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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 � (A�) 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 A� 
deposits can be detected in these cases, indicating a role for A� very early in the 
disease. A comparative study of the A�-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 A� deposits, and in phase 4, A� deposits expand to several 
brainstem nuclei. Finally, phase 5 is characterized by cerebellar A�-deposition. 
These findings suggest that A�-deposition expands anterogradely into regions that 
receive neuronal projections from regions already exhibiting A� depositions (317). 
One of the most important pathological changes is the development of extracellular 
plaques consisting of A�. Since the fibrillogenic A� 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 A� generation 
The A� peptide sequence is embedded in the amyloid precursor protein (APP) and 
is formed by sequential proteolytic cleavages of APP by �- and �-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 A� formation is precluded and the 
amyloidogenic pathway in which A� is formed (reviewed in (3,96,286)). In the 
non-amyloidogenic pathway, APP is cleaved by �-secretase between residues 16 
and 17 of the A� sequence (Figure 1), resulting in a membrane associated C-
terminal fragment of 83 amino acids (CTF�) and the soluble sAPP�. Subsequent 
�-secretase cleavage of the CTF� releases the p3 fragment from the remaining 
APP intracellular domain (AICD). In the amyloidogenic pathway APP is cleaved 
first by �-secretase at the N-terminus of the A� sequence, generating CTF� 
consisting of 99 amino acids (including the complete A� sequence), followed by �-
secretase cleavage releasing the A� peptide. The cleavage by �-secretase is a 
heterogeneous event that releases A� peptides of different sizes, with A�1-40 and 
A�1-42 being the most common forms. N-terminal truncated A� 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 A� species in AD senile plaques are A�2-42, A�5-42 and A�11-42 species 
(195,310,352). It has been shown that the N-terminal truncatet A� peptides that are 
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Figure 1: APP processing 
APP is cleaved by �-secretase and �-secretase to form A�1-40 or A�1-42. Indicated are the 
Swedish and Indiana mutations in APP in the regions flanking the A� sequence affecting the 
�-cleavage and �-cleavage, respectively, leading to increased amyloidogenic processing, 
especially enhanced A�1-42 production. The Arctic mutation in the middle of the A� sequence 
leads to alterations in the aggregation propensity of A� leading to enhanced protofibril 
formation. The KLVFF sequence is a critical region for fibril formation and the pentapeptide 
has been shown to bind to A� and inhibit fibril formation. This sequence has been used as the 
lead compound for developing aggregation inhibitors. �-secretase cleavage (in the KLVFF 
sequence) precludes the formation of the aggregation prone A� 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).  
 
A� aggregation 
A� is a highly fibrillogenic peptide and is central to the pathogenesis of AD, as 
will be discussed below. The most important property of A� is that it quickly self-
aggregates to form mature 6- to 10-nm diameter fibrils with a characteristic cross-� 
structure. Previous studies on the aggregation process of A� identified the critical 
region of A� involved in self-aggregation (115,320). The hydrophobic core at 
residues 16-20 of A�, KLVFF, is crucial for the formation of �-sheet structures by 
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A� (Figure 1). A� 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 A� aggregation intermediates that are formed in vitro before 
formation of the �-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 A�, therefore caution is warranted in 
translating these data directly to the aggregation process in human brain.  
Here we will use the definitions for A� 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 
A� 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).  
A� 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 A� 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 A�. 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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A�1-42 was shown to nucleate easier than A�1-40 (99), which may be why subtle 
changes in the A�1-42/1-40 ratio induce AD pathology. Transgenic mice that secrete 
high levels of A�1-42 in the absence of APP overexpression, show massive amyloid 
pathology, in contrast to transgenic A�1-40 mice (215). These experiments 
underscore the importance of A�1-42 in amyloid deposition, and it was suggested 
that A�1-42 is required for nucleation in vivo. A very interesting insight in A� 
aggregation kinetics comes from the Arctic APP mutation. The conversion of the 
amino acid Glutamic acid to Glycine at position 22 in the A� peptide itself, gives 
rise to a classical AD phenotype, despite resulting in lower A�1-42 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 A� 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 A� to other proteins or lipids, increases its local 
concentration, and contributes to seeding. For example A� 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 A� peptides accumulate in AD brains in diffuse plaques 
(277), one of the earliest forms of A� 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 A�1-42 species 
compared to full-length A�1-42 (106,256). In addition, plaques composed of A�3(pE)-

