicating the relevance of PF for AD pathogenesis. We 
show that also for the aggregation from PF to fAβ1-42, K4 has a more potent 
inhibitory effect than K1. This is best indicated by the fact that an Aβ:K ratio (for 
K1) of 1:8 results in inhibition of PF to fAβ conversion by 55% whereas the same 
ratio for K4 results in PF breakdown of 55%.  ThT analysis shows a concentration 
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dependent effect of K4 on PF aggregation, with lower concentrations inhibiting 
further aggregation and higher K4 concentrations causing increased PF 
disassembly. We also show that K4 rearranges PF Aβ1-42 into amorphous 
aggregates. This is different from the disassembly of preformed fibrils into 
globular more oligomer-like structures, suggesting a different mechanism for 
disassembly of protofibrils by K4. 
Our study shows that K4 is much more potent than K1 and thus has a multivalent 
inhibitory effect on all aggregation species studied. The effect of K4 on inhibition 
of LMW aggregation compared to breakdown of pre-formed fibrillar aggregates, 
however, occurs with different kinetics as indicated by the concentrations of K4 
needed for half-maximal inhibition. The half-maximal inhibition for aggregation of 
10 μM Aβ  is attained with 1.25 μM K4. To reach half-maximal disassembly of 10 
μM fibrils, however, a more than 5-fold higher K4 concentration of 6.75 μM is 
required. This suggests that K4 exerts its effect predominantly on LMW Aβ. Since 
fAβ is in equilibrium with LMW species, this suggests that the strong effect of K4 
on LMW Aβ will shift this equilibrium between fAβ and LMW towards the LMW 
state and thus cause a disassembly of existing fibrillar aggregates.  
Previous studies have shown an inhibitory effect of non-functionalized amine-
terminated polyamine-dendrimers on amyloid formation by Aβ1-28 and PrP-
fragments (107,158,159,306). Aβ aggregation was inhibited by 3rd generation 
amine terminated polyamine dendrimers and the inhibition increased with 
increasing dendrimer concentration and generation. To show that the multivalent 
effect of K4 was specifically caused by the KLVFF sequence and not by the 
dendritic structure itself, we performed similar aggregation assays with a 
dendrimer consisting of 4 non-related pentapeptides (G4). Co-incubation of G4 and 
Aβ1-42 caused only a small inhibition of LMW Aβ1-42 aggregation and had no effect 
on fibril breakdown in any of the Aβ:G4 ratios studied. The cysteine-dendrimer 
(C4) showed only a minor effect on fibril breakdown, also suggesting that it is 
unlikely that amine terminated PPI dendrimers will have an effect on Aβ 
aggregation. This result clearly shows that the more potent effect of K4 on Aβ1-42 
aggregation is sequence specific. The potency of a multivalent KLVFF derivative 
may be enhanced by using a higher generation dendrimer, but this is likely to also 
enhance sequence aspecific effects, as observed with the 3rd and higher generation 
amine terminated polyamine dendrimers (158,159). In addition, with increasing 
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generation, the hydrophobicity will increase, as well as its size and shape, thereby 
loosing the advantage of a soluble small size inhibitor.  
Although we can not fully exclude that the strong inhibiton caused by K4 is caused 
by steric hindrance by the attachment of any structure to KLVFF, the strongly 
increased potency of K4 relative to K1 suggests a multivalent effect. This 
multivalent effect may also apply for other potent KLVFF derived aggregation 
inhibitors. Delivery across the blood-brain barrier (BBB) might be important for a 
therapeutic agent for AD. However, a study in mice showed that a monoclonal 
antibody against Aβ can still be effective when applied in the periphery (52). 
Injection of this antibody was shown to produce a “sink” effect drawing soluble 
Aβ from the brain in the bloodstream. This could then potentially halt or even 
reverse plaque-formation. Whether dendritic KLVFF can work in a similar manner 
awaits further study. In addition, modifications can facilitate passage across the 
BBB. An analogue of the KLVFF peptide protected against proteolytic degradation 
and with increased BBB permeability has been successfully used in a rat model of 
brain amyloidosis (35). It was shown to prevent Aβ-induced spatial memory 
impairments with partial reduction of amyloid deposits. Our data suggest that 
dendritic derivatives of KLVFF may further increase its efficacy. In addition, 
several small molecule inhibitors have also been shown to inhibit amyloid 
aggregation (227) , and their efficacy may also be further increased via multivalent 
display on dendrimers. Dendrimers may thus be a valuable tool that can increase 
the therapeutic efficacy of many aggregation inhibitors. 
The small size and controlled synthesis of dendrimeric structures is a major 
advantage when creating multivalent molecules. In this study, we have employed 
this advantage to create a small, multivalent and sequence-specific inhibitor of Aβ 
aggregation. The effect of K4 on inhibition of fibril formation as well as fibril 
disassembly suggests reversibility of many steps of Aβ fibrillogenesis. Since K4 
acts on all different aggregation species it has potential for use as a therapeutic 
agent.  
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Figure S1: A) MALDI-TOF spectra of the interfering peptides used in this study: K1 at the 
top and K4 at the bottom. B) Table with observed and calculated mass of the peptides and 
dendrimers used in this study. 
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Therapeutic approaches in AD: Targeting Aβ aggregation and its cellular 
responses  
All of the genetic alterations linked to AD alter Aβ in a way that increases its 
production and its propensity to aggregate into amyloid fibrils (98). Since Aβ is 
central to AD pathogenesis, targeting Aβ appears to be the most promising 
therapeutic approach. AD can be prevented or more effectively treated by (1) 
prevention of Aβ aggregation, (2) break down / removal of the toxic aggregate (via 
β-sheet breakers or Aβ immunotherapy), (3) decrease in Aβ production or (4) 
enhancement of Aβ clearance and degradation. The therapeutic approach with the 
most promising results so far is tackling Aβ via immunotherapy. Based on the 
results presented in this thesis and the current knowledge on Aβ aggregation and 
toxicity we will discuss several of the therapeutic approaches for AD.  
Data presented in this thesis show the important role of the aggregation state of 
Aβ. In chapter 5 we designed a novel multivalent Aβ aggregation inhibitor with 
increased potency compared to the monovalent inhibitor. Using a multivalent 
aggregation inhibitor might be a useful therapeutic strategy. This approach and the 
use of other aggregation inhibitors will be discussed below.  
First, we will discuss the cellular mechanisms affected by Aβ. We have shown that 
Aβ activates the ER stress response when applied in oligomeric form (chapter 2) 
or when produced intracellularly (chapter 4). ER stress has been implicated in 
many other neurodegenerative disorders as well. In chapter 3 we show that uptake 
of oligomeric Aβ into the cell is an important determinant of Aβ-induced toxicity 
in AD. Manipulation of the UPR and targeting Aβ uptake into the cell as a 
therapeutic approach for AD will therefore be discussed in the following sections 
(Figure 1).  

 
The ER stress response as a target for therapeutic intervention in 
neurodegeneration 
The involvement of ER stress in neurodegeneration has been shown in many 
neurodegenerative diseases. Our group showed that the unfolded protein response 
is activated in Parkinson’s disease (123). Recently, evidence for ER stress 
induction was found in a mouse model (overexpressing SOD1G93A) for 
amyotrophic lateral sclerosis (ALS) and in sporadic ALS patients (151). Also in 
the neurodegenerative lysosomal storage disorder infantile neuronal ceroid 
lipofuscinoses (INCL) the involvement of ER stress in the neurodegenerative  
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process has been shown (155,345). Polyglutamine (polyQ) proteins, the 
aggregating proteins involved in a group of  neurodegenerative disorders (the 
polyglutamine disorders) such as Huntington's disease and the spinocerebellar 
ataxias, form cytosolic aggregates and induce ER stress via impairment of the 
proteasome (171,230,318). We have previously shown that ER stress is involved in 
Alzheimer’s disease (124). Results presented in this thesis (chapters 2 and 4) 
show that Aβ is most likely responsible for the ER stress induction found in AD. 
We find that both intra- and extracellular Aβ activate the ER stress response 
(Figure 1). ER stress could thus be an important mechanism in many 
neurodegenerative disorders including Aβ induced neuronal loss in AD.  
Increasing evidence for involvement of ER stress in neurodegenerative disorders, 
suggests that targeting ER stress for therapeutic intervention could have great 
potential in these diseases. Cells activate the UPR in response to ER stress. 
Therefore we speculate that a therapeutic approach that would activate the cell’s 
own defence system against ER stress, the UPR, might prevent ER stress induced 
neuronal death. Initially, the molecular pathways of the UPR are a protective 
response against accumulation of misfolded proteins: (1) translation block of 
proteins prevents further accumulation of proteins in the ER, (2) increased 
degradation of misfolded proteins by the proteasome relieves the ER of misfolded 
proteins and (3) induction of expression of ER molecular chaperones helps to 
correctly refold misfolded proteins. However, during prolonged accumulation of 
misfolded proteins a negative response of the UPR comes in to play: (4) the 
apoptotic arm of the UPR is activated. These different pathways of the UPR are all 
potential therapeutic targets. Already some chemical compounds have been 
developed that induce specific UPR pathways. Recently, the compound salubrinal 
was identified as an inhibitor of eIF2α de-phosphorylation, thereby blocking 
protein translation. Salubrinal was shown to protect against ER stress-induced cell 
death (18,354), and therefore maybe useful in the treatment of diseases involving 
ER stress. Salubrinal is protective in a Parkinson’s disease cell model (294), 
indicating its potential for the treatment of neurodegenerative diseases. A 
drawback is that constitutive phosphorylation of eIF2α is unlikely to present a 
long-term treatment opportunity (354), therefore more selective targeting should be 
investigated. Targeting of the apoptotic arm of the UPR was recently shown to 
protect against ER stress-induced neurodegeneration. Deletion of the BH3-only 
pro-apoptotic protein puma protects motoneurons from ER stress-induced 
apoptosis and delays motoneuron loss in ALS mice (151). 



