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Abstract
Gumucio, A. 2014. Therapeutic and functional studies in animal models of Alzheimer's
disease. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1003. 73 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-8961-8.

Senile plaques (Aβ) and neurofibrillary tangles (tau) are pathological hallmarks of Alzheimer’s
disease (AD). If and how the formation of these deposits are mechanistically linked remains
mainly unknown. In recent years, the focus has shifted from insoluble protein deposits to soluble
aggregates of Aβ and tau. Protofibrils are large soluble Aβ oligomers which were linked to AD
by the discovery of the Arctic AβPP mutation.

Treatment of young tg-ArcSwe mice with an Aβ protofibril-selective antibody, mAb158,
cleared protofibrils, prevented amyloid plaque deposition and protected cultured cells
from protofibril-mediated toxicity. This suggests that Aβ protofibrils are necessary
for the formation of Aβ deposits. Functional assessment of tg-ArcSwe mice in
IntelliCage demonstrated hippocampal-dependent behavioral deficits such as memory/learning
impairments, hyperactivity and perseverance behavior. Learning impairments did not correlate
to Aβ-measures but to calbindin, which might be a good marker for Aβ-mediated neuronal
dysfunction.

Splicing of exon 10 in the tau gene differs between human and mouse brain. Exon 10 is part
of the microtubule-binding domains which helps to maintain microtubule stability and axonal
transport, functions vital to neuronal viability. Axonal transport dysfunction has been proposed
as a common pathway of Aβ and tau pathogenesis in AD. Generation of a novel tau mouse
model with absence of exon 10 led to age-dependent sensorimotor impairments which may relate
to dysfunctions in cerebellum. No tau pathology was evident suggesting that a trigger of tau
fibrillization e.g. a human Aβ or tau aggregate is needed. Generation of AβPPxE10 bitransgenic
mice with no exon 10 showed lower Aβ plaque burden. Possibly changes in microtubule function
lead to altered intracellular AβPP transport and Aβ production. Initiation of tau pathology in
AβPPxE10 mice might require a certain type of Aβ-aggregates which is not produced or exist
at too low concentration in transgenic mouse brain.

In summary, the Aβ protofibril-selective antibody was found to be a promising treatment for
AD. The IntelliCage system was proven to be useful for functional evaluation of AβPP mice.
Exon 10 in tau was shown to affect sensorimotor functions and Aβ pathology in bitransgenic
mice by mechanisms that deserve further investigation.
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Abbreviations 

Aβ Amyloid-β 
AβPP Amyloid-β precursor protein 
ADAM “A disintegrin and metalloproteinase” family 
AD Alzheimer’s disease 
ADDLs Aβ-derived diffusible ligands 
AICD APP intracellular domain 
ApoE Apolipoprotein E 
Arc Arctic AβPP mutation (E693G) 
BACE Beta-site AβPP cleaving enzyme 
BBB Blood-brain barrier 
CAA Cerebrovascular amyloid angiopathy 
CALB Calbindin-D28k 
CSF Cerebrospinal fluid 
ELISA Enzyme-linked immunosorbent assay 
EPM Elevated plus maze 
ES Embryonic stem cells 
E10 Exon 10 in the tau gene 
FC Fear conditioning 
FTDP-17 Frontotemporal dementia with parkinsonism linked to 

chromosome 17 
GFAP Glial fibrillary acidic-protein 
IHC Immunohistochemistry 
KO Knock-out 
LMW Low-molecular weight 
mAb Monoclonal antibody 
MAP Microtubule-associated protein 
MMSE Mini mental status examination 
MRI Magnetic resonance imaging 
MT Microtubules 
MWM Morris water maze 
NMDA N-methyl-D-aspartate 
non-tg Non-transgenic 
NFT Neurofibrillary tangels 
OF Open field 
OR Object recognition 
PCR Polymerase chain reaction 

 



PET Positron emission tomography 
PFA Paraformaldehyde 
PSEN Presenilin gene 
RAWM Radial arm water maze 
Swe Swedish AβPP mutation (K670N/M671L) 
TBS Tris buffered saline 
tg-ArcSwe AβPP model with the Swedish and Arctic mutation 
ThT Thioflavin T 
wt Wild-type 
3R 3 microtubule-binding regions 
4R 4 microtubule-binding regions 
 

 



Introduction 

Nearly 36 million people worldwide are affected by dementia disorders and 
it is expected to triple by the year 2050 [1]. The increasing prevalence of 
dementia is due to an aging population with immense impact on health-care 
costs [2]. There are different types of dementia disorders which are charac-
terized by progressive deterioration of normal brain functions including 
memory, learning, language, comprehension and judgment [3]. There are 
currently no curative or preventive treatments for dementia disorders but 
various new therapeutic strategies are being developed at different stages of 
clinical trials.  

Alzheimer’s disease 
Alzheimer’s disease (AD) was first described over a century ago by the 
German physician Alois Alzheimer at a scientific meeting in Tübingen. He 
described the case of Auguste Deter who suffered from pronounced cogni-
tive impairments, disorientation, aphasia, hallucinations, paranoia and al-
tered behavior [4]. At autopsy, Dr. Alzheimer found neuropathological le-
sions, which today are known as amyloid plaques and neurofibrillary tangles 
(NFT), still the two major hallmarks of AD. Amyloid is a generic term de-
fined by the following criteria; (1) amyloid are extracellular deposits binding 
Congo red dye with green birefringence under polarization microscopy and 
(2) isolated amyloid deposits contains fibrils exhibiting cross β-sheet diffrac-
tion pattern [5].  

AD is the most common dementia disorder comprising nearly ~60% of all 
cases. The prevalence of AD increases exponentially with age. It is approxi-
mately 3% among elderly individuals between 65-74 years of age and the 
prevalence increases to ~25% among those older than 85 years of age [6]. 
AD has insidious onset typically with progressive deterioration of short-term 
memory together with inability to recall familiar objects and names and 
visuospatial impairment. Later there is difficulty in executing complex tasks 
(e.g. getting dressed), language dysfunction, personality changes and disori-
entation (e.g. getting lost) [7]. Over time, these symptoms become more 
severe as the brain continue to degenerate such that there is a significant 
impact on the basic activities of daily living and patients become completely 
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dependent on caregivers. Generally, patients seldom die from AD but from 
secondary infections such as pneumonia and sepsis 7-10 years after diagno-
sis [6].   

The diagnosis of AD depends on a battery of tools involving family and 
medical history together with physical and neuropsychological examina-
tions. There are various tests for assessing cognitive function in patients and 
the most commonly used is the mini mental status examination (MMSE). 
This test examines the patients memory, language, orientation, attention and 
ability to calculate. Several brain imaging techniques are being used to sup-
port AD diagnosis and to exclude other causes of dementia, e.g. stroke, tu-
mors and subdural hematoma. Magnetic resonance imaging (MRI) and com-
puted tomography are used to visualize brain atrophy of affected brain re-
gions. Sometimes, positron emission tomography (PET) is used to visualize 
brain activity and amyloid plaque load in affected brain regions. Moreover, 
the presence of high levels of phosphorylated tau (pTau) and/or together 
with low levels of amyloid-β42 (Aβ42) peptide in the cerebrospinal fluid 
(CSF), are indicative of AD [8, 9]. The definite diagnosis of AD is based on 
post mortem examination of the brain, i.e. the location and quantity of amy-
loid plaque load and NFT.   

There is no curative treatment for AD and current pharmacological treat-
ments only gives temporarily symptomatic relief in some patients. The un-
derlying disease process is not affected by these treatments, i.e. loss of syn-
apses and neuronal atrophy leading to neurotransmitter loss and cognitive 
impairments. The most commonly used pharmacological treatments are ace-
tylcholinesterase inhibitors (donepezil, rivastigmine and galantamine) and a 
glutamate inhibitor (e.g. memantine). Acetylcholinesterase degrades acetyl-
choline at the synaptic cleft. These reversible inhibitors will prolong the 
presence of acetylcholine at the synapse and temporarily improve neuro-
transmission and alleviate cognitive impairments in some patients with mild-
to-moderate AD [6]. Memantine is a noncompetitive N-methyl-D-aspartate 
(NMDA) receptor inhibitor used to treat moderate-to-severe AD patients 
[10]. This substance is thought to prevent glutamate-induced neurotoxicity 
by binding the overactive NMDA-receptors reducing excessive calcium in-
flux. It is of great importance to find new therapeutic approaches targeting 
the underlying molecular processes of AD pathogenesis. There is also a great 
need for better diagnostic tools (e.g. biomarkers) to better differentiate de-
mentia disorders, monitor disease progression and to evaluate therapeutic 
interventions in clinical trials.  
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presumably drain along arteries and are therefore the major species in CAA 
deposits [18].   