40/42 are present in equivalent or greater densities than those composed of full-
length A�, 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 A�3(pE)-40/42 species compared to A�1-5 antibodies (277) . All these data show 
that N-terminal truncated species are more prone to aggregation than full length 
A�, and are deposited in plaques prior to full length A�. N-terminal truncated A� 
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 A� 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 �aptists, each claiming an exclusive initiating role for 
respectively tau or A� in the neurodegenerative process in AD.  
According to the now widely supported amyloid cascade hypothesis, increased 
levels or a conformational change of A� is the primary cause of AD pathogenesis 
(97,98). Important genetic evidence for the central role of A� 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 �- and/or �- cleavage of APP 
and thereby enhancing the production of pathological A�, especially A�1-42, 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 A� sequence within APP 
(http://www.molgen.ua.ac.be/ADMutations/; see also Fig.1).  
The presenilin proteins are central to the �-secretase complex of proteins that 
cleave APP (28). It is the presenilin-mediated cleavage of APP that results in the 
release of the A� 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 �4 allele is an isoform of APOE that increases the risk for developing AD (45). 
AD subjects homozygous for the �4 alleles have a significantly higher number and 
density of A� deposits in the brain than subjects with other �4 alleles, while 
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subjects heterozygous for the �4 allele show an intermediate phenotype. In 
addition, mean age at onset is decreased from 84 to 68 years for homozygous �4 
individuals (45,281). ApoE has been shown to accelerate aggregation of A� 
(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 A�, indicating the central role of A� in AD 
pathogenesis. However, the role of tau is not considered in any of these studies. 
Clear evidence, separating the role of A� 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 A� 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 A� into mutant tau mice led to the increased 
generation of tangles within the amygdala. Both of these findings suggest that A� 
enhances tau pathology, although the mechanism underlying this effect is 
unknown. More evidence supporting the view that A� 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 A� after a single intrahippocampal injection of an anti-A� antibody 
precedes the removal of early tau pathology (240). Moreover, after the antibody 
itself is cleared or degraded, the A� 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 A� in AD 
The classical view that A�, 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 A�, 
which may contribute to disease progression. Below we will discuss the 
intracellular sites of A� generation and the relation of intraneuronal A� 
accumulation with extracellular pools of A�.  
 
Intracellular sites of A� 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, �-
secretase, and the �-secretase complex are localized together.  For example, A� can 
be generated in the endosomal/lysosomal system, because �-secretase (130,289), 
presenilins (179,180) and APP (237) are all localized in the endosomes.  
The presence of �-secretase and �-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 A�1-40 and A�1-42, indicating that �-
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 A�1-40, 
but leaves intracellular A�1-42 synthesis unaffected (43). These studies thus indicate 
that A�1-40 is generated in the trans-Golgi network (TGN) (90,103,358), whereas 
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A�1-42 is generated both in the endoplasmic reticulum (ER) (90) and Golgi 
compartments. 
Recently, autophagy is suggested to be related to intracellular A� 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 
�-cleaved APP and are highly enriched in PS1, nicastrin, and PS-dependent �-
secretase activity, thereby providing another source for A� generation (364). 
 
