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This first section – Prologue – is designed to provide a global overview of the 
research contained within this dissertation and to describe the broader context in 
which it should be viewed. 
A general introduction will be given in Section II. – Introduction to aging and 
Alzheimer’s disease. At the start of this section, the changing age structure of the 
global population will be described to illustrate the growing impact of age-related 
disorders on our society and to demonstrate the importance of this research. 
Subsequently, the relationship between health and aging will be addressed and 
how this connects to dementia and Alzheimer’s disease (AD). The section will 
also provide the necessary background information about the various facets of 
AD, like symptomatology, genetic factors and pathological features on a cellular 
and molecular level. Finally, the APP23 mouse model for AD, which was used for 
these experiments, will be introduced. The characteristics of this model and how it 
mimics the previously described features of Alzheimer’s disease will be addressed 
in detail. 
In Section III. – Aims and objectives we will briefly describe our working 
hypothesis, which was distilled from the information provided in section II. We 
will give a succinct overview of the research that led up to our current 
experiments. In this chapter we define the objectives we hoped to realize and 
describe our expectations regarding the results and their usefulness for further 
research.  
The two chapters of Section IV. – Exploring options for improved ELISA 
measurements of Aβ describe our initial endeavors to evaluate and optimize our 
methodology for protein extraction and subsequent ELISA analysis. Chapter 
IV.1 contains the results of preliminary study we conducted, comparing several 
novel sample preparation protocols in order to optimize ELISA measurements of 
Aβ. In Chapter IV.2 we describe the further development of the most promising 
protocol from the preliminary study. We will provide our final evaluation of this 
protocol, discussing its pros and cons. 
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Section V. – Age-related changes in Aβ levels and Aβ production contains the 
results of our experiments to determine the evolution in soluble Aβ levels with 
aging within the APP23 model. In addition, we determined the protein levels of 
the key proteins involved in Aβ production and investigated how they correlated 
to the changes in Aβ levels. At the end of the section, we discuss how these 
findings correlate to the observations made in human AD patients and the possible 
mechanisms responsible for the observed changes in Aβ levels.  
In order to further elucidate which mechanisms are involved with the shifts in Aβ 
levels, mice were selected from the most significant age groups, based on the 
results from section V, and subjected to RNA sequencing analysis. The results 
from these experiments are represented in Section VI. – Age-related gene 
expression changes in the APP23 model. In this section we identify several key 
factors that correlate with aging and AD pathology. 
Finally, we review our findings in Section VII. – General discussion and future 
directions and discuss their potential implications for research in this field, 
particularly research involving the APP23 model. We also debate the potential 
directions for future AD research. 
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1. The epidemiology of aging 
As human beings we all have at least one certainty in life: we are born, we age 
and eventually we die. While some may find this a depressing or pessimistic 
notion, there is no escaping this simple truth. Regardless of what some plastic 
surgeons or cosmetic companies will have you believe, time catches up with all of 
us and will take its toll on our bodies. How time will affect each of us, however, is 
far less certain.  The time span between birth and death and how the aging process 
will manifest itself, is highly unpredictable and varies greatly between individuals. 
In general, an increase in life expectancy at birth has been observed over the 
course of human history. In the beginning of the 19th century the world life 
expectancy was estimated at roughly 25 years [1]. In 2013, the global life 
expectancy exceeded 70 years [2]. Although a general trend for an increasing life 
span can be observed, the evolution in life expectancy at birth and its current 
levels vary greatly between geographical regions (Figure 1). For instance, the 
best-practice life expectancy – or the highest expectancy recorded on a national 
level – has climbed at a rate of a quarter year per year, from around 45 years for 
women in Sweden in 1840 [3] to 87 years for women in Japan in 2014 [4]. In 
Africa, on the other hand, 25 countries still had an average life expectancy below 
50 years of age in 2008 [5]. This significantly lower life expectancy in Africa can 
largely be explained by the impact of the HIV/AIDS pandemic in this region. 
After the fall of the Soviet Union, Russia and several other countries of the former 
USSR also displayed significant drops in male life expectancy, illustrating that 
socio-economic factors can (locally) disrupt the general pattern of increasing life 
expectancy [6].   
Initially, the gains in longevity were mostly due to improvements in the living 
standards (i.e. more nutritious diets, cleaner drinking water, improved hygiene, 
etc.) and organized efforts to control the spread of infectious diseases.  
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  Figure 1: Life expectancy at birth for both sexes in 2013 (based on the data available in the Global Health Observatory 

data repository of the World Health Organization. Database accessed on October 15 th 2015) [2] 
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The reduction in deaths from infectious diseases lead to a significant drop in 
infant and child mortality primarily [5, 7, 8]. As a result, more children survived 
to reach maturity and the average life span increased. This decrease in mortality in 
early life continued during the first half of the 20th century and currently this 
mortality rate has even dropped below 1% for most developed nations [7]. Since 
the 1970s the driving force behind the continuing rise in life expectancy in high-
income countries has, therefore, been a decline in mortality at older age instead of 
young age (Figure 2) [7, 9]. Since the end of the 20th century the group under 14 
accounts for less than 6% of the increase in life expectancy, while the group over 
65 accounts for almost 80% (Figure 2) [9].  This reduction in mortality at older 
age is no longer driven by reductions in infectious disease mortality, but is the 
result of a reduced mortality and morbidity from non-communicable diseases, like 
cardiovascular diseases, diabetes and cancer [7, 10]. 
Mortality is one of the key factors determining a population’s size and age 
structure, together with reproduction and migration. On a global scale, the net 
effect of migration will obviously amount to zero. Reproduction, on the other 
hand, is an even more significant factor than mortality when it comes to a 
population’s demographics. Each birth may contribute exponentially to the size of 
subsequent generations. In addition to the changes in mortality, significant 
declines in reproduction have also been observed since the late 19th century. By 
the second half of the 20th century the birth rate in most developed nations had 
dropped below the replacement rate of 2.1 live births per woman [11]. By 2008, 
reproduction had also dropped below the replacement level in more than 40 
developing countries [5]. Globally, the total reproduction rate has dropped around 
50% from 5.0 children per woman in 1950-1955 to 2.5 in 2010-2015 [11]. 
Together, the adaptations in mortality and reproduction have already significantly 
altered the composition of the population and will most likely continue to do so 
through a process called “demographic transition”. This process describes the 
transition toward a demographically aged population, i.e. a population with
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a relatively even distribution across all age groups, where the demographic 
pyramid is more rectangular in shape and the older age groups carry more weight 
[11]. Theoretically, demographic transition can be divided in three stages, which 
can be illustrated by the evolution in the demographic pyramids of more and less 
developed nations over 100 years. Figure 3 depicts how the population of more 
and less developed nations has changed from 1950 over 2000 until today. It also 
shows the projected demographic distribution of both populations by 2050. The 
first stage of demographic transition is usually characterized by high levels of 
both fertility and mortality, resulting in a low growth rate [5]. This stage is 
graphically represented by a narrow population pyramid with a small portion of 
older people, as could be observed in less developed nations in 1950 (Figure 3A). 
After the decline in mortality, fertility still remained at its high level. This state of 
high fertility and low mortality is marked by a rapid population growth and 
considered the second stage of demographic transition. The population pyramid 
for less developed nations of the year 2000 illustrates the characteristic shape at  

Figure 2: Evolution in the contributions of various age groups to the increase in record life 
expectancy in women. Data from Christensen, K. et al., Ageing populations: the challenges 
ahead. (2009) [9] 
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the end of this stage,  a triangular shape with a broad base (at the young ages) 
progressively narrowing towards the top (Figure 3B). When the decline in 
mortality is followed by a subsequent drop in reproduction, populations progress 
to stage three of the transition. During this stage the population growth slows and 
the population evolves toward an aged population with a more even distribution 
over all age groups [5, 11]. The less developed or developing nations are currently 
at the beginning of this stage (Figure 3C) and are expected to reach an almost 
rectangular distribution until the age of 60 by 2050 (Figure 3D) [11]. The more 
developed nations had already reached stage three by 1950. The drop in fertility 
below the replacement rate in these countries to 1.6 children per woman in 2000-
2005 is clearly reflected in their demographic pyramid (Figure 3B) [11]. As the 
large amount of people born during stage two of the transition age, the amount of 
people being born is insufficient to completely replace them. Today, people over 

Figure 3: Demographic pyramids for the population in more and less developed nations in the 
years 1950, 2000, 2015 and 2050. [Source: United Nations, Department of Economic and 
Social Affairs, Population Division (2015). World Population Prospects: The 2015 Revision, 
custom data acquired via website on September 3rd 2015.] 
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60 account for almost 25% of the population and by 2050 this is projected to 
climb to almost one third. On a global scale, people over 60 could outnumber 
children by 2047 according to the latest projections from the United Nations [11]. 
By 2050, people over 60 are expected to exceed 2 billion and to make up over 21 
percent of the world’s population [12]. The majority of these older individuals 
will live in developing nations [5, 8, 11, 12]. Furthermore, this growing portion of 
older people in the population is also aging, thanks to the reduced mortality and 
extended life span.  In 1950 persons over 80 or the oldest-old accounted for 7 
percent of all individuals over 60. By 2013 this number had doubled to 14 percent 
and by 2050 it is estimated to reach 19 percent. As people grow older their risk of 
disability, morbidity and need for health care increases. People are also less likely 
to be a productive member of society with increasing age. The increasing portion 
of older individuals in our society will result in an increase in health expenditure 
and the care for these elderly will fall on the shoulders of a relatively smaller 
portion of productive adults. Managing the ensuing socio-economic burden from 
our aging population may, therefore, be one of the biggest challenges we will face 
in the coming century. 
2. Health and Aging 
As there is no denying the fact that people are living longer and our world’s 
population is aging, one question is becoming increasingly more important: “How 
do we age?”. Do the years of life gained translate to more time spent in good 
health or are we simply increasing the levels of morbidity and prolonging periods 
of disability and dependence? What happens to our bodies as we get older and 
what are the risks associated with aging? Are there certain measures we can take 
to prevent, reduce or postpone the negative effects of aging? The answers to these 
questions are necessary to understand and estimate the future impact of our aging 
population and will be crucial in tailoring social security and health care systems 
to future needs.  
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Several hypotheses exist with regard to the quality of life during the years gained 
by our ever increasing life span. On the one hand there is the compression of 
morbidity hypothesis, which states that morbidity will be compressed into a short 
period at late age just before death [13, 14]. The prerequisite for this theory is that 
a delay in the age of onset of morbidity can be accomplished which exceeds the 
rise in life expectancy. On the other hand there is the opposing, expansion of 
morbidity hypothesis, which predicts a pandemic of chronic disease and disability, 
where the periods of morbidity match or even exceed the increase in life 
expectancy [15, 16]. Finally, we also have the dynamic equilibrium hypothesis. 
This theory states that a decline in the progression and severity of morbidity might 
be accompanied by rises in mild and moderate morbidity [17]. Thus far, it remains 
unclear which of the morbidity trend theories most accurately represents reality 
[12]. Research into these morbidity trends has yielded conflicting results. An 
important reason for diverging results between studies is the variation in the 
definition of morbidity, disability and/or health. Differences in the definitions of 
these concepts result in variations in the study designs and in the parameters 
studied [9, 12]. The WHO defines a health state as a multidimensional attribute of 
an individual, which reflects their stages for various domains of health at a 
specific point in time [18]. Each of these domains may be affected differently by 
aging and these effects may vary based on region, ethnicity, etc. It could, 
therefore, be impossible to find one overall trend which is generally applicable. 
In an individual the effects of aging can be observed on multiple levels: social, 
psychological (behavioral), physiological, morphological, cellular and molecular. 
Typical changes like loss of height, reduction of lean body mass, graying hair, 
wrinkling of skin, changes in eye sight and movement, can be readily observed 
and are well known. From the age of 35 years and onwards the effectiveness of 
physiological systems declines [19]. The cellular and molecular mechanisms 
involved in these alterations, are less clear. In general, aging is believed to be 
caused by insufficient repair of damage by the body’s repair systems. The 



SECTION II. Introduction to aging and Alzheimer’s disease  

20 
  

resulting accumulation of damage causes the reduced functionality and 
progressive deterioration of the body [20]. Consequently, aging is often defined as 
the failure to maintain homeostasis under conditions of physiological stress and 
this is associated with a decrease in viability and an increase in vulnerability of 
the individual [21]. The processes responsible for the accumulating damage can 
be classified as intrinsic or extrinsic factors. Processes that are an integral part of 
living processes, but have damaging side-effects are considered intrinsic. One of 
the best known examples is the aerobic metabolism which leads to the formation 
of reactive oxygen species (ROS). ROS are highly reactive molecules that damage 
all the molecular components of the cell (i.e. proteins, lipids and DNA). The cell 
has several mechanisms to prevent and repair damage by ROS, but they are not 
100% efficient. Most other living processes probably have the potential to cause 
damage as well. Factors from outside the body that contribute to the damage 
observed with aging are considered extrinsic. Exposure to toxic substances or 
sunshine/radiation, are common examples of these extrinsic factors [20]. A lot of 
variability exists between the rate and the extent to which physiological systems 
are compromised with aging both within and between individuals [22]. Genetic 
differences could, in part, explain why certain individuals are predisposed to be 
more vulnerable to or protected from specific types of damage. However, several 
other factors (i.e. early life events and developmental changes, life style, 
environment, psychosocial factors, etc.) will also play a decisive role in the aging 
process [23].   
As mentioned earlier, this accumulation of damage with age is associated with 
increasing vulnerability. With the aging of the population comes a higher 
prevalence of non-communicable diseases and disability [1]. The Global Burden 
of Disease report of the WHO estimated that 23.1% of the total disease burden in 
2010 could be attributed to disorders in people aged 60 years and older. In high-
income regions, disorders in people over 60 actually made up 49.2% of the total 
burden of disease [24]. The 10 most burdensome diseases at later age are 
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ischaemic heart disease (13.5% of the total disease burden), stroke (11.6%), 
chronic obstructive pulmonary disease (7.5%), diabetes (3.9%), low back pain 
(3.3%), cancer of the trachea/bronchus/lung (3.2%), falls (2.2%), visual 
impairment (1.8%), dementia (1.7%), hypertensive heart disease (1.6%) [25]. In 
the past couple of decades, preventative measures and more efficient medical 
interventions have managed to significantly reduce the mortality rate of some of 
the most burdensome diseases, like cardiovascular diseases, cancer and diabetes 
[7, 10, 25]. However, as the mortality rate for certain diseases drops and people 
live to a later age, the incidence of other disorders may rise. Between 1990 and 
2010 the burden caused by dementia more than doubled (+112.8%) [24]. No other 
disease displayed an increase in burden of this magnitude. In addition, dementia 
shows the highest age dependence of all disorders [25]. The incidence of dementia 
almost doubles with every 5 years increase in age. Between 5-8% of all people 
over 60 suffer from dementia and 7.7 million new cases are expected every year 
[26, 27]. In 2010 the number of people with dementia was estimated at 35.6 
million. This number is expected to double every 20 years and should exceed 115 
million by 2050 [27]. More importantly, no successful preventative measures or 
interventions to alter the disease course have been found to date. Thus far, 
symptomatic treatments are the only available therapeutic option. Taken together 
with the aging of the population, these facts illustrate the necessity for research 
into dementia and the further development of potential therapies. 
3. Dementia and Alzheimer’s disease  
According to the most recent edition of the Diagnostic and Statistical Manual of 
Mental Disorders (DSM-V), dementia is now classified as ‘major neurocognitive 
disorder (NCD)’ [28]. The NCD category encompasses mental disorders in which 
the primary clinical deficit is observed in cognitive function. Other mental 
disorders may also show cognitive deficits, but only disorders with cognitive core 
features are included. In addition, the NCD disorders are acquired and thus not 
present at birth or in early life. NCD is a slightly broader term than dementia and 
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includes disorders that would previously have been classified in another category. 
Therefore, the term dementia is still used in specific settings where physicians and 
patients are accustomed to the term. It is usually applied to degenerative 
dementias affecting older adults [28]. The diagnosis of ‘major NCD’ is based on 
the diagnostic criteria listed in Table 1. In addition to the cognitive deficits, major 
NCD patients are impeded in the execution of everyday activities and can also 
display behavioral disturbances. The activities of daily living (ADL) are usually 
divided into two categories: basic (BADL) and instrumental (IADL). BADL are 
self-maintaining activities, like eating, dressing, personal hygiene and general 
mobility. IADL encompass more complex tasks such as handling finances, driving 
a car, managing medication, grocery shopping, etc. [29].  

  
Diagnostic criteria for major neurocognitive disorder 

A. Evidence of significant cognitive decline from a previous level of performance 
in one or more cognitive domains (complex attention, executive function, 
learning and memory, language, perceptual-motor, or social cognition) based 
on: 
  1. Concern of the individual, a knowledgeable informant, or the clinician that 
there has been a significant decline in cognitive function; and 
 2. A substantial impairment in cognitive performance, preferably documented 
by standardized neuropsychological testing or, in its absence, another 
quantified clinical assessment. 
 B. The cognitive deficits interfere with independence in everyday activities (i.e., 
at a minimum, requiring assistance with complex instrumental activities of 
daily living such as paying bills or managing medications). 
 C. The cognitive deficits do not occur exclusively in the context of a delirium. 
 D. The cognitive deficits are not better explained by another mental disorder 
(e.g., major depressive disorder, schizophrenia). 
 

Further specification of 
1. The etiological subtype: 

Alzheimer’s disease, frontotemporal lobar degeneration, Lewy body disease, 
vascular disease, traumatic brain injury, substance/medication induced, HIV 
infection, prion disease, Parkinson’s disease, Huntington’s disease, another 
medical condition, multiple etiologies or unspecified. 

2. Presence/absence of behavioral disturbances. 
3. Current severity (Degree of impairment in activities of daily living): 

mild, moderate or severe. 

Table 1: Diagnostic criteria for major neurocognitive disorder according to the Diagnostic and 
Statistical Manual of Mental Disorders, 5th edition. (Adapted from [28]) 
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During the disease course of degenerative dementia, the IADL capacity tends to 
be affected first. As the disorder progresses, BADL capacities become 
increasingly affected as well [30, 31]. The behavioral symptoms of dementia have 
been commonly described as Behavioral and Psychological Signs and Symptoms 
of Dementia (BPSD) or more recently as Neuropsychiatric Symptoms (NPS) [32, 
33]. The symptoms can be divided into 7 categories: delusional ideation, 
hallucinations, aggression/agitation, activity disturbances, diurnal rhythm 
disturbances, anxieties/phobias and mood disturbances/depression [34]. Within 
the broad category of NCD, disorders are further categorized according to specific 
etiological subtypes. These subtypes indicate the known or presumed 
etiological/pathological entity underlying the cognitive deficits. Subtypes are 
distinguished based on their time course, characteristic domains affected, 
associated symptoms and, for certain subtypes, a causative entity. The key factors 
for NCD diagnosis are still the patient’s history and neuropsychological 
assessments, but for specific subtypes these measures can be supplemented with 
neuroimaging or biomarker measurements [28, 35, 36]. The six main pathological 
subtypes for dementia and their share of all dementia cases are depicted in Figure 
4 [37]. Alzheimer’s disease (AD) is responsible for over 60% of all dementia 
cases and displays a prevalence that far exceeds any other dementia subtype [27, 
37]. 

 
 

62%17%

10%
4% 2% 2% 3%

Alzheimer’s disease
Vascular dementia
Mixed dementia
Dementia with Lewy bodies
Frontotemporal dementia
Parkinson’s dementia 
Other

Figure 4: Pie chart displaying the most common underlying pathological subtypes for 
dementia and their proportional contribution to all dementia cases (in percent). Based on the 
data from the Dementia UK report (2007). [37]  
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AD is a neurodegenerative disorder that is characterized by the disruption of 
distinct neocortical networks. Initially, the “default mode network” appears 
disrupted and the medial temporal lobe structures become functionally 
disconnected from the association neocortex and the subcortical nuclei, leading to 
ineffective consolidation of new information and impairment of episodic memory. 
As the disease progresses, other higher-order multi-modal association areas of the 
neocortex are affected and complex cognitive functions become further impaired. 
Patients will display additional deficits based on the compromised brain regions. 
These deficits include increasing executive dysfunction (prefrontal cortex), 
apraxia (parietal cortex), visuospatial navigation deficits (occipitoparietal cortex), 
visuoperceptive deficits (occipitotemporal cortex) and diminished semantic 
memory (anterior temporal cortex) [38-51]. In general, more complex cognitive 
tasks are the first to be impaired, followed by deterioration in the execution of 
simple tasks in later stages of the disease. By the final stage of the disease, 
patients become mute, bedridden and completely dependent. In addition to the 
cognitive disturbances, AD patients can also display behavioral symptoms from 
all of the previously mentioned NPS categories. At the onset of the disease the 
changes in cognition and behavior are too small to be detected and do not affect 
ADL yet. After a while, some of the symptoms may become noticeable and 
alterations may be quantitated by neuropsychological testing. According to the 
new DSM-V criteria, patients displaying a cognitive decline that does not interfere 
with ADL can be classified as mild NCD, also known as mild cognitive 
impairment [28, 35, 52]. However, not all patients classified as mild NCD will 
develop AD  and often the early stages of the disease go completely undiagnosed. 
As a result, at the time of diagnosis, AD has usually been present for years and 
has already caused significant (irreversible) damage to the brain [35]. Research 
into the underlying AD pathology is, therefore, not only crucial to finding a 
possible therapeutic target, but also essential to discovering accurate diagnostic 
markers that can detect the earliest stages of the disease, prior to neurological 
damage. Currently, clinical observations and behavioral tests can already be 
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supplemented with one or more biomarker tests to aid in the diagnosis of AD. The 
accepted biomarker measures at the moment include: structural MRI-imaging of 
atrophy, imaging metabolic brain activity with PET/SPECT, amyloid PET 
imaging and measuring amyloid and tau levels in cerebrospinal fluid [28, 35, 36, 
52]. Unfortunately, none of these methods is able to definitively diagnose AD and 
their clinical usefulness is still under debate. The definite AD diagnosis can still 
only be made post-mortem, based on the neuropathological findings in the brain. 
4. The neuropathology of Alzheimer’s disease  
Underlying the functional deficits in Alzheimer’s disease are several distinct 
neuropathological brain lesions. Each of these lesions tends to display a 
characteristic spatiotemporal distribution pattern in the brain. On a macroscopic 
scale, a symmetrical pattern of cortical atrophy, mainly located in the medial 
temporal lobes, is considered indicative of AD [48-50, 53, 54]. The decrease in 
cortical matter can result in an increase in the volume of the lateral ventricles, 
particularly the temporal horn. This typical pattern can be observed by MRI 
imaging and is considered the underlying condition for the observed cognitive 
deficits [53, 54]. 
On the microscopic scale, two characteristic lesions were identified by Dr. Alois 
Alzheimer in his first description of an AD patient in 1906: neurofibrillary tangles 
(NFTs) and amyloid plaques [55]. The NFTs are composed of misfolded and 
hyperphosphorylated microtubule-associated tau proteins [56-59]. Under normal 
physiological conditions the tau protein binds to and stabilizes the microtubules, 
assisting in intracellular transport. The binding of the tau protein to the 
microtubules is regulated by phosphorylation. In AD patients the tau protein 
becomes hyperphosphorylated, resulting in the disintegration of the microtubules 
and the disruption of intracellular transport. The hyperphosphorylated tau clusters 
together in the insoluble filamentous aggregates known as tangles [60-64]. In 
association with the NFTs, neuropil threads can be observed. These axonal and 
dendritic fragments containing aggregated and hyperphosphorylated tau are 
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believed to be remnants of broken down tangle-bearing neurons [65, 66]. As the 
disease progresses, both NFTs (and neuropil threads) spread through the brain 
according to a distinct spatiotemporal pattern, which correlates to the 
neuropsychological AD profile [40, 41, 67]. Initially the NFTs are observed in the 
transentorhinal region, the entorhinal cortex and the CA1 region of the 
hippocampus. In a more advanced stage of the disease, the density of the NFTs in 
these regions increases and they appear in the limbic structures of the brain (i.e. 
the subiculum of the hippocampus, the amygdala, the thalamus and the 
claustrum). Finally, the NFTs also spread to the isocortical area. The associative 
isocortical areas tend to be affected first and most severely, while the primary 
sensory, motor and visual areas are relatively spared [39-41, 67]. 
The second characteristic AD lesion, the amyloid or senile plaques, follows a 
different, less predictable spatiotemporal pattern. Thal et al. defined five stages for 
the progression of the plaque pathology [68]. During the first stage only 
isocortical regions are affected. As with the NFTs, the plaques accumulate in the 
associative areas and the primary sensory, motor and visual areas are less 
involved. In the second stage, allocortical plaques appear in the entorhinal cortex, 
hippocampus, amygdala, insular and cingulate cortex. The subcortical nuclei, 
including caudate nucleus, putamen, claustrum, basal forebrain nuclei, substantia 
innominata, thalamus, hypothalamus (including the mammillary body), lateral 
habenular nucleus, and white matter, become involved in stage 3. In the next 
stage, plaques can also be found in brainstem structures. Finally, in stage five, the 
pons and cerebellum start to display plaques as well [68]. The first three stages of 
amyloid deposition can also be found in cognitively normal elderly people [68]. In 
fact, it is believed that a significant portion of the plaque pathology is established 
during the preclinical phase of the disease. However, the pathological boundaries 
between normal aging and AD dementia are unclear and it remains uncertain 
whether all elderly people with amyloid plaques pathology are destined to 
eventually develop AD. Two morphological classes of amyloid plaques can be 



