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Abstract
Pagnon de la Vega, M. 2021. Characterization of the novel “Uppsala mutation” causing
a familial form of early onset Alzheimer’s disease. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1755. 77 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1245-3.

The Alzheimer’s disease (AD) brain displays extracellular plaques of amyloid-β (Aβ),
neurofibrillary tangles of tau and neuronal loss. The 40-42 amino acid Aβ peptide is formed from
the amyloid precursor protein (APP) by β-secretase and γ-secretase, while α-secretase prevents
Aβ generation. According to the amyloid cascade hypothesis, AD is initiated by increased brain
levels of toxic Aβ species. Our laboratory has previously identified two APP mutations, causing
early onset AD. Whereas the Swedish mutation results in increased β-secretase cleavage leading
to higher Aβ levels, the Arctic mutation leads to a conformational Aβ change that promotes
formation of toxic Aβ protofibrils.

In this thesis, we have performed a screen for novel disease-causing mutations in 102 patients
with early onset dementia disorders, who underwent investigation at the Memory clinic at
Uppsala University Hospital. Mainly, we found a new APP mutation, which causes familial
dominantly inherited AD with age at symptom onset in the early forties. This Uppsala APP
mutation, consists of an intra-Aβ deletion of six consecutive amino acids, which results in Aβ
with 34-36 amino acids (AβUppΔ19-24).

Affected mutation-carriers develop symptoms typical of AD. As for biomarkers, the patients
display expected changes although brain Aβ imaging by [11C]PIB-PET is only slightly
pathological and Aβ42-analysis of cerebrospinal fluid yields normal results. By investigating
neuropathological, biochemical and structural properties of AβUppΔ19-24 in patient samples, on
synthetic peptides and in cell culture models we found evidence that Uppsala APP is pathogenic
via three mechanisms: increased β-secretase cleavage, altered α-secretase cleavage and rapid
formation of Aβ fibrils into unique polymorphs.

To allow for in vivo studies of molecular mechanisms related to the Uppsala APP mutation
we generated transgenic mice, expressing human APP with this mutation together with Swedish
APP (to increase Aβ levels). In the brain of tg-UppSwe mice, we observed diffuse aggregates
of mainly AβUpp42Δ19-24, which, given their normal γ-secretase activity, distinguishes these
mice from most transgenic mouse models. In order to study if AβUppΔ19-24 co-aggregates with
wild-type Aβ (Aβwt), we crossed tg-UppSwe with tg-Swe. Analyses of brains from such mice
indicated that AβUppΔ19-24 may act as seeds for Aβwt by changing its aggregation behavior and
thereby increasing its deposition in brain.

Taken together, our studies of the Uppsala APP mutation have provided new knowledge of
pathogenic molecular mechanisms in AD and of basic Aβ biology. Such insights may in a longer
perspective help us to develop new diagnostics and therapeutics for this disorder.
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Introduction 

Alzheimer´s disease  
Dementia is a clinical syndrome characterized by gradual decline in two or 
more cognitive domains. Alzheimer’s disease (AD) is a progressive neuro-
degenerative disorder and the most common cause of dementia, representing 
60-70% of dementia cases worldwide [1]. It is estimated that over 45 million 
people suffer from dementia, and, due to the increase in life expectancy, the 
prevalence is predicted to have tripled by 2050. This situates AD as one of the 
biggest global public health challenges, causing a large socioeconomic burden 
[2–5]. Although the number of cases continues to raise due to the ever increas-
ing life expectancy, the incidence has decreased 13% per decade over the past 
25 years. Reducing the risk by lifestyle changes and other preventive efforts 
could be related to this decline, although the causes remain unknown [6]. 

In 1906, the German psychiatrist, Dr. Alois Alzheimer described for the first 
time the amyloid plaques and neurofibrillary tangles (NFTs) that he identified 
when examining the autopsied brain of his patient Auguste Deter [7,8]. These 
changes are today known as the main pathological hallmarks of AD. The 
plaques consist of aggregated forms of the amyloid-beta (Aβ) peptide, and tau 
proteins are the main components of the NFTs [9]. These neuropathological 
processes lead to neuroinflammation and progressive neuronal loss, causing 
memory deterioration and functional decline [10]. On an average the AD pa-
tients survive 3 to 10 years after diagnosis [11–13] 

Alzheimer’s disease is estimated to start 20-30 years before the clinical onset 
and the identification of biological markers for pre-clinical and early diagnosis 
is one of the principal aims of research studies in the field [14]. A variety of 
clinical, imaging and laboratory methods has emerged during the last decades 
to allow for a more accurate diagnosis of AD. For instance, decreased Aβ, 
together with increased tau and increased phosphorylated tau (p-tau) in cere-
brospinal fluid (CSF), are diagnostic biomarkers for AD [15,16]. In healthy 
humans, the concentration of Aβ42 (the longer variant of Aβ) in CSF should 
be higher than 500 pg/ml, while the concentrations of tau and p-tau should be 
lower than 300 pg/ml and 60-80 pg/ml, respectively [17,18]. 
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Besides the CSF changes, atrophy of the hippocampus and temporal cortex 
can be detected by magnetic resonance imaging (MRI) [19]. In addition, posi-
tron emission tomography (PET) with tracers, such as Pittsburgh compound 
B (PIB), have been useful to detect deposition of Aβ in the brain of AD pa-
tients [20]. Imaging by PET is also a valuable technique to detect disease-
associated changes in cerebral metabolism with 18F-fluorodeoxyglucose 
(FDG) [21].  

The available therapies, acetylcholinesterase inhibitors (donepezil, rivastig-
mine, and galantamine) and NMDA-receptor antagonists (memantine), can 
only temporarily alleviate cognitive and behavioral symptoms [22]. Targeting 
the main features involved in AD neuropathology (Aβ and tau) is one of the 
strategies for future treatment. Insights gained over the last decades raise hope 
that new approaches targeting Aβ oligomers could result in disease-modifying 
therapeutics. However, there is a dispute about which of the proteins that is 
the best pharmacological target and a controversy on whether this is the right 
strategy to stop the neurodegenerative process. Passive immunotherapy is cur-
rently the main approach for novel treatment against AD and several antibod-
ies against Aβ are now in phase 3 clinical trials, such as lecanemab [23–25], 
donanemab [26,27], gantenerumab [28,29] and solanezumab  [30,31]. Re-
cently, the American Food and Drug Administration (FDA) has for the first 
time approved a therapeutic antibody against Aβ, aducanumab (Aduhelm®), 
as a drug for AD [32]. Yet other strategies, such as the use of beta-site APP 
cleaving enzyme (BACE) inhibitors have consistently failed in the trials per-
formed so far [33,34]. 

Amyloid precursor protein  
The amyloid precursor protein (APP) is a single-pass (type I) transmembrane 
glycoprotein coded on chromosome 21. It belongs to a protein family that in-
cludes APP-like protein 1 (APLP1) and 2 (APLP2), all of which are processed 
in a similar manner. Nonetheless, the Aβ domain is unique to APP [35].  

There are eight different isoforms of APP, with the three main isoforms being 
APP695, APP751, and APP770, consisting of 695, 751, and 770 amino acids, 
respectively [36]. All APP isoforms have a signal peptide and primary struc-
ture constituted by a large extramembranous N-terminal region, a single trans-
membrane domain, and a 47 amino acid residue cytoplasmic C-terminal tail 
[37]. APP695 is the dominant isoform and it is primarily expressed by neurons 
[38]. However, the APP751 and APP770 isoforms are primarily expressed by 
microglia and in the cells of the brain meninges. They contain a 56-amino 
acid-long Kunitz Protease Inhibitor (KPI) region and represent less than 14% 
of all APP produced in the brain [39].  
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The physiological functions of APP 
The proteins in the APP family are believed to have diverse functions that are 
mediated by the various proteolytic fragments of APP and by cell surface APP 
(or by APLPs). These proteins seem to be involved in intercellular adhesion, 
as they have been shown to interact with extracellular matrix proteins, such as 
collagen and heparin [40–42]. The APP proteolytic fragments have a function 
in nervous system development. For example, sAPPα promotes proliferation 
of adult neural progenitor cells [43] and sAPPβ can induce rapid neural dif-
ferentiation of human embryonic stem cells, which could indicate that it is not 
toxic for neurons in itself [44]. In addition, APP has been demonstrated to play 
a role in axonal growth and guidance, in the formation of the dendritic tree as 
well as in the maintenance of spine density and dynamics [40].  

 
The sAPPα fragment has been described as a neuroprotective molecule, which 
makes it a possible target for AD treatment [45]. The neuroprotective action 
of sAPPα is sustained by its association with brain development, synaptic 
function, plasticity, learning and memory [40,41]. It has been shown that 
sAPPα minimize Aβ effects whereas sAPPβ has no such protective activity, 
although  sAPPα or sAPPβ alone affect neither tau phosphorylation nor den-
dritic spine numbers [46]. These findings suggest that protection and patho-
genesis depend more on the combination of the different APP metabolic ef-
fects rather than only on Aβ levels [47]. However, the exact mechanisms 
through which sAPPα and sAPPβ act remain unclear. 

APP processing 
Aggregation of Aβ is the result of APP undergoing sequential cleavages by β- 
and γ-secretases [48]. There are two different pathways for the processing of 
APP [49]. 

In the non-amyloidogenic pathway APP is cleaved within the Aβ fragment 
(between Lys687 and Leu688) by α-secretase forming a soluble ectodomain 
(sAPPα) and an 83-residue (~10 kDa) C-terminal fragment (α-CTFs or C83), 
which is retained within the cell membrane. The α-CTFs fragment is then 
cleaved by γ-secretase, forming P3 and the APP intracellular domain (AICD) 
[50] (Fig 1). 

Alternatively, uncleaved cell surface APP can be internalized by endocytosis 
via coated vesicles in the distal cytoplasmic domain. Full-length APP can then 
be trafficked to later endosomes and lysosomes for degradation or transferred 
to early endosomes for generation of Aβ peptides. In the early endosomes, 
APP is cleaved by β-secretase at the N-terminus of the Aβ domain (after 
Met671), forming a large, soluble ectodomain (sAPPβ) and a 99-residue ~12 
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kDa) membrane-retained C-terminal fragment (β-CTF or C99). Thereafter, γ-
secretase cleaves β-CTF to release Aβ with different carboxyl termini, includ-
ing Aβ40, Aβ42 and other minor species as well as the APP intracellular do-
main (AICD), which has been found to modulate gene expression and regulate 
other important signaling pathways [51]. Gamma-secretase is a membrane 
protein complex, with an aspartyl protease activity, that consists of four dif-
ferent proteins, including the presenilins (PS) [52] (Fig 1 and 2). 

In non-polarized cells, APP is first synthesized in the endoplasmic reticulum 
(ER) and is then transported to mature in the trans-Golgi network (TGN), in 
which it is found at its highest steady-state concentration. However, a portion 
of approximately 10% of the APP is headed for the plasma membrane where 
it is post-translationally modified, with N-linked and O-linked glycosylation, 
phosphorylation and tyrosine sulfation [53,54]. Without being cleaved, APP 
then gets to the plasma membrane and within minutes it is rapidly internalized 
in endosomes because of the presence of its “YENPTY” internalization motif 
near the carboxyl terminus (residues 682–687 of the APP695 isoform) [55,56]. 
Some of these endosomes recycle the residues releasing them back to the 
plasma membrane, while others undergo lysosomal degradation [57] (Fig 2). 

Neuronal processing of APP is believed to be similar to that of non-polarized 
cells, but after leaving the neuronal TGN, APP is transported to axons and 
dendrites [35].  

Amyloidogenic processing appears to be the favored pathway of APP metab-
olism in neurons, largely because of the greater abundance of BACE1, the 
major β-secretase, whereas the non-amyloidogenic pathway is predominant in 
all other cell types (reviewed in [35,41]).  
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Figure 1. APP processing. The amyloidogenic and non-amyloidogenic pathway by 
which β- and α-secretases, together with the γ-secretase, cleave the APP protein to 
form Aβ and P3 fragment, respectively. 

 

 
 

Figure 2. Cellular trafficking of APP. After being synthesized in the ER and trans-
ported through the TGN, APP translocates to the plasma membrane for post-transla-
tional modifications and is there cleaved by α-secretase or internalized in endosomes 
and cleaved by β-secretase. After cleavage, the fragments can be exposed to lysosomal 
degradation or are transported to plasma membrane for secretion. 
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The α-secretases, such as ADAM9, ADAM10, and ADAM17 are plasma 
membrane-bound proteases, which belong to the family of zinc metalloprote-
ases. They cleave APP primarily at the plasma membrane [58] to form sAPPα 
and α-CTF in the non-amyloidogenic pathway. Like APP, they are also type-
I transmembrane proteins. Likewise, activation of protein kinase C by phorbol 
esters stimulates α-secretase processing and secretion of the APP ectodomain 
[59]. These proteins cleave not only APP, but also other receptors and ligands, 
such as cadherins, IL-6, EGF and Notch receptors, to release their extracellu-
lar domain. Consequently, α-secretases appear to be largely sequence inde-
pendent. Cleavage of APP by α-secretase is determined by an α-helical con-
formation and the distance (12-13 residues) of the hydrolyzed bond from the 
membrane [58]. The α-secretase activity is shared by the three ADAM prote-
ases (ADAM9, ADAM10, and ADAM17) [60–62]. However, evidence sug-
gests that the principal constitutive α-secretase activity, at least in neurons, is 
exercised by ADAM10 [63]. It has been shown that overexpression of 
ADAM10 in transgenic mice reduces BACE1 processing of APP and amyloid 
deposition [64]. This suggests that promoting anti-amyloidogenic processing 
of APP could be a potential therapeutic strategy [49]. 

