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Preface

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 ESinduced 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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Chapter 1

Abstract
Early-life adversity increases the vulnerability to develop psychopathologies and cognitive decline
later in life. This association is supported by clinical and preclinical studies. Remarkably, experiences
of stress during this sensitive period, in the form of abuse or neglect but also early malnutrition
or an early immune challenge elicit very similar long-term effects on brain structure and function.
During early-life, both exogenous factors like nutrition and maternal care, as well as endogenous
modulators, including stress hormones and mediators of immunological activity, affect brain development. The interplay of these key elements and their underlying molecular mechanisms are not
fully understood.
We discuss here the hypothesis that exposure to early-life adversity (specifically stress, under/malnutrition and infection) leads to life-long alterations in hippocampal-related cognitive functions,
at least partly via changes in hippocampal neurogenesis. We further discuss how these different
key elements of the early-life environment interact and affect one another and suggest that it is
a synergistic action of these elements that shapes cognition throughout life. Finally, we consider
different intervention studies aiming to prevent these early-life adversity induced consequences.
The emerging evidence for the intriguing interplay of stress, nutrition and immune activity in the
early-life programming calls for a more in depth understanding of the interaction of these elements
and the underlying mechanisms. This knowledge will help to develop intervention strategies that
will converge on a more complete set of changes induced by early-life adversity.

1. Introduction
Clinical studies have provided evidence that cognition in later life is strongly influenced by experiences
occurring during the sensitive period of early development and adolescence. Indeed, adverse earlylife events, e.g., social deprivation or abuse, are associated with an increased vulnerability to develop
psychiatric disorders (Stevens et al., 2008; Maselko et al., 2011) and impaired cognitive functioning
in adulthood (Chugani et al., 2001; Kaplan et al., 2001; Nelson et al., 2007; Mueller et al., 2010).
Interestingly, exposure to prenatal or postnatal malnutrition, e.g., the lack of one or multiple essential
nutrients, can lead to a similarly increased incidence of psychopathologies (Brown et al., 2000; Costello
et al., 2007; Mueller et al., 2010) and cognitive deficits in adolescence and adulthood (Walker et al.,
2000; Benton, 2010; de Rooij et al., 2010; de Groot et al., 2011; de Souza et al., 2011; Laus et al., 2011).
Different lines of work further illustrate the relation between cognitive functions and postnatal immune
system activity. For example, maternal inflammatory responses during pregnancy (Eriksen et al., 2009),
antenatal infection in preterm babies (Dammann et al., 2002; Eriksen et al., 2009; van der Ree et al.,
2011) and neonatal infection (Rantakallio et al., 1997; Libbey et al., 2005) are suggested as risk factors
for a lower IQ later in life and for an increased vulnerability to develop later neuropsychiatric disorders
like schizophrenia and depression (Brown, 2006; Cope and Gould, 2013; Miller et al., 2013; O’Connor
et al., 2014). These lines of research support the hypothesis postulated in the developmental origins
theory of Barker that the early-life environment determines the framework for later adult functioning
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam.
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and the development of pathologies through an early programming of adult brain structure and
function (Barker, 2004; Barker et al., 2013). Although the consequences of an adverse early-life history
for adult cognitive function are confirmed by evidence from preclinical studies in rodents (Lucassen
et al., 2013; Naninck et al., 2013), the exact mechanisms underlying these programming effects and
the determining elements in the environment that modulate these processes remain obscure. As is
clear from the above examples, early-life environmental experiences cannot be avoided (Danese et al.,
2009; Bale et al., 2010) and it is thus crucial to understand which elements play a role, and how they
interact in order to develop future interventions.
The early postnatal environment encompasses many essential elements, which are key and
determinant for proper brain development, many of which are largely transmitted via the mother–
child interaction. A child is generally dependent on maternal care during the first weeks of life,
encompassing tactile stimulation, nutritional provision, as well as transfer of antibodies and maternal
warmth. As is evident from the above examples, an adverse early-life environment may affect the
stress hormones, nutrition, or inflammatory modulators, all elements that can strongly interact and
affect one another (Kelly and Coutts, 2000; Shanks and Lightman, 2001; Miller et al., 2009; Palmer,
2011). Hence, an individual is actually exposed to a combination of these factors rather than to one of
these elements independently.
There is, e.g., increasing evidence that early-life maltreatment is associated with an increase in the proinflammatory markers of the immune system in adulthood (Coelho et al., 2014). Also, associations have
been found between maternal supplementation of specific nutrients (e.g., folate, iodine, and vitamin
D) and an enhanced fetal immune system development that was paralleled by a reduced incidence
of psychopathologies in adulthood (Marques et al., 2013). Also, Monk et al. (2013) reviewed the
interrelation of nutrition and prenatal stress in stress-induced maternal malnutrition. An interrelated
profile of different early-life elements brings forward the possibility of confounding factors in the
currently reported findings on the possible mechanisms that underlie such programming. Interestingly,
most studies addressing the mechanisms underlying early-life programming consider these elements
individually, but, considering that each one of these elements has a very strong interaction with one
another, and influence each other greatly, it is likely that the final effect will be determined by the
synergistic action of the different early-life elements at play. Hence, it will be necessary to re-discuss
and re-analyze the so far obtained results in light of such interactions.
The focus of this review will be on the essential elements present in the early postnatal environment
and their involvement in the lasting effects on cognitive functioning. In particular we will discuss how
the various elements during the early postnatal period (i.e., sensory stimuli, nutrition, stress hormones,
and inflammatory molecules) interact, affect each other and ultimately how they may synergistically
affect brain structure, and function on the long term. We focus on the consequences for hippocampal
structure and related cognitive functioning and on a unique form of hippocampal plasticity, adult
neurogenesis. The hippocampus is one of the key brain regions important for cognitive functions and
this form of plasticity is very important for learning and memory processes and highly modulated by
(early) environmental factors, i.e., stress (Gould et al., 2000; Mirescu et al., 2004; Dranovsky and Hen,
2006; Lucassen et al., 2013), nutrition (Lindqvist et al., 2006; Beltz et al., 2007; Coupé et al., 2009), and
immune activation (Das and Basu, 2008; Green and Nolan, 2014; Musaelyan et al., 2014).
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Chapter 1
The fact that the hippocampus is particularly susceptible to influences of the early-life environment
and in particular stressful stimuli is easily understood when considering the important developmental
processes that take place in this brain region during this sensitive developmental period. Indeed,
hippocampal and dentate gyrus (DG) development in particular starts during late gestation and continues
during the first 2 weeks after birth (Altman and Bayer, 1990), while in human the development of the
DG starts during the last trimester of pregnancy and continues to about 16 years of age (Arnold and
Trojanowski, 1996). During this time, granular cells are generated in the subventricular zone or in the
hippocampus itself, that migrate to the different layers of the DG (Pleasure et al., 2000; Fukuda et al.,
2005; Navarro-Quiroga et al., 2006), while in adulthood quiescent neuronal progenitor cells develop
to become functional granular cells (Kempermann et al., 2004). Interestingly, adult neurogenesis is
lastingly affected by perturbation of the early-life environment as well (Coupé et al., 2009; Oomen et
al., 2011; Korosi et al., 2012; Lucassen et al., 2013; Loi et al., 2014; Musaelyan et al., 2014). Next to the
generation and migration of granular cells, the migration and colonization by microglia takes place as
well during this sensitive period and is also peeking in the first few postnatal days (Schwarz and Bilbo,
2012; Schwarz et al., 2012; Cope and Gould, 2013). These migratory processes are supported by a
scaffold formed by immature astrocytes. In addition, glia cells are increasingly acknowledged for their
role in the plasticity and circuit functioning of the adult hippocampus (Allen and Barres, 2009; Ekdahl,
2012). Finally, the hippocampus is highly sensitive to stress both early as well as during adult life due
to its remarkably high expression levels of the glucocorticoid receptor (GR). Interestingly, expression
levels of these receptors have been shown to be affected by early-life stress as well (Liu et al., 1997;
Lucassen et al., 2013; de Kloet et al., 2014).
In the following sections, we discuss the effects of early-life stress, nutrition, and central immune
activity on hippocampal function and adult neurogenesis and thereafter discuss how to implement in
these findings that (1) these elements affect one another and (2) they act synergistically to exert their
function.

2. Modulation of hippocampal function and neurogenesis by early-life
stress
Early-life stress exposure is strongly associated with cognitive impairments later in life (Kaplan et al.,
2001; Stevens et al., 2008; Mueller et al., 2010; Maselko et al., 2011), but what is the preclinical
evidence for this association? Which are the most common animal models to study this question?
Stress in the postnatal period can be induced using several rodent paradigms. The most widely studied
models to induce early-life stress involve either naturally occurring variation or artificial modulation
of maternal care (Francis and Meaney, 1999; Francis et al., 2000), repeated dam-litter separation or
a single prolonged deprivation of the dam and her pups (Schmidt et al., 2010; Hedges and Woon,
2011) and chronic early-life stress (Ivy et al., 2008; Rice et al., 2008; Wang et al., 2011) during the
first few postnatal weeks. Adult offspring from all of these early-life stress models exhibit cognitive
impairments, indicating a strong translational value of these models in addressing the underlying
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mechanism of such programming. For example, adult rats that had been either maternally separated
during the first 2 weeks of life or deprived on postnatal day (P)3 for 24 h, exhibited impairments in
their acquisition of spatial information in the Morris water maze (MWM; Oitzl et al., 2000; Huot et al.,
2002; Aisa et al., 2007; Fabricius et al., 2008; Oomen et al., 2010) and mice exposed to chronic earlylife stress show impairment of spatial memory (tested by MWM and object location) and declarative
memory tested by novel object recognition task and Y-maze (Rice et al., 2008; Wang et al., 2011).
These early-life stress induced cognitive impairments are associated with a number of alterations in
hippocampal structure and neuronal plasticity, including decrease in dendritic complexity and spine
density in the cornu ammonis (CA)1 and CA3 (Huot et al., 2002; Ivy et al., 2008; Wang et al., 2011),
reduced DG dendritic complexity, granular cell number and granular cell density (Oomen et al., 2010,
2011), reduced astrocyte density in the DG and CA regions (Leventopoulos et al., 2007), and agedependent alterations in adult hippocampal neurogenesis levels (Korosi et al., 2012). Offspring in
both rats and mice exposed to a form of early-life stress exhibit a short-term increase followed by
a permanent reduction of proliferating and immature cells (Mirescu et al., 2004; Nair et al., 2007;
Oomen et al., 2009, 2010; Hulshof et al., 2011; Suri et al., 2013; Naninck et al., 2014). Levels of cell
survival and astrogenesis in young adults are generally not affected after maternal separation (Oomen
et al., 2010; Hulshof et al., 2011; Kumar et al., 2011; Suri et al., 2013), but this is strongly reduced at a
more advanced age both in rats exposed to low levels of maternal care (Bredy et al., 2003), as well as
in mice exposed to chronic early-life stress (Naninck et al., 2014).
How exactly does early-life stress exposure lead to the above described lasting alterations in cognitive
functions as well as hippocampal structure and function remains relatively uncertain, but several
possible mechanisms of action have been identified over the last years. First, available evidence that
early-life stress manipulations, including maternal separation, maternal deprivation or chronic stress
via environmental manipulation, alter the quality and/or quantity of maternal care (Brown et al.,
1977; Pryce et al., 2001; Macrì et al., 2004; Brunson, 2005; Fenoglio et al., 2006; Korosi and Baram,
2010) strongly suggests that mother– infant interaction is crucial in programming brain and behavior.
However, these studies do not directly address whether maternal care, under normal conditions, is
actively involved in these regulations.
In support of this notion, it has been demonstrated that a natural variation in maternal care (Liu et al.,
1997; Champagne et al., 2008; Bagot et al., 2009) and individual within-litter variation in the amount
of active care received (van Hasselt et al., 2012a,b) leads to differences in stress response and cognitive
functions associated with altered hippocampal structure, plasticity and changes in the neuroendocrine
system in later life. In line with this evidence from animal studies, in pre-term and term neonates,
different forms of sensory stimulation, such as moderate touch or skin-to-skin care, have been shown
to have beneficial consequences, including reduction of pain responsiveness in neonates (Cignacco
et al., 2007) and a reduced reactivity to stress (Feldman et al., 2010). While it is clear that sensory
stimuli that the mother gives to her offspring is highly dependent on the well-being of the mother and
offspring and thus strongly affected by stressful environment, how exactly this element interacts with
the other key elements in the early environment to lead to the programming of the brain structure
and function is yet unclear. The few studies tackling the interaction of sensory stimuli with either

1

20

Chapter 1
nutritional or immune challenges are discussed in Sections “The Interplay of the Different Elements
in the Early-Life Environment” and “Early-Life Adversity; Opportunities for Intervention Later in Life.”
The role of stress-related hormones (corticosterone; CORT) and neuropeptides (e.g., corticotrophin
releasing hormone, CRH) in the modulation of early-life stress effects on the hippocampus has been
studied extensively. When the HPA axis is activated by a stressor this leads to HPA axis activation,
which in turn leads to the initial release of CRH from the hypothalamic paraventricular nucleus
(PVN), stimulation of pituitary adrenocorticotropic hormone (ACTH) secretion into the blood, and
the subsequent release of glucocorticoids from the adrenal glands: CORT in rodents and cortisol in
humans. Negative feedback takes place when glucocorticoids bind to GRs in the hippocampus, PVN,
prefrontal cortex and pituitary and thereby inhibit release of CRH and ACTH (Tsigos and Chrousos,
2002).
In fact, exposure to stress during the postnatal early-life period programs the basal and stress-induced
activation of the HPA axis and the behavioral responses to stress throughout life (Seckl and Meaney,
2006; Heim and Binder, 2012). Importantly during the first 2 weeks of life, the stress response is
believed to be hypo-responsive to some, but not all stressors. This consists of a smaller, or absence of
HPA axis responsiveness in pups when compared to the adult organism (Stanton et al., 1988; Levine
et al., 1991). Age appropriate stressors, like maternal deprivation or fragmented maternal care elicit
secretion of CORT (Yi and Baram, 1994; Schmidt et al., 2004; Rice et al., 2008). There is increasing
evidence that next to an increased release of CORT (basally and upon stress exposure), the expression
levels of several of the genes involved in the modulation of the stress response (e.g., CRH and GR;
Rice et al., 2008; Ivy et al., 2010; Wang et al., 2011; Chen et al., 2012) are lastingly altered in offspring
experiencing early-life stress. Thus, it is reasonable to assume that these changes might be (at least
partly) mediating the altered hippocampal plasticity and thereby the associated cognitive impairments.
However, the lasting alterations in the levels of circulating CORT are not consistently permanent in
different models of early-life stress (Mirescu et al., 2004; Brunson, 2005; Rice et al., 2008).
While glucocorticoid exposure during early-life evoked cognitive impairments in adulthood (Kamphuis
et al., 2003) and there is abundant literature about the regulating (mostly inhibiting) role of CORT
(during adulthood) on neurogenesis (Cameron and Gould, 1994; Lucassen et al., 2010), chronic
depletion of CORT through adrenalectomy of rats at 10 days of age did, however, not induce alterations
in neurogenesis in adulthood (Brunson et al., 2005). Whether the raise in CORT early in life (and no
longer in adulthood) modulates the process of neurogenesis and cognitive impairments on the longterm thus remains to be determined. The paucity of data points to the need for further research in
this area; however, the contradictory data from the existing studies suggest that other factors may also
contribute to the mechanisms by which early-life experience programs brain structure and function.
Because CRH expression is permanently altered after early stress in various models in the hypothalamus
(Plotsky and Meaney, 1993; Liu et al., 1997) and hippocampus (Ivy et al., 2010), CRH has been explored
as a modulator for the consequence of early-life stress in the hippocampus (Brunson, 2005; Ivy et
al., 2010; Korosi et al., 2010; Wang et al., 2011; Loi et al., 2014). Indeed, exposure to CRH can mimic
the changes in hippocampal structure induced after chronic early-life stress (Brunson, 2005) and a
selective blockage of the CRF receptor type 1 during the first week after chronic early-life stress indeed
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prevented the apparent cognitive impairments in the early-life stressed animals (Ivy et al., 2010).
Intriguingly, conditional CRF1 knock-out mice were ‘protected’ against the hippocampus dependent
cognitive impairments induced by chronic early-life stress (Wang et al., 2011). Finally, early-life stress
has been shown to age-dependently affect the expression of the gene and protein of the neurogenic
factor brain derived neurotrophic factor (BDNF; Nair et al., 2007; Zimmerberg et al., 2009; Suri et al.,
2013). Indeed, BDNF expression and concomitant levels of hippocampal neurogenesis are upregulated
by early-life stress during development and young adulthood, but reduced to decreased levels with
aging (Nair et al., 2007; Suri et al., 2013; Naninck et al., 2014). These data suggest a possible role of
BDNF in the modulation of hippocampal plasticity after early-life adversities.
Summarizing, stress related hormones and neuropeptides are involved in mediating lasting effects
of early-life stress, however they are not sufficient to explain all the observed effects, indicating that
other factors, possibly acting synergistically with these stress molecules, are also involved in the
programming. We will next explore the role of nutrition early in life in these processes.