SECTION II. Introduction to aging and Alzheimer’s disease 

27 
 

distinguished: diffuse and dense-core plaques. The diffuse plaques tend to be 
more present in the brains of the cognitively intact elderly, whereas the dense-core 
plaques are most often found in patients with AD dementia [69, 70]. The dense 
core plaques are characterized by positive staining with dyes specific for β-sheet 
conformation, like Congo Red and Thioflavin-S. They have a central core of 
extracellular filaments that radiate out to the periphery, where they mix with 
neuronal, astrocytic and microglial processes [71-75]. The neuronal processes are 
also called dystrophic neurites. They can be elongated and distorted or bulbous 
and contain abnormal mitochondria and dense bodies of mitochondrial or 
lysosomal origin [76]. In addition, the dense-core plaques are also associated with 
synaptic loss, neuronal loss and glial activation [71-75]. Nonetheless, the plaque 
load in the brain correlates poorly with the severity and the duration of dementia 
[77-82]. The main component of both diffuse and dense-core plaques is the 
extracellularly deposited, aggregated amyloid-β (Aβ) peptide. This peptide is 
produced by the processing of the amyloid precursor protein (APP) and may play 
the causal role in the development of AD pathology. The production of Aβ and its 
part in AD pathology will, therefore, be discussed extensively under a separate 
heading later in this section.  
In addition to the characteristic lesions described by Dr. Alzheimer, the AD brain 
displays various other lesions as well. First of all, Aβ does not only deposit in 
plaques in the brain parenchyma, but can also be found in the walls of the brain’s 
blood vessels. Between 80-90% of AD patients display some degree, mostly mild, 
of cerebral amyloid angiopathy (CAA) [83-86]. The amyloid accumulates mainly 
in the interstitium between the smooth muscle cells of the tunica media in cortical 
capillaries, small arterioles, middle-sized arteries and leptomeningeal arteries. 
Venules, veins and white-matter arteries are usually not affected. CAA is 
predominantly located in the posterior parietal and occipital areas and in the 
surrounding leptomeningeal arteries [85, 87-89]. It is suspected to be a 
contributing factor to the observed cognitive decline [90-93]. In the cytoplasm of 
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pyramidal neurons in the hippocampus two other lesions can be observed: 
granuovacuolar degeneration (GVD) and hirano bodies. While these lesions are 
also increasingly present in aging, cognitively intact elderly, they tend to be more 
severe and frequent in AD patients. GVD is defined as a collection of large 
double-membrane bodies, whereas Hirano bodies are eosinophilic rod-like 
cytoplasmic inclusions [94-96]. The source and importance of both lesions is, 
however, still poorly understood. As mentioned previously, atrophy is an 
important macroscopic feature of the AD brain and can be attributed to two 
microscopic changes: neuron and synapse loss. Both changes show a similar 
spatiotemporal pattern that matches the pattern of the NFTs. Regionally, neuronal 
loss will exceed the NFT load, indicating that NFTs are not solely responsible for 
the neuronal loss. Neuron loss also correlates better than NFTs with the cognitive 
deficits [80, 97]. Synapse loss actually exceeds and, therefore, predates neuron 
loss in a given cortical region. Accordingly, it displays the best correlation with 
cognitive decline in AD [69, 82, 98-109]. Finally, AD brain is also characterized 
by a glial immune response. Reactive astrocytes and activated microglial cell can 
be found in the surrounding of dense-core plaques. This immune response 
increases linearly during the course of the disease and appears associated with 
other degenerative processes like NFT formation, neuron and synapse loss [82, 
110]. 
5. The genetics of Alzheimer’s disease  
Notwithstanding the shared symptomatology and neuropathology, AD can be 
divided into two distinct categories on a genetic level: autosomal dominant AD 
(ADAD) and sporadic AD (SAD). As indicated by the name, the ADAD type is 
inherited in an autosomal dominant fashion. Typically, people with this type of 
AD will present with dementia symptoms at an earlier age, before the age of 65 
[111]. As a result ADAD is also often called early-onset AD (EOAD). However, 
the majority of AD cases with an early age of onset does not have an autosomal 
dominant inheritance pattern and are in fact sporadic AD. ADAD is caused by 
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highly penetrant mutations in one of three genes: the presenilin 1 (PSEN1), 
presenilin 2 (PSEN2) and APP gene [112-117]. Although the ADAD variant is 
quite rare (prevalence < 1%), the discovery of the mutations in these genes has 
provided substantial insights into the molecular processes involved with AD 
pathology. In addition, they made it possible to create transgenic animal models 
for AD, one of the most important tools for AD-related research. A fascinating 
finding regarding these mutated genes was that they were all involved in the 
processing of APP and the production of Aβ. This discovery supported the theory 
that the Aβ-peptide is a key factor in the development of AD [115, 117-122]. The 
role of these genes and the effect of the mutations will be discussed in more detail 
in the next subsection, which deals exclusively with the Aβ peptide.  
SAD is the most common type of AD and responsible for over 99% of all cases. 
As the age of onset for most SAD cases exceeds the age of 65, SAD is also 
routinely described as late-onset AD (LOAD). Contrary to ADAD, SAD is 
considered a polygenic/multifactorial disease [123, 124]. The manifestation of this 
AD type cannot be attributed to a single genetic factor. However, familial and 
twin studies have still demonstrated substantial levels of heritability for SAD 
[123, 125, 126]. Monozygotic twins and first-degree relatives show higher risks 
for developing AD themselves. One twin study even reported an estimated 
heritability as high as 80 % [123]. However, the lack of complete concordance of 
AD between monozygotic twins indicates that environmental factors also 
contribute to the development of SAD. In the end, AD is most likely the result of 
a complex interaction between genetically predisposing factors and environmental 
influences [123]. Over the last 25 years, research has managed to identify several 
gene mutations or polymorphisms that increase the risk for developing SAD. The 
greatest genetic risk factor for AD, apart from the autosomal dominant mutations, 
is the ε4 allele of the Apolipoprotein E (APOE) gene [127-129]. Besides the ε4 
allele, the APOE gene has two other main allelic variants for this locus, the ε2 and 
ε3 allele. The ε3 allele is the most commonly found variant and is often 
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considered the normal or reference allele in risk calculations [130]. Overall, the 
presence of 1 or 2 ε4 alleles substantially increased the risk of developing SAD in 
a dose-dependent manner when compared to the ε3/ε3 genotype [127, 128]. The 
ε2 allele, on the other hand, appeared to potentially have a protective effect [131, 
132]. Meta-analysis and large-scale, international genome wide association 
studies have managed to identify additional risk genes: Sortilin-related receptor-1, 
bridging integrator 1, complement component (3b/4b) receptor 1, clustrin, 
phosphatidylinositol-binding clathrin assembly protein, ATP-binding cassette 
transporter A, fermitin family member 2, cas scaffolding protein family member 
4, membrane-spanning 4-domains subfamily A, EPH receptor A1, major   
histocompatibility complex class II DR beta 5/beta 1, protein tyrosine kinase 2 
beta, CD2-associated protein, zinc finger CW type with PWWP domain 1, solute 
carrier family 24/Ras and Rab interactor 3, inositol polyphosphate-5-phosphatase, 
myocyte enhancer factor 2C, NME/NM23 family member 8, CUGBP Elav-like 
family member 1, CD33 molecule [133-138]. However, the impact of these risk 
loci is considerably smaller than that of APOE ε4. Interestingly enough the AD 
risk genes all appear to be associated with one of three pathways (immunity and 
inflammation, cholesterol metabolism, or endosomal vesicle recycling), which 
could provide valuable new insights into AD pathophysiology. 
6. The amyloid-beta peptide  
As mentioned earlier, the Aβ peptide is the main component of the senile plaques, 
a characteristic AD pathology hallmark. The peptide is produced by regulated 
intramembrane proteolysis (RIP) of APP. During the RIP process the type-I 
transmembrane protein undergoes two consecutive cleavages [139-142]. APP 
processing occurs through one of two RIP pathways: the amyloidogenic or non-
amyloidogenic pathway (Figure 5). In the latter pathway, APP is first cleaved in 
the middle of the Aβ domain by the type-I transmembrane endoprotease, α-
secretase. This cleavage releases the N-terminal fragment soluble APPα (sAPPα) 
extracellularly and prevents the formation of Aβ [143, 144]. This pathway is, 
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therefore, considered to be a non-pathogenic pathway. The sAPPα fragment has 
even been found to play a significant role in neuronal plasticity and survival and 
has shown neuroprotective effects [145-150]. The remaining membrane-bound 
APP fragment, C83 or C-terminal fragment α (CTFα), is further subjected to an 
intramembrane cleavage by the γ-secretase protein complex, releasing the p3 and 
APP intracellular domain (AICD) fragments [140, 151, 152]. In the 
amyloidogenic pathway APP is first cleaved at the N-terminal end of the Aβ 
domain by a β-secretase, the transmembrane aspartyl protease BACE1 [153-156]. 
During this step, soluble APPβ (sAPPβ) is produced which has been implicated in 
axonal pruning and neuronal cell death [157]. Finally, Aβ is produced by the 
subsequent γ-secretase cleavage, separating CTFβ or C99 into Aβ and AICD. 
AICD is believed to be involved in intracellular signaling pathways, regulating 
apoptosis, neuronal growth and gene expression [As reviewed in 158, 159]. In 
addition, the AICD has been known to undergo even further cleavages by 
caspases, producing the fragments Jcasp and C31, which might also possess 
neurotoxic effects [160]. However, based on the genetic evidence from ADAD 
research, its presence in the characteristic plaques and the observed neurotoxic 
properties, Aβ is considered to be the most crucial factor in AD pathology. 
The cleavage of APP by γ-secretase is not restricted to a single site, but can 
actually occur at multiple sites in close proximity of each other. As a result, 
several Aβ isoforms have been observed, ranging in length between 37-43 amino 
acids. The two main variants of Aβ have a length of 40 (Aβ1-40) and 42 (Aβ1-42) 
amino acids. The Aβ1-40 form is the most commonly produced form, but Aβ1-42 is 
more prone to aggregation and considered the more pathogenic Aβ species [161-
165]. The production of these Aβ species is altered in ADAD patients.  
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Figure 5: The two amyloid precursor protein processing pathways and their role in the 
formation of β-amyloid (aggregates) and AD pathology. (Adapted from [283]) 
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For instance, PSEN is believed to be the most critical component of the four core 
subunits of the γ-secretase complex (the other three subunits being nicastrin, 
anterior pharynx defective homolog 1 and presenilin enhancer 2) [166-169]. 
Evidence suggests it is responsible for the catalytic activity of the enzyme and the 
ADAD mutations in the PSEN genes shift the Aβ production from Aβ1-40 towards 
the more toxic Aβ1-42, thereby increasing the Aβ1-42/ Aβ1-40 ratio [119, 169-176]. 
The ADAD mutations in the APP gene, on the other hand, are located in the 
vicinity of the cleavage sites for β- or γ-secretase. The mutations near the β-site 
tend to increase the overall Aβ production [177, 178], whereas the γ-site 
mutations also cause a shift from Aβ1-40 to Aβ1-42 [179]. In addition to the changes 
observed in the production of Aβ, alterations in the clearance of Aβ have also 
been observed. Recent studies have shown that the clearance rate of Aβ 
diminishes with aging and that it is decreased in patients with SAD compared to 
cognitively healthy controls [120, 180-182]. Several of the genetic risk factors for 
SAD have also been linked to Aβ clearance [183]. Similar to the increased 
production, this lower clearance can contribute to the accumulation of Aβ in the 
brain over time. Together these findings have led to the formulation and 
refinement of the amyloid cascade hypothesis, the most prominent theory 
regarding AD pathology (Figure 6) [121, 122, 184]. This hypothesis states that 
alterations in the production and/or clearance of Aβ results in increased levels of 
Aβ in the brain, which initiates a chain reaction or cascade of neurodegenerative 
processes. Over the past 25 years extensive research has been conducted into the 
possible molecular mechanisms involved in Aβ toxicity. 
Initially, it was believed that the increased Aβ levels led to excessive aggregation 
and deposition of the peptide and that these deposits or plaques were responsible 
for the neurological damage. However, as mentioned preciously, the plaque load 
correlates poorly with the disease severity [77-82]. The research focus, therefore, 
shifted to soluble Aβ [185]. The fact that Aβ is also present in healthy individuals 
indicates that the mere presence of Aβ does not suffice to cause AD [186-188].  
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It was established early on that Aβ aggregation is essential for toxicity [189, 190]. 
A wide variety of soluble oligomeric Aβ species have been reported in both in 
vitro and ex vivo biochemical studies. Depending on the research group and the 
methodology used, different classifications and nomenclature have been used to 
identify the soluble oligomeric Aβ species. The selected terminology usually 
refers to physical characteristics of the aggregates like molecular weight, 
solubility or the shape/structure. Some of the most commonly used categories 
include: low-n or low molecular weight oligomers, Aβ-derived diffusible ligands 
(ADDLs), globulomers and (annular) protofibrils [191-202]. Low-n oligomers can 
be used to describe small, non-fibrillary aggregates with a relatively low 
molecular weight made up of a distinct number of Aβ peptides (e.g. dimers, 

Figure 6: Schematic overview of the amyloid cascade hypothesis. (Adapted from [184]) 
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trimers, etc.). However, the demarcation between low n-oligomer and larger 
aggregate varies between researchers. ADDLs and globulomers refer to globular 
structures ranging in size between 35-60 kDa that were originally produced 
synthetically, but antibodies, specific for these species, have been shown to 
interact with endogenous species as well [198, 199, 203, 204]. Protofibrils are 
considered to be intermediary structures in the formation of fibrillary amyloid. It 
describes a heterogeneous mix of structures with a diameter of around 5 nm and a 
length up to 200 nm. These structures appear before fibrils can be detected, but 
they also stain positive for Congo red and Thioflavin T [193-196]. Finally, the 
annular protofibrils are pore-like structures with a molecular weight of over 90 
kDa. These species have a circular shape with a diameter between 8-12 nm and a 
channel in the middle with a diameter of around 2.0-2.5 nm [197]. These Aβ 
aggregates do not only differ in morphology, but may also display different 
molecular mechanisms of toxicity. For instance, Aβ has been found to interact 
with a large number of cell receptors. Whether this lack of receptor specificity is 
simply due to Aβ’s propensity to ‘stick’ to other proteins or the result of the 
heterogeneous Aβ aggregates with varying degrees of affinity is unclear. Research 
has shown that NMDA receptor (NMDAR)-mediated long-term potentiation, a 
fundamental process underlying memory and learning, is impaired by exposure to 
Aβ oligomers and in AD patients [202, 205-210]. NMDAR-dependent long-term 
depression, on the other hand, appears to be stimulated by Aβ oligomers, resulting 
in synaptic depression [211-213]. This modulation of NMDAR-mediated activity 
may be the result of reduced activation of the receptor by direct binding of Aβ, 
modifying the NMDAR-dependent calcium influx and enhancing the activity of 
Ca2+-dependent protein phosphatase calcineurin/PP2B and protein phosphatase 
2A (PP2A) [214-216]. In this downstream pathway of the NMDAR, calcineurin 
regulates the activation or inactivation of various proteins through 
phosphorylation. The activation of the actin filament severing protein cofilin, for 
instance, results in the loss of dendritic spines, whereas the downstream activation 
of glycogen synthase kinase-3β (GSK3β) has been linked to tau 
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hyperphosphorylation [214, 217]. Downregulation of the cAMP response 
element-binding protein has been reported and can lead to synapse loss [207]. In 
addition, the NMDAR downstream pathways have also been connected to 
internalization of AMPA receptors and increased production of harmful ROS 
[212, 218-220]. However, Aβ oligomers have also been found to interact with a 
wide variety of receptors other than NMDAR, including the p75 neurotrophin 
receptor, cellular prion protein (PrPC), mGLUR5, α7-nicotinic acetyl-choline 
receptor, PSD-95, glutamate transporter, ephrin type-B receptor, ephrin type-A 
receptor 4, frizzled receptor and insulin receptor [211, 221-231]. Several of these 
receptors help regulate the extracellular glutamate levels and may, therefore, 
indirectly affect NMDAR function [223-225]. Others, like the frizzled and insulin 
receptor, activate downstream pathways that share elements with the NMDAR 
pathways, like GSK3β [229, 232]. The p75 neurotrophin receptor appears to exert 
effects unrelated to NMDAR (pathways) and may induce apoptosis and/or 
increase Aβ production [221, 233, 234]. Apart from receptor-mediated 
mechanisms, it has also been proposed that Aβ oligomers increase the 
permeability of the cell membrane. As a result, the intracellular homeostasis of 
Ca2+ and other ion becomes disturbed. Whether this increased permeability is the 
result of actual pore formation by annular protofibrils or rather the result of more 
discrete defects, remains unclear [235-238]. Finally, a lot of Aβ has also been 
found intracellularly. Although it is uncertain if this accumulation occurs through 
intracellular production or uptake from the environment, it may also disrupt 
normal cellular function [As reviewed in 239, 240, 241]. While it is clear that Aβ 
can form a wide variety of aggregates and that most of these aggregates possess a 
range of neurotoxic properties, it is still unclear which species are actually present 
under physiological circumstances, to what extent they are responsible for the 
observed damage and by which mechanisms. Further elucidation of these 
molecular mechanisms will be crucial for the development of therapeutics.  
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7. The APP23 mouse model  
Research into AD pathology and its progression has been hampered by certain 
aspects inherent to the disease. First of all, there are considerable technical 
limitations to studying the (living) brain and its functionality in humans. Although 
a lot of progress has been made in the development of in vivo imaging techniques, 
the gathering of information in humans, particularly on a cellular and molecular 
level, has been limited. In addition, due to the insidious onset of the disease, 
patients are usually only diagnosed after years of ongoing pathological changes 
[35, 242], making it virtually impossible to study the earliest stages of the disease 
in human patients. Therefore, animal models have played and continue to play an 
important part in AD research. Ideally, an animal model aims to completely 
imitate the human condition, both in phenotypical presentation and underlying 
cause. However, these types of homologous models are rare. Most animal models 
are partial models that mimic specific aspects of a disease [243]. The validity of a 
given model can be evaluated by how well it imitates the disease across four 
domains: etiology, pathology, symptomatology and a concordant response to 
therapy. In general, models can be divided in four categories: spontaneous, 
induced, negative and orphan. Spontaneous models are models in which a 
condition is naturally occurring. On the contrary, in induced models the condition 
is obtained through artificial manipulations (i.e. surgical lesions or genetic 
manipulation). Negative models are characterized by the absence of a specific 
condition and orphan models display a condition that isn’t observed in the target 
species [243]. As mentioned earlier, the discovery of autosomal dominant 
mutations causing AD allowed for the creation of transgenic AD models. These 
induced models have been an invaluable resource for AD researchers and have 
been used more than any other type of model. Transgenic AD models usually 
carry one or more mutations connected to AD. In our research we used a mouse 
model containing a single APP mutation, the APP23 model. This model has been 
shown to mimic aspects of AD across all four domains of validity. 
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7.1  The etiology of the APP23 model 
The APP23 model was created by introducing a construct containing the cDNA of 
human APP751 in mice with a C57BL/6xDBA2 background. The mice were 
subsequently backcrossed with C57BL/6 to create an isogenic line. The 
expression of the APP gene in the construct is driven by the neuron-specific 
murine Thy-1 promoter. At mRNA level, this results in a sevenfold 
overexpression of the human APP compared to the endogenous mouse APP 
levels. The highest expression levels are found in the neocortex and hippocampus, 
regions that are typically affected by AD pathology. The human APP contains the 
Swedish double mutation (K670N/M671L), capable of causing ADAD in humans 
[244]. This mutation causes an overall increase in Aβ levels [178].    
7.2  AD pathology in the APP23 model  
The APP23 model displays several histopathological features that correlate to the 
previously described neuropathological lesions observed in AD patients. At 6 
months of age the first, occasional Aβ deposits can be detected in the brain of the 
APP23 mice. Initially, the plaques are located in the frontal cortex and subiculum, 
but they spread and increase in number and size with aging. By 24 months, the 
plaques cover a substantial portion of the neocortex and hippocampus and extend 
to the thalamus, caudate putamen and olfactory nucleus. In even older mice, 
nearly all brain regions are affected, with the exception of the cerebellum [244-
246]. Although the compact core tends to be larger and the surrounding halo 
smaller than in humans, the initial plaques display similar staining and overall 
morphology to the dense core plaques found in patients [244]. Diffuse deposits do 
not appear in the model until after the age of 20 months [247]. The biochemical 
and biophysical properties of the plaques are also slightly different from there 
human counterparts. They tend to be less resistant to detergents and denaturation, 
making them more soluble [248].  
In addition to the plaques, the model also displays deposition of Aβ in the cerebral 
vasculature similar to the CAA observed in AD patients. At 8 months of age, the 
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angiopathy is still virtually absent from the APP23 brain, with the exception of 
rare focal deposits in the leptomeningeal vessels [249]. From 14 months onward, 
deposits can be observed in the leptomeningeal vessels, as well as in the vessels of 
the neocortex, hippocampus and thalamus [250]. The degree of CAA increases 
even further at more advanced ages, including vessels from the striatum, septum, 
brainstem and white matter [249, 250]. Given the neuron-specific expression of 
the human APP by the Thy1 promotor, the human Aβ in these CAA deposits must 
have a neuronal origin, implicating Aβ drainage as a possible mechanism for 
CAA development [250]. 
Similar to the observations in humans, the plaques and CAA are associated with 
an inflammatory response. Hypertrophic astrocytes and microglial activations are 
found at the edges of the compact plaques [244-246, 251, 252]. The plaques also 
disrupt the local cytoarchitecture and cause aberrant axonal sprouting, dystrophic 
neurites, ectopic terminal formation and disrupted neuronal connectivity in their 
immediate surroundings [245, 246, 253]. Evidence of hyperphosphorylated tau 
was observed in the neurites surrounding the plaques, but the model does not 
appear to develop paired helical filaments and NFTs [244-246]. Neuronal loss 
(14-25%) has been observed in the CA1 region of the hippocampus in mice aging 
14-18 months. The overall number of neurons in the neocortex did not differ 
between APP23 and control mice at these ages, but the piriform and entorhinal 
cortex did display some neuron loss. Interestingly, young (2-3 months) and adult 
(8 months) APP23 mice actually possess 10-15% more neurons in the neocortex 
than controls or older (27 months) APP23 mice [247, 254]. As a result, increased 
neuron loss at later age may be masked by the larger neocortical volume at 
younger ages. Recently, similar regional increases in brain volume and functional 
connectivity were also observed in young, asymptomatic human carriers of 
ADAD mutations [255, 256]. The synaptic bouton number and long-term 
potentiation appear unaffected by the pathology, but changes in basic synaptic 
function can be observed from 12 months on [257, 258]. On the neurochemical 
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level, significant reductions in the cholinergic enzyme activity and the cholinergic 
fiber network have been observed starting at 6 months of age [259, 260]. In 
addition, alterations were also observed in the noradrenergic, serotonergic and 
glutamatergic system and the levels of the inhibitory neurotransmitter glycine 
were found to be reduced [260, 261]. Several non-neurotransmitter amino acids 
were altered as well [260, 261]. Finally, a number of alterations could be detected 
in the neuropeptide levels of 21- and 27-month-old APP23 mice [262].  
7.3  Symptomatology of the APP23 model  
As stated earlier, the key symptoms of AD are comprised of cognitive and 
behavioral disturbances impeding patients in their daily activities. The APP23 
model appears to display an age-dependent, progressive deterioration of cognitive 
functions. Analog to the human condition, the higher-order cognitive functions 
seem affected first and less complex memory functions become compromised at a 
later stage. The Morris water maze (MWM) test, a complex memory task, was 
used by several research groups to assess hippocampus-dependent spatial learning 
and memory in the APP23 model [263-266]. During this test mice have to learn 
the location of a platform hidden just below the surface of opaque water in a 
circular pool. To aid the mice in their navigation, the pool is surrounded by visual 
cues. The various research groups employed slightly different experimental 
groups, protocols and setups, resulting in small differences in the MWM outcome. 
Overall, no cognitive impairment could be observed at 6-8 weeks of age [264]. 
Cognitive deficits were detected at 3, 6, 18 and 25 months with the most elaborate 
MWM protocols and setups [263, 264]. Contrarily, the smallest (and easiest) setup 
did not detect any cognitive decline until the age of 25 months [263]. An 
intermediate setup detected impaired spatial learning at 16 and 24 months, but 
showed no changes in memory retrieval [266]. Several other cognitive tests also 
detected cognitive deficits in APP23 mice. Learning was impaired at 6 months in 
the plus-shaped water maze and at 12 months in the dry-land Barnes maze [267, 
268]. At 10 months, the simple radial arm maze showed no deficits in spatial 
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learning, but a more complex labyrinth-like maze did [269]. Finally, the simplest, 
non-spatial passive avoidance test did not detect any cognitive change until the 
age of 25 months [263, 264]. Together these findings show that the performance 
in the more complex cognitive tasks is impaired first and that the earliest deficits 
can be found at 3 months of age, prior to plaque deposition. This progressive 
deterioration from high order cognitive function to lower order cognitive function 
is also similar to the cognitive decline observed in human AD patients [30, 31]. 
The previously described behavioral symptoms, known as NPS, can be divided in 
seven clusters. Evidently, some of the behavioral symptoms can be exclusively 
observed in humans and are impossible to assess in a mouse model. However, 
several behavioral paradigms have been developed to measure mood-related 
behaviors. Unfortunately, the (correct) interpretation of these test results is rarely 
straightforward. While these tests are able to detect changes in behavior, it is 
generally difficult (or even impossible) to deduce the exact motivation behind that 
change in behavior. Any assumption regarding an animal’s motivation/mood 
should, therefore, be examined critically. Not only are certain behaviors more 
easily measured than others, but behavioral testing is also very sensitive to 
variations in the experimental conditions. As a result, results can vary greatly 
between research groups and experimental setups. Over the years, a range of 
behavioral alterations have been reported in the APP23 mouse model. The 
isolation-induced/resident-intruder protocol was used to demonstrate increased 
male aggressive behavior in 6- and 12-month-old APP23 mice. The APP23 mice 
displayed a higher mean number of attacks and a shorter latency to the first attack 
[270]. The circadian activity patterns were investigated in mice aged 3, 6 and 12 
months. Mice were housed individually in a home cage surrounded with infrared 
sensors. At 3 months the activity pattern of APP23 mice is still similar to the 
pattern of control animals. At 6 months a slight increase in activity in the second 
half of the dark/active phase could be observed in the APP23 mice, but there was 
no difference in overall activity compared to age-matched controls. The peak in 
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activity in the second phase of the dark phase was found to be even more 
pronounced in 12-month-old APP23 mice. The shift towards this bimodal activity 
pattern during their active phase is reminiscent of the sundowning behavior 
observed in human AD patients. The overall activity, compared to age-matched 
controls, was also increased in the oldest age group [271]. These activity profiles 
are not solely interesting for the comparison with human activity disturbances, but 
are also a possible confounding factor in other behavioral tests. For instance, 
higher activity may result in apparently lower anxiety levels or lead to increased 
measurements in tests of exploration or novelty seeking. This may explain why 
varying and sometimes contradictory results have been observed regarding 
anxiety and exploration. One research group used the elevated plus maze (EPM), 
emergence-type test and the open field (OF) test to evaluate these parameters in 
mice aged 16 and 24 months [265, 266]. These tests showed no differences 
between APP23 and control mice at 16 months [266]. At 24 months, no changes 
were observed in the emergence-type test, but the APP23 mice did spend more 
time in the open arms of the EPM, implying decreased anxiety [265]. The OF test 
showed similar results with no difference in exploration at 16 months and 
increased exploration at 24 months [265, 266]. However, using a photocell 
actimeter, these researchers also found evidence of hypoactivity in the 16-month-
old animals and hyperactivity in the 24-month-old animals, which could be a 
factor in the aforementioned exploration and anxiety paradigms [265, 266]. 
Another group evaluated the EPM performance in APP23 mice aged 3, 6 and 12 
months. Interestingly, they found an increased latency to the first open arm entry 
in 12-month-old APP23 mice, indicating increased anxiety [272]. They also used 
fear conditioning to demonstrate augmented freezing responses in 6-month-old 
APP23 mice [272]. In the same age group they found evidence of decreased 
exploration/increased anxiety with the OF paradigm [264]. The dark-light 
transition box did not detect any change in anxiety levels at 6-8 weeks, 3 and 6 
months [264]. Another research group observed increased locomotor activity in a 
new environment in 3-month-old APP23 mice [273]. The findings regarding 