Βeta-secretase is a membrane-bound aspartic proteinase that cleaves APP at 
the β sites in the amyloidogenic pathway. BACE1 has structural similarities 
to the pepsin family and is the only protein identified to have a complete β-
secretase activity. Its activity requires an acidic environment and therefore it 
is mainly found in the early Golgi or early endosomes. Its active site is in the 
lumen/extracellular space, although BACE1 can also be found in the cell. 
Trafficking between the late Golgi and early endosomes is regulated by the 
interaction of BACE1 and Golgi-localized γ-ear-containing ARF-binding 
(GGA) proteins. Reduction of GGA proteins lead to the accumulation of 
BACE1 in the early endosomes and consequently to promotion of the amyloi-
dogenic pathway [65,66]. So far, although there are many known BACE1-
cleaved substrates, only very few have been associated with a clear biological 
function. Moreover, embryonic cortical neurons from BACE1 knock-out mice 
lack Aβ generation [67]. Therefore, BACE1 should be a potential therapeutic 
target for AD. Interestingly, there is a homologous protease, BACE2, that is 
not involved in amyloidogenesis but which instead may have an anti-amyloi-
dogenic role in non-neuronal cells [49,68,69]. 

Gamma-secretase is a protease complex formed by four subunits. Presenilin 
(PS) 1 or 2, nicastrin (NCT), anterior pharynx defective (APH)-1a or APH-1b 
and the PS enhancer (PEN)-2. Presenilin 1 and 2 contain the two critical as-
partyl residues within trans-membrane domains (TMD) 6 and 7, which are 
part of the catalytic domain of the aspartyl protease activity of γ-secretase. 
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These four components are necessary and sufficient for full γ-secretase activ-
ity. Nevertheless, there is limited knowledge about their biological function 
[52,70]. The APP α-CTF and β-CTF are further cleaved by γ-secretase within 
the TMD, to generate P3 and Aβ, respectively. The P3 fragment is rapidly 
degraded and is believed to not have any important function. In addition, there 
are other molecules, such as CD147, that play a role in the regulation of γ-
secretase activity, but they are not considered fundamental. CD147 is a trans-
membrane glycoprotein and interacts with all four components of γ-secretase. 
It has been shown that downregulation of this factor raises Aβ production, 
although its overexpression has no effect [71]. The intramembranous pro-
cessing of APP by γ-secretase is not limited to a single site as γ-secretase sub-
strates are cleaved several times within their TMDs, suggesting that PSs are 
the crucial catalytic components of γ-secretase. The enzymatic cleavage ε-site 
(Aβ46), ζ-site (Aβ49) and γ-sites are separated by approximately three amino 
acids. It is believed that these cleavages are sequential, ε-site being the one 
that gets cleaved first, followed by the ζ-site and γ-site. It is believed that PS/γ- 
secretase also mediates the other two cleavages [72–74]. Furthermore, the spe-
cific γ-site cleavage is also not definite and can occur between amino acids 37 
and 43 of the Aβ domain under physiological conditions, Aβ42 being the most 
common toxic form for AD pathology [49].  

Amyloid beta (Aβ) 
Amyloid- β refers to a group of peptides varying in size from 37 to 43 amino 
acid residues and it is the main component of the amyloid plaque. It belongs 
to the group of intrinsically disordered proteins (IDPs), which are highly abun-
dant in nature. These proteins lack stable tertiary and/or secondary structures 
under simulated physiological conditions in vitro, and thus have a wide variety 
of functions [75]. The most common isoforms of Aβ produced in the human 
brain are Aβ40 and Aβ42; approximately 80-90% of Aβ is Aβ40, whereas 
about 10-20% is Aβ42 [76]. 

Aggregation 
Aβ peptides aggregate spontaneously into different structures. First, mono-
meric Aβ undergoes conformation transitions forming low molecular weight 
molecules (dimer/trimer), which then aggregate to larger oligomers. Oligo-
mers can further grow to the largest soluble species of Aβ, protofibrils, and 
finally become insoluble fibrils forming the amyloid plaques (Fig. 3). These 
various structures differ not only in their aggregation state, but also in their 
toxic effects. A combination of size, hydrophobicity, and conformation of 
each oligomeric/protofibrillar species determines both its toxicity and its final 
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aggregation state [2]. Although Aβ40 is much more abundant, Aβ42 is signif-
icantly more prone to aggregate and is thereby considered more toxic [77]. 

 
Both Aβ42 and Aβ40 aggregate via two types of reactions, the non-metal-
dependent association and metal-dependent association. Non-metal Aβ aggre-
gates form soluble oligomers and amyloid fibrils [78]. Fibrillization of Aβ is 
based on three major steps: primary nucleation, secondary nucleation and 
elongation. Primary nucleation involves only monomers that bind to each 
other, with a faster monomer addition than its dissociation back to monomer. 
Secondary nucleation produces nuclei from monomers in a reaction catalyzed 
by already existing aggregates of the same kind of monomer. Elongation con-
sists of the growth of existing fibrillary aggregates by monomer addition. It is 
believed that most of the toxic species are generated from the secondary nu-
cleation process, although the importance of secondary nucleation in vivo re-
mains to be studied [79,80]. 

Amyloidβ aggregates induced by metals form ionically bridged aggregates, 
covalently crosslinked oligomers and seeds for non-metal-dependent Aβ fi-
brillization. High affinity of Cu2+ of Aβ42 induces precipitation of the peptide, 
thus Cu2+ contamination promotes Aβ42 self aggregation in aqueous solu-
tions in vitro. However, Aβ40 has much lower affinity for Cu2+, which ex-
plains why this peptide is less self aggregating [78]. 

After the β- and -secretase cleavages of APP, Aβ is released to the extracel-
lular space or remains associated with the plasma membrane, where different 
processes can favor Aβ aggregation, such as the binding of Aβ to ganglioside 
GM1 in lipid rafts [81].  
 
The Aβ40 and Aβ42 peptides adopt multiple conformations, including α-hel-
ical or β-sheet secondary structures, and the different transition conforma-
tional states [78,82]. The supramolecular structures of Aβ peptide fibrils are 
organized as β-sheets [78]. The determination of the aggregation state of Aβ 
resides in the hydrophobic C-terminal site of Aβ, which is crucial for the shift 
from α-helical to β-sheet structure. In the case of Aβ42, the C-terminus pre-
sents more structured 31-34 and 38-41 residues, forming a β-hairpin that re-
duces the C-terminal flexibility, which may be responsible for the higher pro-
pensity of Aβ42 to form fibrils [83].  
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Figure 3. Amyloid-β aggregation. The soluble Aβ monomers aggregate into oligo-
mers and protofibrils via three different pathways - primary nucleation, secondary 
nucleation and elongation - to finally form insoluble fibrils, which are the main com-
ponent of the amyloid plaques in AD brain. 

 

Toxicity and degradation 
Amyloid plaques, with Aβ as their main component, are mainly observed in 
the hippocampus and neocortex as well as in the blood vessels of the meninges 
as cerebral amyloid angiopathy (CAA) [78]. Whereas it was previously be-
lieved that plaques were the main structure that leads to the cognitive impair-
ment, there is a lack of correlation between amyloid plaques and neurodegen-
eration or memory loss [84]. 

Oligomers are today believed to be the most toxic forms of Aβ and the primary 
species that drive neurodegeneration in AD. The oligomers are found both 
extracellularly and intracellularly and are capable of moving between the in-
terior of the cell and the extracellular space [48]. It has been proposed that Aβ 
seeding may be initiated within the cell and subsequently spread to other cells 
causing various pathological effects and eventually promoting formation of 
extracellular plaques [85,86]. Thus, a dynamic compartmentalization of the 
different forms of Aβ may exist between insoluble and soluble species, sug-
gesting that different Aβ aggregates may contribute to neurodegeneration at 
different levels [87,88]. 
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The binding of Aβ to a variety of receptors, lipids, proteoglycans and proteins 
has been proposed as a cause for the neuronal toxicity by facilitating mito-
chondrial dysfunction and ER oxidative stress. Some of these Aβ receptors are 
more likely to internalize Aβ into neurons and thereby promote cellular im-
pairment [89].  

In order to regulate Aβ production there are several mechanisms for the deg-
radation of the peptide. For instance, proteolytic degradation by proteases, 
such as neprilysin or insulin degrading enzyme, is essential for the balance of 
Aβ levels and thus for Aβ-associated pathology. Other processes, like cell-
mediated clearance, deposition into insoluble aggregates or active transport 
out of the brain, are also important for the clearance of Aβ [90]. 

In addition, Aβ not only promotes neuroinflammation in the brain but can also 
induce and modulate pro-inflammatory activities in other regions in response 
to a variety of environmental stressors, due to its capacity to bind various re-
ceptors [91]. It has also been suggested that Aβ can act like an “antimicrobial 
peptide” (AMP), which has been supported by observations in several animal 
models [92]. Reviewed in [76]. 

Furthermore, according to the amyloid cascade, Aβ oligomers may have a role 
in promoting the aggregation and phosphorylation of tau [93].  

Familial Alzheimer’s disease (FAD) and APP 
mutations. 
Most cases of AD are sporadic (95%), as they occur without any strong con-
nection to family history and have a late onset (age > 65 years), while 5% of 
the cases have an early onset (age <65 years) [94]. Fewer than 2% of AD cases 
are caused by mutations in the APP, PSEN1 or PSEN2 genes, located on chro-
mosomes 21, 14 and 1, respectively [38,95].  

Most of the genetically resolved EOFAD cases are due to mutations in the 
PSEN genes (up to 70% of EOFAD), which increase the ratio of Aβ42 to Aβ40 
by altering γ-secretase enzymatic cleavage in the C-terminal region of Aβ 
[77,96]. 

Mutations in APP are less frequent, representing 10% to 15% of EOFAD with 
an identified pathogenic mutation. Mutations in APP may occur either outside 
or inside the Aβ region and they have been proposed to be responsible for 
abnormal synaptogenesis and synaptic dysfunction [38]. The autosomal dom-
inant mutations that have been identified in the APP gene are clustered around 
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the β- and -cleavage sites or close to the central hydrophobic core of Aβ. This 
suggests that the amino acid changes affects either the metabolism of Aβ or 
its aggregation properties [97].  

A total of 69 missense APP mutations from exon 5 to exon 17 have been re-
ported (reviewed in [38]). Among them, 36 mutations have unclear patho-
genicity. Moreover, seven mutations were revealed as pathogenic, but their 
biological effects on APP processing have not been studied. Among the rest, 
25 missense APP mutations are likely to be pathogenic whereas one was found 
to be protective (A673T, Icelandic mutation). These pathogenic mutations 
cause familial AD with dominant inheritance, except for the A673V [98] and 
E693Δ [99] mutations. In addition, four potentially disease-causing mutations 
in non-coding regions of APP have been reported. 

Single pathogenic missense mutation in APP, PSEN1 or PSEN2 can cause AD 
with all of the clinical and neuropathological features of sporadic AD. Hence, 
mutations that cause familial AD can provide models to investigate pathogenic 
mechanisms. 

Our research group has previously identified and characterized two different 
APP mutations, the Swedish (APPSwe) and the Arctic (APPArc). The APPSwe 
mutation has been identified as a double mutation at codons 670/671 of the 
APP gene [100]. This mutation is located at the cleavage site for β-secretase 
and causes disease by increasing the β-secretase cleavage, resulting in an over-
all higher production of Aβ peptides [92]. For the APPArc, which is a single 
point mutation in codon 693, disease onset occurs at an even younger age. 
Peptides with this mutation form protofibrils faster and more abundantly than 
wild-type Aβ, although the rate of fibrillization remains the same [97]. Fur-
thermore, carriers were found to have decreased amounts of plasma Aβ42 and 
Aβ40 due to increased protofibril formation. Interestingly, besides that AP-
PArc increases the formation of large soluble Aβ oligomers/protofibrils, 
symptomatic carriers have low CSF-Aβ42 levels but remain [11C]PIB-PET 
negative [101,102] .  

Mutations close to the C-terminus of the Aβ region, i.e. close to the γ-secretase 
cleavage site, such as the Iberian (I716F) [103], the Florida (I176V) [104], 
the Indiana (V717F) [105] and the London (V171I) [106] mutations, increase 
Aβ42/Aβ40 ratio by shifting the γ-secretase cleavage towards the longer ver-
sion of the peptide. 

The Dutch mutation (E693Q), which is present in CAA patients, accelerates 
Aβ aggregation in vitro, increases fibril formation and alters processing of 
APP by increasing the amounts of Aβ and N-truncated forms of Aβ [107–
109]. On the other hand, the Italian mutation (E693K), also present in CAA 
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cases, decreases the Aβ42/40 ratio by reducing Aβ42 levels. Besides, the 
Flemish mutation (A692G), causing AD, also alters APP processing by de-
creasing α-secretase cleavage and therefore increases the total amount of Aβ 
in transfected cells [110,111]. 

