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Background

The most frequent form of dementia in the elderly is Alzheimer’s disease (AD), a progressive 
neurodegenerative disorder with a high prevalence in the aging population. With the increased life 
expectancy in Europe and the rest of the world, the percentage of elderly over 65 years of age is 
predicted to rise strongly (European Commission, 2015) and to lead to a 2-fold increase in dementia 
and AD every 20 years (Prince et al., 2013; Reitz and Mayeux, 2014). This will lead to an enormous 
health and financial burden for society, families and individuals, and it is therefore of great interest 
to improve early identification of populations at risk for deficits with aging, as well as to advance our 
understanding of the mechanisms underlying AD development and progression.

Next to classic genetic (risk) factors, environmental and lifestyle factors have been shown to contribute 
to the development and progression of AD (Barnes and Yaffe, 2011). For instance, traumatic events 
or accumulative life-time distress have been described to enhance mild-cognitive impairments (MCI) 
and AD incidence (Wilson et al., 2006; 2007). In addition to this, several recent clinical studies have 
indicated that also exposure to stress during childhood can exacerbate cognitive decline in aging, 
and can thereby increase the risk to develop AD in later life (Radford et al., 2017; Wang et al., 2016). 
Considerable numbers of individuals unfortunately experience stressful events, such as (parental) 
neglect or abuse, during their childhood and about 4% of the children in the EU have experienced a 
substantial number of childhood adversities (>3 events) before the age of 12 (Vanaelst et al., 2012). 
In addition, stress experiences early in life happen at a time that the brain is developing and it is 
therefore highly vulnerable to disturbance by stress exposure.

Indeed, negative experiences in childhood have further been associated with later impairments 
in cognition and specific alterations in brain structure, such as a reduction in hippocampal volume 
(Calem et al., 2017; Chugani et al., 2001; Kaplan et al., 2001; Mueller et al., 2010). Such consequences 
of childhood stress experiences have been extended by studies of ES exposure in rodents, which 
have demonstrated that ES indeed elicits deficits in the hippocampus, a brain region that is among 
others involved in cognition (Lucassen et al., 2013). However, the evidence for lasting consequences 
of childhood stress events into aging and AD have this far primarily been provided by retrospective 
clinical studies. The long time-window between early-life events and the manifestation of AD 
neuropathological hallmarks or other deficits with old age, provides a logistically and financially 
challenging situation for (prospective) clinical studies. Therefore, alternative approaches that allow 
to study such aspects and the underlying mechanisms in more detail generally involve animal studies.

There is currently a great interest to use mouse models and study if ES aggravates age-related 
deficits in the hippocampus, or if ES modulates AD neuropathological hallmarks. In the brain, AD is 
characterized by the typical presence of β-amyloid (Aβ) and tau pathology (Scheltens et al., 2016; 
Selkoe and Hardy, 2016). Next to these classic neuropathological features, the brains of AD patients 
show signs of inflammation as well as impairments in neuroplasticity in response to the accumulating 
neuropathology (Forner et al., 2017; Heneka et al., 2015; Hollands et al., 2016). Transgenic mouse 
models can be used to model several of these neuropathologies, as well as the associated inflammatory 
and neuroplasticity alterations in the brain.  Such mouse models are therefore very valuable and can 
be employed to study if and how ES can affect these AD-related features. 
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Outline of this thesis

The main aim of this thesis is to understand if exposure to stress in early-life leads to a stronger decline 
in cognition with aging and AD, and how such an ES-induced phenotype relates to AD neuropathology, 
neuroinflammation and neuroplasticity in the hippocampus. Specifically, we aim to elucidate if ES 
contributes to an earlier onset or exacerbation of cognitive decline in old age, as well as in AD. We 
further question if ES accelerates or aggravates the development of AD neuropathology and of the 
associated neuroinflammatory alterations and neuroplasticity impairments in the hippocampus. To 
answer these questions, we focus on different elements in the early-life brain, neuroinflammation in 
particular, which can modulate the enduring consequences of ES, and if such mediators are indeed 
involved in the ES-induced vulnerability for age-related dementia and AD.