SECTION II. Introduction to aging and Alzheimer’s disease 

43 
 

exploration and anxiety clearly depend greatly on the chosen paradigm and ages 
studied. Researchers should, therefore, be extremely careful in their interpretation 
of this type of data. Three tests were used to evaluate depression-related 
symptoms in the APP23 mice: the tail suspension test, the Porsolt forced swim 
test and the sucrose preference test. No depression-related symptoms were 
detected in the APP23 model at 3, 6 and 12 months of age [272]. Overall, APP23 
were also found to eat more, but weigh less than age-matched controls, indicating 
a hypermetabolic state [274].  Stereotypical popping behavior has been described 
as well [266, 275]. Finally, the sexual behavior of APP23 mice was also explored, 
but no changes could be found between male APP23 and controls at the age of 3 
months [272]. 
7.4  The APP23 model’s responsiveness to therapeutics   
In the end, the true test of an animal model’s usefulness is in its ability to 
contribute to the development of a treatment for a specific disease. Consequently, 
a good model should not only mimic the disease characteristics as accurately as 
possible, but it should also mimic the target species responses to therapeutic 
interventions, enabling preliminary testing of new therapies. In order to evaluate 
the predictive validity of the model, drugs with a known effect in the target 
species can be used. At the moment, only symptomatic treatments are available 
for the treatment of AD patients. Four internationally approved drugs (donepezil, 
rivastigmine, galantamine and memantine) were administered to 4-month-old 
APP23 mice and age-matched controls and subsequently cognitive performance 
was evaluated in the MWM. All four treatment groups displayed improved 
performance in the MWM after treatment [276]. In addition, treatment with 
risperidone, an antipsychotic agent for the treatment of NPS, was able to reduce 
the aggressive behavior observed in APP23 mice [277]. Given its apparent ability 
to respond to therapeutics targeting both cognitive  and behavioral symptoms, the 
APP23 model has already been used to explore various therapeutic options, 
including immunotherapy and neuropeptide administration [278-282].  
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The introduction described the growing impact of aging on our society and the 
resulting increase in incidence of age-related disorders. No other disease is 
correlated as strongly with aging as Alzheimer’s disease. While age is the key 
factor in AD pathology, other important factors need to be considered as well, 
predominantly the Aβ peptide. The link between aging and these other 
pathological elements of the disease, however, remains unclear.  
The transgenic APP23 mouse model displays many characteristics of the human 
AD. More importantly, these features appear to have a progressive, age-dependent 
nature. Unfortunately, our knowledge of the relationship between aging and 
soluble Aβ levels in the APP23 model is limited. Nevertheless, according to the 
amyloid cascade hypothesis, this soluble Aβ is believed to be play a crucial role in 
the development of AD pathology. A study by Kuo et al. in 2001, used a 
europium immunoassay to examine the levels of water-soluble Aβ in ages ranging 
from 2 months to 20 months. They observed increased soluble Aβ levels across all 
ages when compared to age matched controls, but they failed to detect any 
significant differences between the various age groups [1]. However, the 
researchers used a crude extraction technique based purely on physical tissue 
dissociation and the sensitivity of the assay was relatively limited compared to 
more modern immunoassays. Van Dam et al. also examined the soluble Aβ levels 
of APP23 mice in 2003. They used a similar physical dissociation protocol and 
number of animals, but they used a more sensitive immunoassay. They were also 
unable to detect any differences in soluble Aβ between ages, but they did find a 
negative correlation between MWM performance and Aβ1-42 levels at 3 months of 
age. However, their study was limited to younger mice aged 6-8 weeks, 3 months 
and 6 months [2]. A recent study by Maia et al. in 2013, used modern 
immunoassays and larger test groups. These researchers found increased soluble 
Aβ levels in old APP23 mice. Unfortunately, this study only included young and 
old mice, intermediate ages were not included [3]. Therefore, the primary aim of 
this dissertation was to thoroughly investigate the evolution in soluble Aβ 



SECTION III. Aims and Objectives  

66 
  

levels in APP23 across a wide range of ages, ranging from 6-8w to 24 months. 
The first step, subservient to obtaining this goal, was to determine the optimal 
methodology for our analysis. Based on the limitations of previous studies, 
particular attention was given to the selection of the immunoassays. The accuracy, 
sensitivity and the possible drawbacks of this analytical method were explored 
(Section IV). In addition, a more elaborate protein extraction method, combining 
chemical and physical dissociation, was selected and optimized for these 
experiments. The age groups for the study were selected based on established 
milestones in the progression of AD pathology and symptomatology within the 
model. Together these measures contributed to the eventual determination of the 
overall soluble Aβ levels in the APP23 mice, as well as the levels of soluble Aβ1-
40 and Aβ1-42 specifically (Section V). We expected to see an age-related evolution 
in the soluble peptide levels and aspired to correlate changes in Aβ levels to the 
symptoms and pathological changes observed in the model.  
The second aim of this dissertation was to explore additional alterations on 
the protein and mRNA level and how they might relate to the soluble Aβ levels, 
the progressing AD pathology and aging in the APP23 model. Initially, we 
determined if potential changes in the soluble protein levels could be explained by 
alterations in the levels of the proteins responsible for the production of Aβ 
(Section V). Finally, we explored changes in mRNA expression levels in the 
various age groups of the APP23 mice and their age-matched controls. By 
comparing the pathways that were altered over time between APP23 and control 
animals we hoped to identify age-related and pathology related changes, as well as 
interactions between the two. These results were also be analyzed in connection to 
the previous results and findings in the APP23 model (Section VI).  
Ultimately, we expected that these experiments would further our understanding 
of Aβ pathology in the APP23 mouse model, in particular how it relates to and 
progresses with age. We also hoped to gain more insight into the general changes 
in expression levels associated with aging. These findings should add to the 
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model’s validity and will contribute greatly to the usefulness of APP23 as a model 
for AD. By comparing our results to observations made in human patients, we aim 
to further our understanding of how our findings in the APP23 model relate to the 
human pathology. Ideally, our research will allow us to identify (new) research 
targets for the development of therapeutics and provide a thoroughly validated 
tool for the continued investigation of these targets.  
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Abstract 
According to the predominant theories, soluble amyloid-beta (Aβ) aggregates are 
the principal neurotoxic agents in Alzheimer disease pathology, making them a 
popular target for the development of therapeutics and diagnostic markers. One of 
the most commonly used methods for determining the concentration of Aβ is 
ELISA. However, ELISA was developed for monomeric proteins and may be ill-
suited for detecting aggregates. Therefore, we investigated the effect of 
aggregation on the ELISA measurement and developed a novel chemical pre-
treatment method, designed to disaggregate Aβ peptides, to improve the ELISA 
measurement of the total Aβ concentration. Synthetic Aβ40 monomers, Aβ42 
oligomers and biological samples from mice and humans were subjected to a 
chemical pre-treatment protocol with: trifluoroacetic acid (TFA), formic acid (FA) 
or hexafluoroisopropanol (HFIP) prior to ELISA analysis. In our study we have 
shown that: 
 Aβ oligomerization leads to epitope masking and steric hindrance and results 

in an underestimation of the total Aβ content with ELISA. 
 Chemically pre-treating samples to disaggregate oligomers can (partially) 

recover the signal loss 
 This novel sample pre-treatment method could provide a more accurate 

ELISA measurement  of the total Aβ concentration in samples with a high 
oligomer content 

Keywords: Alzheimer’s disease, Amyloid-beta, ELISA, Sample pre-treatment, 
Oligomers, Steric hindrance 
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1. Introduction  
Ever since its first description by Dr. Alois Alzheimer in 1906, Alzheimer’s 
disease (AD) has been associated with two distinctive histopathological lesions: 
amyloid plaques of aggregated Aβ and neurofibrillary tangles of 
hyperphosphorylated tau. Subsequent Alzheimer research has, therefore, mainly 
focused on elucidating the relationship between these proteins and the observed 
symptomatology in the hope of identifying diagnostic markers and possible 
therapeutic targets. This research uncovered significant genetic and biochemical 
evidence (For reviews [1-4]), which contributed to the development of the 
amyloid cascade hypothesis.  According to this hypothesis, the Aβ peptide plays a 
central role in AD pathology [5], rendering Aβ the focal point of many research 
endeavours. It became apparent, however, that the fibrillar Aβ in plaques 
correlated poorly with the cognitive impairment observed in AD patients [6, 7]. 
Soluble, non-fibrillar Aβ aggregates, however, correlate strongly with disease 
severity and synaptic alterations [8-10]. These discoveries led to a more refined 
version of the amyloid cascade hypothesis in which soluble Aβ aggregates are cast 
as the principal neurotoxic agent in AD pathology [11]. To this day, this 
hypothesis is still the most widely accepted theory and Aβ remains a popular 
target for the development of therapeutics and diagnostic markers. In fact, several 
imaging and biochemical methods have already been developed to determine Aβ 
levels for diagnostic purposes [12-17]. One of the most commonly used tools for 
the determination of Aβ concentrations is an immunoassay. During recent 
revisions of the diagnostic criteria for AD, ELISA-based analyses were even 
included as a possible supportive measure in the diagnosis of AD [18, 19]. 
ELISA, however, was designed for the detection of monomeric proteins. 
Unfortunately, Aβ has a tendency to aggregate and, as mentioned earlier, these 
aggregates are considered to be crucial to the pathology. The capacity of 
immunoassays to properly detect these aggregates and accurately determine the 
total Aβ concentration has been called into question [20, 21]. ELISA 
measurements are based on the principle that each target protein will bind a single 
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enzyme-conjugated antibody, resulting in a measurable signal that is proportional 
to the quantity of protein in the sample. Upon aggregation, however, the 
hydrophobic C-terminus of Aβ gets internalised in the core of the aggregate [22], 
giving rise to epitope masking, i.e. the antibody binding site becomes inaccessible 
for the antibody (Figure 1). In addition, given the relatively small size of Aβ (~4-
5kDa) and the large size of the ELISA antibodies (~150kDa), steric hindrance 
could also inhibit the binding of multiple detection antibodies in close proximity 
of each other (Figure 1). Spatial limitations might prevent some of the Aβ 
peptides in an aggregate from binding to a detection antibody and contributing to 
the measured concentration. Together, these two effects make it impossible to 
determine how many antibodies, if any, a given aggregate will bind. The obtained 
signal will, therefore, not accurately represent the total Aβ content and lead to an 
underestimation of the actual concentration. 
 

 
Figure 1: Illustration of antibody binding to Aβ oligomers in ELISA measurement (A). 
Enlarged representation of the Aβ monomer within the Aβ oligomer (B). Close up of antibody 
binding illustrating steric hindrance and epitope masking principles (C). Abbreviations: HRP, 
horseradish peroxidase. 
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Due to these inherent problems with the traditional ELISA and the important role 
of soluble Aβ aggregates in AD pathology, several research groups have been 
developing new immunoassays to specifically target Aβ aggregates. Some of 
these groups have chosen to adapt the traditional ELISA by using aggregate-
specific antibodies [23-26], or by using a single monoclonal antibody for both 
antigen capture and detection [23, 26-31]. Others groups apply techniques like a 
bio-barcode assay [32], surface-fluorescence intensity distribution analysis [33] or 
fluorescence resonance energy transfer in combination with flow cytometry [34]. 
With the exception of the assays using aggregate-specific antibodies, all these 
methods still rely on the binding of multiple antibodies and are vulnerable to the 
effects of epitope masking and steric hindrance. The aggregate-specific assays are 
entirely reliant on the selection of an appropriate conformational antibody and run 
the risk of merely detecting a subset of oligomers with that specific conformation. 
Finally, none of these tests provides information on the total Aβ level. Therefore, 
instead of trying to modify immunoassays to detect whole aggregates, another 
approach might be to disaggregate Aβ in samples prior to analysis. After all, the 
ELISA technique was designed to provide quantitative and not structural 
information. As this approach will result in the loss of aggregate structures in the 
samples, information about the aggregate concentration and the degree of 
aggregation will be lost. Where aggregate specific tests provide information on 
aggregate concentrations, this method measures the total concentration of Aβ 
monomers. However, it might be possible to deduce some information about the 
degree of aggregation in samples by calculating the before/after treatment ratio. 
We, therefore, decided to develop a chemical pre-treatment protocol to 
disaggregate Aβ oligomers in samples prior to analysis. Three candidate 
chemicals with disaggregation properties, namely trifluoroacetic acid (TFA) [35], 
hexafluoroisopropanol (HFIP) [36] and formic acid (FA) [37] were selected from 
literature and applied to various samples to evaluate efficacy of the protocol and 
to identify the most promising option for future research. First, the pre-treatment 
protocol was tested with synthetic Aβ monomer solutions to assess any unwanted 
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effects. Next, we progressed to solutions of aggregated synthetic Aβ to determine 
the efficiency of the various treatments. Finally, we examined the compatibility of 
the protocol with biological samples, i.e., brain extract of the APP23 mouse model 
for AD and cerebrospinal fluid from human AD patients and control individuals. 
In the end, this preliminary study determined the feasibility of a pre-treatment 
protocol using disaggregating chemicals and identified the most promising 
candidates for future research. 
2. Materials and methods  
2.1  Synthetic Aβ stock solutions 
Monomeric Aβ stock solutions were prepared from the human Aβ1-40 standard 
provided with the human amyloid β (1-x) Assay kit (IBL International). In order 
to obtain structurally homologous and unaggregated peptides for consistent and 
reproducible aggregation, synthetic Aβ1-42 (AnaSpec) was processed and 
aliquoted in accordance with the protocol described by Stine et al. in 2003 [36]. 
The aliquots were stored at -80°C until use. For the preparation of stock solutions 
of synthetic Aβ oligomers, the aliquots were resuspended to 5mM in anhydrous 
dimethyl sulfoxide (DMSO) and bath-sonicated for 10 min. The peptide solution 
was then diluted further to 100 µM with ice-cold PBS + 0.05% sodium dodecyl 
sulfate (SDS). The peptides were allowed to aggregate for 24h at 4°C. Finally, the 
stock solution was diluted a second time to 50µg/ml and incubated at 4°C for 2 
weeks to allow higher-order aggregation [38].  
2.2  Mouse brain protein extracts 
Protein extracts were obtained from brain tissue of 18-month-old wild-type (WT) 
and heterozygous APP23 mice. All mouse brains were collected with the approval 
of the ethical committee for animal testing at the university of Antwerp (case 
number: 2013-61). Hemi-forebrains were stored at -80°C before the extraction 
procedure. By using two extraction buffers in combination with varying degrees 
of mechanical tissue dissociation, two protein fractions were obtained [protocol 
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adapted from 39]. First, hemi-forebrains were thawed on ice and 500 µl of ice-
cold TNT-buffer [50 mM Tris-base (Thermo Fisher Scientific), 150 mM NaCl, 
0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM 1,10-
Phenanthroline Monohydrate (Merck Millipore), 1X protease inhibitor cocktail 
(Sigma Aldrich), pH 7.40] was added to the freshly thawed tissue. Next, the tissue 
was dissociated with a 1-mL syringe, three aspirations without a needle and five 
aspirations with a 20-gauge needle. The tissue was then dissociated even further 
by pipetting up and down 8-10 times with a 1-mL pipette. This suspension was 
centrifuged at 18,000g for 90 min at 4°C. The supernatant was collected and 
centrifuged a second time. The supernatant of this second centrifugation step was 
stored at -20°C and contains the fraction of soluble proteins (SP). The pellet of the 
first centrifugation step was resuspended in 750 µl RIPA-buffer [50 mM Tris-base 
(Thermo Fisher Scientific), 150 mM NaCl, 0.5% Triton X-100, 1 mM 
Ethylenediaminetetraacetic acid, 3% SDS, 1% deoxycholate, 1 mM PMSF, 2 mM 
1,10-Phenanthroline Monohydrate (Merck Millipore), 1X protease inhibitor 
cocktail (Sigma Aldrich), pH 7.40] and vigorously dissociated 20 times with a 1-
mL pipette. After 20s of vortexing, the sample was placed on an overhead shaker 
(Heidolph) for 15 min at 4°C. Afterwards, the sample was centrifuged again at 
18,000g for 90 min at 4°C, and the resulting supernatant was centrifuged a second 
time. The supernatant of this final centrifugation step was also stored at -20°C and 
contains the fraction of membrane-bound proteins. In this particular optimization 
study, only the SP fraction was used.  
2.3  Human CSF samples 
Twelve CSF samples from pathologically confirmed AD patients and thirteen 
control samples with a similar age- and gender-profile were selected from the 
Biobank facilities of the Institute Born–Bunge (Antwerp, Belgium). Unlike the 
AD patient samples, control samples were not autopsy confirmed. However, they 
did not present with central nervous system pathology after neurological work-up 
and neuropsychological examination revealed no cognitive deficits at the time of 
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CSF sampling. Samples were collected during the clinical work-up of patients in 
compliance with the Helsinki declaration and with the approval of the ethics 
committees of the ZNA hospitals and the University of Antwerp. All samples 
were stored at -80°C. Three control samples and one AD patient sample had 
undergone one freeze/thaw cycle prior to analysis. All other samples had never 
been thawed before. See supplementary materials for a detailed overview of the 
study population. 
2.4  Sample pre-treatment protocol 
Initially, all samples were dried in a SavantTM SpeedVacTM concentrator 
(Thermo Fisher Scientific). They were then reconstituted in phosphate-buffered 
saline (PBS), TFA, HFIP or FA and placed in a sonication bath for 15 min. 
Afterwards, TFA and HFIP were removed by drying the samples under a constant 
stream of nitrogen gas. FA was removed by a second run in the concentrator. 
PBS-treated samples that served as controls for the FA-treated samples, were also 
dried a second time in the concentrator. Finally, the samples were reconstituted in 
PBS, ultrapure water or 1%NH4OH just prior to analysis. The samples were also 
diluted sequentially with each reconstitution step to obtain concentrations within 
the measurement range of the applied analytical method. To facilitate 
reconstitution highly concentrated samples were diluted a first time prior to 
starting the protocol. 
2.5  ELISA measurements 
ELISA measurements were carried out using the human amyloid β (1-x) Assay kit 
(IBL International) in accordance with the manufacturer’s instructions. This kit 
has a detection range between 7.81-500 pg/mL and can detect Aβ forms of various 
lengths, ranging from 28 to 42 amino acids, provided they show no N-terminal 
modification. Cross reactivity with N-terminally modified Aβ amounts to ≤ 0.1%.  
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2.6  SDS-PAGE and Western blotting 
Aggregation and disaggregation of standard solutions were evaluated using SDS-
PAGE and Western blotting. NuPAGE® LDS Sample Buffer was added to the 
samples prior to gel loading. Denaturing, non-reducing SDS-PAGE was 
performed with the Xcell SureLock Mini-Cell system (Life Technologies) 
according to the standard protocol using pre-cast NuPage® 4-12% Bis-Tris gels 
and NuPAGE® MES SDS Running Buffer (Life Technologies).  After 
electrophoresis, the proteins were blotted to Immobilon®-PSQ membrane 
(Millipore) in the  XCell II™ Blot Module (Life Technologies) using the standard 
manufacturer’s protocol. Aβ was labelled overnight at 4°C with 6E10-antibody 
(Covance) and horseradish peroxidase-conjugated anti-mouse antibody (Dako). 
The blocking buffer consisted of Tween®20-Tris buffered saline [10 mM Tris-
base (Thermo Fisher Scientific), 200 mM NaCl (Merck Milipore), 0.1% Tween20 
(Bio-Rad Laboratories), pH 7.40] and 5% Bovine Serum Albumin 98% grade 
(Merck Milipore).Protein bands were visualized using the SuperSignal™ West 
Femto Chemiluminescent Substrate (Thermo Fisher Scientific).Blots were imaged 
and analysed with the G:Box imager equipped with Genesnap and Genetools 
software (Syngene). 
2.7  Statistical analysis 
All statistical tests were performed with the level of probability set at 95% using 
IBM SPSS Statistics 22.0.0 software (IBM). Low inter-sample variability was 
expected in analyses of standard stock solutions. Extreme outliers (values exceed 
more than three times the interquartile range) were suspected to be the result of 
procedural aberrations and therefore excluded from the dataset. The various 
treatment groups of the standard solution were compared using a One-Way 
ANOVA with a Bonferroni post-hoc test. The genotype groups of the brain extract 
samples were compared for each treatment with the independent-samples Mann-
Whitney U test. A paired statistical analysis, using the related samples Wilcoxon 
signed rank test, was performed to compare the measurements of untreated brain 
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extracts to the measurement of the sample after a given treatment. The results of 
the analysis of the human CSF samples were analysed by a two-way repeated 
measures ANOVA with a Bonferroni post hoc test for the comparison between 
treatment groups.  
3. Results 
3.1  Method validation using monomeric Aβ stock solution 
Initially, we investigated whether the chemical treatments had any unwanted 
effects on the ELISA measurement of Aβ by subjecting our standard solution of 
synthetic Aβ 1-40 monomers (0.1 ng/ml) to the various treatments. ELISA results 
indicated significant, unwanted effects in some treatment groups (F4,37=42.813; 
p<0.0001; Figure 2). Post-hoc Bonferroni tests between the individual groups 
showed there was no significant difference between measurements of untreated 
standard and TFA-treated (p=0.884) or FA-treated (p=0.231) standard. 
 

 

Figure 2: Results of ELISA measurements of Aβ40 monomer standard solution. Comparison of 
means (±SD) between the untreated (n=7), PBS (n=8), TFA (n=8), HFIP (n=8) and FA group 
(n=7). Asterisks represent significant differences between the untreated group and treatment 
groups (Post-hoc Bonferroni test; ***p<0.001). The dashed line represents the standard’s 
theoretical concentration. Abbreviations: FA, formic acid; HFIP, hexafluoroisopropanol; PBS, 
phosphate-buffered saline; TFA, trifluoroacetic acid. 
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On average, these three groups showed minimal deviation (<10%) from the 
theoretical standard concentration, demonstrating no adverse effect of these 
sample pre-treatments on sample recovery. The control group, treated with PBS, 
and the HFIP-treated group did appear to experience a significant reduction in 
signal due to the procedure, when compared to the untreated group (both 
p<0.0001; Figure 2). The fact that the PBS control group was affected and that 
there was no real difference between the PBS group and HFIP group (p = 1.000), 
seems to indicate that the observed effect is caused by the process of drying and 
reconstituting the samples, rather than by the chemical itself. 
3.2  Method validation using oligomeric Aβ stock solution 
Next, we investigated the effects of the various chemical treatments on a standard 
solution of synthetic Aβ1-42 oligomers, which were serially diluted to a 
concentration of approximately 0.350 ng/ml (concentration based on the initial Aβ 
monomer concentration at the start of the aggregation procedure) prior to analysis. 
ELISA results showed no significant difference between the untreated and the 
PBS-treated standard (p=1.000; Figure 3). However, the measured Aβ levels for 
both groups averaged 10-15% of the theoretical standard concentration, 
demonstrating the impact of oligomers on ELISA measurements. While the FA 
treatment did result in a slight increase in the Aβ signal, the signal did not differ 
significantly from the untreated group (p = 0.715) and still only reached about 
25% of the theoretical value. Treatment with TFA or HFIP did yield a significant 
increase in signal compared to the untreated group (both p<0.0001). Despite the 
fact that HFIP treatment showed a decrease in signal in the tests with the 
monomer standard, the mean value of the HFIP-treated group actually came close 
to 65% of the theoretical concentration. The TFA group even exceeded the 
theoretical value. However, given that this theoretical value was calculated based 
on the serial dilution of the original stock solution and that ELISA tests are not 
100% accurate, some deviation can be expected.  
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Western blotting confirmed disaggregation by all three treatments, although some 
low n-oligomers could still be observed (Figure 4). It is unclear, however, whether 
these oligomers were unaffected by the treatment, re-formed during the SDS-
PAGE and western blotting procedure or a combination of both. As the use of 
SDS has been associated with the induction of Aβ oligomerization [40], it cannot 
be excluded that the observed low n-oligomers are an artefact caused by the SDS 
in the procedure. The TFA treatment did show the least amount of these low n-
oligomers and the ELISA results seem to indicate a (near) complete 
disaggregation after TFA. TFA would thus appear to be the most efficient 
treatment in these experiments. 

Figure 3: Results of ELISA measurements of Aβ42 oligomer standard solution. Comparison 
of means (±SD) between the untreated (n=17), PBS (n=16), TFA (n=7), HFIP (n=10) and FA 
group (n=8). Asterisks represent significant differences between the untreated group and 
treatment groups (Post-hoc Bonferroni test; ***p<0.001). The dashed line represents the 
standard’s theoretical concentration. Abbreviations: FA, formic acid; HFIP, 
hexafluoroisopropanol; PBS, phosphate-buffered saline; TFA, trifluoroacetic acid. 
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3.3  Method validation using biological samples 
Finally, we explored the effect of sample pre-treatment on biological samples, i.e. 
protein extracts from brain tissue of APP23 mice (Figure 5) and human CSF 
samples (Figure 6). Since the FA treatment failed to produce a significant effect in 
the ELISA measurements of the oligomer standard, it was not included in these 
further experiments. Due to the more complex matrix of the brain extracts and the 
fact that we previously diagnosed a possible problem with reconstitution after 
HFIP treatment, we did include three reconstitution solutions for comparison: 
ultrapure water, PBS and a 1% NH4OH solution.  

Figure 4: Western blot results after SDS-PAGE of the Aβ42 oligomer standard solution 
without treatment and after treatment with FA, TFA, or HFIP. (primary antibody: 6E10) 
Abbreviations: FA, formic acid; HFIP, hexafluoroisopropanol; TFA, trifluoroacetic acid. 
(Lanes were cropped from one blot, for the full image, see supplementary materials) 
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Since WT mice do not express human Aβ, all treatment groups showed a clear 
difference in Aβ measurements between WT and heterozygous mice (p < 0.005). 
The more important question is of course whether the pre-treatments resulted in 
an increase of the ELISA signal in samples of heterozygous mice similar to the 
increase observed with the oligomer standard. When comparing the results of the 
heterozygote samples with and without treatment, we found no significant 
differences between the untreated samples and the PBS-treated (p = 0.917), the 
TFA – PBS-treated (p = 0.249) and the HFIP – ultrapure water-treated samples (p 
= 0.600). The TFA – ultrapure water treatment group, the TFA – 1%NH4OH 
group, the HFIP – PBS group and the HFIP – 1%NH4OH group all exhibited a 
significant increase in signal (p < 0.05). Ideally, the WT samples are unaffected 
by the treatment.  

Figure 5: ELISA results of brain extracts. Comparison of heterozygote (black squares) and 
wild-type (open circle) samples without treatment and after PBS, TFA – MQ, TFA – PBS, 
TFA – 1%NH4OH, HFIP – MQ, HFIP – PBS or HFIP – 1%NH4OH treatment. Horizontal 
lines represent the mean for each genotype per treatment. Abbreviations: FA, formic acid; 
HFIP, hexafluoroisopropanol; MQ, ultrapure water; PBS, phosphate-buffered saline; TFA, 
trifluoroacetic acid. 



SECTION IV. Chapter IV.1  

86 
  

In reality, however, the signal of WT samples was lowered significantly in the 
TFA – PBS, the HFIP – ultrapure water and the HFIP – PBS group (p < 0.05). On 
the other hand, in the PBS-treated group a slight increase was observed (p = 
0.046). The other treatment groups did not display a significant difference 
between untreated and treated WT samples. As 1%NH4OH appeared to be the 
most efficient reconstitution buffer for both TFA and HFIP-treated brain extracts, 
we selected this reconstitution buffer for the experiments with human CSF. 
Contrary to the results from the brain extracts, treatment of the CSF samples 
resulted in a decrease in the ELISA signal for both TFA-treated and HFIP-treated 
samples when compared to the untreated samples (p < 0.001, Figure 6). No 
significant difference could be observed between the control samples and the AD 
samples (p = 0.217) and the effect of the various treatments was also similar for 
both groups (p = 0.230). Treatment of the brain extract samples resulted in an 
increased scatter of the data. Whether this simply reflects the biological variability 
in Aβ aggregation or is an issue of consistency/reproducibility of the treatment 
procedure, remains to be investigated. The human CSF samples, however, did not 
show an increased scatter after treatment. 