NFT are intracellular aggregates comprised of numerous paired helical fila-
ments mainly composed of hyperphosphorylated and aggregated forms of 
the microtubule-associated protein tau [19]. The normal function of tau is to 
assemble and stabilize microtubules (MT, neuronal cytoskeleton), and this 
ability depends on the phosphorylation state of tau [20]. It has been proposed 
that hyperphosphorylation of tau causes functional loss and inability to pro-
mote MT stability by the detachment of tau from MTs [20]. The increased 
levels of unbound tau would then lead to aggregation and formation of 
paired helical filaments.  

Genetics and risk factors 
There is a considerably higher risk of developing AD among first-degree 
relatives to AD patients compared to those lacking a family history of AD 
[21]. Based on the age of onset, AD is divided into an early-onset (<65 
years) and late-onset (>65 years) form of the disease.  

Early-onset Alzheimer’s disease 
Familial variants of AD with an autosomal dominant inheritance pattern 
typically show complete penetrance. They account for 1-5% of all AD cases 
[22]. The amyloid-β precursor protein (AβPP) gene was cloned and located 
to chromosome 21 [23-25]. It became the first gene linked to AD when a 
pathogenic mutation was discovered in the early 1990s [26]. Thereafter, 
other disease-causing mutations located near the Aβ sequence were found. 
They altered the processing of AβPP and caused increased production of 
Aβ40 and/or Aβ42 species, e.g. Swedish double mutation (K670N/M671L) 
located in the N-terminus of AβPP [27, 28]. Mutations located C-terminal to 
the Aβ sequence either increased the total production of Aβ or increased the 
Aβ42:Aβ40 ratio [29]. Various mutations within or adjacent to the hydro-
phobic cluster (amino acids 21-23) in the Aβ sequence have been discovered 
[29]. For instance, the Arctic mutation (E693G) at position 22 in the Aβ 
sequence results in substitution of glutamic acid for a glycine. The Arctic 
mutation increases the Aβ protofibril formation [30]. Recently, an AβPP 
mutation (A673T) which lowers Aβ formation and protects against AD was 
reported [31].  

Triplication of chromosome 21 in Down’s syndrome patients results in AD 
neuropathology and age-related dementia, which is presumably due to over-
expression of AβPP and increased Aβ production [23, 32-34]. Moreover, 
families with inherited duplications of the AβPP gene leading to early-onset 
AD with CAA have been reported [35]. Two other genes have also been 
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linked to AD, PSEN1 (presenilin 1) and PSEN2 (presenilin 2) [36-38]. 
PSEN1 and PSEN2 are transmembrane proteins that encompass the active 
site of γ-secretase involved in the generation of Aβ from AβPP [39, 40]. 
Interestingly, mutations in PSEN1 and PSEN2 genes accounts for the majori-
ty of familial variants of AD, while triplications and mutations in the AβPP 
gene accounts for only <20% of all familial variants of AD [29].  

Late-onset Alzheimer’s disease 
Most AD cases are diagnosed after 65 years of age and they are often termed 
sporadic. These AD cases have a more complex genetic and inheritance pat-
tern and the risk of developing AD is interconnected with lifestyle and envi-
ronmental factors. The single most important genetic risk factor for develop-
ing AD is the inheritance of ε4 allele of the apolipoprotein E gene (APOE) 
located on chromosome 19 [41]. There exist three allele variants of the AP-
OE gene; ε2, ε3 and ε4. Individuals carrying one copy of the ε4 allele of 
APOE have approximately 4-fold increase in the risk of developing AD, 
while individuals carrying two ε4 alleles have >10-fold risk increase [42]. It 
has been reported that ε2 allele variant confers some protective effects. The 
physiological functions of ApoE relate to cholesterol transport and lipid me-
tabolism. In AD it appears to affect Aβ aggregation and clearance in an al-
lele-dependent manner [43, 44]. More recently several risk factor genes re-
lating to the immune system, lipid metabolism and endocytosis have been 
found in large GWAS-studies or by exome sequencing [45-47]. 

The amyloid cascade hypothesis 

The identification of Aβ in neuritic plaques together with the discovery of 
autosomal dominant mutations in AβPP led to the formulation of the amyloid 
cascade hypothesis [48]. The amyloid cascade hypothesis postulates that the 
accumulation and deposition of Aβ is the initial pathological trigger with the 
formation of NFT, neuronal cell death, inflammation and dementia as down-
stream events. However, the correlation between Aβ plaque load and severi-
ty of dementia is not convincing [49], while the number and location of NFT 
and loss of presynaptic markers correlate better with cognitive deterioration 
[50, 51]. Synaptic loss also correlates well with dementia in post mortem 
studies [51]. Over the past decade, the amyloid cascade hypothesis has been 
modified since soluble Aβ-species correlate better with the degree of cogni-
tive decline than Aβ plaque load (Figure 2) [52-54]. Soluble Aβ-species are 
thought to be responsible for neurodegeneration [55], and they have shown 
to disrupt mechanism involved in learning and memory and to alter synaptic 
function in AβPP transgenic mice [56-58].  
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AβPP transgenic animal models exhibit progressive Aβ deposition but have 
no formation of NFT and little or no neuronal cell loss. In contrast, transgen-
ic mice expressing human tau with mutations causing frontotemporal lobe 
dementia develop tau inclusions but exhibit no Aβ deposits [59, 60]. There is 
also neurodegeneration in these animal models, in some even macroscopic 
atrophy, linking tau dysfunction to neuronal cell death [61-65]. Most bi-
transgenic mice overexpressing both mutant AβPP and tau have increased 
formation of NFT with no aggravation of the number and distribution of Aβ 
deposits or Aβ40 and Aβ42 levels [66]. These findings fit with genetics sug-
gesting that the formation of NFT is a downstream event to Aβ accumulation 
in AD pathogenesis. Little is known about the interaction between Aβ and 
tau but several molecular mechanistic interactions have been recently pro-
posed [67]. Aβ could facilitate tau pathology by activating tau kinases which 
hyperphosphorylates tau and/or trigger NFT formation by disrupting axonal 
transport. Proposed mechanism of tau-mediated Aβ pathology involve al-
tered AβPP processing through the activation of tau kinases which may 
phosphorylate AβPP and activate γ-secretase thus increasing Aβ production. 
Moreover, a recent study suggests that tau kinase phosphorylates extracellu-
lar Aβ and thus promote aggregation and formation of oligomeric Aβ [68]. 
Tau-mediated AβPP axonal transport deficit altering AβPP processing and 
promoting Aβ pathology has also been suggested.  
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The aggregation pathway of Aβ has been extensively studied in vitro and 
also more recently in vivo [91]. It is a nucleation-dependent process starting 
with a lag phase, in which Aβ monomers forms nuclei at a critical concentra-
tion which are able to seed fibril formation (Figure 4) [92, 93]. Within this 
rate-limiting step, Aβ monomers form various intermediate Aβ-assemblies 
which are termed Aβ oligomers. These are characterized by being soluble in 
physiological solutions and after high-speed centrifugation. Several variants 
of Aβ oligomers have been described; low-molecular weight Aβ (e.g. dimers 
and trimers) [94-96] and high molecular-weight Aβ such as Aβ-derived dif-
fusible ligands (ADDLs) [97-100], Aβ*56 [101], globulomers [102], annular 
oligomers [103, 104] and protofibrils [105-108]. In vitro or in vivo, all of 
these Aβ oligomers are neurotoxic, impair synaptic function and plasticity 
and inhibit long-term potentiation, i.e. synaptic transmission linked to cogni-
tion [95, 109-111].  