Chapter 1 reviews the consequences of early-life adversity for the hippocampus. We discuss how 
different forms of early-life adversity, including stress, nutrition and immune activation, can all lead to 
an enhanced vulnerability for hippocampus-related cognitive impairments, and might therefore affect 
common pathways. We particularly discuss how these adversities impact a specific form of hippocampal 
plasticity, namely the generation of new neurons in the adult hippocampus, a process known as adult 
neurogenesis that is suggested to contribute to hippocampus dependent-cognitive functioning. We 
bring forward the hypothesis that these early-life adversities affect the neuroendocrine stress profile, 
nutritional profile and the immunological profile, and that the interplay of these systems determines 
later-life functioning of, and deficits in, the hippocampus. 

In Chapter 2, we investigate if ES accelerates or aggravates AD-related Aβ neuropathology and if such 
alterations are associated with neuroinflammatory alterations. We expose APPswe/PS1dE9 mice, a 
mouse model for AD-related neuropathology, and their wild type littermates, to a validated chronic 
ES paradigm from postnatal day (P)2 to 9 and describe how ES affects Aβ-related neuropathology 
at 4 and 10 months of age. We further focus on the effects of ES on neuroinflammatory signaling, 
including alterations in (morphology of) microglia, directly after the stress exposure in pups, as well as 
in relation to later Aβ neuropathology in the ES-exposed adult mice.

In Chapter 3, we set out to investigate the neuroinflammatory profile after ES exposure and we studied 
the response of ES-exposed glial cells to acute (inflammatory) stimuli in an in vitro setup, exposing the 
cells to an immunological challenge or to a phagocytic challenge with beads or Aβ1-42 aggregates. 
Next to this, we investigate how ES affects the expression of various neuroinflammatory factors in 
the hippocampus of P9 mice and study these same factors in adult wild type and APPswe/PS1dE9 
mice, that exhibit chronic inflammatory activation as a result of the continuous Aβ accumulation. In 
addition, we study the impact of ES on microglial proliferation and clustering in the APPswe/PS1dE9 
mice.

In Chapter 4, we determine whether the behavioral deficits and hippocampal plasticity impairments 
in APPswe/PS1dE9 mice are accelerated or aggravated by exposure to ES. We further investigate if 
such alterations are also associated with Aβ neuropathology and microglial changes (described in  
chapter 2) in these mice.
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To further explore if Aβ neuropathology and associated neuroinflammatory changes alter adult 
hippocampal neurogenesis, we investigate in Chapter 5 the hippocampal neurogenic cell numbers, 
Aβ neuropathology and microglia in the APP.V717I transgenic model. These APP.V717I mice express 
a single APP mutation and are a milder, slower model for Aβ progression, relative to other more 
aggressive models that often co-express PS1 to accelerate amyloid pathology. We address in these 
mice if the AD-related neuropathology and microglial alterations influence the number of neurogenic 
cells in the hippocampus of middle-aged (10-14 months) mice and in mice at old age (19-27 months).

In Chapter 6, we investigate if ES exacerbates age-related changes in 20-month-old C57BL/6J mice. 
Multiple processes in the brain show age-related changes, for instance, hippocampal neurogenesis 
is reduced in old age, whereas microglia become more sensitive or ‘primed’ with aging. We study 
cognitive performance, neurogenesis and expression of synaptic markers and neuroinflammatory 
factors in the hippocampus of the 20-month-old mice that were exposed to ES. To further elucidate 
how ES changes hippocampal neurogenesis and microglial priming-related factors throughout life, 
we also studied the age-related trajectory of these factors in ES-exposed mice at ages 4, 10 and 20 
months. 

Chapter 7 provides a general discussion of the data presented in this thesis in the context of the 
current literature. We describe the evidence for Aβ and tau neuropathological changes after both 
positive and negative early-life experiences, and discuss if these changes are generally associated with 
alterations in later cognitive decline during aging and in AD. We focus on potential mediators of ES-
induced vulnerability for AD development and progression, and address if and how stress-related, 
neuroinflammatory and metabolic factors can possibly mediate such a phenotype. In the end, we 
discuss the outstanding questions related to this topic that should be addressed in order to bring this 
research field forward in the future.

In the summary, we go over the main findings and conclusions from this thesis, and formulate 
implications for future studies.
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