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1. Introduction 

 
1.1. Alzheimer’s disease 

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder first 

described by Alois Alzheimer in 1907 (Alzheimer 1907). It is the most frequent 

neurodegenerative disease (Bateman et al. 2009) and the most common cause of 

cognitive decline in the elderly accounting for 50-60 % of all dementias (Terry et al. 

1983; Kerchner et al. 2010). 

A prevalence of 24.3 million people living with dementia in 2001 worldwide and 

incidence rates of 4.6 million new cases every year are estimated (Ferri et al. 

2005). It is predicted that these parameters may nearly duplicate every 20 years 

with 42.3 million in 2020 and 81.1 million affected by dementia in 2040 (Ferri et al. 

2005). Dementia can occur at any age but the prevalence increases rapidly with 

age, affecting 5 % of people over the age of 65 and 20 % aged older than 80 years 

(Nicoll et al. 2006). 

AD impacts higher intellectual functions including mood and behavior leading to 

disorientation, memory loss, aphasia and finally to disability and immobility 

(Storandt et al. 1984; Knopman et al. 1989; Petersen et al. 1994; Grober et al. 

1997; Backman et al. 2004; Backman et al. 2005; Twamley et al. 2006). AD is not 

curable and current treatment strategies are only capable of reducing 

neuropsychological deficits symptomatically without preventing progressive 

cognitive decline (Kerchner et al. 2010). Drug therapy involves cholinesterase 

inhibitors and NMDA-Receptor antagonists (Kerchner et al. 2010). 
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1.2. Neuropathology of AD 

The histopathological hallmarks of AD are intraneuronal neurofibrillary tangles 

(NFT) consisting of abnormally phosphorylated tau protein and senile plaques, a 

form of extracellular lesion, containing aggregated amyloid β protein (Aβ) (Masters 

et al. 1985; Grundke-Iqbal et al. 1986). Aggregates of Aβ exhibit a β-pleated sheet 

conformation (Haass et al. 2007). Staining with Congo red results in apple-green 

birefringence when viewing in polarized light and demonstrates the amyloid nature 

of Aβ aggregates (Haass et al. 2007). Another possibility to stain for amyloid 

plaques is the use of the fluorescence dye Thioflavin T which binds to amyloid 

fibrils (Haass et al. 2007). In AD brains there is loss of cortical neurons (Terry et al. 

1981). An even stronger correlation with cognitive decline was reported for the 

loss of neocortical synapses (Terry 2000). The progression of AD pathology has 

impact on the number of synapses in the brain (DeKosky et al. 1990; Masliah et al. 

1994). 

There are different stages of Aβ-deposition and neurofibrillary tangle (NFT) 

formation in which brain regions are involved in a hierarchical manner (Braak et al. 

1991; Thal et al. 2002). Furthermore it has been reported lately that biochemistry 

and immunohistochemistry enables us to differentiate between three biochemical 

stages of amyloid aggregation and accumulation (B-Aβ stage) (Rijal Upadhaya et 

al. 2014). Posttranslational modified Aβ comprising N-terminal truncation of the 

first two amino acids of the Aβ peptide and subsequent pyroglutamate formation at 

the N-terminal glutamate (AβN3pE) or phosphorylation of Serine residue 8 (pAβ) 

both do not occur in B-Aβ stage 1 (Saido et al. 1995; Saido et al. 1996; Kumar et 

al. 2011; Rijal Upadhaya et al. 2014). B-Aβ stage 2 is defined by the presence of 

AβN3pE and the absence of phosphorylated Aβ, whereas B-Aβ stage 3 exhibits 

both modified Aβ forms (Rijal Upadhaya et al. 2014). These biochemical stages 

could be related to the clinical and pathological progression of AD. Preclinical AD 

stages exhibit biochemical stages 1 or 2 and symptomatic AD patients revealed B-

Aβ stage 3 (Rijal Upadhaya et al. 2014). 

Neuropathological changes precede clinical symptoms in patients for many years 

(Thal et al. 2004; Braak et al. 2011). On a macroscopic level AD brains show a 

variable degree of cortical atrophy particularly in the temporal, parietal and finally 

the frontal lobes (Whitwell et al. 2007). 
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1.3. Pathogenesis of AD 

There are different hypothesis concerning the pathogenesis of AD. The amyloid 

hypothesis assumes that Aβ plays a decisive role in the pathogenesis of AD 

(Hardy et al. 2002). Aβ is a cleavage product of the membrane-spanning amyloid 

precursor protein (APP) (Kang et al. 1987). APP is expressed ubiquitously mainly 

in brain, kidney, heart and spleen (Tanzi et al. 1988). The integral membrane 

protein APP implies features characteristic of cell surface receptors (Kang et al. 

1987). It is presumed that APP regulates cell interactions but the exact function of 

APP still remained unanswered up to now (Breen et al. 1991; Chen et al. 1991; 

Multhaup 1994; Small et al. 1994; Beher et al. 1996).  

Cleavage of APP by β- and γ-secretase leads to the generation of Aβ40 and Aβ42 

peptides which are able to aggregate, form dimers, oligomers, protofibrils and 

fibrils and both are deposited in plaques (Shoji et al. 1992; Younkin 1995). It is 

assumed that the formation of small soluble oligomers represents the beginning of 

Aβ aggregation and facilitates amyloid fibril formation (Harper et al. 1997; Soto et 

al. 2008). Protofibrils are thought to be metastable intermediates of Aβ formed 

during the process of fibrillogenesis and these forms of Aβ are supposed to be 

neurotoxic (Harper et al. 1997; Hartley et al. 1999). 

In addition, soluble and dispersible forms of Aβ oligomers, protofibrils and fibrils 

have been identified in the neuropil of APP transgenic animals and AD brains and 

can be distinguished by ultracentrifuging (Rijal Upadhaya et al. 2012; Rijal 

Upadhaya et al. 2014). At 175.000 x g Aβ aggregates usually admixed with 

intracellular or extracellular fluid but not fully dissolved (dispersible Aβ) can be 

separated from the soluble Aβ (Rijal Upadhaya et al. 2012). Membrane-associated 

Aβ in the SDS fraction and plaque-associated Aβ in the formic acid fraction 

represent insoluble Aβ forms resuspended in SDS and formic acid, respectively. 

Mutations in APP or presenilin 1 and 2 (PSEN1 and PSEN2) which are part of the 

γ-secretase enzyme complex are assumed to cause familial forms of AD by 

increasing Aβ generation (Scheuner et al. 1996; Hardy 1997). These familial forms 

of AD are much less common than sporadic ones (Hardy 1997). Furthermore the 

amyloid hypothesis advances the view that formation of neurofibrillary tangles 

containing tau protein is a result of Aβ imbalance (Hardy et al. 2002).  

The amyloid hypothesis is not without controversy (Pimplikar 2009; Karran et al. 

2011). There are concepts favoring altered tau protein as causal for AD (Braak et 
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al. 1991). Tau is a microtubule binding protein and hyperphosphorylation leads to 

the formation of paired helical filaments resulting in neuronal dysfunction and cell 

death (Grundke-Iqbal et al. 1986; Mandelkow et al. 1998). 

Furthermore accumulation of Aβ is supposed to produce oxidative stress by 

inducing free radical species and thus mediating Aβ toxicity (Behl et al. 1994; 

Butterfield et al. 2001).  

These other concepts are now implemented in the amyloid hypothesis.  

 

 

1.4. Mouse models 

To study AD, transgenic mice were generated to model AD pathology and its 

effects on cognition. 

PDAPP transgenic mice overexpress human APP encoding the APP717V→F 

mutation which is associated with familial forms of AD (Murrell et al. 1991; Games 

et al. 1995; Schenk et al. 1999). This causes an age- and brain-region-dependent 

development of extracellular Aβ deposition, dystrophic neurites and impairment of 

synaptic density (Games et al. 1995; Johnson-Wood et al. 1997; Schenk et al. 

1999).  

Tg2576 transgenic mice overexpressing human APP with the Swedish mutation 

(APP670/671KM→NL) reveal impaired cognitive functioning and high soluble Aβ levels 

at an early age (Lesne et al. 2006; Lilja et al. 2013). Furthermore they exhibit 

increased levels of insoluble Aβ and formed plaques whereas overt neuronal loss 

is not obvious (Lesne et al. 2006; Lilja et al. 2013). 

The amyloid precursor protein transgenic mouse APP23 overexpresses human 

APP carrying the Swedish mutation (APP670/671KM→NL) driven by a Thy1 promoter 

(Sturchler-Pierrat et al. 1997). This mouse model develops Aβ plaques already at 

the age of 5 months (Sturchler-Pierrat et al. 1997). Furthermore these animals 

show cerebral amyloid angiopathy (CAA) (Sturchler-Pierrat et al. 1997) but also 

hippocampal neuron loss and degeneration of a distinct type of commissural 

neurons (Calhoun et al. 1998; Capetillo-Zarate et al. 2006). 15 months old APP23 

transgenic mice exhibit a decrease in the number of asymmetric synapses in 

soma- and plaque-free areas of the frontocentral cortex compared to wild-type 

mice (Rijal Upadhaya et al. 2012). It was shown before that APP23 mice 

transgenically expressing the β1 antibody, which is directed against the N-
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terminus of Aβ, exhibit a considerable reduction of amyloid deposition (Paganetti 

et al. 2013). 

Double transgenic mice combining mutant APP and PSEN1 reveal Aβ plaque 

deposition to a greater extent and earlier than single transgenic animals (Holcomb 

et al. 1998).  

A double mutation of mutant tau and mutant APP in a mouse model was induced 

by crossing JPNL3 transgenic mice, having mutant tau301P→L, with Tg2576 

transgenic mice, which express the APP Swedish mutation (APP670/671KM→NL) 

(Mullan et al. 1992; Lewis et al. 2001). These double transgenic mice show Aβ 

deposits at the same age as the APP single mutant Tg2576 transgenic mice 

(Lewis et al. 2001). Furthermore tau and APP double transgenic mice older than 6 

months of age exhibit enhanced neurofibrillary degeneration in limbic areas 

compared to tau single transgenic mice (Lewis et al. 2001). This might indicate 

that neurofibrillary tangle formation is influenced by APP or Aβ (Lewis et al. 2001).  

Triple transgenic mice (3xTg-AD) harboring mutant PSEN1, APP and tau 

transgenes, show Aβ plaques and neurofibrillary tangles in an age-progressive 

and region-specific manner (Oddo et al. 2003).  

 

 

1.5. Immunization 

Aβ protein aggregation in the brain, finally leading to the plaque pathology seen in 

AD gave birth to the idea of immunizing against Aβ to stop this pathological 

process (Schenk et al. 1999; Bard et al. 2000). 

Immunization of PDAPP mice with Aβ42 had protective effects in young rodents 

namely it prevented plaque formation, neuritic dystrophy and astrogliosis (Schenk 

et al. 1999). Immunization of older mice who already exhibit AD pathology is 

reported to reduce significantly the extent and progression of histological AD 

features (Schenk et al. 1999; Bard et al. 2000). Furthermore systemic injections of 

anti-Aβ antibodies in PDAPP mice ameliorate spatial navigation, reduce plaque 

formation and improve long-term potentiation deficits (Hartman et al. 2005).  

Other mouse models, like the Tg2576 mice, treated with a monoclonal antibody 

directed against Aβ1-12, showed cognitive improvement without changes in Aβ 

levels (Kotilinek et al. 2002).  
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Tg2576 transgenic mice treated with (+)-phenserin, a selective 

acetylcholinesterase inhibitor, which lowers Aβ production by suppressing APP 

synthesis (Lahiri et al. 2007) revealed a reduction of insoluble Aβ1-42 levels and a 

modulation of synaptic plasticity of neurons in the brain (Lilja et al. 2013). Older 

phenserin-treated Tg2576 mice showed altered levels of proinflammatory 

cytokines and chemokines (Lilja et al. 2013). 

Examination of the cognitive ability of double transgenic mice by performing radial-

arm water-maze test of working memory revealed that immunization against Aβ 

protects transgenic mice from cognitive impairment at an advanced age (Morgan 

et al. 2000). Finally immunized transgenic mice showed cognitive performance as 

well as non-transgenic mice (Morgan et al. 2000).  

Intrahippocampal injections of anti-Aβ antibodies in triple transgenic mice led to a 

reduction not only of extra- and intracellular Aβ deposits but also of early tau 

pathology (Oddo et al. 2004). This effect on tau occurs chronologically after Aβ 

removal and is restricted to early tau lesions (Oddo et al. 2004). 

Hyperphosphorylation of tau is the essential step in the formation of neurofibrillary 

tangels but later tau aggregates consisting of hyperphosphorylated tau remain 

unaffected by Aβ immunotherapy (Oddo et al. 2004).  

Another example of passive immunization strategies is bapineuzumab, a 

humanized monoclonal antibody (3D6) directed against the Aβ N-Terminus 

(Kerchner et al. 2010). Immunization of three AD patients with bapineuzumab led 

to similar amyloid plaque densities as seen in non-immunized AD cases (Roher et 

al. 2013). However, in immunized cases there was a significant alteration of Aβ 

peptide profiles with a reduction in Aβ42 and an increase in Aβ40 levels which led to 

a decrease in the Aβ42/Aβ40 ratio (Roher et al. 2013). Clinically all 3 immunized 

cases revealed a progressive cognitive decline (Roher et al. 2013). 

Two phase 3 trials administering bapineuzumab to patients with mild to moderate 

AD recently confirmed the absence of clinically observable improvement (Salloway 

et al. 2014). Likewise solanezumab, a humanized monoclonal antibody 

preferentially binding to soluble Aβ, tested in two phase III trials revealed no 

benefit in clinical outcome for the patients (Doody et al. 2014). 