Intra- versus extracellular A� 
Studies determining the intracellular localization of A� generation, as described 
above, have mostly used cellular models. However, also in brains from transgenic 
mouse models and AD patients, intracellular A� can be found in many different 
compartments. Since A� 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 A� in neurons 
in AD brain (178) and since then several reports showing intraneuronal A� 
accumulation have been published (reviewed in (283)). In human neurons 
intracellular oligomeric A� aggregates have been detected (335). In AD brain, 
neurons were shown to contain thioflavin S-reactive deposits (178), suggesting 
accumulation of fibrillar A� although this finding was not confirmed by others 
(88). It is not known whether intracellular aggregation of A� is a prerequisite for 
toxicity.  
In human post mortem brain A� 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 A� can be translocated from membranous compartments into the 
cytosol (69). It is unclear whether A� 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 A� aggregates were found 
associated with the ER, Golgi and mitochondria (266).  
It appears that intracellular A� deposition is dependent on the levels of A�, as 
intracellular A� pathology is more prominent in models with higher A� 
production. This may imply that if the concentration is sufficiently high, A� 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 A� and the site of accumulation comes from studies in a transgenic mouse 
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model that produces very high levels of A� due to the presence of four familial 
FAD mutations. These mice exhibit intraneuronal rather than extracellular 
thioflavin-S positive A� aggregates (30). Interestingly, these mice show more 
extensive neuronal loss than models that predominantly have extracellular deposits, 
suggesting that intracellular A� is more toxic. Also a double transgenic hAPP 
mouse harboring the Swedish (KM670/671NL) and Arctic (E693G) APP mutation, 
leading to increased A� levels, displays early intraneuronal A� aggregation (201). 
In this respect it is interesting to mention sporadic Inclusion Body Myositis 
(sIBM). In sIBM myotubes, A� exclusively forms intracellular inclusion bodies 
that co-localize with several ER chaperones (326). The cause of the intracellular 
localisation of A� 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 A� 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 A� is exclusively intracellular with degeneration as 
result. 
Intuitively it seems logical that there is equilibrium between extra- and intracellular 
pools of A�. Intracellular A� decreases with plaque load (88,220), although more 
intraneuronal A� correlating with a higher plaque load has also been reported (69). 
More direct experimental evidence for a balance between extra- and intracellular 
A� pools comes from A� vaccination experiments in the triple transgenic AD 
mouse model. This model shows intracellular A� accumulation before plaque 
formation (15). In the same model, immunization results in reduction of 
extracellular A� before the clearance of intracellular A� and after the immunizing 
antibody diffuses the intraneuronal accumulation of A� reappeared before the 
extracellular A� deposits (244). Because antibodies obviously can not enter the 
intracellular space, this points to a direct connection between intra- and 
extracellular A� pools. 
 
A� therapy 
Accumulation of A� in the brain is the key event in the pathogenesis of AD. A� 
has therefore played a central role in therapeutic intervention in AD (Figure 2). The 
most promising therapeutic approach that could prevent A� aggregation and 
deposition is immunization with A� peptides or vaccination with antibodies 
directed against the A� peptide. This approach will be discussed below. Where in  
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early-onset FAD cases, increased A� production is causative of for 
neurodegeneration, this does not seem to be the case for late onset AD. A� 
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 A� clearance across the blood brain barrier by 
different transporters. Enhancing A� degrading enzymes or inhibiting A� 
production can both lead to decreased A� levels and therefore be of great interest 
as a therapeutic approach (Figure 2).  
 