Tau protein synthesis  
The tau protein belongs to the family of microtubule-associated proteins 
(MAP). It is an abundant protein in the central and peripheral nervous sys-
tem [112]. In the brain, tau is found in neurons and predominantly enriched 
in axons although recent research advances suggest a dendritic role for tau 
[113, 114]. The function of tau is to bind microtubule (MT) promoting as-
sembly and stabilization as well as reducing dynamic instability of MTs 
[115, 116]. Tau is also important for the preservation of neuronal morpholo-
gy and for the regulation of axonal transport of molecules and organelles 
[117, 118].  
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[127, 128]. The C-terminal part of the tau protein partly consist of the micro-
tubule-binding domains which contains imperfect repetitive regions (R1-R4) 
encoded by exons 9-12 (Figure 5) [129]. Alternative splicing of exon 10 
produces tau isoforms with either three (3R) or four (4R) MT-binding re-
gions. The repetitive regions can be divided into two parts; (1) the highly 
conserved 18 amino acid repeat, representing the minimal sequence required 
for MT binding, followed by (2) a less conserved 13 or 14 amino acid repeat, 
known as inter-repeat region [121, 129, 130]. The MT binding affinity of 
4R-tau is greater than 3R-tau and it has also been demonstrated that 4R-tau 
can displace previously MT bound 3R-tau making the MTs less dynamic 
[123, 131, 132]. Post-translational phosphorylation of tau, which is devel-
opmentally regulated, regulates MT binding and assembly [133, 134]. The 
degree of phosphorylation is higher in fetal neurons and decreases with age 
due to activation of phosphatases [135, 136]. Phosphorylation regulates MT 
binding, assembly and dynamic stability, but most phosphorylation sites are 
located outside the MT binding region.    

Genetics of tauopathies 
AD, frontotemporal dementia with Parkinsonism linked to chromosome 17 
(FTDP-17), Pick’s disease, corticobasal degeneration and progressive supra-
nuclear palsy comprise a group of neurodegenerative disorders known as 
tauopathies. These age-related neurodegenerative disorders are characterized 
by the accumulation of abnormal intracellular filaments, which are mainly 
composed of hyperphosphorylated tau. However, the various tauopathies 
exhibit different symptoms since different brain regions and cellular com-
partments are affected. Moreover, the composition of tau isoforms and mor-
phology of the intracellular filaments varies [137]. The filamentous tau in-
clusions in e.g. FTDP-17, corticobasal degeneration and progressive supra-
nuclear palsy are mainly composed of 4R-tau [138]. In AD, tau inclusions 
deposited in axons and dendrites (i.e. neuropil threads) are composed of both 
3R-tau and 4R-tau [139]. In another tauopathy, i.e. Pick’s disease, the intra-
cellular inclusions are mainly composed of 3R-tau [140].  

The discovery of autosomal dominant tau mutations in families with FTDP-
17 proved the importance of tau in neurodegeneration and dementia [59, 60, 
141]. More than 50 pathogenic tau mutations were later identified and the 
majority of tau mutations were located in exons 9-12, encoding MT binding-
repeats (R1-R4), in the C-terminal region of the tau gene. These mutations 
prevented the ability of tau to bind MT and promote MT assembly [142-
144], but some mutations also increased the propensity of tau to self-
aggregate [145-147]. There are also intronic mutations, i.e. within intron 9 
and 10, and these together with mutations within exon 10 affect the alterna-
tive splicing of exon 10 altering the composition of 4R-tau and 3R-tau 
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The aggregation of tau occurs through the repetitive MT-binding domains, 
while the “fuzzy coat” of the tau filaments consists of the N-terminal and C-
terminal parts of tau [158, 159]. Tau aggregates composed of the repetitive 
domains can be neurotoxic in cell models and toxicity is prevented when tau 
inclusions are eliminated [160]. The aggregation pathway of tau involves 
hyperphosphorylation of tau which is relocated to the somatodendritic com-
partment of the cell, where it undergoes conformational changes and subse-
quent phosphorylation causing aggregation of tau into filamentous inclusions 
comprising the NFT and neuropil threads [139, 161]. Aggregation of tau can 
also be initiated by the interaction of tau with negatively charged compounds 
independent of phosphorylation such as sulphated glycosaminoglycans (e.g. 
heparin), RNA and fatty acids [162-165]. Moreover, truncated C-terminal 
variants of tau generated by caspase cleavage increases the propensity for tau 
aggregation [166, 167]. Interestingly, approximately 40% of the abnormal 
hyperphosphorylated tau found in AD brain is oligomeric [168-170] and 
these species have also been identified in vitro and in vivo models [171-173]. 
In recent years tau oligomers have been implicated in mediating neurotoxici-
ty (reviewed in [174]).  

Aβ and tau  
One of the challenges in AD research is how Aβ and tau interacts in AD 
pathogenesis. Over the past years various modes of interactions have been 
proposed (reviewed in [67, 175]) and an increased understanding of the mo-
lecular interaction between these two species could provide novel therapeu-
tic strategies for AD. Various reports support the prevailing amyloid cascade 
hypothesis which states that accumulation and aggregation of Aβ is an up-
stream event to tau pathogenesis [66, 69, 176-179]. NFT formation was en-
hanced when AβPP transgenic mice were crossed with FTDP-tau transgenic 
mice as compared to tau transgenic mice. In contrast, Aβ plaque pathology 
did not differ between single and double transgenic mice [66]. Moreover, 
intracranial injections of synthetic Aβ42 fibrils to FTDP-tau transgenic mice 
gave an increase in the number of NFT [176]. Further supporting evidence 
for Aβ-mediated tau pathology is the hierarchical clearance of intracellular 
and extracellular Aβ followed by clearance of early tau pathology after pas-
sive immunization with an anti-Aβ antibody. Moreover, Aβ pathology 
reemerged more quickly than tau pathology when an anti-Aβ antibody was 
injected [177]. Moreover, it has been shown that Aβ oligomers triggers 
and/or facilitates tau-dependent disassembly of MTs [180].  

Tau-dependent Aβ toxicity challenges the idea of tau being only a secondary 
event in AD pathogenesis. Hippocampal neurons from tau knock-out mice 
(tau-/-), i.e. complete ablation of the tau gene, are protected from cell death 
in the presence of Aβ [181]. This suggests that Aβ-mediated toxicity de-
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pends on the presence of tau. Reduced tau also led to beneficial in vivo ef-
fects on Aβ-dependent behavioral deficits in an AD mouse model [182]. In 
another study, absence of tau or expression of truncated variant of tau ame-
liorated Aβ-induced toxicity and memory dysfunction in a different AD 
mouse model [114]. Moreover, tau reduction inhibited Aβ-mediated axonal 
transport dysfunction in hippocampal neurons [183]. Axonal transport of 
organelles and vesicles are vital for neuronal function and viability, and thus 
disruption of axonal transport could be a potential mechanism explaining the 
dual action of Aβ and tau in AD pathogenesis.  

Transgenic animal models of AD 
The discovery of familial AD mutations in the AβPP gene led to the genera-
tion of various transgenic animal models of AD (Table 1). It is of great im-
portance that the generated animal models exhibit the characteristic neuropa-
thology together with the progressive cognitive decline as in AD pathogene-
sis. The use of animal models of AD has led to new insights on AD patho-
genesis e.g. effects of soluble Aβ oligomers and the regulation of production 
and clearance of Aβ peptides and Aβ plaques. They have been crucial for 
evaluating new therapeutic strategies against AD. The various AD animal 
models differ on the basis of location, extent and types of Aβ deposits as 
well as Aβ42:Aβ40 production ratio. Phenotypic differences are due to 
AβPP mutation(s), the AβPP transgene construct itself (e.g. choice of pro-
moter) as well as the integration sites.  

In 1995 the first transgenic AD mouse model was generated, the PDAPP 
model [184]. Two additional transgenic AD mouse models rapidly followed, 
the Tg2576 [185] and APP23 model [186]. These three transgenic AD mod-
els express human AβPP with different mutations but they all recapitulate 
parts of AD pathogenesis, i.e. diffuse and neuritic Aβ plaques, CAA, 
memory impairments and to some extent synaptic dysfunction. The PDAPP 
transgenic mouse model is based on a human AβPP minigene harboring the 
Indiana (V717F) mutation driven by the platelet derived growth factor 
(PDGF) promoter. The Tg2576 and APP23 transgenic mice express human 
AβPP with the Swedish double mutation (K670N/M671L). Expression is 
regulated by the hamster prion protein (PrP) or the murine Thy1 promoter 
respectively. There is a higher Aβ42:Aβ40 ratio in PDAPP transgenic mice 
and Aβ42 is predominantly deposited in mature and diffuse deposits, which 
are initially detected in the hippocampus [184, 187]. On the contrary, 
Tg2576 transgenic mice produces more Aβ40 which leads to prominent con-
gophilic Aβ deposition, but few diffuse Aβ deposits [185]. APP23 transgenic 
mice as well as other models exhibit glial activity together with distorted 
neurites and hyperphosphorylated tau close to Aβ plaques [186]. Moreover, 
CAA is prominent in APP23 and this model has often been used to study 
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CAA pathogenesis. All plaque-depositing AβPP transgenic models tend to 
have age-dependent memory and spatial learning impairments. With the 
discovery of PSEN mutations several transgenic mice based on mutant 
PSEN were generated, and used for the development of AβPP/PSEN bigenic 
mice [188-190]. The AβPP/PSEN bigenic mice have a more aggressive Aβ 
pathology together with age-dependent memory and spatial learning deficits, 
but exhibit no neuronal loss or NFT as AβPP transgenic mice.  