 

Figure 6: Elisa results of human CSF samples. Comparison of means (±SD) between AD 
patient (n=12) and control (n=13) samples without treatment and after treatment with TFA or 
HFIP. All treated samples were reconstituted in 1%NH4OH. Asterisks represent significant 
differences between the untreated group and treatment groups (Post-hoc Bonferroni test; 
***p<0.001). Abbreviations: AD, Alzheimer’s disease; HFIP, hexafluoroisopropanol; TFA, 
trifluoroacetic acid. 
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4. Discussion  
This pilot study investigated the possibility of chemically pre-treating biological 
samples to obtain a more accurate ELISA measurement of the total Aβ content 
and allows several interesting observations to be made. First of all, the 
experiments with the oligomer standard solution showed a strong reduction in the 
measured signal compared to the expected value, clearly illustrating the inability 
of the ELISA test to accurately detect the total Aβ content in the presence of 
oligomers. This finding supports previous reports of the possible interference of 
steric hindrance and epitope masking in Aβ ELISA measurements [20, 21]. 
Furthermore, these experiments indicate that the chemical treatments are capable 
of (partially) recovering the lost signal. FA has been used to dissolve deposits of 
aggregated Aβ for several decades [37]. However, FA has also been shown to 
induce covalent modifications of serine side chains [41] and produced only a 
slight, statistically not significant, increase in the ELISA detection signal of the 
oligomer standard. Western blot analysis revealed that the FA treatment was 
successful in removing aggregates between 14 and 60 kDa, but low n-oligomers 
still remained present and a light smear could be observed at a higher molecular 
weight (Figure 4). Together, this could provide an explanation for the apparent 
lower efficiency of the FA treatment. The TFA treatment, on the other hand, 
appeared to be the most efficient both in the ELISA and Western blot analysis. On 
the blot, the TFA-treated samples unmistakably displayed the lowest amount of 
low n-oligomers (Figure 4). Whether this small amount of oligomers was 
insufficiently disaggregated or actually reformed during the SDS-PAGE and 
blotting procedure remains unclear. According to previous research, TFA should 
have the ability to provide easily soluble Aβ with a monomeric, random coil 
structure without pre-aggregated material [35]. In the ELISA test, the TFA 
treatment actually yielded a result that exceeded the theoretical value, which 
would suggest a (near) complete disaggregation. The difference with the 
theoretical Aβ concentration is probably due in part to a deviation caused by the 
repeated dilution steps of the standard. In addition, ELISA only provides an 
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estimate based on a standard curve, and deviations with a coefficient of variation 
up to 15-20% are generally considered acceptable [42]. After all, in the ELISA 
measurement of the monomer standard the untreated samples also slightly 
exceeded the theoretical value and the TFA treatment showed no unwanted signal 
increases in the control measurements of the Aβ monomers and WT biological 
samples. The efficiency of the HFIP treatment on the oligomer standard was 
found to be intermediate to the other two treatments. Western blotting results did 
not show a high-molecular weight smear as with FA, but did reveal more low n-
oligomers than with TFA and, while a significant increase in signal was detected 
with ELISA after HFIP treatment, TFA treatment still managed to result in a 
higher signal. Nevertheless, HFIP has previously been shown to reduce oligomers 
back to monomers [43]. It is, however, possible that the signal reduction that was 
observed after HFIP treatment in the experiments with the monomer standard, 
also underlies the lower levels of Aβ measured in the oligomer standard 
experiments. The monomer experiments were conducted to observe any unwanted 
effects of the sample treatments on the ELISA measurement. With no aggregates 
to dissolve in the standard solution, all groups should have yielded about the same 
value, i.e. the standard concentration. The fact that HFIP treatment resulted in a 
reduced signal could indicate that HFIP interferes with the subsequent ELISA 
measurement or with the drying and/or reconstitution steps. The control group 
exhibited a similar drop in the detected Aβ monomer levels, suggesting that the 
reduced signals are more likely caused by problems with reconstitution than by 
chemical interference. Therefore, three reconstitution solutions were included in 
the experiments with the biological samples to compare their effects. These 
experiments showed a clear difference in outcome between the various chemical 
treatments – i.e. reconstitution solution combinations. Three treatment groups (i.e. 
TFA – PBS, HFIP – PBS and HFIP – ultrapure water) displayed a reduced signal 
for the WT group after treatment when compared to the untreated WT group, 
which could indicate a suboptimal reconstitution. Unsurprisingly, these groups 
also showed lower levels for the heterozygous group, which resulted in a minimal 
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effect or even no effect of the chemical treatment. The TFA – ultrapure water, 
TFA – 1%NH4OH and HFIP – 1%NH4OH groups revealed no significant 
difference between the treated and untreated WT groups and they all showed a 
significant increase in the Aβ levels detected after treatment. The HFIP – 
1%NH4OH group even managed to obtain a result similar to the TFA groups. As 
1%NH4OH appeared to yield the best results this reconstitution buffer was used 
for the analysis of the more clinically relevant human CSF samples. Unfortunately 
the sample treatment resulted in a decreased signal from the CSF samples of AD 
patients and controls alike. The decrease was similar for both the TFA and HFIP 
treatment (averaging 16% and 14%, respectively), suggesting that the effect is 
procedure related regardless of the chemical used. It would appear that even with 
1%NH4OH peptide recovery remains incomplete. In samples rich in oligomers, 
like the synthetic oligomer standard and brain extracts, the loss is most likely 
masked by the signal increase due to the disaggregation of the oligomers. In CSF 
samples, however, the Aβ oligomer content is reportedly around 1 pM and lower 
[26, 30-32] and consequently below the detection limit of the ELISA kits used in 
this study. As a result the chemical treatments failed to induce a significant 
increase in the signal of the CSF samples. The pre-treatment method, therefore, 
appears unsuitable for the analysis of samples with low oligomer content, which is 
to be expected. In order to be able to differentiate between the experimental 
groups the pre-treatment effect needs to exceed the high interindividual variability 
in amyloid content, the limits in sensitivity of commercially available ELISA kits, 
the inherent variation of ELISA measurements and the potential loss of peptides 
in the preparatory drying steps. Sample pre-treatment should not be considered 
unless these conditions are met. Some studies have reported an increase in the 
ELISA signal of human CSF samples after protein denaturing treatment [21, 44]. 
While it is possible that their sample treatment allows for a more efficient 
measurement of Aβ and/or reduces matrix effects, it would appear unlikely that 
the effect they measure is (solely) due to disaggregation of oligomers. In fact, the 
lack of appropriate control samples impedes assessing whether potential side-
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effects contributed in any way to the measured increase. Before applying the 
protocol, it should be extensively validated for reproducibility and proper controls 
should be included in any experiment. 
5. Conclusions 
Overall, our study has shown that the presence of oligomers in samples can 
seriously affect the accuracy of ELISA measurements of the total Aβ content. The 
validation experiment with the oligomeric stock solution clearly shows a decrease 
in signal and the resulting underestimation of the Aβ content. In samples with a 
significant oligomer content, like the oligomer stock solution and the brain 
extracts, both TFA and HFIP treatment appeared capable of disaggregating 
oligomers and recovering the lost signal. In samples with a low oligomer content, 
like the monomeric stock solution or the CSF samples [25, 29-31], the pre-
treatment method did not induce an increase in signal, which is to be expected. On 
the contrary, some samples actually showed a loss in signal, most likely due to 
incomplete protein recovery upon reconstitution after drying. As the effect of 
oligomers on the accuracy of the ELISA measurements will be negligible in 
samples with low oligomer content, pre-treatment of these samples is inadvisable. 
The 1% NH4OH solution appeared to be the best option for reconstitution in our 
experiments, but some additional optimization might be necessary depending on 
the samples and analytical method used. 
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Supporting information 
Dataset ELISA measurements of monomeric Aβ1-40 standard solution 

 
Raw data from ELISA 
measurements of the synthetic 
monomeric Aβ standard. Samples 
are unpaired between treatment 
groups. * indicates extreme 
outliers with values exceeding 
more than three times the 
interquartile range, which were 
excluded from further the 
statistical analysis. 
 
 
 
 
 
 
 
 

 
 Abbreviations: FA, formic acid; HFIP, hexafluoroisopropanol; PBS, phosphate-buffered saline; 
TFA, trifluoroacetic acid. 
 
Full western blotting image of Aβ oligomer standard with and without treatment 

 L: protein marker ladder (kDa) 
Lane 1-2: untreated Aβ1-42 oligomer standard 
Lane 3-4: Formic acid-treated Aβ1-42 oligomer standard 
 
 

Untreated PBS TFA HFIP FA 
106,036 64,551 106,657 80,925 94,608 
102,917 67,277 105,757 77,348 97,729 
107,836 58,282 96,895 73,446 94,119 
130,206* 70,286 101,820 78,296 96,484 
110,907 74,556 97,640 77,776 19,912* 
108,786 89,055 94,408 73,506 98,639 
106,606 87,587 97,471 74,418 101,060 
110,775 75,931 113,063 79,193 112,560 

L 
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Dataset ELISA measurements of oligomeric Aβ1-42 standard solution 
 
Raw data from ELISA 
measurements of the synthetic 
Aβ oligomer standard. Samples 
are unpaired between treatment 
groups. * indicates extreme 
outliers with values exceeding 
more than three times the 
interquartile range, which were 
excluded from further the 
statistical analysis. 
 

 Abbreviations: FA, formic acid; HFIP, hexafluoroisopropanol; PBS, phosphate-buffered saline; 
TFA, trifluoroacetic acid. 
 

Untreated PBS TFA HFIP FA 
47,808 43,975 462,003 241,586 70,241 
46,778 46,588 438,532 270,419 58,793 
     
99,584 52,368 418,167 268,153 46,845 
84,26 39,529 416,321 407,664 77,725 
40,288 38,182 461,237 271,672 86,316 
42,704 31,417 457,441 202,602 134 
32,115 35,187 429,525 160,883 181,598 
34,59 28,86 86,704* 43,69 60,723 
39,149 28,857 23,242* 349,336  
25,899 20,964  16,794  
20,686 61,491    
50,102 16,09    
43,429 23,967    
64,473 20,882    
23,383 40,513    
28,49 32,845    
56,457 183,000*    



 

 
 

Dataset ELISA measurements of mouse brain extracts 
 
Mouse 
nr. 

Untreated PBS TFA-MQ TFA-
PBS 

TFA-
NH4OH 

HFIP-
MQ 

HFIP-
PBS 

HFIP-
NH4OH 

WT 1 2506,51 2091,7 20758,50* 1362,05 6083,27 261,295 817,472 5242,3 
WT 2 3899,38 7092,42 6944,72 0 2927,4 0 0 4652,04 
WT 3 3406,9 7880,2 6935,14 0 2879,59 62,12 644,76 5178,73 
WT 4 3595,04 5591,92 7231,92 143,04 1173,47 1243,69 1051,8 3872,1 
WT 5 4141,13 5535,17 3473,44 423,06 481,43 438,31 590,9 3960,23 
WT 6 4646,88 5911,28 2951,97 384,91 1019,02 193,18 216,92 3350,67 
HET 1 12241,4 8394,81 32193 20628,9 27292,9 15797 16537,7 25793,3 
HET 2 13081 10747,4 42398,3 50624,2 54927,5 32052,3 29931,1 46775,1 
HET 3 16748,5 20424,7 20205,3 28284,5 32187,9 24074,2 27421,5 33032,3 
HET 4 14611,4 14560,8 22282,4 15095,4 20980,7 12146,4 17769,3 24250,9 
HET 5 13069,5 16180,3 20388,8 11578,3 15763,5 5439,06 14080,1 19955,2 
HET 6 15201 17452,8 20455,2 13452,9 21849,8 12251,2 16501,3 24161,7 
 
Raw data from ELISA measurements of protein extracts from the brain of 18-month-old APP23-mice and wild type littermate controls. Samples are paired 
between treatment groups. * indicates extreme outliers with values exceeding more than three times the interquartile range, which were excluded from 
further the statistical analysis. “0” indicates values that fell below the lower limit of detection of the test. Abbreviations: FA, formic acid; HET, 
heterozygous APP23-mouse; HFIP, hexafluoroisopropanol; MQ, ultrapure water; PBS, phosphate-buffered saline; TFA, trifluoroacetic acid; WT, wild type 
control.



 

 
 

Overview of the chemical treatment – reconstitution buffer combinations used  

 
The table shows which chemical treatment – reconstitution buffer combinations were used during the various validation steps. Abbreviations: FA, formic 
acid; HFIP, hexafluoroisopropanol; MQ, ultrapure water; PBS, phosphate-buffered saline; TFA, trifluoroacetic acid; N/A, not applicable. 
 

Chemical treatment: PBS TFA TFA TFA HFIP HFIP HFIP FA untreated 
Reconstitution buffer: PBS PBS MQ 1%NH4OH PBS MQ 1%NH4OH PBS N/A 
Aβ1-40 monomer standard          
Aβ1-42 oligomer standard          
Soluble protein fraction (mouse brain)          
Human CSF samples          
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Abstract 
The oligomerization of Aβ can interfere with the accurate ELISA measurement of 
Aβ levels and may result in an underestimation of the actual concentration. We, 
therefore, previously developed a protocol to disaggregate Aβ prior to analysis. 
The most optimal protocol was based on a chemical pre-treatment with 
trifluoroacetic acid and reconstitution after drying in 1% NH4OH. In this 
experiment, we applied a modified version of this protocol to samples of APP23 
mice and control littermates aged 3, 6, 12 and 24 months. We explored the 
evolution in soluble Aβ levels and whether our sample pre-treatment could 
uncover additional information by recovering signal otherwise lost to 
oligomerization. We found that the adapted protocol resulted in an unwanted 
increase in the background signal. Nonetheless, the APP23 mice appeared to show 
an additional effect of the treatment. This effect was most pronounced in the 24-
month-old group, which is in accordance with increasing Aβ levels and 
oligomerization at old age. Contrary to our expectations, we found no increase at 
the younger ages both with and without treatment. In conclusion, the evolution of 
soluble Aβ levels in APP23 mice does change with age, but requires further 
investigation with additional time points. Given the potential of inducing artificial 
changes and the similarities in the results of treated and untreated samples, the 
added value of the sample pre-treatment may be limited in this further research. 
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1. Introduction 
In our previous experiments, we explored the effect of Aβ aggregation on the 
determination of Aβ levels with the ELISA technique. We found that 
oligomerization can result in a significant underestimation of total Aβ levels. We, 
therefore, developed and tested several pre-treatment protocols for the 
disaggregation of amyloid-beta oligomers prior to ELISA analysis. In the end, the 
protocol that appeared to yield the best results used trifluoroacetic acid (TFA) for 
disaggregation and 1% NH4OH for reconstitution after drying [1]. The APP23 
mouse model for Alzheimer’s disease carries the human APP751 gene with the 
Swedish double mutation, resulting in an amplified overall production of Aβ [2]. 
Over time, the augmented Aβ levels lead to aggregation and increasing deposition 
of Aβ in plaques [3-5].  In 2006, Lesné et al., established that, in a model similar 
to the APP23 model, more and higher-order (e.g. containing a larger number of 
Aβ peptides) oligomers are formed with advancing age [6]. These findings lead us 
to believe that a similar evolution in the soluble Aβ levels and oligomer formation 
may take place in the APP23 model as well. In the past, some studies were unable 
to detect changes in soluble Aβ levels. However, they used older, less sensitive 
techniques or relatively young mice [4, 7]. A more recent study did detect an 
increase in soluble Aβ levels at late ages [8]. Moreover, if the APP23 model also 
displays an increasing degree of oligomerization, this rise in Aβ levels at a later 
age may actually be an underestimation of the actual Aβ levels. In fact, the lack of 
difference between the Aβ levels at younger ages could also be due to the signal 
lowering effect of oligomerization. We, therefore, decided to apply the best 
candidate of the pre-treatment protocols that were tested to samples of APP23 
mice and control littermates aged 3, 6, 12 and 24 months. We wished to examine 
the evolution in Aβ levels and whether our sample pre-treatment could uncover 
additional information by recovering signal otherwise lost to oligomerization. To 
minimize the possibility of sample loss in the subsequent drying and 
reconstitution steps, we adapted the protocol to one drying/reconstitution step. 
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2. Materials and methods 
2.1  Animals 
Male heterozygous (HET) APP23 mice, overexpressing human APP751 carrying 
the Swedish double mutation (K670M/N671L) were used for all experiments [3]. 
Their male wild-type (WT) littermates were included as a control group. 
Genotypes were determined through PCR. All mice were bred within our facilities 
on a C57Bl/6J background and group-housed in standard mouse cages under 
conventional laboratory conditions with a 12:12 h light–dark cycle (light on at 
8:00 AM, light off at 8:00 PM), constant room temperature (22±2°C), humidity 
level (55±5%), and food and water available ad libitum. Based on established 
milestones in the progression of AD pathology within the model (e.g. first 
appearance of plaques, cognitive deficits), 4 age groups were selected for the 
study: 3 (n=22), 6 (n=20), 12 (n=22) and 24 (n=16) months [9]. All age groups 
contained equal numbers of HET and WT mice. Experiments were conducted in 
accordance with the European Directive (2010/63/EU) on the protection of 
animals used for experimental and other scientific purposes, and the Animal 
Ethics Committee of the University of Antwerp approved all procedures. 
2.2  Tissue collection and protein extraction 
Animals were euthanized at the desired age through cervical dislocation. The 
brain was harvested and dissected on ice into three parts: two hemi-forebrains and 
the cerebellum (the olfactory bulbs were discarded). After dissection the brains 
were immediately stored at -80°C until use. 
Hemi-forebrains were thawed on ice and weighed to determine the wet weight 
prior to extraction. Next, 900 µl of ice-cold TNT-buffer [50 mM Tris-base 
(Thermo Fisher Scientific), 150 mM NaCl, 0.1% Triton X-100, 1 mM 
phenylmethylsulfonyl fluoride, 2 mM 1,10-Phenanthroline Monohydrate (Merck 
Millipore), 1X protease inhibitor cocktail (Sigma Aldrich), pH 7.40] was added. 
The tissue was carefully mechanically dissociated using a 1-ml syringe, followed 
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by further finer dissociation with a 1-ml syringe and 20-gauge needle and with a 
1-ml pipet. Another 900 µl of ice-cold TNT-buffer was added and the sample was 
centrifuged for 30 min at 25,000 RCF to pellet cell debris, cellular membranes and 
organelles. The supernatant was collected and centrifuged a second time for 30 
min at 25,000 RCF. The resulting supernatant contained the protein fraction from 
the soluble subcellular compartment, still soluble after 25,000 RCF centrifugation, 
and will hereafter be referred to as the soluble fraction. The supernatant was 
collected, briefly sonicated and stored at -20°C. The pellet from the first 
centrifugation step was resuspended in 900 µl cold RIPA-buffer [50 mM Tris-
base (Thermo Fisher Scientific), 150 mM NaCl, 0.5% Triton X-100, 1 mM 
Ethylenediaminetetraacetic acid, 3% SDS, 1% deoxycholate, 1 mM 
phenylmethylsulfonyl fluoride, 2 mM 1,10-Phenanthroline Monohydrate (Merck 
Millipore), 1X protease inhibitor cocktail (Sigma Aldrich), pH 7.40]. The 
resuspended sample was first dissociated vigorously with a 1-ml pipet. Then, 
another 900 µl of RIPA-buffer was added and the sample was vortexed for 20 s. 
The sample was placed on a rotating platform for 15 min at 4°C and centrifuged 
for 30 min at 25,000 RCF. The resulting pellet contains the insoluble fraction and 
was stored at -20°C. The supernatant was centrifuged a second time for 30 min at 
25,000 RCF. The final supernatant contained the membrane-bound protein 
fraction and was again briefly sonicated and stored at -20°C. 
2.3  Sample pre-treatment 
Samples were diluted 1:10 and treated with 90% TFA. Next, they were placed in a 
sonication bath for 15 min. Afterwards, TFA was removed by drying the samples 
for 1.5 h dried in a SavantTM SpeedVacTM concentrator (Thermo Fisher 
Scientific). The samples were reconstituted and diluted to 1:100 in 1%NH4OH. 
They were further diluted to 1:250 in the EIA sample buffer supplied with the 
ELISA kit. Just prior to analysis the samples were vortexed and sonicated twice 
for 15 minutes with a 5 minute interval on ice. The untreated samples were also 
diluted in EIA buffer. 
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2.4  ELISA measurements 
Each sample was loaded in duplicate on an ELISA plate, both with and without 
pre-treatment. ELISA measurements were carried out using the human amyloid β 
(1-x) Assay kit (IBL International) in accordance with the manufacturer’s 
instructions. This kit has a detection range between 7.81-500 pg/mL and can 
detect Aβ forms of various lengths, ranging from 28 to 42 amino acids, provided 
they show no N-terminal modification. Cross reactivity with N-terminally 
modified Aβ amounts to ≤ 0.1%.  
2.5  Statistical analysis 
All statistical tests were performed with the level of probability set at 95% using 
IBM SPSS Statistics 22.0.0 software (IBM). Extreme outliers (values exceed 
more than three times the interquartile range) were suspected to be the result of 
procedural aberrations and, therefore, excluded from the dataset. This resulted in 
the exclusion of one of the 3-month-old HET animals. A three-way mixed 
ANOVA was used to compare the ELISA values of treated and untreated samples 
and to explore the effect of genotype and age on these measurements. The 
differences between untreated and treated for each genotype was analysed 
separately for each age group with a two-way mixed ANOVA. The two-way 
mixed ANOVA was also used to determine the effect of the age group on the 
ELISA measurements with and without pre-treatment within a single genotype 
group. In the eventuality of an age group effect, a post-hoc Bonferroni test was 
included to detect differences between the individual age groups. In addition, we 
calculated the absolute difference in signal (ΔS) between with and without 
treatment for each sample by deducting the signal of the untreated sample from 
value of the treated sample. This ΔS was compared between age and genotype 
groups by means of a two-way ANOVA. A one-way ANOVA with post-hoc 
Bonferroni test was used to further investigate the differences between age groups 
within a genotype group. 
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3. Results 
The three-way mixed ANOVA revealed a significant difference between the 
ELISA measurements of untreated and treated samples (F1,71=299.37; p<0.001). It 
also indicated that the treatment effect was influenced by both the genotype 
(F1,71=209.90; p<0.001) and the age group (F3,71=129.83; p<0.001) and that these 
two factors interacted with each other (F3,71=132.05; p<0.001) (Figure 1). Overall, 
there was a significant between subjects effect for the two genotype groups 
(F1,71=329.90; p<0.001), the various age groups (F3,71=142.37; p<0.001) and the 
interaction between genotype and age (F3,71=139.16; p<0.001). More in depth 
analysis per age group, uncovered that in each age group there was a significant 
rise in signal between before and after treatment [3m (F1,19=582.73; p<0.001), 6m 
(F1,18=237.92; p<0.001),  12m (F1,20=195.38; p<0.001), 24m (F1,14=119.87; 
p<0.001)]. The size of this increase was depended upon genotype in all age 
groups [3m (F1,19=95.51; p<0.001), 6m (F1,18=48.25; p<0.001),  12m (F1,20=36.70; 
p<0.001), 24m (F1,14=109.19; p<0.001)].  

 

Figure 1: ELISA results of treated and untreated samples from WT and HET mice aging 3, 6, 
12 and 24 months. Overall, a difference could be observed between the treated and untreated 
samples and between WT and HET samples (p<0.001). Asterisks represent significant 
differences between age groups in the same treatment/genotype group (Post-hoc Bonferroni 
test; ***p<0.001). Abbreviations: WT, wild-type; HET, heterozygous; WT-TFA, wild-type 
sample treated with trifluoroacetic acid; HET-TFA, heterozygous sample treated with 
trifluoroacetic acid. 
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This two-way mixed ANOVA also indicated a clearly higher signal for HET 
compared to WT both before and after treatment [3m (F1,19=260.24; p<0.001), 6m 
(F1,18=334.06; p<0.001),  12m (F1,20=426.04; p<0.001), 24m (F1,14=129.74; 
p<0.001)]. In the HET mice group the size of the effect of sample pre-treatment 
differed between age groups (F3,35= 129.30; p<0.001). The effect in the 24-month-
old group far exceeded the effect in all other age groups (post-hoc Bonferroni 24m 
compared to all other ages: p<0.001). No difference was found between the other 
ages (post-hoc Bonferroni: p=1.000). The WT mice also showed an effect of the 
treatment (F1,36=344.47; p<0.001), but this effect was similar across all ages 
(F3,36=1.32; p=0.284) (Figure 2). 
 

 

 
4. Discussion 
Based on our results from previous experiments, we expected to observe a rise in 
the signal of HET samples after treatment, but not in WT samples [1]. We also 
hypothesized that the increase in signal would become more pronounced with 
increasing age. While we did detect a significant augmentation of the HET signal, 

Figure 2: Absolute difference in ELISA signal of samples with and without pre-treatment. 
Overall, a larger effect could be observed in HET samples compared to WT samples 
(p<0.001). Asterisks represent significant differences between age groups within the same 
genotype group (Post-hoc Bonferroni test; ***p<0.001). Abbreviations: WT, wild-type; HET, 
heterozygous 
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we also unexpectedly observed a rise in the WT signal after sample pre-treatment. 
This unwanted amplification of WT signal was the same for all age groups. The 
current pre-treatment protocol appears to raise the level of the background signal. 
The exact cause of this change in the WT signal is unclear, but it is highly likely 
that the changes to the drying steps are responsible. Insufficient removal of the 
TFA and the resultant TFA traces could artificially alter the signal measurement. 
As a result, we must assume that the signal of HET samples displays a similar 
artificial effect from the pre-treatment. However, the signal increase of HET 
samples after pre-treatment significantly exceeds the artificial rise in signal of the 
WT samples (Figure 2). In addition, the effect of the pre-treatment is age 
dependent. Together, these findings appear to suggest an effect of the pre-
treatment that is not attributable to the artificial modification signal and may still 
reflect the desired disaggregation of Aβ oligomers. Moreover, the fact that the 
effect is the most pronounced in the oldest HET age group appears in line with our 
hypothesis of increasing soluble Aβ levels and oligomerization with age. 
Interestingly, a similar pattern can be observed in the evolution of soluble Aβ 
levels in HET mice either with or without treatment (Figure 3). Regardless of pre-
treatment, no differences can be observed in the Aβ levels of the 3, 6 and 12-
month-old group. Similarly, the 24-month-old group differs significantly from all 
other age groups both with and without pre-treatment. Nevertheless, the difference 
between the 24 month age group and the other age groups is more pronounced 
after the pre-treatment. The fact that the soluble Aβ levels appear to remain 
constant for (at least) the first year, is relatively unexpected. Based on previous 
measurements in the APPPS1 model a more gradual increase in Aβ levels might 
be expected [8]. In our previous experiments, we did note that certain low-order 
oligomers may be resistant to the disaggregation. It is, therefore, possible that 
small, but vital changes in the low-order oligomer content take place at the 
younger ages, but go undetected. Further exploration of the evolution in soluble 
Aβ levels in the APP23 model, including more time points, may be an interesting 
avenue for further research.  
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Whether the pre-treatment protocol needs to be applied in this further research 
remains to be seen. After all, each additional step manipulating samples increases 
the chance for introducing artificial alterations. In this experiment, we were 
unable to completely replicate our previous results as the current pre-treatment 
protocol resulted in increased background levels. In our previous experiment, we 
most likely avoided this by an additional drying step, but we also found evidence 
indicating incomplete reconstitution after drying [1]. The protocol, therefore, 
appears to balance between, on the one hand, sufficient drying to remove traces of 
the chemical treatment that might interfere in subsequent analysis and, on the 
other hand, loss of sample due to incomplete reconstitution after drying. 
Moreover, the protocol may be unable to disaggregate the smallest oligomers, 
which are formed initially and could play a crucial part in the AD pathology [1, 6, 
10]. Taken together these elements may call into question the added value of the 
sample pre-treatment. While the signal lowering effect of Aβ oligomerization 
does appear to affect the accuracy of the ELISA measurement of soluble Aβ 
levels, ELISA does seem able to detect the general evolution in Aβ levels even 
without pre-treatment.  