Thus, immunization reduced amyloid deposition in a transgenic mouse model of 

AD, it prevented cognitive impairment in APP transgenic mice and it also reduced 

early tau pathology in a triple transgenic mouse model (Schenk et al. 1999; Janus 
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et al. 2000; Morgan et al. 2000; Oddo et al. 2004). Furthermore anti-Aβ treatment 

strategies in transgenic mice are able to alter synaptic plasticity and the levels of 

inflammatory mediators (Lilja et al. 2013). 

The APP single transgenic mice used for immunization did not exhibit 

morphological signs of neurodegeneration as seen in APP23 transgenic mice or in 

AD patients. As such it remains unknown whether clearance of Aβ by anti-Aβ 

immunization is capable of reducing the amyloid levels sufficiently in mice that 

already show Aβ-related neurodegeneration and/or whether Aβ immunization is 

protective or curative in these animals.  

Most notably there are immunization strategies which are capable to reduce Aβ 

plaques in the neocortex of AD patients (Nicoll et al. 2003; Masliah et al. 2005; 

Nicoll et al. 2006; Holmes et al. 2008) and Aβ composition in human can be 

altered by passive immunization with antibodies against Aβ (Roher et al. 2013). 

The question is whether immunization is a successful therapeutic strategy against 

AD. So far clinical trials testing immunization against Aβ failed to improve cognition 

in patients. There is a reduction of plaques but not of clinical symptoms and in 

contrast to mouse models there is no reduction of tau pathology (Nicoll et al. 2003; 

Nicoll et al. 2006; Holmes et al. 2008; Roher et al. 2013).  

Additionally, a small percentage of patients receiving the entire amyloid peptide for 

active immunization in a phase IIa study developed symptoms of 

meningoencephalitis (Senior 2002; Nicoll et al. 2003). 
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1.6. Objective 

It is the aim of this dissertation to analyse the effects of immunization against Aβ in 

an APP single transgenic mouse model of AD that exhibits morphological signs of 

Aβ toxicity, i.e. the APP23 mice. 

The focus is in particular on the following issues: 

I. the reproducibility of the biochemical amyloid stage described for AD 

patients in APP23 transgenic mice 

II. possible protective effects of anti-Aβ treatment when immunization is 

started before the onset of Aβ pathology 

III. the impact of immunization on Aβ oligomers, protofibrils and fibrils 

IV. the effects of anti-Aβ immunization on mice with preexisting Aβ pathology   

V. the impact of immunization on different Aβ forms in the blood serum. 

 

This might help to determine the point in the pathogenesis of Aβ deposition at 

which anti-Aβ antibody treatment may be beneficial and to find potential 

explanation why Aβ immunization fails in human in contrast to APP transgenic 

mice.  
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2. Material and Methods 

 

2.1. Buffers and Reagents 

Table 1: Tris-buffered saline (TBS), pH 7.4 

ddH2O: Double destilled hydrogen oxide, HCl: Hydrogen chloride, mM: Millimolar, NaCl: 

Sodium chloride 

Components Concentration/ 

Amount 

Company 

Tris-HCl 20 mM Merck, Darmstadt, Germany 

NaCl 150 mM Merck, Darmstadt, Germany 

ddH2O To 1 liter Millipore GmbH, Schwalbach, 

Germany 

 

 

Table 2: Phosphate-buffered saline (PBS), pH 7.6 

ddH2O: Double destilled hydrogen oxide, H2O: Dihydrogen monoxide, KCl: Potassium 

chloride, KH2PO4: Potassium dihydrogen phosphate, mM: Millimolar, NaCl: Sodium 

chloride, Na2HPO4: Disodium hydrogen phosphate, Tween: Polyoxyethylen(20)-

sorbitanmonooleat, WB: Western Blot 

Components Concentration/ 

Amount 

Company 

KCl  2.7 mM Merck, Darmstadt, Germany 

KH2PO4 1.46 mM Merck, Darmstadt, Germany 

NaCl 137 mM Merck, Darmstadt, Germany 

Na2HPO4.2H2O 8.1 mM Merck, Darmstadt, Germany 

ddH2O To 1 liter Millipore GmbH, Schwalbach, 

Germany 

Tween (for WB) 0.05 % Bio-Rad, Hercules, CA, USA 
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Table 3: 2.6 % Phosphate buffer paraformaldehyde solution (PFA), pH 7.6 

ddH2O: Double destilled hydrogen oxide, M: Molar, PBS: Phosphate-buffered saline, PFA: 

Paraformaldehyde 

Components Concentration/ 

Amount 

Company 

PFA 2.6 % Sigma, Taufkirchen, Germany 

PBS 0.2 M, pH 7.6 500 ml See Table 2 

ddH2O 500 ml Millipore GmbH, Schwalbach, 

Germany 

 

 

Table 4: Reducing Solution for Immunohistochemistry 

H2O2: Hydrogen peroxide, M: Molar, TBS: Tris-buffered saline 

Components Concentration/ 

Amount 

Company 

Methanol 10 % Merck, Darmstadt, Germany 

H2O2 30 % Sigma, Taufkirchen, Germany 

in TBS, pH 7.6 0.05 M See Table 1 

 

 

Table 5: Blocking Solution for Immunohistochemistry 

BSA: Bovine serum albumin, M: Molar 

Components Concentration/ 

Amount 

Company 

DL-Lysine 0.1 M Sigma, Taufkirchen, Germany 

Triton-X 0.25 % Sigma, Taufkirchen, Germany 

in BSA 10 % Sigma, Taufkirchen, Germany 
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Table 6: Blocking buffer for Western Blots 

PBS: Phosphate-buffered saline 

Components Concentration/ 

Amount 

Company 

Milk powder 5 % Carl Roth GmbH, Karlsruhe 

PBS-Tween (0.05 %) To 1 liter See Table 2 

 

 

Table 7: Anaesthetic agents 

PBS: Phosphate-buffered saline 

Components Concentration/ 

Amount 

Company 

Ketamine 25 % 

 

bela-pharm GmbH, Vechta, 

Germany 

Xylazine 2 % 

 

Riemser Arzneimittel AG, 

Greifswald, Germany 

in PBS  See Table 2 

 

 

Table 8: Tracing solution in PFA 

M: Molar, PFA: Paraformaldehyde 

Components Concentration/ 

Amount 

Company 

DiI crystal 

 

1,1’-dioctadecyl-

3,3,3’,3’-tetramethyl 

indocarbocyanine 

perchlorate 

Molecular Probes, Eugene, OR, 

USA 

Iodoacetic acid 8 % Sigma, Taufkirchen, Germany 

Sodium periodate 0.8 % Sigma, Taufkirchen, Germany 

DL-Lysine 0.1 M Sigma, Taufkirchen, Germany 

In PFA solution To 1 liter See Table 3 
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Table 9: Perfusion solution 

TBS: Tris-buffered saline 

Components Concentration/ 

Amount 

Company 

Heparin 0.05 % Roche, Mannheim, Germany 

in TBS To 1 liter See Table 1 

 

 

Table 10: Reagents for Immunohistochemistry, Electron microscopy and Western 

Blots 

HRP: Horseradish, IgG/M: Immunoglobulin G/M, nm: Nanometer  

Reagent Company 

3,3'-Diaminobenzidine (DAB) Merck, Darmstadt, Germany 

Alcohol Sigma-Aldrich, Taufkirchen, Germany 

Avidin-Biotin Complex (ABC-

complex) 

ABC-Kit, Vector Laboratories, Burlingame, 

CA,USA 

Bicinchoninic acid (BCA) Protein 

Assay 

Bio-Rad, Hercules, CA, USA 

Bovine serum albumin (BSA) 

standard 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Cold washed fish gelatin (CWFG) BBI Solutions, Cardiff, UK 

Crotonaldehyde Merck, Darmstadt, Germany 

EIA Grade Affinity purified Goat 

anti-mouse/rabbit IgG-HRP 

Bio-Rad, Hercules, CA, USA 

Epoxy embedding medium (Epon) Sigma-Aldrich, Taufkirchen, Germany 

Formic acid Applichem, Darmstadt, Germany 

Glutaraldehyde Plano, Wetzlar, Germany 

Goat anti-mouse IgG/M 15 nm Aurion, Wageningen, The Netherlands 

Hydrogen chloride Applichem, Darmstadt, Germany 

Hydrogen peroxide Fischar, Saarbrücken, Germany 

Lithium dodecyl sulfat (LDS) 

sample buffer 

Life Technologies, Carlsbad, CA, USA 

Luminata Forte Western HRP 

substrate 

Merck Millipore, Billerica, MA, USA 
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MemCode, Reversible protein stain 

kit  

Pierce, Rockford, IL, USA 

Normal Goat Serum Aurion, Wageningen, The Netherlands 

Osmium tetroxide Chempur, Karlsruhe, Germany 

Pararosaniline Serva, Heidelberg, Germany 

Permanent Red DAKO, Glostrup, Denmark 

PhosSTOPTM and cOmpleteTM Roche, Mannheim, Germany 

Ponceau S  Santa Cruz Biotechnology, Santa Cruz, 

CA, USA 

Propanol Sigma-Aldrich, Taufkirchen, Germany 

Propylene oxide Merck, Darmstadt, Germany 

Sample Reducing Agent (10x)  Life Technologies, Carlsbad, CA, USA 

Sodium borohydride Merck, Darmstadt, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH, Karlsruhe, Germany 

SuperSignal™ West Pico 

Chemiluminescent Substrate 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Uranyl acetate Merck, Darmstadt, Germany 

White London Resin (LR-White) London Resins Co. Ltd, Birkshire, England 

 

 

Table 11: Reagents for Immunoprecipitation 

Reagent Company 

μMACS Protein G microbeads Miltenyi Biotec, Bergisch-Gladbach, 

Germany 

μMACS separation columns Miltenyi Biotec, Bergisch-Gladbach, 

Germany 
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2.2. Antibodies 

Table 12: Staining methods and antibodies used for detection of amyloid material 

and neurofibrillary aggregates 

µl: Microliter, Aβ: Amyloid beta peptide, IHC: immunohistochemistry, IP: 

Immunoprecipitation, WB: Western Blot 

Antibody Detection of  Clone / name, 

distributor, 

reference 

Dilution, 

pretreatment 

for IHC 

Dilution for 

biochemistry 

Anti-Aβ17-24 Aβ1-40/42 4G8, Covance, 

Dedham, USA 

1:5000,  

formic acid 

pretreatment 

Not used 

Anti-Aβ1-17 

 

Aβ1-40/42, no 

crossreaction with 

pAβ (Kumar et al. 

2011) 

6E10, Covance, 

Dedham, USA 

1:1000,  

formic acid 

pretreatment 

IP: 1µl/200µl 

lysate 

WB: 1:1000 

Anti-Aβ42 Aβ1-42 MBC42 

(Yamaguchi et al. 

1998) 

1:200,  

formic acid 

pretreatment 

Not used 

Anti-Aβ40 Aβ1-40 Polyclonal anti-

Aβ40, IBL 

1:100,  

formic acid 

pretreatment 

Not used 

β1 Human N-terminal 

Aβ, the epitope is 

between Aβ3-6 

β1, (Staufenbiel 

et al. 1999; 

Paganetti et al. 

2013) 

0.46 µg/ml, 

formic acid 

pretreatment 

Not used 

Non-fibrillar 

anti-Aβ 

oligomers 

Oligomers  

of Aβ and other 

proteins 

A11, Millipore, 

Temecula, CA, 

USA, (Kayed et 

al. 2003) 

1:1000, 

microwave 

pretreatment 

 

IP: 1µl/200µl 

lysate 

 

Anti-

protofibrillar/ 

fibrillar, B10AP-

antibody 

fragments 

Protofibrils and 

fibrils of Aβ and 

other proteins 

B10AP, (Habicht 

et al. 2007) 

1:10, 

microwave 

pretreatment 

 

IP: 1µl/200µl 

lysate 
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Anti-pAβ Aβ phosphorylated 

at Serine residue 8 

IE4E11, (Kumar 

et al. 2013) 

1:50,  

formic acid and 

microwave 

pretreatment 

WB: 1:100 

Anti-AβN3pE Aβ with N-terminal 

truncation and 

pyroglutamate 

modification at 

residue 3 

Polyclonal rabbit, 

IBL, (Saido et al. 