All these mutations are missense point mutations that lead to the change of 
one amino acid to another. However, an intra Aβ single amino acid deletion, 
the Osaka mutation (E693Δ), shows a recessive pattern of inheritance that 
leads to AD-like dementia. This mutation did not show any change in the 
Aβ42/Aβ40 ratio and was found to decrease levels of both forms of Aβ. Mu-
tant Aβ was found to enhance oligomerization but not fibrilization [99,112]. 

 
Figure 4. A selection of the APP mutations causing FAD. 

Genetic risk factors for AD 
Sporadic AD is not associated with a documented family history of the disease 
and it is believed to be a consequence of a failure in the process of Aβ clear-
ance [95]. However, it is partly driven by numerous genomic variants, most 
of which have been identified by the genome-wide association studies 
(GWAS). In January 2019, a new AD GWAS including  approximately 
635,000 individuals, found 29 risk loci (not counting the three monogenic 
genes of APP, PSEN1 and PSEN2) [113]. Some of the most influential genetic 
risk factors for AD are APOE, TREM2 or CD33. 

The apolipoprotein E (APOE) ε4 allele is the so far largest identified genetic 
risk factor for AD [114]. The apolipoprotein E protein (ApoE) has its main 
roles in lipid metabolism, tissue repair and neuronal protection. In the brain, 
it is secreted primarily by astrocytes and signals through lipoprotein receptors 
on neurons [115]. In addition, ApoE promotes Aβ endocytosis by LRP (LDL 
receptor-related protein), which not only regulates aggregation but also the 
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cellular uptake of Aβ [116]. There are three different APOE alleles (ε2, ε3 and 
ε4) with frequencies in western population of 7, 78 and 15 %, respectively 
[117]. Carrying one or two copies of APOE ε4 increases AD risk by three- to 
12-fold relative to APOE ε3, while carriership of the rare APOE ε2 allele is 
protective [115]. However, the APOE ε4 allele is found to be neither necessary 
nor sufficient to cause AD [117]. 

The triggering receptor expressed on myeloid cells 2 (TREM2) is expressed 
by microglia during the inflammatory response in AD. The R47H and R62H 
variants of TREM2 are a considerable genetic risk factors for AD. Given the 
reported anti-inflammatory role of TREM2 in the brain, both polymorphisms 
may lead to decreased microglial coverage of amyloid plaques and accumula-
tion of phagosomes in microglia [118–120].  

The CD33 gene is also an important risk factor identified by GWAS. The 
CD33 protein is a transmembrane receptor of the innate immune system, ex-
pressed on the surface of peripheral monocytes and microglial cells in the 
brain. Its expression is elevated in AD brain, where it is thought to modulate 
microglial activation and inhibit Aβ clearance. The rs3865444 and 
rs12459419 polymorphisms are the two main CD33 risk variants for AD 
[121,122]. 

The amyloid cascade hypothesis  
Many theories have been proposed to explain the neurodegenerative process 
in AD. The amyloid cascade hypothesis is the most generally accepted despite 
the debate based on possible contradictions. In the following the main points 
of this theory are summarized, including arguments that support and oppose 
it (reviewed in [38,93,123]). 

The amyloid cascade hypothesis states that toxic Aβ species mediate the 
events that lead to neurodegeneration, aggregation of tau forming NFTs, neu-
roinflammatory responses, synaptic failure and neuronal death. Many studies 
support this hypothesis, although there are also some opposing arguments. 

One piece of evidence in favor of the hypothesis is that patients with Down’s 
syndrome, i.e. trisomy in chromosome 21, develop typical AD neuropatho-
logy, as they hold three copies of APP. Also, Down’s syndrome patients who 
die from other causes at earlier ages show abundant diffuse Aβ plaques in their 
brains [124,125].  

A second piece of evidence for this hypothesis is that mutations around the 
secretase cleavage sites of Aβ or at its hydrophobic core, cause aggressive 
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forms of EOFAD [100,101,110]. Moreover, a missense mutation in APP that 
decreases the production and aggregation of Aβ protects against AD and age-
related cognitive decline [126,127]. In addition, missense mutations in PSEN1 
or PSEN2 result in relative increases in the production of Aβ42 and Aβ43, 
which are particularly aggregation prone forms of Aβ. In addition, APOE ε4 
carriers have an increased AD risk and decreased brain clearance of Aβ [128]. 

Moreover, it has been shown that Aβ42 oligomers isolated from sporadic AD 
brains cause typical AD neuropathological events, such as synapse density re-
duction or long term potentiation (LTP) inhibition in rodent hippocampus 
[129,130]. These Aβ forms also induce tau hyperphosphorylation and neuritic 
dystrophy in cultured neurons, whereas administration of anti-Aβ oligomer 
antibodies have been shown to reduce these effects [131]. Furthermore, low 
CSF Aβ42 and positive amyloid-PET occur before the increase in CSF tau, 
decrease in cerebral glucose metabolism, brain atrophy and clinical dementia.  

Beside all this evidence, other findings have led to the questioning of the amy-
loid cascade hypothesis. For instance, AD-associated pathologies, such as am-
yloid plaques, can be present in individuals without any apparent cognitive 
impairment [132,133]. However, many of these deposits are diffuse plaques, 
which may not be as damaging to the brain and patients were often not tested 
rigorously before death. Also, Aβ oligomer levels in these brains may be lower 
than in AD brains [134]. 

Recent studies also suggested that amyloid plaques may not be directly re-
sponsible for neuronal dysfunction and that the amyloid plaque burden corre-
lates much less with the degree of cognitive impairment as compared to the  
neurofibrillary tangles [84]. On the other hand, deposition of Aβ is a very early 
event that can lead to other cellular and molecular changes, such as tau aggre-
gation and neuroinflammation that may contribute to the neuronal dysfunc-
tion. In addition, studies of APP mutations that increase Aβ levels have shown 
tau aggregates, whereas mutations in the tau gene (MAPT) do not enhance Aβ 
deposition [135,136]. 

The hypothesis that AD is essentially due to a loss of PS function has been put 
forward. The “presenilin hypothesis” describes the partial loss of function of 
the PSEN γ-secretase as the main feature for Aβ production and the following 
neuronal damage in AD [137]. However, a large majority of all AD patients 
have normal function of γ-secretase; therefore, this theory is not sufficient to 
explain the general pathogenesis of AD [93]. 

The “APP matrix approach” proposes that a dynamic balance of APP prod-
ucts is necessary for proper neuronal function. Therefore, as APP mutations 
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can alter APP processing, in sporadic cases other responses, such as choles-
terol homeostasis, immune signaling or synaptic plasticity, could modify the 
balance of APP products. Nevertheless, it does not completely explain some 
observations, like why Aβ plaques may be present in individuals without cog-
nitive impairment [138].  

It has also been proposed that none of these hypothesis accurately explain the 
mechanisms that lead to neurodegeneration in AD. According to the “snow-
ball hypothesis”, the extracellular Aβ42 accumulation is not the direct cause 
of neurodegeneration [38]. Instead, accumulated Aβ42 may induce stress in 
ER, the Golgi/TGN and the endosomes, which increases the retention of mis-
folded proteins, including Aβ, p-tau and α-synuclein (the protein that accumu-
lates as Lewy bodies in Parkinson’s disease and dementia with Lewy bodies, 
but also sometimes in Alzheimer’s disease). Moreover, accumulation of intra-
cellular APP proteolytic products (CTFs and Aβs) will also generate organelle 
stress. All this stress caused by the abnormal intracellular and extracellular 
accumulation of proteins, has been proposed to cause loss of neuronal function 
as a “snowball” effect [38]. 

Tau pathology and neuroinflammation in Alzheimer’s 
disease 
The other main pathological feature in AD is the presence of tau as tangles in 
the brain. Tau is a microtubule-associated protein (MAP) which is commonly 
found in both the cytosol and in axons of neurons, although it can also be 
expressed in glial cells. In the human brain six types of tau protein, all derived 
from the MAPT gene, are present and they differ from each other in their tu-
bulin binding domains near the C- or the N-terminal portion of the molecule 
[139–141]. One of the physiological roles of tau is to stabilize microtubules 
by regulating neuronal function and promoting assembly of tubulin depending 
on its degree of phosphorylation [142]. The hyperphosphorylation of tau de-
presses its binding to microtubule and therefore its assembly. Abnormally 
phosphorylated tau accumulates as neurofibrillary tangles (NFT) or dys-
trophic neurites in the brain of AD and other tauopathy patients [143]. The 
NFTs are self-aggregating β-sheet structures which form fibrillary deposits 
inside the neurons. Dystrophic neurites are located around the amyloid 
plaques and consist of swollen axons and dendrites containing lysosome-re-
lated attenuated bodies and helical filaments of aggregated tau protein [144]. 

First, deposits of tau protein appear in the locus coeruleus [145] or in the en-
torhinal cortex, followed by spreading through limbic areas until the neocortex 
[146,147]. Tau pathology starts in different brain regions than Aβ pathology, 
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and correlates regionally and temporally better with neurodegeneration and 
cognitive function  [148]. In addition, tau deposition can also occur in the ab-
sence of widespread Aβ plaques [149]. However, the amyloid cascade hypo-
thesis indicates that Aβ facilitates tau spread and deposition and therefore con-
sequent neurodegeneration. On the other hand, tau PET signals do not consist-
ently increase over time in Aβ-negative cognitively normal individuals, 
whereas they increase in persons who are Aβ-positive without cognitive im-
pairment and even more in Aβ-positive patients with clinical AD [150]. It is 
not well understood how interaction between Aβ and tau facilitates the spread 
of tau pathology to the neocortex and, as an alternative hypothesis, it might be 
possible that pathological tau and Aβ aggregate independently in the AD brain 
[151]. 

 
Tau misfolding and aggregation is implicated in a heterogeneous group of ag-
ing-related neurodegenerative disorders named tauopathies [152]. Progres-
sive supranuclear palsy (PSP), primary age-related tauopathy (PART) and 
some types of frontotemporal dementia (FTD) are examples of primary 
tauopathies, where tau has a direct and predominant causal effect on neuro-
degeneration [153]. Frontotemporal dementia refers to a group of neurodegen-
erative diseases in which patients, display behavioral and language impair-
ment, with atrophy of their frontal and temporal lobes, while frontotemporal 
lobar degeneration (FTLD) describes the multiple pathological features that 
characterize these clinical syndromes [154]. Other diseases that are also asso-
ciated with the formation of tau aggregates, but where tau is not the primary 
or unique pathological feature, are considered secondary tauopathies, alt-
hough it does not exclude an equally important role for tau in the pathophysi-
ology of these disorders [153]. 

Neuroinflammation refers to the activation of the immune system in CNS as 
a response to different pathological stimulus by the production of pro-inflam-
matory molecules (i.e. cytokines, chemokines, or reactive oxygen species), 
which can lead to synaptic dysfunction, neuronal death and inhibition of neu-
rogenesis [155,156]. Regarding neurodegenerative diseases, the immune re-
sponse turns into a long-term process that becomes a fundamental driver of 
the diseases. 

Astrocytes are the most frequent glial cells in CNS, which processes contrib-
ute to the blood brain barrier (BBB) along with endothelial cells and closely 
enveloped synapses. They have a neuronal origin and are responsible for an 
elevated number of physiological functions that are essential for the perfor-
mance of the nervous system (Reviewed in [157]). Under a situation of patho-
logical stress, astrocytes modify their morphology by displaying hypertrophic 
processes and respond through reactive gliosis taking part in the neuroinflam-
matory process [158]. The most common marker for reactive astrocytes is the 
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glial fibrillary acidic protein (GFAP). Microglia are myeloid derived glial 
cells present in the CNS that play a main role during the neuroinflammation 
process in AD, acting as macrophages. Both astrocytes and microglia take part 
in the reactive gliosis by secreting inflammatory mediators and clearing of 
pathogens, e.g. by phagocytosis while shortening their processes and acquir-
ing an amoeboid-like structure. Deposits of Aβ have been observed in astro-
cytes and microglia that surround the amyloid plaques in human brains. There-
fore, it is believed that glial cells try to restore equilibrium in the initial stages 
of AD by clearing Aβ deposition [159,160]. However, since they are found in 
abundance in the post mortem AD brain it is considered that, at a certain stage 
of the neuroinflammatory process, they lose their homeostatic functions and 
are able to induce the apoptosis of neurons and oligodendrocytes [161]. Thus, 
neuroinflammation studies have suggested that microglia, astrocytes and neu-
rons act in a synchronized manner to promote neurodegeneration. A receptor 
of particular interest that is expressed in microglia is TREM2, which was men-
tioned above as a genetic risk factor for AD and is now a potential target for 
future treatments.  [162]. 

Research animal models in Alzheimer’s disease 
Animal models that accurately recapitulate disease pathologies are indispen-
sable not only for understanding molecular mechanisms and pathogenesis, but 
also for performing preclinical testing of novel therapeutics. Today, no small 
animal models exist that satisfactorily reproduce sAD pathology for experi-
mental and preclinical studies, without genetic modifications. In general, Aβ 
and tau pathology in sporadic and familial cases are morphologically similar; 
therefore, suitable animal models of AD related pathology have been genet-
ically engineered with familial AD (FAD) mutations. However, also these 
models do not completely replicate the AD pathology. 

The most generally used animal models for AD are transgenic mice that are 
genetically modified to express human genes that result in the formation of 
Aβ plaque pathology. The human transgene is inserted in a single or multicopy 
number into the host genome of the mice by using diverse promoters, such as 
Thy1, prion protein (PrP) or platelet derived growth factor β (PDGF β) 
[163]. 