To better understand the molecular mechanism of NFT formation and its 
functional effect, transgenic animal models overexpressing human tau har-
boring mutation(s) linked to FTDP-17 have been generated [61, 62, 125]. In 
one study, the suppression of P301L tau mutation reversed the behavioral 
impairments but did not halt NFT formation in rTg4510 tau transgenic mice 
indicative that soluble tau is neurotoxic [64]. Moreover, tau transgenic mice 
have been crossed with AβPP transgenic mice to fully recapitulate AD pa-
thology. Enhanced tau phosphorylation and NFT formation compared to Aβ 
pathology was observed in Tg2576 mice crossed with JNPL3 mice, express-
ing P301L tau mutation [66]. In addition, the triple-transgenic AD mouse 
model 3xTg-AD was generated by co-injecting human AβPP (Swedish mu-
tation) and FTPD-tau (P301L mutation) to the genome of PSEN1 (M146L 
mutation) knock-in mice [191]. This model exhibit progressive development 
of Aβ and tau pathology and synaptic deficits, which appear prior to Aβ and 
tau pathology. Unfortunately the observed phenotypes seem unstable in this 
model. Animal models of AD are important research tools to better under-
stand AD pathogenesis, to develop novel therapies that could prevent or halt 
disease progression, and also to develop biomarkers for diagnosis and moni-
toring.  

Functional studies 
Transgenic models of AD recapitulate much of the neuropathology in AD 
brain, but they should also recapitulate the cognitive decline to be valuable 
research tools. A particular region that is strongly affected in AD is the hip-
pocampus, which is located in the medial temporal lobe and is crucial for 
spatial learning and memory [192-194]. In the AD research field, the majori-
ty of behavioral protocols are aimed at measuring hippocampal-dependent 
memory as to mimic the human memory, both in monkey and rodents [195]. 
However, in humans the hippocampus is crucial for spatial and verbal 
memory [196, 197] while in rodents the hippocampus is associated with 
spatial navigation and olfactory behavior [198, 199]. These specie differ-
ences are important to consider when functionally evaluating animal models 
of AD. 
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Table 1.  A summary of some commonly used transgenic mice models of AD.  
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TAPP PrP + 
 PrP 

Tg2576 + 
 JNPL3 

+ + + + nr 6 [66] 

3xtg-AD Thy1.2 + 
endoge-
nous PS1 

AβPP695 cDNA + 
4R tau (P301L) + 
PS1 (M146L) 

+ + + + + 3 [191] 

The phenotypes: + detected; - not detected; nr not reported 

The three most commonly used behavioral protocols for evaluating hippo-
campal-dependent memory, spatial learning and associative learning in AD 
animal models are: Morris water maze (MWM), contextual fear conditioning 
(FC) and radial arm water maze (RAWM). The MWM is one of the most 
used behavioral tasks and is used to evaluate spatial learning, long-term spa-
tial memory and working memory [203, 204]. This test usually measures 
learning and memory deficits seen in later stages of AD. The MWM task is 
based on distant visual cues and can be used to differentiate between spatial 
learning and long-term memory but can also be used to measure visual and 
motor abilities. Moreover, there is no need of food deprivation or the deliv-
ery of electrical foot shock. The MWM task evaluates the ability of mice to 
swim in a pool and find a submerged platform at a fixed position with the aid 
of distal cues placed around the maze. The mice are individually assessed 
and undergo a training period, which reveals the ability of mice to swim and 
to locate the hidden platform from different starting points for several days. 
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Spatial learning and memory are measured by the latency to find the sub-
merged platform (escape latency) or the distance travelled. A probe trial is 
followed in which the submerged platform is removed and the amount of 
time spent in the target quadrant (i.e. former location of the platform) is used 
as a measure of memory retention. Common problems are outliers and also 
mice solving the maze with non-spatial strategies. The contextual FC task is 
not solely based on the function of the amygdala but also involves participa-
tion of the hippocampus and is used to evaluate associative memory, i.e. 
learning relationships between two stimuli by using light or sound as stimuli 
accompanied with the delivery of electrical foot shock [205]. The RAWM is 
based on the combination of radial arm maze and MWM which enables 
evaluation of spatial learning and memory performance, i.e. short-term 
memory, working memory and reference memory [206, 207]. One advantage 
of RAWM is that some non-spatial solving strategies become more limited. 
There is no need of food deprivation or electrical foot shock, but this is simi-
lar to MWM. 

The functional evaluation of AD animal models should also be based on a 
broad examination of activity, sensorimotor function, exploration and anxie-
ty. Some of these behaviors, e.g. sensorimotor disturbances, could influence 
the hippocampal-dependent behavioral task and thus affect the interpretation 
of results. The open-field (OF) test offers the simplest assessment of activity, 
exploration and overall locomotor behavior in mice. Sensorimotor dysfunc-
tions are generally assessed in the rotarod test, in which the latency to fall of 
an accelerating rotarod reflects sensorimotor functions [208]. Sometimes, 
neuromuscular strength is measured either via wire hanging test, which 
measures latency to fall from a hanging wire, or by an automated grip-
strength meter (i.e. resistance to limb pull). Anxiety-like behavioral traits are 
usually assessed by the elevated plus maze or by the light-dark box based 
test [209]. These tests are based on tendencies of mice to avoid bright lit and 
unprotected areas. The object recognition test involves both explorative be-
havior and memory retention [210]. Here, the tendency of mice to explore 
novel objects versus familiar objects is measured.  

A common feature of above mentioned functional tests is the requirement of 
human handling, which can influence and even confound the outcome of the 
functional tests. Most functional tests are also quite time consuming. These 
problems have led to the development of automated functional tests [211, 
212]. These systems could serve as a complement to the traditional function-
al tests which could potentially improve reproducibility and minimize varia-
bility associated with traditional functional tests. There are several ad-
vantages of automated behavioral system such as minimized human handling 
of mice, behavioral assessment of mice in social groups and in a semi-
natural environment. One of these automated systems is the IntelliCage sys-
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tem, which is based on operant learning corners enabling identification of 
individual mice by the use of transponders [211].  

Therapeutic studies targeting Aβ 
A great number of various therapeutic strategies have been tested in AD 
animal models and in AD patients. Central to this thesis are AβPP transgenic 
models, which directly depend on discoveries of pathogenic AβPP mutations 
and on ideas that familial and sporadic AD share common pathogenesis. The 
animal models are therefore most appropriately used to evaluate therapeutic 
strategies based on pathogenic insights gained from studies of familial AD. 
Most notable among such strategies are immunotherapy and inhibition of β- 
or γ-secretase. Initiating clinical trials based on efficacy data from AβPP 
transgenic mice alone is of course highly risky. This partly relates to the 
limitations in the models but also to a general lack of pathogenic understand-
ing, and most particularly to our limited knowledge on the mechanisms of 
neurodegeneration and dementia in AD. In spite of their limitations, AβPP 
transgenic mice can, if correctly used, be extremely powerful. They can e.g. 
be used to prove target interaction, to determine dose-response and at what 
disease-stage the drug likely will be beneficial. Non-transgenic animal mod-
els e.g. primates and dogs can be very useful when developing drugs against 
AD. However, hereon the discussion on Aβ-therapeutics will be limited to 
transgenic mice and Aβ immunotherapy since it is the subject of the study, 
and since β-secretase or γ-secretase inhibition are vast research fields. 

Aβ immunotherapy, both active and passive immunization, has within the 
past decade remained as one of the most promising therapeutic strategies for 
AD. Active immunization (i.e. vaccination) is based on the administration of 
an antigen e.g. a protein fragment together with an adjuvant which stimulates 
the immune system to develop antibodies against the antigen. Passive im-
munization involves administration of antibodies, typically a recombinant 
monoclonal antibody, against the antigen. Already in the mid-1990s it was 
demonstrated that anti-Aβ antibodies, especially monoclonal antibodies 
binding the N-terminal part of Aβ, dissolved Aβ aggregates and prevented 
Aβ aggregation in vitro [213, 214]. The majority of AD immunotherapies are 
directed against Aβ aggregates, but in recent years immunotherapies directed 
against tau pathology has also emerged [215, 216]. 