A� production, a therapeutic target for AD 
Elucidation of the proteolytic processing pathway that generates A� from APP has 
led to the identification of three potential therapeutic targets, the �-, �-, and �-
secretases. BACE1, a �-secretase, is an excellent target as it is the rate limiting 
enzyme in A� production. In vitro studies using siRNA directed to the BACE1 
gene showed reduced BACE1 expression and A� 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 A� 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 A�, thus targeting the most toxic A� species. It remains to be 
determined whether long-term treatment with �-secretase inhibitors will be well 
tolerated. �-secretase knockout mice are viable and have lowered A� 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 �-secretase inhibitors could also block the production of A� along with A� 
specific activity. Preclinical studies clearly establish that �-secretase inhibitors can 
reduce brain A� in rodent models. Initial studies on the effects of �-secretase 
inhibitors showed that modest A� reductions (15-30%) are sufficient to reverse 
A�-induced cognitive deficits in Tg2576 mice. However the side-effects of �-
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 �-secretase 
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Figure 2: A� therapy 
Targeting A�, being central to AD pathogenesis, is the most promising therapeutic approach. 
AD can be prevented or more effectively treated by prevention of A� aggregation and break 
down of the toxic aggregate (via �-sheet breakers, see chapter 6). Inhibiting A� uptake as a 
therapeutic approach will be discussed in chapter 6 as well. Decreasing A� production and/or 
enhancement of A� clearance and degradation have also shown promising results. The 
therapeutic approach with the most promising results so far is tackling A� 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 A�1-42-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 A�1-42 formation by 
direct modulation of �-secretase activity (344). These NSAIDs have an allosteric 
effect on �-secretase by which these drugs selectively reduce A�1-42 but do not 
affect processing of other �-secretase targets (13,77,198,342-344). The main 
difference between A�-lowering NSAIDs and the classical �-secretase inhibitors is 
the selective reduction in levels of A�1-42. This was accompanied by a proportional 
increase in the levels of shorter species, particularly A�1-38, which was interpreted 
as resulting from modulation of the cleavage specificity of �-secretase caused by 
these drugs. Most remarkably, unlike the classical inhibitors of �-secretase, NSAID 
modulators did not inhibit cleavage of other �-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 �-secretase is also a 
possible therapeutic target, though not as well characterized as either �-or �-
secretase. �-Secretase cleavage within the A� sequence produces a large (110–135 
kDa) secreted fragment (sAPP�), and a small 10 kDa membrane bound fragment 
(C83 or CTF�). This cleavage cuts A� into two fragments. It is now known that 
several metalloprotease disintegrins (ADAM10 and ADAM17) are major �-
secretases (25,65,165). Thus, drugs that stimulate �-secretase can shift APP 
processing towards the non-amyloidogenic pathway and reduce A� production, but 
also increase production of sAPP�, a potentially neuroprotective form of the APP. 
Up-regulation of an �-secretase, ADAM10 in an APP transgenic mouse increased 
sAPP�, decreased A� production, reduced plaque formation and alleviated 
cognitive deficits (259). In a very recent study, nardilysin, a metalloendopeptidase, 
enhanced the �-secretase activity of ADAMs in vitro, by both increasing sAPP� 
and decreasing A� (116).  Bryostatin, a protein kinase C activator currently tested 
in clinical trials as an anticancer drug, also substantially enhances �-secretase 
processing of APP and reduces brain A�1-42 concentrations in AD transgenic mice 
(63). All these studies indicate that promoting the non-amyloidogenic pathway of 
APP processing, via increased �-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 A� 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 A� production and deposition in 
animal models show great promise, but the side-effects of these approaches should 
be carefully considered.  
 
A� degrading enzymes 
Iwata et al. (135) investigated the degradation of A� in rat brain by injecting 
radiolabeled A�1-42 into the hippocampal region of the brain in the presence of 
various protease inhibitors. Degradation of the radiolabeled A�1-42 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 A�1-42, 
demonstrating the dramatic pathological effects of inhibiting A� 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 A�1-42 
was decreased in the NEP-deficient mice compared with wild-type animals. In 
addition, the endogenous levels of A�1-40 and A�1-42 were significantly higher in the 
brains of NEP-knockout mice, confirming that NEP is a physiologically relevant 
A�-degrading enzyme (134). In similar studies, Farris et al. (67) and Miller et al. 
(218) reported that the endogenous levels of both A�1-40 and A�1-42 were 
significantly elevated in the brains of IDE-knockout mice.  
These studies all indicate that these A�-degrading enzymes are very important in 
maintaining the A� 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 A� might be responsible for A� 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 A� 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 A� and not 
aggregated A� (68,174,219,261,333), indicating that IDE upregulation can prevent 
A� 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 A� (142), both intra- and extracellularly (95). These studies 
show that an up-regulation of the NEP A�-degrading enzyme may be an effective 
strategy for the prevention and treatment of AD, since it targets both oligomeric 
and intracellular A�. 
 