Figure 3: ELISA results of treated and untreated samples from HET mice aging 3, 6, 12 and 
24 months. Asterisks represent significant differences between age groups in the same 
treatment group (Post-hoc Bonferroni test; ***p<0.001). Abbreviations: HET, heterozygous; 
HET-TFA, heterozygous sample treated with trifluoroacetic acid. 
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5. Conclusion 
The reduction in the drying in steps may have resulted in the increase in 
background signal. Therefore, the original protocol may be more suitable, despite 
the increased risk of sample loss due to incomplete reconstitution. For samples 
with a high level of high-order oligomers the gain through the sample pre-
treatment may severely outweigh the loss, but in samples with lower oligomer 
content this could be an important factor. In general the ELISA results of treated 
and untreated samples appear to follow a similar pattern; they only differ in 
absolute amounts. Given the potential of introducing artificial alterations by the 
additional sample manipulations during the pre-treatment protocol, it may be 
better to perform a traditional ELISA with untreated samples, but take into 
account the limitations of the ELISA technique during the interpretation of the 
results.   
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Abstract 
Age is considered the most important risk factor for Alzheimer’s disease. Soluble 
amyloid-beta (Aβ) has been implicated as the primary neurotoxic agent in 
Alzheimer’s disease pathology. The link between ageing and Aβ, however, 
remains unclear. In this study we aimed to investigate the evolution of soluble Aβ 
over various age groups in the APP23 amyloidosis mouse model and correlate 
these changes to alterations in the levels of proteins involved in Aβ production. 
We found a distinct pattern with an initial build-up of Aβ which could be linked to 
an increase in amyloid precursor protein (APP). Following this increase, Aβ 
concentrations remained stable until a surge in Aβ1-42 at 18 months. This rise 
was followed by an increase in Aβ1-40 and overall Aβ levels. The rise in Aβ at 
later age did not correlate to changes in the levels of APP, presenilin and β-
secretase and is suggested to result from a decrease in clearance. The APP23 
model could provide an interesting tool for future research regarding ageing and 
Aβ clearance. 
Keywords: Alzheimer’s disease, Amyloid-beta, ageing, beta-secretase, gamma-
secretase, clearance 
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1. Introduction 
Dementia is one of the leading causes for dependence and disability in later life. 
While 2-10% of all dementia cases develop before the age of 65, the majority 
commences after 65. From the age of 65, the prevalence actually doubles with 
every 5 year increment in age, increasing exponentially to 40% or more in people 
aged 85 years and older, making age the most important risk factor for dementia 
[1]. Alzheimer’s disease (AD) is the most common cause of dementia, responsible 
for 50-75% of all dementia [1]. This progressive, neurodegenerative disorder is 
neuropathologically characterised by neuronal loss, gliosis, dystrophic neurites, 
amyloid plaques and neurofibrillary tangles of hyperphosphorylated tau [2]. 
Based on the age of onset, AD can be subdivided into two subtypes: early-onset 
AD (EOAD) and late-onset AD (LOAD). LOAD is the most frequently occurring 
type of AD and has an age of onset of 65 years or older. Although several genetic 
risk factors for LOAD have been identified in genome-wide association studies, 
no clear cause for the disease has been found. Consequently, LOAD is assumed to 
be a polygenic/multifactorial disorder and is also termed sporadic AD [3]. EOAD, 
on the other hand, accounts for about 5-10% of all AD cases and is generally 
caused by mutations in one of the following three genes: amyloid precursor 
protein (APP) [4-6], presenilin 1 [7]  and presenilin 2 [8, 9]. Mutations in these 
genes tend to lead to a characteristic younger age of onset, usually between 35-65 
years of age [10]. The three genes are connected by one common feature, namely 
they are all involved in the processing of APP and the resulting production of the 
amyloid-beta (Aβ) peptide. 
The Aβ peptide is produced by the sequential cleavage of APP, a type I 
transmembrane protein, by β- and γ-secretase. Initially, APP is cleaved by β-
secretase at the N-terminal end of the Aβ peptide, releasing an extracellular 
fragment, soluble APPβ [11]. Next, the remaining membrane-bound fragment, C-
terminal fragment β (CTFβ), is cut into an intracellular fragment (amyloid 
intracellular domain) and an extracellular fragment (Aβ) by the γ-secretase 
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complex [12]. The resulting Aβ peptide has been found to vary in length between 
37-43 amino acids. The most commonly produced Aβ-species is Aβ40, but Aβ42 
is more prone to aggregation and considered to be the most pathogenic [13-16]. 
Presenilins (PS) have been indicated as the catalytic site of the γ-secretase 
complex [17-21] and AD-related mutations in their genes tend to cause a shift in 
Aβ production from Aβ1-40 to Aβ1-42 [22-25]. Whereas, mutations in the APP 
gene can affect Aβ production by either shifting the Aβ production from Aβ1-40 
to Aβ1-42 [26] or by increasing the total amount of Aβ [27, 28]. In addition to this 
genetic evidence linking Aβ to AD, research has demonstrated the neurotoxic 
effects of Aβ both in vitro and in vivo [As reviewed in 29]. The Aβ peptide is also 
the main component of amyloid plaques, one of the key features of AD pathology. 
Together, these findings have led to the development of the amyloid cascade 
theory, which states that Aβ plays a central role in AD pathology [30]. 
Initially, scientists believed the neuronal damage observed in AD was caused by 
the deposition of amyloid into plaques in the brain, but the plaque load correlates 
poorly with disease severity [31, 32]. The brain levels of soluble Aβ, on the other 
hand, do correlate well with the amount of synaptic loss and cognitive deficits 
[33-35]. Therefore, the current predominant theory states that soluble aggregates 
of Aβ are the primary neurotoxic agents in AD. In this study we aimed to further 
explore the relationship between the Aβ pathology and ageing [36]. To this end, 
we examined the evolution in the soluble Aβ levels in the APP23 mouse model 
for AD over a wide range of ages. The APP23 mouse model shows a 7-fold 
overexpression of human APP751 with the K670M/N671L Swedish double 
mutation compared to the levels of endogenous murine APP [37]. This Swedish 
mutation renders APP more accessible to β-secretase and gives rise to an overall 
increase in Aβ production [28]. The first scarce amyloid plaques in this model 
appear at the age of 6 months and the first cognitive deficits have been observed 
as early as 3 months of age [37, 38]. We investigated whether the changes in 
soluble Aβ levels also correlated with these previously observed changes in 
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pathology and symptomatology. Finally, we also explored if alterations in soluble 
Aβ levels could be correlated to changes in the levels of proteins involved in Aβ 
production, i.e. APP, β- and γ-secretase. 
2. Materials and methods 
2.1  Animals 
Male heterozygous (HET) APP23 mice, overexpressing human APP751 carrying 
the Swedish double mutation (K670M/N671L) [37] were used for all experiments. 
Their male wild-type (WT) littermates were included as a control group. 
Genotypes were determined through PCR. All mice were bred within our facilities 
on a C57Bl/6J background and group-housed in standard mouse cages under 
conventional laboratory conditions with a 12:12 h light–dark cycle (light on at 
8:00 AM, light off at 8:00 PM), constant room temperature (22±2°C), humidity 
level (55±5%), and food and water available ad libitum. Based on established 
milestones in the progression of AD pathology within the model (e.g. first 
appearance of plaques, cognitive deficits), six age groups were selected for the 
study: 1.5, 3, 6, 12, 18 and 24 months [39]. Experiments were conducted in 
accordance with the European Directive (2010/63/EU) on the protection of 
animals used for experimental and other scientific purposes, and the Animal 
Ethics Committee of the University of Antwerp approved all procedures. 
2.2  Tissue collection 
Animals were euthanized at the desired age through cervical dislocation. The 
brain was harvested and dissected on ice into three parts: two hemi-forebrains and 
the cerebellum (the olfactory bulbs were discarded). After dissection the brains 
were immediately stored at -80°C until use. 
2.3  Protein extraction 
Hemi-forebrains were thawed on ice and weighed to determine the wet weight 
prior to extraction. Next, 900 µl of ice-cold TNT-buffer [50 mM Tris-base 
(Thermo Fisher Scientific), 150 mM NaCl, 0.1% Triton X-100, 1 mM 
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phenylmethylsulfonyl fluoride, 2 mM 1,10-Phenanthroline Monohydrate (Merck 
Millipore), 1X protease inhibitor cocktail (Sigma Aldrich), pH 7.40] was added. 
The tissue was carefully mechanically dissociated using a 1-ml syringe, followed 
by further finer dissociation with a 1-ml syringe and 20 gauge needle and with a 
1-ml pipet. Another 900 µl of ice-cold TNT-buffer was added and the sample was 
centrifuged for 30 min at 25,000 RCF to pellet cell debris, cellular membranes and 
organelles. The supernatant was collected and centrifuged a second time for 30 
min at 25,000 RCF. The resulting supernatant contained the protein fraction from 
the soluble subcellular compartment, still soluble after 25,000 RCF centrifugation, 
and will hereafter be referred to as the soluble fraction. The supernatant was 
collected, briefly sonicated and stored at -20°C. The pellet from the first 
centrifugation step was resuspended in 900 µl cold RIPA-buffer [50 mM Tris-
base (Thermo Fisher Scientific), 150 mM NaCl, 0.5% Triton X-100, 1 mM 
Ethylenediaminetetraacetic acid, 3% SDS, 1% deoxycholate, 1 mM 
phenylmethylsulfonyl fluoride, 2 mM 1,10-Phenanthroline Monohydrate (Merck 
Millipore), 1X protease inhibitor cocktail (Sigma Aldrich), pH 7.40]. The 
resuspended sample was first dissociated vigorously with a 1-ml pipet. Then, 
another 900 µl of RIPA-buffer was added and the sample was vortexed for 20 
s.The sample was placed on a rotating platform for 15 min at 4°C and centrifuged 
for 30 min at 25,000 RCF. The resulting pellet contains the insoluble fraction and 
was stored at -20°C. The supernatant was centrifuged a second time for 30 min at 
25,000 RCF. The final supernatant contained the membrane-bound protein 
fraction and was again briefly sonicated and stored at -20°C. Information on the 
evaluation of the separation in the various subcellular fractions can be found in the 
supplementary data. 
2.4  Bicinchoninic acid protein assay 
The overall protein content in the protein extracts was determined with the 
Bicinchoninic acid (BCA) protein assay. The standard microplate procedure was 
used according to the manufacturer’s instructions (Thermo Scientific Pierce). All 
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samples were diluted to within the detection limits of the test and 25 µl of the 
diluted samples was pipetted in duplicate into the microplate. Next, 200 µl of 
working reagent was added to each well and the plate was placed on a plate shaker 
for 30 s. After incubation for 30 min at 37°C the plate was cooled and the 
absorbance was measured on a plate reader at 550 nm. This test was performed as 
a quality control for the reproducible and efficient execution of the extraction 
protocol and to ensure equal amounts of total protein were loaded on the gel for 
SDS-PAGE. 
2.5  ELISA 
The concentration of Aβ1-x, Aβ1-40 and Aβ1-42 in the soluble protein fraction 
was determined by ELISA measurements using the human amyloid β (1-x) Assay 
kit, the human amyloid β (1-40) Assay kit and the human amyloid β (1-42) Assay 
kit (IBL International). All samples were diluted to within the detection limits of 
the test and analysed in duplicate according to the manufacturer’s instructions. 
The amyloid β (1-x) assay detects all Aβ variants with an intact N-terminus and a 
length of more than 16 amino acids. The amyloid β (1-40) assay shows ≤ 0.1% 
cross reactivity with other human Aβ species, but does show 16.3% cross 
reactivity with endogenous Aβ1-40. The amyloid β (1-42) assay shows ≤ 0.1% 
cross reactivity with other human Aβ species and endogenous Aβ. The following 
sample sizes were used for the various age groups: 1.5 months (n=9), 3 months 
(n=10), 6 months (n=10), 12 months (n=11), 18 months (n=10), 24 months (n=8 
for Aβ1-x measurements and n = 9 for other ELISA measurements). 
2.6  SDS-PAGE and western blotting 
The membrane-bound protein fraction was thawed and all samples were diluted to 
the same total protein concentration based on the BCA assay results. NuPAGE® 
LDS Sample Buffer and reducing agent were added to the samples which were 
subsequently heated to 95°C for 10 min for denaturing, reducing SDS-PAGE. A 
constant amount of total protein was loaded on NuPage® 4-12% Bis-Tris gels 
(Life Technologies). Each gel contained at least one sample of each age group to 
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allow for relative quantification and to minimize inter-test variation. The gels 
were run in the Xcell SureLock Mini-Cell system (Life Technologies) for 45 min 
at 200V. All gels were run in duplicate. After electrophoresis, the proteins were 
blotted for 1h to Immobilon®-PSQ membrane (Millipore) in the XCell II™ Blot 
Module (Life Technologies) using the standard manufacturer’s protocol. After 
blotting, the membranes were blocked for 2 h in tris-buffered saline with 0.1% 
tween-20 and 5% milk. Next, the membranes were incubated overnight at 4°C in 
the same block buffer with primary antibody. Three primary antibodies were used: 
mouse monoclonal anti-Aβ1-16 (diluted 1/2000, 6E10, Covance), rabbit 
monoclonal anti-PS1 (diluted 1/5000, EP2000Y, Novus biologicals) and rabbit 
monoclonal anti- beta-site APP-cleaving enzyme 1 (BACE1) (diluted 1/5000, 
EPR3956, Novus biologicals). Following overnight incubation, the membranes 
were washed with tris-buffered saline with 0.1% tween-20 and incubated for 1 h 
at room temperature in block buffer with horseradish peroxidase-conjugated anti-
mouse IgG or anti-rabbit IgG (Dako). After a final wash step, the membrane was 
treated with the SuperSignal™ West Femto Chemiluminescent Substrate (Thermo 
Fisher Scientific) to visualize the protein bands. Blots were imaged with the 
G:Box imager equipped with Genesnap software (Syngene) and analysed with the 
Image Studio Lite v4.0 software (Li-Cor). PS1 and BACE1 levels were 
determined for seven mice per genotype in each age group. For APP and CTF-β 
the sample size was eight mice per group, with the exception of the 12 month 
group which contained nine mice. 
2.7  Statistical analysis 
Due to the relatively small size of the test groups non-parametrical statistical 
analyses with exact significance values were used for all group comparisons. 
Comparisons between the genotype groups were performed using the 
independent-samples Mann-Whitney U test. Differences between the various age 
groups within the HET group were evaluated with the independent-samples 
Kruskal-Wallis test. Post-hoc analysis between specific age groups was performed 
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using the independent-samples Mann-Whitney U test with a Bonferroni correction 
for multiple comparisons (significance level p<0.0033). All p-values compared to 
this Bonferroni corrected significance level will be marked throughout the text as 
pbon. Outliers with a high coefficient of variation (≥ 20%) between duplicate 
measurements were excluded from statistical analysis. This resulted in the 
exclusion of one WT and one HET from the 6 month group for the Aβ1-42 
analysis and the Aβ1-42/ Aβ1-40 ratio analysis. All statistical tests were 
performed using SPSS statistics software v22.0 (IBM). All graphs were created 
using Graphpad Prism v5.03 (Graphpad). As ELISA measurements of WT mice 
usually resulted in values below the lower detection limit, the WT groups were 
omitted from all graphs displaying ELISA results. 
3. Results 
3.1  The evolution in soluble Aβ1-x content 
Initially, the overall Aβ levels in the soluble protein fraction were determined for 
the various age and genotype groups using the human amyloid β (1-x) ELISA. 
Given the fact that the WT mice do not contain the human APP construct, the 
Aβ1-x measurements resulted in background levels below or near the test’s lower 
detection limit. Consequently, a clear difference could be observed between the 
WT and HET mice in all age groups (p<0.001). The Aβ levels of the HET animals 
also displayed a distinct evolution over the various age groups (Figure 1A, 
p<0.001). The youngest age group, 1.5 months old, showed no significant 
difference with the 3-month-old group (p=0.008), but did show significantly lower 
levels than all other age groups (pbon <0.001). The Aβ levels of the 3 months 
group displayed a borderline significant difference with the 6 months (pbon 
=0.003) and 12 months (pbon =0.002) age group and a distinct difference with the 
18 months and 24 months group (pbon <0.001). No significant differences could be 
found between ages of 6 months, 12 months and 18 months (pbon >0.05), whereas 
the 24 months age group showed levels that were significantly higher than all 
other age groups (pbon <0.001). 
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Figure 1: Results of the ELISA measurements of various Aβ species in heterozygous APP23 
mice ranging from 1.5 months to 24 months in age. Group medians are displayed in the graphs 
(error bars: interquartile range). (A) Comparison of Aβ1-x concentrations between the various 
age groups: 1.5 months (n=9), 3 months (n=10), 6 months (n=10), 12 months (n=11), 18 
months (n=10), 24 months (n=8). (B) Comparison of Aβ1-40 concentrations between the 
various age groups: 1.5 months (n=9), 3 months (n=10), 6 months (n=10), 12 months (n=11), 
18 months (n=10), 24 months (n=9). (C) Comparison of Aβ1-42 concentrations between the 
various age groups: 1.5 months (n=9), 3 months (n=10), 6 months (n=9), 12 months (n=11), 18 
months (n=10), 24 months (n=9). (D) Comparison of Aβ1-42/Aβ1-40 ratio between the 
various age groups: 1.5 months (n=9), 3 months (n=10), 6 months (n=9), 12 months (n=11), 18 
months (n=10), 24 months (n=9). Symbols indicate a significant difference compared to 
specific age groups (post hoc Mann-Whitney with Bonferroni correction for multiple 
comparisons; significance level p<0.0033). Solid squares = compared to all younger age 
groups, asterisks = compared to 6,12,18 and 24 months, open circles = compared to 1.5, 3, 6 
and 12 months, open squares = compared to 3, 6, 12 and 24 months. Abbreviations: Aβ, 
amyloid-beta. 
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3.2  Changes in the soluble Aβ1-40 and Aβ1-42 content and the  
Aβ1-42/ Aβ1-40 ratio  

In addition to the global Aβ1-x analysis, we also specifically investigated the 
levels of soluble Aβ1-40 and Aβ1-42. As with the Aβ1-x analysis, the values of 
the WT group were mostly situated below the lower detection limit and a clear 
difference could be observed between the WT and HET in all age groups for both 
Aβ1-40 and Aβ1-42 (p<0.001). When comparing the Aβ1-40 levels for HET 
between the various age groups (Figure 1B), the youngest age group displayed 
significantly lower levels than all other ages (pbon <0.001). The levels of the 24 
months group, on the other hand, were significantly elevated compared to all other 
ages (pbon < 0.001). No statistically significant differences could be found between 
the Aβ1-40 levels of the 3, 6, 12 and 18-month-old group. The 3-month-old group 
did show slightly lower levels than the 12-month-old group (pbon =0.020) and the 
18-month-old values were also found to be lower than the levels at 6 months (pbon 
=0.023) and 12 months (pbon =0.013), but these differences did not reach the 
Bonferroni-corrected post hoc significance level of 0.0033. The Aβ1-42 levels in 
the APP23 model seemed to remain constant from 1.5 months to 12 months on 
(Figure 1C, pbon >0.050). At 18 months and 24 months, the levels appeared to be 
significantly elevated compared to the younger ages (pbon <0.001), but no 
difference was found between the two oldest age groups (pbon =0.278). Finally, we 
also analysed how the changes in the individual levels of Aβ1-40 and Aβ1-42 
affect the ratio between the two Aβ variants (Figure 1D). In most age groups, the 
amount of Aβ1-42 was about 10% of the amount of Aβ1-40. However, at the age 
of 1.5 and 18 months a significant spike in the Aβ1-42/ Aβ1-40 ratio could be 
observed (pbon <0.001) and the Aβ1-42 levels reached around 20% of the Aβ1-40 
levels. 
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3.3  Quantitative comparison of APP, CTFβ and Aβ levels between age 
groups 

In order to further investigate the underlying causes for the changes in Aβ levels, 
we explored whether these changes were also reflected in the levels of the 
precursor protein for Aβ and in the levels of CTFβ, an intermediary product in the 
production of Aβ. The two characteristic bands of immature and mature (or post-
translationally modified) APP were analysed together to obtain the total level of 
full length APP. Control WT samples were run on each blot, but as they showed 
no bands for human APP or CTFβ, they were not included in the statistical 
analysis. All protein levels were determined as the relative percentage compared 
to the protein level at 1.5 months. Overall a significant difference could be found 
for the relative APP levels between the various age groups (Figure 2A and 2B, 
pbon =0.002). 

 

Figure 2: Results from western blot analysis of full-length APP levels in heterozygous APP23 
mice ranging from 1.5 months to 24 months in age. (A) Image displaying western blot results 
from heterozygous mice of all age groups. Two wild type samples were run as negative 
controls. (B) Graph displaying relative quantification of APP levels compared to the APP level 
of 1.5-month-old APP23 mice (group medians with interquartile range error bars, n = 9 for the 
12 months group and n = 8 for all other age groups). Solid triangles indicate significantly 
lower APP levels compared to 18 and 24 months (post hoc Mann-Whitney with Bonferroni 
correction for multiple comparisons; significance level p<0.0033). Abbreviations: m-APP, 
mature amyloid precursor protein; im-APP, immature amyloid precursor protein; HET, 
heterozygous; WT, wild type. 
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Between the age of 6 months and 24 months, however, the levels remained 
constant (pbon >0.05). At 1.5 months, significantly lower APP levels were 
observed compared to the levels at 18 and 24 months of age (pbon <0.001). The 
levels at 1.5 months were also slightly lower than at 6 (pbon =0.006) and 12 
months (pbon =0.042), but these differences did not reach the 0.0033 Bonferroni-
corrected significance level. Similar lower levels could be observed between the 
3-month-old group and 6 months (pbon =0.007), 18 months (pbon =0.007) and 24 
months groups (pbon =0.007). No difference was found between the 1.5 months 
and the 3 months group (pbon =0.404). The CTFβ levels displayed a clear 
evolution in time (Figure 3A and 3B, p<0.001). CTFβ content was found to be 
significantly lower in the youngest age group compared to all other ages (pbon 
<0.001), except for 3 months (pbon =0.083). 

 

Figure 3: Results from western blot analysis of CTFβ, Aβ monomer and low n-oligomer levels 
in heterozygous APP23 mice ranging from 1.5 months to 24 months in age. (A) Image 
displaying western blot results from heterozygous mice of all age groups. Two wild type 
samples were run as negative controls. (B) Graph displaying relative quantification of CTFβ 
levels compared to the CTFβ level of 1.5 month old APP23 mice (group medians with 
interquartile range error bars n = 9 for the 12 months group and n = 8 for all other age groups). 
Symbols indicate a significant difference compared to specific age groups (post hoc Mann-
Whitney with Bonferroni correction for multiple comparisons; significance level p<0.0033). 
Solid squares = compared to all younger age groups, asterisks = compared to 6,12,18 and 24 
months, open triangles = compared to 1.5, 3, 6, 12 and 24 months. Abbreviations: Aβ, 
amyloid-beta; CTFβ, C-terminal fragment beta; HET, heterozygous; WT, wild type.  
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Between 3 and 12 months no changes in CTFβ levels could be observed (pbon 
>0.05). At 18 months, a significant rise in CTFβ could be observed compared to 
all younger ages (pbon <0.0033). This rise in CTFβ continues, resulting in even 
higher levels at 24 months (pbon <0.001). Finally, we also observed that the rise in 
CTFβ levels at 18 and 24 months coincides with appearance of Aβ monomer and 
low n-oligomer bands on the western blot (Figure 3A). As these bands are not 
present at younger ages, no relative quantification was performed. 
3.4  Evaluating PS1 and BACE1 levels between different age groups 
In the end, we investigated whether the observed changes in Aβ levels correlated 
to changes in the levels of proteins playing a key role in the production of Aβ, 
PS1 and BACE1. We determined PS1 (Figure 4) and BACE1 (Figure 5) levels in 
both WT and HET animals of each age group and expressed them as relative 
percentages compared to the protein level of WT mice at the age of 1.5 months.  

 

Figure 4: Results from western blot analysis of PS1 levels in heterozygous APP23 mice and 
wild type littermates ranging from 1.5 months to 24 months in age. (A) Image displaying 
western blot results from HET and WT mice of all age groups. (B) Graph displaying relative 
quantification of PS1 levels compared to the PS1 level of 1.5-month-old WT mice (group 
medians with interquartile range error bars, n=7 for all test groups). Abbreviations: PS1, 
presenilin 1; HET, heterozygous; WT, wild type. 
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Overall none off the various age groups displayed differences between the HET 
and WT for both PS1 (p>0.05) and BACE1 (p>0.05). No evolution over time 
could be found in the levels of PS1 and BACE1 for both WT (pbon >0.05) and 
HET (pbon >0.05) animals. 