In 1999 it was demonstrated for the first time that active Aβ immunization 
prevented and cleared Aβ pathology in young (plaque-free) and aged 
(plaque-bearing) PDAPP transgenic mice respectively [217]. These mice 
were immunized with Aβ42 fibrils and generated anti-Aβ antibodies. In aged 
PDAPP mice, anti-Aβ antibodies cleared existing Aβ deposits and reduced 
gliosis and dystrophic neurites. Moreover, active immunization was proved 
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to efficiently reduce age-related cognitive impairments in different transgen-
ic AD models [218, 219]. These crucial investigations led to the first clinical 
trial with an active Aβ vaccine, AN1792. During Phase II trial, the vaccina-
tion was stopped when ~6% of the moderate-to-severe AD patients (18 of 
300) developed meningoencephalitis [220]. Activation of a proinflammatory 
T-cell mediated immune response and possibly a switch in adjuvant was 
believed to be responsible for the development of meningoencephalitis [221, 
222]. Interestingly Aβ clearance was evident in the brains of vaccinated pa-
tients and there were indicative findings of reduced cognitive decline in pa-
tients with high antibody titers [223, 224]. However, in a small long-term 
cohort study with AN1792-vaccinated patients Aβ plaque burden, as meas-
ured in post mortem brain, did not relate overtime to severe dementia [222]. 
These results can be thought as lack of functional efficacy of AN1792 alt-
hough the study power was limited and the design of the study can be ques-
tionable. It might also indicate that the functional effects depend on the 
clearance of soluble oligomeric Aβ-species in AD brain.  

Passive immunization provides a safer alternative since it does not depend 
on the immune system having to generate antibodies. It is well known that 
this ability is highly variable among aged individuals. Moreover, passive 
immunization offers direct control of dosage, treatment can be halted if side 
effects occur and the risk of proinflammatory T-cells response should be 
minimized. Passive immunization also offers the possibility to target specific 
epitopes or pathogenic conformations of the protein species of interest. 
Monoclonal anti-Aβ antibodies targeting the N-terminus [225], mid-region 
[226, 227] and C-terminus of Aβ [228, 229], as well as specific confor-
mations of Aβ antibodies [230] have been developed. In various AD animal 
models, passive immunization cleared and/or prevented Aβ plaque pathology 
and improved memory impairments [225, 226, 231]. Different therapeutic 
mechanisms have been proposed (reviewed in [232]); (1) microglial-
mediated phagocytosis, (2) direct interference with Aβ aggregation leading 
to resolution, (3) blockage of soluble toxic Aβ oligomers and (4) a peripheral 
sink effect. Several clinical trials are ongoing (www.clinicaltrials.gov). 
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Present Investigations 

Aim of this thesis 
The overall aim of this thesis was to evaluate the therapeutic potential of an 
Aβ protofibril-selective antibody, to assess functional endpoints in animal 
model of AD and to better explore whether Aβ can trigger tau pathology if 
exon 10 is humanized.  

Specific aims 
I To evaluate therapeutic in vivo efficacy of the protofibril-

selective monoclonal antibody, mAb158, in tg-ArcSwe mice, in 
preventive and curative settings, and to investigate mechanistic 
effects in vitro. 

 
II To investigate AD-related functional phenotypes in the tg-

ArcSwe model in a longitudinal approach utilizing a novel au-
tomated behavioral system called, IntelliCage©. 

 
III To explore physiological and pathophysiological effects of hu-

manized splicing pattern of exon 10 in the murine tau gene in 
vivo. 

 
IV To investigate whether tg-ArcSwe mice with altered splicing of 

exon 10 in murine tau and a 1:1 balanced 4R:3R-tau synthesis 
as in the human brain would be susceptible to tau aggregation 
and fibril formation.  
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Results and Discussion 

Aβ protofibril immunotherapy in tg-ArcSwe mice 
In this study (Paper I), passive immunization of tg-ArcSwe mice was em-
ployed in two different treatment strategies; preventive (prior to plaque on-
set) and curative (after plaque onset) treatment. Two different N-terminal 
monoclonal antibodies were evaluated; mAb158 and mAb1C3. The mAb158 
antibody recognizes a conformation-dependent epitope that is highly selec-
tive for Aβ protofibrils (Figure 7A; Paper I, Suppl. Figure 1). The mAb1C3 
antibody has a common linear epitope consisting of amino acids 3-8 in the 
Aβ peptide sequence and binds not only to Aβ but also to murine and human 
AβPP [233]. Moreover, in vitro analyses show that mAb1C3 targets various 
Aβ-species which could reduce therapeutic efficacy of the antibody (Figure 
7A). Both mAb158 and mAb1C3 binds to native Aβ plaques in unfixed brain 
tissue (Figure 7B; Paper I, Suppl. Figure 2), which has been proposed as a 
predictor of therapeutic efficacy [225, 231, 234].  

 
Figure 7. (A) An inhibition ELISA was performed to investigate the epitopes of 
mAb158 and mAb1C3. Antibody mAb158 binds selectively to Aβ protofibrils, 
while mAb1C3 binds to various Aβ-species such as low-molecular weight Aβ 
(LMW-Aβ) and monomeric Aβ. (B) Ex vivo binding of administered antibodies to 
Aβ deposits in tg-ArcSwe mouse brain. 















We suggest that compensatory mechanisms are activated in adult E10+/- 
mice, e.g. upregulation of microtubule-associated proteins (MAPs). Previous 
reports on tau knock-out mice have demonstrated a ~2-fold increase of 
MAP1A levels in young mice (2 weeks old) but unchanged levels of 
MAP1B and other MAPs [248, 249]. However, this upregulation of MAP1A 
was only observed in young tau knock-out mice while adult mice had un-
changed levels of MAP1A [249]. The sensorimotor impairments might also 
relate to cerebellar dysfunction, since this brain region develops post-natal 
when splicing of tau-mRNA is altered in E10+/- and E10-/- mice [246, 250, 
251]. Altogether, we conclude the involvement of compensatory mecha-
nisms at an early age which were overridden by the effects of aging resulting 
in sensorimotor dysfunctions in middle-aged E10-/- mice.   

Gene-modified mice had no cognitive deficits in the IntelliCage system or 
explorative and emotional behavioral changes in the elevated plus maze 
(EPM) and open field (OF). In the IntelliCage test, only E10+/- and E10-/- 
female mice were used since E10+/- behaved similarly as E10+/+ mice in 
the sensorimotor test. We wanted to attain reasonable statistical power with a 
limited number of available IntelliCages and age-matched mice. Further-
more, we did not observed morphological differences or pathological tau 
inclusion in the gene-modified mice. The presence of an unknown factor or a 
trigger such as misfolded or aggregated human tau and/or Aβ seems to be 
critical for the initiation of tau pathology.  

Pathological phenotypes in AβPPxE10 bitransgenic 
mice 
Here, the in vivo effect of altered exon 10 splicing and 1:1 balanced 3R:4R-
tau synthesis, as in the human brain, on tau and Aβ pathogenesis was inves-
tigated (Paper IV). Tg-ArcSwe and E10+/- gene-modified mice were 
crossed to generate AβPPxE10 bitransgenic mice: AβPPxE10+/+ (4R-tau), 
AβPPxE10+/- (3R:4R-tau) and AβPPxE10-/- (3R-tau). Tau is an intraneu-
ronal protein and tg-ArcSwe mice were therefore chosen since they are char-
acterized by early and prominent intraneuronal Aβ accumulation. Moreover, 
NFT are amyloids, and tg-ArcSwe mice are highly prone to form amyloid 
with an abundance of cored plaques and cerebral amyloid angiopathy as well 
as few diffuse Aβ deposits [202, 252]. We speculated that a heterologous 
pair, i.e. 3R:4R-tau might be less stable and more vulnerable to a trigger of 
fibril formation such as intraneuronal Aβ aggregates. If so, E10+/- gene-
modified mice should have a destabilized microtubule (MT) network.  
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Concluding Remarks 

More than a century ago the abnormal deposition of amyloid plaques and 
neurofibrillary tangles in a patient with dementia were first described by 
Alois Alzheimer [4]. Human genetics suggest that Aβ-mismetabolism insti-
gates pathogenesis and that other aspect of AD pathology such as NFT are a 
secondary event [48]. These ideas formulated the amyloid cascade hypothe-
sis. In recent years it has been reformulated implicating soluble Aβ-species 
such as oligomers and protofibrils as responsible for the neurodegeneration 
in AD. Several lines of evidence suggest that soluble Aβ-species are linked 
to learning and memory impairment and synaptic dysfunction. Immunother-
apy has been one of the most promising therapeutic strategies for AD [225, 
226, 231], but had at the time when studies started not been specifically tar-
geted against soluble Aβ aggregates. In Paper I, the passive administration 
of the protofibril-selective antibody, mAb158, cleared soluble Aβ protofi-
brils even in the presence of Aβ plaque pathology in an AβPP mouse model 
(i.e. tg-ArcSwe). In young mice, the clearance of protofibrils prevented the 
formation of Aβ plaques suggesting that protofibrils are necessary for the 
formation of extracellular Aβ pathology. Moreover, mAb158 antibody pro-
tected cultured cells from Aβ protofibril-mediated toxicity. These promising 
results partly enabled the generation of a humanized variant of mAb158, 
called BAN2401, which is being tested in a Phase II clinical trial on AD 
patients by Bioarctic Neuroscience/Eisai.  