Many mouse models are based on PSEN1 mutations  [164]. However, such 
genetic modifications are not enough to cause pathology because, although 
such mutations increase the Aβ production, mouse Aβ is not that prone to ag-
gregate – not even with an increased Aβ42/40 ratio. Moreover, the difference 
in toxicity can be due to differences in the APP sequence between human and 
mouse [165]. However, overexpressing human APP leads to an increased 
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pathogenic Aβ production and conferred amyloidogenicity, which results in 
accelerated Aβ deposition, neuroinflammation and behavioral impairment 
[166]. Nevertheless, although some p-tau can be found in the brains of APP 
overexpressing mice, the NFT pathology present in the AD brain is not re-
flected in these models. In order to replicate NFT pathology, crossbreeding of 
mutant MAPT-tg mice with APP-tg mice is needed [167].  

The main concern of these tg-mouse models is the overexpression of the 
transgene, which may cause additional phenotypes unrelated to AD. The over-
expression of multiple genes causes an increased risk of artificial phenomena 
making it difficult to interpret some of the results. Despite these disad-
vantages, APP- and APP/PSEN1-overexpressing  mice  exhibit  key  features 
of Aβ plaque pathology that have provided us with a broad knowledge of AD 
pathogenesis. Age of pathology onset, size and regional distribution of plaques 
and Aβ species content differ between mouse models. However, most of them 
reflect the production and deposition of Aβ and associated neuroinflammation 
(microgliosis and astrogliosis). Moreover, some side effects seen in clinical 
trials were first observed in preceding animal studies [163,164]. 

In order to avoid overexpression, second generation mouse models based on 
APP knock-in strategies were generated to produce pathogenic human Aβ, 
such as Aβ42, without overexpressing APP and therefore avoiding the diffi-
culty of distinguishing between the functional effects of additional Aβ and 
other overproduced APP fragments. The APP knock-in mouse models were 
generated by humanizing murine Aβ, i.e. by changing the three amino acids 
that differ between mice and humans (G676R, F681Y, and H684R) together 
with the introduction of FAD mutations into the endogenous APP gene. The 
two most commonly used knock-in mice are the NLF and NLGF mouse mod-
els (KM670/671NL: Swedish, I716F: Beyreuther/Iberian, E693G: Arctic) 
[168]. Like wild-type mice, the knock-in mice display Aβ brain pathology, but 
do not exhibit any NFT pathology or neurodegeneration. This absence of re-
lated pathologies can be due to the fact that mice have a shorter lifespan and 
that the disease progresses overtime, with two years perhaps not being enough 
to develop all the neuropathological aspects of AD [169].  

Tg-Swe mouse line 
Tg-Swe mice have a C57BL/6-CBA-F1 background and were generated by 
inserting APP cDNA clones with the Swedish APP mutation under the Thy-
1323-promoter [170]. Senile plaque deposition starts at the age of twelve 
months, increases with age and is associated with some faint intraneuronal Aβ 
inclusions from seven months and CAA [171]. Amyloid cores in tgAPP-Swe 
brain vary greatly in size, thus large condense ThS and Congo red positive-
plaques are frequently present. Microgliosis and astrogliosis are visible in the 
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hippocampus and around senile plaques at the age of twelve months, whereas 
there is no NTF pathology, although some p-tau deposits can be present 
[170,171]. No behavioral tests have been performed in these mice. 

Tg-ArcSwe mouse line 
Tg-ArcSwe mice have a C57BL/6-CBA-F1 background and were generated 
by inserting APP cDNA clones with the Swedish and Arctic APP mutations 
under the Thy-1323-promotor. The main pathological feature in these mice is 
the prominent intracellular Aβ deposition from two months of age. Plaque 
deposition starts at the age of five to six months and mainly consist of Aβ40, 
which is distributed around cerebral cortex, hippocampus and thalamus, with 
a gradual increase with age [170,172]. The AβArc peptides seem to be more 
prone to aggregate and/or more resistant against proteolysis. Intracellular Aβ 
aggregates in tg-ArcSwe mice are negative for Thio S, although the extracel-
lular Aβ in extracellular senile plaques are positive for this staining. Micro-
gliosis and astrogliosis are prominently distributed in the hippocampus and 
around senile plaques, together with some CAA and p-tau deposits. However, 
no NFT pathology can be found in the tg-ArcSwe mice. Moreover, behavioral 
tests show spatial learning and memory impairment in these mice, which cor-
relates with soluble Aβ protofibril levels in the brain [170,173,174]. 
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Aims 

Since investigations of FAD-associated mutations have provided important 
information for the understanding of the disease processes, the overall aim of 
this thesis was to screen for novel such mutations and investigate the patho-
physiological effects of one of the identified mutations, the Uppsala mutation 
in the APP gene, leading to AD.  

Specific aims: 
I To identify pathogenic mutations in known disease genes in patients 

diagnosed with cognitive disorders. 
 

II To describe the pathology in the Uppsala APP mutation carriers and 
explore the pathogenic effects by this mutation. 

 
III To develop a transgenic mouse model expressing the Uppsala APP 

mutation and characterize the biochemical and neuropathological 
features of this FAD model. 
 

IV To investigate how the different Aβ peptides generated by the Uppsala 
APP mutation affect non-mutated Aβ in the aggregation process. 
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Material and Methods 

Material and sample preparation 

Human samples 
For the genetic analyses, blood samples from a selection of 102 patients with 
either AD, FTD, another dementia disorder or mild cognitive impairment, who 
attended the Memory clinic at Uppsala University Hospital were recruited to 
the study. The diagnoses were based on established criteria including analysis 
of cerebrospinal fluid biomarkers of AD in most cases. The patient infor-
mation is summarized in Paper I (table 2).  

The human samples used in Paper II, were obtained from the Uppsala Bi-
obank in the case of blood (older family members, carriers and not carriers), 
DNA (273 subjects with sAD and 262 healthy controls) and CSF (three Up-
pAD, 13 sAD and ten controls). The post mortem brain tissues were obtained 
from the Uppsala Biobank (one UppAD, three sAD and three controls) and 
the Netherlands Brain Bank (NBB, Amsterdam, the Netherlands) (eight sAD 
and six controls), respectively. The clinical AD diagnosis of patients with de-
mentia was performed according to the NINCDS-ADRDA criteria [175]. The 
disease-specific neuropathology was confirmed in all post mortem AD cases 
using recommended histopathological protocols and formalin-fixed speci-
mens. Patients with sAD at a similar pathology stage as UppAD patient were 
selected. The information about the patients can be found in the Supplemen-
tary Material and Methods of Paper II (table S1). 

Animal models 
For the animal studies, we have used different mouse lines. In Paper III we 
used the already established tg-Swe and tg-ArcSwe lines [170], which express 
hAPPSwe and both hAPPSwe and hAPPArc respectively, and the tg-UppSwe 
which we produced for our studies. The Swedish APP mutation was added to 
the tg-ArcSwe and tg-UppSwe lines in order to increase the generation of mu-
tated human Aβ. For Paper IV we crossed the tg-Swe with the tg-UppSwe 
line, obtaining tg-UppSwe/Swe mice that heterozygously express both  
hAPPUpp and hAPPSwe and therefore produce both AβUppΔ19-24 and Aβwt. 



 32 

 

Figure 5. APP mouse models used in this thesis. 

Cell models 
For the APP processing studies we transfected human embryonic kidney 293 
(HEK293) cells with hAPPwt and hAPPUpp. We chose HEK293 cells due to 
their ease of culture and high transfection efficiency [176]. Human 695 
amino acid long wt or Uppsala APP constructs were cloned into a pcDNA3.4-
TOPO vector and transfected into cells with polyethylenimine (PEI). To es-
tablish a stable cell line, transfected cells were split and selected with G418 
(Geneticin). After selection cells were cultured in maintenance medium. The 
medium was changed 24 h before collection and cells were lysed.  

 

 
Figure 6. Cell models used for paper II. HEK293 cells are transfected with hAPP 
with and without the Uppsala APP mutation to study APP processing. 
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Synthetic peptides 
For in vitro aggregation studies, we used synthetic Aβ peptides. Lyophilized 
peptides (Innovagen, Lund, Sweden) were diluted with GuHCl 6M, and in-
jected into a Superdex 75 column for isolation of monomeric Aβ. The center 
of the monomer peak was collected in low-binding tubes on ice. The peptide 
concentration was determined by the absorbance (ε280 = 1440 1 mol-1 cm-1) 
measured with a nanodrop prior to kinetic experiments. 

Synthetic peptides:  
Aβwt1-40/42 (Amyloid beta 1-40/42 wild type; no intra-Aβ mutations) 
N-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-C 
(Aβwt1-40) 
N-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-C 
(Aβwt1-42) 
AβArc1-40/42E22G (Amyloid beta 1-40/42 with the Arctic point mutation in 
Aβ amino acid 22) 
N-DAEFRHDSGYEVHHQKLVFFAGDVGSNKGAIIGLMVGGVV-C 
(AβArc1-40) 
N-DAEFRHDSGYEVHHQKLVFFAGDVGSNKGAIIGLMVGGVVIA-C 
(AβArc1-42) 
AβUpp1-40/42Δ19-24 (Amyloid beta 1-40/42 with the Uppsala deletion in 
amino acids from 19 to 24) 
N-DAEFRHDSGYEVHHQKLVGSNKGAIIGLMVGGVV-C (AβUpp1-40) 
N-DAEFRHDSGYEVHHQKLVGSNKGAIIGLMVGGVVIA-C (AβUpp1-
42) 
AβUpp5-42/11-42Δ19-24 (N-truncated amyloid beta 5-42/11-42 with the Upp-
sala deletion in amino acids from 19 to 24) 
N-HDSGYEVHHQKLVGSNKGAIIGLMVGGVVIA-C (AβUpp5-42) 
N-EVHHQKLVGSNKGAIIGLMVGGVVIA-C (AβUpp11-42) 

Tissue preparation 
Paraformaldehyde fixed and paraffinized tissue blocks from temporal, pa-
rietal and occipital cortices were sectioned at 7 µm. Fresh frozen blocks of 
approximately 200 mg of superior frontal, superior occipital, medial temporal 
gyrus of the Uppsala APP brain, eleven sAD brains and nine control brains 
were homogenized in a 1:5 tissue:buffer ratio with TBS using the Precellys 
Evolution homogenizer (Bertin Instruments). In the case of transgenic mice, 
animals were perfused with saline solution (0.9%) and brains were dissected 
in half and immediately frozen on dry ice. The right hemisphere was sectioned 
in 20 nm slides for further staining. The left cerebrum (approximately 150 mg 
of tissue) was homogenized in a 1:5 tissue:buffer ratio with TBS in the same 
homogenizer. 
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Homogenates were centrifuged for 1 h at 16 000 x g and the supernatant was 
collected. Homogenization of the remaining tissue pellet was repeated accord-
ing to the same procedure, with different solutions to sequentially extract sol-
uble fractions of Aβ (TBS, TBS-triton, SDS and FA, from more to less solu-
ble).  

 

 
Figure 7. Tissue preparation. Brain tissues are either homogenized in order to ex-
tract different soluble Aβ fractions for biochemical analyses or sectioned for histo-
chemical analyses. 

APP and Aβ antibodies used 
 

 22C11: APP N-terminus (amino acids 66-81) 
 BAWT: C-terminal end of sAPPβ  
 Sw192: C-terminal end of sAPPβ, Swedish mutation (NL) specific 
 3D6: N-terminal end of Aβ 
 1C3: amino acids 3-8 of Aβ 
 6E10: amino acids 5-10 of Aβ 
 6F/3D: amino acids 8-17 of Aβ 
 mAb158: selective for Aβ protofibrils 
 2B3: C-terminal end of sAPPα 
 14D6: C-terminal end of sAPPα 
 Anti-Aβ40: C-terminal end of Aβ40 
 Anti-Aβ42: C-terminal end of Aβ42 
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Figure 8. APP and Aβ antibodies used in this thesis. 

Methods 
Genetic analyses 
For the mutation screening in Paper I, we used targeted exome sequencing. 
Ten genes with known pathogenic mutations causing familial early onset de-
mentia diseases were included in the analyses (APP, PSEN1, PSEN2, MAPT, 
GRN, TARDBP, CHMP2B, VCP, FUS, TREM2). We also included the APOE 
gene in order to determine the ε2-4 genotypes. The gene information is sum-
marized in table 3. Genomic DNA was extracted from whole-blood samples. 
All selected exons, including at least 25 nucleotides surrounding the exonic 
regions, were amplified and analyzed. 

The presence of an intra-Aβ 18 nucleotide deletion was identified in two of the 
index cases by targeted exome sequencing. For the screening of other samples 
(older family members, sporadic AD patients and older healthy control sub-
jects), a DNA fragment containing the mutation site was amplified by poly-
merase chain reaction (PCR), using forward and reverse primers 
(CATCCAAATGTCCCCTGCAT and GCACCTTTGTTTGAACCCAC) and 
analyzed on an agarose gel. Two PCR fragments were observed in DNA sam-
ples from individuals with the mutation, whereas in subjects without the muta-
tion only one band was found. In order to confirm the results from the first PCR, 
a second PCR was performed with a common forward primer, APP17L 
(CATCCAAATGTCCCCTGCAT) and a reverse primer either specific to the 
mutation site, APP17RM (ACCTTTGTTTGAACCCACCTT), or to wild type 
APP APP17RW (TTGAACCCACATCTTCTGCAA). 