General discussion 

 112 

Pharmacological induction of molecular chaperones may also protect against 
aggregate toxicity (299). The therapeutic potential of such a strategy is best 
illustrated by treatment of SODG93A mice, a model for amyotrophic lateral 
sclerosis, with arimoclomol, a co-inducer of heat shock proteins (150). This 
treatment resulted in decreased neuronal loss and consequently improved 
motorfunction, as well as increased lifespan. Three recent papers showed the 
involvement of the cytosolic chaperonin TRiC in polyglutamine aggregation and 
toxicity (14,157,311). Overexpression of TRiC  prevents polyglutamine toxicity by 
altering the aggregation state of the polyQ expansion proteins into non-toxic 
oligomers.  
The role of chaperones has also extensively been studied in AD. Overexpression of 
several small chaperones also inhibit Aβ toxicity both in vitro and in vivo 
(73,189,190,206,350,351). In a recent study the effect of ER chaperones on Aβ 
was studied (126). Overexpression of GRP78 or inhibition of its basal expression 
decreased and respectively increased the level of Aβ in conditioned medium. 
Overexpression of some (150 kDa oxygen-regulated protein and calnexin) ER 
chaperones also resulted in decreased Aβ production (126). These results indicate 
that non-toxic inducers of ER and cytosolic chaperones may be therapeutically 
beneficial for AD treatment, either by reducing Aβ production or by reducing Aβ 
toxicity.  
A recently identified molecular chaperone inducer (BiP inducer X (Bix)) was 
shown to protect neurons from ER stress (173). Also valproate and lithium, drugs 
widely prescribed in the treatment of bipolar disorder, increase levels of 
BiP/GRP78 and other ER chaperones (17,117,152,339), without evoking the UPR. 
In addition it has been shown that lithium inhibits Aβ-induced ER stress in rabbit 
hippocampus (81). Although valproate increases ER chaperones it has been 
reported that ER stress induced cellular dysfunction is reduced by valproate 
through inhibition of GSK-3α/β, a major tau kinase (152). The ability of lithium, 
another inhibitor of GSK-3α/β, to protect cells from ER stress induced cellular 
dysfunction as well, suggests a similar mechanism (152).  
In addition to the effects on ER stress and GSK3 activity, both valproate and 
lithium have been shown to inhibit Aβ production (304). The effects of lithium on 
Aβ production in vitro are controversial (71,254), however, there is evidence 
showing that lithium may have a beneficial effect on preventing Aβ pathology in 
vivo. Lithium reduces Aβ levels in APP/PS1 double-transgenic mice (254); 
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however, the effect of this treatment on plaques was not reported. In another study, 
administration of lithium or valproate to prepathological mice for 6 months 
prevented Aβ deposition in single APP transgenic mice (304).  
Valproate and lithium could work protective in AD by reducing Aβ production, 
inhibiting ER stress induction and reducing tau phosphorylation by GSK-3β. 
Clinical trials have been started investigating the effect of valproate on AD 
patients. However, in these studies valproate was used as a symptomatic treatment 
for agitation and aggression in dementia. Data from these studies indicate that 
lower dosages of valproate were ineffective, higher dosages were associated with 
an unacceptable rate of adverse events (112,200,258,260,312). There is no data 
available on the effect of valproate (or lithium) on ER stress, GSK-3β activity and 
Aβ and tau pathology in these patients.  
A very interesting finding was reported by Kondo and colleagues. They report that 
a transcription factor called OASIS specifically stimulates BiP/GRP78 
upregulation (a positive response), but downregulates the ER stress induced cell 
death pathways (167). OASIS is specifically induced in astrocytes, but a structural 
homologue of OASIS has been found in neurons as well (168), and present an ideal 
therapeutic target by stimulating positive and downregulating negative responses 
through a single protein. 
 
Inhibition of Aβ uptake as a potential therapeutic target 
One of the earliest abnormalities in AD brains is the occurrence of enlarged 
endosomes. This feature has been suggested to be directly linked to Aβ since it was 
observed in AD brain that the appearance of enlarged endosomes coincided with an 
initial rise in soluble Aβ, which preceded amyloid deposition (33). Double-
immunofluorescence studies showed that intracellular Aβ localized principally to 
rab5-positive endosomes in neurons from AD brains and was prominent  
in enlarged endosomes (33). In addition, Aβ generation increases substantially 
when endosome enlargement is induced in cells by overexpressing Rab5 (89). This 
suggests a close connection between the process of endocytosis and Aβ. We show, 
in vitro, that extracellular oligomeric Aβ can induce toxicity and for that 
internalization by the cell is required (chapter 3, see also Figure 1). Our results 
show that inhibition of Aβ internalization reduces the presence of Aβ inside the 
cell and protects against Aβ toxicity, suggesting that uptake of Aβ into the cell is 
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Figure 1: Aggregation specific effects of Aβ 
Aβ peptide can exist in diverse assembly states. These different assembly forms greatly differ 
in their neurotoxic potential while also the molecular mechanisms they activate are shown to 
be specific for the aggregation state. While monomeric Aβ is thought to be non-toxic, other 
aggregation states are toxic: Oligomers induce neurotoxicity from outside the cell as wells as 
from the inside. Internalization of Aβ by the cell (possibly via NAchRs or other receptors) 
contributes to oligomer toxicity. Aβ oligomers induce toxicity via ER stress; intracellular 
produced Aβ also affects the ER stress response. Fibrillar Aβ, present in plaques, is generally 
considered to be less toxic. Fibrils cannot enter subcellular space of neurons, but can confer 
toxicity by microglial activation. Both oligomers and fibrils show extensive cell surface 
binding, most likely explaining part of their toxicity. See text for more details. See Color 
figures 

 
an important determinant of Aβ-induced toxicity. These data suggest that 
interference in Aβ endocytosis may be an interesting therapeutic target. Interfering 
in the endocytic process is beneficial in another way: when endocytosis is inhibited 
and APP internalization is blocked (170,250,298), Aβ production is reduced as 
well  (29). However, generic inhibition of endocytosis is unlikely to present a long-
term treatment opportunity: endocytosis is of key importance for general cell 
function, so any broad interference with endocytic activity is likely to be disruptive 
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of many key neuronal functions; therefore more selective targeting should be 
investigated.  
The alpha 7 nicotinic Acetylcholine receptor (α7nAChR) may be a suitable 
candidate as a drug target for early intervention in AD (148). We show that 
inhibiting Aβ uptake in a neuronal cell model protects against Aβ toxicity (chapter 
4), although it remains to be shown whether the effects observed in our study are 
dependent on this specific α7nAChR (see Figure 1). However, there is increasing 
evidence from in vitro studies implicating this receptor in internalization of Aβ. 
For example, Aβ42  has high affinity for the α7nAChR (337). Following an 
interaction of Aβ1-42 with α7nAChR, this complex is internalized via endocytosis 
and colocalizes in prominent aggregates in pyramidal neurons (225,336). In vitro it 
was shown that the rate and extent of Aβ1-42 internalization was directly related to 
the α7nAChR protein levels. Internalization of Aβ1-42 in this study could also be 
blocked by means of an inhibitor of endocytosis (225). Pre-treatment of cells or 
brain tissue with α7nAChR ligands, prevent the formation of the α7nAChR:Aβ1-42 

complex and subsequent intracellular accumulation of Aβ1-42 in neurons. Aβ 
toxicity is also reduced, indicating that uptake of Aβ contributes greatly to Aβ 
toxicity (225,336). These in vitro findings indicate the importance of this receptor 
in Aβ internalization. 
Findings from post mortem brain tissue from AD and control subjects also strongly 
implicate the α7nAChR in AD pathogenesis. Intraneuronal Aβ1-42 accumulation 
has been shown to primarily target those pyramidal neurons in the entorhinal 
cortex and hippocampus  that express the α7nAChR (46,54,64,196,252,336,337). 
The α7nAChR protein level is greatly reduced in hippocampus of AD patients as 
compared to age-matched controls (7,91,109,347), most likely due to increased 
internalization of Aβ by these α7nAChRs. In addition, in vitro and in vivo studies 
have shown that α7nAChR also affects tau pathology via nicotine, but also via Aβ 
(108,241,338). Combined, these data provide compelling evidence for the 
involvement of α7nAChR in intraneuronal Aβ42 accumulation and downstream 
effects such as tau pathology. Inhibiting exogenous Aβ1-42 from entering vulnerable 
pyramidal neurons in vivo by targeting α7nAChR is thus a suitable target to 
prevent Aβ uptake into pyramidal neurons.  
AD patients show cholinergic deficits due to depletion of α7- and α4-containing 
nAChRs on cholinergic projection neurons and on neurons within cortical regions 
including the hippocampus (64,251,262). Since the cholinergic system plays an 
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important role in the regulation of learning and memory processes it became a 
target for the design of anti-Alzheimer drugs. Current treatments for AD (AChE 
inhibitors) are based on increasing cholinergic transmission. Cholinesterase 
inhibitors enhance cholinergic transmission indirectly, by inhibiting the enzyme 
which hydrolyses acetylcholine. Therefore, reducing α7nAChR levels in order to 
prevent Aβ uptake in pyramidal neurons will only worsen cholinergic deficits and 
therefore is not the best strategy as a therapeutic for AD. Another possibility could 
be the development of a decoy nAChR-like binding site (specific for Aβ, and not 
its natural ligand) to prevent potentially neurotoxic Aβ-nAChRs interactions. This 
approach will not only inhibit Aβ toxicity, but will potentially also inhibit loss of 
α7nAChRs and subsequent cholinergic deficits. Recently, a similar approach was 
successfully tested in vivo using a recombinant soluble Aβ binding LRP-domain 
(276).  
 
Targeting Aβ aggregation 
It is now well established that Aβ has to be in an aggregated state to exert its toxic 
effect. This suggests that prevention of Aβ aggregation may inhibit Aβ 
neurotoxicity. Different strategies have been developed for interference in the 
aggregation process of Aβ: the use of small molecule aggregation inhibitors and 
peptide based aggregation inhibitors. It should be noted that the potency of Aβ 
aggregation inhibitors may be underestimated in the in vitro assays which require 
micromolar concentrations of Aβ for aggregation. Much lower levels of the 
compound might be able to block aggregation in the brain where steady state Aβ 
levels are in the low nanomolar range. These inhibitors may inhibit Aβ aggregation 
in AD brains at much lower concentrations. The potential therapeutic use of both 
types of aggregation inhibitors will be discussed below. 
 