 
4. Discussion 
The aim of this study was to investigate the evolution of soluble Aβ levels with 
increasing age in the APP23 mouse model. The overall Aβ levels displayed a 
specific pattern with an initial buildup in the soluble Aβ levels, followed by more 
or less constant levels up to 18 months and ending in a substantial increase at an 
older age. In general, the evolution in Aβ1-40 levels appeared to follow a pattern 
similar to the Aβ1-x pattern. The Aβ1-42 levels deviated from the global pattern 
as they did not show the initial increase in the younger age groups and a 
significant increase in Aβ1-42 can already be observed at 18 months. These 
findings are in line with the results found in several other studies regarding the Aβ 
pathology in APP23 and other mouse models [38, 40-42]. While the pattern 

Figure 5: Results from western blot analysis of BACE1 levels in heterozygous APP23 mice 
and wild type littermates ranging from 1.5 months to 24 months in age. (A) Image displaying 
western blot results from HET and WT mice of all age groups. (B) Graph displaying relative 
quantification of BACE1 levels compared to the BACE1 level of 1.5-month-old WT mice 
(group medians with interquartile range error bars, n=7 for all test groups). Abbreviations: 
BACE1, beta-site APP-cleaving enzyme 1; HET, heterozygous; WT, wild type. 
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differs significantly from the pattern that has been observed in the APPPS1 double 
mouse model [40], it shows a lot of similarities with previous findings in APP23 
and other APP-mutation models. The APPPS1 model, which contains a mutation 
in the APP gene, as well as in the PS1 gene, displays a continuous increase in Aβ 
levels [40]. APP23, APP24 and APP51 mice, on the other hand, all appear to 
share the pronounced jump in Aβ levels at an older age [40, 41]. The steady state 
in soluble Aβ levels, however, could not be confirmed by these studies. One of the 
studies already showed modest increase starting at the age of 8 months [41], but 
this study did not focus solely on soluble Aβ. The researchers used the formic acid 
soluble fraction, which also contains the Aβ present in brain plaques. As the 
APP23 model starts to develop plaques from the age of 6 months onwards [37, 38, 
41], the observed rise in Aβ could be due to solubilized Aβ from plaques.  
Another study did focus on soluble Aβ, but did not include ages between 6 and 16 
months. As such, the steady state around 12 months could not be verified [40]. As 
the other studies also did not include the 1.5-month-age group, no comparison 
could be made for the initial rise in overall Aβ and Aβ1-40. The absence of this 
increase in the Aβ1-42 levels has been previously observed [38]. With regard to 
the increase in soluble Aβ1-42 at 18 months, one research group found a similar 
increase at 16 months, but this group also found a significant increase in Aβ1-40 
at this age. Despite the difference in the absolute measurement of Aβ1-40 levels, 
they did find a similar increase in the Aβ1-42/ Aβ1-40 ratio at 16 months. The 
difference in the Aβ1-40 measurement could be due to differences in the protein 
extraction method, the breeding colony or the selected subpopulation of mice. 
Additionally, since the Aβ1-42/ Aβ1-40 ratio has been shown to influence the Aβ 
aggregation kinetics and an increased ratio has been linked to more severe AD 
pathology [43-46], this could actually prove to be the more pathologically 
significant parameter. In general, our results seem to suggest that Aβ1-42 levels 
appear to rise faster than Aβ1-40 leading to an increase in the Aβ1-42/ Aβ1-40 
ratio at 1.5 and 18 months. The fact that Aβ1-42 and Aβ1-40 levels can change 
independently from each other is a curious and relatively unexpected finding. 
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Unlike other mutations, the mutation in the APP23 model does not cause γ-
secretase to preferentially cleave at the Aβ1-42 site. The change in ratio may, 
therefore, not be due to differences in the production of the Aβ species, but rather 
a consequence of variability in aggregation, degradation and/or removal. 
Interestingly, the increased ratios precede distinct cognitive deterioration in the 
APP23 model. After the first spike at 1.5 months cognitive deterioration occurs 
and at the next time point (3 months) cognitive deficits can be observed in 
complex cognitive tasks, like the Morris water maze [38, 47]. Applying simpler 
tasks, like small sized Morris water mazes or nonspatial passive avoidance 
learning, deficits in lower order cognitive functions can be detected at the age of 
25 months [47], the first time point after the second increase in the Aβ1-42/ Aβ1-
40 ratio at 18 months. During the steady-state period between the two observed 
increases in the ratio, no changes in cognitive performance have been observed, 
but the period does coincide with the appearance of plaques and an increase in 
plaque load and insoluble Aβ [37, 38, 48]. This is in agreement with the theory 
that soluble Aβ is responsible for the cognitive deficits and not the Aβ plaques 
[29, 34, 49]. In fact, these findings appear to support the hypothesis that the 
formation of plaques could have a protective effect by sequestering free, soluble 
Aβ [50]. It is probable that, while Aβ is continuously produced in excess, the 
steady-state in the pool of soluble Aβ between 3 and 12 months is initially 
maintained by diverting Aβ towards the insoluble pool, resulting in the observed 
increase in plaque load from 6 months on. With the second increase in the Aβ1-
42/Aβ1-40 ratio, a significant increase in plaques has also been reported [41, 42]. 
We opted to use only males in this study, as we wanted to compare our results 
with previous behavioral and cognitive experiments where exclusively males were 
used to avoid influences of fluctuating hormonal levels. In general, conflicting 
findings have been published regarding gender differences in AD pathology. 
Where a gender effect has been reported for certain aspects of AD pathology (e.g. 
cognitive performance, atrophy) [Reviewed in 51], no such effects have been 
found for others. For instance, a recent multicentre study showed no gender 



SECTION V. Chapter V.1  

133 
 

differences in CSF biomarker levels, including Aβ1-42 [52]. Perhaps more 
importantly, a study in the 5xFAD mouse model showed no effect of gender on 
APP, BACE and Aβ levels [53]. Together, these findings might suggest that the 
Aβ producing pathway is not affected by gender and that our results could 
possibly be extrapolated to female APP23 mice as well.  
In this study we also wanted to explore the possible causes for the observed 
changes in Aβ levels. In general, the increase in the amount of soluble of Aβ in 
the brain can be caused by an increase in production, a decrease in clearance or a 
combination of both. Here we investigated the concentration of four key proteins 
from the Aβ production pathway: APP, CTFβ, PS1 and BACE. APP showed 
slightly lower levels at a younger age, but the levels remained relatively stable in 
mature mice. The initial evolution could of course simply be part of the brain 
maturation process [54]. Alterations due to brain development could also 
contribute to the changes in Aβ levels at younger ages. However, these 
developmental changes do not provide an explanation for the second increase in 
Aβ levels at a later age. CTFβ, an intermediary product in the production of Aβ, 
does display the secondary increase at old age, as well as the initial buildup. No 
significant alterations could be found in the PS1 and BACE1 levels. In the past, 
studies have found that BACE activity can be increased with age and that this 
increase in activity is not always reflected by an elevated protein level [55, 56]. 
However, so far no data exists about the evolution in BACE activity in APP23 
model. While we cannot exclude the possibility that the activity of β- and γ-
secretase is altered by post-translational modifications or other mechanisms, our 
study shows no clear correlation between the PS1 and BACE1 levels and the 
changes in Aβ concentrations. The APP levels, on the other hand, may provide 
some insight into the mechanism behind the initial increase in Aβ and CTFβ, but 
fail to explain the changes in Aβ and CTFβ levels at 18 months and older. The rise 
in concentration of these proteins and the appearance of Aβ monomers and low n-
oligomers in the membrane-bound fraction is, therefore, possibly due to decreased 
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clearance. This decrease in Aβ clearance has actually already been reported in 
several studies with AD patients [57-60]. In the APP23 mouse model a recent, in 
vivo PET imaging study also showed increased tracer retention at advanced ages 
[61]. In fact, while a general slower protein turnover has been reported with 
increasing age (~30-40% slower), it was recently established that the Aβ turnover 
actually slows by 60% [57]. Several of the mechanisms involved in Aβ clearance, 
like the glymphatic system, proteolytic degradation and autophagy, have also been 
found to show age-dependent alterations [62-64]. Together these findings suggest 
that alterations in the clearance of Aβ could play an important part in AD 
pathology, especially in sporadic cases of AD where no clear genetic evidence for 
changes in Aβ production is present. Until now, research has put a lot of emphasis 
on determining protein levels. These levels, however, are the result of a complex 
interaction between the processes responsible for production and removal. 
Therefore, future research should maybe focus more on the age-related changes in 
Aβ turnover and kinetics, exploring production and removal simultaneously where 
possible. 
5. Conclusion 
In this study we found a distinct age-related pattern in the evolution of soluble Aβ 
levels in the APP23 mouse model. While this model already displays cognitive 
deficits and plaque pathology at a relatively early age due to the human APP 
construct and the initial buildup of human Aβ, we discovered a surge in Aβ levels 
at a later age which shows interesting similarities to alterations in Aβ levels and 
Aβ clearance observed in human patients. Owing to practical considerations and 
the increased demand in time and resources these older age groups are often 
underrepresented in experiments. However, our research shows that these age 
groups could provide valuable insights into AD pathology and its connection to 
ageing, for EOAD as well as sporadic AD. 
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Supporting information 
We developed our extraction protocol by optimizing the protocol by Lesné et al. 
(2006) [1] for our research purposes. In accordance with the validation they 
conducted for their method, we also evaluated the efficiency of the separation into 
the various fractions for our adapted protocol. As with Lesné et al., we found that 
a complete separation was not possible, however, over 75% of the protein could 
be recovered in their predicted compartment. We have included some figures and 
data below to support our findings. Western blotting data from three proteins is 
shown: extracellular signal-regulated kinase 1 (ERK-1) representing protein from 
the soluble fraction, GABA receptor (GABA-R) representing the membrane-
bound protein and Flotilin-2 (Flot-2) a lipid raft protein predominantly found in 
the formic acid soluble fraction (also known as the insoluble fraction).  
 

 

 
Supplementary Figure 1:  Graph depicting the percentage of ERK-1 and GABA-R levels in 
the soluble and membrane-bound fraction as determined by to western blot analysis. 
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Reference:  
1. S. Lesne, M.T. Koh, L. Kotilinek, et al., A specific amyloid-beta protein assembly in the brain impairs memory, Nature, 440 (2006) 352-357. 
 

Supplementary Figure 2:  Images from Western blot analysis of ERK-1, GABA-R and Flot-2 
levels in the soluble and membrane-bound fraction. 
(A) ERK-1 Western blot image. Lanes 1-4 are soluble fraction, lanes 5-8 are membrane bound. 
Over 75% of ERK-1 was found in the soluble fraction. 
(B) GABA-R Western blot image. Lanes 1-4 are soluble fraction, lanes 5-8 are membrane 
bound. Over 97% of GABA-R was found in the membrane bound fraction. 
(C) Flot-2 Western blot image. Some trace of Flot-2 could be found in the membrane bound 
fraction. No signal was detected for the soluble fraction. 
Abbreviations: kDa, Kilodalton; SF, soluble fraction; MB, membrane-bound fraction.  
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Abstract 
Aging is the key risk factor for Alzheimer’s disease (AD). In addition, the 
amyloid-beta peptide has been implicated as the main toxic agent in AD 
pathology. The connection between these factors, however, is still unclear. 
Transgenic models, carrying mutations responsible for autosomal dominant AD 
(ADAD), are a frequently used tool to study AD pathology. Unfortunately, these 
studies often neglect the aging aspect of the disorder. In our study, we aimed to 
provide an extensive characterization of the age- and genotype-related changes in 
the gene expression profile of the amyloidosis APP23 mouse model. We also 
correlated these findings to changes in soluble Aβ-levels and other pathological 
and symptomatic features of the model. We observed a clear biphasic expression 
profile with a turning point around the age of 6 months. The first phase displays a 
developmental profile which resembles features found in young carriers of ADAD 
mutations. The second phase reflects aging processes and shows similarities to the 
progression of AD pathology in both ADAD and sporadic AD patients. During 
this phase, the model displays a clear upregulation of microglial activation and 
lysosomal pathways and down regulation of neuron differentiation and axon 
guidance pathways. Interestingly, these processes are all linked to the regulation 
of the actin cytoskeleton. The changes in expression are correlated to aging in 
general, but appear to be more extensive/accelerated in APP23 mice. They also 
correlate to the observed changes in soluble Aβ levels. In conclusion, aging 
effects are also a key factor in the APP23 model. Microglial activity, axon 
guidance and cytoskeletal regulation appear to be the underlying mechanisms 
involved in AD pathology and provide interesting targets for future research.  
Keywords: Alzheimer’s disease, aging, microglia, cytoskeleton, gene expression, 
RNA sequencing, amyloid, APP23, mouse model, brain 
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1. Introduction 
Dementia is considered to be one of the most burdensome disorders of later life. 
Aging is believed to be the main risk factor for dementia. No other disorders 
display a higher age dependence than dementia [1]. Between 5-8% of all people 
over 60 suffer from dementia and the incidence of dementia almost doubles with 
every 5 year increment in age [2, 3]. In 2010 the number of dementia patients was 
estimated at 35.6 million patients worldwide. Due to the ever increasing life 
expectancy and the coinciding aging of the world population, this number is 
expected to double every 20 years and should exceed 115 million by 2050 [3]. 
Alzheimer’s disease (AD) is believed to be the main cause of dementia. However, 
the proportion of cases caused by AD varies based on gender, age and whether 
mixed types of dementia are considered a separate subtype. Specifically, AD 
accounts for about 70% of all dementia at later age in women. In men, AD causes 
about 38% of all dementia between 65-69, but this percentage climbs 
progressively to 80% at 90 years and older [3]. AD is a neurodegenerative 
disorder causing progressive cognitive impairment and behavioural disturbances. 
The brain of AD patients is neuropathologically characterized by neuronal loss, 
gliosis, dystrophic neurites, amyloid plaques and neurofibrillary tangles of 
hyperphosphorylated tau [4]. Genetically, AD can be categorized into two distinct 
types: sporadic AD (SAD) and familial AD (FAD). SAD is considered to be a 
polygenic/multifactorial disorder and accounts for over 99% of all AD. While no 
clear genetic cause has been found for SAD, multiple genetic risk factors have 
been identified [5]. FAD, on the other hand, is caused by mutations inherited in an 
autosomal dominant fashion and accounts for less than 1% of all AD. FAD 
patients tend to display a relatively earlier age of onset, between 35 and 65 years 
of age, when compared to SAD. As a result, FAD is also often termed early-onset 
AD [6]. However, the majority of early-onset cases (i.e. onset before the age of 
65) do not carry an FAD mutation and are, in fact, SAD cases. All known FAD 
mutations are located in one of three genes: the presenilin 1 (PSEN1), presenilin 2 
(PSEN2) or the amyloid precursor protein (APP) gene [7-12]. Interestingly, all 
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these genes play a crucial role in the production of the amyloid-beta (Aβ) peptide, 
the main component of the aforementioned amyloid plaques typically found in the 
brains of AD patients. The Aβ peptide has been found to vary in length between 
37-43 amino acids. The most commonly produced variant is 40 amino acids in 
length (Aβ1-40), but the Aβ variant with 42 amino acids (Aβ1-42) is believed to be 
more prone to aggregation and, therefore, more neurotoxic [13-16]. FAD 
mutations have been shown to result in either an overall increase in Aβ production 
or a proportional shift towards the production of Aβ1-42 [17-23]. Based on the 
genetic evidence, the neuropathological lesions and biochemical research 
confirming the neurotoxic properties of Aβ, the amyloid cascade hypothesis was 
formulated, which states that the Aβ peptide is a key factor in AD pathology [24, 
25]. Given this potentially central role of Aβ and the strong correlation between 
AD and aging, we decided to investigate the interaction between soluble Aβ levels 
and age in a transgenic mouse model [26]. Due to the inherent difficulties in 
studying brain disorders and the prolonged time course of AD pathology in 
humans, transgenic mouse models have proven an invaluable tool in AD research. 
The APP23 mouse model carries a construct containing the human APP751 gene 
with the Swedish double mutation (K670N/M671L) [27]. This is a known FAD 
mutation and results in an overall increase of Aβ production [23]. The model 
presents with neuropathological lesions, cognitive deficits and behavioural 
alterations in an age-dependent fashion, similar to human AD pathology [28, 29]. 
Recently, we uncovered that the soluble Aβ levels in APP23 mice follow a 
distinct pattern over the course of their life. After an initial increase in the soluble 
overall Aβ and Aβ1-40 levels at 1.5 months, the soluble Aβ levels remained stable 
until past 12 months of age. Only at the late ages of 18 and 24 months, could an 
additional, gradual increase in Aβ levels be detected. We also demonstrated that 
rises in overall Aβ and Aβ1-40 levels are usually preceded by a rise in Aβ1-42 levels. 
As the rise in Aβ levels at young age coincided with an increase in APP levels, 
this rise might simply reflect an evolution in Aβ production associated with brain 
maturation. However, we were unable to link the Aβ alterations at older ages to 
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changes in the levels of proteins involved in the production of Aβ [26]. Of course, 
the activity of Aβ producing proteins may be altered by the aging process. 
Another explanation might be that the rise in Aβ levels at old age is the result of a 
reduction in Aβ clearance [30-36]. We, therefore, decided to use RNA sequencing 
to map other age-related changes in the expression profile of our mouse model. In 
our current study, we used differential expression analysis and weighted gene co-
expression network analysis (WGCNA) to explore age-related and genotype-
related changes in the APP23 mice. We also examined how these changes 
correlate to soluble Aβ levels. Finally, we also discuss how these findings relate to 
the pathological changes and AD-like symptoms observed at various ages in the 
APP23 model.    
2. Materials and Methods 
2.1  Animals 
Three male heterozygous (HET) APP23 mice were included in all age groups for 
the RNA sequencing analysis. An equal number of male wild-type (WT) 
littermates were included as a control group. Genotypes were determined through 
PCR. All mice were bred within our facilities on a C57Bl/6J background and 
group-housed in standard mouse cages under conventional laboratory conditions 
with a 12:12 h light–dark cycle (light on at 8:00 AM, light off at 8:00 PM), 
constant room temperature (22±2°C), humidity level (55±5%), and food and water 
available ad libitum. Based on the timing of the previously observed changes in 
the soluble Aβ levels [26], four age groups were selected: 1.5, 6, 18 and 24 
months. Experiments were conducted in accordance with the European Directive 
(2010/63/EU) on the protection of animals used for experimental and other 
scientific purposes, and the Animal Ethics Committee of the University of 
Antwerp approved all procedures. 
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2.2  Brain tissue collection 
Animals were euthanized at the desired age through cervical dislocation. The 
brain was harvested and dissected on ice into three parts: two hemi-forebrains and 
the cerebellum (the olfactory bulbs were discarded). After dissection the brains 
were immediately stored at -80°C until use. One hemi-forebrain was used for 
protein extraction and subsequent biochemical analysis. The other hemi-forebrain 
was used for RNA isolation and sequencing. 
2.3  Protein extraction and ELISA 
Proteins were extracted from the brain tissue and the Aβ levels (Aβ1-x, Aβ1-40 and 
Aβ1-x) were determined through ELISA analysis according to the protocols 
previously described [26]. 
2.4  RNA isolation and sequencing 
The frozen hemi-forebrains were lysed in QIAzol (Qiagen), followed by total 
RNA isolation using the RNeasy Lipid Tissue Mini Kit (Qiagen, 74804). The 
quality and concentration of the RNA was determined using the 2100 Bioanalyzer 
(Agilent, Amstelveen, The Netherlands) with the Agilent RNA 6000 Nano Kit 
and 3 high quality samples (RIN >7.5) per condition were included for 
sequencing. 
Sequence libraries were generated with the TruSeq RNA sample prep kit V2 
(Illumina) using the Sciclone NGS liquid handler (Perkin Elmer). To multiplex 
the samples in two pools, 24 unique barcoded adapters (Illumina) were applied. 
The generated cDNA libraries were sequenced on an Illumina HiSeq2500 using 
default parameters (single read 50 base pairs in High Output modus). 
2.5  Bioinformatic data preprocessing  
The data was inspected with FASTQC (v0.10.1) [Babraham institute, available 
online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/] and 
trimmed when necessary with FASTX trimmer [Hannon Lab, available online at: 
hannonlab.cshl.edu/fastx_toolkit]. Alignment was performed with STAR 
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(2.3.1l) [37] with 2 mismatches allowed to the ensemble reference genome 
version 37 of the 1000Genome project. Between 10 and 16 million high-quality 
uniquely aligned reads were obtained per sample. Data was quantified with HT-
Seq count (0.5.4) [38].  
2.6  Differential Genes Expression analysis 
The raw count data were preprocessed with the use of the programming language 
R (3.2.2) [R Core Team, 2015, available online at: www.r-project.org], the 
program RStudio (0.99.484) [RStudio Team, 2015, available online at: 
http://www.rstudio.com/] and the EdgeR package (3.12) [39]. Genes that 
contained a Count per million (CPM) value >1 in at least two samples were kept 
resulting in 15728 genes that were used in the differential analysis. Differential 
expression of the data was performed by pairwise comparisons, as well as a 
generalized linear model with genotype and age as main variables and a genotype 
* age interaction variable. The Generalized linear model (GLM) approach was 
applied to both genotypes of the 1.5 and 6 month old animals (developmental 
design) and to both genotypes of the 6, 18 and 24 months old animals (aging 
design). In the aging design, age was used as a quantitative variable. The “false 
discovery rate” (FDR) method was used to statistically correct for multiple 
comparisons. 
2.7  Weighted gene co-expression network analysis (WGCNA)  
WGCNA (1.48) [40, 41] was applied to identify modules of highly co-expressed 
genes. Genes of which the mean CPM expression values were below the 25% 
quartile where removed, resulting in a co-expression matrix of 11.796 genes. A 
signed network was generated with a beta value of 10, and after clustering of the 
genes in modules only modules of 100 genes or more were used for downstream 
analysis. Highly correlating modules were merged with the WGCNA 
MergeCloseModules function with a cutoff of 0.25. ModuleTrait correlations 
were calculated between the modules and 5 predictive variables: Genotype, Age, 
Development, APP23-Aging and WT-Aging. The APP-Aging and WT-Aging 
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variables contained the various ages of the animals for that particular genotype, 
while the other genotype was maintained at 1.5 months, in order to identify 
genotype-specific age-related modules. In addition, the ModuleTrait relationships 
between the modules and the observed, soluble Aβ levels was also determined. 
To functionally annotate the modules and the differentially expressed gene lists 
DAVID was used [42, 43]. In addition, the WGCNA userlistEnrichment function 
was applied to functionally annotate the modules [44]. This function contains an 
extensive CNS cell type-specific gene expression profiles. 
3. Results 
3.1  The APP23 transcriptome profile  
To determine the effect of age and mutated APP overexpression on gene 
expression levels in the central nervous system, Illumina RNA-sequencing was 
applied to one hemi-forebrain of APP23 and WT animals aged 1.5, 6, 18 and 24 
months. The relationships between the samples and conditions were visualized in 
a multi-dimensional scaling (MDS) plot (Figure 1A). The MDS plot confirmed 
that the different biological triplicates cluster closely together.  
In addition, two global trends could be observed, as indicated by the two circles 
on the plot. The youngest WT and HET groups cluster together at the lower left 
corner, whereas the 6-month-old WT and HET groups are clustered in the top left-
hand corner. This initial upward trend appears to occur specifically between the 
two youngest age groups and was categorized as the developmental profile (the 
red circle). The oldest age groups, on the other hand, display a shift downward 
and to the right. This trend, involving the 6-, 18- and 24-months age groups, was 
classified as the aging profile (the green circle). This aging effect is most 
pronounced in the APP23 group, resulting in an increasing divergence between 
the HET and WT animals. 
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The differential expression of genes was initially assessed by a simple pairwise 
comparison between the various experimental groups. The number of genes that 
significantly differ in expression between two particular experimental groups 
(FDR<0.05) are reported in table 1 and 2. Interestingly, these comparisons 
showed that at 6 months of age the only two differentially expressed genes are 
APP and Thy1, both of which are components of the construct introduced in the 
APP23 model. The expression levels of both genes appears to rise in HET animals 
at the earliest ages, before levelling out at a later age. In accordance with what we 
observed on the MDS-plot, the number of genes differentially expressed between 
WT and HET rises with increasing age. Within a given genotype group most of 
the expression changes appear to be situated early or late in life. The GLM 
designs were used for further analysis of the differential expression. Based on the 
previously observed profiles, two GLM designs were developed: a development 
design containing APP23 and WT mice of 1.5 and 6 months of age and an aging 
design that contained APP23 and WT mice of 6,18 and 24 months. The designs 
examine which gene expression changes are due to the effect of aging, the effect 
of genotype or an interaction between the two. 
Table 1: # Differentially expressed genes in HET animals compared to WT animals 

Age #Total #Upregulated #Downregulated 
2M 8 6 2 
6M 2 2 - 
18M 189 166 23 
24M 422 215 207 

Abbreviations: HET, heterozygous; WT, wild-type; M, months 
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Table 2: # Differentially expressed genes between 2 age groups of the same genotype 

Ages WT HET 
#Total #Up #Down #Total #Up #Down 

2M compared to 
6M 1277 708 569 731 469 262 

6M compared to 
18M 50 19 31 280 42 238 

18M compared to 
24M 398 168 230 858 439 419 

Abbreviations: HET, heterozygous; WT, wild-type; M, months 
 
For the development design, 40 genes were differentially expressed between 
genotypes, 1315 genes differed between 1.5 and 6 month old mice, and 16 genes 
were significantly associated with the interaction effect (FDR<0.05). Several 
genes were also overlapping between these effects (Figure 1B); for example, 9 
genes were significantly associated with age, genotype and the interaction effect. 
Together, these results indicate that changes in gene expression levels were most 
strongly affected by development, and that the difference between genotypes, and 
the difference in the developmental profile between both genotypes, were 
relatively minor.   
Similarly, a GLM approach was applied to the aging design containing the 
samples from the 6-, 18- and 24-month-old mice. The expression of 28 genes was 
affected by genotype, 311 genes were affected by age, and 84 genes associated 
with the interaction effect. These findings indicate that the effect of age in the 
aging design is much less pronounced than in the developmental design (311 
versus 1315 affected genes). Interestingly, the interaction between age and 
genotype effect is more pronounced for the aging design (84 versus 16 genes). 
This again suggests that in APP23 samples, gene expression levels become 
increasingly different from control littermates with progressive age. 
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Heatmaps were generated that depict the principal differentially-expressed genes 
for the main effects of aging, genotype, and the age-genotype interaction effect for 
the development and aging designs (Figure 1C). These top genes were 
subsequently categorized according to unique and significant associations with 
main variable of age (yellow), genotype (green) or interaction effect (blue) or to a 
combination of these; age and genotype (light green), age and interaction (light 
blue); genotype and interaction (dark green), or all three effects (light bluegreen), 
in analogy to the categories visualized in the Venn diagrams in Figure 1B. 
As expected, the category genotype-unique for both the development and aging 
designs contained the APP gene, the gene responsible for inducing the pathology 
in APP23 mice. Interestingly, the Thy1 gene, which drives the expression of the 
APP gene in the construct, was also found in the genotype-unique category of the 
aging the design. In the development design, however, an interaction effect could 
be observed in addition to the genotype effect, indicating that the Thy1 expression 
changes with age during the development stage. For the aging design, Cd68 was 
present in the interaction-unique category. Cd68, a marker for activated microglia, 
was increased in expression in aged APP23 mice specifically. Similarly, Gfap, a 
marker of activated astrocytes, was present in the combined interaction and age 
effects, suggesting age-related astrocytosis which was more pronounced in APP23 
mice. In addition, several microglia genes were detected in the main effect of the 
age-unique category, such as Cd11c, Mmp12, Clec7a, H2-Q5, H2-Q6 and H2-Q7. 
Moreover, Lgals3bp was observed in the combined main effects and interaction 
effect category. 
Given this study’s focus on aging effects, functional enrichment analysis was 
performed on the aging design for genes significantly associated with the main 
effect of age and the age-genotype interaction effect (Table 3). The top GO term 
that was enriched for the age effect was ‘Immune Response’ (Benjamini p= 4.3E-
19), and the top GO term for the interaction effect was ‘Acute inflammatory 
response’ (Benjamini p= 2.4E-03). 
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These observations are in line with the heatmap, suggesting that there is an age-
related increase in inflammatory genes, which was more pronounced in APP23 
mice. KEGG pathway analysis revealed the complement and coagulation pathway 
(Benjamini p= 5.5E-03) and the lysosome pathway (Benjamini p= 4.5E-05) as top 
results for the main effect of age and the age-genotype interaction effect, 
respectively.  
Table 3: Results of the functional annotation of differentially expressed genes using DAVID 

 GO Benjamini KEGG Benjamini 

Main effect 
age (Aging 

Design) 

Immune response 4.3E-19 
Complement and 
coagulation 
cascades 

5.5E-03 

Immune effector 
process 1.6E-10 Antigen processing 

and presentation 7.3E-03 
Leukocyte-mediated 
immunity 9.5E-08 Systemic lupus 

erythematosus 2.5E-02 

Interaction 
Effect  
(Aging 
Design) 

Acute inflammatory 
response 2.4E-03 Lysosome 4.5E-05 

B-cell mediated 
immunity 3.4E-03 

Complement and 
coagulation 
cascades 

4.0E-02 

Immunoglobulin-
mediated immune 
response 

3.9E-03 Systemic lupus 
erythematosus 8.3E-02 

Figure 1: Results of differential gene expression analysis. A) Multi-dimensional scaling plot 
displaying the results for the various age and genotype groups. The two main trends, 
development and aging, are indicated by a red and green circle, respectively. B) Venn 
diagrams displaying the numbers of differentially expressed genes grouped according to their 
association with the variables in the two generalized linear model designs. C) Heatmaps 
depicting the top differentially-expressed genes for the main effects of aging, genotype, and 
the age-genotype interaction effect for the development and aging designs. These top genes are 
categorized according to unique and significant associations with main variables. 
Abbreviations: HET, heterozygote; WT, wild-type; m, months 
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3.2  Weighted Gene Co-expression Network Analysis (WGCNA)  
In addition to a differential expression analysis, a WGCNA-based clustering 
analysis was performed to detect groups of co-expressed genes that differed 
between conditions. A dendrogram was generated with branches of highly 
correlating genes that were identified as modules (Figure 2A). The Module 
Eigengene (ME), the first principal component of the eight identified modules, 
was subsequently correlated to predictive variables to determine the expression of 
the modules (Figure 2B). Five predictive variables were included in this analysis: 
genotype, age, development, and two interaction variables APP23-Aging and WT-
Aging. The five modules that significantly associated (p<0.005) with one or more 
of these variables were: ‘darkblue’, ‘lightgreen’, ‘lightblue’, ‘orange’ and 
‘yellow’. No modules significantly associated with genotype or the interaction 
variable WT-Aging. 
The ‘lightgreen’ module significantly and positively correlated to the 
‘development’ variable (R= 0.81; p= 2E-06) suggesting that this group of genes 
was highly expressed during development compared to adult mice (Figure 2B). It 
is enriched for an 'astrocytes' gene set from Cahoy et al. (2008) [45] (Benjamini 
p= 2.8E-18) and the ‘Blood vessel development’ GO category (Benjamini p= 2.4E-
08) (Suppl. Table 1). The ‘lightblue’ module negatively correlated with 
‘development’ variable (R= -0.92; p= 3E-10) and positively with ‘age’ variables 
variable (R= 0.74; p=3E-05), suggesting an age-related increase (Figure 2B). It is 
enriched for the ‘Calcium signalling’ KEGG pathway (Benjamini p= 2.1E-02) 
(Suppl. Table 1). Neither the ‘lightgreen’, nor the ‘lightblue’ module displayed 
any effects related to genotype.  
The ‘orange’ module correlated negatively to the ‘APP23-aging’ interaction 
variable (R= -0.63; p= 0.0001) (Figure 2B). The ‘orange’ ME only showed a 
profound down-regulation in 24-month-old APP23 mice (Figure 2D). This 
module is enriched for a ´transcription´ GO and a ‘synaptic transcriptome’ gene 
set from Cajigas and co-workers (2012) (Benjamini p= 1.9E-07) (Table 4) [46], 
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suggesting that synaptic composition is altered in APP23 mice aged 24 months. 
This is the only module that does not show an overall ageing effect in addition to 
an interaction effect. 
The ‘darkblue’ module correlated positively with the ‘age’ (R= 0.77; p= 1E-05) 
and ‘APP23-Aging’ (R= 0.79; p= 5E-06) variables, suggesting age-related 
alterations in gene expression, which are modified further in APP23 mice (Figure 
2B). The ME of the ‘darkblue’ module was depicted as a boxplot (Figure 2C), and 
showed an age-related increase, which was more pronounced or potentially 
expedited in the APP23 mice. This module was enriched for ‘immune response’ 
GO-term (Benjamini p= 9.5E-28), ‘Lysosome’ KEGG pathway (Benjamini p= 
6.1E-04), and ‘microglia’ gene set of Userlist Enrichment (UE) (Benjamini p= 
1.2E-24) (Table 4). These observations are in line with the results from the GLM 
analysis. A variety of cathepsins, which are involved in lysosomal protein 
degradation, are prominently represented in the module. Interestingly, this module 
also contains most of the SAD genetic risk factors that have been linked to 
microglial activation, like Triggering Receptor Expressed on Myeloid cells2 
(Trem2) and its co-receptor TYRO Protein Tyrosine Kinase Binding Protein 
(Tyrobp), Cd33, ATP-binding cassette transporter A 7 (Abca7), Inositol 
Polyphosphate-5-Phosphatase (Inpp5d) and apolipoprotein E (Apoe). Complement 
receptor 1 (Cr1), another risk factor that has also been linked to the immune 
system, was not found in this module, but several other subcomponents of the first 
component of the complement system were (i.e. C1qa, C1qb, C1qc and C1ra).  
The ‘yellow’ module positively correlated to ‘development’ (R= 0.81; p= 2E-06), 
and negatively to ‘age’ (R= -0.86; p= 8E-08), and ‘APP23-aging’ (R= -0.63; p= 
0.001) variables (Figure 2B). The ME of the ‘yellow’ module was highest in 
immature animals with age-related decrease, which was most prominent in the 
APP23 mice (Figure 2E). This module is, among others, enriched for ´neuron 
differentiation´ – GO (Benjamini p= 6.0E-03) and ´axon guidance´ – KEGG 
(Benjamini p= 4.1E-03) gene sets (Table 4). This suggested an age-related decrease 
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in axonal guidance and neuronal differentiation signalling genes, which was most 
pronounced in APP23 mice. Fermitin Family Member 2 (Fermt2), a SAD risk 
gene linked to cytoskeletal function and axonal transport, was also found in this 
module. 