In a previous study, young tg-ArcSwe mice had spatial learning impairments 
with individual performances in the MWM inversely correlating to Aβ pro-
tofibril levels [257]. There was a need for more extensive cognitive and be-
havioral assessment of tg-ArcSwe mice which led to Paper II. An automat-
ed behavioral system, IntelliCage, together with object recognition task was 
used to assess various types of behavior and cognition in plaque-free and 
plaque-bearing mice. Tg-ArcSwe mice had learning and memory impair-
ments together with perseverance behavior and hyper-reactivity to novel 
stimuli. Altogether, tg-ArcSwe mice exhibit hippocampal-dependent im-
pairments like those of hippocampal-lesioned mice [241-243]. There was no 
correlation between learning impairment and levels of soluble Aβ protofi-
brils, but an inverse correlation with CALB-ir. This suggests that CALB may 
be a suitable marker for Aβ-mediated neuronal dysfunction. The IntelliCage 
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system has proven to be a good behavioral tool together with conventional 
behavioral tasks, although additional validated protocols are needed.  

During recent years, a lot of focus has been on investigating the molecular 
interaction between Aβ and tau to fully understand the processes culminating 
in neuronal cell death and dementia. A common proposed pathway for the 
dual interaction between Aβ and tau is the disruption of axonal transport, 
which is vital for neuronal function [67]. Exon 10 in the tau gene belongs to 
the microtubule-binding region which helps to maintain microtubule stabili-
zation and thus proper axonal transport of molecules and organelles. The 
functional effect of alternative splicing of exon 10 in tau is partly unknown 
but in Paper III, the absence of exon 10 was shown to result in age-
dependent sensorimotor impairments in vivo. We propose the involvement of 
cerebellum dysfunction since this region develops at post-natal stages when 
the exon 10 alternative splicing is altered in E10+/- and E10-/- mice. How-
ever, altered exon 10 alternative splicing, i.e. production of 3R-tau and 
3R:4R-tau, did not initiate tau pathology as observed in mouse models ex-
pressing FTDP-mutant human tau [61, 62, 125]. A probable explanation 
might be the requirement of a triggering factor to initiate tau pathology and 
previous studies have shown enhanced NFT formation in the presence of Aβ 
[66, 176] and Aβ-mediated facilitation of tau-dependent MT disassembly 
[180]. In compliance with these results, E10+/- gene-modified mice might 
have a more unstable MT network and therefore be more vulnerable to fa-
cilitating factors e.g. intraneuronal Aβ aggregates. In Paper IV, Aβ plaque 
pathology was ameliorated in AβPPxE10-/- mice with solely 3R-tau produc-
tion possibly suggesting a novel and unknown mechanism whereby amyloid 
formation is regulated. We speculate that 3R-tau limits Aβ-production by 
affecting intraneuronal vesicle transport of AβPP. Further analysis of AβPP 
processing will be required to elucidate this unknown mechanism together 
with analysis of Aβ protofibril levels at different ages of AβPPxE10 bitrans-
genic mice. The lack of tau pathology in these bitransgenic mice suggests 
that Aβ-species critical to the initiation of tau pathology might not be pro-
duced or exist at very low concentrations in AβPP transgenic mice. Howev-
er, it is still possible that Aβ might influence phosphorylation pattern and 
conformation of tau within neurons, which will need to be further investigat-
ed. Altogether, it is crucial to understand how Aβ and tau interact in AD 
pathogenesis since such mechanisms might be important for neurodegenera-
tion in AD. This could also lead to the development of novel therapies 
against AD and biomarkers as diagnostic tool.  
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Methodological Considerations 

Generation of AβPP transgenic mice  
The transgenic construct consist of human AβPP cDNA harboring both the 
Arctic (E693G) and Swedish (K670N/M671L) mutations which has been 
inserted into a murine Thy-1 expression vector cassette. The thy-1 promoter, 
which is known to result in a neuronal-specific expression of the inserted 
transgene [258], is followed by an optimized Kozak sequence which enhanc-
es translation of AβPP. The transgenic construct was linearized with NotI, 
microinjected into one of the pronuclei of fertilized C57BL/6-CBA-F1 mice 
oocytes and implanted into pseudopregnant mice at the two-cell stage. Off-
spring expressing the transgene were identified by screening purified DNA 
from tail biopsies with PCR. To verify the occurrence of germ line transmis-
sion of the transgene, founder mice were mated with non-tg mice. In the 
offspring of each founder line, the level and anatomic distribution of AβPP 
protein expression was examined. Human AβPP protein synthesis will de-
pend on not only the promoter but also on the copy number and the insertion 
site of the transgene.  

Generation of mice devoid of exon 10 in murine tau  
A targeting construct was developed with two homologous sequences cover-
ing intron 10, intron 11 and exon 11 of murine tau respectively. They were 
framing a 2 kbp neomycin cassette flanked by two loxP-sites (Figure 15). 
The construct was electroporated into R1 embryonic stem cells (ES-cells) 
and positive clones, in which homologous recombination had taken place, 
were verified with several long range PCR reactions. One primer was locat-
ed outside of the targeted allele, while the other annealed to a sequence in 
the neomycin gene. Positive ES-cell clones were microinjected into blasto-
cysts, derived from C57BL/6NCrl females that had been mated with 
B6D2F1/Crl males. Blastocysts were then implanted into CD1 pseudo-
pregnant mice. Male chimeras were obtained which then were bred with 
female C57Bl/6JBomTac mice (Taconic) to generate female offspring which 
in turn were bred with male transgenic mice expressing phosphoglycerate 
kinas (pgk) CRE recombinase [247]. This enabled deletion of the loxP-
flanked neomycin cassette from the targeted allele in some of the offspring. 
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were included to eliminate AβPP signals from the tissue sections, and to 
enhance signals from Aβ epitopes within plaques, and tau epitopes.   

IntelliCages 
In Papers II-III, the IntelliCage system (NewBehavior AG, Zurich, Switzer-
land) was used to analyze habituation, exploration, circadian activity, learn-
ing and memory. This automated behavioral system consist of a polycar-
bonated cage (top: 20.5x58x40cm; bottom: 55x37.5cm) containing a condi-
tion chamber in each corner. The corners were accessible through a ring 
antenna and mouse presence was detected by a heat sensor together with 
identification of a transponder (DataMars, 1x1 mm) – recorded as “visit”. 
The transponder enables individual assessment of mice in mixed genotype 
groups. Water bottles were accessible in each corner through two gated 
doors with light-beam sensors. When the sensors were interrupted it was 
recorded as a “nosepoke event”. The last event “lick”, was recorded when a 
change of the “lick sensor” threshold was exceeded. Light emitting diodes 
(LEDs) were located above the gated doors. A week prior to introduction to 
this system, mice were anaesthetized with Isoflurane and injected subcuta-
neously with a transponder in the intrascapular region. Calibration proce-
dures were performed according to the IntelliCage manual before each study. 
This was done to ensure proper functioning of the sensors and mechanic 
components. Detailed protocols are available in Papers II-III, a brief sum-
mary of the protocols follows: 
 
1. Free exploration 

Exploration was measured by the number of visits to the conditioned 
chambers during the first 24 hours upon introduction to the IntelliCage. 
The gated doors were opened and mice were given full access to the wa-
ter bottles. The number of visits was further stimulated by turning on the 
LEDs (color code 1638) in two of the corners in diagonal for the initial 2 
hours.   
 