3. Early nutritional factors determine adult hippocampal structure
and function
As mentioned in the introduction, early nutritional insults have lasting consequences for brain
development and function later in life (Lucas, 1998; Brown et al., 2000; McMillen et al., 2008; Prado
and Dewey, 2014) with later cognitive functions being particularly affected (de Groot et al., 2011).
This is not surprising when considering that during the first postnatal period, the brain is under heavy
development and an incredible nutritional demand. In fact, for proper brain development to occur,
specific dietary macro-, and micronutrients are essential during gestation and lactation (Scholl et al.,
1996; Benton, 2010; Dangat et al., 2010; Veena et al., 2010). Thus, disruption of the nutritional supply
(quality and quantity) to the offspring will have major effects on the development of the brain, and
more specifically on the hippocampus. An inadequate supply of them during critical developmental
periods leads to brain dysfunction and cognitive impairments later in life (McNamara and Carlson,
2006; Innis, 2008; de Groot et al., 2011; Laus et al., 2011).
The offspring is during this critical developmental period fully dependent on the nutrition provided
by the mother. Most pre-clinical models are based upon altering maternal nutrition during gestation
and/or lactation. Indeed, micronutrient composition of the maternal diet during gestation and
lactation determine the balancing of fatty acid (FA) levels in the brain of the offspring, as maternal
micronutrients (Roy et al., 2012) affect the breast milk composition (Innis, 2008; Allen, 2012). The
association of early-life nutrition and cognitive functions is further supported by preclinical evidence
(Campbell and Bedi, 1989; Castro et al., 1989; de Souza et al., 2011; Valladolid-Acebes et al., 2011;
André et al., 2014). Here, we will discuss how early postnatal nutritional stress and specific nutritional
components present in the postnatal period modulate cognition and neurogenesis in adulthood.
Various models are used to study how early malnourishment affects brain development and cognitive
functions, e.g., through dietary restriction, over-nutrition, or malnutrition by limitation of different
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key elements during gestation and/or lactation. For instance, protein restriction, global dietary
restriction to 50% or high-fat, and modulation of essential macro- and micronutrients that need to
be obtained from the diet are commonly used approaches (Campbell and Bedi, 1989; Bedi, 1992;
Martinez et al., 2009; Valadares et al., 2010; de Souza et al., 2011; Roy et al., 2012). For example,
protein restriction during lactation in rats (Valadares et al., 2010) and 12 h restriction of maternal
milk (Castro et al., 1989) evokes deficits in hippocampus dependent spatial memory tested by MWM
and object recognition in adult offspring, but see (Wolf et al., 1986; Campbell and Bedi, 1989).
These deficits are accompanied by alterations in hippocampal structure and plasticity as well. Food
restriction to 50% of the normal intake during lactation changed the time course of BDNF production
and proliferation in the hippocampus (Coupé et al., 2009) and reduced the number of proliferating
cells in the adult offspring, without affecting cell survival or cell fate (Matos et al., 2011). Furthermore,
protein restriction during the same period leads to reduced total granular cell numbers (Bedi, 1991)
and food restriction to 50% during gestation and lactation reduced hippocampal volume (Katz et al.,
1982). In addition to these nutritional restriction studies, the offspring of high-fat diet exposed dams
exhibit a reduction in postnatal neurogenesis during development (Tozuka et al., 2009) and impaired
dendritic differentiation of newborn neurons in the adult hippocampus (Tozuka et al., 2010). However,
to date no further studies of adult hippocampal neurogenesis in early-life food-restricted or high-fat
diet exposed animals have been performed.
The lipid content during early-life is essential for the composition of maternal milk during lactation
and development of the pup brain. For instance, polyunsaturated fatty acids (PUFAs), including
the omega-3 FA docosahexaenoic acid (DHA) and omega-6 FA arachidonic acid (AA), are structural
components of the brain that promote healthy neuronal growth, repair, and myelination (McNamara
and Carlson, 2006). Deficiency of these FAs in the maternal diet first revealed the association of low
FA composition and impaired learning and memory functions (Lamptey and Walker, 1978). Moreover,
deficiency of omega-3 FA during gestation and lactation impairs the spatial memory (tested by Barnes
maze; Fedorova et al., 2009), whereas artificial feeding of rats with omega-3 FA deficient milk during
lactation prolonged escape latency in the MWM (Lim et al., 2005) and omega-3 FA enrichment
improved performance of the animals (Carrié et al., 2000).
These functional changes following FA deficiency are furthermore associated with structural changes
in the brain. Maternal omega-3 FA deficiency during gestation leads to underdevelopment of the
primordial hippocampus in fetal rats at the last days of gestation (Bertrand et al., 2006). Nutritional
omega-3 FA deficiency during gestation and lactation reduces pyramidal cell size in the hippocampus
(Ahmad et al., 2002) and the levels of markers for neuronal plasticity such as BDNF (Madore et al.,
2014) at weaning. In addition, dietary enrichment with omega-3 prevents the adverse consequences
of early-life sevoflurane (anesthesia) exposure on cell proliferation in the hippocampus and the
induced memory impairments (Lei et al., 2013). Maternal supplementation of α-linolenic acid (ALA), a
precursor of omega-3 FA, during gestation and lactation enhanced hippocampal neurogenesis at P19
(Niculescu et al., 2011). However, to date it has not been studied whether an imbalance of FAs in earlylife lastingly affects adult hippocampal neurogenesis.
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Next to essential FAs, essential amino acids, choline, and methionine, and micronutrients such as folic
acid (B9), vitamin B6 and B12, are also essential for brain development (Roy et al., 2012). Deficiency of
choline during gestation and lactation impairs working memory in the 12-arm spatial memory maze,
while supplementation enhances performance (Meck and Williams, 1999). In addition, a deficiency of
nutritional folate, choline, B6, and B12 during gestation and lactation leads to learning and memory
impairments in the radial arm mazes and enhanced the number of apoptotic cells in the hippocampus
(Blaise et al., 2007). Deficiency of these methyl donors furthermore affects hippocampal neurogenesis
by altering the apoptotic rate (Craciunescu et al., 2010).
Summarizing, evidently the nutritional composition during critical developmental periods (pre- and
postnatal) of life is essential for the proper development, structure and function of the hippocampus.
Similar to the cognitive impairments induced by early-life stress, early-life malnutrition evokes such
deficits as well. Another important element known to play a key role in modulating brain development
and function is the neuroimmune system, which will be discussed in the next section.

4. Early-immune response activation programming the later-life
hippocampus
Activation of the peripheral and/or central immune system in early-life is associated with
psychopathologies in adulthood, including cognitive dysfunction (Rantakallio et al., 1997; O’Connor et
al., 2014). For instance, maternal infection during pregnancy is associated with lower IQ in adult men
(Eriksen et al., 2009). In addition, pre- and postnatal infection have been associated with anxiety-like
and depressive-like behavioral responses and cognitive impairments in adolescence and adulthood
(Das and Basu, 2011; Williamson et al., 2011; Doosti et al., 2013; Dinel et al., 2014). The modulating
effects of early-life immune challenges on brain function are not unexpected considering the essential
role of neuroimmune cells in (early-)life. Microglia and astrocytes mediate many processes in the brain,
including neuroinflammatory responses (Capuron and Miller, 2011; Green and Nolan, 2014; O’Connor
et al., 2014), neuronal activation and plasticity (Slezak et al., 2006; Halassa et al., 2009; Parpura et al.,
2012; Greter and Merad, 2013), maintenance and development of the blood–brain barrier (BBB; Banks
et al., 1995; Chaboub and Deneen, 2013) and importantly, neurogenic processes during development
(Das and Basu, 2011; Schwarz and Bilbo, 2012; Cope and Gould, 2013) and adulthood (Das and Basu,
2008; Ekdahl, 2012; Cope and Gould, 2013; Cunningham et al., 2013; Kohman and Rhodes, 2013;
Sierra et al., 2013, 2014). Thus, imbalanced activation of the microglia, in particular during early-life,
has the potential to lastingly disturb internal homeostasis and proper brain development (Allen and
Barres, 2009).
Activity of the microglia is controlled by immune response regulating effector molecules, like proinflammatory (e.g., IL-1β, IL-6, and TNFα) and anti-inflammatory (e.g., IL-4 and IL-10) cytokines or
chemokines (Chaplin, 2003; Cartier et al., 2005; Ekdahl et al., 2009) that regulate the communication
between immune cells in the peripheral and central immune system. Although the brain is a relatively
concealed and immunosuppressed environment in adulthood, that is separated from the periphery
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by the BBB, cytokines, and chemokines in the periphery have the potential to cross the BBB and can
affect the innate cells of the brain (Banks et al., 1995; Pan and Kastin, 1999). Interestingly, during
early-life, peripheral immune challenges might have a greater potential to adversely affect the brain
(Schoderboeck et al., 2009). During this time, the BBB still preexists in a leaky stage till a few days after
birth (Engelhardt, 2003), providing the possibility of a greater immunoreactive responses in the brain
when a peripheral infection occurs. In addition, microglia develop in close parallel to developmental
neurogenesis and appear in an activate and amoeboid state during development, whereas they are
present as resting, ramified cells in adulthood (Bilbo and Schwarz, 2009).
In the following part, we will discuss the pre-clinical evidence in support of a direct role of postnatal
immune challenges in the persistent modulation of hippocampal structure and function. Most
studies of postnatal infection have focused on stimulation by bacteria like Escherichia coli or the
Gram-negative bacteria component lipopolysaccharide (LPS). We will here address the hippocampus
dependent cognitive functions following early-life neuroimmune stress from two different angles.
Firstly, activation of the peripheral neuroimmune system and its immediate and lasting effects on
central neuroimmune system function and brain function. Secondly, the consequences of central
neuroimmune system activity without a prior peripheral immune challenge, for instance via activation
of central viral infection or pro-inflammatory factors, on hippocampal function and neurogenesis in
adulthood.
A peripheral immune challenge with LPS (P1) or E. coli (P4) in the rat pup elicits an elevation of proinflammatory cytokines and CORT in the first few hours after the challenge in blood serum (Bilbo et
al., 2005b), whole brain (Ortega et al., 2011) or hippocampus (Bilbo et al., 2005b; Dinel et al., 2014). In
adulthood, cytokine mRNA expression levels in the brain of the early-infected animals remain normal
under basal conditions, with the exception of elevated hippocampal levels of TNFα (P4 infected; Bland
et al., 2010a) and IL-1β (P5 LPS infected; Wang et al., 2013). Although overall no strong changes in
the cytokine expression profiles are present in the adult, in the early-life infected animals, microglial
activation markers indicate enhanced reactive microglia (CD11b+) in the hippocampus (Bilbo et al.,
2005a) and CA1 region (Iba1+; Bland et al., 2010b). In addition, adult rats exposed to LPS at P3 and
P5 exhibited a hippocampus-specific increase in Iba1+ immunoreactive microglia in the CA1 and DG
(Sominsky et al., 2012), indicative of a priming effect on hippocampal microglia. Indeed, a peripheral
LPS injection in adulthood exerts an exaggerated pro-inflammatory cytokine response of mainly IL-1β
in the hippocampal CA1 of rats with a history of early-life infection (Bilbo et al., 2005a, 2008), probably
evoked by a programmed pro-inflammatory response of hippocampal microglia. Interestingly, the
pro-inflammatory response in the hippocampus following peripheral infection is accompanied by a
direct effect on developmental hippocampal neurogenesis and structural changes in adulthood. E. coli
infection at P4 immediately suppresses gene expression of neurotropic factor BDNF in the CA1 and
CA3 (Bilbo et al., 2008) and neuronal and astrocytic cell proliferation is reduced in the hippocampus
following LPS exposure at P9 (Järlestedt et al., 2013). Hippocampal cell proliferation then restores to
normal conditions in the 48 h after the challenge and does not affect the survival of immature neurons
during the time of infection (Bland et al., 2010a; Järlestedt et al., 2013). This developmental change
probably underlies the reduction in later hippocampal volume observed in early-life infected adult
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rodents (Wang et al., 2013). Moreover, in adulthood, early-life E. coli infected rats and LPS infected
mice have comparable numbers of dividing, differentiating, and surviving neurogenic cells in the
subgranular zone as control animals (Bland et al., 2010b; Järlestedt et al., 2013; Dinel et al., 2014).
In conclusion, neurogenesis does not seem to be heavily affected by peripheral immune challenges.
These subtle changes in neurogenesis are in line with the findings of limited effects on hippocampusrelated cognitive functioning as well. Most studies of early-life infection do not find changes in
different learning and memory paradigms, such as fear conditioning, MWM or Y-maze (Bilbo et al.,
2005a, 2007, 2008; Dinel et al., 2014), but see (Harré et al., 2008; Wang et al., 2013). Interestingly,
however, a stronger modulation of hippocampus-related cognitive functions is manifested after
a second immunological challenge in early-life infected rodents. Thus, a combination of early-life
infection history and adolescent or adult LPS (re-)exposure evokes impairments in a contextual fear
conditioning paradigm (Bilbo et al., 2005a, 2006) and spatial memory performance in the Y-maze
(Dinel et al., 2014), but not in the MWM (Bilbo et al., 2007).
Interestingly, these cognitive impairments in response to a second immune challenge appear in
accordance with reduced newborn cell survival in the early-infected rats (Bland et al., 2010a), but not
with BDNF gene expression levels (Bilbo et al., 2008). In contrast, neurogenesis is upregulated after
LPS during adulthood in animals that never had an immune challenge before (Bland et al., 2010a). The
consequences of a second immunological challenge in adulthood might thus be resulting from the
priming effects of an early-life infection on the population of adult hippocampal microglia. This may
lead to an exaggerated pro-inflammatory response with detrimental effects on adult hippocampal
neurogenesis and cognition.
Neuroimmune system activation is not solely induced by peripheral bacterial components. The
consequences of direct modulation of central cytokines and/or central induction of innate immune
cells on the hippocampus are moderately studied. An example is TNFα injection at P3 and P5, increasing
anxiety-like behaviors in male mice (Babri et al., 2014b). However, other cytokine overexpression
levels have not been elegantly studied. For some years now, viral infections have been considered
a contributing factor to the development of neuropsychological disorders, including hippocampal
related dysfunction (Das and Basu, 2011). Various viruses are used to investigate disruption in
hippocampal development and adult neurogenesis, e.g., the lymphocytic choriomengitis virus (LCMV)
(Pearce et al., 1996; Sharma et al., 2002; Orr et al., 2010), Borna disease virus (BDV; Zocher et al.,
2000; Sauder et al., 2001) or polyinosinic:polycytidylic acid (Poly I:C; Galic et al., 2009). Each of these
viruses induces different phenotypical changes. Poly I:C intracerebroventricular injection at P14
induces short time elevations of pro-inflammatory cytokine IL-1β in the hippocampus and adult-onset
deficits in contextual fear conditioning (Galic et al., 2009). But earlier central administration of LCMV
at P4 produces lasting IL-1β induction with subsequent loss of cells in the granular cell layer (Sharma
et al., 2002; Orr et al., 2010) and reduced levels of progenitor cells in the DG (Sharma et al., 2002),
without affecting other hippocampal regions (Pearce et al., 1996). This virus induced phenotype could
be reduced by the use of an anti-inflammatory agent to block IL-1β, which restored the granular cell
numbers in adulthood (Orr et al., 2010). The BDV virus typically induces apoptosis of DG cells at 27
and 33 days post infection, possibly mediated by a reduction in neurotrophins in this brain region
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(Zocher et al., 2000) and further impairs MWM performance in adulthood, correlating to chemokine
expression levels (Sauder et al., 2001). How these virus infections early in life mechanistically affect
the hippocampus is unfortunately poorly understood to date (Das and Basu, 2011).
Altogether, early-life peripheral infection immediately increases pro-inflammatory cytokines in the
hippocampus and exerts lasting effects on hippocampal structure, but evokes only subtle alterations
in hippocampal neurogenesis and functionality under basal condition. After exposure to a second
immunological challenge in adulthood, however, a history of early-life infection has aversive effects on
cognitive function related to an exaggerated pro-inflammatory response in the hippocampus. On the
other hand, viral infection that induces a central stimulation of the immune system leaves detrimental
effects on the DG, affecting adult hippocampal neurogenesis and cognitive functions. The lasting effect
of early-life infection on hippocampal microglia suggests that a programming effect of peripheral and
ultimately central immune system activity plays an important role in the lasting effects of hippocampal
structure and cognitive functions.

5. The interplay of the different elements in the early-life environment
The discussed consequences of early-life stress, nutrition, and immune activation can all be considered
forms of early-life adversity. Although limited studies have examined the integrated role of these
elements, the presented evidence in the above sections clearly points to the fact that challenges,
even when very different in nature (disruption of maternal care, malnutrition, or immune), lead to
strikingly similar outcomes of disrupted hippocampal structure and plasticity later in life as well as
cognitive impairments. Knowing that these systems are tightly related and that they affect each other,
it is reasonable to assume that the current models of early-life stress, malnutrition and infections
discussed up to now elicit effects on all these different levels (Fig. 1) and that it is the synergistic effects
of all of these components that lead to the observed outcome rather than only the experimentally
modulated one. In the upcoming section, we will discuss the current evidence and missing links for
this hypothesis. Because the tight interaction and possible synergistic effects of stress and nutrition on
neurocognitive development has been recently reviewed and discussed both prenatally (Monk et al.,
2013) as well as postnatally (Lucassen et al., 2013), we will here focus on the interaction of early-life
stress and malnutrition with the immune activation.
5. 1 What is the evidence for an interaction between early-life immune activation and
searly-life adversity?
Early-life adversities like stress and malnutrition not only lead to the previously described effects on
cognitive and hippocampal function but also to changes in adult immunological function. The stress
and immune systems have a strong interactive profile, illustrated by, e.g., the immune-suppressive
effect of corticosteroids (Tsigos and Chrousos, 2002; Chaplin, 2010). Evidence of this relation in
early-life has been provided by the enhanced pro-inflammatory status, both basally as well as in
response to stress (Carpenter et al., 2010; Chen et al., 2010), of adult individuals with a history of
early-life adversity, such as children raised in poor socioeconomic status households or who suffered
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from childhood maltreatment. This association
has been confirmed by preclinical studies as
well. In general, early-life stress paradigms
(pre- and postnatal) lead to an immediate
immunosuppressive state, e.g., a reduced
lymphoproliferative response of the thymus
(Llorente et al., 2007), downregulation of antiinflammatory IL-10 and pro-inflammatory IL1β (Dimatelis et al., 2012) and reduction of
lipobinding protein (LBP), that regulates innate
immune system pathogen presentation by
microglia cells (Wei et al., 2012). These alterations
in the immunoreactive profile in early-life are
further accompanied by central changes in
microglia morphology and number of Iba1 (DizChaves et al., 2012) or lectin immunoreactive
cells (Gómez-González and Escobar, 2009b).
In adulthood, the programming effect of
early-life adversity by maternal deprivation
on immune regulation is further illustrated by
enhanced IL-1β responsiveness due to elevated
IL-1 receptor levels at the post-synapse of adult
hippocampal neurons (Viviani et al., 2013).
In addition, the inflammatory response to an
inflammatory challenge (systemic LPS injection)
in the hippocampus of prenatally stressed mice
is exaggerated in the reactivity of microglia
Fig. 1; Schematic representation of the interrelated
role of different early-life elements for the
consequences of early-life adversity
Early-life adversities in the form of early-life stress,
under/malnutrition and infection are known to
modulate hippocampal development and altogether
determine hippocampal structure and function
in adulthood with adverse effects on learning
and memory. During the early sensitive period of
development, the offspring is fully dependent on the
mother. Maternal care encompasses several elements
(sensory stimuli, transfer of nutrition, hormones,
and antibodies). In fact, it is mostly via disruption of
maternal care (with exception of early-life infection
which can directly act upon the offspring) that
early adversities will elicit disruptions in hormonal,
(neuro)inflammatory and nutritional profiles in the
offspring. Because these elements affect one another,
they will ultimately act synergistically to modulate
hippocampal structure and function throughout life.