Small molecule aggregation inhibitors 
Many small molecule inhibitors of in vitro Aβ aggregation have been identified 
(300). In most cases, the compounds inhibit Aβ aggregation into amyloid fibrils, 
although not always by a direct interaction with Aβ. For example, clioquinol (CQ), 
which is postulated to both inhibit Aβ fibril formation and also disaggregate 
preformed fibrils by binding zinc and copper. Zinc and copper have been shown to 
enhance Aβ aggregation in AD (23,24). CQ is a moderate metal chelator capable 
of crossing the blood–brain barrier, and it was believed that CQ solubilized the Aβ 
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plaques by stripping them of their metal content. This drug was also shown to 
inhibit Aβ accumulation in an AD transgenic mouse model (37). Clioquinol is now 
being tested in a phase II clinical trial. Alzhemed (3-aminopropane-1-sulfonic 
acid), another compound that prevents β-sheet formation is currently in a phase III 
AD trial. This molecule inhibits the interaction of Aβ with glycosaminoglycans 
(217), which have been shown to enhance Aβ aggregation. Curcumin, a natural 
product that is the main component of the spice tumeric, is an Aβ aggregation 
inhibitor with many different properties that includes antioxidant, metal-chelating, 
cholesterol lowering, and anti-inflammatory properties (75,264). In addition, 
curcumin interferes with chaperone function in the ER (ref). Curcumin inhibits 
formation of amyloid beta oligomers and fibrils, binds plaques, and reduces 
amyloid in vivo (362). Based on its efficacy in reducing Aβ deposition in mouse 
models of AD, it is being tested as a potential AD therapy (194).  
 
Peptide based aggregation inhibitors 
An attractive starting point for the development of a peptide based inhibitor of Aβ 
aggregation is the structure of the Aβ peptide itself because it binds to other Aβ 
peptides during aggregation. Different peptide based aggregation inhibitors have 
been generated, based on different sequences within the Aβ peptide.  
Several publications have dealt with the important role of the C-terminal sequences 
of Aβ in amyloid polymerization (9) and the seeding of plaque formation 
(138,139). The 42-amino acid form of the peptide (with the sequence IA at the end) 
is much more prone to aggregation than the 40-amino acid form (296). These 
results lead to the design of the pentapeptide amide GVVIA, which contains the 
final sequence of the 42-amino acid form of the amyloid. A modified version of 
this peptide, RVVIA, has a G to R substitution at the N-terminus which improves 
the solubility and the ability to form salt bridges (114). These peptides were both 
shown to inhibit Aβ aggregation and toxicity (114). Another example of an Aβ 
based aggregation inhibitor is the pentapeptide RIIGL (76), which is based on the 
IIGL sequence of Aβ(31-34) plus an extra arginine, to increase the solubility of the 
peptide. This peptide was shown to be an effective inhibitor of both Aβ 
aggregation and Aβ toxicity (76). 
The most promising peptide inhibitors of Aβ aggregation are based on residues 16-
20 of Aβ, KLVFF. The hydrophobic core at residues 16-20 of Aβ, KLVFF, is 
crucial for the formation of β-sheet structures by Aβ. Tjernberg et al demonstrated 
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that the pentapeptide Aβ(16-20) Ac-KLVFF was able to bind full-length Aβ and 
prevent its assembly into fibrils (320). This KLVFF sequence has served as a lead 
compound for the development of inhibitory agents aimed at preventing Aβ 
aggregation (203,367). Several variations on this KLVFF peptide have been 
designed. Murphy et al. for example, designed a peptide with a 'recognition 
element' homologous to the Aβ peptide, but with a 'disrupting element' of at least 4 
lysine residues, tagged to the C-terminus, designed to interfere with Aβ 
aggregation (79,203,248). These compounds alter fibril morphology and reduce Aβ 
toxicity, by accelerating Aβ aggregation to remove toxic, soluble oligomers (153). 
The most likely explanation for the reduction of Aβ toxicity, is that acceleration of 
Aβ aggregation leads to larger Aβ aggregates which are not as easily internalized 
as soluble oligomers (chapter 3). This approach may be useful as well for 
preventing uptake of oligomeric Aβ species. However, Moss et al disputed some of 
the these findings using KLVFFKKKKKK, which did not reduce Aβ toxicity, even 
though the peptide did enhance protofibril to fibril aggregation (223). Another 
variation on this KLVFF-theme was studied by several research groups who 
investigated the effect of incorporation of N-methyl amino acids into peptide-
inhibitors of amyloidosis (as reviewed in (207)). These methylated KLVFF-derived 
peptide inhibitors also prevent Aβ fibril formation and break down preformed 
fibrils. They have the added advantages of high proteolytic resistance, solubility 
and blood-brain barrier permeability (1,85). 
In the study in chapter 5 we have used a first generation dendrimer to enhance the 
inhibitory property of KLVFF. We designed a highly potent first generation 
KLVFF dendrimer, using native chemical ligation (324), thereby generating a 
small, well defined molecule capable of making multivalent interactions. Our 
compound was shown to be much more potent in inhibiting Aβ aggregation and 
breaking down Aβ fibrils then the monomeric KLVFF peptide. Thus, our studies 
indicate that dendrimers may be a valuable tool that can increase the therapeutic 
efficacy of many aggregation inhibitors.  
Delivery across the blood-brain barrier (BBB) is an important feature for a 
therapeutic agent for AD. An analogue of the KLVFF peptide, LPFFD (iAβ5p), 
protected against proteolytic degradation and with increased BBB permeability, 
has been successfully used in a rat model of brain amyloidosis. It was shown to 
prevent Aβ-induced spatial memory impairments with partial reduction of amyloid 
deposits (35,257,292,301). Designing a dendrimer-iAβ5p compound may result in 
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a more potent Aβ aggregation inhibitor with increased therapeutic efficacy, but if 
this compound will still be able to cross the BBB needs further investigation.   
 
In vivo imaging for early diagnosis  
A definite diagnosis of AD can only be made post mortem. Therefore, more and 
more research is directed to diagnose AD in earlier stages. Recently, sensitive 
diagnostic tools to recognize early stages of the disease have been developed: 
Positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT). A number of research groups have tried to develop 
radiolabeled imaging agents, especially aimed at targeting Aβ.  Apart from Aβ, 
specific molecular pathways affected by Aβ early in AD pathogenesis, such as ER 
stress and cholinergic transmission, are interesting targets as well.  
Neuronal nicotinic acetylcholine receptors (nAChRs) have become an important 
target for diagnostic neuroimaging and drug development because of its 
involvement in learning and memory processes and neurodegenerative diseases 
(49,86). Early in the course of AD, a reduced uptake of radioligands to nicotinic 
receptors in frontal and temporal cortex has been observed relative to age-matched 
healthy control subjects (236). Early detection of changes of nAChR-levels may be 
crucial for a potential therapeutic intervention in neurodegenerative diseases. In 
vivo imaging based on radiolabeled nicotinic receptor ligands is regarded as a 
helpful tool for the investigation of the role of nAChR in normal and diseased brain 
(49,86). Nicotine, an agonist of nicotinic receptors, was the first labeled with 11C 
for PET imaging of nAChRs for early diagnosis of AD (94,238). PET imaging 
demonstrated significantly lower binding of [11C]nicotine in the frontal cortex, 
temporal cortex and hippocampus of AD patients compared with controls (236). 
The main problems with [11C] nicotine PET imaging lie in the relatively high level 
of nonspecific binding and fastclearance of the tracer. Therefore, numerous 
attempts have been made to develop better radiotracers for imaging of nicotinic 
receptors (16,92,125). Several alternative nAChR probes have now been tested 
with  18F- or 123I-labeled derivatives of A-85380 being the most promising ones for 
neuroimaging in humans and AD patients so far (125,239). 
A previous study from our lab has shown that ER stress is activated in AD as early 
as Braak stage III in the temporal cortex (124), preceding tangle formation, 
suggesting it is a relatively early response. In addition we show that oligomeric and 
not fibrillar Aβ can induce ER stress, another indication that ER stress is involved 
early in AD pathogenesis (chapter 2). In vivo imaging of ER stress would be a 
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very interesting approach for diagnosing AD at earlier stages. However, ER stress 
induction and the activation of the protective unfolded protein response, occurs 
inside neurons. Major technical advances are required to use PET and SPECT for 
detection of intracellular targets, but a search for differentiated expression of cell 
surface markers under ER stress maybe an interesting option to pursue.  
The most promising therapeutic approaches target Aβ directly leading to a 
reduction of Aβ. Unfortunately, Aβ levels in brains of AD patients can only be 
measured after post mortem histopathological analysis. This makes it difficult to 
measure therapeutic efficacy. One of the most promising efforts to tackle this 
problem is the in vivo imaging of Aβ. Imaging of Aβ in vivo will be useful not only 
for diagnosis but for monitoring efficacy of a therapeutic treatment as well as 
evaluation of progression of AD patients. Most of these agents were based on 
fluorescent agents known to bind amyloid plaques, such as Thioflavin T and 
Congo Red. Although most of the ligands showed excellent in vitro properties for 
Aβ aggregates, they were limited by penetration of blood-brain-barrier (BBB), 
poor brain uptake, high non-specific binding and low specific binding. Chemical 
modifications were made in order to keep its amyloid binding characteristics and to 
enhance uptake by the brain. One of the most promising agents described so far is 
the so-called “Pittsburgh compound B” (or PIB). PIB showed specific binding of 
amyloid plaques in transgenic mouse model of AD and was rapidly removed from 
the normal brain tissue (209). PIB was also successfully tested in baboons (210). 
The radioligand was then used to image amyloid plaques in AD patients and 
showed significantly greater cortical uptake into amyloid deposits compared to 
control healthy volunteers. High accumulations in parietal, temporal and occipital 
cortices and striatum were also observed  (160). 
Ideally one would like to measure low- or non-fibrillar Aβ in vivo, since these Aβ 
species are believed to be involved early in AD pathogenesis. However, the 
radioligands currently used for in vivo amyloid imaging specifically target β-sheets 
in Aβ aggregates and thus bind to fibril-rich plaques and do not target low- or non-
fibrillar Aβ; hence, AD is still difficult to diagnose in its early stages. Designing 
novel radioligands targeting these Aβ species will allow us to diagnose AD at 
much earlier stages than we can now. A recent study showed that different analogs 
of Congo Red and Thioflavin T are capable of detecting Aβ oligomers (205). 
Improving the binding affinity of these ligands, may facilitate the in vivo imaging 
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of pre-fibrillar Aβ intermediates and the identification of individuals with early 
AD.  
Another possibility for the development of ligands detecting Aβ aggregation 
intermediates may be the use of peptide aggregation inhibitors, such as an 
radiolabeled analog of dendrimeric KLVFF, since it affects at least three different 
Aβ aggregation states. This is most like due to increased binding properties of this 
multivalent inhibitor, as has been shown previously for a different multivalent 
KLVFF-based inhibitor (367). Whether conjugates bearing multiple copies of 
KLVFF are useful as an imaging agent for Alzheimer’s disease depends on their 
BBB permeability, brain uptake, and binding specificity. A major drawback for the 
use of KLVFF based imaging agents is that these peptides also interfere in the 
aggregation process of Aβ. This is an unwanted side-effect for an in vivo imaging 
agent. Using dendrimers with existing Aβ imaging agents attached to it may be a 
better approach. Such a multivalent imaging agent may have increased binding 
properties and therefore enhance specific binding to Aβ and thus lower non-
specific binding in normal brain tissue. 
 