Mice were genotyped using two PCR reactions, both employing common for-
ward primer (CATCCAAATGTCCCCTGCAT) and reverse primers specific 
either for hAPPwt (TTGAACCCACATCTTCTGCAA) or hAPPUpp (AC-
CTTTGTTTGAACCCACCTT). The tg-Swe mice are positive in the hAPPwt 
PCR, the tg-UppSwe are positive in the hAPPUpp PCR and the tg-
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UppSwe/Swe in both reactions. The DNA samples were extracted from ear 
tissue using KAPA DNA extraction kit. The PCR was performed using KAPA 
DNA polymerase and genotyping mix. Amplification products were analyzed 
on an agarose gel. 

 

 
Figure 9. Genotyping of human and mouse DNA. Different outcomes of APP gen-
otyping depending on the primers used. 

In vivo and ex vivo brain imaging: CT, PET and autoradiography 
Computerized tomography is an x-ray imaging procedure in which a narrow 
beam of x-rays is aimed at a living specimen and quickly rotated around the 
body, producing signals that are processed generating cross-sectional images. 
It is used to aid in the AD diagnosis, mainly by assessing the degree of medial 
temporal lobar (hippocampal) atrophy. 

Positron emission tomography (PET) is a functional imaging technique that 
uses radioactive substances known as radiotracers for visualization of bio-
chemical and physiological processes and biological structures in living spe-
cies. The radiotracer is the molecule of biological relevance conjugated to posi-
tron emitting radionuclide (such as 11C, 18F or 124I) that will bind to the molec-
ular target. It is based on the decay process in which a positron will be released 
and annihilated after colliding with an electron in the tissue within a very short 
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time under the emission of two 511 keV photons, making coincident detection 
of these photons with a ring of detectors. This simultaneous detection is rec-
orded and processed into data that can be displayed as a set of images. Since 
the tracers are injected intravenously the procedure is low invasive and it pro-
vides a quantitative measure and 3D localization of the radiotracer. The PET 
technique has been used extensively to study cellular metabolism and molec-
ular interactions in the brain, heart and malignant tumors.  

Imaging by PET is one of the main diagnostic tools for AD. Fluorodeoxyglu-
cose-PET ([18F]FDG-PET) is used for assessing the characteristic hypome-
tabolism present in neurodegenerative diseases. By using the Pittsburgh com-
pound B ([11C]PIB-PET), which is an analogue of thioflavin T, Aβ plaques 
can be visualized. Whereas it is sensitive to early stages of pathology, this 
compound does not allow monitoring of disease progression after symptoms 
onset.  

These imaging techniques have been used to diagnose and describe the brain 
pathology in patients with the Uppsala APP mutation, as described in Paper 
II. Imaging by PET has also become an important tool in preclinical studies, 
particularly for the development and characterization of tracer as well as in-
vestigating murine models of disease. In Paper III, we used [11C]PIB-PET 
and anti-Aβ antibody based PET imaging to assess AβUpp pathology in vivo 
in the tg-UppSwe mice. For that purpose we used two Aβ antibodies conju-
gated with single-chain variable fragment 8D3 (scFv8D3), which binds to the 
transferrin receptor (TfR), in order to increase brain uptake of the antibodies 
(RmAb3D6-scFv8D3 and RmAb158-scFv8D3) by TfR mediated transcytosis 
across the BBB. Next, we radiolabeled these antibodies with iodine-124, 
which has a half-life of 4.18 days, and injected them intravenously to the mice 
four days before the PET scan. The data collected in the scan was recon-
structed in 3D PET images and aligned with the CT scan and a brain atlas in 
order to quantify the activity per region of the cerebrum. Mice were sacrificed 
after the scan by intracardiac perfusion with 20 ml 0.9% NaCl during 2.5 min, 
before isolation of the brain. To assess the concentration of antibody in the 
brain tissue, radioactivity was quantified in the isolated brain regions using a 
gamma counter and was expressed as % of injected dose per gram brain tissue.  

Autoradiography is an imaging technique that, by using x-ray film, allows 
visualization of radiolabeled molecules. In Paper II, we performed ex vivo 
autoradiography to visualize brain distribution of radiolabeled antibody in the 
brain of the tg-mice that were PET-scanned. Cryosections of 20 µm from the 
right hemisphere were exposed to phosphor imaging plates for seven days. 
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Figure 10. Antibody PET. Bispecific scFv8D3 conjugated Aβ antibodies are la-
beled with 124I and intravenously injected to the mice 4 days prior to PET imaging, 
in order to visualize Aβ in the brain. 

Immunohistochemistry and ThS staining 
Immunohistochemistry (IHC) is a technique used for staining tissue to ena-
ble microscopical analyses. It is based on antigen targeting via antibody bind-
ing and revealed by colored reaction or fluorescence. In the projects included 
in this thesis, the technique has been used to target different proteins in brain 
tissue from patients and transgenic mice, such as Aβ (6F/3D, anti-Aβ40 and 
Anti-Aβ42) or tau (AT8), as well as neuroinflammatory markers, such as 
GFAP (anti-GFAP) and Iba 1 (anti-Iba 1) for activated astrocytes and micro-
glia, respectively. Prior to antibody incubations, brain slides were deparaf-
finized in the case of human brain sections, or fixed with paraformaldehyde 
(PFA) 4% in the case of fresh frozen mouse brain sections. An antigen re-
trieval step with citrate buffer and/or formic acid (FA) was used to restore the 
immunoreactivity of the epitopes. The tissues were treated with peroxidase 
blocker and cell membranes were permeabilized with 0.4% triton. Secondary 
antibodies, conjugated with horseradish peroxidase (HRP) and developed with 
Vector NovaRED™ Peroxidase substrate Kit, or with fluorophores, were used 
for detection. Finally, the sections were dehydrated in ethanol, cleared in 
xylenes and mounted with dibutylphtalate polystyrene xylene (DPX). 

Thioflavin S is a fluorescent dye, which binds to β-sheets, and has been used 
to stain protein aggregates. In the case of Aβ, it is used to stain the insoluble 
amyloid plaques in the brain. Sections were pretreated in 95% and 7% etha-
nol, 3 minutes in each, and quickly rinsed in water before incubation in 
0.1% ThS for 10 minutes. Finally, after a brief wash in 80% ethanol and 
water, sections were dehydrated in ethanol, cleared in xylenes and mounted 
with DPX.  
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Figure 11. Immunohistochemistry. Brain sections are stained with primary anti-
bodies, specific for the target and detected with secondary antibodies either coupled 
to HRP or to a fluorophore in order to visualize them with a microscope. 

Array tomography 
Array tomography is a high-resolution imaging technique based on ultrathin 
sections of a plastic-embedded tissue which are fixed to a glass coverslip in 
an ordered array, stained with specific antibodies and detected by fluores-
cence. Image tiles can then be reconstructed computationally into three-di-
mensional volume images for visualization and quantitative analysis.  

In Paper III, we used array tomography to detect colocalization between 
pathological protein and synapses in brain tissue from tg-UppSwe mice. Array 
ribbons were immunostained with a primary antibody against post-synapses 
(PSD95), pre-synapses (synaptophysin) and the OC polyclonal antibody [177] 
to stain fibrillar Aβ. 

ELISA 
ELISA (enzyme-linked immunosorbent assay) is an immunoassay designed 
for detecting and quantifying peptides, proteins and hormones in solution. It 
is a sensitive method easy to design and perform with basic laboratory mate-
rial, and it allows detection of multiple samples in a single experiment. There 
are many variants of ELISAs (i.e. direct, indirect, competitive, sandwich) but 
they are all based on the same basic steps: coating/capture, blocking, detection 
and signal measurement. The target molecule is directly or indirectly immo-
bilized on a solid surface (96-well or 384-well polystyrene microplate), which 
allows easy separation of the bound and non-bound material between steps. 
The central aspect of an ELISA is the antibody-antigen interaction and choos-
ing the right antibody for your purpose is therefore the key for a successful 
result. The detection is usually done with an antibody that is linked to a re-
porter enzyme, such as HRP, which generates a signal by conversion of the 
appropriate substrate to produce a measurable product.  

For the ELISA experiments in this thesis, the main format used was the sand-
wich ELISA, which immobilizes and detects the presence of the target antigen 
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between two specific antibodies. One advantage of this strategy is that it ena-
bles the protein of interest to bind to a surface pre-coated with a specific cap-
ture antibody. This is very useful for biological samples, which contain many 
other molecules that are not the main target and allows you to wash them out, 
leaving the whole area surface for your protein of interest. Depending on your 
purpose the two capture antibodies forming the sandwich can detect either 
different or the same epitope of the antigen. For detecting monomers it is es-
sential to have antibodies detecting different epitopes. However, to target  
aggregates, using the same antibody for capture and detection would avoid the 
binding to monomers. The detection antibody of the sandwich can be easily 
coupled to biotin, a molecule that forms a bond with the streptavidin-HRP 
complex. This antibody could also be detected by a secondary HRP conju-
gated antibody. 

In Papers II, III and IV, for quantifying total concentrations of Aβ40 and 
Aβ42 we used anti-Aβ C-terminal as capture antibodies (anti-Aβ40 and anti-
Aβ42), and a specific antibody for the N-terminal site of Aβ coupled with 
biotin (mAb3D6-biotin) for detection. In case of the Aβ protofibril ELISA, we 
used two different antibodies for coating: mAb158, which preferentially re-
cognized larger oligomers and protofibrils, and mAb3D6, that together with 
mAb3D6-biotin detects Aβ aggregates of all sizes. 

MSD Assay 
Mesoscale Discovery (MSD) is a company that develops high sensitive im-
munoassay kits for detection and quantification of molecules in solution that 
deliver reproducible, reliable results with low background. These assays are 
based on the electrochemiluminescence (ECL) technology for multiplexed 
analysis of different targets, requiring small sample volumes. We used the 
V-PLEX Aβ Peptide Panel 1 (6E10) kit, which measures three analytes in one 
well (Aβ40, Aβ42 and Aβ38) in a 96 well plate that allowed us to simultane-
ously detect the three forms of Aβ using the 6E10 antibody for detection. 
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Figure 12. Aβ aggregates ELISA. The same antibody is used for both capture and 
detection in order to detect aggregates and avoid monomer detection. 

 

 
Figure 13. MSD assay. Immunoassay based on a multichannel setup that detects 
three different Aβ peptides in the same well. 

Western Blot 
Western blot is a technique for qualitative or semi-quantitative identification 
of proteins based on size separation by polyacrylamide gel electrophoresis and 
immunoblotting for selective detection. 

In Papers II and III, Western blot was used for studying the APP processing 
in hAPP transfected cells and transgenic mouse brains. The samples were di-
luted, according to total protein concentration measured by the bicinchoninic 
acid assay (BCA), with a sample loading buffer containing an indicator dye 
(i.e. Comassie G250 and Phenol red), the anionic denaturing detergent sodium 
dodecyl sulfate (SDS) and glycerol. Sodium dodecyl sulfate  is a denaturing 
agent that by heating the loading sample for 5 minutes at 70 oC, dissolves 
secondary structures and gives them a negative charge in proportion to their 
size in order to travel towards the positive pole of the gel. Therefore, lower 
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molecular weight proteins will migrate faster than high molecular weight pro-
teins. After size separation, the proteins in the gel are transferred to a nitrocel-
lulose or PVDF membrane for immunoblotting with primary specific antibod-
ies and secondary-HRP or fluorophore coupled antibodies for ECL or direct 
fluorescent signal, respectively.  

Mass Spectrometry 
Mass spectrometry (MS) is a central analytical technique that measures mass-
to-charge ratio of charged particles, providing the accurate molar mass and the 
specific sequence of units, together with the identification of polymer modifi-
cations and impurities of the molecule. The results are displayed as a mass 
spectrum, which represents the intensity as a function of the mass-to-charge 
ratio. This technique is very useful in many fields as it can be applied to dif-
ferent sample mixtures. The classical MS techniques, such as chemical ioni-
zation or fast-atom bombardment, are used only for the characterization of 
small dendrimers (<3000 Da) [178]. On the other hand, matrix-assisted laser 
desorption/ionization (MALDI-MS) allows for analyses of samples 
>20,000 Da.  

In Paper II and IV we used MALDI imaging MS (IMS) to identify the dif-
ferent Aβ peptides present in brain tissue from the patient with the Uppsala 
APP mutation and from the transgenic tg-Swe, tg-UppSwe, tg-UppSwe/Swe 
mice. In order to verify the identity of the Aβ peptides observed with MALDI 
-IMS, laser microdissection pressure catapulting (LMPC) and immuno-
precipitation mass spectrometry analysis (IP-MS) of single plaques was 
performed. Moreover, in Paper II we performed IP-MS to detect Aβ peptides 
in CSF samples from patients with UppAD, sAD and controls and in medium 
from transfected cells with hAPPwt and hAPPUpp. 

For the APP processing studies in Paper II, with the purpose of identifying 
APP-Upp cleavage sites we used IP-MS with LysN digestion and obtained 
cleavage site-specific peptide fragments. 

Thioflavin T Assay 
Thioflavin T (ThT) is a benzothiazole dye that increases in fluorescence upon 
binding to β-sheet structures, meaning it mainly binds to large aggregates.  It 
has been widely used in histology and for protein characterization, to study 
Aβ pathology and aggregation behavior. The binding to Aβ induces a shift in 
excitation maximum (385 nm to 450 nm) and emission maximum (445 nm to 
482 nm), which can be measured. 
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In Paper II and IV, we have used the ThT assay in order to study the aggre-
gation behavior of the AβUpp peptides in comparison to Aβwt. 