 

 Figure 2 (See legend on next page) 
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Table 4: Results of functional annotation and userlistEnrichment of WGCNA modules 
Module Gene 

number Dataset Description Benjamini 

Darkblue 2375 

GO Immune response 9.5E-28 
Innate immune response 5.7E-13 

KEGG Ribosome 4.3E-05 
Lysosome 6.1E-04 

UE Microglia 1.2E-24 
Immune system reactome 4.3E-12 

Orange 982 
GO 

Transcription 1.5E-02 
Protein amino acid 
dephosphorylation 6.7E-02 

UE Synaptic transcriptome  
(Cajigas et al., 2012) 1.9E-07 

Yellow 2167 
GO Neuron differentiation 6.0E-03 

Transmission of nerve impulse 2.9E-02 

KEGG Pathways in cancer 7.7E-05 
Axon guidance 4.1E-03 

Abbreviation: WGCNA, weighted gene co-expression network analysis; UE, userlistEnrichment 
 

Figure 2: Results of the weighted gene co-expression network analysis. A) Cluster 
dendrogram depicting the identified modules of highly correlating genes. B) Heatmap 
displaying the correlations (r- and p-values) between the gene modules and the five predictive 
variables. C) Boxplot depicting the Module Eigengene expression levels of the ‘darkblue’ 
module for the various experimental groups. D) Boxplot depicting the Module Eigengene 
expression levels of the orange module for the various experimental groups. E) Boxplot 
depicting the Module Eigengene expression levels of the ‘yellow’ module for the various 
experimental groups. Abbreviations: HET, heterozygote; WT, wild-type; ME, Module 
Eigengene. 
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Finally, we explored the relationship between the ME of these modules and the 
brain Aβ levels that were measured in these animals. Interestingly, the strongest 
significant correlations were observed with the overall Aβ1-x levels (Suppl. 
Figure 1). The ‘darkblue’ and ‘orange’ module, respectively, displayed the highest 
positive (R= 0.69; p= 2E-04) and negative correlation (R= -0.66; p= 4E-04) to the 
Aβ1-x levels. In addition, these modules also displayed a similar, but weaker 
correlation to the Aβ1-40 levels (‘darkblue’: R= 0.6; p= 0.002, ‘orange’: R= -
0.58; p= 0.003). Surprisingly, a positive correlation was also found between the 
Aβ1-x levels and the ‘darkgreen’ module (R= 0.60; p= 0.002). This module did 
not relate to our other variables and appears to be enriched for ‘DNA metabolic 
processes’ and ‘DNA repair’ GO gene sets (Suppl. Table 1). Finally, the ‘yellow’ 
module also showed a negative correlation with the Aβ1-x levels (R= -0.59; p= 
0.002). The correlations between the modules and the Aβ1-42 levels failed to 
reach the significance level (p<0.005). 
4. Discussion 
The goal of this study was to examine the role of aging and age-related changes in 
gene expression in the APP23 mouse model for AD. Overall, our study revealed a 
very distinct pattern in the gene expression profile. We observed an initial, 
developmental stage at the youngest ages with a large amount of changes in gene 
expression. However, our GLM analysis showed that the vast majority of these 
changes are age-related and only ~3% of the changes are linked to the genotype. 
Moreover, the WGCNA analysis also revealed three modules that correlated with 
development, but none of these modules appeared to be affected by the genotype 
factor. In fact, given that these modules have functional annotations like ‘neuron 
differentiation’, ‘axon guidance’ and ‘blood vessel development’, their 
involvement in this developmental phase is quite logical. Actually, during the 
developmental stage, the differences between WT and HET appear to diminish 
until at 6 months the only significantly differentially expressed genes between 
both groups are the APP and Thy1-gene of the transgenic construct. Our analyses 
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show that the expression levels of both these genes climb during the initial 
developmental stage and evolve toward a steady level at later age. In a previous 
study, we also observed an increase in the protein levels of APP between the age 
of 1.5 and 6 months after which they levelled out [26]. These findings seem to 
confirm our previous hypothesis that a further development of the brain takes 
place in juvenile APP23 mice which may be the cause of the initial rise in soluble 
Aβ levels observed in the model.  
The existence of this developmental stage does, however, raise some interesting 
issues about the interpretation of findings at these young ages. For instance, young 
APP23 animals up to the age of 8 months have been shown to have 10-15% more 
neurons compared to controls and older APP23 animals [47, 48]. This augmented 
volume of specific brain regions has also been observed in young human FAD 
carriers and has been linked to differences in functional connectivity [49, 50]. It is 
unclear, however, to what extent these changes should be considered a 
developmental difference or a part of AD pathology. Both APP and presenilins 
have been shown to play a part in neuronal development under normal 
physiological circumstances and mutations in these genes may affect their ability 
to optimally perform their normal function [51-54]. This may, however, be 
unrelated to other pathological effects, like Aβ toxicity for example. The first 
cognitive deficits in APP23 mice have been observed at the age of three months 
[55]. In the light of these discoveries, we have to ask ourselves if this diminished 
performance in the Morris water maze is an early, pathological deterioration of 
higher order brain function, comparable to the mild deficits observed in the 
earliest disease stages, or is it in fact the result of a deviation in brain 
development. The age at which cognitive deficits are first detected in the APP23 
model has proven to be highly dependent upon the experimental set-up used in the 
testing. In general, however, complex cognitive tasks do seem to be impaired 
earlier than simpler memory tasks, similar to the progression of cognitive decline 
in human AD patients [55-60]. In the end, the APP23 model does appear to mimic 
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the progressive cognitive deterioration of the human condition, but the earliest 
observed cognitive deficits may not necessarily reflect the first observable 
cognitive deficits in humans and should, therefore, be interpreted with caution. 
While these changes in young APP23 mice seem to correlate well with the 
situation in young human FAD patients, they may relate poorly to SAD and could 
seriously impact the potential extrapolation of research results. 
Nevertheless, in addition to the developmental phase of the gene expression 
profile, we also observed an aging stage. Starting at 6 months of age with minimal 
gene expression differences between WT and HET animals, we determined an 
ever growing number of alterations in gene expression and an increasing 
divergence between both genotypes with increasing age. At 6 months of age, the 
first sporadic, compact plaques can be observed in the APP23 model. These 
plaques are accompanied by local changes, like activated microglia, hypertrophic 
astrocytes, axonal sprouting and dystrophic neurites [27, 28, 61-64]. In human 
pathology these first alterations are believed to occur during the preclinical stage, 
before the onset of symptoms [65]. The average age of onset for carriers of an 
APP mutation in humans is just under 50 years of age [6]. In C57BL/6J mice the 
equivalent age for this human age is estimated at ~14 months. The human age 
equivalent for mice aged 6 months is believed to be 30 years [66]. Based on the 
human equivalent ages, the 6-month-old mice would indeed be expected to 
correspond with humans in the presymptomatic stage. Unlike humans in this 
presymptomatic stage, cognitive deficits have been observed in APP23 mice at 6 
months [55, 59]. However, to date there is no other experimental evidence to 
support that this cognitive deficit has progressed beyond the deficit that was 
detected at 3 months during the previously discussed developmental stage. In fact, 
the only additional worsening of cognitive symptoms in APP23 mice has been 
observed at the late age of 25 months in a small Morris water maze and the 
passive avoidance test [59]. Similarly, deviations in the neurotransmitter systems 
were found in APP23 mice at the age of 6 months compared to WT littermates 
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[67]. However, these alterations were again not shown to progressively worsen 
over time. One study did note a progressive deterioration of the cholinergic 
system, but these changes were reported after 6 months. They reported minor 
changes at 15 months that became more extensive at 24 months [68]. Other 
pathological features, like hippocampal neuronal loss and vascular amyloid 
deposition, have also been reported at 14 months and were shown to exacerbate at 
later ages [47, 48, 69]. Basic synaptic function is reportedly mildly altered at 12 
months of age and more extensively modified at 18 months in the APP23 model 
[70]. Taken together, these findings appear to confirm the progression of AD-like 
pathology during the aging stage in the APP23 model. The timing of the 
pathological features during this stage also seems to match the timing of the 
pathology in human FAD patients.  
Our WGCNA analysis revealed three modules that display clear changes in gene 
expression during the aging stage: the ‘darkblue’, ‘yellow’ and ‘orange’ module. 
Interestingly, none of these modules displays gene expression changes that are 
solely due to genotype effects. All of the observed variations in gene expression 
do correlate to aging. In fact, the ‘darkblue’ and ‘yellow’ module both exhibit an 
aging effect independent of genotype, indicating that these modules are also 
altered with aging in WT animals. However, the alterations of these modules in 
APP23 mice appear to precede or exceed the changes in the WT animals. At 18 
months, the expression levels of the ‘darkblue’ and ‘yellow’ module differ 
significantly in APP23 compared to age matched controls and younger APP23 
mice. These changes become even more prominent at 24 months. At this age, 
modifications in these modules can also be observed in WT animals. The changes 
in expression in the APP23 mice appear to follow the same temporal pattern as the 
one previously observed for the soluble Aβ1-42 levels [26]. These similarities are, 
however, not reflected in our correlation analysis of the soluble Aβ levels and the 
ME of these modules. Our correlation analysis seems to pick up the more 
prominent alterations at 24 months, but may lack sufficient power to detect the 
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more modest effects at 18 months. Overall, the aging stage of the APP23 model 
appears to be characterised by accelerated age-related alterations in gene 
expression, rising levels of soluble Aβ and the appearance of AD-like brain 
pathology. 
The functional annotations of the three modified modules could, therefore, 
provide valuable insights into the molecular processes involved in the observed 
pathological changes. The ‘darkblue’ module displays a clear association with 
immunological processes and enrichment for the microglia gene set. This 
upregulation of immune-related genes was also found in the GLM analysis and 
contain genes that previously have been linked by our group to microglia priming 
[71]. Recently, our group also microscopically confirmed the presence of primed 
microglia in the vicinity of plaques at 16 months of age in the APP23 model. At 
24 months, priming could also be observed in non-plaque regions and WT 
animals as well [72]. These results are in line with our current observations and 
with other studies reporting immune system activation in the brains of both human 
AD patients and mouse models [73-78]. Similar to our findings in old WT 
animals, aging in humans has also been associated with immune system 
dysregulation (immunosenescence) and chronic low-grade inflammation 
(inflammaging) [79-81]. Activated microglia are connected to the phagocytic 
clearance of pathogens and debris and the subsequent lysosomal degradation [71, 
77, 82, 83]. Our ‘darkblue’ module was also significantly enriched for the 
‘lysosomal’ KEGG pathway and the SAD risk genes it contained have also been 
linked to phagocytosis [As reviewed in 84]. Despite the apparent increase in 
microglial activation, several studies have shown that these microglia may be 
functionally impaired, displaying decreased mobility and phagocytic capacity [85-
89]. Phagocytosis and lysosomal degradation by proteases like cathepsins may 
play a role in Aβ clearance and disruption of these systems could therefore 
contribute to the observed accumulation of soluble Aβ [90-93]. At the moment, it 
is still unclear to what extent the microglial activation occurs as compensatory 
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immune response to the increasing amyloid load or as a normal part of the aging 
process which might contribute to the AD pathology.  
The ‘yellow’ module of our WGCNA analysis is functionally annotated for 
‘neuron differentiation’ and the ‘axon guidance’ pathway. This generally down-
regulated module contains the genes of axonal guidance cues like netrins, ephrins, 
slits, semaphorins and their receptors, as well as the genes of their downstream 
proteins Ras, Pak and Rock. Together, these elements of the ‘axon guidance’ 
pathway are responsible for the regulation of the actin cytoskeleton. This 
regulatory mechanism plays a crucial role in the morphogenesis of dendritic 
spines and regulation of synaptic plasticity [94-96]. Moreover, Aβ and sAPPα 
have been shown to interact with ephrin and semaphorin receptors, respectively 
[97-100]. Aβ oligomers have also been shown to lead to aberrant Pak activation 
and downstream modification of the actin cytoskeleton and dendritic spines [101, 
102]. These modifications in the regulation of the actin cytoskeleton have been 
found both in AD mouse models and human AD brain [103-106]. Impairments in 
the axon guidance pathway could explain the changes in basic synaptic function 
and may lead to the deterioration of cognition in the APP23 model at old age. 
Interestingly, actin cytoskeleton regulation also plays a crucial role in 
phagocytosis [As reviewed in 107] and could provide a link between the changes 
observed in neurons and microglia. 
Finally, we also observed changes in the ‘orange’ module, which was annotated 
for the ‘synaptic transcriptome’ and transcription. Unlike the ‘yellow’ and 
‘darkblue’ module, this module did not display an overall aging effect. Based on 
the timing of the observed changes, it would appear that these changes in 
transcription at the synaptic level are a consequence of earlier pathological effects. 
In this study, we performed a global screening in the entire hemi-forebrain in 
accordance with our previous experiments in APP23 mice [26]. Future research, 
could provide additional information about more modest changes, which might 



SECTION VI. Chapter VI.1  

169 
 

have been masked or diluted with this approach, by performing region- or cell 
type-specific analyses. 
5. Conclusion 
In conclusion, our study has shown a clear biphasic evolution in the gene 
expression of the APP23 model over time. While the initial, developmental phase 
shares certain similarities with young FAD carriers, it may not be representative 
for the pathological AD processes that occur at later age in FAD and SAD 
patients. The second phase, however, mimics several prominent features of the 
progressive AD pathology, both in FAD and SAD. Our results show that aging is 
a crucial factor during this phase. The gene expression modules displaying the 
most prominent alterations in APP23 mice, are also affected in WT animals, albeit 
at a later age. These findings should be taken into account during the selection of 
age groups for future research. The APP23 model does appear to be a valid model 
to further investigate the relationship between aging and AD pathology. 
Microglial function and, perhaps more importantly, cytoskeletal regulation 
pathways would appear to be the most interesting targets for these future 
investigations.  
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Figure 1: Heatmap displaying the correlations (r- and p-values) between the gene modules and 
the soluble amyloid-beta levels measured with ELISA. Abbreviation: ME, Module Eigengene. 



 

 
 

Table 1: Summary table listing the co-expression network gene modules with their functional annotations and userlistEnrichment 
Module 

Number of 
genes 

Predictive variable with 
significant correlation  GO/KEGG/UE Functional Enrichment Benjamini 

Darkblue 2375 Age (positive correlation)  
APP23- Age (positive correlation)  

GO Immune response 9.5E-28 
Innate immune response 5.7E-13 

KEGG Ribosome 4.3E-05 
Lysosome 6.1E-04 

UE Microglia 1.2E-24 
Immune system reactome 4.3E-12 

Orange 982 APP23-Age (negative correlation) 
GO Transcription 1.5E-02 

Protein amino acid dephosphorylation 6.7E-02 
UE Synaptic transcriptome  (Cajigas et al., 2012) 1.9E-07 

Yellow  
  

2167 Age (negative correlation) APP- Age (negative correlation) Development (positive correlation)  
GO Neuron differentiation 6.0E-03 

Transmission of nerve 
impulse 2.9E-02 

KEGG Pathways in cancer 7.7E-05 
Axon guidance 4.1E-03 

Lightgreen 1365 Development (positive correlation) 
GO Blood vessel development  2.4E-08 

Vasculature development  3.3E-08 
KEGG Focal Adhesion  3.8E-06 

ECM-receptor interaction  5.6E-06 
UE Astrocytes 2.8E-18  

Astrocytes Cahoy et al. (2008)  2.9E-17  
Lightblue 2233 Development (negative correlation) 

Age (positive correlation) KEGG Calcium signaling pathway 2.1E-02 
Hypertrophic cardiomyopathy (HCM) 4.9E-02 



 

 
 

 
 

Table 1 (Continued) 
Module Number of genes Predictive variable with significant correlation  GO/KEGG/UE Functional Enrichment Benjamini 