Conclusion 
Several lines of evidence suggest that Aβ plays a central role in AD pathogenesis. 
There is an increasing amount of evidence showing the importance of intermediate 
aggregation species of amyloid β (Aβ) in the pathogenic cascade of AD. Different 
Aβ assembly forms may mediate diverse toxic effects at different stages of the 
disease. For example, we have shown that oligomeric Aβ (applied extracellularly) 
mildly activates the UPR (chapter 2). and that intracellularly produced Aβ 
sensitizes neuroblastoma cells for ER stress toxicity (chapter 4). . These 
observations in combination with our previous study showing activation of the 
UPR in AD brain before tangle formation, indicate that ER stress is involved in 
neurodegeneration most likely early in AD pathogenesis.  
Other important issues concerning Aβ toxicity still under debate are the subcellular 
localization of action of Aβ and the relative contribution of the different 
aggregation species of Aβ on neurodegeneration in AD. This thesis touched upon 
these two issues. We have studied aggregation specific effects of Aβ toxicity and 
found that the aggregation state of Aβ is linked with the subcellular localization 
and toxicity. The data presented in this thesis shine new light on the role of the 
aggregation state of Aβ. The differential effects between oligomers and fibrils 
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found in many studies, can most likely be contributed to their subcellular 
localization: in our study we find that oligomers readily enter the cell, whereas 
fibrils remain outside. In fact our data indicates that aggregation state, subcellular 
localization and toxicity are related.  
Our studies indicate that interference in the aggregation of Aβ as well as 
preventing the uptake of Aβ may be viable therapeutic approaches. The continuing 
research on the role of the aggregation state of Aβ will further unravel the 
molecular mechanism underlying aggregation specific toxic effects of Aβ. This 
will contribute to the development of future preventive and therapeutic strategies 
and diagnostic tools.  
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The central theme of this thesis is the role of the aggregation state of Aβ in AD. 
The amyloid cascade hypothesis in Alzheimer’s disease predicts a central role for 
Aβ in the pathogenesis of the disease. Aβ is a highly fibrillogenic peptide and 
during the aggregation process many different aggregation intermediates are 
formed. Initial studies have shown that aggregation of Aβ into fibrils is a 
prerequisite for its toxicity (111,122,125). Later studies demonstrated neurotoxicity 
of different prefibrillar intermediates in the Aβ aggregation pathway 
(22,46,63,73,79,80,143). These different aggregation species activate different 
molecular pathways in the cell. We have studied one of the molecular mechanisms 
underlying Aβ toxicity, the unfolded protein response. In this thesis the complex 
relation between the aggregation state, the subcellular localization and the toxicity 
and ER stress induction by Aβ is studied. Since the Aβ aggregation state is an 
important determinant of its toxicity, prevention of Aβ aggregation may inhibit Aβ 
induced neurotoxicity. To this end, we investigated intervention in Aβ1-42 
aggregation by using a multivalent aggregation inhibitor as a potential therapeutic 
treatment. The data presented in this thesis (and summarized below) indicate the 
important role of the aggregation state of Aβ in Alzheimer’s disease.  
 
Aβ induced toxicity and ER stress: role of aggregation state and localization 
In a previous study our group showed the activation of the UPR in neurons in AD 
brain (53). This activation was shown to correlate well with the Braak score for 
amyloid deposits, suggesting that the increased levels of Aβ found in AD may be 
responsible for the UPR activation. Moreover, the data indicate that activation of 
the UPR occurs as early as Braak stage III in the temporal cortex (53) and precedes 
tangle formation, suggesting it is a relatively early response, likely to be mediated 
by oligomeric or low fibrillar Aβ. We tested this hypothesis by studying the role of 
the aggregation state of Aβ on UPR induction (chapter 2). We found a mild 
induction of ER stress by oligomeric Aβ, when applied extracellularly. Fibrillar Aβ 
had no effect on UPR activation. This mild induction does have functional 
implications, since we demonstrate that ER stress-mediated toxicity, contributes to 
oligomer-specific Aβ1-42 toxicity via an apoptotic mechanism, indicating that UPR 
activation might be one of the molecular mechanisms responsible for oligomer-
specific Aβ toxicity.  
Next we investigated the mechanism by which Aβ can induce ER stress. It is 
possible that the induction of the UPR is only found with oligomeric Aβ1-42 
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because the more bulky fibrillar Aβ1-42 is not as easily internalized. The 
experiments discussed in chapter 3 confirm this hypothesis.  When fluorescent Aβ 
oligomers or fibrils are presented to the cell, we clearly find that oligomers are 
internalized and fibrils remain outside. Moreover, we find that inhibition of uptake 
of Aβ oligomers, also partly inhibits oligomer toxicity, indicating a direct relation 
between the aggregation state, subcellular localization and the toxicity of Aβ. Our 
study thus indicates that selective uptake of oligomers is a determinant of oligomer 
specific toxicity. 
Selective uptake of oligomers by mammalian cells may explain the effects 
observed on toxicity and ER stress. Therefore, we studied the interaction of Aβ 
with the endoplasmic reticulum, by analyzing the subsequent trafficking of 
extracellular applied Aβ oligomers (chapter 3). We do not find any presence of 
fluorescent Aβ42 in compartments of the early secretory pathway. Our data shows 
that oligomers are internalized by mammalian cells by endocytosis, and 
subsequently accumulate in lysosomes. This suggests that ER stress induction by 
extracellular applied Aβ42 is not a direct effect, but rather a secondary toxic effect 
of Aβ accumulation in lysosomes. 
To study whether intracellularly produced Aβ can interact with the ER stress 
response we employed APP overexpressing cell lines (chapter 4). We find 
increased UPR induction in both APP cell lines compared to the parental cell line; 
moreover we find a higher UPR induction in cells overexpressing mutAPP 
compared to cells overexpressing wtAPP. Thus, with increasing Aβ1-42 levels we 
find increasing UPR induction in these cells when treated with tunicamycin. In 
addition we find increased sensitivity for tunicamycin in the APPmut cells 
compared to the other cell lines, which is prevented when Aβ production was 
inhibited using a γ-secretase inhibitor. Since the only difference between the 
mutAPP and wtAPP cell lines is the level of Aβ1-42 production, the differences 
observed in UPR induction and ER stress induced toxicity can be mostly attributed 
to this Aβ species.  
Although we can not show that extracellular Aβ interacts directly with the ER, it is 
possible that intracellular produced Aβ can have a direct effect on the ER. The 
presence of aggregated Aβ in the ER may directly interact with the quality control 
systems in the ER, as has been shown in sporadic Inclusion Body Myositis (sIBM), 
a degenerative muscle disease characterized by the formation of intracellular Aβ 
inclusion bodies (28). Several ER chaperones (including BiP) are upregulated in 
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sIBM, suggesting activation of the UPR (135). Whether intracellularly produced 
Aβ accumulates in the ER in our cell model and thus directly interacts with the 
quality control systems in the ER remains to be shown.  
In summary, our data indicate that extracellular oligomeric Aβ activates the ER 
stress response, probably due to its specific uptake into the cell. This, in 
combination with our finding that intracellular produced Aβ also interacts with the 
ER stress response, suggests that Aβ has to be present intracellularly to confer its 
toxicity via the unfolded protein response. Although we can not rule out that these 
are two unrelated mechanisms. These data suggest that Aβ is most likely 
responsible for the increased UPR activation we previously found in AD brains. 
ER stress may be an important mechanism of Aβ induced neuronal loss in AD 
pathogenesis. Better understanding of the role of ER stress in AD pathology will 
create the possibility for targeted therapeutic intervention.  
The nature of the Aβ species causing toxicity and eventually neurodegeneration in 
vivo is not known, but previous studies do indicate that Aβ must be in an 
aggregated state to be toxic. This suggests that prevention of Aβ aggregation may 
inhibit Aβ neurotoxicity. This was studied in chapter 5. The use of multiple 
simultaneous interactions to enhance the affinity and specificity of binding is an 
important concept in biology, known as multivalency. We have used this concept 
and designed a more potent aggregation inhibitor by coupling 4 KLVFF subunits to 
a first generation dendrimer. In chapter 5 we show that this dendrimeric KLVFF is 
indeed more potent than a monomeric KLVFF molecule, both in inhibiting further 
aggregation of LMW and PF Aβ aggregates as well as breaking down existing PF 
and fibrillar Aβ aggregates. We added a novel approach to targeting of the Aβ 
aggregation process, by designing a multivalent KLVFF-based aggregation 
inhibitor that is highly potent in inhibiting further aggregation and in breaking 
down existing aggregates. 
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Chapter2, Figure 1: Characterization of enriched oligomeric and fibrillar Aβ1-42 