Clearance of A� from the brain  
Next to A� degrading enzymes, A� 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 A� clearance through the BBB (181,370). In mouse models, 
manipulation of these transporters has been shown to influence A� deposition. 
Genetic knockout or inhibition of the transporters results in increased A� 
deposition (42,51,118,166,331,371). For example, low-density LRP mediates the 
efflux of A� from the brain into blood (113,291). Dysfunction of LRP leads to 
reduced efflux of A� from the brain and thus increased A� 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 A� levels (50,291). 
Reduced expression of brain endothelial LRP is associated with positive A� 
staining of vessels in AD (291).  
A soluble version of LRP (sLRP), a �-secretase cleavage product of full length 
LRP (330), normally circulating in plasma, provides endogenous peripheral ‘sink’ 
activity for A� 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 A�1-42 
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and A�1-40 (276). A recombinant modified version of sLRP, containing a high 
affinity A� binding site was designed (LRP-IV) and was shown to reduce A� 
pathology in an AD mouse model (276). Promoting LRP function shows great 
promise as a therapeutic approach for A� clearance in Alzheimer brains. 
 
A� immunotherapy 
The first report on immunization of PDAPP transgenic mice with the A� peptide 
showed reduced amyloid plaque formation (282). Subsequent reports not only 
confirmed the potential of immunization strategies to induce clearance of A�, but 
also indicated the potential of reducing cognitive dysfunction (reviewed by (78)). 
An immunization approach could work on different conformations of A� and at 
different sites of the body (CNS or in the periphery). First, immunization increases 
the efflux of A� 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 A� in the blood, thereby 
sequestering A� in an immune complex, which lowers the level of free A� in the 
blood. This alters the dynamics of transport of A� between the CNS and the blood, 
which contributes to a net efflux of A� from the brain (52,120,192). Second, 
antibodies directed against A� can reduce the cytotoxic effect which A�, especially 
the oligomeric forms, elicits on neuronal cells (216). And third, antibodies directed 
against A� could enhance the clearance of A� by stimulating Fc receptor mediated 
phagocytosis of A� 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 A� 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 A� 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 A� is 
efficiently removed without increasing A� 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 A� accumulates 
intracellularly and that A� accumulation inside neurons is detrimental to a range of 
cellular processes (177). How an immunization approach can target intracellular 
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A� pools was for long a matter of intense debate. A� vaccination experiments in 
the 3xTg mouse model have shown that extra- and intracellular A� pools are 
related (as shown above). Therefore, targeting of the more easily accessible 
extracellular A� by an immunotherapeutic approach is a promising option for 
specifically targeting intracellular A� pools.  
 
Early and late responses of A� induced toxicity in AD 
As described above, the A� 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 A� 
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 A� 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 A�.  
The role of non-fibrillar A� is corroborated by the inhibition of LTP by oligomeric 
A� specifically (333). This is reversed by passive immunization against oligomeric 
A� (161). Oligomeric A� 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 A� targets specific synaptic sites, which may provide a 
basis for the selective loss of synapses in AD. A� may directly affect the presence 
of receptors in the synaptic cleft, as it has been shown that oligomeric A� 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 A� induced loss of PAK 
activity and drebrin in cultured neurons. In conclusion there are several lines of 
evidence suggesting that early A� 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 A� levels in the AD brain and changes in the endosomal system: 
(i) Soluble A� levels were also shown to be increased in brains with abnormal 
endosomes (33). (ii) Double-immunostaining study shows that intracellular A� 
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 A� 
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 A� 
production, but also that A� increase is closely related to increased and abnormal 
endocytosis events in AD. 
 