and expression of pro-inflammatory cytokines
(Diz-Chaves et al., 2013). Altogether, early-life
stress tends to have a programming effect on
neuroimmune functions, mainly resulting in
an immediate immunosuppressive, but proinflammatory state in adulthood, which triggers
an exaggerated neuroimmune response defined
by cytokine secretion and microglia activity
upon an immune challenge. How the early-life
adversity-induced pro-inflammatory adult profile
in the brain interacts with the other changes in
brain structure and how these altogether lead to
the observed cognitive impairments needs to be
further investigated.
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Next to the evident programming effects of early-life stress on neuroimmune functions, possible
lasting effects of inflammatory challenges during early-life on HPA axis activity need to be considered
as well. Early-life infection generally leads to a direct elevation of circulating glucocorticoids in earlylife (Bilbo et al., 2005a) and while basal CORT was not affect by early-life infection at P14, the level
of phosphorylated GR is significantly higher in the prefrontal cortex, but not the hippocampus (Dinel
et al., 2014). In contrast, early infection does not affect basal and/or stress-induced CORT in a lasting
manner (Bilbo et al., 2006; Walker et al., 2010; Babri et al., 2014a; Dinel et al., 2014). In line with this,
CORT secretion following adult LPS exposure seems independent of the early-life history of exposure
to stress or infection (Bilbo et al., 2005a, 2007; Kohman et al., 2008). However, there is evidence
indicating that early-life infected animals exhibit prolonged CORT elevations accompanied by a greater
content of pro-inflammatory IL-1β and TNFα in the hippocampus upon adult stress exposure (Walker
et al., 2010) while exposure to high doses of the pro-inflammatory cytokine TNFα increased stressinduced CORT release (Babri et al., 2014b).
Clearly, in the activation of neuroimmune cells induced either by a peripheral immune challenge or
by early-life adversity, the BBB plays a pivotal role. There is evidence that development of the BBB is
hampered after exposure to perinatal stress and exposure to an early-life immune challenge, revealing
elevated BBB leakage in among other areas the hippocampus (Gómez-González and Escobar, 2009a).
Whether these changes in early-life stress induced BBB leakage are related to changes in neuroimmune
functioning after early-life stress remains to be determined.
5.2 What is the evidence for an interaction between early-life malnurtition and neuroimmune activation?
Next to early-life stress, also early-life nutritional insults can affect the neuroimmune system. For
example, there are indications for a strong association between circulating leptin levels and the
suppression of lymphoproliferative responses and pro-inflammatory cytokine secretion in protein
malnourished infants, both before and after recovery following refeeding (Palacio et al., 2002).
Similar indications are provided by preclinical studies where adult offspring of food-restriction dams
have increased basal immune activity (measured as C-reactive protein) in female offspring at 9 months
of age, but reduced cytokine induction (IL-1β and IL-6 secretion) in response to a second immune
insult with LPS (Desai et al., 2009). Similarly, adult offspring of dams that were protein-deprived during
lactation show an impaired responsiveness to a peripheral immune challenge, that was accompanied
by elevated levels of basal and response CORT (Barja-Fidalgo et al., 2003). Lipid content of the diet
early in life seems to be a strong modulator of neuroimmune functioning throughout life. Indeed,
offspring of dams fed high-fat and high-trans fat during pregnancy and lactation exhibit increased basal
immune activity (C-reactive protein) at birth and increased active microglia in adult (Bilbo and Tsang,
2010) associated with improved performance in the MWM. These basal changes are accompanied
by an exaggerated peripheral and hippocampal IL-1β response to adult LPS (Bilbo and Tsang, 2010),
classically known to activate microglia (Van Dam et al., 1992). Interestingly, when maternally deprived
rats (P9) are weaned on a high fat diet during adult life, they present an increased pro-inflammatory
modulation of IL-1β and TNFα in the hypothalamus (Mela et al., 2012). Omega-3 FAs in particular
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appear responsible for these observations as they activate neuroprotective signaling pathways (Calon
and Cole, 2007) and act upon immune regulators, by, e.g., blockage of the NFκB signaling pathway
(Singer et al., 2008). In fact, male offspring of omega-3 deficient dams exhibit a promotion of reactive
inflammatory microglia and elevated pro-inflammatory cytokines in the hippocampus at P21 (Madore
et al., 2014). It remains elusive how the changes in dietary fat composition early in life and subsequent
priming of microglia further relate to levels of adult hippocampal neurogenesis.
One of the possible mediators of the interaction between nutritional intake and immune system is
leptin, which is secreted by white adipose tissue (Fernández-Riejos et al., 2010). In fact, rats treated with
LPS at P10 have increased food intake in adulthood associated with elevated circulating leptin levels.
A second immune challenge (LPS at 7–8 weeks of age), while leading to an elevation in leptin serum
level in animals that were never exposed to infection before, did not alter leptin levels in the neonatal
infected animals (Iwasa et al., 2010). Moreover, neonatal overfeeding, similarly to the combination of
early-life stress and a high fat diet as discussed above (Mela et al., 2012), leads to microgliosis in the
hypothalamic regions, including the PVN of the hypothalamus, a key nucleus in the regulation of HPA
axis activity that can be triggered by interleukin-1 as well (Berkenbosch et al., 1987). Especially in this
region, microglia activation is overly exaggerated upon an immune challenge with LPS in adulthood
(Ziko et al., 2014). Interestingly, these manipulations lead to a disruption in the patterns of leptin,
coinciding with the leptin surge for normal hypothalamic development (Ahima et al., 1998; Ahima and
Hileman, 2000). Thus, a disrupted pattern of leptin secretion and induced (neuro) inflammation by
these manipulations may play an important role in programming of the cognitive functions (Miller and
Spencer, 2014). It is remarkable that entirely different manipulations as prenatal stress (Diz-Chaves et
al., 2013), being raised by a dam exposed to high fat diet during pregnancy and lactation (Bilbo and
Tsang, 2010) and neonatal overfeeding (Ziko et al., 2014) reset the neuroimmune function and lead to
exaggerated microgliosis in response to a subsequent immune challenge in adulthood.
Although not extensively studied during early-life, current evidence on the dietary supply of methyl
donors modulating the present levels of homocysteine in the (developing) brain (Blaise et al., 2007;
Troen et al., 2008), with a deficiency leading to hyperhomocysteinemia, further suggests a role for
dietary methyl donors in microglia properties and activity in adulthood. Hyperhomocysteinemia is
associated with elevated levels of homocystein-presenting apoptotic cells, and also with enhanced
proliferation of microglia in the brain (Zou et al., 2010). Moreover, hyper-homocysteinemia can be a
risk factor or marker of neurodegenerative disorders in which cognitive dysfunction and neuroimmune
functioning play an important role (Morris, 2003; Van Dam and Van Gool, 2009). However, to date, the
exact relation of early-life methyl donor supply and neuroimmune functions remains elusive.
Exciting new evidence further supports a strong interaction between nutrition and immune system in
the programming of hippocampal structure and function. A recent paper by Liu et al. (2014) proposed
a pathway of “lactocrine” programming of hippocampal development and function by maternal
deficiency of TNFα, resulting in altered chemokine composition of the mother. In fact, TNFα deficiency
in mothers’ milk lead to impaired hippocampal proliferation and spatial memory in the offspring
of these animals, a clear indication of programming via nutritionally provided immune effector
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messengers (Liu et al., 2014). The exact pathway of TNFα and the role of chemokines that lead to
alterations in hippocampal development, adult learning and memory, remains to be explored (Parylak
et al., 2014).
Altogether, dietary composition during critical sensitive periods of development seem to be strongly
involved in the immediate and lasting effects on the innate immune system, with a tendency to an
immediate immunosuppressive response being associated with protein and fat malnourishment,
and an enhanced pro-inflammatory activity induced by high fat diets associated with a sub-optimal
neuroimmune response (too little or exaggerated) in response to later life immune challenges. How the
early-life nutrition directly programs neuroimmune function and interacts with the neuroendocrine
system, and programs cognitive functions and hippocampal neurogenesis in later life requires further
study.
In the previous section, we have highlighted some of the key elements of the early-life environment
that might play an important role in the programming of cognitive functions by early-life adversity.
As evident from the studies that we discussed these elements clearly do not act alone but rather in
a synergistic manner. We discussed some of the possible mechanisms that could mediate the effects
of early-life stress, malnutrition, and infection and discussed the evidence for their interactive profile.
However clearly our discussion is not exhaustive and other equally important paths and mediators
responsible for the final programming effect could be considered. For example, next to leptin, ghrelin a
pancreatic hormone released upon hunger can influence not only eating behavior but stress, immune
function as well as cognition (Diz-Chaves, 2011). Clearly having to consider so many different elements
simultaneously renders the picture very complex and questions which are the best systems to target
to prevent and/or reverse the deleterious effects of early-life adversity. In the following section, we
will discuss some of the intervention strategies that have been explored up to date.

6. Early-life adversity; opportunities for intervention later in life
Adversities in the early-life period provoke thus immediate and programmed effects on different levels
with lasting consequences for hippocampal function. Identification of these consequences and the
different systems at play during early-life is essential to design optimal intervention studies to counteract
the more complete set of consequences following early-life adversity. In recent years, multiple
intervention studies have been performed to counteract either the lack of nutritional components, the
consequences of early-life stress or the pro-inflammatory state after early-life infections. For instance,
clinical research revealed the potential of high levels of maternal warmth (regarded as a positive
experience) to overcome the programmed effects of the aversive low socioeconomic status on the
immune system during early-life (Chen et al., 2010). However, considering the evidence presented
in this review that these systems interact and affect each other so tightly and that they might thus
act synergistically to program brain structure and function for life, the question arises as to which
consequences of early-life adversity to target and whether there is a crucial time window for these
interventions for optimal beneficial effects of these interventions. Here, we will discuss a few examples
of potential intervention studies.
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Because changes of HPA axis modulators are suggested as potential regulators of the lasting changes
following early-life stress, suppression of these modulators has been investigated as a possible
intervention in later life. For example, selective blockage of CRF receptor 1 immediately after the first
week after chronic early-life stress exposure from postnatal day 10–17 in rats prevents hippocampal
impairments in cognitive functioning and long-term potentiation (Ivy et al., 2010).
Enriching the later life environment, a manipulation that is known to stimulate hippocampal
neurogenesis and improve performance of hippocampus related spatial behavioral tasks in adulthood
(Kempermann et al., 1997; Nilsson et al., 1999), has been explored as well. For example, housing
maternally separated rats in an enriched environmental condition during adulthood reversed the
early-life stress induced changes in hippocampal GR and CRF expression (Francis et al., 2002). These
manipulations do not only modify HPA axis activity but also affect neuroimmune functioning and
activity of glial cells (Olah et al., 2009; Williamson et al., 2012; Gebara et al., 2013). In addition, there is
evidence that enriching early-life environment by artificially increasing sensory stimuli by the mother
(via handling) interferes with the adult pro-inflammatory programming of early-life E. coli infection
(Bilbo et al., 2007). The adult LPS-induced increase of microglia (CD11b) and astrocyte (GFAP) markers
and IL-1β levels in the blood and different brain regions of animals with a history of E. coli exposure
was fully prevented by early-life handling. These data clearly suggest a strong interaction between
sensory stimuli and infection early in life in the programming of the adult neuroimmune system (Bilbo
et al., 2007).
A final manner to intervene with the consequences of early-life stress is modulation at the level of the
epigenome. Early-life stress and early-life nutrition program later life function through alterations in
chromatin structure and gene expression as became evident from clinical and animal studies. There
is indeed increasing evidence that epigenetic mechanisms might be responsible for the early-life
adversity induced life-long alterations in gene expression. (Heijmans et al., 2008; Murgatroyd et al.,
2009; Steegers-Theunissen et al., 2009; Canani et al., 2011; Chen et al., 2012; Lucassen et al., 2013).
Moreover, epigenetics mechanisms play a role in neuroinflammatory responses as well (Garden, 2013).
Which are the factors regulating epigenetic mechanisms is yet unclear, however, there is growing
interest in the role that nutrition might play in this context (Lucassen et al., 2013; Spencer, 2013).
Nutritional interventions to prevent or reverse these epigenetic alterations have been only explored
concerning metabolic programming but might certainly have the potential to intervene with the
deleterious programming by early-life adversity of brain structure and function (Lucassen et al., 2013).
For instance, folic acid supplementation to the offspring of protein-restricted diet fed dams during
adolescence altered the protein-restricted metabolic outcome and modified the epigenetic alterations
(Burdge et al., 2009). In addition, folate deficiency of the maternal diet during gestation negatively
influences hippocampal developmental neurogenesis, but supplementation with the interrelated
methyl donor choline modified some of these effects on the neural progenitor cells (Craciunescu et
al., 2010). But can dietary intervention later in life prevent or reverse the early-life adversity induced
phenotype? Weaver et al. (2005) provided evidence that the programming effect of maternal care
during early-life on the epigenetic modifications of the GR remain sensitive to alterations in adulthood,
as central infusion with L-methionine could reverse the programmed effects of maternal care.
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Overall, these studies indicate that environmental, nutritional, and pharmacological interventions,
either during early-life or in adulthood, have the potential to modulate one or more consequences
of early-life adversity. Currently, intervention studies lack some depth on the interplay of stress
mediators, neuroimmune activity and the nutritional profile in how they might synergistically modulate
hippocampal structure and function. Addressing the complexity of the early-life environment at
large, rather than focusing on a single element will provide the necessary information to design
new interventions, or a combination of interventions, that may fully prevent and/or reverse the
consequences of early-life adversity.

7. Final conclusion
Well-known factors such as genetic vulnerability, gender, life style, and aging contribute to disorder
vulnerability. In addition, early-life adversity further determines brain susceptibility to develop
adult-onset psychopathologies and cognitive impairments later in life. Multiple elements (including
stress, nutrition, and infections) in the early-life environment are crucial for proper hippocampal
development, and structure and function in adulthood. Thus, there is growing evidence that disruption
of either of these elements has detrimental effects on cognitive functions, hippocampal structure,
neurogenesis and the activity of neuroimmune cells in the hippocampus. Here, we have focused on
how these different elements might interplay during early-life adversity and elicit similar effects on
hippocampal neurogenesis and cognition in adulthood. Even though the interplay of these three
elements is generally not considered in depth, the ultimate consequences are probably a synergistic
effect and combination of these elements. Considering the intense cross talk between these elements
and how they, together, program hippocampal structure and function, will provide important insights
and contribute to novel targets for pharmacological, nutritional or life style interventions after earlylife adversity.
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Abstract
Exposure to stress during the sensitive period of early-life increases the risk to develop cognitive
impairments and psychopathology later in life. In addition, early-life stress (ES) exposure, next to
genetic causes, has been proposed to modulate the development and progression of Alzheimer’s
disease (AD). However, evidence for this hypothesis is currently lacking. We here tested whether
ES modulates progression of AD-related neuropathology and assessed the possible contribution of
neuroinflammatory factors in this.
We subjected wild-type (WT) and transgenic APP/PS1 mice, as a model for amyloid neuropathology,
to chronic ES from postnatal day (P)2 to P9. We next studied how ES exposure affected; 1) amyloid
beta (Aβ) pathology at an early (4-month-old) and at a more advanced pathological (10-month-old)
stage, 2) neuroinflammatory mediators immediately after ES exposure as well as in adult WT mice,
and 3) the neuroinflammatory response in relation to Aβ neuropathology.
ES exposure resulted in a reduction of cell-associated amyloid in 4-month-old APP/PS1 mice, but in
an exacerbation of Aβ plaque load at 10 months of age, demonstrating that ES affects Aβ load in the
hippocampus in an age-dependent manner. Interestingly, ES modulated various neuroinflammatory
mediators in the hippocampus of WT mice as well as in response to Aβ neuropathology. In WT mice,
immediately following ES exposure (P9), Iba1 immunopositive microglia exhibited reduced complexity and hippocampal interleukin (IL)-1β expression was increased. In contrast, microglial Iba1
and CD68 were increased and hippocampal IL-6 expression was decreased at 4 months, while these
changes resolved by 10 months of age. Finally, Aβ neuropathology triggered a neuroinflammatory
response in APP/PS1 mice that was altered after ES exposure. APP/PS1 mice exhibited increased
CD68 expression at 4 months, which was further enhanced by ES, whereas the microglial response
to Aβ neuropathology, as measured by Iba1 and CD11b, was less prominent after ES at 10 months
of age. Finally, the hippocampus appears to be more vulnerable for these ES-induced effects, since
ES did not affect Aβ neuropathology and neuroinflammation in the entorhinal cortex of adult ES
exposed mice.
Overall, our results demonstrate that ES exposure has both immediate and lasting effects on the
neuroinflammatory response. In the context of AD, such alterations in neuroinflammation might
contribute to aggravated neuropathology in ES exposed mice, hence altering disease progression.
This indicates that, at least in a genetic context, ES could aggravate AD pathology.