Size Exclusion Chromatography (SEC) 
Size-exclusion chromatography (SEC) is a separation technique based on the 
molecular size of the components. Separation is achieved by the differential 
exclusion of the sample molecules as they pass through a bed of porous parti-
cles. Small molecules enter the pores of the matrix and large molecules run 
directly through the matrix eluting in the void volume of the column; there-
fore, smaller molecules have longer retention time than large molecules. The 
detection method used is based on UV absorbance. 

In Paper II, we used SEC as a qualitative method to monitor the aggregation 
shift from monomer to protofibril peaks over time in the preparations of the 
different Aβ synthetic peptides with and without the Uppsala APP mutation. 
The protofibril peak could be observed at approximately 10 minutes with 
0.08ml/min flow rate though a Superdex 75 column, whereas the monomer 
peak was detectable at approximately 20 minutes. We also used SEC to isolate 
monomeric Aβ for ThT aggregation analyses in both paper II and paper IV. 

Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM), is a microscopy technique that al-
lows high magnification images for chemical and structural characteriza-
tion of all types of materials. A beam of electrons is transmitted through a 
specimen creating an electron diffraction that is processed to form an image. 
The image is magnified and focused onto an imaging device, such as a fluo-
rescent screen, on a layer of photographic film, or detected by a sensor such 
as a charge coupled device camera. The specimen is most often an ultrathin 
section less than 100 nm thick or a suspension on a grid, and is usually treated 
with heavy metals, which are materials with high electron density in order to 
increase the contrast. This process can cause extensive radiation damage to 
unstained biological materials due to the electron beam, which can be lowered 
to manageable levels by rapid freezing of the sample at extreme low temper-
atures to embed the tissue in a vitrified layer of water. This method is called 
cryo-EM.  

In Paper II we used TEM imaging of negatively stained fibrils to study the 
structure and different polymorphs of the AβUpp and cryo-EM for higher res-
olution examination of these fibrils and obtained 3D density reconstructions 
at resolutions of 5.7 Å and 5.1 Å. 
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Results and discussion 

Investigations of familial Alzheimer’s disease 
associated mutations 
In Paper I, we performed a screen to identify pathogenic mutations in known 
disease genes in patients diagnosed with cognitive disorders. We identified 
two known pathogenic mutations in the PSEN1 gene [179,180]. The PSEN1 
Pro264Leu mutation was detected in two siblings with AD, who suffered from 
early personality changes and memory problems. Moreover, another patho-
genic PSEN1 mutation, Met146Val, was found in an AD patient with disease 
onset under 40 years. In the amyloid beta coding sequence of the APP gene, 
we identified a novel eighteen base pair deletion, the Uppsala APP mutation 
(APPUpp) which leads to the generation of APP lacking six amino acids. This 
in frame deletion was found in two siblings suffering from an early-onset form 
of FAD with an aggressive phenotype. Dementia had been reported in the ear-
lier generations of the family with an age at onset of 40-50 years. We screened 
DNA samples from older, non-affected family members by a PCR based 
method and identified one more individual carrying this mutation. We also 
analyzed 500 DNA samples from sporadic AD patients and older healthy con-
trol subjects to discard the possibility of this deletion being an unusual non-
pathogenic polymorphism. Further, a previously reported Ser57 deletion in 
the FTLD-associated FUS gene was identified in one patient. In addition, we 
found that eight AD and two MCI patients were carriers of the previously re-
ported risk polymorphism TREM2 R62H, which gives an allele frequency of 
approximately 5%, much higher than what has been reported in European pop-
ulations. Furthermore, analyses of the conventional APOE risk alleles in our 
sample set showed a high ε4 allele frequency. 

Epidemiological and clinical features of the Uppsala 
APP mutation 
Patients carrying the Uppsala APP mutation started developing symptoms in 
their early forties. In Paper II, analyses of samples from members of the Upp-
sala family helped us to describe the dominant inheritance of APPUpp. The 
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symptomatic patients with this mutation showed an aggressive clinical phe-
notype of early onset AD and rapid disease progression. They manifested 
cognitive impairment and scored 20-22 points on the Mini-mental state exam-
ination (MMSE) at the first evaluation, with word finding difficulties, dyscal-
culia, apraxia and visuospatial / executive impairment as major symptoms. 
Other symptoms present were anxiety, behavioral disturbances, myoclonus, 
apathy and mutism. Death of one of the patients occurred six years after diag-
nosis, at the age of 49. Medical history of previously affected family members 
showed a similar disease phenotype. Biomarkers were typical of AD, with the 
exception of normal CSF Aβ42 concentrations and only slightly pathological 
amyloid-PET signals.  

APPUpp processing 
A six amino acid deletion in the APP sequence is a large modification that can 
alter the processing of the protein. By performing cell-based experiments in 
Paper II, we could observe an increased production of sAPPβ. This was 
demonstrated, not only by Western blot and MSD on the cell media from APP 
transfected cells (Paper II) and tg-UppSwe mouse brain homogenates (Paper 
III), but also by MS on the same cell media. Supporting this finding, higher 
concentration of Aβ in medium from cells transfected with APPUpp were 
found as well as in CSF from APPUpp patients.  

Moreover, the regular α-secretase cleavage at position Aβ16-17 was strongly 
decreased in APPUpp cell media (Paper II) and tg-UppSwe mouse brain ho-
mogenates (Paper III), which was confirmed with analyses of the CTF frag-
ments (Paper II). Considering that the α-secretase enzyme is dependent on 
the distance from the membrane and not exclusively on a determined cleavage 
site [58,181,182] and that the Uppsala APP mutation is located two amino 
acids C-terminally of the α-secretase cleavage site, we reasoned that the mu-
tation might affect the location of the cleavage site. In Paper II, when we 
performed MS on the cell media, apart from the regular α- and β- secretase 
cleavages, two other major cleavages were identified. They were located be-
tween amino acid 4 and 5, and 10 and 11 of the Aβ sequence, respectively. 
Indeed, when we analyzed sAPPα in cell media with the mAb1C3 antibody 
(which binds to Aβ amino acids 3-8) we could identify an APP fragment that 
was not detected with 6E10 (which binds to Aβ amino acids 5-10) or 2B3 
(epitope to the C- terminal end of APPα). In addition, an Aβ peptide starting 
at amino acid 5 (AβUpp5-40Δ19-24) was found in APPUpp cell media to a sim-
ilar extent as Aβwt17-40, the resulting peptide of the regular α-secretase 
cleavage (P3), detected in media from APPwt cells. Moreover, AβUpp5-40Δ19-

24 was also found in CSF, in plaques of the human brain (Paper II) and in tg-
UppSwe mouse brain (Paper IV). Further, Aβwt5-42 has been previously 
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found to have a similar toxicity as Aβwt1-42 but with a higher propensity to 
aggregate. Moreover, this shorter Aβ peptide was found to be increased when 
using BACE 1 inhibitors [183,184]. 

These findings led us to believe that the location of the α-secretase cleavage 
site is shifted to the N-terminal with the Uppsala APP mutation, abolishing 
the non-amyloid generating pathway of APP processing and instead producing 
the AβUpp5-40Δ19-24, which may contribute to the pathogenesis in affected in-
dividuals. 

Furthermore, Aβ11-40Δ19-24 and Aβ11-42Δ19-24 were identified in CSF from pa-
tients with the Uppsala APP mutation and in APPUpp cell media. In the 
plaques of the human brain Aβp11-42Δ19-24 was also abundant (Paper II), 
however it was not present in the tg-UppSwe mouse brain (Paper III). Since 
this additional cleavage between amino acid 10 and 11 coincides with the β’ 
cleavage site, it could be a consequence of the increase of BACE1 activity, 
affecting both β-secretase cleavage sites. However, it is not clear whether 
BACE1 is responsible of the cleavage or if it is a result of an additional shifted 
α-secretase cleavage site resulting from the deletion of six amino acids in the 
APPUpp sequence.  

In Paper II we were not able to demonstrate if γ-secretase cleavage is affected 
by APPUpp. However, in Paper III, ELISA analysis of TBS soluble brain 
extract showed the expected Aβ40/Aβ42 ratio of 10:1, in young tg-UppSwe 
mice, before plaque deposition is observed. This suggests that the total domi-
nance of AβUpp42Δ19-24 in formation of the plaques is not due to an increase 
in production of Aβ42 by γ-secretase cleavage, as is the case for C-terminal 
APP or presenilin (PSEN) mutations [185], but is rather a consequence of the 
nature of this aggregation prone form of the peptide. 
 



 47

 
Figure 14. APPUpp processing. The Uppsala APP mutation leads to two new secre-
tase cleavage sites in APPUpp. 

Uppsala APP mutation neuropathology  
CSF 
The Aβ42 levels in CSF of AD patients are typically low compared to healthy 
subjects (<500pg/ml). Surprisingly, in the three Uppsala APP mutation car-
ries, the levels were comparable to control subjects. Our first hypothesis was 
that Aβwt42 would be the most abundant peptide in CSF, as it is barely present 
in the APPUpp brain plaques. However, with IP-MS we could observe that 
the non-pathological levels were due to the presence of AβUpp42 Δ19-24, which 
fits with the fact that β-secretase cleavage is increased in APPUpp.  

Aβ plaque pathology 

The typical abundant deposition of extracellular Aβ-positive plaques extended 
from neocortex to cerebellum, corresponding to Thal phase 5, was found in 
the brain of the patient with the Uppsala APP mutation. Immunostaining of 
Aβ in the APPUpp brain, together with soluble brain fraction analyses, 
showed that mainly Aβ42 could be observed in the plaques, while Aβ40 was 
less abundant in humans and barely present in the hippocampus of tg-UppSwe 
mice. No plaque pathology was observed in the brains of wild-type mice. With 
MS, we could demonstrate that these plaques of the human brain are formed 
mainly by AβUpp1-42 Δ19-24 and its N-truncated forms, such as AβUpp5-42Δ19-

24 and AβUpp11-42Δ19-24, whereas Aβwt42 was present at very low levels. 
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Anti-Aβ42 positive plaques appeared at different sizes but, unlike tg-ArcSwe 
and tg-Swe, no intracellular Aβ deposits were observed in tg-UppSwe mice. 
In tg-UppSwe mice, which only produce AβUpp, AβUpp42Δ19-24 was observed 
already at five months of age and a substantial number of small and diffuse 
plaques could be observed at eight months. 

In order to simulate the situation in the human brain, where Aβwt and AβUpp 
coexist, we crossed the tg-UppSwe with the tg-Swe mice. Already at the age 
of eight months, the crossed UppSwe/Swe line showed plaque deposition, not 
only of Aβ42 positive plaques, as tg-UppSwe mice, but also Aβ40, whereas 
in tg-Swe mice Aβ40 and Aβ42 deposition started at the age of twelve months. 
In addition, the plaque composition in the UppSwe/Swe line measured by MS 
was a combination of the pathology of both founders, where Aβwt40 was the 
most abundant peptide followed by Aβwt38 and Aβwt39 and Aβwt42, coming 
from the tg-Swe allele, but with the extra presence of AβUpp42 Δ19-24, coming 
from the tg-UppSwe allele. This was reflected also in the brain homogenate 
soluble extractions. The fact that Aβwt40 was more abundant than 
AβUpp42Δ19-24 in the plaques may be explained by the difference in the APP 
copy number and expression of the two lines. We could expect that Aβ42 dep-
osition would start earlier in the tg-UppSwe/Swe mice due to the presence of 
AβUpp42 Δ19-24. Nevertheless, also Aβwt40 deposition started at the age of 
eight months while in tg-Swe it did not start until the age of twelve months.  

In order to visualize the structural distribution of the plaque from the brains of 
the different transgenic mice, we performed dual staining with the two struc-
ture sensitive LCO molecules (qFTAA and hFTAA). In tg-UppSwe, all 
plaques seemed to be smaller and diffuse, whereas in Swe and UppSwe brain 
tissue, both diffuse and cored plaques could be found. The plaques observed 
in tg-UppSwe were similar to diffuse plaques in tg-Swe and tg-UppSwe/Swe, 
as well as the cored plaques in tg-Swe and tg-UppSwe/Swe were almost sim-
ilar in structure. However, it appeared as if there was a greater extent of cored 
plaques in brains from tg-UppSwe/Swe mice. Moreover, ThS positive plaques 
were found in the Uppsala APP mutation carrier, while plaques found in the 
tg-UppSwe mice were mainly ThS negative, but with a weak diffuse staining 
present in areas of Aβ pathology. Interestingly, and despite the presence ThS 
positive plaques in tg-Swe mice and the higher number of cored plaques, tg-
UppSwe/Swe mice also showed only few ThS positive plaques, almost mim-
icking the pathology in tg-UppSwe mice.  

Furthermore, [11C]PIB-PET scans showed low signals in the Uppsala APP 
mutation patients and were negative in tg-UppSwe mice. However, while tg-
ArcSwe and tg-Swe mice presented positive [11C]PIB-PET signals, we know 
that patients with the Arctic APP mutation are negative on [11C]PIB-PET. 
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Figure 15. Plaque pathology. Plaque images of the different tg-mouse lines com-
pared to human APPUpp brain. Scale bars: 50µm and 20µm for the anti-Aβ42 and 
LCO staining, respectively. 