preparations 
Preparations enriched in oligomeric (Oligomers) and fibrillar (Fibrils) Aβ1-42 were prepared 
as described in Materials and Methods. A. Representative electron microscope images of 
oligomeric and fibrillar preparations of Aβ1-42 (scale bar 200nm) using negative stain. B. ThT 
assay performed on the oligomeric (Oligo) and fibrillar (Fibril) Aβ preparations. Graph 
represents the mean ± S.D. for n=15 from triplicate wells from 5 separate experiments using 
oligomeric or fibrillar enriched Aβ1-42 preparations. C. HEK 293 cells or D. SK-N-SH cells 
differentiated for 5 days were treated without Aβ1-42 (Control) or with 10µM oligomeric or 
fibrillar Aβ1-42 for 48h. Viability of the cells was determined by MTT assay and is depicted as 
percentage of control. The graphs represent the mean ± S.D. for n=9 from triplicate wells 
from three independent experiments using different Aβ1-42 preparations. ∗ p<0.005; ** 
p<0.001 . E.  SK-N-SH cells were treated as in D. and TUNEL staining was performed to 
assess apoptosis, Calnexin was used as counterstain. 
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Chapter 2, Figure 3: ERAI is an ER stress-specific reporter 
A. HEK293 ERAI cells were treated with increasing tunicamycin concentrations for 24 hrs. 
Shown are representative fluorescence pictures, in the top panel DAPI-staining of the nuclei, 
in the bottom panel the YFP signal of the ER stress reporter. B. Western blot analysis of BiP 
levels in differentiated SK-N-SH cells treated with 0.2 μg/ml tunicamycin or 100 nM 
epoxomycin for 24 hrs. The antibody recognizes several Hsp70 proteins: top band indicated 
with the arrow is BiP, the middle band is cross-reactivity with Hsc70 and the lower band that 
is only visible in the epoxomycin treated sample is Hsp70. C. HEK293 ERAI cells were 
treated with 0.2 μg/ml tunicamycin or 100 nM epoxomycin for 24 hrs. Shown are 
representative fluorescence pictures, in the left panel DAPI-staining of the nuclei, in the right 
panel the YFP signal of the ER stress reporter.  
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Chapter2, Figure 4: Mild UPR induction by Aβ1-42  is dependent on its aggregation state 
A. ERAI293 ER-stress reporter cells were incubated without Aβ (Control) or in the presence 
of 10μM oligomeric (Oligomers) or fibrillar (Fibrils) preparations of Aβ1-42 for 48 hrs. 
Treatment with 0.2µg/ml Tunicamycin (TM) for 24hrs is shown as positive control. Shown 
are representative fluorescence pictures from a representative experiment, in the top panel 
DAPI-staining of the nuclei, in the bottom panel the YFP signal of the ER stress reporter. B. 
Distribution of the fluorescence intensity in HEK293 ERAI cells after treatment with 0.1, 0.2 
and 0.5 μg/ml tunicamycin (TM) for 24 hrs or 10μM oligomeric (Oligo) Aβ1-42 for 48 hrs. 
See materials and methods for details. 
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Chapter 2, Figure 5: ER stress induction sensitizes cells specifically for oligomeric Aβ1-42 
toxicity 
SK-N-SH cells were differentiated for 5 days prior to co-incubation for 48hrs with 0 or 0.1 
µg/ml Tunicamycin (0.1 TM) and 1μM oligomeric (O) or fibrillar (F) preparations of Aβ1-42. 
A. Viability of the cells was determined by MTT assay and is depicted as percentage of 
control (= untreated cells). The graphs represent the mean ± S.D. for n=6 from triplicate wells 
from two independent experiments using different Aβ1-42 preparations. B. TUNEL staining 
of SK-N-SH cells treated as in A. Calnexin was used as counterstain.  
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Chapter 3, Figure 1: (On previous page) Structural and biological properties of TMR- 
Aβ1-42.  
Preparations enriched in oligomeric (Oligo) and fibrillar (Fibrils) Aβ1-42 were prepared as 
described in Materials and Methods. Representative electron microscope images of 
oligomeric (A-B) and fibrillar (C-D) preparations of TMR-labelled Aβ1-42 and Aβ1-42 using 
negative stain. (Scale bar: 100nm (A-D)). (E) The width of Aβ fibrils (in nm) on TEM was 
measured using the AnalySIS © software. Graph represents the mean ± S.D. for n≥30 from 
two separate experiments. (F-I) The β-sheet content of Aβ fibrils as well as TMR-labelled Aβ 
fibrils was analyzed using Congo Red (CR) staining. 5µl drops from labelled or unlabelled 
Aβ fibril solution was spotted on a glass coverslip, allowed to dry, and subsequently stained 
with CR, as described in Materials & Methods. Shown are bright light pictures from 
TAMRA-Aβ fibrils (F) and Aβ (G) stained with CR and polarized light pictures (H, I) to 
analyze the CR birefringence, indicative for their β-sheet content. (Scale bars: 100 µm). (J) 
SK-N-SH cells differentiated for 5 days were treated in absence (Control) or presence of 
10µM oligomeric or fibrillar TMR-Aβ1-42 or unlabelled Aβ1-42 for 48h. Viability of the cells 
was determined by MTT assay and is depicted as percentage of control. The graph represents 
the mean ± S.D. for n=6 from triplicate wells from two independent experiments.  ∗ p<0.001 
(Student’s t-test). 
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Chapter 3, Figure 2: Aggregation state dependent internalization of Aβ1-42 
Shown are confocal images from HeLa cells (A, C, E) and differentiated SK-N-SH cells (B, 
D, F-H)  treated with either 10 μM oligomeric (A, B, G, H) preparations of TMR- Aβ1-42  for 
15 min or 10 µM fibrillar preparations for 15 (C,D) or 60 (E, F) min. After fixation, cells 
were counterstained with a Calnexin antibody (green) and/or DAPI (blue). Oligomeric Aβ1-42 
is also internalized at the extensions of differentiated SK-N-SH cells (G, H). Asterisks 
indicate aggregates in the oligomeric preparation not internalized by the cells. Scale bar: 8 
µm. 
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Chapter 3, Figure 3: Aβ1-42 oligomers are internalized via endocytosis. 
Differentiated SK-N-SH cells or HeLa cells were co-incubated with 10µM oligomeric TMR-
Aβ1-42 and 40µg/ml Alexa488-Tfn for different times.  (A-B) Confocal images from HeLa 
(A) and differentiated SK-N-SH (B) cells treated with oligomeric preparations of TMR-Aβ1-42 

for 2 min. TMR-Aβ1-42 oligomers are not internalized after 2 min. (C-H) Confocal images 
from HeLa cells (C-E) and differentiated SK-N-SH (F-H) treated with TMR-Aβ1-42 oligomers 
(C, F) in presence of Alexa-488-Tfn (D, G) for 15 min. Yellow signal (arrows) in the overlay 
pictures (E, H) shows partial co-localization of Aβ with endosomes. TMR-Aβ1-42oligomers 
are internalized after 15 min. Asterisks indicate larger aggregates in the oligomeric 
preparation not internalized by the cells. Scale bar: 5 µm. 
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Chapter 3, Figure 4: Inhibition of endocytosis prevents uptake of Aβ1-42 oligomers in 
HeLa cells 
HeLa cells (A-H) were treated with 40µg/ml Alexa488-Tfn or 10 µM TMR-Aβ1-42oligomers 
for 15 min following a pretreatment in absence (A, C, E, G) or presence (B, D, F, H) of 5mM 
MβCD for 30 min. Immuno-fluorescence pictures (A-D) demonstrating inhibition of 
endocytosis of Alexa488-Tfn after MβCD treatment and confocal pictures (E-H) showing 
inhibition of uptake of TMR-Aβ1-42oligomers (insets show nuclei of HeLa cells stained with 
DAPI) Asterisks indicate larger aggregates in the oligomeric preparation not internalized by 
the cells. Scale bars: 10 µm.  
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Chapter 3, Figure 5: Inhibition of endocytosis prevents uptake of Aβ1-42 oligomers in 
SK-N-SH cells 
Differentiated SK-N-SH cells (A-D) were treated with 10 µM TMR-Aβ1-42oligomers for 
15min following a pretreatment in absence (A, C) or presence (B, D) of 1mM MβCD for 30 
min. Shown are confocal pictures showing inhibition of uptake of TMR-Aβ1-42oligomers (A, 
B) or Alexa-488-Tfn (C, D); cells are counterstained with DAPI (blue). Asterisks indicate 
larger aggregates in the oligomeric preparation not internalized by the cells. Scale bars: 10 
µm. 
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Chapter 3, Figure 6: Aβ1-42 oligomers do no traffic towards the ER- and Golgi- 
compartments 
Differentiated SK-N-SH cells (A, B, F-H) or HeLa cells (C-E) were treated with 10µM 
oligomeric TMR-Aβ1-42 (in red) for the indicated times and counterstained with ER or Golgi 
markers. (A,B) Confocal images from SK-N-SH cells counterstained for GM130 (green) and 
DAPI (blue). TMR-Aβ is shown in red. TMR-Aβ oligomers are not present in the Golgi-
compartment of SK-N-SH cells after 1 hr (A) or 4 hrs (B). (C-H) Confocal images from HeLa 
(C-E) and differentiated SK-N-SH cells (F-H) counterstained for Calnexin (green). TMR-Aβ 
is shown in red. TMR-Aβ oligomers are not present in the ER after 1 hr (C, F), 4 hrs (D, G) 
and 24 hrs (E, H). Scale bars: 10 µm 

 
 



Color figures 

 181 

 
 