2. Habituation 
Activity measured by number of visits to the conditioned chambers was 
continuously monitored for 5 days (Paper II) or 14 days (Paper III). The 
gated doors were opened. In Paper III, the habituation phase was ex-
tended due to inactive mice which were replaced by new ones and these 
had to habituate to the IntelliCage. The amount time spent licking the bot-
tles (indirect measure of water intake) was also monitored.  
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3. Drinking session habituation (DS) 
In Paper II, this protocol was only used in young tg-ArcSwe mice. The 
gated doors were closed and could only be opened once during a visit 
during two drinking sessions (23:00-24:00 and 04:00-05:00) per night for 
5 days.    
 

4. Nosepoking adaptation (NP) 
The gated doors were closed and the mice had to perform a nosepoke to 
open the doors. This protocol was used for 8 days (Paper II) or 7 days 
(Paper III). Number of nosepokes and visits were recorded as a measure 
to adaptation.  

 
5. Nosepoking during drinking sessions (DS-NP) 

The gated doors were closed and a nosepoke opened the doors once dur-
ing a visit. Two drinking sessions were the same as DS for 2 days (Paper 
II) or 3 days (Paper III).  

 
6. Place learning (PL) 

Same as above DS-NP but for each mouse drinking was restricted to one 
corner (Paper II) or one side of the corner (Paper III) during two drink-
ing sessions as DS for 4 days. The designated corner or side corner were 
referred as correct or rewarded corner and randomized within the groups. 
In Paper III, 300 mM sucrose water was used instead of regular water. 
Learning was measured as percentage of errors, i.e. number of visit to in-
correct corner/total number of visit.  

 
7. Reversal (Place) learning (RevPL) 

Same as PL but the correct/rewarded corner was the diagonal opposite.  
 
8. Extinction of Place learning 

Same protocol as NP was used. The percentage of visits to the PL and 
RevPL corners were measured as perseverance behavior.  

 
9. Passive avoidance learning and memory probe trial test 

In Papers II-III, baseline preference to any of the corner was analyzed 
for 24 hours. During training (24 h) mice were randomly assigned one 
corner in which an air-puff was delivered upon a nosepoke and until the 
mice left the corner. A 24 hour retention interval outside of the Intelli-
Cage was followed by a probe trial (24 h, same as NP). The percentage of 
visits to the air-puff corner was measured as learning and memory reten-
tion.  
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Conventional functional tests 
In Papers II-III, conventional behavioral tests were used to measure spatial 
learning and memory, exploration, sensorimotor deficits and anxiety. Human 
interference is a common feature in these test since these tests depend on 
direct contact with the mice. Moreover, conventional behavioral tests are 
also time-consuming. All test mentioned below were video-recorded for off-
line analysis.  

Spatial learning and memory 
In Paper II, the object recognition task (OR) was used for the evaluation of 
learning and memory. This test is based on the explorative behavior of mice 
and on their ability to recognize objects. The mice were allowed to interact 
with a pair of identical objects for 10 minutes followed by a 24 hour reten-
tion interval. One of the objects was replaced by a novel object and mice 
were allowed to interact for 5 minutes. Object recognition, i.e. memory re-
tention, was measured by a discrimination ratio based on time spent on novel 
object interaction/total time interacting with both objects.  

Sensorimotor skills 
In Paper III, the motor coordination and muscular strength of mice was 
analyzed by rotarod and grip strength meter tests respectively. The rotarod 
apparatus (model LE8200, Panlab, S.L.U., Spain) consisted of a vertical 
plastic rotating rod (50x30mm) with a ribbed surface surrounded by two 
large discs. The mice were given 3 trials with 10 minutes inter-trial interval 
for 3 days. Each trial started at a minimum speed of 4 rpm followed by a 5 
minutes acceleration time with 1 rpm increase of speed every 8th second 
(maximum speed 40 rpm). Motor coordination deficit was measured by the 
amount of time taken to fall of the rod (latency to fall).  

Muscular strength was measured with a grip strength meter apparatus (model 
GS3, BIOSEB, France) consisting of a stainless steel grid (100x80 mm) with 
a sensor capacity ranging 0-20 Newton (N). The mice were given 3 trials 
with 30 seconds inter-trial interval for 4 days. On each trial, mice were held 
by their tails, placed on the grid with all 4 paws and gently pulled horizontal-
ly until the mice released the grid. The maximum force was recorded upon 
release and used as a measure of muscular strength.  

Exploration and anxiety 
In Paper III, the Open field (OF) test was used to evaluate exploration and 
activity. It can also be used to evaluate locomotor deficits and anxiety-like 
behavior. In a single trial, mice were placed in the center of the testing cage 
(transparent; 37x48 cm, height 20 cm) for 10 minutes. The testing cage was 
divided into three zones; periphery, internal and center comprising 43.6%, 
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48.6% and 7.8% of the total cage area respectively. Exploration was meas-
ured by distance moved, rearing activity and the time spent in each zone. 
The latter can also be used to measure anxiety-like behaviors, i.e. an anxious 
mouse tends to mainly explore the outer zones.  

Another test for evaluating anxiety-like behaviors is the elevated plus maze 
(EPM), which was used in Paper III. The maze (model LE842, Panlab, 
S.L.U., Spain) was made of grey PVC walls with two open arms and two 
closed arms (29.5 cm in length and 6 cm wide) arranged as a cross. The 
closed arms were protected by a 15 cm grey PVC wall. In a single 5 minutes 
trial, mice were placed at the center of the maze facing the open arms. Anxi-
ety was measured by the time spent in the closed arms versus the open arms.  

Passive immunization 
Several immunotherapeutic studies with anti-Aβ antibodies were reported 
for immunotherapy [259] while studies in Paper I were ongoing. Two dif-
ferent immunization strategies - preventive and curative treatment were 
used. In the preventive treatment, antibodies were given before the develop-
ment of extracellular Aβ plaques, and in the curative treatment, antibodies 
were administered to mice which already had extracellular Aβ plaques. The 
latter should reflect typical AD patients participating in clinical trials and 
have substantial plaque deposition. Immunizations were performed with two 
different anti-Aβ antibodies, mAb1C3 (IgG1) and mAb158 (IgG2a). Ly-128 
antibody (IgG1), which recognizes the p41 flagellin structure of Borrelia, 
was administered as a negative control. The mAb158 was characterized by 
its conformational-selectivity to Aβ protofibrils while mAb1C3 had a linear 
epitope in the N-terminus similar to antibodies previously reported to be 
efficacious. The therapeutic efficacy seemed to depend not solely on the 
specificity and selectivity of the administered antibody but also on the 
amount of antibody that could pass across the blood-brain barrier (BBB). It 
has been established that ~0.1% of injected antibodies diffuses through the 
BBB [260, 261]. However, the mechanism involved is unknown but passive 
transcytosis has been proposed. It has been suggested to involve nonspecific 
capture of antibodies in endocytic vesicles which are then transported across 
the BBB [260].     

Sequential extraction 
Fresh frozen brain homogenates containing Aβ and/or tau aggregates were 
extracted by the use of multiple centrifugation steps resulting in various frac-
tions depending on their solubility. In Papers I-II, brain hemispheres of tg-
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A different protocol for the extraction of Aβ and tau from AβPPxE10 bi-
transgenic mice was employed in Paper IV (Figure 16). Brain hemispheres 
were mechanically homogenized in TBS-buffer and divided into two ali-
quots. To analyze Aβ, AβPP and sAβPP-fragments, TBS-Tween buffer was 
added and centrifuged at 100 000×g resulting in supernatant containing sol-
uble monomeric Aβ, Aβ protofibrils and sAβPP-fragments. The remaining 
pellet was again homogenized in TBS supplemented with 2% SDS, sonicat-
ed and centrifuged at 100 000×g yielding SDS-soluble Aβ. The pellet was 
re-homogenized in 70% FA, sonicated and centrifuged at 100 000×g result-
ing in SDS-insoluble Aβ. Soluble tau was obtained by centrifuging tau ex-
tract at 14 000×g and supplementing the supernatant containing soluble tau 
with 1xLaemmli sample buffer. The same procedure was made for insoluble 
tau but the resulting supernatant was centrifuged at 100 000×g and the re-
sulting pellet was again homogenized in H-buffer. The homogenate was 
again centrifuged at 100 000×g resulting in a pellet that was again homoge-
nized in 1xLaemmli sample buffer and boiled for 5 min to yield insoluble 
tau.  