Introduction
Alzheimer’s disease (AD) is a highly prevalent, age-related neurological disorder characterized by a
progressive deterioration of cognitive functions and the accumulation of specific neuropathological
hallmarks, like amyloid beta (Aβ)-containing plaques and neurofibrillary tangles in various brain
regions (Querfurth and LaFerla, 2010). Next to specific genetic factors, like APP or PS1, AD etiology and
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam; 2, Department of Anatomy
& Neurosciences, Amsterdam Neuroscience, VU University Medical Center. *: shared senior authorship.
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progression is influenced by environmental factors (Mayeux and Stern, 2012; Reitz and Mayeux, 2014).
Of interest in this respect is that high levels of (perceived) stress have been previously associated with
a stronger cognitive decline and increased AD incidence (Johansson et al., 2013; Kaplan et al., 2001;
Katz et al., 2016; Lupien et al., 1999; Wilson et al., 2003).
These epidemiological studies are consistent with preclinical work showing that adult stress
(hormone) exposure could aggravate amyloid pathology in several Aβ-based mouse models for AD
(Baglietto-Vargas et al., 2015; Dong et al., 2008; Green et al., 2006; Han et al., 2016; Jeong et al., 2006;
Rothman et al., 2012), accompanied by increased cognitive impairments and reductions in synaptic
plasticity (Grigoryan et al., 2014; Huang et al., 2015). In addition, clinical and preclinical studies have
shown that exposure to early-life stress (ES), such as childhood abuse or parental neglect, is strongly
associated with cognitive impairments throughout life (Chugani et al., 2001; Li et al., 2015; Mueller
et al., 2010; Philip et al., 2015; Rice et al., 2008; Vallee et al., 1999). In fact, ES seems to affect many
health outcomes across the life span (Price et al., 2013; Ravona-Springer et al., 2012; Tyrka et al., 2010;
Wolkowitz et al., 2010) and can increase the vulnerability to develop age-related disorders, such as
AD (Kaplan et al., 2001; Lahiri and Maloney, 2012, 2010; Mishra and Gazzaley, 2014; Price et al., 2013;
Schury and Kolassa, 2012). While a few studies have shown that perinatal stress could modulate AD
related neuropathology in mouse models (Lesuis et al., 2016; Sierksma et al., 2013), little is known
about possible biological substrates.
One possible mechanism through which ES might affect AD-related neuropathology could be changes
in the neuroinflammatory response that are mediated among others by microglia in the brain. In the
developing and adult brain, microglia and inflammatory factors are in fact essential for the formation
and maintenance of the neuronal network (Bilbo and Schwarz, 2012; Harry, 2013; Reemst et al., 2016;
Schwarz and Bilbo, 2012). Large-scale genetic studies have further identified immune-related pathways
as risk factors for AD (reviewed in Malik et al., 2015), highlighting the relevance of the inflammatory
system in the context of AD. Indeed, both the involvement of inflammatory factors and microglial cells
in AD neuropathology is well established, and progression of Aβ pathology occurs in close association
with inflammatory changes, that are among others mediated by microglia in the brain (Cunningham,
2013; Heneka et al., 2015; Mhatre et al., 2015; Spangenberg and Green, 2016).
Microglial activation in the presence of Aβ neuropathology can have beneficial effects (Wang et al.,
2015, 2016), and mediate e.g. internalization and clearance of Aβ peptides (Fu et al., 2012; Lee et
al., 2010; Liu et al., 2010; Majumdar et al., 2007). Nonetheless, the lasting microglial response to Aβ
pathology is rather complex, and both beneficial and detrimental consequences have been reported
for progression of the neuropathology (Guillot-Sestier et al., 2015; Heppner et al., 2015; Mhatre et
al., 2015).
Interestingly, several recent clinical studies have reported an elevation of pro-inflammatory factors
after childhood adversities (Baumeister et al., 2015; Bücker et al., 2015; Coelho et al., 2014; Machado
et al., 2015; Redlich et al., 2015; Tyrka et al., 2015). These findings are supported by preclinical studies
showing that exposure to prenatal stress (Diz-Chaves et al., 2012; Gómez-González and Escobar, 2009)
or to daily postnatal maternal separation in rodents (Delpech et al., 2016; Roque et al., 2014), alters
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cytokine expression and maturation of microglia in the rodent brain. Moreover, the pro-inflammatory
response to lipopolysaccharide (LPS) in adulthood is exacerbated after prenatal exposure to stress
(Diz-Chaves et al., 2012; Szczesny et al., 2014), suggesting a long-term sensitization, or ‘priming’, of
microglia after exposure to stress early in life (Hoeijmakers et al., 2015, 2016).
We here address whether perinatal stress-related, persistent alterations in the neuroinflammatory
response may contribute to a more vulnerable profile that can subsequently lead to an aberrant
response to accumulating Aβ peptides, and ultimately modify the extent of Aβ neuropathology. To
test this, we exposed mice to chronic ES from postnatal day (P)2 to P9 (Naninck et al., 2015; Rice
et al., 2008), and investigated if ES: 1) modulates amyloid pathology in the hippocampus and the
entorhinal cortex (EC) at an early (4 months) and an advanced (10 months) pathological stage in APP/
PS1 transgenic mice; 2) affects neuroinflammatory mediators (i.e. microglia and cytokine expression)
directly after exposure to chronic ES at P9, and in adult wild-type (WT) offspring of 4 and 10 months
of age; and 3) affects the neuroinflammatory response to Aβ accumulation in APP/PS1 mice of the
same ages.

2. Materials and methods
2.1. Mice and breeding
Bigenic APPswe/PS1dE9 hemizygous males on a C57BL/6J background were used to model AD related
amyloid pathology. These APP/PS1 mice express chimeric mouse/human mutated APP K595N/M596L
(Swedish mutation) and PS1, carrying an exon 9 deletion, driven by the mouse prion promoter. For
more details, see B6C3-Tg (APPswe,PSEN1dE9)85Dbo/Mmjax strain of the Jackson Laboratory. Survival
of the APP/PS1 mice was monitored, as various APP overexpression lines including the APP/PS1
line, were reported to die prematurely (Hsiao et al., 1995; Moechars et al., 1999). Indeed, APP/PS1
overexpression decreased mouse survival by 8.0% at 4 months of age, and by 37.1% at 10 months. This
survival was not affected by ES (Ctrl: N=62, ES: N=46, Log-rank test: χ2(1)=0.060, p=0.807).
To standardize the perinatal environment, all experimental mice were bred in house. For breeding, 8to 10-week-old virgin female C57BL/6J mice were purchased from Harlan Laboratories B.V. (Venray, The
Netherlands) and habituated for one week to the breeding room. Two females were housed together
with one male (C57BL/6J for a P9 cohort, APP/PS1 for adult cohorts) and after one week, breeding
males were removed, and females housed in pairs for another week. Afterwards, pregnant females
were single-housed in a cage with filtertop, standard bedding material and nesting material consisting
of one square piece of cotton nesting material (5x5 cm; Technilab-BMI, Someren, The Netherlands),
in a ventilated, airflow-controlled cabinet to ensure a stable, quiet environment. Birth of pups was
monitored every 24 h in the morning between 8.00 and 9.00 AM. Litters born before 9.00 AM were
assigned to P0 on the previous day.
Standard housing conditions included cage enrichment, ad libitum water and standard chow, a
temperature range of 20–22˚C, and a 40–60% humidity. Animals were kept on a standard 12/12 h
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light/dark schedule (lights on at 8 AM). After weaning at P21, all mice were housed with same-sex
littermates, 2–4 mice/ cage, under standard housing conditions. All experimental procedures were
conducted according to the Dutch national law and European Union directives on animal experiments,
and were approved by the animal welfare committee of the University of Amsterdam.
2.2. Early-life stress paradigm
The early-life stress (ES) paradigm consisted of limiting the nesting and bedding material from P2
to P9 as described previously (Naninck et al., 2015; Rice et al., 2008). On the morning of P2, dams
were randomly assigned to the ES or control (Ctrl) condition. Litters were culled to six pups to ensure
litters of 5 to 6 pups, including at least one male and one female. Dams and pups were weighted
and housed under Ctrl or ES conditions. Ctrl cages contained standard amounts of sawdust bedding
and one square, cotton piece of nesting material (5x5 cm). The ES cage contained a small amount
of sawdust bedding, a fine-gauge stainless steel mesh raised 1 cm above the cage floor, and half a
square, cotton piece of nesting material (2.5x5 cm). Cages were covered with a filtertop, and left
undisturbed in the cabinet. On the morning of P9, pups were moved to standard cages (adult cohorts)
or sacrificed (P9 cohort). All P9 pups were weight on the morning of P9, revealing an ES-induced
reduction in body weight gain (Ctrl: 3.40±0.51, ES: 2.32±0.58, t(26)=6.652, p<0.001) which was no
longer present at 4 and 10 month of age, confirming the previously described effects of ES (Naninck et
al., 2015). Bodyweight was furthermore not affected by APP/PS1 overexpression (4 months: condition
F(1,20)=3.156, ns, genotype F(1,20)=1.538, ns, interaction F(1,20)=0.419, ns; 10 months: condition
F(1,54)=2.619, ns, genotype F(1,54)=1.143, ns, interaction F(1,54)=0.338, ns).
2.3. Tissue preparation
The experimental design of this study is depicted
in Fig. 1. Briefly, Ctrl and ES animals were sacrificed
at P9, 4 months or 10 months of age and tissue
was harvested for either gene expression or
immunohistochemical analyzes (Fig. 1).
To collect brain material for gene expression
analyzes, P9 male pups (5 litters total: Ctrl N=6, ES
N=6), 4-month-old adults (11 litters total: Ctrl WT
N=6, Ctrl APP/PS1 N=6, ES WT N=6, ES APP/ PS1 Fig. 1. Experimental design
N=4) and 10-month-old adults (11 litters total: Male C57BL/6J (WT) and APPswe/PS1dE9 (APP/

PS1) littermates were exposed to early-life stress

Ctrl WT N=6, Ctrl APP/PS1 N=6, ES WT N=11, ES (ES) from postnatal day (P)2 to P9 or control (Ctrl)
APP/PS1 N=6) were sacrificed by fast decapitation condition. Afterwards, mice were either sacrificed
directly after ES at P9 or in adulthood at 4 or 10

within the first two hours of the light-phase. The months of age to study microglia (protein and
brains and hippocampi were quickly dissected and mRNA expression), cytokine mRNA expression and
snap-frozen on dry-ice. Brain tissue was stored

amyloid load.

at 80˚C to minimize RNA degradation until further processing. RNA was extracted from fresh frozen
hippocampal (unilateral) tissue using the TRIzol method (Invitrogen) (Chomczynski and Sacchi, 2006).
Reverse transcription of RNA to cDNA was performed using SuperScriptIII Reverse Transcriptase
(Invitrogen) and cDNA samples were afterwards stored at 20˚C.
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To collect material for immunohistochemistry, transcardial perfusion was performed as previously
described, with the same procedure for coronal sectioning of brain tissue in 4 (P9) or 6 (adults)
parallel series to obtain an equal representation of each brain per series (Naninck et al., 2015). The
experimental ages and numbers of animals per age-group were P9 male pups (8 litters total: Ctrl N=8,
ES N=7), 4-month-old adults (11 litters total: Ctrl WT N=10, Ctrl APP/PS1 N=9, ES WT N=11, ES APP/
PS1 N=8) and 10-month-old adults (14 litters total: Ctrl WT N=8, Ctrl APP/PS1 N=6, ES WT N=9, ES APP/
PS1 N=4).
2.4. Immunohistochemistry for amyloid and microglial markers
Amyloid load was identified after immunohistochemical staining for Beta amyloid using a monoclonal
antibody 6E10 (mouse anti-human Aβ 1-16, SIG-3932-1000, BioLegend) at 4 and 10 month of age in
Ctrl and ES APP/PS1 mice. Microglial cells were characterized using immunohistochemistry for ionized
calcium binding adaptor molecule 1 (Iba1), a marker for microglia/ macrophages (rabbit anti-Iba1,
019-19741, Wako) at P9, 4 and 10-month-old mice, and for CD68, a protein present in microglial/
macrophage lysosomes and endosomes commonly used as marker for phagocytic microglia (rat antimouse CD68 clone FA-11, MCA1957, Serotec) at ages of 4 and 10 months. A parallel series of perfused
brain tissues was used for each staining.
For 6E10 staining of the adult tissues, sections were pre-mounted on pre-coated glass slides
(Superfrost Plus slides, Menzel) and dried overnight while Iba1 and CD68 stainings were performed
on free floating sections. 6E10 staining required pretreatment with citrate buffer to allow us to stain
both for Aβ plaques as well as for cell-associated amyloid (also referred to as intracellular Aβ or preplaque peptides (Christensen et al., 2010). In between all staining steps, sections from P9 pup tissues
and adult tissues used for 6E10 staining were washed in 0.05M tris buffered saline containing 0.1%
triton X-100 (TBS-tx, pH 7.6), and sections from adult brains used for microglial Iba1 and CD68 staining
were washed in 0.05M TBS. After washing, sections were incubated in 0.3% H2O2 for 15 min to block
endogenous peroxidase activity. For the 6E10 stainings, this was followed by pretreatment with
0.01M citrate buffer pH 6.0 for 15 min in a microwave, set to reach and maintain a temperature of
±95˚C, after which they were allowed to cool to room temperature. Next, all sections were incubated for
30 min in blocking mix containing 1% bovine albumin serum (BSA) in 0.05M TBS-tx. Primary antibodies
were diluted (1:1500 6E10, 1:5000 Iba1 or 1:400 CD68) in blocking mix and incubated for 1 h at RT
(Iba1, CD68) or 2 h at RT (6E10), followed by incubation at 4˚C overnight. Sections were incubated
in the secondary antibodies, respectively 1:200 sheep anti-mouse biotinylated (GE Healthcare),
1:500 goat anti-rabbit biotinylated (Vector Laboratories) or 1:500 goat anti-rat biotinylated (Vector
Laboratories) in blocking mix. After 2 h, sections were incubated with avidin-biotin complex 1:800 in
0.05M TBS (Vectastain elite ABC-peroxidase kit, Brunschwig Chemie). Finally, sections were thoroughly
washed in 0.05M TB (pH 7.6) and incubated in 0.2 mg/1 ml diaminobenzidine (DAB), 0.01% H2O2 in
0.05M TB) for the chromogen development. After DAB staining sections were rinsed in TBS and the
free-floating sections were mounted on pre-coated glass slides (Superfrost Plus slides, Menzel) and all
slides were cover slipped.
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2.5. Quantification of amyloid load
All quantification procedures were performed by a researcher blind to the experimental conditions.
For analysis of all stainings, 6 coronal sections of the hippocampus were selected between bregma
1.22 mm and bregma 3.64 mm, of which 3 bilateral sections between bregma 2.30 mm and bregma
3.64 mm were selected for analysis of EC. All sections had an approximate 320 μm (P9) or 480 μm
(adult) intersection distance to obtain an even presentation of the hippocampus over the rostral/
caudal axis per animal per staining.
Amyloid load was quantified using a standard thresholding method for the analysis of amyloid plaque
load and cell-associated amyloid as described before (Marlatt et al., 2013). 6E10 immunostained
sections were imaged with a 10x objective on a Leica CTR5500 microscope using the Leica MetaMorph
software. Images were processed using freely available ImageJ software (National Institutes of
Health). First, the dentate gyrus (DG), cornu ammonis (CA) and EC were traced in all sections to
determine the regions of interest, after which the images were converted to 8-bit black-white images.
A threshold was set to select all 6E10 immunoreactive material, including both cell-associated amyloid
staining and 6E10 plaques. The plaque load was then determined by specifically distinguishing 6E10
immunoreactive plaques from cell-associated amyloid using ImageJ’s ‘analyze particles’ plugin.
Specifically, thresholded-immunoreactive material was identified as 6E10 plaque material when its
surface was >140 μm2 (exceeding cell sizes), after which the percentage of surface occupied by 6E10
plaque material within the region of interest (DG, CA or EC) was calculated to reflect the plaque load.
Similarly, cell-associated amyloid was quantified as the number of immunoreactive cells, by counting
the thresholded cells that were distinguished from the immunoreactive plaques based on the smaller
surface (40–140 μm2) and more circular shape (0.25–1.00).
2.6. Quantification of microglial markers Iba1 and CD68
2.6.1. Microglial density and coverage
P9 and adult immunostained tissue was processed for an estimation of the microglial coverage
and density using thresholding (Beynon and Walker, 2012; Ziko et al., 2014). In the P9 tissue, the
Iba1 immunopositive staining in the DG was imaged with a 20x objective on a Zeiss Axiophot light
microscope with Microfire camera (Coptronics) using StereoInvestigator software (MicroBrightField),
Iba1 stained adult tissue was imaged using a 10x objective on a Nikon Eclipse Ni-E microscope using
the Nikon Elements software and CD68 stained adult tissue was imaged using a 20x objective on a
Leica CTR5500 microscope using the Leica MetaMorph software. We traced the DG, CA and EC, and
additionally the molecular layer (ML) of the DG, stratum lacunosum-moleculare (SML) and stratum
radiatum (SR) of the CA1 in the Iba1 immunostained adult brain sections, because these regions are
primarily affected by amyloid deposition at 4 and 10 months. After tracing, images were converted to
8-bit black-and-white images and in addition for Iba1 staining in 10-month-old mice only, background
was subtracted. A fixed threshold was determined for each staining and age group to determine the
percentage of immunoreactive stained area (coverage) in the respective regions. For adult tissue (4
and 10 months), a second threshold was used to identify the soma of the microglial cells and the
number of the so identified cells was counted. Finally, because microglial Iba1 and CD68 cells that
are clustered in 10-month-old APP/PS1 mice with abundant neuropathology are not included in the
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estimation of individual microglial cell density, clustering of activated Iba1 and CD68 cells in 10-monthold Ctrl and ES APP/PS1 mice was analyzed separately by selecting all immunoreactive (thresholded)
area exceeding the single-cell size to obtain the coverage of clustered microglial cells. The selection
criteria had been checked before ad random comparing some automated cell count results with
separate manual quantifications for each experimental study.
2.6.2. Quantification of subtype specific microglial morphology and complexity
To determine whether changes in microglial coverage can be attributed to altered morphology and/
or complexity of the Iba1 immunoreactive cells, we classified microglia based on their morphological
appearance, and performed measurements of individual cells to identify changes in cell size and
complexity in all age groups. In P9 pups, all microglia in the DG in 6 bilateral sections (see Section 2.3)
were classified manually based on the morphology. In the age groups of 4 and 10 months, the cells
used for individual cell measures in the hippocampus and the cells used for EC individual cell measures
were also used to classify adult microglia. These individual cell measures were applied by selecting all
microglia present in 4 frames of 234 μm by 302 μm which were placed in the hilus of the DG or in the
EC (Roque et al., 2016) in 2 bilateral sections (N=6 animals per group).
The morphological classification was performed by subdividing the cells in 4 morphological phenotypes;
round/amoeboid, cells with stout processes, cells with thicker, longer processes and cells with thinner
ramified processes as described previously (Schwarz et al., 2012). Examples of these cells are provided
in Fig. 3C. Individual cells were furthermore characterized by tracing the outline of the cell to obtain
a 2D cell surface, the soma diameter, and primary process number. Cells with overlapping somas or
absence of the soma were excluded for the analysis. This provided a total of 25–36 (depending on
the age group) analyzed cells per animal. These same cells were furthermore traced to perform Sholl
analysis (Papageorgiou et al., 2016; Roque et al., 2016) using ImageJ in order to assess the complexity
of the microglial processes. Virtual concentric circles where drawn at a 1 μm radius interval from the
soma for a total distance of 60 μm and the number of traced process intersections were counted.
2.6.3. DG volume estimation
Volume estimations of the DG were obtained by applying Cavalieri’s principle. The DG tracings in
6 bilateral sections were used to estimate the total surface (μm2) of the DG and hippocampus in 6
bilateral sections, which was multiplied by the number of series (4 for pups, 6 for adult mice), section
thickness (40 lm), and multiplied by 2 for the ratio of analyzed DG sections (6) from the total number
of hippocampal sections within the series (12).
2.7. Gene expression measurement with RT-PCR
Relative gene expression of microglial activation markers was assessed by PCR amplification of cDNA
using the Hot FirePol Evagreen qPCR supermix (Solis Biodyne), and measured using the 7500 Real-time
PCR system (Applied Biosystems). Primer sequences for reference genes and genes of interest are
listed in Table 1. Efficiency of primer pairs was tested prior to experimental use, requiring 90–110%
efficiency. Cytokine expression was measured using more sensitive taqman probes. Samples were
processed with TaqMan Universal Master Mix II with UNG (Applied Biosystems) using predesigned
probes listed in Table 2, and measured using the 7500 Real-time PCR system (Applied Biosystems).
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Multiple references genes were used for normalization of both the Evagreen and TaqMan probe
experiments, following the requirements for reference target stability quality control (M<0.5,
CV<0.25), calculated using qBASE software (Biogazalle) (Derveaux et al., 2010; Hellemans et al., 2007).
Relative gene expression was finally calculated using the 2∆∆ct method, after normalization for 2 or 3
reference genes, which were not altered by experimental treatments. Selected reference genes: SDHA
and RPL13A for P9 Evagreen experiments; RPL0, RPL13A and SDHA for Evagreen experiments with
4-month-old mice; RPL0 and RPL13A for Evagreen experiments with 10-month-old mice; RPL0 and TBP
for all TaqMan probe experiments.
Table 1;
Primer sequences for RT-PCR