1995) 

1:100,  

formic acid and 

microwave 

pretreatment 

WB: 1:500 

Anti-APP APP and  

APP-N-terminal 

fragments 

22C11, Millipore, 

Temecula, CA, 

USA 

1:75, 

microwave 

pretreatment 

Not used 

Anti-MS-IgG Mouse IgG Biotin-labeled 

Goat anti-mouse-

IgG, Vector 

laboratories 

Burlingame, CA, 

USA 

1:200 Not used 

Anti-glial 

fibrillary acidic 

protein (GFAP) 

Astrocytes Polyclonal rabbit, 

DAKO, Glostrup, 

Denmark 

1:1000 Not used 

Anti-Iba-1 Microglial cells Polyclonal rabbit, 

Wako, Richmond, 

VA, USA 

1:500 Not used 
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2.3. List of equipment used 

Table 13: List of equipment used 

Instrument Name Company 

Table centrifuge Mikro 200 Hettich Zentrifugen, 

Tuttlingen, Germany 

Cool centrifuge 

 

Centrifuge 5417R 

Rotor F-45-30-11 

Eppendorf, Hamburg, 

Germany 

Speedvac 
centrifuge 

Concentrator 5301 Eppendorf, Hamburg, 
Germany 

Vacuum centrifuge Vacufuge Eppendorf, Hamburg, 
Germany 

Magnetic Stirrer MR Hei Standard Heidolph Instruments, 
Solingen, Germany 

 
 
 
Microscopes 

Fluorescence Microscope 
Leica DMLB 

Leica, Bensheim, Germany 

Scanning Confocal 
Microscope Leica TSC NT 

Leica, Bensheim, Germany 
 

Zeiss EM10 Zeiss, Oberkochen, 
Germany 

JEM-1400 JEOL, Tokyo, Japan 

pH Meter pH-meter 210 
 

Hanna Instruments, Kehl am 
Rhein, Germany 

Thermomixer Thermomixer 5436 Eppendorf, Hamburg, 
Germany 

Vortex VM 3000 Mini vortexer Henry Troemner LLC, NJ, 
USA 

Vibratome Leica VT 1000S Leica, Bensheim, Germany 

Micropestle Micropestle Eppendorf, Hamburg, 
Germany 

Protein Gel 
electrophoresis 
chamber 

XCell4 SureLock™ Midi-Cell  
Life Technologies, Carlsbad, 
CA, USA 
 

XCell SureLock™ Mini Cell 

Protein blotting Criterion Blotter Bio-Rad, Hercules, CA, USA 

Shaker SM-30 
 

Edmund Bühler GmbH, 
Hechingen, Germany 

Roller Mixer Stuart SRT6 Bibby Scientific, 
Staffordshire, UK 

Sonicator SONOPLUS HD 2070 Bandelin Electronic, Berlin, 
Germany 

Microplate 
scanning 
spectrophotometer 

PowerWave 200TM BioTek, Winooski, VT, USA 

Imaging system ImageQuant LAS 4000 GE Healthcare, 
Buckinghamshire, UK 

Films ECL Hyperfilm GE Healthcare, 
Buckinghamshire, UK 



2. Material and Methods  17 

2.4. List of software used 

Table 14: List of software used 

Software Company 

Axiovision AC 4.2 Carl Zeiss Lichtmikroskopie, Göttingen, 
Germany 

CorelDRAW Graphics Suite 12 CorelDRAW, Unterschleissheim, 
Germany 

ImageJ National Institutes of Health, Bethesda, 
MD, USA 

Leica FireCam Software Leica, Bensheim, Germany 

Leica TCS Software Leica, Bensheim, Germany 

KC4 v3.1 BioTek, Winooski,  VT, USA 

SPSS Statistics SPSS, Chicago, IL, USA 

 

 

2.5. Mouse model and passive immunization 

Animals were treated in agreement with German and Swiss laws on the use of 

laboratory animals (Permission: Animal Experiments No. 933, 

Regierungspräsidium Tübingen and Animal Care and Use Committees of the 

Kanton Basel, Switzerland Permission 1980).  

We decided to use the APP23 mouse model because it exhibits signs of 

neurodegeneration without interfering effects due to transgenic tau and presenilin 

expression. A total number of 83 heterozygous female APP23 transgenic mice 

were provided as gift by the Novartis Institutes for Biomedical Research (Basel, 

Switzerland). They were generated as described earlier (Sturchler-Pierrat et al. 

1997) and continuously back-crossed to C57BL/6. The Swedish double mutation 

(APP670/671KM→NL) driven by a Thy1 promotor enabled neurospecific expression of 

human APP751. Mice of the same age were divided into immunized and control 

groups. We immunized 44 mice at 3 months of age before Aβ deposition and 

dendritic degeneration in the frontocentral cortex were observed and 39 mice at 7 

months after the onset of Aβ pathology and neurodegeneration (Capetillo-Zarate 

et al. 2006). Weekly intraperitoneal (i.p.) injections of 500 μg of β1-anti-Aβ 

antibodies directed against the N-terminus of Aβ were carried out to perform 

passive immunization (Staufenbiel et al. 1999). The control group received weekly 

phosphate-buffered saline (PBS) i.p. injections.  

Passive immunization for the younger group lasted for 9 weeks whereas the older 

group had an immunization period of 12 weeks (Table 15). After this treatment half 

of the mice were sacrificed and their brains taken for biochemical analyses.  
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The other half was anaesthetized and transcardially fixed by perfusion with Tris-

buffered saline (TBS) with heparin (pH 7.4), followed by the injection of 0.1 M PBS 

(pH 7.4) containing 2.6 % paraformaldehyde (PFA), 0.8 % iodoacetic acid, 0.8 % 

sodium periodate and 0.1 M DL-Lysine (Capetillo-Zarate et al. 2006). After 

removing the brains in total they were post-fixed in 2.6 % phosphate-buffered PFA 

(pH 7.4) containing 0.8 % iodoacetic acid, 0.8 % sodium periodate and 0.1 M DL-

Lysine (Galuske et al. 2000; Capetillo-Zarate et al. 2006). The brains were used 

for morphological analysis. 

 

 

Table 15: APP23 transgenic mice used for morphological (MOR) or biochemical 

(BIO) studies  

Group Young 

3-5 months 

Old 

7-11 months 

Starting immunization 

(age in months) 

3 7 

Immunization period 

(in months) 

2 4 

Age at death  

(in months) 

5 11 

Number of 

Immunized 

n = 9 (MOR) 

n = 12 (BIO) 

n = 10 (MOR) 

n = 11 (BIO) 

Number of  

Non-immunized 

n = 10 (MOR) 

n = 13 (BIO) 

n = 10 (MOR) 

n = 8 (BIO) 

 

 

2.6. DiI Tracing 

The progression of Aβ-induced neurodegeneration in commissural neurons in 

APP23 transgenic mice was assessed by examination of neuronal connectivity. 

Nine immunized mice and ten PBS-treated controls in the group of 5 months old 

mice as well as ten immunized and ten non-immunized mice in the group of 11 

months old mice were used, respectively. 

We implanted a single crystal (0.3 mm3) of the carbocyanine dye DiI (Molecular 

Probes, Eugene, OR, USA) post-mortem into the left frontocentral cortex, 1 mm 
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rostrally from the central sulcus, 2 mm laterally from the middle line and 1 mm 

deep in the cortex of APP23 mice as reported earlier (Capetillo-Zarate et al. 2006). 

Retrograde tracing with the lipophilic dye enabled us to label commissural neurons 

of the contralateral hemisphere in all perfusion fixed mouse brains (Table 15: 

MOR) and a precise Golgi-like tracing of neurons in post-mortem fixed tissue in a 

quality similar to in vivo tracing methods (Capetillo-Zarate et al. 2006).  

After 3 months of incubation at 37°C the traced brains were cut in coronal sections 

with 100 μm thickness with the Leica Vibratome. The sections of a given brain 

were consecutively numbered and stored in 2.6 % PFA for further use.  

In layer III of the contralateral hemisphere three different types of traced 

commissural neurons were distinguished according to their morphology (Capetillo-

Zarate et al. 2006). Type I commissural neurons are pyramidal neurons with a 

highly ramified dendritic tree whereas the dendritic tree of type II commissural 

neurons branches distant from the cell soma without secondary or tertiary 

branching (Capetillo-Zarate et al. 2006). These neurons are also pyramidal 

neurons. Type III commissural neurons are non-pyramidal commissural neurons 

(Capetillo-Zarate et al. 2006).  

For each mouse 10 consecutive sections of 100 μm thickness were taken for 

qualitative and quantitative analysis. The anterior commissure defined the caudal 

limit of each tissue block and the starting point of analysis. In coronal sections the 

vertical boundary of the region investigated was determined by the vertical line 

that separates the cingulated cortex from the secondary motor cortex. The 

horizontal line separating the primary somatosensory cortex from the insular 

cortex represented the horizontal boundary.  

A laser scanning confocal microscope (Leica TCS NT, Leica, Bensheim, 

Germany) was used for qualitative analysis. To visualize each neuron with its 

entire dendritic tree, stacks of 2D images were digitally superimposed using 

ImageJ software (National Institutes of Health, Bethesda, MD, USA) to generate 

3D data sets. Traced commissural neurons in layer III were counted with a 

fluorescence microscope (Leica DMLB, Leica, Bensheim, Germany) in 10 

consecutive sections. This comprehends a cortex volume of 5-6 mm³ for each 

mouse. Afterwards we calculated mean and median values of the number of 

traced neurons and compared the results between immunized and non-immunized 

mice. 
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2.7. Electron Microscopy of the frontocentral cortex 

A total number of twelve 5 months old mice – whereof six were passively 

immunized with β1-anti-Aβ antibodies and six were non-immunized – were taken 

for electron microscopy. Respectively, we took twelve mice at the age of 11 

months – six immunized and six PBS-treated ones – for electron microscopical 

analysis regarding synapse densities and dystrophic neurites.  

100 μm thick vibratome sections of the frontocentral cortex each were flat-

embedded in Epon (Sigma-Aldrich, Taufkirchen, Germany). Microscopic control 

ensured the dissection of a part of the frontocentral cortex which incloses all six 

cortical layers and the subsequent pasting on Epon blocks with a drop of Epon. 70 

nm ultrathin sections were cut, block stained with uranyl acetate and lead citrate 

before they were finally contemplated either with a Zeiss EM10 (Zeiss, 

Oberkochen, Germany) or a JEM-1400 (JEOL, Tokyo, Japan). We took 20 digital 

pictures 4600-time magnified of soma-free neuropil areas in layer II-VI and 

randomly 20 pictures of the soma-free cortical neuropil as previously described 

(Rijal Upadhaya et al. 2012). 

 

 

2.8. Stereology 

2.8.1. Analysis of synaptic densities and dystrophic neurites 

To determine the effect of immunization with β1-anti-Aβ-antibodies on the synaptic 

density of APP23 transgenic mice the number of synapses was counted and their 

length was measured using the ImageJ software according to DeFelipe et al. who 

defined the synaptic density as the number of synapse-profiles in a given 

area/length of synaptic profiles (DeFelipe et al. 1999). 

Cortical synapses can be classified into asymmetric and symmetric synapses 

identifiable by a prominent or a thin postsynaptic density, respectively (Colonnier 

1968; DeFelipe et al. 1999; Miranda et al. 2009). 

Furthermore we counted the number of amyloid plaques associated with APP-

positive dystrophic neurites. 

These semiquantitative data were used to compare the synaptic densities and the 

number of dystrophic neurites between immunized and non-immunized mice. 
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2.8.2. Stereological analysis of the number of hippocampal neurons 

As the hippocampal formation is one of the first brain regions affected by 

pathologic changes in AD we determined the volume and the number of cells of 

the CA1 region in twelve young and twelve old mice, immunized and non-

immunized rodents, respectively. In so doing, we were able to define the number 

of cells per mm³.  

Hippocampal sections were stained with Aldehydfuchsin-Darrowred (Pigment 

Nissl) by putting them in Aldehydfuchsin for 12 hours and in Darrowred afterwards 

for 1 hour as described by Braak (Braak et al. 1992). Aldehydfuchsin-Darrowred 

established as Nissl-like staining combined with lipofuszin pigment staining allows 

pigment architectural assessment of the CA1 region.  

To determine whether immunization with β1-anti-Aβ antibodies influences CA1 

neuron loss in APP23 transgenic mice we measured the CA1 area in serial 100 

μm thick sections of the entire mouse brain at 5 x magnification to calculate the 

total CA1 volume as reference volume. 

Then a randomly selected brain section of the hippocampal formation of twelve 5 

months and twelve 11 months old mice, immunized and non-immunized rodents 

respectively, was stained with Aldehydfuchsin-Darrowred (Pigment Nissl). The 

principles of unbiased stereology (Schmitz et al. 2000) were taken as a basis to 

quantify neurons. Stacks of 10 images in 2 μm focus distance were generated for 

2 different, randomly chosen microscopic fields at 40 x objective magnification. 

Only neurons having nuclei with dark and round nucleoli visible in the center of 

soma in one of the stack-images were counted using the ImageJ software to 

determine neuron densities. The number of neurons in CA1 was calculated on the 

basis of the respective CA1 reference volumes and neuron densities. 

 

 



2. Material and Methods  22 

2.9. Immunohistochemistry 

100 μm thick Vibratome sections of brains prepared for morphology were used for 

immunohistochemical analyses. Staining was carried out with anti-Aβ42, anti-Aβ40, 

anti-AβN3pE, anti-pAβ, anti-Aβ1-17, anti-Aβ-β1, anti-protofibrillar/fibrillar (B10AP), 

anti-APP, anti-mouse-IgG, anti-glial fibrillary acidic protein (GFAP) and the 

microglia marker iba-1 (Saido et al. 1995; Yamaguchi et al. 1998; Staufenbiel et al. 

1999; Kayed et al. 2003; Habicht et al. 2007; Kumar et al. 2011). 

To detect the primary antibodies we used biotinylated anti-mouse and anti-rabbit 

IgG and visualized them with the ABC-complex (ABC-Kit, Vector Laboratories, 

Burlingame, CA, USA) and diaminobencidine-HCl (DAB) (Merck, Darmstadt, 

Germany) as chromogen.  

Goat anti-mouse-IgG antibody (Biomeda, Foster City, CA, USA, 1:100) was used 

to prevent cross-reactivity in mouse brain of our secondary antibody with intrinsic 

mouse IgG. This treatment was carried out before incubating with primary 

antibodies as previously described (Thal et al. 2007). 

B10AP antibody fragments were used in a dilution of 1:10 after microwave 

pretreatment to detect Aβ protofibrils and fibrils. Alkaline phosphatase coupled 

with antibody fragments were visualized with permanent red (DAKO, Glostrup, 

Denmark) (Habicht et al. 2007).   