ELISA 
Enzyme-linked immunosorbent assay (ELISA) is a widely used analytical 
research tool that enable quantitative detection of antigen or antibody in 
solutions [262]. It is a very sensitive assay with low variability which allows 
a low concentration of antigen or antibody to be detected. There are various 
types of ELISAs but all are based on the immobilization of either antigen or 
antibody onto a surface. These are then detected with a primary antibody, 
when measuring antigen, and a secondary enzyme-conjugated anti-Ig anti-
body. Typically either horseradish peroxidase (HRP) or alkaline phosphatase 
(ALP) is used. In Papers I-II, sandwich ELISAs have been employed which 
depends on capturing and detecting primary antibodies.  

Aβ ELISA  
The most common measured Aβ-species with ELISA are Aβ40 and Aβ42. In 
Paper I, anti-Aβ40/42 specific antibodies were coated onto the surface and 
an antibody against the mid-region of Aβ (mAb27) was employed for detec-
tion. To measure total Aβ (Papers I-II), an N-terminal antibody, mAb82E1, 
was employed instead.   

Aβ protofibril ELISA 
In Papers I-II, a sandwich ELISA was employed that had previously been 
developed for quantifying Aβ protofibrils with a protofibril-selective anti-
body, mAb158 [233]. The mAb158 antibody is a conformational selective 
antibody which was used as both capturing and detecting antibody. The as-
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say enables specific measurement of Aβ protofibrils in the presence of mon-
omeric or other oligomeric Aβ-species.  

MTT cell toxicity assay 
Cell viability can be assessed in various ways. The well-established MTT 
assay is based on the colorimetric detection of reduction of the yellow 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) salt in 
viable living cells [263]. The reduction yields insoluble formazan crystals 
which are then dissolved and absorbance of the purple solution is measured 
at 570 nm. The assay was used to evaluate the ability of mAb158 and 
mAb1C3 to protect cells from Aβ protofibril induced toxicity in the absence 
or presence of an excess of non-toxic Aβ1-16 peptide. 

Thioflavin-T assay 
Thioflavin-T (ThT) is a benzothiazole salt that detects amyloid fibrils both in 
vitro and in vivo, and is widely used to measure aggregation and fibril for-
mation. ThT binds to beta-sheet structures of amyloid. Binding is associated 
with a shift of emission (from 445 to 482 nm) and excitation (from 385 to 
450 nm) maxima as compared to unbound dye [264]. The assay was used to 
evaluate the effects of mAb158 and mAb1C3 on in vitro Aβ fibril formation. 
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Sammanfattning på svenska 

Alzheimers sjukdom (AD) är den vanligaste orsaken till demens och utgör 
60% av alla demensfall. Tidiga symptom t.ex. försämrat närminne och svå-
righet att uttrycka sig kommer smygande. Sjukdomen fortskrider sedan ofta 
ganska långsamt under flera år med en tilltagande försämring av minnes-
funktion, språklig förmåga, orienterings förmåga, sviktande praktiska fär-
digheter och personlighetsförändringar. Mot slutet av sjukdomen blir de 
drabbade individer ofta helt beroende av vård men dör oftast av andra orsa-
ker t.ex. sekundära infektioner såsom lunginflammation. Normalt pågår 
sjukdomsförloppet under 7-10 år efter diagnos. Det finns inget botemedel 
mot Alzheimers sjukdom utan enbart lindrande behandling med mycket be-
gränsad effekt vid sena stadier av sjukdom. Diagnosen för Alzheimers sjuk-
dom baseras på sjukdomshistoria tillsammans med ett antal tester som utvär-
derar minne, språk och spatial förmåga. Utöver detta används olika hjärnav-
bildande metoder för att stödja diagnosen Alzheimers sjukdom och för att 
utesluta andra orsaker som t.ex. stroke eller andra demenssjukdomar. En 
definitiv diagnos av Alzheimers sjukdom baseras på hjärnobduktion och 
påvisande av amyloida plack och neurofibrillära nystan (Figure 1). Patolo-
gens bedömning baseras på frekvens, anatomisk lokalisation och patientens 
ålder.  

Amyloida plack består av fibriller av proteinet amyloid-beta (Aβ) och neuro-
fibrillära nystan består av fibriller av proteinet tau, som är viktig för upp-
byggnaden av cellskelettet. Länge var uppfattningen att amyloida plack var 
giftiga för nervcellerna men flera studier har visat att det är lösliga förstadier 
till fibrillärt Aβ, dvs. ansamling av oligomerer och protofibriller som troligen 
är närmare kopplat till nervcellsdöd. Flera behandlingsstrategier mot Alz-
heimers sjukdom bygger på att hjälpa kroppen att göra sig av med Aβ-
peptiden genom att administrera laboratorie-framställda antikroppar mot Aβ 
för att därigenom aktivera immunsystemet så att Aβ bryts ned. I avhandling-
ens första arbete (Paper I), behandlades en AD-djurmodell med en anti-
kropp som selektivt binder protofibriller. Resultaten visade att denna anti-
kropp förhindrade amyloid bildning vid tidig behandling genom att ta bort 
protofibriller och att dessa var nödvändiga förstadier till fibrillbildning vid 
Alzheimers sjukdom. Resultaten har lett till att Bioarctic Neuroscience/Eisai 
har vidareutvecklat en mänsklig variant av antikroppen, BAN2401, vilket 
testas på patienter i stora kliniska studier. Behandling mot protofibriller hade 
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ingen positiv inverkan på inlärning eller minne hos Alzheimermöss, vilket 
kan bero på val av minne- och inlärningstest. Det finns ett ökat behov av 
reproducerbara tester av högre kognitiv funktion för djurmodeller av mänsk-
lig sjukdom. I avhandlingens andra arbete (Paper II) undersöktes bland 
annat minne och inlärning i ett nytt automatiserat beteendetest. Alzheimer-
mössen uppvisade nedsatt minne- och inlärningsförmåga, hyperaktivitet, 
viktminskning och nedsatt kognitiv flexibilitet. Dessa beteendeavvikelser 
kan kopplas till nedsatt hippokampal funktion, ett område djupt inne i hjär-
nan, som påverkas tidigt vid Alzheimers sjukdom.  

Hur proteinerna Aβ och tau interagerar på molekylär nivå vid Alzheimers 
sjukdom är fortfarande okänt. Tau proteinet binder till och stabiliserar cells-
kelettet som är viktig för struktur och transport inom nervcellen. Det har 
föreslagits att Aβ och tau tillsammans förhindrar transport av näringsämnen 
inom nervceller. Exon 10 är ett litet gen-segment av tau genen som kodar för 
den region av tau som binder till cellskelettet. Tau’s förmåga att binda till 
cellskelettet bestäms bland annat huruvida exon 10 blir till protein. I avhand-
lingen tredje arbete (Paper III), undersöktes den fysiologiska funktionen av 
exon 10 i en ny djurmodell. Avsaknad av exon 10 resulterade i nedsatt moto-
rik hos djuren men förändrade inte minne- eller inlärnings-förmågan eller 
andra beteenden. Mössen uppvisade ingen inlagring av tau proteinet i vävna-
den, vilket antyder på att processen av fibrillbildning initieras av andra icke-
närvarande faktorer t.ex. tau- eller Aβ-aggregat. Tidigare studier med helt 
andra djurmodeller har visat att närvaro av Aβ kan ge ökad bildning av 
neurofibrillära nystan och att Aβ bryter ner cellskelettet genom sin effekt på 
tau. I avhandlingen fjärde arbete (Paper IV) undersöktes den molekylära 
interaktionen mellan Aβ och tau i en dubbel transgen djurmodell där Alz-
heimermöss från Paper I-II korsades med tau-möss från Paper III. Studien 
visar att avsaknad av exon 10 leder till minskad plackbildning men ingen 
fibrillisering av tau proteinet. Avsaknad av fibrillärt tau kan bero skillnader i 
biokemiska processer i mänsklig hjärna och djurmodeller, exempelvis att de 
Aβ-aggregat som får tau att bilda fibriller inte bildas eller finns i för låga 
halter för att ha biologisk effekt i djurmodellerna. Det kan heller inte uteslu-
tas att inlagring av Aβ och tau är två helt oberoende sjukdomsprocesser.  

Sammanfattningsvis har avhandlingens arbete resulterat i en ny behandling 
strategi med antikropp mot Alzheimers sjukdom, utvärdering av nya beteen-
detester av Alzheimermöss samt studier av kopplingen mellan Aβ och tau 
vid Alzheimers sjukdom med fokus på närvaro eller frånvaro av tau exon 10 
vid proteinsyntesen.  
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