Table 2;
Probes for TaqMan® RT-PCR

Target gene

Forward primer (5’-3’)

Reverse primer (5’-3’)

Target gene

Probe reference

RPL13A

CCCTCCACCCTATGACAAGA

TCGCCTGTTTCCGTAACCTC

TBP

Mm00446973_m1

SDHA

GTTGCTGTGTGGCTGACTG

GCACAGTGCAATGACACCAC

IL-1β

Mm00434228_m1

RPL0
Iba1

CD68

CD11b

GCTTCATTGTGGGAGCAGACA
ACAAAGAACACAAGAGGCCAACT
TGACAAGGGACACTTCGGG

GGGTCATTCGCTACGTAATTGG

2.8. Statistical analysis

CATGGTGTTCTTGCCCATCAG
TGTGACATCCACCTCCAATCAG
GGAGGACCAGGCCAATGAT

CGTGTTCACCAGCTGGCTTA

RPL0
IL-6

IL-10

TNFα

Mm00725448_s1

Mm00446190_m1
Mm00439616_m1
Mm00443258_m1

Data were analyzed using SPSS 20.0 (IBM software), Graphpad Prism 5 (Graphpad software), and SAS
Business analytics software. Data are expressed as mean ± standard error of the mean (SEM). Data
were considered statistically significant when p<0.05. In each of the experiments, multiple mice from
the same litters were included, therefore, models with litter included as a random factor were run to
assess to which degree litter effects influenced the dependent variable. Litter effects were negligible
for all variables.
Survival of Ctrl APP/PS1 and ES APP/PS1 mice was analyzed using the log-rank test. Data with only
genotype or condition as independent factor were analyzed with unpaired Student’s t-test. Data of
adult bodyweight, DG volume, Iba1 cell density and coverage, CD68 cell density and coverage and gene
expression data of adult mice were analyzed with two-way ANOVA (independent factors condition and
genotype). If a significant interaction effect was detected, post-hoc analyzes were performed using
Bonferroni multiple comparison tests.
Measurements of multiple cells within one animal (single-cell measures for soma diameter, number
of primary processes and cellular surface at P9) were analyzed with the unpaired Student’s t-test
(independent factor condition) with animal included as a random factor. The influence of animal effects
was negligible for most parameters, with the exception of soma diameter (χ2(1)=4.048, p=0.044). Sholl
analysis of individual Iba1 microglia at P9, 4 months and 10 months was analyzed using repeated
measures ANOVA with SAS Business analytics software with distance from soma as a repeated factor,
animal included as a random factor and condition and genotype as independent factors.
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3. Results
3.1. Reduced DG volume after ES lasts into adulthood
Firstly, we assessed DG volume in WT mice at P9 and found that the volume of the DG is about
62.9% smaller directly after ES exposure (Ctrl: 3.40±0.51, ES: 1.26±0.13, t(13)=2.559, p=0.024).
The volume of the DG tended to remain reduced in adult mice exposed to ES, irrespective of the
genotype of the mice (4 months: condition F(1,33)=3.833, p=0.059, genotype F(1,33)=0.165, ns,
interaction F(1,33)=0.034, ns; 10 months: condition F(1,26)=4.262, p=0.049, genotype, F(1,26)=0.268,
ns, interaction F(1,26)=0.268, ns) confirming and expanding on earlier descriptions (Naninck et al.,
2015). Therefore, all quantifications of amyloid pathology, Iba1 and CD68 were expressed either as a
percentage of the total area, or as cells per mm2.
3.2 Amyloid pathology is reduced at 4, but increased at 10 months in the DG by ES
3.2.1 Cell-associated amyloid is reduced by ES at 4 months
Amyloid pathology at the early-pathological stage in 4-month-old APP/PS1 mice consisted mostly
of cell-associated amyloid, which is the most abundant form present at that age and only few Aβ
plaques were present in the hippocampus and entorhinal cortex (Fig. 2A), confirming and extending
previous descriptions (LaFerla et al., 2007). At this age, ES affected amyloid accumulation specifically
reducing the cell-associated form in the DG by 66% while this was not altered in the CA or EC (DG: Ctrl:
25.38±4.42, ES: 8.63±2.08, t(14)=3.429, p=0.004; CA: Ctrl: 49.41±4.60, ES: 36.23±8.87, t(14)=1.318, ns;
EC: Ctrl: 115.90±18.33, ES: 93.78±20.36, t(14)=0.8091, ns; Fig. 2B-D). Aβ plaque load was not affected
in either DG or CA subregion of the hippocampus (DG: Ctrl: 0.04±0.01, ES: 0.02±0.01, t(14)=1.656,
ns; CA: Ctrl: 0.02±0.00, ES: 0.01±0.04, t(14)=0.851, ns; Fig. 2E-F). In the entorhinal cortex, ES tended
to reduce the plaque load, although this did not reach significance (Ctrl: 0.04±0.01, ES: 0.02 ± 0.01,
t(14)=1.828, p=0.089; Fig. 2G).
3.2.2 Aβ plaque load at 10 months is elevated by ES
Aβ plaque deposits are the most prominent form of Aβ pathology at a more advanced pathological
stage in the 10 months old APP/PS1 mice in the hippocampus, with the DG being the most severely
affected region, and cell-associated amyloid being less abundant in the whole hippocampus at this age
(Fig. 2H). While cell-associated amyloid was not significantly altered in the DG, CA or EC of ES exposed
offspring (DG: Ctrl: 22.13±2.77, ES: 28.22±0.795, t(8)=1.732, ns; CA: Ctrl: 14.77±1.76, ES: 19.75±2.96,
t(8)=1.553, ns; EC: Ctrl: 64.32±19.29, ES: 119.70±26.89, t(14)=1.722, ns; Fig. 2I-K), Aβ plaque load was
increased by 54.4% after ES exposure in the DG, but remained unaffected in the CA and EC at this age
(DG: Ctrl: 0.68±0.08, ES: 1.05±0.09, t(7)=3.113, p=0.017; CA: Ctrl: 0.36±0.06, ES: 0.34±0.04, t(8)=0.302,
ns; EC: Ctrl: 1.16±0.27, ES: 1.32±0.17, t(14)=0.447, ns; Fig. 2L-N).
3.3 Chronic ES exposure affects the neuroinflammatory response at P9
3.3.1 Iba1 microglial coverage and complexity is reduced in the DG after ES exposure
A detailed analysis of microglial Iba1 immunostaining in the DG of P9 WT Ctrl and ES pups was
performed by quantifying immunostaining covered surface area (coverage), total and subtype-specific
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Fig. 2; Chronic ES modulates amyloid load in the dentate gyrus of APP/PS1 mice
Representative images of Aβ staining (6E10) in 4-month-old Ctrl and ES APP/PS1 males, marking the dentate
gyrus (DG) and cornu ammonis (CA). B) Cell-associated amyloid is decreased by ES exposure in the DG. C) In
the CA and D) entorhinal cortex (EC), cell-associated amyloid is not affected by ES exposure. Plaque load in E)
the DG, F) the CA as well as G) the EC is also not affected by ES in 4-month-old APP/PS1 mice. H) Representative
images of Aβ staining (6E10) in 10-month-old Ctrl and ES APP/PS1 males. Cell-associated amyloid in I) the DG,
J) the CA as well as K) the EC is not affected by previous exposure to ES. L) Aβ plaque load is increased in the
DG after ES exposure in 10-month-old males, M) but not in the CA or N) in the EC. Scale bar: A, H, 100 μm; *:
condition effect.
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cell density and individual cell size and complexity (Fig. 3A). Iba1 coverage was reduced in ES mice
(Ctrl: 22.93±1.60, ES: 17.76±1.34, t(13)=2.431, p=0.030; Fig. 3B), while the total density of Iba1 cell
numbers, and the density of each subtype classified based on the morphology, were not affected
by ES (Total: Ctrl: 341.40±14.15, ES: 332.90±13.54, t(13)=0.431, ns; Ramified: Ctrl: 425.0±38.76,
ES: 423.7±41.59, t(13)=0.023, ns; Thick/long processes: Ctrl: 355.4±19.93, ES: 330.3±20.42, t(13)=0.877,
ns; Stout processes: Ctrl: 59.00±6.49, ES: 62.14±5.28, t(13)=0.369, ns; Amoeboid: Ctrl: 19.86±2.65, ES:
13.88±3.00, t(13)=1.474, ns; Fig. 3C).
Detailed analysis of individual cells showed that ES alters the Iba1 phenotype and leads to reduced
Iba1 cell size and complexity in the hilus of the DG. Cellular surface of individual Iba1 cells was reduced
by ES, while their soma diameter and number of primary processes were not affected by ES exposure
(Cellular surface: Ctrl: 468.16±158.02, ES: 386.00±116.89, t(11.999)=-2.861, p=0.014; Soma diameter:
Ctrl: 8.54±2.14, ES: 8.91±2.30, t(12.002)=0.662, ns; Primary process number: Ctrl: 4.24±1.47, ES:
4.20±1.34, t(11.986)=-0.222, ns). The reduction in individual cell surface was accompanied by a
reduction in cellular complexity of the Iba1 cells. Sholl analysis revealed that ES specifically reduced
the complexity of more distal branching of microglia of ES exposed offspring (condition F(1,5449)=8.76,
p=0.003; post-hoc: ES significant lower than Ctrl at 4 μm, 9 to 12 μm, and 16 to 20 μm from the soma;
Fig. 3D).
3.3.2 Microglial activation and cytokine expression in the hippocampus at P9
Expression of the pro-inflammatory cytokine interleukin (IL)-1β was increased by 69.3% after ES
exposure (Ctrl: 1.01±0.05, ES: 1.71±0.33, t(9)=2.313, p=0.046; Fig. 3E), while the expression of the
cytokines IL-6, TNFα and IL-10, with pro- and anti-inflammatory properties, were not modulated
by ES (IL-6: Ctrl: 1.03±0.11, ES: 1.17±0.13, t(10)=0.857, ns; TNFα: Ctrl: 1.01±0.08, ES: 1.11±0.08,
t(10)=0.8489, ns; IL-10: Ctrl: 1.12±0.266, ES: 0.63±0.199, t(8)=1.485, ns). In addition, expression of
microglial activation marker CD11b was not affected by ES exposure in P9 pups (Ctrl: 1.01±0.08, ES:
0.96±0.12, t(10)=0.691, ns) while expression of CD68 tended to be decreased after ES, but this did not
reach significance (Ctrl: 1.02±0.09, ES: 0.64±0.16, t(10)=2.092, p=0.063).
3.3.3 Iba1 cell density is reduced in the EC after ES exposure
We questioned whether the influences of ES on microglial Iba1 are specific for the DG, or whether a
similar impact of ES can be observed in other brain regions, like the EC. A similar analysis of microglial
Iba1 immunostaining was performed in the EC (Fig. 3F) as described for the DG to address whether
(RIGHT) Fig. 3; Chronic ES exposure affects microglia and IL-1β mRNA expression in the hippocampus at P9
A) Representative images of Iba1 immunoreactive cells in P9 Ctrl and ES WT males in the dentate gyrus (DG).
B) The coverage of Iba1 surface area is reduced by ES exposure. C) Quantification of microglial cell density and
classification of corresponding morphological appearance shows no difference between Ctrl and ES animals.
D) Two representative images of Ctrl WT and ES WT microglia in the hilus of the DG, with their respective
tracing for Sholl analysis, indicating reduced complexity of ES microglia. This reduction is specifically present
at 4 μm, 9 to 12 μm and from 16 to 20 μm from the soma. E) IL-1β mRNA expression in the hippocampus is
increased by ES exposure. F) Representative images of Iba1 immunoreactive cells in P9 Ctrl and ES WT males
in the entorhinal cortex (EC). G) Iba1 coverage and H) the density of Iba1 cells in the EC is reduced after ES. I)
Classification of microglial morphological appearance shows no difference between Ctrl and ES animals. J) The
complexity of Iba1 cells in the EC is not different between Ctrl and ES mice, with the exception of less primary
dendrites in ES mice at P9. Scale bar: A,F 100 μm; C,D,J 10 μm. *: condition effect.
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the impact of ES is specific for the hippocampus. Iba1 coverage as well as density of Iba1 cells in the
EC was reduced in ES mice (Iba1 coverage: Ctrl: 14.72±0.98, ES: 9.66±0.52, t(13)=4.373, p<0.001; Iba1
cell density: Ctrl: 457.8±13.01, ES: 340.10±7.99, t(13)=7.433, p<0.001; Fig. 3G-H). Classification of the
different morphological subtypes within the EC showed a tendency to a reduction in ramified cells
after ES, but this and as well as the number of other morphological subtypes were not significantly
altered (Ramified: Ctrl: 70.77±6.80, ES: 46.97±8.62, t(9)=2.099, p=0.065; Thick/long: Ctrl: 23.79±5.38,
ES: 36.26±7.23, t(9)=1.335, ns; Stout: Ctrl: 5.45±2.04, ES: 14.79±4.76, t(9)=1.676, ns; Amoeboid: Ctrl:
0.0±0.0, ES: 1.97±1.36, t(9)=1.314, ns; Fig. 3I).
Detailed analyzes of individual cells showed that ES does not alter the branching complexity or the
cell size in the EC. Sholl analysis indicated that the complexity is not significantly different between
Ctrl and ES Iba1 cells in the EC (condition F(1,5709)=0.940, ns; Fig. 3J). Cellular surface of Iba1 cells,
complexity of branching as well as soma diameter was not affected by ES, while the number of
primary processes was significantly reduced by ES exposure (Cellular surface: Ctrl: 90.07±11.89, ES:
87.24±15.67, t(10.949)=0.734, ns; Soma diameter: Ctrl: 7.44±0.29, ES: 8.09±0.34, t(10.466)=1.523, ns;
Primary process number: Ctrl: 4.34±0.21, ES: 3.69±0.17, t(11.277)=2.588, p=0.025).
3.4 ES affects the neuroinflammatory response in the hippocampus of WT and APP/PS1
mice at 4 months
3.4.1 ES and APP increase Iba1 immunoreactivity in the hippocampus
Iba1 immunopositive microglia were quantified at 4 months of age in WT as well as APP/PS1 mice for
the same parameters as described for the P9 mice (see above) to assess if ES has lasting effects (Fig.
4A) and whether mild amyloid pathology affects microglia differentially in Ctrl vs. ES exposed mice.
Iba1 cell density was increased in APP/PS1 mice while ES exposure only tends to increase the Iba1
cell density within the ML of the DG without reaching significance (condition F(1,30)=3.847, p=0.059,
genotype F(1,30)=7.311, p=0.011, interaction F(1,30)=0.739, ns; Fig. 4B). Also, coverage of Iba1 in
the ML of the DG was not affected by ES in the WT mice but significantly increased in Ctrl APP/PS1
males compared to Ctrl WT. APP/PS1 overexpression however did not increase Iba1 coverage in mice
with a history of ES exposure (condition F(1,30)=0.016, ns, genotype F(1,30)=3.85, p=0.059, interaction
F(1,30)=5.90, p=0.021; post-hoc Ctrl WT vs Ctrl APP/PS1 p=0.030). Similar to the ML of the DG, Iba1
cell density within the SLM and SR of the CA1 was significantly increased by ES exposure and APP/
PS1 overexpression increased Iba1 coverage in this region (Iba1 cell density: condition F(1,30)=4.216
p=0.049, genotype F(1,30)=1.404, ns, interaction F(1,30)=1.137, ns; Iba1 coverage: condition
F(1,30)=2.140, ns, genotype F(1,30)=5.540, p=0.026, interaction F(1,30)=1.170, ns; Fig. 4C). Analysis
of Iba1 immunostaining in the EC (supplementary Fig. 1A) showed no alteration in the density of Iba1
cells or Iba1 coverage within this region by ES or APP/PS1 (Iba1 cell density: condition F(1,33)=2.389,
ns, genotype F(1,33)=0.074, ns, interaction F(1,33)=1.114, ns; Iba1 coverage: condition F(1,32)=1.392,
ns, genotype F(1,32)=0.749, ns, interaction F(1,32)=0.204, ns; supplementary Fig. 1B).
Microglial complexity as analyzed by Sholl analysis was not affected at 4 months by ES exposure or
by amyloid overexpression (Complexity: condition F(1,13029)=0.62, ns, genotype F(1,13029)=0.29,
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ns, interaction F(1,13029)=0.23, ns; primary branching: condition F(1,11.970)=0.155, ns, genotype
F(1,11.971)=0.170, ns, interaction F(1,12.107)=0.268, ns; Fig. 4D). Classification of these same
microglia based on the morphological appearance was not affected by ES or APP/PS1 (Ramified:
condition F(1,20)=0.198, ns, genotype F(1,20)=3.235, ns, interaction F(1,20)=3.058, ns; Intermediate:
condition F(1,20)=0.161, ns, genotype F(1,20)=3.471, ns, interaction F(1,20)=3.287, ns; no amoeboid
cells were present). Similarly, both microglial complexity, primary branching as well as classification
of the morphological appearance were not altered by ES and APP/PS1 in the EC either (Complexity:
condition F(1,12676)=0.17, ns, genotype F(1,12676)=0.94, ns, interaction F(1,12676)=0.42, ns;
Primary branching: condition F(1,22.930)=2.379, ns, genotype F(1,22.821)=1.518, ns, interaction
F(1,23.311)=1.830, ns; Ramified: condition F(1,20)=0.120, ns, genotype F(1,20)=2.447, ns, interaction
F(1,20)=0.058, ns; Intermediate: condition F(1,20)=0.120, ns, genotype F(1,20)=2.447, ns, interaction
F(1,20)=0.058, ns; no amoeboid cells were present; supplementary Fig. 1C).
3.4.2 CD68 coverage in the hippocampus is elevated by ES and in APP/PS1 mice at 4
months of age
CD68 immunoreactivity in the hippocampus was increased by ES exposure and by APP/PS1
overexpression. The APP/PS1 induced increase was further elevated in mice with a history of ES (Fig.
4E). In the DG and the CA, ES and APP/PS1 both significantly increased CD68 coverage (DG: condition
F(1,24)=12.350, p=0.002, genotype F(1,24)=7.869, p=0.010, interaction F(1,24)=1.348, ns; CA:
condition F(1,25)=14.350, p=0.001, genotype F(1,25)=4.368, p=0.047, interaction F(1,25)=1.787, ns;
Fig. 4F-G). CD68 immunostaining in the EC (supplementary Fig. 1D) was increased by APP/PS1, but not
by previous ES exposure (condition F(1,28)=3.097, ns, genotype F(1,28)=13.680, p<0.001, interaction
F(1,28)=0.931, ns; supplementary Fig. 1E).
3.4.3 Expression of neuroinflammatory mediators in the hippocampus is affected by both
ES and APP/PS1
When we analyzed hippocampal expression of CD11b and various cytokines, CD11b and IL-6
mRNA were differentially affected by ES in WT vs APP/PS1, however the post-hoc analysis did not
reveal significance (CD11b: condition F(1,18)=0.355, ns, genotype F(1,18)=0.239, ns, interaction
F(1,18)=8.464, p=0.009; no significant post-hoc effects; IL-6: condition F(1,17)=1.526 ns, genotype
F(1,17)=0.021, ns, interaction F(1,17)=5.404, p=0.033; no significant post-hoc effects; Fig. 4H-I).
Considering the strong interaction effects, we analyzed how ES affects the expression in WT mice
only and found that ES tended to increase CD11b expression and reduces IL-6 expression in WT
mice (CD11b: Ctrl WT: 1.00±0.06, ES WT: 1.18±0.06, t(10)=2.107, p=0.061; IL6: Ctrl WT: 1.08±0.16,
ES WT: 0.52±0.09, t(9)=2.746, p=0.023). Furthermore IL-1β mRNA expression was not affected by
ES or APP/PS1 overexpression (condition F(1,17)=0.036, ns, genotype F(1,17)=0.105, ns, interaction
F(1,17)=0.131, ns; Fig. 4J) and TNFα mRNA expression was elevated by APP/PS1 overexpression but
not differentially by ES (condition F(1,17)=0.002, ns, genotype F(1,17)=6.148, p=0.024, interaction
F(1,17)=0.004, ns; Fig. 4K).
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(LEFT) Fig. 4; ES modulates the neuroinflammatory response in adult WT and APP/PS1 mice at 4 months
A) Representative images of Iba1 immunoreactive cells in Ctrl WT and ES WT males at 4 months. Anatomical
locations of the molecular layer (ML) of the dentate gyrus (DG), stratum lacunosum-moleculare (SLM) and
stratum radiatum (SR) of the cornu ammonis (CA)1 are highlighted and presented in a higher magnification
image. B) APP/PS1 overexpression increased Iba1 cell density in the ML of DG, while ES exposure tended
to increase this as well. C) ES exposure increased Iba1 cell density in the SLM and SR of the CA1 without
an effect of APP/PS1. D) Complexity of Iba1 cells is not affected by either ES or APP/PS1. E) Representative
images of CD68 immunoreactive cells in 4-month-old Ctrl WT, ES WT, Ctrl APP/PS1 and ES APP/PS1 males. F)
CD68 coverage is increased in the DG by both ES and APP/PS1 overexpression. Similarly, G) CD68 coverage is
increased in the CA by ES and APP/PS1 overexpression. H) Expression of CD11b and I) IL-6 are affected by a
condition-genotype interaction, but no significant post-hoc effects could be determined. Still, a separate t-test
indicates that ES reduced IL- 6 expression in ES WT in comparison to Ctrl WT. J) IL-1β expression is not affected
by ES or APP/PS1. K) TNFα is increased in APP/PS1 males. Black bars represent Ctrl groups, white bars ES
groups. Scale bar: A,E 100 μm; D, 10 μm. *: condition effect, #: genotype effect, &: interaction effect. Separate
t-test: ±: sig from Ctrl WT.