Immunofluorescence was performed on the one hand by detecting rabbit primary 

antibodies with carbocyanine 3 (Cy3)-labeled anti-rabbit-IgG secondary antibodies 

or on the other hand with Cy2-labeled anti-mouse-IgG antibodies for mouse IgG 

without previous anti-mouse-IgG blocking to detect intrinsic IgGs.  

As reported earlier UV-light-induced amyloid autofluorescence in double stained 

sections enabled us to detect amyloid material (Thal et al. 2002).  

Positive and negative controls were performed as internal controls. 

 

 

2.10. Quantification of plaque load 

We defined the Aβ42 plaque load as percentage of the area in the frontocentral 

cortex comprising Aβ42-positive plaques. Likewise, plaque loads for Aβ40, AβN3pE, 

pAβ, β1 and B10AP were determined as percentage of the temporal neocortex 

area covered with plaques positive for the corresponding antibody. Each plaque 

was morphometrically measured by using ImageJ software. 
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2.11. Biochemical analysis of mouse brain and serum 

2.11.1. Protein extraction from mouse brain 

For biochemical analysis brain homogenates were prepared by homogenizing the 

right hemisphere. To analyse the Aβ content and types of Aβ aggregates in the 

soluble, the dispersible, the membrane- and the plaque-associated fraction the 

following preparation protocol was used. 

 

Fractions: 

Soluble fraction 

Sucrose buffer was made by dissolving 0.32 M sucrose in Tris-buffered saline 

(TBS) and adding phosphatase and protease inhibitors (PhosSTOP and 

cOmplete, Roche, Mannheim, Germany). 2 ml were used for each fresh frozen 

mouse forebrain of about 0.4 g. A homogenous cell suspension was achieved with 

the help of Micropestle (Eppendorf, Hamburg, Germany) and light sonication. 

Incubating the mixture in ice for 30 min and centrifuging the tube afterwards for 30 

min at 4°C and 14.000 x g, clarified the soluble and dispersible fraction in the 

supernatant (S1) from the insoluble (P1) pellets. Ultracentrifugation of the 

supernatant revealed finally the soluble fraction (S2).  

 

Dispersible fraction 

Aβ aggregates that were not fully dissolved but were in mixture with extracellular 

or intracellular fluid represented the dispersible fraction and the dispersible fraction 

was separated from the soluble one by ultracentrifuging at 175.000 x g (Rijal 

Upadhaya et al. 2012). The resulting pellet (P2) revealed the dispersible fraction.  

 

SDS fraction 

Membrane-associated and solid plaque-associated Aβ remained in the insoluble 

pellet (P1). We re-homogenized P1 in 2 % sodium dodecyl sulfate (SDS; Carl Roth 

GmbH, Karlsruhe, Germany) in TBS containing protease and phosphatase 

inhibitor cocktails, and then sonicated and centrifuged it as described above. The 

supernatant (S3) constituted the membrane-associated SDS fraction whereas the 

remaining pellet (P3) represented the non SDS-soluble plaque-associated 

material. 
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Formic acid fraction 

We took the pellet (P3) which was dissolved neither in sucrose nor in SDS buffer 

and incubated it in 70 % formic acid to gain the insoluble, plaque-associated 

fraction. The homogenate was lyophilized by centrifuging in the vacuum centrifuge 

(Vacufuge, Eppendorf, Hamburg, Germany) and re-suspended in 100 µl of 2X 

Lithium dodecyl sulfate (LDS) sample buffer (Life Technologies, Carlsbad, CA, 

USA) before it was heated at 70°C for 5 min. In so doing, the formic acid fraction 

was prepared and subsequently aliquoted and stored at -80°C. 

 

 

2.11.2. Measurement of total protein concentration (BCA measurement) 

Measurement of total protein concentration is required to ensure that protein 

content with equal protein concentration is used for any subsequent experiment. 

The amount of protein needed for a certain study can be recognized in the BCA 

measurement data. Thus, we can induce comparability between the samples. To 

determine total protein concentration all fractions were measured using BCA 

Protein Assay (Bio-Rad, Hercules, CA, USA). Two identical 20 μl mixes composed 

of 2-4 μl of each sample filled up with TBS were transferred onto a 96-well-plate. 

20 μl of BSA standard (Thermo Fisher Scientific, Waltham, MA, USA) in eight 

different ratios (0 µg/µl, 0.125 µg/µl, 0.25 µg/µl, 0.375 μg/μl, 0.5 µg/µl, 0.75 µg/µl, 1 

µg/µl, 2 µg/µl) was transferred twice on the same plate to generate a standard 

curve. 

Reagent A and B of the BCA assay were mixed in a ratio of 50:1 and a volume of 

200 μl was added to each well. This was followed by an incubation period of 30 

min at 37°C. Finally the PowerWave 200TM microplate scanning 

spectrophotometer (BioTek, Winooski, VT, USA) measured the absorption at 562 

nm and the software KC4 v3.1 (BioTek, Winooski, VT, USA) analysed it. 

 

 

2.11.3 Sample extraction from serum 

Blood was collected after the mice were sacrificed and the serum was isolated 

after centrifugation at 3000 × g for 30 min at room temperature. Serum samples 

were immediately frozen at −80°C until the experiments were performed. 
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2.11.4. Immunoprecipitation 

Immunoprecipitation was performed by incubating 200 μl of the soluble or the 

dispersible fraction containing equivalent total protein concentration with 1 µl of 

A11 antibodies (Millipore, Temecula, CA, USA, 1 mg/ml) (Kayed et al. 2003) or 3 

μl of B10AP antibody fragments (Habicht et al. 2007). 4 hours of incubating at 4°C 

with gentle agitation were followed by an over-night incubation period with 50 μl of 

protein G Microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany) under 

similar conditions. For precipitation of antibody-bound material protein G coated 

Microbeads were incubated directly with the soluble and dispersible fractions 

without adding antibodies. IgG binds to protein G coated beads with its protein G 

binding site. Therefore incubating brain homogenates with protein G coated beads 

enabled us to precipitate already antibody-bound protein. These antibodies could 

either be applied by the process of passive immunization or they are preexisting 

autoantibodies as previously described by Kellner et al. (Kellner et al. 2009). 

Afterwards the microbeads were separated from the lysate by passing the mixture 

through μColumns where the microbeads are retained. Mild washing with 1X TBS, 

pH 7.4 preceded eluting the microbead-bound proteins with 1X LDS sample buffer 

heated up to 95°C. The eluates gained were used for SDS-PAGE followed by 

western blotting. 

 

 

2.11.5. SDS-PAGE and Western blot analysis 

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) was performed with the 

soluble, dispersible, SDS and formic acid fractions as well as with protein 

immunoprecipitated with A11 or B10AP from the soluble and dispersible fraction. It 

was previously shown that high molecular weight Aβ oligomers, protofibrils and 

fibrils are the predominate Aβ aggregates in the soluble fraction of AD brains (Rijal 

Upadhaya et al. 2012). SDS denatures high molecular weight Aβ aggregates and 

leads to high concentrations of low molecular weight Aβ aggregates (Rijal 

Upadhaya et al. 2012). A precast NuPAGE 4-12 % Bis-Tris gel system (Life 

Technologies, Carlsbad, CA, USA) was loaded with a total sample volume of 15 μl 

in each well.  
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According to the measurement of total protein concentration (BCA measurement) 

an adapted volume of protein of TBS/sucrose or SDS fraction was merged with 

3.75 μl of LDS Sample Buffer (4x) and 1.5 μl of Sample Reducing Agent (10x) 

(Life Technologies, Carlsbad, CA, USA). Before loading on the gel these samples 

were heated up to 70°C for 10 min. For immunoprecipitated products we did not 

use Reducing agent or heating of samples. Immunoblotting with Ponceau S 

staining (C4, 1/1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 

MemCode reversible protein stain kit (Pierce, Rockford, IL, USA) was used to 

control the protein load. After transferring the proteins on nitrocellulose 

membranes, the membranes were boiled in the microwave with PBS for 5 min and 

subsequently incubated with the blocking buffer of 5 % non-fat dry milk (Roth, 

Karlsruhe, Germany; diluted in antibody-dilution buffer) for 1 h at room 

temperature. 

We used anti-Aβ1-17 (6E10), anti-pAβ and anti-AβN3pE (Saido et al. 1995; 

Yamaguchi et al. 1998; Kumar et al. 2011) as a primary antibody to detect Aβ. The 

incubation period of the membranes with the primary antibody was 24 h at 4°C 

followed by a few washing steps. For the following 2 h the corresponding 

secondary antibodies (EIA Grade Affinity purified Goat anti-mouse/rabbit IgG-

HRP, 1:20000, Bio-Rad, Hercules, CA, USA) incubated the membranes at room 

temperature. After incubating the blots with the chemiluminescence (ECL) 

detection system (Supersignal Pico Western system, Thermo Fisher Scientific, 

Waltham, MA, USA) or Luminata Forte Western HRP substrate (Merck Millipore, 

Billerica, MA, USA) they were acquired using ECL Hyperfilm (GE Healthcare, 

Buckinghamshire, UK) or CCD imager ImageQuant LAS 4000 (GE Healthcare, 

Buckinghamshire, UK). To provide positive or negative controls we used brain 

homogenates from mouse samples of previous studies. The standard 

chemiluminescence exposure time was 2-5 min for all blots up to maximal 2 h to 

make sure to detect even minimal amounts of Aβ.  

SDS induces the dissociation of Aβ aggregates into monomers and small 

oligomers therefore quantification was performed by densitometrically measuring 

the 4 kDa monomeric bands using the ImageJ software as previously reported 

(Rijal Upadhaya et al. 2012). After scanning the X-ray films the image colors were 

inverted or after using CCD imager the images were exported as 8-bit grayscale 

TIFF-files. We determined the relative protein levels as integrated densities values 
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of each monomer band (Senthivinayagam et al. 2013). 

Depending on the presence of Aβ, AβN3pE and pAβ in the soluble, dispersible, 

membrane-associated and plaque-associated fraction we assigned biochemical 

stages of Aβ aggregation (B-Aβ stages), as recently reported (Rijal Upadhaya et 

al. 2014). B-Aβ stage 1 is defined by the presence of anti-Aβ1-17 positive Aβ 

aggregates and the absence of AβN3pE and pAβ. AβN3pE characterizes B-Aβ stage 

2 without detectable pAβ and B-Aβ stage 3 contains Aβ1-17, AβN3pE and pAβ. 

 

 

2.12. Statistical analysis 

All statistical tests were performed using SPSS 21.0 (SPSS, Chicago, IL, USA) 

software. Non-parametric tests enabled a comparison between antibody-treated 

and PBS-treated mice. We made appropriate corrections for multiple testing using 

the Bonferroni correction. Analyses with ANOVA and subsequent Games-Howell 

post-hoc test or the Welch test were applied for parametric data.  
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3. Results 

 

3.1. Effects of β1-antibody treatment on neurodegeneration 

The examination of neuronal connectivity by DiI Tracing was used to assess 

neurodegeneration in APP23 transgenic mice. Postmortal implantation of lipophilic 

DiI crystals labels commissural neurons of the contralateral hemisphere in the 

frontocentral cortex by retrograde tracing. The heavily ramified dendritic tree of 

type 1 neurons was not different in immunized compared to non-immunized mice 

and degeneration was detectable regardless of their immunization status (Fig. 2). 

However, anti-Aβ antibody treatment in 3-5 months immunized mice revealed a 

significantly higher number of type 1 neurons in immunized animals compared to 

PBS-treated ones (Fig. 3, Table 16). This effect was not detectable in mice when 

starting immunization after the onset of Aβ pathology and neurodegeneration (Fig. 

4, Table 16). Anti-Aβ treatment did not cause differences in the number of type II 

and III commissural neurons traced in the frontocentral cortex. 

 

 
 

Figure 2: DiI-traced neurons in layer III in the frontocentral neocortex of 5 months old 

APP23 transgenic mice treated with PBS (a) or β1-anti-Aβ antibodies (b).  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, DiI: 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindocarbocyanine, PBS: Phosphate-buffered saline. 

Calibration bar in b (valid for a,b) = 37.5 µm. (Balakrishnan et al. 2015). 
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Figure 3: Mean values (symbols) and standard errors (whiskers) regarding the effects of 

passive immunization with β1-anti-Aβ-antibodies on the number of DiI-traced neurons in 

layer III in the frontocentral neocortex of APP23 transgenic mice. In 5 months old mice 

immunization with anti-Aβ antibodies led to a significant increase in the number of type 1 

neurons compared to PBS-treated animals at the same age. There was no effect on type 

2 and type 3 neurons detectable.  

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, DiI: 1,1’-dioctadecyl-

3,3,3’,3’-tetramethylindocarbocyanine, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Figure 4: Mean values (symbols) and standard errors (whiskers) regarding the effects of 

passive immunization with β1-anti-Aβ-antibodies on the number of DiI-traced neurons in 

layer III in the frontocentral neocortex of APP23 transgenic mice. In 11 months old mice 

immunization with anti-Aβ antibodies did not lead to a significant increase in the number of 

type 1, 2 or 3 neurons compared to PBS-treated animals of the same age.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, DiI: 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindocarbocyanine, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Table 16: Number of DiI-traced commissural neurons compared between anti-Aβ 

immunized and PBS-treated APP23 transgenic mice. 