Chapter 3, Figure 7: Internalized Aβ1-42 oligomers is targeted to lysosomes 
HeLa cells (A-C, G) and  differentiated SK-N-SH cells (D-F, H) were treated with 10µM 
TMR-Aβ1-42 oligomers for 1hr (A-F) or 4hrs (G-H) and subsequently incubated with 50nM 
Lysotracker (LT) Green. Merged confocal images (C, F, G, H) present TMR-Aβ1-42oligomers 
in red, LT in green and co-localization of Aβ oligomers with lysosomes in yellow (arrows). 
Scale bar: 10 µm  
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Chapter 6, Figure 1: Aggregation specific effects of Aβ 
Ab peptide can exist in diverse assembly states. These different assembly forms greatly differ 
in their neurotoxic potential while also the molecular mechanisms they activate are shown to 
be specific for the aggregation state. While monomeric Aβ is thought to be non-toxic, other 
aggregation states are toxic: Oligomers induce neurotoxicity from outside the cell as wells as 
from the inside. Internalization of Aβ by the cell (possibly via NAchRs or other receptors) 
contributes to oligomer toxicity. Aβ oligomers induce toxicity via ER stress; intracellular 
produced Aβ also affects the ER stress response. Fibrillar Aβ, present in plaques, is generally 
considered to be less toxic. Fibrils cannot enter subcellular space of neurons, but can confer 
toxicity by microglial activation. Both oligomers and fibrils show extensive cell surface 
binding, most likely explaining part of their toxicity. See text for more details. 
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De ziekte van Alzheimer (Alzheimer’s disease (AD)) is een progressieve 
neurodegeneratieve aandoening en is de belangrijkste vorm van dementie. 
Klinische kenmerken van AD zijn cognitieve achteruitgang, geheugenverlies, een 
geleidelijk afname van de normale dagelijkse activiteiten, maar ook 
neuropsychiatrische symptomen zoals afasie (taalstoornis), apraxie (het 
onvermogen complexe handelingen uit te voeren), en agnosie (het onvermogen om 
personen, geluiden, voorwerpen, reuk etc. te herkennen). Een definitieve diagnose 
van AD kan nog steeds alleen worden bereikt na histologisch onderzoek van de 
hersenen van de patiënt. Duidelijk zichtbare macroscopische kenmerken van AD 
hersenen zijn atrofie van een aantal hersengebieden ontstaan door degeneratie van 
neuronen (zenuwcellen). Op microscopisch niveau zijn er twee typische 
afwijkingen te vinden die karakteristiek zijn voor de ziekte van Alzheimer: (1) de 
seniele plaques, eiwitophopingen in de hersenen die voornamelijk bestaan uit het 
β-amyloid peptide (Aβ) en (2) de neurofibrillaire tangles, eiwitophopingen in de 
neuronen bestaande uit het tau eiwit.  
Aβ wordt door middel van twee enzymen, β-secretase en γ-secretase, geknipt uit 
het amyloid precursor protein (APP). Hierbij worden twee vormen van het Aβ 
peptide geproduceerd, Aβ1-40 en Aβ1-42. Het Aβ peptide heeft als intrinsieke 
eigenschap dat het aan zichzelf bindt en gaat samenklonteren (aggreggeren). De 
langere Aβ1-42 vorm aggregeert veel sneller dan de Aβ1-40 vorm. Tijdens dit 
aggregatieproces  worden een aantal specifieke kleinere aggregatie gevormd zoals 
Aβ oligomeren en protofibrillen. Dit zijn tussenvormen van Aβ agregaten die nog 
verder kunnen aggregeren tot volwaardige fibrillen (het eindstadium van 
aggregatie) die zich uiteindelijk in de plaques ophopen.  
Volgens de ‘amyloid cascade hypothese’ (een van de voornaamste theorien over de 
oorzaak van de ziekte van Alzheimer) speelt Aβ een central rol in het ziekteproces 
van AD en het voortschrijdende verlies van neuronen. Om te kunnen onderzoeken 
hoe Aβ verantwoordelijk is voor neuronale celdood in de hersenen van AD 
patienten is het belangrijk te weten welke cellulaire en moleculaire mechanismen 
aan dit verlies ten grondslag liggen. Hoewel er veel bewijs is voor een centrale rol 
van Aβ in AD zijn er een aantal zaken aangaande Aβ toxiciteit nog onbekend. 
Bijvoorbeeld de vraag wat de relatieve bijdrage is van de verschillende aggregatie 
toestanden van Aβ in het ziekteproces. Ook is de plaats in en rond de cel van 
waaruit Aβ zijn toxische effecten uitoefent nog volop onderwerp van verder 
onderzoek.  
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Het centrale thema van dit proefschrift is de rol van de aggregatie toestand van Aβ 
in AD. Volgens de eerste studies moet Aβ eerst geaggregeerd zijn tot fibrillen 
voordat het neurotoxisch is. Latere onderzoeken lieten echter zien dat verschillende 
pre-fibrillaire aggregatie tussenvormen van Aβ ook neurotoxisch zijn. Van deze 
verschillende aggregatie toestanden van Aβ is bekend dat ze op verschillende 
manieren toxisch zijn tegen cellen. Wij hebben een van de moleculaire 
mechanismen die mogelijk ten grondslag ligt aan Aβ neurotoxiciteit, de 
zogenaamde “unfolded protein response” (UPR), bestudeerd.  
De UPR is bedoeld als een beschermende reactie van cellen die stress ondervinden 
in een van hun organellen, het endoplasmatisch reticulum (ER). ER stress vindt 
plaats wanneer  verkeerd gevouwen eiwitten zich ophopen in de cel. Eiwitten die in 
de cel worden gemaakt worden pas actief als ze een aantal modificaties hebben 
ondergaan en in een zekere gevouwen staat verkeren. Deze modificaties en 
vouwingen vinden onder andere plaats in het ER. Wanneer er iets misgaat in deze 
processen kunnen eiwitten niet of verkeerd gevouwen worden. Dit leidt tot 
ophopingen van deze verkeerd gevouwen eiwitten in het ER en daardoor tot ER 
stress. De UPR zorgt er voor dat de hoeveelheid verkeerd gevouwen eiwitten in het 
ER wordt verlaagd. Als de ER stress te lang aanhoudt, leidt dat tot 
geprogrammeerde celdood (apoptose). ER stress is dus een mogelijk moleculair 
mechanisme dat verantwoordelijk is voor het verlies van neuronen in AD.  
In dit proefschrift hebben we de complexe relatie tussen de aggregatie toestand, de 
subcellulaire localisatie en de toxiciteit en ER stress inductie door Aβ1-42 
bestudeerd. Omdat de aggregatie van Aβ een belangrijke voorwaarde is voor de 
toxiciteit van Aβ, is het remmen of voorkómen van Aβ aggregatie een mogelijke 
therapie die beschermt tegen Aβ neurotoxiciteit. Dit hebben we onderzocht door 
gebruik te maken van een gemodificeerde aggregatie remmer. De resultaten in dit 
proefschrift (hieronder samengevat) laten de belangrijke rol van de aggregatie 
toestand van Aβ1-42 zien in de ziekte van Alzheimer.  
 