3.5 Microglial activation in response to amyloid pathology at an advanced pathological
stage is reduced by ES exposure
3.5.1 Microglial activation in APP/PS1 mice in the hippocampus is reduced after ES
Iba1 immunoreactive microglia in the brains of 10-month-old mice, in addition to containing individual
Iba1 immunoreactive cells, also showed a clustering of Iba1 cells in APP/PS1 mice at this advanced
pathological age in both the hippocampus (Fig. 5A) and in the EC (supplementary Fig. 2A). Therefore,
we quantified next to Iba1 coverage, cell density and complexity of individual Iba1 cells also coverage
of clustered Iba1. In addition, we analyzed the ratio of Iba1 coverage/plaque load, to gain further
insight into the association between Iba1 activation and plaque accumulation. There was an increase
in Iba1 coverage in the DG and CA1 of Ctrl APP/PS1 mice when compared to Ctrl WT mice, which
was reduced after ES exposure (DG ML: condition F(1,23)=7.327, p=0.013, genotype F(1,23)=55.774,
p<0.001, interaction F(1,23)=1.427, p=0.024; CA1 SML & SR: condition F(1,23)=4.270, p=0.050,
genotype F(1,23)=26.492, p<0.001, interaction F(1,23)=0.172, p=0.839; Fig. 5B-C). Furthermore, APP/
PS1 overexpression significantly increased Iba1 cell density of individual Iba1 cells in the ML of the
DG, but not in CA1, and ES did not affect this further (DG ML: condition F(1,23)=2.460, ns , genotype
F(1,23)=12.840, p=0.002, interaction F(1,23)=0.004, ns; CA1 SML & SR: condition F(1,23)=1.822, ns,
genotype F(1,23)=0.797, ns, interaction F(1,23)=0.001, ns). Iba1 coverage and cell density in the EC
were similarly increased in APP/PS1 mice, irrespective of previous ES exposure (Coverage: condition
F(1,23)=0.034, ns, genotype F(1,23)=42.337, p<0.001, interaction F(1,23)=0.016, ns; Cell density:
condition F(1,23)=0.739, ns, genotype F(1,23)=11.496, p=0.003, interaction F(1,23)=0.191, ns;
supplementary Fig. 2B).
Coverage of clustered Iba1 in the DG, present only in the APP/PS1 mice, was not affected by ES exposure (Ctrl: 1.79±0.28, ES: 1.50±0.40, t(8)=1.144, ns; Fig. 5D). Interestingly, however, the ratio Iba1
coverage/plaque load is significantly reduced by 43.4% in the ES exposed APP/PS1 mice (Ctrl: 2.63±0.11,
ES: 1.49±0.26, t(7)=4.367, p=0.003; Fig. 5E), whereas in the EC both the coverage of clustered Iba1 and
the ratio Iba1 coverage/plaque load is not affected by ES (coverage clustered Iba1: Ctrl: 18.42±1.23, ES:
16.84±2.32, t(8)=0.660, ns; ratio coverage Iba1/plaque load: Ctrl: 1.60±0.34, ES: 1.03±0.14, t(8)=1.320,
ns; supplementary Fig. 2C-D). Similarly, Iba1 and CD11b mRNA expression was elevated in APP/PS1
compared to WT mice under control conditions, and this elevation was not, or less strongly, present
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in the APP/PS1 mice exposed to ES (Iba1 mRNA expression: condition F(1,22)=0.354, ns, genotype
F(1,22)=8.540, p=0.008, interaction F(1,22)=4.750, p=0.040; post-hoc Ctrl WT vs Ctrl APP/PS1 p=0.011;
CD11b mRNA expression: condition F(1,23)=1.280, ns, genotype F(1,23)=27.300, p<0.001, interaction
F(1,23)=11.000, p=0.003; post hoc Ctrl WT vs Ctrl APP/PS1 p<0.001, ES WT vs Ctrl APP/PS1 p<0.001,
Ctrl APP/PS1 vs ES APP/PS1 p=0.038; Fig. 5F-G).
Next to Iba1 coverage and cell density, effects of ES and APP/PS1 on the complexity and morphologybased classification of individual microglia were quantified. Microglia of APP/PS1 mice show reduced
complexity of Iba1 cells in both the DG and EC, when compared to WT without an effect of previous
ES exposure (DG: condition F(1,13310)=0.59, ns, genotype F(1,13310)=4.87, p=0.027, interaction
F(1,13310)=0.75, ns; Fig. 5H; EC: condition F(1,12278)=1.02, ns, genotype F(1,12278)=6.34, p=0.012,
interaction F(1,12278)=0.41, ns; post-hoc: APP/PS1 significant lower than WT at 1 μm to 17 μm from
the soma; supplementary Fig. 2E). No differences were, however, present in the classification of these
same cells based on their morphology in the hippocampus (Ramified: condition F(1,18)=2.175, ns,
genotype F(1,18)=1.988, ns, interaction F(1,18)=1.131, ns; Intermediate: condition F(1,18)=1.734,
ns, genotype F(1,18)=0.348, ns, interaction F(1,18)=1.313, ns; Amoeboid: condition F(1,18)=3.379,
ns, genotype F(1,18)=3.379, ns, interaction F(1,18)=3.379, ns). APP/PS1 shifted the morphological
appearance of Iba1 cells in the EC of about 10% of the cells from ramified to more intermediate or
amoeboid, independent of previous ES exposure (Ramified: condition F(1,18)=0.726, ns, genotype
F(1,18)=18.362, p<0.001, interaction F(1,18)=2.191, ns; Intermediate: condition F(1,18)=0.879, ns,
genotype F(1,18)=15.582, p<0.001, interaction F(1,18)=2.496, ns; Amoeboid: condition F(1,18)=0.088,
ns, genotype F(1,18)=3.847, p=0.065, interaction F(1,18)=0.088, ns).
3.5.2 Microglial CD68 is enhanced in APP/PS1 mice and not affected by ES exposure at 10
months
Immunostaining for CD68 revealed abundant CD68 immunoreactive cells in the DG of 10 months
old mice, and clustered CD68 immunoreactive cells in APP/PS1 mice (Fig. 5I). In APP/PS1 mice,
enhanced microglial CD68 coverage was found in the DG and CA without an effect of previous ES
exposure in either WT or APP/PS1 mice (DG: condition F(1,18)=1.472, ns, genotype F(1,18)=35.130,
p<0.001, interaction F(1,18)=0.598, ns; CA: condition F(1,18)=1.684, ns; genotype F(1,18)=10.490,
p=0.005, interaction F(1,18)=0.736, ns; Fig. 5J-K). In APP/PS1 mice, ES did not significantly affect the
ratio of clustered CD68 coverage/ plaque load (Ctrl: 5.08±1.33, ES: 2.33±0.59, t(6)=1.50, ns; Fig. 5L).
Furthermore, CD68 mRNA expression was elevated by APP/PS1 overexpression, but not by previous ES
exposure (condition F(1,21)=0.672, ns, genotype F(1,21)=75.590, p<0.001, interaction F(1,21)=0.013,
ns; Fig. 5M). Similarly, the coverage of CD68 in the EC (supplementary Fig. 2F) is increased in APP/
PS1 mice, without an effect of ES (condition F(1,21)=1.754, ns, genotype F(1,21)=39.019, p<0.001,
interaction F(1,21)=2.660, ns; supplementary Fig. 2G). In addition, ES did not significantly affect the
ratio of clustered CD68 coverage/ plaque load within the EC (Ctrl: 1.42±0.34, ES: 0.72±0.36, t(7)=1.254,
ns; supplementary Fig. 2H).
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3.5.3 Expression of neuroinflammatory mediators in the hippocampus is altered by ES in
APP/PS1 at 10 months
The expression of TNFα mRNA, while not affected in Ctrl APP/PS1, was increased in ES APP/PS1
compared to WT mice (condition F(1,25)=3.530, p=0.072, genotype F(1,25)=8.760, p=0.007, interaction
F(1,25)=4.470, p=0.045; post-hoc Ctrl WT vs ES APP/PS1 p=0.021, ES WT vs ES APP/PS1 p=0.005; Fig.
5N). In APP/PS1 mice, expression of the pro-inflammatory cytokine IL-1β was increased in both Ctrl
and ES mice. IL-6 mRNA expression was not affected by either APP/PS1 of ES exposure (IL-1β: condition
F(1,25)=0.250, ns, genotype F(1,25)=53.140, p<0.001, interaction F(1,25)=0.260 ns; IL-6: condition
F(1,25)=1.695, ns, genotype F(1,25)=0.937, ns, interaction F(1,25)=0.689, ns; Fig. 5O-P).

4. Discussion
We set out to test whether exposure to ES could affect amyloid pathology, modulate the
neuroinflammatory profile, and alter the neuroinflammatory response to Aβ neuropathology in
APP/PS1 mice at two different ages. Our results show that exposure to postnatal chronic ES: 1) had
an age dependent and brain region specific effect on Aβ neuropathology. At 4 months of age, ES
attenuated the cell-associated amyloid, while it aggravated Aβ plaque deposition at 10 months of
age in the DG, without affecting EC neuropathology; 2) altered neuroinflammatory-related factors in
WT mice, affecting different aspects directly after ES at P9 and at 4 months of age, without effects at
10 months of age; 3) modulated the neuroinflammatory response to Aβ pathology in APP/PS1 mice
differently depending on the pathological stage. ES exposure increased the density of microglial Iba1
and phagocytic marker CD68 immunoreactivity at 4 months of age, when cell-associated amyloid
was reduced by ES. In contrast, ES reduced microglial accumulation at the site of Aβ plaques at 10
months, which were increased by ES at this age. Overall, these effects appear more prominent in
the hippocampus, whereas the EC showed no significant alterations upon ES in adult mice. Taken
together, a brief exposure to chronic stress in the first week of life has pervasive effects on later-life Aβ
pathology, on the neuroinflammatory response of WT mice, and on the response to Aβ accumulation
in APP/PS1 mice.
4.1. Amyloid pathology in the hippocampus is affected by early-life stress in a pathological
stage-dependent manner
The hippocampus of Ctrl APP/PS1 mice exhibited abundant cell-associated amyloid at 4 months of
age, while Aβ plaques are sparse at this time. The level of cell-associated amyloid decreased with
advancing age, whereas Aβ plaque load increased strongly in the DG and EC. This is a common feature
in multiple APP transgenic mouse models (Christensen et al., 2009; Cuello, 2005; Ferretti et al., 2012;
Garcia-Alloza et al., 2006; LaFerla et al., 2007; Yu et al., 2009). ES further modulated the pathology
in the DG, depending on the age, hence the pathological stage. To the best of our knowledge, we
describe here for the first time, that chronic ES appears protective at an early pathological stage,
but has deleterious effects when pathology progressed in later life. In fact, even though only few Aβ
plaques have developed in non-stressed APP/ PS1 mice at 4 months of age, ES lowered cell-associated
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(LEFT) Fig. 5; ES exposed APP/PS1 mice show less prominent microglial activation
A) Representative images of Iba1 immunostaining in the DG of 10-month-old WT and APP/PS1 animals
exposed to Ctrl or ES. Arrowheads point to clustering of Iba1 cells related to amyloid in APP/PS1 mice. The
magnified image specifically represents Iba1 in the molecular layers of the DG and CA. B) In the molecular
layer of the DG and C) the CA1 SLM & SR the coverage of Iba1 immunostaining is significantly increased in
APP/PS1 animals, but decreased in ES animals. D) Separate analysis of Iba1 clustering shows that ES does
not increase Iba1 clustering related to plaque pathology in the DG of APP/PS1 animals, while E) the ratio
clustered Iba1 coverage/ plaque load is reduced after ES. F) Expression of Iba1 mRNA is increased in Ctrl
APP/PS1 mice in comparison to Ctrl WT, while Iba1 expression in ES APP/PS1 is not elevated. G) Similarly,
to Iba1 mRNA expression, CD11b expression is significantly increased in Ctrl APP/PS1 in comparison to WT
mice, but to a lesser extent in ES APP/PS1 mice. H) The tracing of hilar Iba1 cells indicates an overall decrease
in the complexity of microglia in APP/PS1 animals, specifically at 3 μm to 17 μm from the soma. I) CD68
immunostaining in the DG of 10-month-old mice.