Mann-Whitney U-test (exact test – single sided). 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, DiI: 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindocarbocyanine, n: number of animals in each treatment group, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 

Age Type 1 neurons Type 2 neurons Type 3 neurons 

3-5 months 

anti-Aβ: n=7 

PBS: n=9 

p=0.027 

anti-Aβ > PBS 

p=0.419 p=0.459 

7-11 months 

anti-Aβ: n=10 

PBS: n=10 

p=0.456 p=0.485 p =0.218 
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3.2. Effect of β1-antibody treatment on the number of synapses 

Comparing the effects of β1-anti-Aβ antibody treatment on synaptic densities in 5 

and 11 months old APP23 transgenic mice, in consideration of distinguishing 

between asymmetric (Fig. 5) and symmetric synapses (Fig. 6) did not reveal a 

significant difference between immunized and non-immunized mice in both age 

groups (Table 17). 

 

 
 

Figure 5: Mean values (symbols) and standard errors (whiskers) regarding the effects of 

passive immunization with β1-anti-Aβ antibodies on the number of asymmetric synapses 

in APP23 transgenic mice. There was no significant difference in the number of 

asymmetric synapses between immunized and non-immunized mice neither in 5 nor in 11 

months old mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 
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Figure 6: Mean values (symbols) and standard errors (whiskers) regarding the effects of 

passive immunization with β1-anti-Aβ antibodies on the number of symmetric synapses in 

APP23 transgenic mice. There was no significant difference in the number of symmetric 

synapses between immunized and non-immunized mice neither in 5 nor in 11 months old 

mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 
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Table 17: Densities of asymmetric and symmetric synapses compared between 

anti-Aβ immunized and PBS-treated APP23 transgenic mice.  

Mann-Whitney U-test (exact test – two sided). 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, n: number of animals in each 

treatment group, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 

Age Asymmetric synapses Symmetric synapses 

3-5 months 

anti-Aβ: n=6 

PBS: n=6 

p=0.589 p=1.000 

7-11 months 

anti-Aβ: n=6 

PBS: n=6 

p=0.310 p=0.485 
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3.3. Effects of β1-antibody treatment on hippocampal neurons 

Stereological quantification of the number of hippocampal CA1 neurons revealed 

no significant difference depending on their immunization status neither within the 

group of 5 months old mice nor within the group of 11 months old mice (Fig. 7, 

Table 18).  

 

 
 

Figure 7: Mean values (symbols) and standard errors (whiskers) and standard error 

regarding the effects of passive immunization with β1-anti-Aβ antibodies on the number of 

hippocampal neurons in CA1 in APP23 transgenic mice. There was no significant 

difference in the number of hippocampal neurons between immunized and non-

immunized mice neither in 5 nor in 11 months old mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, CA1: Cornus ammonis sector 

CA1, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Table 18: Number of hippocampal CA1 neurons compared between anti-Aβ 

immunized and PBS-treated APP23 transgenic mice. Welch-test. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, CA1: Cornus ammonis sector 

CA1, n: number of animals in each treatment group, PBS: Phosphate-buffered saline. 

(Balakrishnan et al. 2015). 

Age Hippocampal CA1 neurons 

3-5 months 

anti-Aβ: n=6 

PBS: n=6 

p=0.453 

7-11 months 

anti-Aβ: n=6 

PBS: n=6 

p=0.098 

 

 

3.4. Effects of β1-antibody treatment on Aβ plaque pathology 

3.4.1. Plaque load of Aβ42, Aβ40, AβN3pE and pAβ 

Staining brain sections with antibodies directed against Aβ42, Aβ40, AβN3pE and pAβ 

revealed Aβ plaques in immunized and non-immunized mice of both age groups 

without quantitative differences (Fig. 8-11, Table 19). Only single plaques in some 

of the 5 months old mice could be observed whereas 11 months old mice showed 

a moderate level of plaque load. 
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Figure 8: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with anti-Aβ42 antibodies in the frontocentral cortex of APP23 transgenic mice. 

Illustrated are the staining pattern in 11 months old mice and mean values (symbols) plus 

standard errors (whiskers) of the plaque load in percent in 5 and 11 months old mice. 

There was no significant effect of immunization on the Aβ42 plaque load detectable.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. Calibration bar = 280 µm. (Balakrishnan et al. 2015). 
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Figure 9: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with anti-Aβ40 antibodies in the frontocentral cortex of APP23 transgenic mice. 

Illustrated are the staining pattern in 11 months old mice and mean values (symbols) plus 

standard errors (whiskers) of the plaque load in percent in 5 and 11 months old mice. 

There was no significant effect of immunization on the Aβ40 plaque load detectable. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. Calibration bar = 280 µm. (Balakrishnan et al. 2015). 



3. Results  39 

 

 

 

Figure 10: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with anti-AβN3pE antibodies in the frontocentral cortex of APP23 transgenic mice. 

Illustrated are the staining pattern in 11 months old mice and mean values (symbols) plus 

standard errors (whiskers) of the plaque load in percent in 5 and 11 months old mice. 

There was no significant effect of immunization on the AβN3pE plaque load detectable. 

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. Calibration bar = 280 µm. (Balakrishnan et al. 2015). 
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Figure 11: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with anti-pAβ antibodies in the frontocentral cortex of APP23 transgenic mice. 

Illustrated are the staining pattern in 11 months old mice and mean values (symbols) plus 

standard errors (whiskers) of the plaque load in percent in 5 and 11 months old mice. 

There was no significant effect of immunization on the pAβ plaque load detectable. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, pAβ: Aβ phosphorylated at 

Serine residue 8, PBS: Phosphate-buffered saline. Calibration bar = 280 µm. 

(Balakrishnan et al. 2015). 
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Table 19: Aβ plaque loads compared between anti-Aβ immunized and PBS-

treated APP23 transgenic mice. Mann-Whitney U-test (exact test – two sided). 

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, n: number of animals in each 

treatment group, pAβ: Aβ phosphorylated at Serine residue 8, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 

Age Aβ42 Aβ40 AβN3pE pAβ 

3-5 

months 

p=0.243 

anti-Aβ: n=10 

PBS: n=10 

p=0.699 

anti-Aβ: n=6 

PBS: n=6 

p=0.699 

anti-Aβ: n=6 

PBS: n=6 

p=0.699 

anti-Aβ: n=6 

PBS: n=6 

7-11 

months 

p=0.853 

anti-Aβ: n=10 

PBS: n=10 

p=0.699 

anti-Aβ: n=6 

PBS: n=6 

p=0.699 

anti-Aβ: n=6 

PBS: n=6 

p=0.426 

anti-Aβ: n=6 

PBS: n=6 

 

 

3.4.2. Plaque load of Aβ1-17, Aβ-β1 and Aβ protofibrils and fibrils (B10AP) 

Staining of brain sections with anti-Aβ1-17 antibody revealed similar plaque loads in 

immunized and non-immunized 11 months old mice (Fig.12, Table 20). 

Analysing brain sections of 5 months old mice stained with β1 antibodies which 

were used for passive immunization, no Aβ plaques could be detected neither in 

immunized nor in non-immunized mice. However, using β1 antibodies to stain for 

Aβ plaques in 11 months old mice there is a significant decrease in β1-stained 

plaques in immunized compared to non-immunized animals (Fig. 13, Table 20).  

Furthermore 11 months old mice showed a reduced number of B10AP-positive 

plaques in β1-treated mice compared to the control group (Fig. 14, Table 20). In 

the group of 5 months old mice there were no B10AP-positive plaques detectable 

regardless of their immunization status. 
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Figure 12: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with anti-Aβ1-17 antibodies in the frontocentral cortex of 11 months old APP23 

transgenic mice. Illustrated are the staining pattern and mean values (symbols) plus 

standard errors (whiskers) of the plaque load in percent. In 11 months old mice there was 

no significant effect of immunization on the plaque load stained with anti-Aβ1-17 detectable. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. Calibration bar = 280 µm. (Balakrishnan et al. 2015). 
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Figure 13: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with β1 antibodies in the frontocentral cortex of 11 months old APP23 transgenic 

mice. Illustrated are the staining pattern and mean values (symbols) plus standard errors 

(whiskers) of the plaque load in percent. Non-immunized 11 months old mice revealed a 

significantly higher amount of β1-stained plaques compared to immunized ones.  

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-

buffered saline. Calibration bar = 280 µm. (Balakrishnan et al. 2015). 
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Figure 14: Effect of passive immunization with β1-anti-Aβ antibodies on plaque pathology 

detected with B10AP antibody fragments in the frontocentral cortex of 11 months old 

APP23 transgenic mice. Illustrated are the staining pattern and mean values (symbols) 

plus standard errors (whiskers) of the plaque load in percent. Non-immunized 11 months 

old mice revealed a significantly higher amount of B10AP-stained plaques compared to 

immunized ones.   

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-

buffered saline. Calibration bar = 280 µm. (Balakrishnan et al. 2015). 
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Table 20: Plaque loads compared between anti-Aβ immunized and PBS-treated 

APP23 transgenic mice. Mann-Whitney U-test (exact test – two sided) 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, n: number of animals in each 

treatment group, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 

Age Aβ1-17 β1 B10AP 

3-5  

months 

not used p=1.000 

anti-Aβ: n=6 

PBS: n=6 

p=1.000 

anti-Aβ: n=6 

PBS: n=6 

7-11  

months 

p=0.937 

anti-Aβ: n=6 

PBS: n=6 

p=0.045 

anti-Aβ < PBS 

anti-Aβ: n=10 

PBS: n=10 

p=0.015 

anti-Aβ < PBS 

anti-Aβ: n=10 

PBS: n=10 

 

 

3.4.3. Dystrophic neurites 

APP-positive dystrophic neurites in brain sections stained with anti-APP were seen 

in neuritic plaques (i.e. amyloid plaques associated with APP-positive dystrophic 

neurites) of immunized and non-immunized 11 months old APP23 transgenic mice 

(Fig. 15).  

 

 
 

Figure 15: 11 months old mice exhibited APP-positive dystrophic neurites (labeled by 

arrows) in both passively immunized and PBS-treated APP23 transgenic mice. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. Calibration bar in b (valid for a, b) = 27.5 µm. (Balakrishnan et al. 2015). 
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3.4.4. IgG, astroglia and microglia reactions 

Mouse IgG used as a primary antibody to detect specifically mouse IgG in amyloid 

plaques could not be detected in 5 months old mice neither in immunized nor in 

non-immunized ones. 11 months old passively immunized and PBS-treated control 

animals revealed IgG in amyloid plaques and affected vessels in similar amounts. 

Both β1- and PBS-treated mice showed plaque-associated astroglia and microglia 

reactions at 11 months of age but not at 5 months (Fig. 16-19). 

 

 
 

Figure 16: Detection of microglial cells and mouse IgG in immunized and non-immunized 

5 months old APP23 transgenic mice. Mouse IgG implies both β1 antibodies applied for 

treatment and intrinsic mouse IgG. Amyloid plaques were detected by Aβ 

autofluorescence (Thal et al. 2002). a – h: 5 months old mice exhibited no detectable IgG 

or amyloid material regardless of their immunization status. Iba-1 immunostaining 

revealed comparable microglia pattern in immunized and non-immunized mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, Iba1: Ionized calcium binding 

adaptor molecule 1, IgG: Immunoglobulin G, PBS: Phosphate-buffered saline.  

Calibration bar (valid for a-h) = 60 µm. (Balakrishnan et al. 2015). 
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Figure 17: Detection of microglial cells and mouse IgG in immunized and non-immunized 

11 months old APP23 transgenic mice. Mouse IgG implies both β1 antibodies applied for 

treatment and intrinsic mouse IgG. Amyloid plaques were detected by Aβ 

autofluorescence (Thal et al. 2002). a – l: Mouse IgG occurred in all plaques (white and 

lucent arrows) and cerebral amyloid angiopathy (arrowheads) affected vessels identified 

by amyloid autofluorescence in 11 months old mice. At this age plaque-associated 

microglial activation could be observed in β1- and PBS-treated mice (white arrows).  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, Iba1: Ionized calcium binding 

adaptor molecule 1, IgG: Immunoglobulin G, PBS: Phosphate-buffered saline.  

Calibration bar (valid for a-l) = 60 µm. (Balakrishnan et al. 2015). 
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Figure 18: Detection of astrocytes and mouse IgG in immunized and non-immunized 5 

months old APP23 transgenic mice. Mouse IgG implies both β1 antibodies applied for 

treatment and intrinsic mouse IgG. Amyloid plaques were detected by Aβ 

autofluorescence (Thal et al. 2002). a – h: 5 months old mice exhibited no detectable IgG 

or amyloid material regardless of their immunization status. GFAP immunostaining 

revealed comparable astroglia pattern in immunized and non-immunized mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, GFAP: anti-glial fibrillary acid 

protein, IgG: Immunoglobulin G, PBS: Phosphate-buffered saline.  

Calibration bar (valid for a-h) = 80 µm. (Balakrishnan et al. 2015). 
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Figure 19: Detection of astrocytes and mouse IgG in immunized and non-immunized 

APP23 transgenic mice at 11 months of age. Mouse IgG implies both β1 antibodies 

applied for treatment and intrinsic mouse IgG. Amyloid plaques were detected by Aβ 

autofluorescence (Thal et al. 2002). a – h : Mouse IgG occurred in all plaques and 

cerebral amyloid angiopathy affected vessels identified by amyloid autofluorescence in 11 

months old mice. At this age plaque-associated astrogliosis could be observed in β1- and 

PBS-treated mice. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, GFAP: anti-glial fibrillary acid 

protein, IgG: Immunoglobulin G, PBS: Phosphate-buffered saline. 

Calibration bar (valid for a-d) = 80 µm; (e-h) = 70 µm. (Balakrishnan et al. 2015). 