Darkgreen 1388 None   GO DNA metabolic process 2.6E-05 
DNA repair 2.7E-05 

Lightred 464 None  
GO Transcription 6.0E-15 

Regulation of transcription 1.1E-14 
UE Hypoxia 2.9E-13 

Microglia 1.9E-07 

Darkred 822 None  
GO Regulation of transcription 3.8E-03 

Transcription 3.1E-02 
UE Neuron (Cahoy et al. 2008) 8.1E-08 

Synaptic transcriptome  
(Cajigas et al. 2012) 3.0E-04 

Abbreviations: UE, userlistEnrichment 
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In the introduction I discussed how the composition of our society’s population is 
evolving. As the life expectancy continues to rise, birth rates drop below the 
replacement rate and people over 60 make up an ever increasing percentage of our 
population, problems related with old age are becoming increasingly burdensome 
for our civilization. The root of the socio-economic burden can mainly be found in 
the declining health associated with aging. While a variety of health problems can 
occur with old age, no other disorder has a stronger correlation with age than 
dementia [1]. As a result, the aging of the population is expected to particularly 
affect the incidence and prevalence of this disorder. Dementia not only causes 
severe disability and dependency in patients, it also places a considerable strain on 
family, caregivers and health care systems [2]. In 2015, the global cost of dementia 
was estimated at US$ 818 billion, which roughly equates to the gross domestic 
product (GDP) of the 16-18th largest economies in the world or 1.09% of the global 
GDP. By 2018, these costs will exceed US$ 1 trillion and they will rise up to 2 
trillion by 2030 [3]. As the magnitude of this health problem continues to expand, 
the need for a cure or adequate treatment is becoming exceedingly imperative.  
1. Challenges in AD research 
Unfortunately, a lot is still unknown about the pathological mechanisms underlying 
dementia. AD is believed to be the most common cause of dementia at a later age. 
Research into the disease pathology, however, faces many challenges. As 
mentioned in the introduction, these complications mostly arise as a consequence 
of the nature of the disease and various technical limitations. First of all, AD 
manifests in the brain, quite possibly the most complex structure of our human 
anatomy. Endeavours to unravel the inner workings of the brain have been severely 
impeded by the technological constraints regarding the visualization of biological 
processes in the living brain. While a lot of progress has been made with imaging 
technology in the past decades, a lot of uncertainty still exists about the functioning 
of the brain under normal physiological conditions. In vitro and ex vivo analysis, 
on the other hand, allow more in depth investigation on a cellular and molecular 
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level, but cannot fully model the complex structure and interactions of an intact, 
living brain. Our limited knowledge of normal brain function understandably also 
affects our ability to understand how these processes are altered or disrupted by 
disease.  
The disease course of AD can be considered another complicating factor in AD-
related research. To describe the course of this progressive disease, it is often 
divided in various stages. The first stage is called preclinical AD and is believed to 
be a long asymptomatic phase spanning the period between the initial brain lesions 
and the appearance of the first symptoms. The next phase, the prodromal AD 
phase, describes a stage where some first, mild cognitive symptoms are present, but 
are insufficiently severe to fulfil AD diagnostic criteria. As the disease progresses 
and the symptoms become more pronounced, patients move toward the final stage 
where the AD diagnostic criteria are met, the AD dementia phase [4, 5]. While the 
time span of these individual phases may vary significantly between individuals, 
the overall disease process is believed to span several decades. Conducting a 
longitudinal follow-up of patients over such an extended period of time is 
extremely difficult, costly and impractical for research purposes. Moreover, since 
the first stages of the disease are asymptomatic they are practically impossible to 
observe in human patients. In fact, the first mild symptoms may go undetected as 
well [5]. The period from the time the first symptoms appear, to when the 
symptoms are first noticed, to the point a patient seeks help and receives an MCI 
diagnosis, varies significantly between individuals. To complicate matters even 
further, not everyone who is diagnosed with MCI goes on to develop AD [6]. 
Together, these facts make it very difficult to pinpoint the start of the disease and to 
monitor the progression of the disease over time. 
Transgenic animal models have proven to be useful tools in (partially) overcoming 
some of these difficulties. Due to the shorter life span of these animals, it is far 
easier to monitor the disease progression over the course of their life. The 
genetically modified animals can be identified immediately, prior to the appearance 
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of any symptoms. A model also allows for more invasive procedures and sample 
collection at any given time point during the disease course [7]. The aim of our 
study was to investigate the interaction between age, a known risk factor for AD, 
and the concentration levels of soluble Aβ peptide, another probable factor in AD 
pathology. We wished to explore the evolution of these Aβ levels and the potential 
driving forces behind it. In addition, we wanted to examine other age-related 
alterations over the course of life and how they might relate to the observed AD 
pathology and symptoms. We, therefore, used the APP23 mouse model carrying a 
construct of the human APP gene with a known FAD-mutation. As discussed under 
heading 7 of the introduction, this model mimics a lot of the human AD condition 
in pathology, as well as in etiology, symptomatology and pharmacology [8]. 
However, as with all models, the APP23 model is still not a complete model and 
can only provide an approximation of the human condition. For instance, while the 
model carries a known, naturally occurring mutation, this mutation is still 
artificially induced and expressed [9]. Furthermore, this mutation only occurs in an 
extremely small portion of all AD patients. It is, therefore, crucial to be mindful of 
the model’s limitations and to take them into account during the interpretation of 
results. Some finding may not necessarily extrapolate from model to man or from 
FAD to SAD. 
2. Optimizing techniques for measuring Aβ 
At the beginning of our study, we identified the most optimal method to determine 
the soluble Aβ levels, weighing the potential pros and cons of various approaches 
(Chapter IV). In the introduction, we extensively discussed the potentially central 
role of Aβ in AD pathology and that soluble, aggregated Aβ is believed to be the 
key toxic agent. Unfortunately, the propensity of Aβ to form aggregates is also a 
complicating factor in the accurate analysis of Aβ in the brain [10-12]. ELISA 
measurements are the most commonly used technique to determine Aβ 
concentrations both in a clinical and research setting. However, we found that 
aggregation of Aβ prevents an accurate estimation of the total Aβ content and 
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actually results in an underestimation of the total Aβ concentration. This mainly 
affects samples that contain substantial amounts of Aβ oligomers, like protein 
extracts from brain tissue. In samples with a low oligomer content, like CSF 
samples, the effect would appear negligible [13-16]. The mechanisms believed to 
be responsible for the phenomenon, are epitope masking and steric hindrance, 
which may prevent efficient antibody binding. In an effort to optimize our ELISA 
measurements, we explored the possibility of chemically treating samples prior to 
analysis to disaggregate Aβ oligomers present in the sample (Chapter IV.1). From 
literature we selected three candidate chemicals with the potential to disaggregate 
Aβ oligomers and designed a sample pre-treatment protocol around them [17-19]. 
Our initial tests revealed that the procedure using TFA was the most promising 
protocol for further development. There were indications, however, that the 
repeated drying steps led to signal loss. Unfortunately, our efforts to reduce the 
number of drying steps in subsequent experiments resulted in an increase in the 
background signal, possibly due to remaining traces of TFA. Nevertheless, we also 
observed the rise in signal that would be expected in samples containing Aβ 
aggregates and this intensification of the signal was more pronounced in samples of 
older animals with presumably more aggregates. While the differences between the 
old age group and the younger age groups was more prominent after sample pre-
treatment, the additional sample preparation did not yield any new information. In 
the end, given the limited added value and the potential for introducing artefacts 
during the sample manipulation, we decided to use the traditional ELISA method 
for our further experiments. After all, the goal of our experiments was not 
necessarily to obtain the exact concentration levels, but rather to monitor evolutions 
in these levels and the traditional method appeared equally capable of achieving 
this goal.  
Even though we did not end up using the protocol we developed in our main 
analyses, some important lessons can be learned from these experiments. First of 
all, simply because a technique is commonly used in a given setting, does not mean 
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this method is without fault or limitations and can be used ubiquitously. In reality, 
no single technique is perfect. While this does not automatically mean that a given 
technique should not be used, researchers should critically examine the potential 
limitations when selecting a technique and take them into account when 
interpreting the data. For instance, over the years several research groups have 
developed a variety of tests to detect Aβ oligomer levels in biological samples [13-
16, 20-26]. However, these techniques are usually based on the ELISA method and 
invariably employ antibodies for their detection strategy. As a result, these tests are 
still susceptible to problems of epitope masking and steric hindrance, as discussed 
in chapter IV.1. Nevertheless, these kinds of complications are not limited to this 
type of immunological tests and other methods used to study Aβ, like western 
blotting and mass spectrometry, also have their drawbacks. These techniques often 
require more elaborate sample preparation than the traditional ELISA method: 
denaturation, SDS binding, immunoaffinity purification, size-exclusion 
chromatography, buffer exchange, etc. As we observed with the application of our 
sample pre-treatment method, every additional preparatory step is a potential 
source of artificial modifications. For example, although western blotting is widely 
used to study Aβ and its oligomeric forms, the SDS used by this method may 
actually induce the formation of low-n oligomers [12]. In this light, previous 
research results should be interpreted with the necessary caution. In the future, 
researchers should include the necessary preliminary tests and controls for their 
methodology, even if they have been used before. Some difficulties may also be 
minimized or overcome by combining multiple techniques. Ideally, we would of 
course be able to visualize/measure soluble Aβ in vivo without the need for sample 
manipulation.  
3. Age-related changes in APP23 
Despite the restrictions of the ELISA analysis, we were, nonetheless, able to 
observe several interesting features of the evolution of soluble Aβ levels in the 
APP23 model over time. In chapter V we report that the soluble Aβ levels of the 
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APP23 mice are not simply elevated over the course of their life, nor do they 
display a steady, incremental increase. Instead, we observed a general profile with 
three distinct phases: an initial rise in the soluble Aβ concentration, followed by an 
elevated steady-state and eventually another incline the Aβ levels at a later age. 
Even if we must allow for the possibility that the measured levels are an 
underestimation of the actual Aβ concentration, particularly for the oldest age 
groups (Chapter IV), the observed pattern clearly suggests that multiple factors 
regulate the soluble Aβ levels at different ages. Both our western blot (Chapter V) 
and RNA sequencing (Chapter VI) data seem to indicate that the initial phase 
correlates with developmental/maturation processes and the initial build-up of APP 
levels. Under normal physiological conditions, APP is believed to play a role in 
neuronal differentiation and migration, axonal outgrowth and synaptogenesis [27-
29]. Presenilins have been associated with neuronal differentiation and migration 
and synaptic plasticity as well [As reviewed in 30]. The FAD mutations in these 
genes could impede them from properly performing their function and could, 
therefore, result in an altered brain development. Young APP23 mice have been 
shown to possess 10-15% more neurons than there wild-type counterpart up to the 
age of 8 months [31, 32]. Young human FAD carriers also display increased grey 
matter volume in temporal brain regions and a heightened functional connectivity 
of the posterior cingulate cortex with medial temporal lobe regions [33]. Both in 
humans and in mice, it is unclear if these structural deviations simply reflect 
developmental differences due to the mutation or if they are an early manifestation 
of the pathological processes of the disease. The mechanisms responsible for the 
altered brain development, may not be the same as the pathological processes of 
this neurodegenerative disorder at a later age. This knowledge also has an impact 
on how we interpret other observations made in the APP23 model at this stage in 
life. For instance, an initial cognitive deficit has been observed during this stage, at 
the age of 3 months [34]. This deficit was reduced by the administration of 
cholinesterase inhibitors or a NMDA-receptor antagonist [35]. At 6 months 
differences were detected in the neurotransmitter systems, like the cholinergic 
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system [36]. Unfortunately, these variations were not studied at other ages. As a 
result it is impossible to deduce if these changes occurred during development or at 
a later time. Differences like this, however, could explain the diminished cognitive 
performance and response to therapy. In the end, should this deficit be considered a 
first cognitive symptom or does it reflect an altered cognitive capacity due to 
differences in brain development? Overall, during the developmental stage the 
model seems to share features with young, human FAD mutation carriers and may 
provide valuable insights into the effects of the FAD mutation on developmental 
processes in FAD carriers. However, this stage may poorly reflect the situation of 
SAD patients during childhood and as young adults. This should be taken into 
account when extrapolating results from APP23 mice to humans. 
At 6 months of age, the soluble Aβ levels in APP23 mice appear to have reached a 
steady-state level (Chapter V). At this age the mice can be considered mature 
adults with a human equivalent age of around 30 years [37]. On a gene expression 
level, this age appears to be a turning point where the differences between APP23 
mice and control animals are minimal. In fact, the only genes that were found to be 
significantly differentially expressed were the APP and Thy1 gene belonging to the 
transgenic construct. Beyond the age of 6 months the differences in gene 
expression between WT and HET animals increases with aging (Chapter VI). 
Interestingly, the first, sporadic amyloid plaques in the model may also be observed 
around 6 months of age [38]. While plaques correlate poorly with disease severity 
and can also be observed in cognitively healthy individuals [39-42], they are 
believed to be the first observable pathological feature of AD in humans [5]. Just 
like at 3 months of age, the APP23 mice display a cognitive deficit in a large 
Morris water maze set-up at 6 months of age [34, 43]. At this moment in time, 
however, no other cognitive experiments have been performed which can confirm a 
cognitive deterioration between 3 and 6 months in the APP23 model. As a result, 
the cognitive deficit at 6 months may also reflect the developmental difference. 
After all, a human patient of an equivalent age presenting with the first plaques 
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would be in the early presymptomatic stage and would not present with cognitive 
symptoms yet. Unlike the soluble Aβ levels which correlate well with cognitive 
performance, the plaque load correlates poorly with cognitive syptoms [39, 40, 44]. 
In human patients cognitive symptoms are believed to occur years after the initial 
plaque deposition and several other pathological processes, like synaptic 
dysfunction, neuronal injury and volumetric changes in brain structure [5]. Similar, 
progressive alterations have been observed in the APP23 model after the age of 6 
months. Basic synaptic function is modified mildly at 12 months of age and these 
changes become more extensive at 18 months [45]. Hippocampal neuron loss and 
vascular amyloid deposition have been reported at 14 months and exacerbate with 
aging [31, 32, 46]. At 15 months the cholinergic system displays deterioration 
compared to its earlier state, which progresses with advancing age [47]. Finally, 
additional deterioration of cognitive function was observed at the late age of 25 
months [43]. Taken together, these data suggest that after the age of 6 months the 
pathological progression in the APP23 model appears to follow a similar pattern to 
the disease progression in humans. Therefore, researchers wishing to explore the 
(age-related) progression of AD pathology in APP23 mice, without potential 
interference of developmental effects, might consider using an age group around 6 
months of age as the starting point. The soluble Aβ levels remain stable until 12 
months of age. After this age, the mice reach the third stage of the soluble Aβ level 
profile: a gradual increase with advancing age (Chapter V). This stage appears to 
coincide with the appearance of the other pathological features we previously 
mentioned (i.e. changes synaptic function, neuronal loss, etc.). The APP23 model 
also displays several age-related changes in gene expression during this stage in life 
(Chapter VI). Interestingly, all the gene expression changes showed a correlation 
with aging in combination with genotype, but not with genotype separately, 
indicating that aging is an important factor even in APP23 mice. In fact, most of 
the processes with a significantly altered expression displayed an overall 
correlation with aging regardless of genotype. This processes are also modified in 
control animals, albeit at a later age. Based on these results, it would appear that the 
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APP23 model displays gene expression changes associated with aging, but in an 
exacerbated and/or accelerated fashion. Similar results have also been observed in 
another mouse model for AD and in humans [48, 49]. Given the fact that these age-
related changes do not appear to be restricted to mice carrying the genetic mutation, 
but also affect control animals, these processes may play a role in both FAD and 
SAD. 
4. Targets for future research 
The results of our RNA sequencing analysis have implicated several molecular 
processes that might contribute to the progression of the pathology with aging in 
APP23 mice. First of all, the model displays a clear upregulation of the immune 
system with aging. The dysregulation of the immune system (immunosenescence) 
and chronic low-grade inflammation (inflammaging) are well documented features 
of old age in humans as well [50-52]. In the APP23 model this upregulation seems 
to centre on the priming and/or activation of microglia and lysosomal degradation 
(Chapter VI). Activated microglia have been extensively reported in the vicinity 
of the amyloid plaques in the APP23 model [38, 53-57]. Recently, our group also 
established the presence of primed microglia in the brains of control animals and 
plaque-free regions at the age 24 months [57]. Several studies have indicated that 
these activated microglia may, in fact, be functionally impaired (i.e. decreased 
mobility and phagocytic capacity) [58-62]. One of the most important functions of 
active microglia is the phagocytic clearance of pathogens and debris and the 
subsequent lysosomal degradation [63-65]. As mentioned earlier, the activation of 
the microglia is also associated with an upregulation of the lysosomal pathway and 
lysosomal proteases, like cathepsins. Phagocytosis and lysosomal degradation have 
been implicated as a possible Aβ clearance mechanism [66-70]. Therefore, 
disturbances in the function of these processes could result in rising Aβ levels and 
may contribute to the progression of AD pathology. However, the chronic 
inflammation in itself may also have harmful effects on the brain [71]. In the end, it 
remains to be investigated how the observed inflammation fits into the AD 
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pathology and whether it is a response to the high Aβ load, a result of aging 
contributing to the Aβ load, or a combination of both.  
In addition to the changes in the gene expression regarding inflammatory 
processes, our results also showed a downregulation of neuron differentiation and 
the axon guidance pathway (Chapter VI). The genes in this pathway showing a 
modified expression include axonal guidance cues, like netrins, ephrins, slits 
semaphorins and their receptors, as well as the genes of their downstream proteins 
RAS, PAK and ROCK. Aβ, Aβ oligomers and sAPPα all have the potential to 
interact with and modify this pathway [72-77]. The axon guidance pathway is 
linked to the regulation of the actin cytoskeleton, a crucial mechanism in the 
morphogenesis of dendritic spines and synaptic plasticity [78-80]. Modifications in 
the regulation of the actin cytoskeleton have been observed both in mouse models 
of AD and human AD patients and may be responsible for changes in synaptic 
function and cognition [81-84]. Finally, the regulation of the actin cytoskeleton is 
also a crucial part of phagocytosis [As reviewed in 85]. Disturbances in the 
regulation of the actin cytoskeleton may, therefore, be the link between the 
alterations in the function of both neurons and microglia and could be an 
interesting target for future research. 
5. Some general considerations 
Under this last heading before the final conclusion, I would like to digress a little 
from the exact science and experimental data and to share some of more general 
thoughts and musings regarding the matter at hand. While these concepts might 
appear rather philosophical at first glance, I do believe they can play an important 
part in how we approach the AD phenomenon in future research. Overall, our 
research seems to confirm the crucial role of aging in the progression of AD 
pathology. In fact, based on the observation that some of the crucial changes in 
gene expression also occur in our control animals at a later age, one cannot help but 
wonder: how much of AD is pathological and how much is a consequence of 



SECTION VII. General discussion and future directions 

193 
 

normal aging processes? In the case of FAD, where a clear genetic cause can be 
identified and the symptoms manifest at an age where the vast majority of the 
population experiences no cognitive deterioration, one could definitely argue in 
favour of a pathological disorder. However, in the case of SAD where no clear 
cause can be shown and the symptoms tend to occur at a later age when most of the 
population show some degree of cognitive decline, this distinction may not be as 
clear. After all, one could argue that, just like some people’s heart or liver gives 
out, in AD patients it is the brain that ceases to function properly. In the end, the 
brain is just another organ, subject to same wear and tear as the rest of our body. In 
fact, if we expand on this idea and consider the lifelong stress of heightened Aβ 
production in FAD patients, it is probably not be surprising that the brain fails 
earlier in these people. Someone is also more likely to develop back problems at a 
later age after a lifetime of heavy lifting. In the introduction I discussed how aging 
manifests differently in each individual and how this is most likely determined by a 
combination of both intrinsic and extrinsic factors. In the case of AD, the genetic 
risk factors found to be associated with SAD could then be considered as some of 
these intrinsic factors.  
In the end we have to wonder: is looking for the cure to AD the same as looking for 
a cure against aging? Is it a modern day quest for the Holy Grail or the elixir of 
life? Are we simply conducting our own brand of alchemy? Modern science is 
continuously pushing the boundaries of our own mortality, but how far can or are 
we willing to push our bodies? The answers to these questions will affect how we 
approach AD research in the future and how we set our goals. If we consider AD as 
a result of our brain wearing out and assume there is a limit we cannot push our 
brain beyond, then our goal will probably not be to find a cure. Instead, our 
research efforts might be better directed at developing disease-modifying therapies 
and postponing the manifestation of the disorder or managing/minimizing its 
effects. Perhaps the compression of morbidity is the best scenario we can achieve? 
This may also impact how we approach the development of biomarkers for early 
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detection. At the moment, biomarkers are developed to distinguish a pathological 
state from the normal condition and other pathological states. In the current 
scenario, early detection might translate more to monitoring the general health of 
the brain as we get older, similar to the way monitor other parameters, like blood 
pressure and cardiac function. In the end, this may allow for a wider variety of 
eligible biomarkers.   
6. In Conclusion 
Since lot of questions still remain surrounding AD, mouse models, like the APP23 
model, will most likely continue to play a crucial part in the elucidation of the 
underpinning molecular processes. A thorough understanding of applied animal 
models and a critical evaluation of the advantages and disadvantages of the 
available analytical techniques, are essential to obtaining this goal. In this study we 
have shown some of the limitations of using the ELISA technique to determine the 
Aβ concentration. Combining various techniques to corroborate findings may be 
the best approach for future experiments. We also further characterized the APP23 
model and uncovered two important phases in the life of these mice. On the one 
hand, there is the initial developmental phase, which appears to mostly share 
features with young FAD carriers and could provide further insights into the 
developmental effects of the FAD mutation. On the other hand, we have the aging 
phase, which seems to model the progression of both FAD and SAD in humans and 
could assist in uncovering the underlying pathological processes and their 
correlation to aging. We have shown aging to be a crucial factor that should be 
accounted for in further experiments. Finally, our research also shows that the 
regulation of the actin cytoskeleton, both in neurons and microglia, might be an 
interesting research target for these future investigations.  
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Summary 
The world population is aging.  Due to the ever increasing life span and the 
declining birth rates, people over the age of 65 make up a growing percentage of 
our population. Aging is associated with higher risk for disability, morbidity and 
need for health care. No disease displays a stronger correlation to aging than 
dementia. Alzheimer’s disease (AD) is the most common cause of dementia. This 
neurodegenerative disorder is associated with progressive neuropathological 
lesions in the brain and results in escalating cognitive and behavioral disturbances. 
There are two types of AD: familial AD (FAD), caused by mutations that are 
inherited in an autosomal dominant fashion, and sporadic AD (SAD). In addition to 
the disease’s connection with aging, the amyloid-beta peptide (Aβ) has been 
indicated as a key neurotoxic agent in AD pathology. Soluble Aβ, in particular, is 
believed to be responsible for the neurological damage. In this study, we wished to 
explore the evolution in the concentration of soluble Aβ over time and examine the 
relationship between Aβ, aging and AD pathology. For our research we used a 
transgenic mouse model for AD, the APP23 model. This model carries a construct 
containing the human APP751 gene with the Swedish double mutation 
(K670N/M671L), a mutation capable of inducing FAD in human carriers. 
Initially, we optimized our methodology and investigated the capacity to accurately 
determine Aβ levels with the ELISA technique, specifically in the presence of Aβ 
oligomers. We found that oligomerization can lead to an underestimation of the 
actual Aβ levels, particularly in samples with a high oligomer content. We 
developed and tested several chemical pre-treatment methods with the goal to 
disaggregate the oligomers prior to analysis. The developed protocols used one of 
three selected chemicals: trifluoroacetic acid (TFA), hexafluoroisopropanol and 
formic acid. The protocol with TFA appeared to be the most efficient at 
disaggregating the oligomers, but the multiple drying steps were believed to cause 
some signal loss. In an effort to further test and improve the TFA protocol, a 
modified version with reduced drying steps was applied to samples of APP23 mice 
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of various ages. While the protocol seemed to confirm the higher number of 
oligomers at later age, the new protocol, unfortunately, also led to an overall 
increase in the background signal. Compared to the results after the pre-treatment, 
the traditional protocol did appear to underestimate the Aβ concentration, 
especially in older animals. However, the overall evolution in Aβ levels measured 
by the traditional protocol was similar to the evolution measured after sample pre-
treatment. In the end, given the unwanted modifications of samples associated with 
the pre-treatment protocols, we opted to use the traditional protocol to monitor the 
evolution of Aβ concentrations over time.  
We measured the overall Aβ levels (Aβ1-x) and the levels of Aβ measuring 40 and 
42 amino acids in length (Aβ1-40 and Aβ1-42 respectively) in six different age groups 
of APP23 mice: 1.5, 3, 6, 12, 18 and 24 months of age. The evolution in Aβ levels 
was shown to follow a general pattern with 3 stages: an initial build-up, a steady 
state phase and a second rise in Aβ levels at later age. We explored whether these 
changes could be attributed to changes in the levels of proteins involved in the 
production of Aβ. The amyloid precursor protein (APP) is cleaved sequentially by 
β- and γ- secretase to form Aβ. Western blotting showed no observable difference 
in the amount of presinilin 1 and BACE1, the catalytic units of the γ- and β-
secretase respectively. The APP levels, on the other hand, climbed at the youngest 
ages toward a steady state, similar to the initial build-up observed in the soluble Aβ 
levels. The secondary increase at a later age could not be explained by changes in 
the levels of Aβ producing proteins.  
We also used RNA sequencing to examine the alterations in gene expression in 
APP23 mice at 4 different age: 1.5, 6, 18 and 24 months. These analyses confirmed 
an initial development stage with a build-up of APP. At 6 months of age the gene 
expression appears to have reached a mature level which differs minimally from 
the expression of wild-type mice. Beyond the age of 6 months, an aging gene 
expression profile could be observed. With aging the gene expression profiles of 
wild-type and APP23 mice progressively digress from each other. The aging-
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related changes in gene expression appear to coincide with the progression of other 
pathological features in the brain. They also seem to occur both in APP23 and 
wild-type mice, but in APP23 mice they seem to manifest earlier or more intensely 
than in control mice. The changes during the aging stage mainly affect the immune 
response with microglial activation and the lysosomal pathway and neuron 
differentiation with the axon guidance pathway and actin cytoskeleton regulation.  
In conclusion, we have demonstrated some of the limitations of the ELISA 
technique for the determination of Aβ levels, which should be taken into account in 
future analyses. In the APP23 model we observed two distinct phases in the life of 
these mice. On the one hand, we uncovered a developmental phase, which appears 
to mostly share features with FAD in young human carriers. On the other hand, we 
found an aging phase, which seems to model the progression of both FAD and 
SAD in humans. As a result, the model could contribute to the further elucidation 
of the underlying pathological processes of AD and their correlation to aging. 
Microglial activation, lysosomal degradation, neuron differentiation and the role of 
cytoskeletal regulation in these processes, may be interesting targets for these 
future investigations. 
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Samenvatting 
De wereldbevolking veroudert. Vanwege de immer toenemende levensduur en de 
dalende geboortecijfers, nemen mensen ouder 65 jaar een steeds groter wordend 
percentage van onze bevolking in. Ouderdom is gerelateerd aan een hoger risico op 
invaliditeit, morbiditeit en hulpbehoevendheid. Geen enkele aandoening vertoont 
een sterkere correlatie met veroudering dan dementie. De ziekte van Alzheimer 
(Alzheimer’s disease, AD) is de belangrijkste oorzaak voor dementie. Deze 
neurodegeneratieve aandoening gaat gepaard met progressieve neuropathologische 
leasies in de hersenen en resulteert in toenemende cognitieve en gedragsmatige 
stoornissen. Er zijn twee AD-types: familiale AD, veroorzaakt door autosomaal 
dominant overerfbare mutaties, en sporadische AD. Naast de connectie tussen de 
ziekte en ouderdom, werd het amyloïd-beta peptide (Aβ) geïmpliceerd als 
voornaamste neurotoxisch agens van de AD pathologie.  Vooral oplosbaar Aβ 
wordt geacht verantwoordelijk te zijn voor neurologische schade. In deze studie 
trachtten we de evolutie van de concentratie van oplosbaar Aβ over tijd in kaart te 
brengen en onderzochten we het verband tussen Aβ, veroudering en AD 
pathologie. Voor ons onderzoek maakten we gebruik van een transgeen muismodel 
voor de AD, het APP23 model. Dit model draagt een construct met het humaan 
APP751-gen met de Zweedse dubbelmutatie (K670N/M671L) dat in staat is om 
familiale AD te induceren in humane dragers. 
Initieel optimaliseerden we onze methodologie en onderzochten we de capaciteit 
van de ELISA-techniek om accuraat Aβ niveaus te bepalen, vooral dan in de 
aanwezigheid van Aβ oligomeren. We ontdekten dat de feitelijke Aβ-concentratie 
onderschat kan worden omwille van oligomerisatie en voornamelijk in stalen met 
een hoog oligomeergehalte. We ontwikkelden en testten verscheidene chemische 
voorbehandelingsprotocols met als doel de deaggregatie van de oligomeren 
voorafgaand aan de analyse. De ontwikkelde protocols gebruikte één van de drie 
geselecteerde chemicaliën: trifluoroacetaat (TFA), hexafluoroisopropanol of 
methaanzuur. Het protocol met TFA bleek het meest efficiënt qua deaggregatie, 
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maar de verschillende droogstappen leken te resulteren in een beperkte hoeveelheid 
signaalverlies. Voor de verdere evaluatie en optimalisatie van het TFA protocol, 
werd er een aangepaste versie, met minder droogstappen, uitgetest op stalen van 
APP23 muizen van verschillende leeftijden. Hoewel het nieuwe protocol het 
hogere aantal oligomeren op latere leeftijd leek te bevestigen, resulteerde het helaas 
ook in een algemene toename van het achtergrondsignaal. Vergeleken met de 
resultaten na de voorbehandeling, leek het traditionele protocol inderdaad te leiden 
tot een onderschatting van de werkelijke Aβ-concentratie, vooral bij oudere dieren. 
De algemene evolutie in de Aβ niveaus, gemeten met het traditionele protocol, was 
echter zeer vergelijkbaar met de geobserveerde evolutie na de voorbehandeling. 
Omwille van de ongewenste wijzigingen van de stalen bij de voorbehandeling, 
werd uiteindelijk toch geopteerd voor het gebruik van het traditionele protocol voor 
de bepaling van de evolutie in Aβ niveaus in de tijd.  
We bepaalden de algemene Aβ-concentratie (Aβ1-x), alsook de concentratie van 
Aβ-varianten met een lengte van 40 (Aβ1-40) en 42 (Aβ1-42) aminozuren, in APP23 
muizen van zes verschillende leeftijdsgroepen: 1,5 – 3 – 6 – 12 – 18 en 24 maanden 
oud. De evolutie in de Aβ-niveaus bleek een patroon te volgen met 3 fases: een 
initiële opbouwfase, een constante fase en een tweede fase met stijgende Aβ 
concentraties op latere leeftijd. We onderzochten in welke mate deze wijzigingen 
toegeschreven konden worden aan wijzigingen in de concentraties van de proteïnes 
betrokken bij de Aβ-productie. Het amyloïd precursor proteïne (APP) wordt 
achtereenvolgens gekliefd door γ- en β-secretase om Aβ te produceren. Aan de 
hand van western blotting kon geen verschil waargenomen worden in de 
hoeveelheid preseniline 1 en BACE 1, de respectievelijke katalytische eenheden 
van γ- en β-secretase. Het APP niveau, daarentegen, steeg op jonge leeftijd naar 
een constant niveau, vergelijkbaar met de intiële opbouw die geobserveerd werd bij 
de oplosbare Aβ niveaus. De secundaire stijging op latere leeftijd kon echter niet 
verklaard worden door veranderingen in de hoeveelheid van de Aβ-producerende 
proteïnes.  
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We maakten ook gebruik van RNA sequencing om de wijzigingen in de 
genexpressie van APP23 muizen te onderzoeken op vier leeftijden: 1,5 – 6 –  18 en 
24 maanden. Deze analyses bevestigden een initiële ontwikkelingsfase met een 
toename van de APP niveaus. Op de leeftijd van 6 maanden leek de genexpressie 
een volwassen niveau te bereiken dat minimale verschillen vertoonde met de 
expressie in wild-type dieren. Naarmate de muizen verouderen nemen de 
verschillen tussen de genexpressieprofielen van wild-types en APP23 muizen toe. 
De ouderdomsgerelateerde wijzigingen in de genexpressie lijken samen te vallen 
met de progressie van andere pathologische letsels in het brein. Daarenboven, 
blijken deze veranderingen zowel in APP23 als wild-type muizen plaats te vinden, 
maar lijken ze eerder of intenser op te treden in APP23 muizen. De veranderingen 
tijdens de verouderingsfase situeren zich vooral in het domein van de 
immuunrespons met microgliale activatie en het lysosomale systeem en in het 
domein van neuronale differentiatie met axongeleiding en de regulatie van het 
actine cytoskelet.  
Ter conclusie, we hebben voor de ELISA-techniek een aantal limitaties bij de 
bepaling van Aβ niveaus aangetoond waarmee rekening gehouden moet worden in 
toekomstig onderzoek. In het APP23 model observeerden we twee afzonderlijke 
fases tijdens het leven van deze muizen. Aan de ene kant, vonden we een 
ontwikkelingsfase die voornamelijk eigenschappen lijkt te delen met jonge, 
humane dragers van een familiale AD mutatie. Aan de andere kant, namen we ook 
een verouderingsfase waar, die de progressie van zowel familiale als sporadische 
AD lijkt na te bootsen. Als gevolg zou het model kunnen bijdragen tot de verdere 
opheldering van de onderliggende pathologische processen van de ZA en hun 
correlatie met ouderdom. Microgliale activatie, lysosomale degradatie, neuronale 
differentiatie en de rol van cytoskeletale regulatie bij deze processen, vormen 
potentieel interessante doelwitten voor dit verdere onderzoek. 
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AD Alzheimer's disease 
ADAD Autosomal dominant Alzheimer's disease 
ADDLs Aβ-derived diffusible ligands  
ADL Activities of daily living 
AICD Amyloid precursor protein intracellular domain 
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
ANOVA Analysis of variance 
APOE Apolipoprotein E 
APP Amyloid precursor protein 
Aβ Amyloid-beta peptide 
BACE Beta-site APP-cleaving enzyme  
BADL Basic activities of daily living 
BCA Bicinchoninic acid  
BPSD Behavioral and Psychological Signs and Symptoms of Dementia  
CAA Cerebral amyloid angiopathy  
CNS Central nervous system 
CPM  Counts per million 
CSF Cerebrospinal fluid 
CTF C-terminal fragment 
DAVID Database for Annotation, Visualization andIntegrated Discovery  
DMSO Dimethyl sulfoxide  
DSM-V Diagnostic and Statistical Manual of Mental Disorders (fifth edition) 
ELISA Enzyme-linked immunosorbent assay  
EOAD Early-onset Alzheimer's disease 
EPM Elevated plus maze 
ERK-1 Extracellular signal-regulated kinase 1 
FA Formic acid 
FAD Familial Alzheimer's disease 
FDR False discovery rate 
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Flot-2 Flotilin-2 
GABA Gamma-aminobutyric acid 
GABA-R Gamma-aminobutyric acid receptor 
GDK3β Glycogen synthase kinase-3beta  
GLM Generelized linear model 
GO Gene Ontology 
GVD Granuovacuolar degeneration  
HET Heterozygote 
HFIP Hexafluoroisopropanol  
IADL Instrumental activities of daily living 
kDa Kilodalton 
KEGG Kyoto Encyclopedia of Genes and Genomes 
LOAD Late-onset Alzheimer's disease 
MB Membrane -bound 
MCI Mild cognitive impairement 
MDS Multi-dimensional scaling 
ME Module Eigengene 
MRI Magnetic resonance imaging 
MWM Morris water maze 
NCD Neurocognitive disorder 
NFT Neurofibrillary tangles 
NMDA N-methyl-D-aspartate 
NMDAR N-methyl-D-aspartate receptor 
NPS Neuropsychiatric symptoms  
OF Open field 
PAGE Polyacrylamide gel electrophoresis 
pbon Bonferroni corrected significance level 
PBS Phosphate buffered saline 
PET Positron emission tomography 
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PMSF Phenylmethylsulfonyl fluoride  
PS Presenilins 
PS1 Presenilin 1 
PSEN Presenilin (gene) 
RCF Rotational centrifugal force 
RIN RNA integrity number  
RIP Regulated intramembrane proteolysis 
ROS Reactive oxygen species 
SAD Sporadic Alzheimer's disease 
sAPP Soluble amyloid precursor protein 
SDS Sodium dodecyl sulfate 
SF Soluble fraction 
SPECT Single positron emission computed tomography 
TFA Trifluoroacetic acid 
UE UserlistEnrichment 
WGCNA Weighted gene co-expression network analysis 
WHO World health organization 
WT Wild-type 
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exchange this past decade doesn’t it? 
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