Neuroinflammation in AD: a late event associated with fibrillar A� 
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 A� 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 A� amyloid plaques are associated with complement 
factors, �1- 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 A� plaques. Some 
amyloid associated factors, like ApoE and C1q, enhance the aggregation and fibril 
formation of newly formed A� peptides. Accumulation of most of the A�-
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associated proteins precedes the appearance of clusters of activated microglia. For 
instance, only in those A� plaques that have accumulated SAP and C1q, clusters of 
activated microglia can be observed in AD neocortex (328). While attempting to 
remove the A�, microglia become activated and release reactive oxygen species, 
pro-inflammatory cytokines, excitotoxins and proteases, all potentially neurotoxic 
substances. The A� 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 A�. This inhibitory effect can 
in part be explained by inhibition of (SAP and C1q enhanced) A� fibril formation 
(66). This suggests that the fibrillarity of A� 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 A� (57), suggesting that microglial activation is caused by fibrillar A�.  
Although the neuroinflammatory response induced by A� could be viewed as a 
potential contributor to AD neurodegeneration, some inflammatory proteins, 
particularly complement proteins, may also play a role in microglial mediated A� 
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 A� deposits is an essential characteristic of the inflammatory process 
and interesting from a therapeutic point of view.  
 
Unfolded Protein Response 
A� 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 eIF2�. 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 2� (p-eIF2�), 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 A� levels. In vitro studies indicate 
that A� toxicity involves the ER stress response. Knock-down of BiP increases cell 
death induced by A�25-35 in rat hippocampal neurons (18, 22), indicating that BiP 
protects against A� toxicity. A� appears to activate ER-stress specific caspases: A� 
induced cytotoxicity is reduced in caspase-12 deficient cortical mouse neurons 
(16). The human homologue of caspase-12, caspase-4, is also activated by A� (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 A�. 
Interestingly, oligomeric A� 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 A�, although until now (chapter 2) 
actual activation of the UPR by A� had not been demonstrated.   



General introduction 

 30 

Outline of this thesis 
Several lines of evidence suggest that A� plays a central role in AD pathogenesis. 
Despite this overwhelming evidence, there are still some important issues 
concerning A� toxicity under debate. For example, the subcellular localization of 
action of A� is still under investigation and the relative contribution of the 
different aggregation species of A� 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 A� oligomers and fibrils on toxicity and ER stress 
induction. We show that oligomers are more toxic than fibrils and that A� 
oligomers specifically induce mild ER stress, but fibrils do not. In addition, our 
data shows that oligomeric A�1-42 is significantly more toxic to cells primed for 
UPR activation than fibrillar A�1-42, indicating that activation of the UPR 
contributes to oligomer-specific A�1-42 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 A� to study the subcellular localization of the A� species. We show 
that oligomers are selectively internalized by the cell, whereas fibrils remain on the 
outside of the cell. Internalization of A� oligomers occurs via endocytosis, and 
they are subsequently transported to the lysosomal compartment. In addition we 
show that preventing A� 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 A� is an important parameter in A� toxicity. This led us to also 
study the interaction of intracellularly produced A� with the ER stress response in 
chapter 4. In this chapter we show increased induction of ER stress markers by 
tunicamycin in cells overproducing A�1-42 as well as increased sensitivity of ER 
stress toxicity. This increased sensitivity is alleviated by pre-treatment with a �-
secretase inhibitor, indicating that this is dependent on A� production. In the above 
chapters we show not only the importance of the subcellular localization of A� on 
its toxicity but also of the aggregation state of A�. In chapter 5 we studied in more 
detail the aggregation process of A�, 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. 
 