 

 

3.5. Effects of β1-antibody treatment on different Aβ forms 

To study the effects of immunization on different Aβ forms we performed 

biochemical analyses of different protein fractions with SDS-PAGE and Western 

Blotting. Aβ aggregates dissolved in extracellular or intracellular fluid or in mixture 

with these are contained in the soluble and dispersible fraction, respectively. SDS 

has the ability to solubilize membrane-associated Aβ whereas plaque-associated 

Aβ remains insoluble.  
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3.5.1. Effects of immunization on soluble and insoluble Aβ aggregates 

Western Blot analysis of different fractions revealed similar amounts of soluble, 

dispersible and membrane-associated Aβ in 3-5 months immunized and PBS-

treated animals. In the formic acid fraction of 5 months old mice there was a 

significant increase in plaque-associated Aβ detected with anti-Aβ1-17 in 

immunized compared to non-immunized mice. In 11 months old mice there was no 

significant difference in the amount of Aβ in β1- and PBS-treated mice. However, 

the amount of Aβ in all four fractions was elevated (Fig. 20, Table 21).  

 

 
 

 
 

Figure 20: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on different Aβ forms in the soluble, dispersible, membrane-associated and 

plaque-associated fraction detected with anti-Aβ1-17 in brain homogenates of 5 and 11 

months old APP23 transgenic mice. There were no differences between immunized and 

non-immunized mice except in the plaque-associated fraction of 5 months old mice which 

revealed an increase in the amount of non-modified Aβ in β1-treated compared to control 

mice.  

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-

buffered saline. (Balakrishnan et al. 2015). 
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Performing Western Blot analysis with anti-AβN3pE and anti-pAβ to determine the 

amount of modified Aβ forms revealed no AβN3pE and pAβ in 5 months old mice 

regardless of their immunization status (Fig. 21, Fig. 22, Table 21). Mice at this 

age could therefore be referred to B-Aβ stage 1. 11 months old mice exhibiting 

AβN3pE and pAβ additionally to non-modified Aβ represented B-Aβ stage 3 (Fig. 21, 

Fig. 22, Table 21).  

 

 
 

 
 

Figure 21: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on different Aβ forms in the soluble, dispersible, membrane-associated and 

plaque-associated fraction detected with anti-AβN3pE in brain homogenates of 5 and 11 

months old APP23 transgenic mice. Modified forms of Aβ could not be detected in young 

mice. However, 11 months old mice showed AβN3pE in the dispersible, the membrane-

associated and in the plaque-associated fraction without differences regarding their 

immunization status.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 
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Figure 22: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on different Aβ forms in the soluble, dispersible, membrane-associated and 

plaque-associated fraction detected with anti-pAβ in brain homogenates of 5 and 11 

months old APP23 transgenic mice. Modified forms of Aβ could not be detected in young 

mice. However, 11 months old mice showed pAβ in the dispersible, the membrane-

associated and in the plaque-associated fraction without differences regarding their 

immunization status.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, pAβ: Aβ phosphorylated at 

Serine residue 8, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Table 21: Soluble, dispersible, membrane-associated and plaque-associated Aβ, 

AβN3pE and pAβ compared between anti-Aβ immunized and PBS-treated APP23 

transgenic mice. Student-t-test/ Welch-test.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, n: number of animals in each 

treatment group, pAβ: Aβ phosphorylated at Serine residue 8, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 

Age Soluble Aβ Dispersible Aβ Membrane-

associated 

Aβ 

Plaque-

associated Aβ 

3-5 months p=0.632 

anti-Aβ: n=5 

PBS: n=5 

p=0.148 

anti-Aβ: n=5 

PBS: n=5 

p=0.260 

anti-Aβ: n=6 

PBS: n=6 

p=0.002 

anti-Aβ > PBS 

anti-Aβ: n=6 

PBS: n=6 

7-11 months p=0.153 

anti-Aβ: n=5 

PBS: n=5 

p=0.297 

anti-Aβ: n=5 

PBS: n=5 

p=0.397 

anti-Aβ: n=6 

PBS: n=6 

p=0.217 

anti-Aβ: n=6 

PBS: n=6 

 

Age Soluble 

AβN3pE 

Dispersible 

AβN3pE 

Membrane-

associated 

AβN3pE 

Plaque-

associated 

AβN3pE 

3-5 months p=0.151 

anti-Aβ: n=5 

PBS: n=5 

p=0.095 

anti-Aβ: n=5 

PBS: n=5 

p=0.260 

anti-Aβ: n=6 

PBS: n=6 

p=0.081 

anti-Aβ: n=6 

PBS: n=6 

7-11 months p=0.272 

anti-Aβ: n=5 

PBS: n=5 

p=0.326 

anti-Aβ: n=5 

PBS: n=5 

p=0.620 

anti-Aβ: n=6 

PBS: n=6 

p=0.053 

anti-Aβ: n=6 

PBS: n=6 

 

Age Soluble 

pAβ 

Dispersible 

pAβ 

Membrane-

associated 

pAβ 

Plaque-

associated 

pAβ 

3-5 months p=0.695 

anti-Aβ: n=5 

PBS: n=5 

p=0.608 

anti-Aβ: n=5 

PBS: n=5 

p=0.996 

anti-Aβ: n=6 

PBS: n=6 

p=0.367 

anti-Aβ: n=3 

PBS: n=3 

7-11 months p=0.070 

anti-Aβ: n=5 

PBS: n=5 

p=0.070 

anti-Aβ: n=5 

PBS: n=5 

p=0.302 

anti-Aβ: n=6 

PBS: n=6 

p=0.358 

anti-Aβ: n=6 

PBS: n=6 
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3.5.2. Immunoprecipitation 

Specific forms of Aβ can be gained by immunoprecipitation with certain antibodies 

or antibody fragments. We performed immunoprecipitation with A11 to detect non-

fibrillar Aβ oligomers (Fig. 23-25) and B10AP to detect protofibrillar and fibrillar Aβ 

(Fig. 26-28) in the soluble as well as in the dispersible fraction with anti-Aβ1-17, 

anti-AβN3pE and anti-pAβ antibodies.   

 

 

3.5.2.1. Non-fibrillar Aβ oligomers 

In the group of 3-5 months immunized mice there were more non-fibrillar Aβ 

oligomers immunoprecipitated with A11 in the soluble fraction of passively 

immunized mice detected with anti-Aβ1-17 than in PBS-treated ones. In 11 months 

old mice this difference was not reproducible. Immunoprecipitation with A11 in the 

dispersible fraction of 5 and 11 months old mice did not exhibit a difference 

between immunized and control mice (Fig. 23, Table 2). 

Concerning modified Aβ forms, immunoprecipitating soluble and dispersible 

oligomers in 5 months old mice revealed no detectable amount of AβN3pE and pAβ 

regardless of their treatment. Furthermore there was no detectable amount of 

AβN3pE or pAβ in the soluble fraction of 11 months old mice. Solely in the 

dispersible fraction of 11 months old β1- and PBS-treated mice there was pAβ in 

non-fibrillar oligomers observable however no AβN3pE (Fig. 24, Fig. 25, Table 22). 
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Figure 23: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on non-fibrillar Aβ oligomers immunoprecipitated with A11 in the soluble 

and dispersible fraction detected with anti-Aβ1-17 in brain homogenates of 5 and 11 months 

old APP23 transgenic mice. More soluble Aβ oligomers could be detected in immunized 5 

months old mice than in PBS-treated controls.  

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-

buffered saline. (Balakrishnan et al. 2015). 
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Figure 24: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on non-fibrillar Aβ oligomers immunoprecipitated with A11 in the soluble 

and dispersible fraction detected with anti-AβN3pE in brain homogenates of 5 and 11 

months old APP23 transgenic mice. AβN3pE could neither be detected in soluble nor in 

dispersible oligomers in both age groups.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 
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Figure 25: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on non-fibrillar Aβ oligomers immunoprecipitated with A11 in the soluble 

and dispersible fraction detected with anti-pAβ in brain homogenates of 5 and 11 months 

old APP23 transgenic mice. pAβ could only be detected in dispersible oligomers in 11 

months old mice in similar amounts irrespective of their treatment.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, pAβ: Aβ phosphorylated at 

Serine residue 8, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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3.5.2.2. Aβ protofibrils and fibrils  

Immunoprecipitation with B10AP in 5 months old mice revealed more soluble Aβ 

protofibrils and fibrils in β1- than in PBS-treated mice, whereas 11 months old 

mice showed similar amounts of protofibrillar and fibrillar Aβ in both treatment 

groups. In the dispersible fraction of 5 and 11 months old mice 

Immunoprecipitation with B10AP did not exhibit a difference concerning their 

immunization status (Fig. 26, Table 22). Immunoprecipitating protofibrils and fibrils 

in the soluble fraction revealed no detectable amount of modified Aβ forms in 5 

and in 11 months old immunized or non-immunized mice. In the dispersible 

fraction of young mice there were no protofibrillar and fibrillar modified Aβ forms 

observable. AβN3pE and pAβ could be detected selectively in dispersible Aβ 

protofibrils and fibrils in 7-11 months immunized mice and their corresponding 

controls in similar amounts (Fig. 27, Fig. 28, Table 22). 

 

 

Figure 26: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on Aβ protofibrils and fibrils immunoprecipitated with B10AP in the soluble 

and dispersible fraction detected with anti-Aβ1-17 in brain homogenates of 5 and 11 months 

old APP23 transgenic mice. More soluble Aβ protofibrils and fibrils could be detected in 

immunized 5 months old mice than in the PBS-treated controls.  

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-

buffered saline. (Balakrishnan et al. 2015). 
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Figure 27: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on Aβ protofibrils and fibrils immunoprecipitated with B10AP in the soluble 

and dispersible fraction detected with anti-AβN3pE in brain homogenates of 5 and 11 

months old APP23 transgenic mice. 11 months old mice revealed dispersible protofibrils 

and fibrils exhibiting AβN3pE in similar amounts in immunized and non-immunized mice.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 
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Figure 28: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on Aβ protofibrils and fibrils immunoprecipitated with B10AP in the soluble 

and dispersible fraction detected with anti-pAβ in brain homogenates of 5 and 11 months 

old APP23 transgenic mice. 11 months old mice revealed dispersible protofibrils and fibrils 

exhibiting pAβ in similar amounts in immunized and non-immunized mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, pAβ: Aβ phosphorylated at 

Serine residue 8, PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Table 22: Soluble and dispersible oligomers (IP with A11), protofibrils and fibrils 

(IP with B10AP) containing Aβ, AβN3pE and pAβ compared between anti-Aβ 

immunized and PBS-treated APP23 transgenic mice. Student-t-test/ Welch-test.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, Disp.: Dispersible, IP: 

Immunoprecipitation, n: number of animals in each treatment group, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline. Sol.: Soluble. 

(Balakrishnan et al. 2015). 

 IP-A11 

non-fibrillar oligomers 

IP-B10AP 

protofibrils and fibrils 

Age Sol. Aβ Disp. Aβ Sol. Aβ Disp. Aβ 

3-5 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.030 

anti-Aβ > PBS 

p=0.695 

 

p=0.043 

anti-Aβ > PBS 

p=0.216 

7-11 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.513 p=0.270 p=0.234 p=0.410 

 

 IP-A11 

non-fibrillar oligomers 

IP-B10AP 

protofibrils and fibrils 

Age Sol. AβN3pE Disp. AβN3pE Sol. AβN3pE Disp. AβN3pE  

3-5 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.385 p=0.136 

 

p=0.970 

 

p=0.920 

7-11 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.363 p=0.981 p=0.530 p=0.124 

 

 IP-A11 

non-fibrillar oligomers 

IP-B10AP 

protofibrils and fibrils 

Age Sol. pAβ Disp. pAβ Sol. pAβ Disp. pAβ  

3-5 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.132 p=0.421 

 

p=0.750 

 

p=0.663 

7-11 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.162 p=0.460 p=0.273 p=0.099 
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3.5.3. Antibody-bound Aβ 

Immunoprecipitation with protein G-coated magnetic beads without previous 

coupling to primary antibodies enabled us to detect antibody-bound Aβ forms. 

5 months old mice immunized with anti-Aβ-antibodies revealed a detectable 

amount of antibody-bound Aβ in the soluble fraction which could not be found in 

non-immunized mice (Fig. 29, Table 23). There was no difference due to 

immunization in the amount of IgG-bound Aβ in 11 months old mice. Soluble 

antibody-bound forms of AβN3pE or pAβ were not detectable in both age groups. 

In the dispersible fraction IgG-bound Aβ was seen irrespective of their treatment in 

5 and 11 months old mice without a significant difference. There was no 

dispersible AβN3pE. pAβ could be detected only in 11 months old mice in similar 

amounts in immunized and non-immunized mice (Fig. 29-31, Table 23). 

 

 

Figure 29: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on antibody-bound Aβ forms immunoprecipitated with protein G-coated 

magnetic beads in the soluble and dispersible fraction of 5 and 11 months old APP23 

transgenic mice detected with anti-Aβ1-17. 5 months old mice revealed antibody-bound Aβ 

precipitated in the soluble fraction in immunized mice but not in non-immunized ones. 