Neuroinflammation, tau and synapses 
An additional feature in AD brain is neuroinflammation. Pronounced gliosis 
could be observed in both human APPUpp (Paper II) and tg-UppSwe (Paper 
III) brains. In the brains of 18 months old tg-UppSwe mice, accumulation of 
microglia and activated astrocytes were observed around the Aβ plaques. The 
extent of glial activation was similar to that in tg-ArcSwe mice, while wt mice 
did not display any signs of inflammation.  

Regarding tau pathology, an expected pathological increase of t-tau and p-tau 
together with Braak stage VI of p-tau tangles and neurites deposition from 
locus coeruleus to neocortex were observed in the brain of the Uppsala APP 
mutation carrier (Paper II). In tg-UppSwe brains, minor p-tau deposits around 
Aβ plaques were found, similar to what was observed in tg-ArcSwe mice 
[170]. 

Synaptic disruption is another hallmark in brain neurodegeneration. In order 
to visualize whether AβUpp overexpression is affecting synapses in tg-
UppSwe brains we performed array tomography (Paper III). No alterations 
in  synapse  density  was  seen  for either pre-synaptic or post-synaptic mark-
ers. However, similar to what has been reported previously for other trans-
genic AD-models, tg-UppSwe mice showed a qualitative decrease in the den-
sities of synaptic markers around the plaques. 
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Aggregation of AβUpp peptides 
The plaque pathology results suggested that the inherent properties of AβUpp 
differed from Aβwt. Therefore, we performed in vitro studies that examined 
the aggregation behavior and structure of the mutated peptides. By analyzing 
ThT aggregation curves it became evident that AβUpp1-42 Δ19-24 was forming 
fibrils very rapidly while AβUpp1-40 Δ19-24 did not aggregate. With respect to 
oligomers or protofibrils, with SEC we could observe that both Aβwt1-42 and 
AβArc1-42 formed such intermediately sized soluble aggregates that in-
creased with time, which is in line with what has been proposed as the patho-
genic mechanism for the Arctic APP mutation. However, both monomer, and 
oligomer/protofibril levels of AβUpp1-42Δ19-24 decreased over time, probably 
because the in vitro fibril formation was so rapid and complete that interme-
diate Aβ species were immediately fibrillized. Such oligomer formation could 
be driven by secondary nucleation, which has previously been reported to de-
pend on the structure of the fibrillar surface where such a process is believed 
to occur [186,187]. 

Indeed, structural analyses revealed two different polymorphs of the Uppsala 
APP mutation, which share some features of previously published Aβ1–42 
fibril structures, but as expected generally differ from all Aβ fibril structures 
that have been described to date. However, not only the two dominant poly-
morphs are very different but also, unexpectedly, the number of polymorphs 
was significantly higher. 

The findings of the in vitro aggregation studies and structural analyses are 
supported by observations of the brain pathology, as described in this thesis. 
TBS brain extracts of the Uppsala APP mutation carrier displayed lower con-
centrations of oligomers/protofibrils, especially larger variants (3D6 and 158 
ELISA), suggesting that AβUppΔ19-24 aggregates into smaller-sized oligomers 
which rapidly fibrillize and deposit into plaques (Paper II). We believe that 
RmAb3D6 binds to all sizes of aggregates but RmAb158 bind mainly larger 
soluble aggregates (protofibrils). In addition, in Paper III we demonstrated 
by in vivo immunoPET imaging that RmAb3D6, but not RmAb158, detected 
Aβ aggregates in tg-UppSwe mice brains. This was not seen in tg-Swe or tg-
ArcSwe mice, suggesting that AβUpp that forms the deposits in tg-UppSwe 
mice differs in structure or availability compared to Aβwt and AβArc, which 
is found in the other two mouse models. The fact that the plaques appear ear-
lier in the tg-UppSwe and crossed tg-UppSwe/Swe compared to tg-Swe, to-
gether with the lack of intracellular Aβ, could relate to the rapid formation of 
fibrils with unique polymorphs of the AβUpp1-42Δ19-24 (Paper II, III and IV).  

Moreover, when we analyzed the different brain soluble fractions in Paper 
IV, from more soluble to less soluble, we could observe a raise in TBS-T 
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soluble Aβ42 already at the age of twelve months in tg-UppSwe compared to 
tg-Swe and tg-UppSwe/Swe mice, whereas similar levels are seen at 18 
months of age in the three lines (Fig. 16). However, in the SDS soluble frac-
tion, levels of Aβ42 in tg-UppSwe brains were quite low in comparison with 
tg-Swe and tg-UppSwe/Swe while in the FA fraction, both transgenic mice 
containing the Uppsala APP mutation had much higher Aβ42 levels (Fig.16).  

The results from the different brain soluble fractions further support that 
AβUpp1-42Δ19-24 promotes formation of fibrils  with a different structure than 
wild-type Aβ1-42 aggregates, which turn from TBS-T-soluble directly into 
FA-soluble without forming SDS-soluble structures. Further, differences in 
[11C]PIB-PET and ThS staining between patients with and without the muta-
tion and tg-mice models, also indicates the uniqueness of the AβUpp aggre-
gate structure (Papers II, II and IV). 

To further study the Aβ-Upp aggregation behavior, we performed seeding ag-
gregation studies with synthetic Aβ in order to see how the different constructs 
affect each other in the aggregation process (Paper IV). When AβUpp1-42Δ19-

24 seeds were mixed with monomers of the other Aβ constructs (Aβwt42, 
Aβwt40 and AβUpp5-42Δ19-24) we could observe that both the  AβUpp5-42Δ19-

24 and Aβwt1-42 aggregation curves, started earlier and became more pro-
nounced as compared to when they were aggregating by themselves. These 
observations are in line with previous studies that showed faster aggregation 
of N-truncated Aβwt5-42 as compared to monomeric Aβwt1-42 as well as 
cross-seeding capacity of both peptides [188]. However, no change was ob-
served for Aβwt1-40 monomers when added to a solution with pre-formed 
AβUpp1-42Δ19-24 fibrils. This could be explained with prior studies where the 
process of primary nucleation lead to a significant acceleration of Aβ40 ag-
gregation in the presence of Aβ42 monomers, whereas fibril elongation and 
surface-catalyzed secondary nucleation were specific for the same length var-
iant and no cross-catalysis was observed [187].  

In addition to the in vitro co-aggregation, in Paper IV we analyzed the co-
existence of Aβwt and AβUpp in the crossed tg-UppSwe/Swe mice. As men-
tioned above, it was surprising that tg-UppSwe/Swe mice were ThS negative 
(like tg-UppSwe) since they express the Aβwt peptides (from the tg-Swe  
allele) and mainly present cored plaques upon LCO staining. This may suggest 
that although both tg-Swe and tg-UppSwe/Swe mice present cored plaques 
mainly formed by Aβwt1-40, AβUpp present in the bitransgenic mice must 
influence the Aβwt1-40 aggregates turning them into ThS negative structures. 
Furthermore, as explained in the brain pathology section, Aβwt40 positive 
plaques were visible at the age of eight months in tg-UppSwe/Swe mice 
whereas in tg-Swe they appeared at the age of twelve months. Since Aβwt40 
is the dominant peptide in the tg-UppSwe/Swe plaques, it seems that in vivo, 
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despite in vitro conclusions of Aβwt1-40 coaggregation, AβUpp42Δ19-24 ag-
gregates might affect aggregation of Aβwt40. This could be peptide concen-
tration related, as the APPSwe allele yields a six-folded overexpression, which 
leads to the excessive production of Aβwt40 compared to AβUpp. This may 
also be the reason why, as compared with tg-UppSwe/Swe brains, the Aβwt 
peptides are not as present in the plaques of the human brain, where Aβwt is 
not overexpressed. 

 
 
Figure 16. Soluble fractions of Aβ42 in brain homogenates from tg-swe, tg-
UppSwe and tg-UppSwe/Swe mice. 
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Conclusions and future perspectives 

Our patient screening effort allowed us to identify the Uppsala APP mutation, 
a unique APP mutation caused by a deletion of 18 base pairs. Therefore, this 
mutated form of APP lacks six amino acids in the mid region of Aβ, suggest-
ing that APPUpp is pathogenic, which is also convincingly supported by the 
pedigree, demonstrating a typical pattern of autosomal dominant inheritance.  

 
The combined effect of three pathogenic mechanisms by the Uppsala APP 
mutation: increased β-secretase cleavage, suppression of regular α-secretase 
cleavage and rapid Aβ fibril formation into unique polymorphs, provides an 
explanation for the early and aggressive development of disease in patients 
with this mutation. These discoveries are well in line with the amyloid cascade 
hypothesis of AD.  
 
We could demonstrate different alterations in the APP processing that together 
strongly indicate that APPUpp attenuates the non-amyloid generating path-
way and introduces two new cleavages sites in APP. Additional experiments 
would be necessary in order to explore which proteases that are responsible 
for these alternative cleavages.  

Although we can observe an aggressive phenotype in patients with the Upp-
sala APP mutation, it is understood that Aβ plaque pathology does not have a 
direct correlation with neurodegeneration. Therefore, further studies on how 
this increase in AβUpp production and aggregation could affect neurodegen-
eration are needed. Thus, it would be useful to perform behavioral studies in 
tg-UppSwe and tg-UppSwe/Swe mice together with deeper analyses of the 
inflammatory and synaptic aspects of the pathophysiology. For instance, pa-
tients with APPUpp carry a previously described TREM2 polymorphism, a 
known gentic risk factor for AD, which may further affect AD pathology in 
mutation carriers. Further, toxicity and degradation analysis of the AβUpp 
peptide may give extra information on how its aggressive behavior affects 
neurodegeneration. 

The three different pathogenic mechanisms related to APP processing could 
also be found in the tg-UppSwe mice. Thus, in addition to elucidating effects 
of the Uppsala APP mutation, these mice provide us with an additional model 
on which experimental therapies against Aβ for AD can be evaluated. 
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The antibody PET results in tg-UppSwe mice revealed that AβUpp aggregates 
are likely to have different structures, as compared to tg-Swe and tg-ArcSwe. 
Since we could observe a positive binding with mAb3D6 but not with 
mAb158, it could be that the structure of the AβUpp fibrils displays the N-
terminus on the surface in such a way that the 158-related epitope is slightly 
hidden. The intermediate-resolution images of the AβUpp structures revealed 
that this variant forms quite different conformational arrangements of the Aβ 
fibril. However, the effect of the isoelectric point (pI) on the pH used to induce 
fibril formation, and how that may yield different fibrils from those formed at 
a physiologic pH, remains unknown. High-resolution cryo-EM studies of ag-
gregates obtained close to physiological pH are unlikely to be successful, since 
Aβ then forms compact fibril bundles which are not suitable for single-particle 
cryo-EM. Therefore, closer details of the aggregates would have to be studied 
by other techniques, such as electron cryotomography (cryo-ET), which is a 
specific application of TEM where images are combined to produce 3D re-
constructions. 

In addition, further studies will be required to determine the toxicity and the 
effects of these structural polymorphs with respect to how they interact with 
amyloid dyes, such as PIB, and how they may contribute to the formation of 
toxic Aβ oligomers.  

Finally, the properties of AβUpp42Δ19-24 and the co-aggregation results lead us 
to think that this peptide could act as a seed for Aβwt peptides, by changing 
their aggregation behavior and increasing their deposition in the brain. How-
ever, further seeding studies are needed to describe the process of co-aggre-
gation and co-deposition of Aβ in the brain of Uppsala APP mutation carriers. 
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Popular science summary 

Alzheimer’s disease (AD) is the most common cause of dementia. Due to the 
increase in life expectancy, the number of cases is constantly raising, which 
poses a big economic burden on society. In the past years there have been 
significant advances in AD research, however there is still no efficient treat-
ment available to the patients. This is partly due to the fact that we still do not 
know what the most appropriate targets for successful treatments are, as most 
of the strategies have failed or have not had sufficient effects. Also, the patho-
logical processes in AD are believed to start up to two decades before the first 
symptoms, which makes it difficult to diagnose the disease early enough to 
initiate therapy at an optimal time point.  
 
The main hallmarks for AD are aggregates of two different proteins in the 
brain, amyloid beta (Aβ) and tau in the form of amyloid plaques and neuro-
fibrillary tangles (NFT), respectively. The German psychiatrist, Dr. Alois Alz-
heimer, was the first to identify the plaques and NFTs when he examined the 
autopsied brain of his patient August Deter in 1906. The diagnosis of AD is 
based on evaluation of memory impairment and other cognitive disturbances 
as well as biomarkers, such as levels of Aβ42 and tau in cerebrospinal fluid 
(CSF) and brain imaging techniques. Computerized tomography (CT) can 
identify volume changes in the brain of the patients, while positron emission 
tomography (PET) allows for visualization of glucose metabolism and aggre-
gated forms of Aβ and tau.  
 
The main hypothesis of AD pathogenesis is the amyloid cascade hypothesis, 
which postulates that Aβ aggregation and deposition triggers the aggregation 
of tau and a consequent immunological response that leads to neurodegenera-
tion. Based on this theory a majority of the therapies now evaluated in clinical 
trials are targeting Aβ directly, whereas other strategies instead target the tau 
protein. 
 