Aβ, neurotoxiciteit en ER stress: de rol van de aggregatie toestand en 
localisatie 
Een eerder onderzoek van ons laboratorium laat zien dat de UPR geactiveerd is in 
neuronen van Alzheimer hersenen. Deze activatie vertoonde een sterke correlatie 
met de zogenaamde Braak score voor amyloid ophopingen (een manier om de 
hoeveelheid Aβ in Alzheimer hersenen te kwantificeren). Dit suggereert dat 
verhoogde hoeveelheden Aβ in AD misschien verantwoordelijk zijn voor de 
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activatie van de UPR. Dit onderzoek laat verder zien dat activatie van de UPR 
vroeg in het ziekteproces plaats vindt, en dus misschien wel veroorzaakt door 
oligomere of pre-fibrillaire Aβ aggregaten. We hebben deze hypothese getoetst in 
hoofdstuk 2 door de rol van de aggregatie toestand van Aβ1-42 op de UPR te 
onderzoeken. We laten zien dat wanneer oligomeer Aβ1-42 extracellulair aan cellen 
wordt aangeboden er een milde inductie van de UPR plaats vindt. Fibrillair Aβ1-42 
heeft geen effect op UPR activatie. Ook een milde inductie kan gevolgen hebben 
voor het functioneren van cellen. We laten namelijk zien dat door ER stress 
geinduceerde toxiciteit (via een andere ER stressor) bijdraagt aan oligomeer-
specifieke Aβ1-42 toxiciteit en activatie van apoptose. Dit suggereert dat UPR 
activatie een van de moleculaire mechanismen is die verantwoordelijk is voor de 
specifieke toxiciteit van oligomeer Aβ1-42.  
In hoofstuk 3 hebben we het mechanisme onderzocht waardoor Aβ ER stress 
induceert. Een mogelijkheid is dat UPR activatie alleen veroorzaakt wordt door 
oligomere vormen van Aβ1-42 omdat de grotere Aβ1-42 fibrillen niet kunnen worden 
opgenomen door cellen. De experimenten in hoofdstuk 3 bevestigen deze 
hypothese. Wanneer fluorescente oligomeren en fibrillen aan cellen worden 
aangeboden , vinden we een duidelijke opname van oligomeren door de cellen 
terwijl de fibrillen buiten blijven. Daarbij laten we ook zien dat wanneer de 
opname van Aβ1-42 oligomeren geremd wordt, ook de toxiciteit veroorzaakt door 
oligomeer Aβ1-42 geremd wordt. Dit is een indicatie dat de selectieve opname van 
oligomeren een mogelijke verklaring is voor oligomeer specifieke Aβ1-42 toxiciteit. 
Dit resultaat laat de directe relatie zien tussen de aggregatie toestand, de 
subcellulaire localisatie en de toxiciteit van Aβ1-42.  
Door gebruik te maken van dit fluorescente Aβ1-42 -eiwit is het ook mogelijk om 
het verdere transport van oligomeer Aβ1-42 in de cel te volgen (hoofdstuk 3). De 
selectieve opname van Aβ1-42 oligomeren door cellen is een mogelijke verklaring 
voor de oligomeer-specifieke ER stress inductie. Daarom hebben we bestudeerd of 
Aβ1-42 ook een fysieke interactie met het ER aangaat en op die manier misschien 
ER stress veroorzaakt. We hebben de aanwezigheid van fluorescent Aβ1-42 niet aan 
kunnen tonen in het ER. Onze resultaten laten zien dat Aβ1-42 deels opgenomen 
wordt door cellen via een specifiek proces (endocytose) en vervolgens ophoopt  in 
de lysosomen (een organel waar normaal gesproken eiwitten worden afgebroken). 
Dit suggereert dat ER stress inductie door Aβ1-42 niet een direct effect is maar een 
secundair toxisch effect, misschien veroorzaakt door Aβ1-42 ophoping in 
lysosomen. 
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De aanwezigheid van Aβ1-42 oligomeren in de cel is een mogelijke verklaring voor 
ER stress inductie door oligomeren. In hoofdstuk 4 hebben we onderzocht of 
intracellulair geproduceerd Aβ ook ER stress induceert, door gebruik te maken van 
cellen die verhoogde niveaus van een normale vorm (wildtype) van APP (wtAPP) 
en een mutante vorm van APP (mutAPP) maken. Deze beide cellijnen produceren 
meer Aβ binnen in de cel dan cellen met normale niveaus van APP. De mutAPP 
cellen produceren ook meer Aβ1-42 dan de wtAPP cellen. We vinden een verhoogde 
UPR inductie in beide APP cellijnen in vergelijking met de normale cellen na 
toediening van een ER stressor; we vinden zelfs een hogere UPR inductie in 
mutAPP cellen in vergelijking met wtAPP cellen. Met toenemende Aβ1-42 niveaus 
vinden we dus verhoogde UPR activatie. Daarbij laten we ook zien dat mutAPP 
cellen gevoeliger zijn voor deze ER stressor in vergelijking met de andere 
cellijnen. Dit wordt voorkomen wanneer de Aβ1-42 productie wordt geremd in de 
mutAPP cellen door een γ-secretase-remmer. Omdat het enige verschil tussen de 
mutAPP en wtAPP cellijnen de hoeveelheid Aβ1-42 productie is, kunnen de 
verschillen die gevonden zijn voor UPR activatie en ER stress geinduceerde 
toxiciteit voornamelijk worden toegeschreven aan Aβ1-42.  
Samenvattend laten onze resultaten zien dat extracellulair oligomeer Aβ ER stress 
induceert, mogelijk door de specifieke opname in de cel. Dit, in combinatie met 
onze vinding dat intracellulair geproduceerd Aβ ook een interactie aangaat met de 
UPR, suggereert dat Aβ intracellulair aanwezig moet zijn om via ER stress 
toxiciteit te veroorzaken, hoewel niet uitgesloten kan worden dat dit twee 
onafhankelijke mechanismen zijn. Deze data laten zien dat Aβ naar alle 
waarschijnlijkheid verantwoordelijk is voor de verhoogde UPR activatie die we 
eerder al hadden gevonden in Alzheimer hersenen. ER stress is dus mogelijk een 
belangrijk mechanisme voor Aβ neurotoxiciteit in AD. Meer onderzoek naar de rol 
van ER stress in de pathologie van AD zal leiden tot een mogelijk betere therapie 
voor de ziekte van Alzheimer. 
De aggregatie toestand van Aβ die verantwoordelijk is voor de toxiciteit en 
uiteindelijke neurodegeneratie in AD is nog onbekend, maar eerdere studies laten 
wel zien dat Aβ geaggregeerd moet zijn om toxisch te zijn. Dit suggereert dat het 
remmen van aggregatie, Aβ neurotoxiciteit zou kunnen remmen. Dit was het doel 
van het onderzoek in hoofdstuk 5. Eerdere studies hebben al duidelijk gemaakt dat 
een vrij precies gedefinieerd klein stukje uit Aβ (het KLVFF-peptide) van cruciaal 
belang is voor de aggregatie van Aβ. Dit KLVFF-peptide is ook uitstekend 
geschikt gebleken om te interfereren in het aggregatie proces van Aβ. In hoofdstuk 
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5 hebben we onderzocht of een variant op dit KLVFF-peptide een nog sterkere 
remmer is van Aβ aggregatie. Voor deze variant hebben we aan een chemisch 
structuur (een zogenaamde eerste generatie dendrimeer) 4 KLVFF-peptiden 
gekoppeld. We laten zien dat deze dendritische KLVFF-variant potenter is dan 
monomeer KLVFF zowel in het remmen van verdere aggregatie, als ook in het 
afbreken van bestaande aggregaten. Met het gebruik van dendrimeren  hebben we 
een nieuwe aanpak kunnen toevoegen aan de bestaande methoden om in te grijpen 
in het aggregatie proces van Aβ. 
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En dan is het alweer tijd voor het dankwoord. Het gedeelte van dit ‘boekje’ dat ik 
het laatste opschrijf, maar dat iedereen als eerste leest. Er zijn momenten geweest 
dat ik dacht dat mijn boekje nooit af zou raken, maar zoals de Levellers al eens 
verwoord hebben: “nothing is impossible in my all powerful mind” (uit “What a 
beautiful day”, dat is het zeker!). Mijn proefschrift is toch maar mooi af! 
 
Laat ik maar bij de belangrijkste en mij meest dierbare mensen beginnen, mijn 
ouders. Lieve mama en papa, zoveel als jullie voor mij hebben gedaan, valt niet in 
een paar woorden in een alineaatje te vangen. Bijna elke dag op en neer naar het 
ziekenhuis in Leiden om mij te bezoeken, waar ik alles bij elkaar toch flink wat tijd 
van mijn leven heb doorgebracht, mij overal brengen en halen (school, vrienden, 
het station etc.), omdat ik het zelf niet kon. Ik heb het nooit als iets 
vanzelfsprekends beschouwd en ben jullie er heel erg dankbaar voor. Ik hou van 
jullie! Jullie hebben ons altijd gestimuleerd om het studeren serieus te nemen. Ik 
denk dat dit boekje, maar ook het recente afstuderen van Karishma en Parveen (en 
hopelijk binnenkort Rajiv), daar een direct gevolg van zijn. Ik kan eigenlijk alleen 
maar zeggen: dank jullie wel voor alles. Karishma, Parveen en Rajiv(je) bedankt 
voor jullie belangstelling en interesse in mijn Alzheimer onderzoek en het lableven 
en voor de gezellige dingen die we hebben gedaan (film, poolen, bowlen, casino en 
concerten) tussen mijn drukke werkzaamheden door. Boston is een hele leuke stad, 
dus kom gauw een keer langs met z’n drieën. 
 
Dan de direct betrokkenen bij mijn promotieonderzoek: Prof. Dr. F. Baas, Frank, 
dank je wel dat ik op het Neurogenetica lab mijn onderzoek heb mogen verrichten. 
Ik wil je bedanken voor je hulp bij het afronden van mijn proefschrift. Het was 
vanaf het begin wel duidelijk dat genetica meer jouw ding is (ik heb je zelfs door 
de gang horen huppelen terwijl je SNPperdeSNP roept) en celbiologie meer het 
mijne. Je hebt me verschillende malen gezegd dat genetica veel meer recht-toe-
recht aan is dan celbiologie, maar je hebt me daar nog niet echt van kunnen 
overtuigen. Lang leve de celbiologie! 
 
Beste Wiep, onze eerste ontmoeting staat nog steeds op mijn netvlies gebrand ;-). 
Ik wil je bedanken voor al je hulp. Wat ik het meest van je heb opgestoken is om 
heel goed naar de minder goed gelukte proeven te kijken en wat vaker terug te 
bladeren in mijn lab journaal naar de resultaten van mijn proeven, om alles eruit te 
halen wat er in zit. En ik heb het heel erg gewaardeerd dat je altijd zo snel alle 
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stukken hebt gecorrigeerd. Het heeft al mijn artikelen/hoofdstukken flink en snel 
verbeterd. Ja en nu er een einde is gekomen aan onze samenwerking hoop ik dat je 
er een beetje aan kunt wennen dat ik er niet meer ben en dat je me nu geen mailtjes 
meer stuurt (naar Boston!!) om de kinderen op te halen (he Piew?). En ik ben 
natuurlijk blij dat ik nu weer gewoon door het leven kan gaan als Sidhartha (en niet 
als Rob of Finn, ik weet nog steeds niet wat ik erger vind ☺). 
 
De overige leden van de promotiecommissie, dr. P.Lucassen, dr. E. Hol, Prof. Dr. 
P. Eikelenboom, Prof. Dr. R. van Noorden, en Prof.Dr. E.W. Meijer, wil ik 
bedanken voor het beoordelen van mijn proefschrift. 
 
Lieve Anneloor, je bent een van de weinigen geweest die vanaf het begin tot het 
eind vertrouwen heeft gehouden in mijn kunnen. Daarmee heb je mijn moraal hoog 
gehouden, en voor een groot deel gezorgd dat mijn AiO-periode tot een goed einde 
is gekomen. Ik denk dat veel mensen op het lab denken dat we het alleen over 
voetbal, tennis, wielrennen en schaatsen kunnen hebben (sport is wel de 
belangrijkste bijzaak in het leven overigens), maar ik heb met je over van alles en 
nog wat kunnen praten, koetjes en kalfjes, de frustraties van een AiO, en allerlei 
andere serieuze en minder serieuze zaken. Kortom, zonder jou was mijn AiO leven 
lang niet zo leuk en gezellig geworden. Maar ook hierna ben je nog niet van me af, 
de wekelijkse sport-update op maandag houden we natuurlijk gewoon in ere alleen 
nu moet het per email. Wanneer kom je op bezoek in Boston (het valt heel goed te 
combineren met een trip naar de US Open in New York)? Dank je wel dat je mijn 
paranimf wilt zijn!! 
 
Lieve Jelly, ik heb heel even moet wennen aan je, maar daarna was het wel meteen 
dikke pret. Ik denk dat als iemand mijn lach hoorde bulderen, dat men vaak wel 
wist dat Jelly ook in de buurt was. Dank je wel voor alles: voor alle koffie-
momenten op het lab, alle gedeelde muziek (en de leuke concerten waar we naar 
toe zijn gegaan, maar Beth Hart laat ik toch maar passeren), alle gezelligheid (met 
en zonder Yasmin), alle keren dat ik op de bank kon crashen bij je thuis. Ook heel 
erg bedankt voor het layouten van mijn boekje, het is echt goed gelukt. Ik ben nu in 
Boston, dus het contact moet even per mail en skype, maar ik weet zeker dat als ik 
weer terug ben, het weer net zo gezellig wordt. Je bent een lieve vriendin! 
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Lieve Yasmin, vanaf het begin konden we het meteen heel goed met elkaar vinden, 
en samen met Jelly was het helemaal gezellig. Nou vooruit, ik zeg het dan toch 
maar een keer: je bent de grappigste grapYas van het hele lab. (Dit is de enige keer 
dat ik het zeg, dus geniet er maar van.) Je hebt lang getwijfeld of je wel AiO moest 
worden, ik vind het echt leuk dat je het gaat doen. Ik vind het jammer dat ik er niet 
ben om het van wat dichterbij mee te maken. Maar we houden contact, dus ik hoor 
wel hoe het je af gaat. Wanneer kom je met Jelly naar Boston (jullie hebben het 
beloofd, dat weten jullie toch wel?). 
 