*p < 0.05. Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, PBS: Phosphate-

buffered saline. (Balakrishnan et al. 2015). 
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Figure 30: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on antibody-bound Aβ forms immunoprecipitated with protein G-coated 

magnetic beads in the soluble and dispersible fraction of 5 and 11 months old APP23 

transgenic mice detected with anti-AβN3pE. Antibody-bound AβN3pE could not be observed 

in significant differences between the groups.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, PBS: Phosphate-buffered 

saline. (Balakrishnan et al. 2015). 
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Figure 31: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on antibody-bound Aβ forms immunoprecipitated with protein G-coated 

magnetic beads in the soluble and dispersible fraction of 5 and 11 months old APP23 

transgenic mice detected with anti-pAβ. Dispersible antibody-bound pAβ was seen only in 

11 months old mice without a significant difference between immunized and non-

immunized mice. There was no soluble IgG-bound pAβ observable.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, Ig: Immunoglobulin, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Table 23: Soluble and dispersible antibody-bound Aβ, AβN3pE and pAβ 

immunoprecipitated with protein G-coated magnetic beads compared between β1- 

and PBS-treated APP23 transgenic mice. Student-t-test/ Welch-test.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, IgG: Immunoglobulin G, IP: 

Immunoprecipitation, n: number of animals in each treatment group, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline. 

(Balakrishnan et al. 2015). 

 IP-IgG-bound Aβ 

Age  Soluble Aβ Dispersible Aβ 

3-5 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.002 

anti-Aβ > PBS 

p=0.134 

7-11 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.059 p=0.433 

 

 IP-IgG-bound Aβ 

Age  Soluble AβN3pE Dispersible AβN3pE 

3-5 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.461 

 

p=0.186 

7-11 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.740 p=0.880 

 

 IP-IgG-bound Aβ 

Age  Soluble pAβ Dispersible pAβ 

3-5 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.802 

 

p=0.210 

7-11 months 

anti-Aβ: n=3 

PBS: n=3 

p=0.952 p=0.094 
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3.6. Serum 

Neither 5 nor 11 months old mice revealed detectable amounts of Aβ in the blood 

serum independent of their immunization status (Supp. Fig. 22). However, 

precipitating antibody-bound Aβ using protein G-coated magnetic beads in 11 

months old mice Aβ could be observed in immunized but not in control mice. 5 

months old mice did not reveal this effect. In the blood serum antibody-bound 

AβN3pE and pAβ were not found neither in immunized nor in PBS-treated mice in 

both age groups (Fig. 32, Table 24). 

 

 

Figure 32: Mean values (symbols) and standard errors (whiskers) received by 

quantification of Western blots regarding the effects of passive immunization with β1-anti-

Aβ antibodies on Aβ in blood serum and intrinsic serum antibodies immunoprecipitated 

with protein G-bound antibodies. Aβ could be found only in 11 months old immunized 

mice detected with anti-Aβ1-17 after antibody-immunoprecipitation. Neither 5 nor 11 months 

old mice exhibited AβN3pE or pAβ in the blood serum.  

*p < 0.05. Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and 

pyroglutamate modification at residue 3, APP: Amyloid precursor protein, IgG: 

Immunoglobulin G, IP: Immunoprecipitation, pAβ: Aβ phosphorylated at Serine residue 8, 

PBS: Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Table 24: Antibody-bound Aβ, AβN3pE and pAβ in the blood serum after 

immunoprecipitation with Protein G-bound antibodies compared between β1- and 

PBS-treated APP23 transgenic mice. Student-t-test/ Welch-test. 

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, Ig: Immunoglobulin, IP: 

Immunoprecipitation, n: number of animals in each treatment group, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffere saline. 

(Balakrishnan et al. 2015). 

 IP-intrinsic IgG in blood serum 

Age Aβ AβN3pE pAβ 

3-5 months p=0.215 

anti-Aβ: n=5 

PBS: n=5 

p=0.342 

anti-Aβ: n=6 

PBS: n=6 

p=0.262 

anti-Aβ: n=5 

PBS: n=5 

7-11 months p=0.017 

anti-Aβ > PBS 

anti-Aβ: n=5 

PBS: n=5 

p=0.231 

anti-Aβ: n=6 

PBS: n=6 

p=0.368 

anti-Aβ: n=5 

PBS: n=5 
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Figure 33: Schematic summary illustrating disease progression in APP23 transgenic mice 

and the effects of β1-anti-Aβ antibody treatment. 

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, Ig: Immunoglobulin. 

(Balakrishnan et al. 2015). 
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4. Discussion 

 

Passive immunization of APP23 transgenic mice with anti-Aβ antibodies compared 

to non-immunized mice revealed five major findings: 

I. Analogous to the biochemical maturation of Aβ aggregates in human AD 

brains there is a qualitative change of Aβ composition detectable between 

the group of 5 and the older group of 11 months old mice.  

II. APP23 transgenic mice passively immunized at the age of 3-5 months, a 

period prior to the onset of Aβ pathology, revealed a protective effect of 

anti-Aβ treatment against dendritic degeneration. Starting immunization with 

β1 antibodies at 7 months of age, i.e. after the onset of Aβ deposition and 

dendritic degeneration, there was no protective effect detectable.  

III. Merely immunized 5 months old APP23 transgenic mice provided soluble 

antibody-bound oligomeric, protofibrillar and fibrillar Aβ-containing 

aggregates. These Aβ forms were not found in the PBS-treated control 

group of the same age. In 11 months old mice there was no significant 

difference in the amount of soluble antibody-bound Aβ in anti-Aβ- 

immunized and PBS-treated animals. 

IV. Passive immunization in APP23 transgenic mice with preexisting Aβ 

pathology revealed epitope masking effects in Aβ plaques. However, there 

was no biochemically detectable difference of Aβ compared between 

immunized and non-immunized mice.   

V. Analysing the blood serum of APP23 transgenic mice, passively immunized 

11 months old animals showed an increase of antibody-bound non-modified 

Aβ compared to the control group. AβN3pE and pAβ representing modified 

Aβ forms were not detected.  

 

Protective effects in young mice representing early stages of Aβ aggregate 

maturation and the lack of curative effects in older mice well-defined by the 

presence of modified Aβ forms might propose the hypothesis that the effect of anti-

Aβ antibody treatment depends on the biochemical maturation of Aβ aggregates. 

This issue will be further discussed in the following paragraphs.  
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4.1. Anti-Aβ immunization and its effects in mice without preexisting pathology 

Passive immunization of APP23 transgenic mice at the age of 3-5 months, a 

period in disease progression when no Aβ pathology is detectable (Capetillo-

Zarate et al. 2006), revealed that anti-Aβ-antibody treatment protected these mice 

from severe dendrite degeneration in type 1 commissural neurons. Starting 

immunization at 7 months of ages, after the onset of plaque pathology and 

degeneration of type 1 commissural neurons (Capetillo-Zarate et al. 2006), anti-Aβ 

treatment had no effect on the number of neurons. The absence of beneficial 

effects in mice with preexisting plaques is concordant with a study investigating 

the effects of γ-secretase treatment (Garcia-Alloza et al. 2009).  

Other parameters to assess neurodegeneration, in our study the number of CA1 

neurons or the synapse densities in the frontocentral cortex, did not further confirm 

the protective effects demonstrated by means of tracing data. This might be 

explained by the fact that in the APP23 mouse model different types of neurons 

differ with respect to their vulnerability to Aβ-related neurodegeneration (Capetillo-

Zarate et al. 2006). Degeneration of type 1 commissural neurons, which are 

among the most vulnerable neurons in the frontocentral cortex, might indicate very 

sensitively Aβ-induced neurodegeneration prior to detectable effects on the 

number of synapses or hippocampal neurons. Therefore tracing the number of 

type 1 neurons might be best suited to detect differences in Aβ-related 

neurodegeneration due to treatment strategies.   

As reported previously, APP23 transgenic mice revealed neuron loss, synapse 

loss, and dendritic degeneration and constitute therefore the only mouse model 

demonstrating these signs of neurodegeneration only due to the expression of 

APP (Calhoun et al. 1998; Capetillo-Zarate et al. 2006; Rijal Upadhaya et al. 

2013). An additional expression of presenilin 1 or tau in other transgenic mice 

could also be responsible for neurodegenerative changes in those mouse models 

(Oddo et al. 2004; Schmitz et al. 2004). Against this background, dendritic 

alteration in APP23 transgenic mice presumably caused by Aβ aggregates was 

subject of protection by anti-Aβ treatment but there was no repair of already 

degenerated neurons.  

The results of our study indicate that passive immunization leads to an increase of 

soluble Aβ aggregates in terms of soluble antibody-bound Aβ-containing 

oligomers, protofibrils and fibrils detected by immunoprecipitation in 5 months old 
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mice treated with anti-Aβ antibodies but not in the PBS-treated control group. One 

hypothesis is that the applied antibodies may stabilize existing soluble aggregates 

as previously reported for blood Aβ (Levites et al. 2006; Winkler et al. 2010). There 

might also be an enhancement of Aβ aggregation. The fact that young immunized 

mice seemed to be protected   ̶  to a certain degree  ̶  from the impact of Aβ 

pathology might lead one to assume a minor pathogenicity of soluble Aβ-IgG 

aggregates which might become subject of clearance. In the blood serum of 5 

months old mice there were no antibody-bound Aβ aggregates. However, 11 

months old immunized mice revealed an increase of antibody-bound Aβ in the 

blood compared to non-immunized mice of the same age indicating the already 

mentioned stabilization of plasma Aβ (Levites et al. 2006; Winkler et al. 2010). 

Modified Aβ forms were not detected neither in the soluble fraction of both age 

groups nor in the blood potentially explained by low concentrations or inefficient 

β1-antibody binding. 11 months old APP23 transgenic mice featuring AβN3pE and 

pAβ did not exhibit a treatment-induced shift in soluble or insoluble Aβ aggregates. 

AβN3pE and pAβ are capable to stabilize Aβ aggregates in-vitro (Schlenzig et al. 

2009; Kumar et al. 2011) and might therefore preclude antibody-treatment effects 

in 11 months old APP23 mice.   

Considering the fact that APP23 transgenic mice exhibit morphological signs of 

neurodegeneration in detail loss of hippocampal neurons (Calhoun et al. 1998), 

alteration of synapse densities (Rijal Upadhaya et al. 2012) and degeneration of 

commissural neurons (Capetillo-Zarate et al. 2006) this mouse model enables us 

to analyse Aβ-induced neurotoxicity.  

The aim is to develop treatment strategies for AD patients as anti-Aβ immunization 

in humans so far failed to improve cognition (Holmes et al. 2008; Salloway et al. 

2014; Wisniewski et al. 2014). In regard to the results of this study, treatment 

attempts in demented patients having presumably reached B-Aβ stage 3 with 

mature Aβ aggregates consisting of AβN3pE and pAβ might be ineffective on the 

one hand because degenerative changes are irreversible and on the other hand 

because of the preponderance of mature Aβ aggregates (Rijal Upadhaya et al. 

2014), which are unaffected by anti-Aβ treatment as shown in this study. 

Prevention from Aβ maturation and protection of Aβ-induced neurodegeneration at 

an early stage seems to be the more attractive target for treatment strategies than 

the alteration of non-modified Aβ forms including oligomers, protofibrils and fibrils. 
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It is important to note that symptomatic AD patients exhibit not only Aβ plaques but 

also a large quantity of neurofibrillary tangles and a significant loss of neurons and 

synapses which combined reveals a severe damage of the brain in these 

individuals. Two more aspects accrue: 1. Post-mitotic cells, like most of the 

degenerating neurons, will not be replaced (Rakic 1985) and 2. Gliosis induced by 

Aβ plaques and neurofibrillary tangels (Dickson et al. 1988; Griffin et al. 1989; 

Griffin et al. 1995; Akiyama et al. 1996; Sheng et al. 1997) precludes 

compensation or reconstruction of lesions.  

Protective effects seen in APP23 transgenic mice immunized at the age of 3-5 

months suggest beneficial immunization strategies at an early B-Aβ stage, i.e. 

preclinical AD patients. The protective potential of anti-Aβ antibodies in the initial 

stage of Aβ aggregation was shown before in a study with APP23-β1-double 

transgenic mice (Paganetti et al. 2013).  

 

 

4.2. Anti-Aβ immunization and its effects in mice with preexisting pathology 

APP23 transgenic mice immunized with anti-Aβ antibodies at the age of 7-11 

months lacked any beneficial effects of treatment. More precisely, there was no 

improvement of neurodegeneration, no alterations in the amount of soluble and 

insoluble Aβ aggregates or in the levels of plaque load. Furthermore, at this age 

there was no significant difference in the amount of AβN3pE and pAβ between the 

treatment groups.  

Staining brain sections with the β1-anti-Aβ-antibody and the B10AP antibody 

fragments to detect protofibrils or fibrils revealed less plaques positive for the 

respective antibody or antibody fragments in immunized compared to PBS-treated 

control mice. However, detecting soluble and dispersible Aβ oligomers, protofibrils 

and fibrils by immunoprecipitation with A11 and B10AP in the relevant fraction 

similar levels of Aβ aggregates were observed. β1-antibodies bound to Aβ plaques 

might virtually block binding of further antibodies similarly to the binding of 

intravenously applied β1-antibody to preexisting plaques described previously for 

the same mouse model (Winkler et al. 2010).  

Interestingly, immunoprecipitation in the brain of 11 months old mice to detect 

antibody-bound Aβ offered no significant difference due to immunization even 

though in the blood serum antibody-bound peptides could be immunoprecipitated 
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in anti-Aβ-immunized but not in PBS-treated controls. IgG was found in plaques 

and bound to Aβ aggregates not only in immunized but unexpectedly also in non-

immunized mice. It is tempting to speculate that these immunoglobulins in our 

mouse model represent naturally occurring autoantibodies that interact with 

amyloid plaques as previously reported for human AD cases (Alafuzoff et al. 1987; 

Kellner et al. 2009). Immunohistochemical analyses support this idea by detecting 

IgG in plaques of both treatment groups in similar amounts and pattern.   