2
Fig. 5 continued; J, K) CD68 coverage is elevated in APP/PS1 mice
in comparison to WT in both the DG and CA, without an effect of ES
exposure. L) The ratio of clustered CD68 coverage/ plaque load does
not differ between Ctrl and ES APP/PS1. M) Expression of CD68 mRNA is
elevated by APP/PS1, but ES does not affect this expression. N) Expression
of TNFα is significantly increased in ES APP/PS1 in comparison to Ctrl
WT and ES WT and O) IL-1β expression is elevated in both Ctrl and ES
exposed APP/PS1 mice. P) Expression of IL-6 is not significantly affected
by both ES and APP/PS1. Black bars represent Ctrl groups, white bars ES
groups. Scale bar: A,I, 100 μm; H, 10 μm. *: condition effect, #: genotype
effect, &: interaction effect. Post-hoc annotations: @: sig from Ctrl WT;
$: sig from ES WT, %: sig from Ctrl APP/PS1.

amyloid suggesting a reduction in Aβ production, or an increased clearance, which may cause an initial
delay in Aβ neuropathology by ES. This is in contrast to the elevation in Aβ plaque pathology in middleaged ES APP/PS1 mice. Such aggravation of the neuropathology at an advanced pathological stage is
in line with other effects described after chronic ES (Lesuis et al., 2016; Sierksma et al., 2012) and after
exposure to chronic stress at an adult age (Jeong et al., 2006). Also, the observed alterations after ES
in this study only appeared in the hippocampus, rather than the EC. We can only speculate why the
hippocampus is more susceptible to a modulation by ES at 4 and 10 months, for instance due to the
difference in pathological stage at these ages (Jankowsky et al., 2004), or a higher susceptibility of the
hippocampus for perturbation upon stress exposure during early-life (Lucassen et al., 2013).
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When considering possible mediators of the ES effects on Aβ accumulation, glucocorticoids are an
obvious candidate. Indeed, there is considerable evidence that glucocorticoids in adult rats (Catania
et al., 2009) and in triple-transgenic (3xTG) mice (Green et al., 2006) steer APP processing towards
an amyloidogenic pathway. However, in the current study a direct effect of glucocorticoid exposure
seems less plausible as ES exposure (i.e. elevation in corticosterone; Naninck et al., 2015) occurs
several months before Aβ accumulation becomes detectable, and is aggravated by ES. This suggests
that instead of direct effects of corticosterone, ES is likely to have programmed systems involved in Aβ
clearance, production and/or deposition. Interestingly, a large body of literature supports an essential
role for inflammatory changes and microglia in response to Aβ accumulation and Aβ clearance (Fu et
al., 2012; Liu et al., 2010; Majumdar et al., 2007; Wang et al., 2016). We therefore hypothesized that
ES might (re-)program neuroinflammatory properties that could affect the response to the gradual
age-dependent buildup of Aβ thereby influencing the subsequent progression of AD pathology.
4.2. ES affects the hippocampal neuroinflammatory response in P9 and adult wild-type
mice
Microglia change their transcriptional profile and morphological appearance during different stages of
development (Alliot et al., 1999; Matcovitch-Natan et al., 2016; Schwarz et al., 2012), and morphology
of microglia therefore provides a good reflection of their maturity and activational status (Schwarz et
al., 2012). Microglia of Ctrl WT mice at P9 exhibited an intermediate, not yet fully ramified morphology,
suggesting an immature state, similar to that described for rats at P4 (Schwarz et al., 2012). Exposure
to ES reduced the coverage of Iba1 immunoreactive cells in both the DG and EC. Although the reduced
coverage resulted from less microglial complexity in the DG, it was due to reduced microglial cell
density in the EC. The altered microglia coverage in ES mice at P9 is further accompanied by elevated
mRNA expression of pro-inflammatory cytokine IL-1β in the hippocampus, in line with the aberrant
cytokine expression profile following other ES paradigms (do Prado et al., 2015; Roque et al., 2016).
Interestingly, chronic ES-induced effects observed in our mice differ slightly from those in previous
studies of other ES paradigms (Delpech et al., 2016; Gómez-González and Escobar, 2009; Roque et
al., 2016; Roque et al., 2014; Ślusarczyk et al., 2015). These differences might be attributed to the
different periods during which ES exposure occurs. The developmental stage during ES exposure likely
determines the (differential) vulnerability of microglia for perturbations by stress, depending on the
changes in their transcriptional profile and activational status during development (Matcovitch-Natan
et al., 2016; Schwarz et al., 2012). The regional differences in ES-induced effects on microglia within
the DG and EC might similarly reflect a different developmental stage of these two regions during
stress exposure; the EC is already largely developed by P2, whereas the DG still undergoes mayor
developmental changes during the first two postnatal weeks (Altman and Bayer, 1990; Bayer, 1980).
Overall, the perinatal stress-induced alterations in the neuroinflammatory profile during early
hippocampal development, and elevated IL-1β specifically, can be detrimental for proper brain
development (Allan et al., 2005; Felderhoff-Mueser et al., 2005; Vela, 2002). Such alterations might
also lead to an altered neuroinflammatory profile and responsiveness in later-life. Indeed, postnatal ES
exposure elevated Iba1 cell density and the phagocytic marker CD68 in the hippocampus of 4-month-
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old ES WT mice, accompanied by reduced IL-6 mRNA expression. Interestingly, phagocytic activity in
maternally separated mice was similarly increased at 4 weeks of age (Delpech et al., 2016), however
these animals were not followed up to adulthood. The ES-induced effects on Iba1 and CD68 in WT
mice are, however, normalized by 10 months of age. The transient character of the increase in Iba1
cell density might be explained by a temporal overshoot in proliferation during the first few weeks
after ES exposure, as the microglial population expands rapidly during that period (Alliot et al., 1999;
Reemst et al., 2016).
Altogether, ES clearly affects neuroinflammatory aspects at P9 as well as in adulthood. The question
remains whether these alterations in microglia have consequences for hippocampal functioning as
well. It is interesting to speculate for instance if these changes might contribute to the reductions
in hippocampal neuronal plasticity found after chronic ES, i.e. neurogenesis, spine pruning and
reductions found in synaptic connectivity (Naninck et al., 2015; Liu et al., 2016; Wang et al., 2013). It is
furthermore important to understand how such alterations affect the responsiveness of microglia to a
subsequent challenge, thereby potentially contributing to a more vulnerable phenotype.
4.3. Previous ES exposure alters the microglial response in APP/PS1 mice and might
contribute to alterations in Aβ pathology
Accumulation of Aβ triggered a neuroinflammatory response in APP/PS1 mice confirming and
extending findings by others (Babcock et al., 2015; Baron et al., 2014; Guo et al., 2015; Zhang et
al., 2012). This neuroinflammatory phenotype is further modulated by ES exposure. It is intriguing
that the ES-induced reduction in cell-associated amyloid at an early pathological stage (4 months),
was accompanied by enhanced CD68 in the hippocampus. This might suggest that ES exposure has
a protective effect in APP/PS1 mice at this early pathological stage through elevated internalization
and/or phagocytosis of pre-plaque Aβ peptides. On the other hand, at a more advanced pathological
stage, ES rather aggravated the plaque pathology in 10-month-old ES APP/ PS1 mice, accompanied by
reduced microglial accumulation, and a potentiated increase in pro-inflammatory TNFα. Our data thus
suggest that ES affects microglial responses to Aβ in an age- or pathological stage-dependent fashion,
which may contribute to the progression of Aβ pathology in APP/PS1 mice.
The observed differences between WT and APP/PS1 mice highlight the importance of the early-life
environment for later-life neuroinflammatory responsiveness to specific stimuli. Middle-aged WT mice
exposed to ES do not seem different from Ctrl WT mice in terms of the neuroinflammatory profile at
10 months of age. However, a challenging environment or inflammatory insult that stimulates the
neuroinflammatory response in ES mice, such as Aβ accumulation in APP/PS1 mice, can reveal lasting
consequences of ES for microglial functioning. Our findings thus suggest that ES programs or sensitizes
microglia that thereby respond differently upon later challenges or stimuli. Such sensitization is in line
with prenatal ES studies showing an exacerbated pro-inflammatory release of microglia in response to
LPS (Diz-Chaves et al., 2013; Szczesny et al., 2014). However, whether such an acute response to LPS
after ES is mediated through the same sensitization or programming mechanisms as the response to
chronic Aβ accumulation in APP/PS1 mice remains to be determined.
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It is important to note that the markers Iba1, CD11b and CD68, that are typically used to label
endogenous microglia, are also expressed by perivascular macrophages and infiltrating myeloid cells
originating from the bone-marrow, which can infiltrate the brain under pathological conditions (Greter
et al., 2015; Prinz and Priller, 2014; Prinz et al., 2011). Although there is, to our knowledge, no evidence
for altered infiltration of peripheral cells upon experiences of ES or stress in general, there is evidence
both supporting (Mildner et al., 2011; Simard et al., 2006) and opposing (Meyer-Luehmann and Prinz,
2015) contributions of myeloid cells in relation to Aβ clearance in the AD brain. Future studies are
therefore needed to elucidate whether infiltration of peripheral cells might contribute to the observed
phenotype in ES APP/PS1.
One of the open questions is whether or not alterations in Aβ neuropathology and neuroinflammation
correlate with cognitive functioning throughout life. Previous studies describe how the currently
employed chronic ES models leads to cognitive impairments at 4 months of age (Naninck et al., 2015;
Rice et al., 2008), whereas APP/PS1 mice typically exhibit impairments in various spatial memory tasks
only after ±6 months of age (Han et al., 2016; Puoliväli et al., 2002; Trinchese et al., 2004; Zhang et
al., 2011), although in several AD mouse models, there is evidence for a lack of correlation between
alterations in Aβ plaque levels and behavioral outcome (Baglietto-Vargas et al., 2015; Giménez-Llort
et al., 2007; Jaworski et al., 2010; Marlatt et al., 2013). Clearly at this point we can only speculate, but
it is possible that the ES-induced amelioration in amyloid pathology at 4 months of age might also
delay the onset of cognitive impairments in APP/PS1 mice. Considering the elevation in Aβ plaque
load in the DG of ES APP/PS1 mice at 10 months, this would then be expected to aggravate cognitive
impairments at this age. This would be in line with previous studies on effects of adult stress in APP
mouse models (Han et al., 2016; Huang et al., 2015; Jeong et al., 2006).
4.4. Conclusion
We demonstrate that ES impacts microglia throughout life, as summarized in Fig. 6 as a graphical
abstract. The altered neuroinflammatory response can potentially contribute to the consequences
of ES for brain development and later-life functions. Next, ES alters the microglial response to Aβ
neuropathology in the APP/PS1 AD model. Changes in microglia and the neuroinflammatory response
may contribute to these alterations, either by altered Aβ sensing or by developing a dysfunctional
state. Thus, even though ES experiences occur long before the accumulation of Aβ plaque depositions
itself, a history of ES can have a lasting impact on the brain and potentially modify the progression of
AD neuropathology.
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Fig. 6; Summarizing figure
Stress exposure during early-life has immediate and lasting effects on microglia in the hippocampus. Directly
after early-life stress (ES) exposure at postnatal day (P)9, the coverage of microglial Iba1 in the dentate gyrus
of the hippocampus is reduced due to less complex cells. When these animals are followed up into young
adulthood (4 months), ES induces a minor increase in microglial Iba1 cell numbers, which is accompanied by
elevated coverage of microglial CD68. These effects in wild-type (WT) ES exposed mice at 4 months are, however,
normalized when the mice reach middle-age (10 months). In APP/PS1 mice with continuously accumulating
Aβ deposition, ES reduces cell-associated amyloid at 4 months, whereas again microglial CD68 and Iba1 cell
density are increased at this age. Interestingly, when Aβ neuropathology has reached a progressed stage in
10-month-old APP/PS1 mice, ES aggravated this neuropathology and reduced the microglial response.
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Chapter 2 - Supplementary data
Supplementary
Fig.
1;
Microglial Iba1 and CD68 in
the EC at 4 months are not
affected by ES
A) Representative images of
Iba1 immunostaining in the EC
of 4-month-old WT and APP/
PS1 animals exposed to Ctrl or
ES. B) The density of Iba1 cells
is not affected by either ES or
APP/PS1. C) The complexity
of microglia branching is not
affected by ES or APP/PS1 in the
EC. D) Representative images
of CD68 immunostaining in
the EC of 4-month-old WT and
APP/PS1 animals exposed to
Ctrl or ES. E) APP/PS1 increased
the coverage of CD68 in EC,
irrespective of ES. Black bars
represent Ctrl groups, white
bars ES groups. Scale bar: A,D,
100 μm; C, 10 μm. #: genotype
effect.

Supplementary Fig. 2; Microglial Iba1 and CD68 in the EC at 10 months are not affected by ES
A) Representative images of Iba1 immunostaining in the EC of 10-month-old WT and APP/PS1 animals exposed
to Ctrl or ES. B) The coverage of Iba1 in the EC is increased by APP/PS1, but not affected by ES. C) The clustering
of Iba1 cells in the EC as well as D) the ratio of Iba1/ plaque load within this region is not significantly affected
by ES. E) Complexity of microglia branching is reduced by APP/PS1, specifically from 1 to 17 μm from the soma.
F) Representive images of CD68 immunostaining in the EC of 10-month-old WT and APP/PS1 animals exposed
to Ctrl or ES. G) APP/PS1 increased the coverage of CD68 in EC, irrespective of ES. H) The ratio of CD68/ plaque
load in the EC is not significantly affected by previous exposure to ES. Black bars represent Ctrl groups, white
bars ES groups. Scale bar: A,F, 100 μm; E, 10 μm. #: genotype effect.
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Abstract
Stress exposure during early-life (ES) is associated with later cognitive impairments and is hypothesized
to enhance the progression of Alzheimer’s disease (AD)-related β-amyloid (Aβ) neuropathology. In
addition, neuroinflammation can play a role in the progression of Aβ neuropathology and there
is recent evidence that ES altered the inflammatory profile in the hippocampus of wild type and
APP/PS1 mice, an AD mouse model that develops Aβ neuropathology and exhibits (chronic)
neuroinflammatory activation as the result of this. How ES affects microglial functioning is not
well understood to date. We investigated if ES alters microglial functioning in vitro and questioned
if ES modulates microglia and the expression of microglial regulatory factors in vivo, under basal
conditions in wild type mice and in the APP/PS1 mouse model.
Mice were exposed to ES consisting of limited bedding and nesting material from postnatal day
(P)2 to P9. Primary hippocampal glial cultures were prepared from P9 Ctrl and ES pups and used to
study in vitro functional changes in the (micro)glial inflammatory response to lipopolysaccharide
(LPS), and the phagocytic responses to either exposure with beads or with Aβ1-42. The expression
of microglial regulatory factors was further studied in the hippocampus of ES-exposed pups and
adult wild type and APPswe/PS1dE9 mice at ages 4 and 10 months. In addition, the proliferation and
clustering of microglia was studied in the hippocampus of Ctrl and ES APP/PS1 mice.
LPS exposure elicited an inflammatory response in primary glial cultures, a response that was
exacerbated in cultures derived from ES mice. Next to this, preliminary data on the in vitro
phagocytosis assays indicated that microglia from ES mice tended to internalize more beads
than Ctrl microglia, while exposure to Aβ1-42 failed to elicit such an increase in internalization.
The hippocampal mRNA expression profile showed that ES reduced the mRNA expression of the
inflammasome component NLRP3, and of fractalkine CX3CL1 at P9. In contrast, expression of the
microglial receptor CX3CR1 was enhanced in ES-exposed mice at 10 months of age. In addition,
10-month-old APP/PS1 mice had an elevated expression of NLRP3 and CCR2, whereas ES exposure in
these mice lowered expression of these factors. ES further reduced the number of dividing microglia
in the hippocampus of APP/PS1 mice, but not the numbers of clustered microglia at Aβ plaques.
Our findings support the concept that ES can lead to a sensitized response of microglia. The in
vitro inflammatory and phagocytic response were enhanced in ES-derived cultures. In addition,
ES induced a dysregulation in microglia at P9 and the chronic inflammatory stimulation induced
by Aβ accumulation in the brains of APP/PS1 mice led to an abnormal, dampened inflammatory
response in 10-month-old ES APP/PS1 mice. These data highlight the lasting nature of ES effects
on inflammatory mediators and microglial programming. They raise the question whether an early
modulation of the neuroinflammatory signaling changes in ES-exposed individuals can at least in
part prevent the later-life risks associated with such exposure, for example in relation to AD.

Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam; 2, Department of Anatomy
& Neurosciences, Amsterdam Neuroscience, VU University Medical Center.
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1. Introduction
Adverse events that occur during development, like childhood neglect, abuse or maltreatment, have
been shown to induce long-lasting effects on general health and cognition (Ferraro et al., 2016;
Kaplan et al., 2001; Mueller et al., 2010; Schafer and Ferraro, 2011). Although the enhanced risks
of such stressful events in early-life are well-recognized to modulate brain structure and function,
our understanding of the underlying systems that modulate the latent consequences for later brain
functioning is less well developed. During the last few years, various clinical studies have indicated
that children exposed to childhood trauma often exhibit a dysregulated immune system (Baumeister
et al., 2015; Coelho et al., 2014; Dube et al., 2009). Studies of early-life stress (ES) in rodents have
elaborated on these findings and have shown that, next to peripheral immune regulation, also the
central immune response in the brain was altered by ES (Diz-Chaves et al., 2012; 2013; Hoeijmakers
et al., 2017; Szczesny et al., 2014; Ślusarczyk et al., 2015). How ES exactly affects different microglial
functions in the brain has so far barely been studied.
Microglia are the main immune cells of the brain and they mediate inflammatory regulation as well
as other processes in both the developing and adult brain. In the healthy brain, microglia for instance
communicate with neurons and astrocytes through the release of, and response to, cytokines and
chemokines, that for example regulate phagocytosis of synapses and apoptotic cells (Ekdahl, 2012;
Schafer et al., 2012; Tremblay et al., 2011). In addition, microglia have the capacity to sense pathological
events that include not only activation by bacterial pathogens, but also neuropathological events,
like amyloid β (Aβ) peptide accumulation. Indeed, accumulation of Aβ peptides and the formation of
Aβ plaques in the brain of Alzheimer’s disease (AD) patients elicits a strong inflammatory response
from microglia (Babcock et al., 2015; Baron et al., 2014). In addition, microglia are able to clear these
Aβ peptides from the brain by phagocytosis, and this role of microglia is thought to mediate the
progression of Aβ pathology in AD (Heneka et al., 2015; Heppner et al., 2015). Thus, these cells play a
crucial role in the healthy as well as the AD brain.
We recently showed that ES exposure altered AD-related Aβ hallmarks in APPswe/PS1dE9
mice, a transgenic model of Aβ neuropathology. These alterations were associated with altered
neuroinflammation. Specifically, 10-month-old ES APP/PS1 mice exhibited higher levels of Aβ
neuropathology in the hippocampus with a concomitant reduction in microglial activation markers
(Hoeijmakers et al., 2017). This indicated that ES might indeed enhance the risk for AD through an altered
neuroinflammatory response of microglia. However, it is not clear to date which neuroinflammatory
factors regulate the ES mediated changes, under both pathological, and non-pathological conditions.
In addition, APP/PS1 mice exhibit Aβ-induced neuroinflammation and it remained to be answered
whether ES also modulates the response to acute challenges.
We therefore set out to determine whether ES modulates microglial functioning using in vitro
inflammatory and phagocytic stimuli. We then addressed how the expression of specific microglial
regulating factors is affected by ES exposure in the developing brain, as well as in brains of adult wild
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type and APP/PS1 mice, an AD mouse mode that accumulates Aβ in the brain. In addition, we studied
how ES affected microglial proliferation and clustering of microglial cells at Aβ deposits in these AD
mice.