The majority of AD cases are sporadic (sAD), without any apparent connec-
tion to family history, although there are certain genes that can affect the prob-
ability of developing AD (i.e. APOE4). However, there is another type of AD, 
familial AD (FAD), which is hereditary and is most often caused by mutations 
in the gene that produces Aβ (amyloid precursor protein, APP) or in the genes 
that produce proteins that are involved in the cleavage of APP to form Aβ 
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(PSEN1 and PSEN2). These mutations directly affect the production and prop-
erties of Aβ. The FAD cases represent less than 2% and have an early onset 
of disease. 
 
There are no current models of sporadic AD, which makes it difficult to ex-
plore the disease causes in the vast majority of patients. Mouse models can be 
used to study AD, however they do not develop pathology spontaneously. In 
order to induce AD-like brain pathology in mice they need to be manipulated 
to express one, or a combination, of the different AD mutations. Therefore, 
although FAD is not frequent, it is the main tool preclinical researchers have 
to study AD in living organisms. However, these models do not represent all 
the hallmarks of AD and many researchers are therefore making efforts to 
create better models. 
 
In our research group, two APP mutations have previously been discovered, 
the Swedish and the Arctic mutation. The Swedish mutation results in an in-
creased production of Aβ, whereas the Arctic mutation leads to a conforma-
tional change in Aβ that promotes its toxic aggregates. Functional analyses of 
these mutations have significantly increased our understanding of disease 
pathogenesis and many frequently used animal models have been developed 
based on these mutations. The research on the Arctic mutation has also led to 
the generation of a monoclonal antibody targeting Aβ protofibrils, which is 
now in a large global phase III clinical trial for AD.   
 
The amyloid precursor protein (APP) is cleaved by different enzymes 
(secretases) in order to form Aβ. There are two cleaving pathways of the APP 
protein: the amyloidogenic pathway that generates Aβ (β-secretase), and the 
non-amyloidogenic pathway (α-secretase), which precludes Aβ from being 
formed and therefore is believed to be protective. 
 
In paper I, we performed a genetic screen to identify existing and new path-
ogenic mutations in known disease genes among 102 patients undergoing de-
mentia investigation. We found several known potentially pathogenic muta-
tions in genes related to neurodegenerative disorders, as well as a new APP 
mutation causing FAD.  
 
In this thesis, we have characterized a new APP mutation, which we have 
named the Uppsala APP mutation, as the family originates from this city. 
This mutation is different from the already discovered mutations. The majority 
of the mutations lead to a substitution of one amino acid with another one in 
the protein sequence. The amino acids are the building blocks that form the 
protein chain. Instead, the Uppsala APP mutation leads to the formation of a 
protein that lacks six consecutive amino acids in the mid-portion of the Aβ 
region.  
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In paper II, we characterized the Uppsala APP mutation and its disease caus-
ing effects. Patients have an age at symptom onset in their early forties and 
suffer from a rapid and aggressive disease progression. Symptoms and bi-
omarkers are typical of AD, with the exception of normal Aβ42 in CSF and 
only slightly pathological amyloid-PET signals. In the brain of these patients, 
we could observe the typical NTF pathology and neuroinflammation. The 
amyloid plaques were formed mainly by Aβ with the Uppsala mutation 
(AβUpp) and most of them had a compact structure. The biochemical charac-
terization elucidated three main pathological mechanisms of the Uppsala mu-
tation. First, an increased β-secretase cleavage, which lead to higher produc-
tion of Aβ. Second, a suppressed regular α-secretase cleavage reducing the 
protective non-amyloidogenic pathway. Third, a rapid aggregation of Aβ with 
the Uppsala mutation (AβUpp) into unique structures.  
 
In paper III, we developed a transgenic mouse model expressing the Uppsala 
APP mutation in order to study its effects on AβUpp production, aggregation 
and deposition in a living organism. We found that the three effects described 
for the mutation could be recapitulated in the mice. However, these mice pro-
duce only AβUpp, while both non-mutated Aβ (Aβwt) and AβUpp are pro-
duced in the human Uppsala brain. In paper IV, we therefore investigated 
how Aβwt and AβUpp affect each other in the aggregation process. For that 
purpose, we analyzed synthetic Aβ peptides in different assays and explored 
the brain pathology of a bitransgenic mouse model that produces both types 
of Aβ. The obtained data showed a potential interaction between Aβwt and 
AβUpp resulting from APPUpp, which could inform us on the structure of Aβ 
plaques in the patient brain. 
 
In conclusion, the combined effect of three pathogenic mechanisms by the 
Uppsala APP mutation provides an explanation for the early and aggressive 
development of disease in patients with this mutation. These discoveries are 
well in line with the amyloid cascade hypothesis of AD. However, further 
studies will be required to determine the toxic effects of the AβUpp aggre-
gates. 
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Resumen divulgativo 

La enfermedad del Alzheimer (EA) es la forma más común de demencia. 
Debido al aumento de la esperanza de vida, los casos han ido aumentando 
exponencialmente, lo que supone una gran carga socioeconómica para los paí-
ses en los cuales la incidencia es alta. En los últimos años ha habido impor-
tantes avances en la investigación de la EA, sin embargo, todavía no existe un 
tratamiento eficiente para la enfermedad. Esto se debe a que no está del todo 
claro cuál es la mejor diana para un tratamiento exitoso, ya que la mayoría de 
las estrategias han fracasado o no han sido suficientes para curar la enferme-
dad, sino tan solo para ralentizarla. Los efectos tóxicos del Alzheimer empie-
zan alrededor de dos décadas antes de la aparición de los síntomas, lo que 
supone una dificultad para un diagnóstico temprano y para poder revertir los 
efectos de los procesos patológicos ocurridos durante ese largo periodo de 
tiempo. 
 
La característica principal de la EA es la acumulación de dos proteínas en el 
tejido cerebral, la beta amiloide (Aβ) y la tau, en forma de placas y ovillos 
neurofibrilares respectivamente. El psiquiatra alemán Dr. Alois Alzheimer, 
fue el primero que identificó las placas amiloideas y los ovillos neurofibrilares 
en la autopsia del tejido cerebral de su paciente August Deter en 1906. El 
diagnóstico del Alzheimer se basa en la presencia de síntomas, que se evalúan 
con un test cognitivo, y en la información que proporcionan los biomarcado-
res de la enfermedad, tales como los niveles de las proteínas Aβ y tau en lí-
quido cefalorraquídeo, o algunas técnicas de imagen (TC, PET). La tomogra-
fía computarizada (TC) proporciona información sobre cambios en el volu-
men del cerebro de los pacientes, mientras que la tomografía por emisión de 
positrones (PET) permite la detección de la acumulación de estas proteínas en 
el cerebro.  
 
La principal hipótesis que se utiliza para describir la patología del Alzheimer 
es la hipótesis de la cascada amiloide, que se basa en considerar la proteína 
Aβ como la molécula que desencadena la agregación de la proteína tau y la 
consecuente respuesta inmunológica que afecta a las conexiones neuronales 
causando así la neurodegeneración. Por esta razón, la mayoría de las estrate-
gias terapéuticas están enfocadas en la proteína Aβ, no obstante, otras estrate-
gias se están centrando también en la proteína tau. 
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En la mayoría de los casos, la EA es esporádica, es decir, que la genética no 
es el factor determinante en el desarrollo de la enfermedad. Pese a ello, hay 
ciertos genes que incrementan la probabilidad de padecer la EA, como el gen 
APOE4. Hay otro tipo de la enfermedad que sí es hereditario, la EA familiar, 
que es originada por mutaciones, bien en el gen que produce la proteína pre-
cursora de beta amiloide (APP), o bien en los genes que producen la proteína 
que corta la APP para formar la Aβ (PSEN1 y PSEN2). Estas mutaciones afec-
tan directamente a la producción y propiedades de la proteína Aβ. El Alzhei-
mer familiar representa menos del 2% de los casos, y aparece a una edad más 
temprana.  
 
Hoy en día no existen modelos de investigación para la EA esporádica que 
representen todas las características patológicas que muestran los pacientes. 
Los modelos de ratones han sido el principal recurso para estudiar la enferme-
dad. Al no desarrollar los ratones Alzheimer, es necesario utilizar las muta-
ciones conocidas, para crear modelos que simulen la patología de la enferme-
dad. Por ello, a pesar de que el Alzheimer familiar no es frecuente, las muta-
ciones son la herramienta principal de los investigadores para el estudio pre-
clínico de la enfermedad en organismos vivos. Dependiendo de la mutación 
utilizada, los ratones desarrollan una sola parte de la patología que caracteriza 
la EA, como por ejemplo la patología amiloide. Por ello, los investigadores 
están realizando grandes esfuerzos para crear mejores modelos de investiga-
ción. 
 
En nuestro grupo de investigación, se han descubierto previamente dos muta-
ciones en el gen APP, las mutaciones Swedish y Arctic. La mutación Swedish 
provoca un aumento en la producción de Aβ sin modificar la estructura de la 
proteína, mientras que la mutación Arctic supone un cambio conformacional 
en la proteína, promoviendo su agregación en sus formas más tóxicas. Los 
análisis funcionales de estas mutaciones han significado un aumento en el co-
nocimiento de la patogénesis de la enfermedad del Alzheimer. Muchos de los 
modelos frecuentemente usados están basados en dichas mutaciones. El estu-
dio de la mutación Arctic condujo a la generación de un anticuerpo que se une 
a la Aβ y que en la actualidad se encuentra en fase III global de ensayos clíni-
cos como fármaco para el Alzheimer. 
 
La proteína precursora amiloidea (APP) es procesada por diferentes enzi-
mas (las secretasas). Hay dos vías de procesamiento, la vía amiloidogénica 
(secretasa-β), por la que se origina la proteína Aβ y la vía no amiloidogénica 
(secretasa-α), que se piensa que tiene efectos protectores. 
 
En el paper I, hemos realizado un análisis genético en 102 pacientes con de-
mencia para detectar mutaciones patogénicas, previamente identificadas o 
nuevas, en genes relacionados con la EA. Tras la evaluación de resultados 
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encontramos varias mutaciones potencialmente patogénicas en genes relacio-
nados con enfermedades neurodegenerativas, y en concreto una nueva muta-
ción en el gen de la APP. 
 
En esta tesis, hemos caracterizado esta nueva mutación de la APP, a la que 
hemos llamado la mutación Uppsala, ya que tiene su origen en una familia 
de esta ciudad. Esta mutación es diferente del resto de mutaciones descubier-
tas hasta el momento. La mayoría de las mutaciones consisten en el cambio 
de un amino ácido (cada una de las moléculas que forman las proteínas) por 
otro en la secuencia proteica de la Aβ.  Sin embargo, la mutación Uppsala, en 
lugar de cambiar un amino ácido por otro, supone la carencia de 6 aminoá-
cidos consecutivos en la región central de la Aβ, formando una proteína más 
corta. 
 
En el paper II, hemos caracterizado y encontrado los efectos causantes de la 
mutación Uppsala. Estos pacientes comienzan a exhibir síntomas alrededor 
de los cuarenta años y presentan una progresión de la enfermedad rápida y 
agresiva. Sus síntomas y biomarcadores son típicos de la EA, excepto porque 
presentan unos niveles normales de Aβ42 en el líquido cefalorraquídeo y una 
baja señal del escáner PET-amiloide. En el cerebro de estos pacientes pudimos 
observar los típicos ovillos neurofibrilares de la proteína tau y la típica activa-
ción de la respuesta inmunológica. Las placas amiloides estaban formadas 
principalmente por la Aβ con la mutación Uppsala (AβUpp) y presentaban 
una estructura compacta.  Los resultados obtenidos de la caracterización bio-
química han sacado a relucir los tres principales mecanismos de actuación de 
la enfermedad. Primero, el aumento en la actividad de la secretasa-β pro-
duciendo así mayores concentraciones de Aβ con esta mutación. Segundo, la 
supresión del procesamiento regular de la secretasa-α, aboliendo así el 
efecto protector de esta vía. Tercero, la capacidad de rápida agregación que 
tiene la AβUpp al carecer de seis aminoácidos, y la formación de estructuras 
únicas de la misma. 
 
En el paper III, hemos desarrollado una nueva línea de ratón que expresa la 
mutación para poder estudiar las propiedades de la producción, agregación y 
deposición de la AβUpp en un organismo vivo. Estos ratones presentan los 
tres mecanismos patogénicos estudiados en el paper II. Sin embargo, estos 
ratones solo producen AβUpp, mientras que en el cerebro de los pacientes con 
la mutación se produce, a parte de la AβUpp, la Aβ sin mutación (Aβwt). De-
bido a esto, en el paper IV, hemos investigado cómo ambas proteínas Aβ 
pueden afectar mutuamente su proceso de agregación. Para ello hemos reali-
zado ensayos proteicos con Aβ sintética y hemos creado una nueva línea de 
ratón que produce ambos tipos de Aβ. Los datos obtenidos en estos estudios 
muestran la posible interacción entre AβUpp y Aβwt, que puede determinar 
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la estructura de las placas amiloideas en los portadores de la mutación Upp-
sala. 
 
En conclusión, los resultados han sacado a relucir los tres principales meca-
nismos de actuación de la enfermedad, lo cual proporciona una explicación 
para el desarrollo temprano y agresivo que supone la mutación Uppsala en 
estos pacientes. Estos descubrimientos están en línea con la hipótesis de la 
cascada amiloidea. Sin embargo, es necesario realizar experimentos adiciona-
les para determinar la toxicidad y los efectos de estas estructuras que forman 
los agregados de la proteína AβUpp. 
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