 

 

4.3. Effects of Aβ-immunotherapy depending on the Aβ maturation stage 

The biochemical stage of amyloid aggregation and accumulation has impact on 

the treatability of Aβ-induced toxicity in APP23 transgenic mice. Applying the 

results of our study on Aβ immunotherapy in human AD cases a switch to a 

protective approach might be favorable. Anti-Aβ treatment should be initiated in B-

Aβ stage 1 with very few plaques i.e. early preclinical stages of the disease. 

Therefore the absence of positive effects in trails testing passive immunization 

against Aβ such as recently by using bapineuzumab or solanezumab (Doody et al. 

2014; Salloway et al. 2014) might be explained by the selection of patients. It must 

be assumed that early symptomatic patients already exhibit B-Aβ stage 3 (Rijal 

Upadhaya et al. 2014). To transfer the protective effects demonstrated in APP23 

mice to human cases it necessitates trails in a preclinical phase of AD inclosing 

non-demented individuals. However, human AD brains reveal not only Aβ but also 

tau-pathology (Grundke-Iqbal et al. 1986; Braak et al. 2006) which is not 

considered our study. Based on previous studies it is assumed that tau is able to 

spread into further brain regions even without being triggered by Aβ (Clavaguera 

et al. 2009). 

 

 

4.4. Conclusions 

The results of our study are in accordance with previous reports demonstrating 

protective effects of anti-Aβ-immunotherapy in contrast to its minor disease 

modifying potential. Furthermore we identified the impact of the biochemical stage 

of Aβ maturation on the effects of anti-Aβ treatment with consequences for anti-Aβ 

treatment strategies.  
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5. Summary 

 

The aggregation of amyloid β protein (Aβ) in the brain finally leading to the plaque 

pathology seen in Alzheimer`s Disease (AD) gave birth to the idea of immunizing 

against Aβ as a potential treatment strategy. So far clinical trials in AD patients 

testing immunization against Aβ were not only incapable to improve cognition but 

also failed to stop or at least reduce disease progression. There are three 

biochemical stages of Aβ accumulation (B-Aβ stages) reflecting the maturation of 

Aβ aggregates comprising modified and non-modified forms of Aβ.  

As a mouse model to analyse the effects of passive immunization against Aβ we 

used the amyloid precursor protein (APP) transgenic mouse overexpressing 

human APP carrying the Swedish mutation (APP670/671KM→NL), i.e. APP23 mice. 

Treatment either with β1-anti-Aβ antibodies or with phosphate-buffered saline 

(PBS) was performed in one group at 3-5 months of age before the onset of Aβ 

pathology and in the second group at 7-11 months of age after the occurrence of 

plaque deposition and dendritic degeneration.  

Young mice revealed no modified forms of Aβ and therefore represent B-Aβ stage 

1 whereas at the age of 11 months we detected Aβ aggregates containing N-

terminal truncated, pyroglutamate modified and phosphorylated Aβ in both 

immunized and non-immunized mice consistent with B-Aβ stage 3. Mice passively 

immunized at the age of 3-5 months revealed a significantly higher amount of a 

distinct type of commissural neurons characterized by a highly ramified dendritic 

tree than non-immunized mice. In 7-11 months old mice anti-Aβ antibody 

treatment did not lead to a difference in the amount of commissural neurons 

compared between β1- and PBS-treated mice. Furthermore immunization in 

animals with preexisting Aβ pathology did not reveal a biochemically detectable 

difference of Aβ in the brain compared to control mice.  

Therefore a protective effect of immunization could be observed at a phase in AD 

disease progression when Aβ pathology is absent or at an early stage exhibiting 

merely non-modified forms of Aβ. There are no curative effects at later stages 

defined by the occurrence of mature Aβ aggregates likewise this might explain 

absent curative effects in clinical trials with AD patients.  
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Soluble Aβ1-17 

 

 

 

Supplementary Figure 1: Effects of β1-anti-Aβ antibody treatment on Aβ in the soluble 

fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: Full-length 

image of western blots corresponding to the semiquantitative data shown in Figure 20.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Dispersible Aβ1-17 

 

 

 

Supplementary Figure 2: Effects of β1-anti-Aβ antibody treatment on Aβ in the 

dispersible fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: 

Full-length image of western blots corresponding to the semiquantitative data shown in 

Figure 20.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Membrane-associated Aβ1-17 

 

 

Supplementary Figure 3: Effects of β1-anti-Aβ antibody treatment on Aβ in the 

membrane-associated fraction of PBS- and β1-treated 5 and 11 months old APP23 

transgenic mice: Full-length image of western blots corresponding to the semiquantitative 

data shown in Figure 20.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Plaque-associated Aβ1-17 

 

 

 

Supplementary Figure 4: Effects of β1-anti-Aβ antibody treatment on Aβ in the plaque-

associated fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: 

Full-length image of western blots corresponding to the semiquantitative data shown in 

Figure 20.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Soluble AβN3pE 

 

 

Supplementary Figure 5: Effects of β1-anti-Aβ antibody treatment on AβN3pE in the 

soluble fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: Full-

length image of western blots corresponding to the semiquantitative data shown in Figure 

21.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015).  
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Dispersible AβN3pE 

 

 

Supplementary Figure 6: Effects of β1-anti-Aβ antibody treatment on AβN3pE in the 

dispersible fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: 

Full-length image of western blots corresponding to the semiquantitative data shown in 

Figure 21.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Membrane-associated AβN3pE 

 

 

 

Supplementary Figure 7: Effects of β1-anti-Aβ antibody treatment on AβN3pE in the 

membrane-associated fraction of PBS- and β1-treated 5 and 11 months old APP23 

transgenic mice: Full-length image of western blots corresponding to the semiquantitative 

data shown in Figure 21.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Plaque-associated AβN3pE 

 

 

 

Supplementary Figure 8: Effects of β1-anti-Aβ antibody treatment on AβN3pE in the 

plaque-associated fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic 

mice: Full-length image of western blots corresponding to the semiquantitative data shown 

in Figure 21.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Soluble pAβ 

 

 

 

Supplementary Figure 9: Effects of β1-anti-Aβ antibody treatment on pAβ in the soluble 

fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: Full-length 

image of western blots corresponding to the semiquantitative data shown in Figure 22.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Dispersible pAβ 

 

 

 

Supplementary Figure 10: Effects of β1-anti-Aβ antibody treatment on pAβ in the 

dispersible fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice: 

Full-length image of western blots corresponding to the semiquantitative data shown in 

Figure 22.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Membrane-associated pAβ 

 

 

 

Supplementary Figure 11: Effects of β1-anti-Aβ antibody treatment on pAβ in the 

membrane-associated fraction of PBS- and β1-treated 5 and 11 months old APP23 

transgenic mice: Full-length image of western blots corresponding to the semiquantitative 

data shown in Figure 22.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Plaque-associated pAβ 

 

 

Supplementary Figure 12: Effects of β1-anti-Aβ antibody treatment on pAβ in the 

plaque-associated fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic 

mice: Full-length image of western blots corresponding to the semiquantitative data shown 

in Figure 22.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Non-fibrillar Aβ1-17 Oligomers 

IP-A11 

 

 

 

Supplementary Figure 13: Effects of β1-anti-Aβ antibody treatment on non-fibrillar Aβ 

oligomers immunoprecipitated with A11 in the soluble and dispersible fraction of PBS- and 

β1-treated 5 and 11 months old APP23 transgenic mice: Full-length image of western 

blots corresponding to the semiquantitative data shown in Figure 23.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Non-fibrillar AβN3pE Oligomers 

IP-A11 

 

 

 

Supplementary Figure 14: Effects of β1-anti-Aβ antibody treatment on non-fibrillar AβN3pE 

oligomers immunoprecipitated with A11 in the soluble and dispersible fraction of PBS- and 

β1-treated 5 and 11 months old APP23 transgenic mice: Full-length image of western 

blots corresponding to the semiquantitative data shown in Figure 24.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Non-fibrillar pAβ Oligomers 

IP-A11 

 

 

Supplementary Figure 15: Effects of β1-anti-Aβ antibody treatment on non-fibrillar pAβ 

oligomers immunoprecipitated with A11 in the soluble and dispersible fraction of PBS- and 

β1-treated 5 and 11 months old APP23 transgenic mice: Full-length image of western 

blots corresponding to the semiquantitative data shown in Figure 25.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Aβ1-17 Protofibrils and Fibrils 

IP-B10AP 

 

 

 

Supplementary Figure 16: Effects of β1-anti-Aβ antibody treatment on Aβ protofibrils and 

fibrils immunoprecipitated with B10AP in the soluble and dispersible fraction of PBS- and 

β1-treated 5 and 11 months old APP23 transgenic mice: Full-length image of western 

blots corresponding to the semiquantitative data shown in Figure 26.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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AβN3pE Protofibrils and Fibrils 

IP-B10AP 

 

 

 

Supplementary Figure 17: Effects of β1-anti-Aβ antibody treatment on AβN3pE protofibrils 

and fibrils immunoprecipitated with B10AP in the soluble and dispersible fraction of PBS- 

and β1-treated 5 and 11 months old APP23 transgenic mice: Full-length image of western 

blots corresponding to the semiquantitative data shown in Figure 27.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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pAβ Protofibrils and Fibrils 

IP-B10AP 

 

 

 

Supplementary Figure 18: Effects of β1-anti-Aβ antibody treatment on pAβ protofibrils 

and fibrils immunoprecipitated with B10AP in the soluble and dispersible fraction of PBS- 

and β1-treated 5 and 11 months old APP23 transgenic mice: Full-length image of western 

blots corresponding to the semiquantitative data shown in Figure 28.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Aβ1-17 detected in immunoglobulin-containing Oligomers, 

Protofibrils and Fibrils 

 

 

 

Supplementary Figure 19: Effects of β1-anti-Aβ antibody treatment on immunoglobulin-

bound Aβ detected in oligomers, protofibrils and fibrils in the soluble and dispersible 

fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice. Western 

blots after immunoprecipitation of immunoglobulin-bound Aβ by precipitation of antibodies 

with protein G-coated magnetic beads. Full-length image of western blots corresponding 

to the semiquantitative data shown in Figure 29.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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AβN3pE detected in immunoglobulin-containing Oligomers, 

Protofibrils and Fibrils 

 

 

 

Supplementary Figure 20: Effects of β1-anti-Aβ antibody treatment on immunoglobulin-

bound AβN3pE detected in oligomers, protofibrils and fibrils in the soluble and dispersible 

fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice. Western 

blots after immunoprecipitation of immunoglobulin-bound Aβ by precipitation of antibodies 

with protein G-coated magnetic beads. Full-length image of western blots corresponding 

to the semiquantitative data shown in Figure 30.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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pAβ detected in immunoglobulin-containing Oligomers, 

Protofibrils and Fibrils 

 

 

 

Supplementary Figure 21: Effects of β1-anti-Aβ antibody treatment on immunoglobulin-

bound pAβ detected in oligomers, protofibrils and fibrils in the soluble and dispersible 

fraction of PBS- and β1-treated 5 and 11 months old APP23 transgenic mice. Western 

blots after immunoprecipitation of immunoglobulin-bound Aβ by precipitation of antibodies 

with protein G-coated magnetic beads. Full-length image of western blots corresponding 

to the semiquantitative data shown in Figure 31.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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Western blots serum 

 

 

 

Supplementary Figure 22: Effects of β1-anti-Aβ antibody treatment on serum Aβ of PBS- 

and β1-treated 5 and 11 months old APP23 transgenic mice.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 



Supplementary Material  110 

Antibody-bound Aβ1-17 in Serum 

 

 

 

Supplementary Figure 23: Effects of β1-anti-Aβ antibody treatment on serum Aβ of PBS- 

and β1-treated 5 and 11 months old APP23 transgenic mice. Western blot analysis of 

blood serum for Aβ and immunoprecipitation of intrinsic serum antibodies by incubation 

with protein G-coated magnetic beads and subsequent western blotting. Full-length image 

of western blots corresponding to the semiquantitative data shown in Figure 32.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Antibody-bound AβN3pE in Serum 

 

 

Supplementary Figure 24: Effects of β1-anti-Aβ antibody treatment on serum AβN3pE of 

PBS- and β1-treated 5 and 11 months old APP23 transgenic mice. Western blot analysis 

of blood serum for Aβ and immunoprecipitation of intrinsic serum antibodies by incubation 

with protein G-coated magnetic beads and subsequent western blotting. Full-length image 

of western blots corresponding to the semiquantitative data shown in Figure 32.  

Aβ: Amyloid beta peptide, AβN3pE: Aβ with N-terminal truncation and pyroglutamate 

modification at residue 3, APP: Amyloid precursor protein, kDa: Kilodalton, PBS: 

Phosphate-buffered saline. (Balakrishnan et al. 2015). 
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Antibody-bound pAβ in Serum 

 

 

Supplementary Figure 25: Effects of β1-anti-Aβ antibody treatment on serum pAβ of 

PBS- and β1-treated 5 and 11 months old APP23 transgenic mice. Western blot analysis 

of blood serum for Aβ and immunoprecipitation of intrinsic serum antibodies by incubation 

with protein G-coated magnetic beads and subsequent western blotting. Full-length image 

of western blots corresponding to the semiquantitative data shown in Figure 32.  

Aβ: Amyloid beta peptide, APP: Amyloid precursor protein, kDa: Kilodalton, pAβ: Aβ 

phosphorylated at Serine residue 8, PBS: Phosphate-buffered saline.  

(Balakrishnan et al. 2015). 
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