Beste Ph.D. (candidates) van het eerste uur, Janneke, Jose, Valeria en Anneke: 
jullie weten als geen ander hoe leuk, moeilijk en hard werken het is als AiO. Dank 
je wel voor alle ontelbare koffie pauzes (neuro-koffie, automaten-koffie en appie-
koffie), alle gezellige AiO-dinners (waar we ongestoord alle neurogenetica roddels 
konden bespreken) en gezellige karaokes (Het is een nacht....). Janneke, jouw 
verdediging was echt geweldig, goed voorbeeld doet goed volgen hoop ik.  
 
En dan zijn er natuurlijk weer verse nieuwe AiO’s: Katja, Joeri, Marleen en Diana 
veel succes met jullie proeven, artikelen, praatjes, posters etc.  
 
Lieve Anne, het was maar kort dat je bij ons op het lab rondliep. Ik ben erg blij dat 
het weer beter met je gaat. Ik wil je vooral al het positieve toewensen voor de 
toekomst. 
 
Rob, dank je wel voor de interessante en leuke gesprekken tijdens en tussen het 
pipetteren (in de kweek en aan onze labtafel) over gitaren, sport (ja zelfs sport), je 
kinderen, je (lekkende) caravan op de camping, en muziek (Paul Weller, Steve 
Vai). Dank voor al je pipetteer werk wat in mijn boekje is verdwenen!! 
 
Marit, Buurvrouw, dank je wel voor de (korte) fietstochtjes van en naar huis. We 
zijn allebei inmiddels verhuisd. Het wordt nu toch wel wat lastig om elkaars 
plantjes water te geven. Ik kom natuurlijk een keer kijken als de kleine er is! 
 
Verder wil ik graag iedereen van het Neurogenetica-lab bedanken voor gezellige 
lunches met vele serieuze en vooral minder serieuze gesprekken (ik heb na bijna 
elke lunch wel wikipedia moeten reaadplegen, Kees), veel taart, en enthousiaste 
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deelnames  aan de voetbalpoules (helaas steeds gewonnen door ondeskundige 
collega’s ;-)). 
 
Dan naar de volgende etage: de meiden van boven (Dineke, Hilde, Judith en 
Marcel en Erik), dank jullie wel voor de gezelligheid, fluorescente probe-jes, en 
confocal-hulp. Hilde, Judith en Marcel veel succes met jullie AiO 
beslommeringen.  
 
Jan van Marle, dank je wel voor de gedetailleerde uitleg over de EM en de 
confocal, maar ook over het stoken van jenever, en andere nuttige info. 
 
Jeroen Hoozemans, je hebt een hele tijd bij ons rond gelopen, helaas ben je nu 
overgelopen. Ik heb heel veel aan je gehad toen je nog op het AMC werkte, het 
was niet alleen gezellig maar ook op het wetenschappelijke vlak was het een 
verrijking dat je bij ons hebt rond gelopen. Ik heb erg veel van je opgestoken.  
 
Rob Veerhuis en Niek Verweij wil ik graag bedanken voor een prettige 
samenwerking op het oligomeren project en Rob wil ik bedanken voor het  
laten uitvoeren van de Abeta ELISA’s. 
 
Piet Eikelenboom, je komt op onregelmatige tijden, onze kamer binnen lopen, om 
allerlei zaken te bespreken met Wiep en Jeroen, of om mij te vragen hoe het gaat. 
Als een echte verstrooide professor, liet je dan een paar termen en wat halve en 
hele zinnen vallen. Het duurde in het begin wel even voordat ik door had wat je 
nou precies bedoelde. Ik heb uiteindelijk veel aan je commentaren gehad, je hebt 
me vaak aan het denken gezet. Dank je wel daarvoor. 
 
Ik wil bij deze graag iedereen bedanken van de Neurodegeneratieve research 
besprekingen, met name Elly, Pim van Gool, Jeroen H, Rob V., en Piet voor hun 
interessante, leuke en moeilijke vragen tijdens mijn praatjes. 
 
Bert, Maarten en Hinke, dank jullie wel voor een prettige samenwerking op het 
dendrimeer project. Ik denk dat het tot een heel mooi resultaat heeft geleid. Dank 
voor alle tijd en moeite die jullie er in hebben gestopt. Hinke, ik wil je bedanken 
voor alle dendrimeren en andere peptiden die je hebt gemaakt. Maarten, dank je 
wel voor je hele heldere commentaren op het artikel, die hebben het manuscript 
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heel veel goed gedaan. Bert, dank je wel voor je altijd vriendelijke mailtjes, 
artikelen die je me wel eens doorstuurde, en natuurlijk bedankt dat je in de 
promotie commissie zitting heb willen nemen.  
 
Dear Hilal, I had a really good time in your lab in Lausanne. I worked for two 
months in your lab, and in this time the groundwork for my 2nd article was 
essentially made. I would like to thank you for the confidence you had in me. I 
would also like to thank you, Asad, for your help with the FPLC. 
 
Sujata and Usha, my previous supervisors, thank you for listening to all my Ph.D. 
stories, difficulties and happy ends. Sujata, when I return, we should really play a 
game of carrom. Usha, I’ll be visiting you soon this year in Little Rock. 
 
Tenslotte wil ik alle belangrijke mensen buiten mijn werk bedanken voor hun steun 
en betrokkenheid: 
 
Lieve familie (we zijn een te grote familie om iedereen bij naam te noemen), jullie 
hebben altijd heel erg meegeleefd tijdens mijn promotie onderzoek. Vooral al jullie 
lieve telefoontjes en enthousiasme toen er eindelijk een datum was vond ik erg lief. 
Toch wil ik graag een aantal mensen even persoonlijk noemen: Oom Surrender (is 
er geen leuke conferentie in Boston, of kom je voor een werkbezoekje hier naar 
toe?) en Oom Chander, dank jullie wel voor jullie oprechte belangstelling in woord 
en gebaar. Tante Didi en oom Lydius, dank jullie wel voor regelmatige telefoontjes 
van twee continenten, nuttige adviezen en tips en veel gezelligheid in Gruas en 
Den Haag. Oom Rob, heel erg lief dat je helemaal uit Suriname wil komen om 
mijn promotie bij te wonen. En tenslotte wil ik mijn lieve Bapu en Nanie 
bedanken: als er twee mensen zijn die misschien wel het meest zullen stralen en 
glimmen van trots op 6 juni, dan zijn jullie het wel.  
 
Lieve Utrechtse vrienden (Marije, Daniel (+ Marijn Daniel), Marian en Frank, 
Ankie, Sue, Hylke en Esther), Ik heb weinig tijd gehad om veel met jullie af te 
spreken, gelukkig weten jullie alles af van een druk AiO-bestaan. En nu zit ik ook 
nog in Boston.... Dank jullie wel voor alle gezellige verjaardagsfeesten, 
Weerwolven, concerten, bowlen, nieuwjaarsfeestjes en voor al jullie medeleven en 
betrokkenheid bij mijn Alzheimer onderzoek. Het aantal promoties volgt elkaar nu 
snel op, succes met de (laatste) AiO loodjes voor sommigen van jullie. 
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Verder wil ik graag mijn schoonfamilie bedanken voor hun interesse en 
belangstelling in mij en mijn onderzoek, en dan in het bijzonder Jan, Francisca en 
Linda, maar ook Thea en Lieneke, en Martin en Annette.  
 
Petra, mijn lieffie, dank je wel voor alles!! 
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Sidhartha Mukesh Chafekar werd geboren op 18 mei 1980 te Eindhoven. In 1997 
behaalde hij zijn VWO diploma aan het Eindhovens Protestants Lyceum/Christiaan 
Huygens College te Eindhoven. In hetzelfde jaar begon hij aan zijn studie Biologie 
aan de Universiteit Utrecht. De studie werd afgesloten met twee stageperiodes en 
een afstudeerscriptie. De eerste stage werd doorlopen binnen de vakgroep 
Moleculaire Celbiologie aan de Universiteit Utrecht onder begeleiding van Dr. 
Sujata Bapat and Dr. Jan-Andries Post waarbij onderzoek werd gedaan naar de rol 
van peroxynitriet in vasculaire endotheel cellen. De tweede onderzoeksstage werd 
gedaan aan de University of Arkansas for Medical Sciences in Little Rock, 
Arkansas in de Verenigde Staten onder begeleiding van Prof. Dr. Usha Ponnappan 
en Prof. Dr. Martin Hauer-Jensen naar de regulatie van Thrombomodulin door 
TNFα. De afstudeerscriptie over genotype-fenotype correlaties in cardiomyopathie 
bij de spierdystrofie van Becker en Duchenne, werd geschreven onder begeleiding 
van Prof.Dr. Marianne de Visser in het Academisch Medisch Centrum. In April 
2003 werd het doctoraal diploma Biologie behaald. In hetzelfde jaar kwam hij in 
dienst bij het Neurogenetica lab als Assistent in Opleiding onder begeleiding van 
Prof. Dr. Frank Baas en Dr. Wiep Scheper. De resultaten van het onderzoek naar 
de rol van de aggregatie toestand van Aβ in de ziekte van Alzheimer zijn 
beschreven in dit proefschrift. Dankzij het verkrijgen van een reisbeurs van de 
Nederlandse Wetenschappelijke Organisatie (NWO) heeft de auteur in het kader 
van zijn promotie-onderzoek een werkbezoek gebracht aan het lab oratorium van 
Prof. Dr. Hilal Lashuel in Lausanne, Zwitserland. Sinds februari 2008 is Sidhartha 
werkzaam als postdoc bij het Boston Biomedical Research Institute te Boston, MA, 
Verenigde Staten, waar hij onderzoek verricht naar de relatie tussen de 
fragmentatie van het huntingtin eiwit en zijn toxiciteit en aggregatie in de ziekte 
van Huntington. 
 
 




	voorkant proefschrift.jpg
	chafekar_binnenwerk.pdf
	achterkant proefschrift.jpg