2. Methods
2.1 Experimental setup
All mice in this study underwent early-life stress (ES) from postnatal day (P)2 to P9, as previously
described (Hoeijmakers et al., 2017; Naninck et al., 2015). Briefly, dam and pups were placed in a
control (Ctrl) condition with normal bedding material and 1 square cotton nestlet (5 cm x 5 cm), or in
the limited environment, with half the amount of nesting material on a stainless-steel mesh with only
minimal bedding material. On the morning of P9, the mice were either sacrificed or moved to standard
housing cages. This standard housing consisted of cage enrichment, ad libitum water, standard chow,
20–22°C temperature, and 40–60% humidity. Mice were weaned at P21 and thereafter housed with
2-4 same-sex littermates per cage.
Hippocampal primary glial cultures were used to study microglial functioning after ES-exposure and
these cultures were derived from C57BL/6J P9 pups. The cultures were treated with lipopolysaccharide
(LPS) to stimulate the inflammatory response or with phagocytic stimuli (i.e. beads or Aβ1-42) to test
the phagocytic response of microglia.
The expression of hippocampal microglial regulatory factors was studied in C57BL/6J Ctrl and ES P9
pups, as well as in wild type (WT) and APPswe/PS1dE9 mice of ages 4 and 10 months. The APPswe/
PS1dE9 hemizygous male mice on a C57BL/6J background and their WT littermates were subjected to
the ES paradigm or Ctrl environment as previously described (Hoeijmakers et al., 2017). A number of 6
Ctrl pups from 2 litters and 6 ES pups from 3 litters were included. The number of 4-month-old mice in
this study was per group: 7 Ctrl WT mice of 4 litters, 7 ES WT of 3 litters, 6 Ctrl APP/PS1 of 4 litters and
4 ES APP/PS1 of 3 litters. The number of 10-month-old mice in this study was per group: 6 Ctrl WT mice
of 4 litters, 6 ES WT of 5 litters, 6 Ctrl APP/PS1 of 3 litters and 6 ES APP/PS1 of 4 litters.
We further studied microglial proliferation and microglial clustering in the close vicinity of amyloid
plaques in 6 Ctrl and 4 ES APP/PS1 mice at 10 months of age. The cell birth date marker 5-bromo20-deoxyuridine (BrdU, Sigma-Aldrich, Saint Louis, MO, USA) was injected 3 times a day with a
2-hour interval on 3 consecutive days, at a concentration of 100 mg/kg BrdU dissolved in 0.9% saline
containing 0.007 M NaOH. 2 hours after the last BrdU injection, the mice were transcardially perfused
with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS) as previously described
(Hoeijmakers et al., 2017).
2.2 Hippocampal primary glial cultures of Ctrl and ES litters
The protocol for glial cultures from male Ctrl and ES P9 hippocampi was adapted from previously
descripted protocols for P2 cultures (Ledeboer et al., 2000; Vincent et al., 1997). Pups were rapidly
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decapitated on the morning of P9 and the brains were dissected and placed in cold 0.6% glucosecontaining HBSS for the isolation of the hippocampi, after removal of the meninges and choroid
plexus. The hippocampi were dissociated to a single-cell suspension by titration in culture medium,
which consisted of 1% Pen/Strep (15140 Gibco), 1% l-Glutamine (31550 Gibco) 10% Fetal Calf Serum
(batch 42G9551K, 10270 Gibco), 44% DMEM (11965 Gibco), 44% HAM’s F10 (31550 Gibco). 24-wells
plates (LPS experiment) or coverslips (phagocytosis assays) were coated with 15 µg/ml poly-l-lysine
(P6282 Sigma-Aldrich, Saint Louis, MO, USA) for 30 min and air-dried for 2 hours prior to use. 500 µl of
the single-cell suspension was plated to obtain 250.000 cells in each well. Cells were kept for 10 days
in a 37°C, 5% CO2 incubator and the medium was refreshed on days in vitro (DIV)1, DIV4 and DIV7.
2.2.1 LPS-induced inflammatory response in Ctrl and ES primary glial cultures
The cells were treated with 0 ng/ml, 1 ng/ml, 10 ng/ml or 100 ng/ml LPS (E. Coli, clone 055:B5, BD
Difco) on DIV10 to elicit an inflammatory response. After 4 hours, part of the wells were fixed with
4% PFA in culture medium at room temperature for later immunocytochemistry (ICC) analysis and
stored at 4°C. The remaining cells were lysed in 200 µl TRIzol (Invitrogen, Carlsbad, CA, USA) for qPCR
expression analysis and stored at -80°C. 3 independent Ctrl and 3 independent ES cultures were used
and each LPS concentration was repeated in 2 wells per culture for both the ICC and qPCR analysis.
2.2.2 Phagocytosis assays in Ctrl and ES primary glial cultures
The cells were treated with either Alexa488-conjugated beads (L4655, Sigma-Aldrich, Saint Louis,
MO, USA) or with HiLyte™Fluor 647-labeled human β-amyloid1-42 (AS-64161, Anaspect, Fremont,
CA, USA). The particle size of the Alexa488-conjugated beads was 1.0 µm and the beads were coated
with carboxylate-modified polystyrene latex. The cells were treated with 1:400 beads in medium
for 30 min. HiLyte™Fluor 647-conjugated human Aβ1-42 peptides were dissolved in 0.1 M PBS to
obtain a 125 uM concentration, and were incubated at 37°C for 24 hours to allow to formation of fibril
aggregation, while shaken every few hours, and stored at -80°C (Chakrabarty et al., 2010; Jones et al.,
2013; Michelucci et al., 2009). The HiLyte™Fluor 647-conjugated Aβ was vortexed for 10 seconds prior
to use to brake-down large aggregates, and then administrated to the cells in a 0.5 µM concentration
for a duration of 30 min. After treatment, the cells were fixed with 4% PFA in culture medium at room
temperature for later ICC analysis. The bead assay was analyzed in 5 Ctrl and 4 ES cultures (3 wells
per culture) and the Aβ1-42 assay analysis was analyzed in 3 Ctrl and 3 ES cultures, using 3 wells per
culture.
2.3 Immunocytochemistry of mixed glial cultures
The PFA-fixed cells treated with LPS were stained to control for possible differences in the ratio of
astrocytes and microglia in the cultures. The cells treated with either beads or Aβ1-42 were stained to
analyze internalization of the respective treatment-agent by microglia and astrocytes.
A-specific antibody binding was blocked by incubating the cells with 1% bovine serum albumin for 30
min. This was followed by primary antibody incubation with 1:1000 rabbit anti-Iba1 (190-19741 Wako,
Osaka, Japan) and 1:1000 mouse anti-GFAP (MAB3402 clone GA5 Merck-Millipore, Billerica, MA, USA)
in 0.3% triton X-100, 0.1 M PBS at room temperature for 1 hour, followed by overnight incubation at
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4°C. Cells were washed with 0.1 M PBS and incubated with the following 1:1000 secondary antibodies
in 0.1 M PBS (Invitrogen, Carlsbad, CA, USA); donkey anti-rabbit Alexa488 plus goat anti-mouse
Alexa568 for the LPS cultures and Aβ1-42 cultures and goat anti-rabbit Alexa568 plus goat anti-mouse
Alexa647 for the bead cultures. After washing, the nuclei were stained with 1:10,000 Hoechst for 30
seconds (Sigma-Aldrich, Saint Louis, MO, USA) and cover-slipped with Vectashield (Vector Laboratories,
Burlingame, CA, USA).
2.3.1 Analysis of LPS-treated glial culture ICC
LPS-treated cells were imaged with a Leica DM IL inverted microscope setup (20x objective). A number
of 4 semi-random images were taken per well, avoiding the rim or center of the field, to obtain a
representative overview of the culture. The number of Iba1+ microglia, GFAP+ astrocytes and Iba1-/
GFAP-/Hoechst+ nuclei were counted manually within the images.
2.3.2 Analysis of phagocytosis assays
The beads and Aβ1-42 treated cells were imaged with a Nikon Ti confocal setup (60x objective). 4
z-stacks (1 µm inter-slice distance) were taken per coverslip to obtain a representative overview of
the culture. Iba1+ microglial and GFAP+ astrocytes were outlined in these confocal images using
FIJI/Image J software and the presence of fluorescent signal from beads or Aβ1-42 was measured
within these cells. The average number of internalized beads and Aβ1-42 was calculated per cell. The
average internalization of beads or Aβ1-42 was calculated per coverslip and taken as an individual
measurement for the statistical analysis.
2.4 Immunofluorescent staining of brain sections
2.4.1 Immunostaining protocol
PFA-fixed brain tissue was processed in preparation for immunostaining to obtain 40 µm coronal
section as previously described (Hoeijmakers et al., 2017). The sections were stained for BrdU to
label proliferating cells (1:500 rat anti-BrdU, Accurate Chemical and Scientific Corporation OBT0030,
Westbury, NY, USA), Iba1 as a marker for microglia/ macrophages (1:5000 rabbit anti-Iba1, 019-19741,
Wako Chemicals, Neuss, Germany) and for β-amyloid using the monoclonal antibody 6E10 (1:1500
mouse anti-human Aβ 1-16, SIG-3932-1000, BioLegend, San Diego, CA, USA). The sections were
mounted on pre-coated glass slides (Superfrost Plus slides, Menzel – Gläser, Braunschweig, Germany)
and dried overnight. Sections were washed between all steps with 0.05 M tris buffered saline (TBS)
pH 7.6. The tissue was pretreated with 0.01 M citrate buffer pH 6.0 for 15 minutes in a microwave to
reach and maintain a temperature of ±95°C for ±10 minutes. After cool-down to room temperature,
all sections were incubated for 30 min in blocking mix containing 1% bovine albumin serum, 0.1%
triton X-100, in 0.05 M TBS. Primary antibodies were diluted in the blocking mix and incubated for
2 hours at room temperature, followed by an overnight incubation at 4°C. Alexa fluor-conjugated
secondary antibodies were diluted 1:1000 in blocking mix and incubated for 2 hours (donkey antirabbit Alexa488, goat anti-rabbit Alexa568 and goat anti-mouse Alexa647, Invitrogen, Carlsbad, CA,
USA) and then cover-slipped with Vectashield (Vector Laboratories, Burlingame, CA, USA).
2.4.2 Analysis of proliferating BrdU+ cells and microglial clustering at plaques
3 bilateral sections in the caudal part of the hippocampus (bregma >2.30 mm) were selected with a

Early-life stress sensitization of the neuroinflammatory response to acute and chronic challenges

83

±300 µm intersection distance. A 750 µm by 400 µm z-stack (5 µm inter-slice distance) was imaged in
the dentate gyrus (DG) molecular layer (ML) with a Nikon Ti confocal setup (60x objective), resulting in
6 large-field images per animal that were used for the analysis of BrdU+ cells. The plaques that were
visible in the middle slice of the z-stack were further imaged with a 30 μm Z-stack (1 μm steps) for the
analysis of Iba1+ cells at plaques.
Images were processed with FIJI/Image J software. The number of BrdU+/Iba1+/DAPI+ cells and
BrdU+/Iba1-/DAPI+ cells were quantified as a measure for microglial and other cell type proliferation.
The volume of the imaged plaques was measured using the ImageJ 3DViewer plugin after setting a
threshold to specifically select the plaque. The Iba1+/DAPI+ cells, as well as BrdU+ cells, were then
counted around each plaque as an indicator of microglial clustering.
2.5 RT-qPCR for mRNA expression analysis
The mice were sacrificed by rapid decapitation at P9, 4 months or 10 months of age, after which
the hippocampus was rapidly dissected and stored at -80°C for the analysis of mRNA expression of
different microglial regulators. The conversion of extracted RNA to cDNA from frozen hippocampal
unilateral tissue and TRIzol-lysed cells was performed as previously described (Hoeijmakers et al.,
2017). Relative gene expression of factors regulating microglial functioning in the hippocampus and
LPS-induced cytokine release were assessed by PCR amplification of cDNA using Hot FirePol Evagreen qPCR supermix (Solis Biodyne, Tartu, Estland), and measured by the 7500 Real-time PCR system
(Applied Biosystems, Foster City, CA, USA). All primer pairs had an amplification efficiency of 90-110%.
Multiple reference genes were used for normalization. These reference genes were not differentially
expressed between experimental groups and they met the requirements for reference target stability
quality control, M < 0.5, CV < 0.25 (Derveaux et al., 2010; Hellemans et al., 2007), as calculated
using qBASE software (Biogazalle, Gent, Belgium). The fold change in relative gene expression of the
target genes was finally calculated using the 2∆∆CT method, after normalization for 2 to 3 reference
genes. Selected reference genes: Rpl0, Rpl13, α-tub for LPS-induced cytokine measurements; Rpl0,
Rpl13, Sdha for the P9 hippocampal measurements; Rpl0, Rpl13, Sdha for measurements in tissue of
4-month-old mice; Rpl0, Rpl13 for measurements in tissue of 10-month-old mice.
Primer sequences: Rpl13a forward (fw) 5’-CCCTCCACCCTATGACAAGA-3’, reverse (rev) 5’-TCGCCTGTTTCCGTAACCTC-3’; Rpl0, (fw) 5’-GCTTCATTGTGGGAGCAGACA-3’, rev 5’-CATGGTGTTCTTGCCCATCAG-3’; Sdha, fw 5’-GTTGCTGTGTGGCTGACTG-3’, rev 5’-GCACAGTGCAATGACACCAC-3’; A-tub, fw
5’-CCCTCGCCTTCTAACGCGTTGC-3’, rev 5’-TGGTCTTGTCACTTGGCATCTGGC-3’; Hmgb1, fw 5’-CGGAGAAACTTCAGACCGGA-3’, rev 5’-AGAGGCCGCAGTTTCCTATC-3’; Nlrp3, fw 5’-AGAAGCTGGGGTTGGTGAATT-3’, rev 5’- GTTGTCTAACTCCAGCATCTG-3’; Ccl2, fw 5’-AGCTGTAGTTTTTGTCACCAAGC-3’, rev
5’-GTGCTGAAGACCTTAGGGCA-3’; Ccr2, fw 5’-AGGGAGACAGCAGATCGAGTG-3’, rev 5’-ACAACCCAACCGAGACCTCTT-3’; Cx3cl1, fw 5’-GCGACAAGATGACCTCACGA-3’, rev 5’-TGTCGTCTCCAGGACAATGG-3’; Cx3cr1, fw 5’-ACCGGTACCTTGCCATCTTAG-3’, rev 5’-AGTCACCCAGACACTCGTTG-3’; IL-1β, fw
5’-CCTTGTGCAAGTGTCTGAAG-3’, rev 5’-GGGCTTGGAAGCAATCCTTA-3’; IL-6, fw 5’-AGAAAAGAGTTGTGCAATGGCA-3’, rev 5’-GGCAAATTTCCTGGTTATATCC-3’.
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2.6 Statistics
All quantification procedures were performed by a researcher blind to the experimental conditions.
Data are expressed as the mean ± standard error of the mean (SEM) and were analyzed using Graphpad
Prism 5 (Graphpad, San Diego, CA, USA) or SPSS 20.0 (IBM, Armonk, NY, USA). Significant outliers
were tested by means of a Grubb’s test (Graphpad, San Diego, CA, USA) and data were considered
statistically significant when p < 0.05. Multiple males (2-4) from one litter were included in this study,
resulting in nested data. The effect of the nested factor “litter” was tested with a multilevel approach
with the inclusion of litter as a random factor. The mRNA expression was analyzed using two-way
ANOVA designs with either the factors “condition” and “genotype” (hippocampus) or “condition” and
“treatment” (LPS cultures). Bonferroni post-hoc testing was employed when required. The association
between plaque volume and number of clustered Iba1+ cells was addressed by Pearson’s correlation.
Unpaired Student’s t-tests were used for all single-factor dependent variables.

3. Results
3.1 LPS-induced inflammatory signaling is exacerbated in ES-derived mixed glial cultures
The inflammatory response of Ctrl and ES glial cells was assessed in vitro with a mixed glial culture
containing both astrocytes and microglial cells after treatment with the LPS at DIV10 (Fig. 1A). The
culture consisted of Iba1+ microglial cells and twice the number of GFAP+ astrocytes at DIV10 (Fig.
1B). The proportion of microglial Iba1+ cells and astrocytic GFAP+ cells was not different between Ctrl
and ES cultures (data not shown; ratio astrocytes/microglia Ctrl: 2.1 ± 0.4, ES: 2.7 ± 0.7, t(6)=0.736,
ns). Next to this, the number of cells at DIV10 and ICC phenotyping of microglia and astrocytes did not
correlate with the mRNA expression profile (data not shown).
Although the mRNA expression of HMGB1 was not induced by LPS exposure or ES per se (condition
F(1,30)=0.609, ns, treatment F(3,30)=1.646, ns, interaction F(3,30)=1.459, ns; Fig. 1C), LPS treatment
elicited a very potent inflammatory response in both ES and Ctrl cultures (NLRP3: condition
F(1,33)=29.291, p<0.001, treatment F(3,33)=22.317, p<0.001, interaction F(3,33)=0.460, ns; IL-1β:
condition F(1,39)=26.576, p<0.001, treatment F(3,39)=66.530, p<0.001, interaction F(3,39)=0.760, ns;
IL-6: condition F(1,39)=30.062, p<0.001; treatment F(3,39)=47.926, p<0.001; interaction F(3,39)=5.609,
p=0.003; Fig. 1D-F). Post-hoc analysis indicated that NLRP3, IL-1β and IL-6 mRNA expression were
significantly upregulated by 1 ng/ml or higher concentrations of LPS in Ctrl and ES cultures (for both
Ctrl and ES cultures: 0 ng/ml treatment group was sig from 1 ng/ml, 10 ng/ml and 100 ng/ml treatment
groups for Nlrp3, IL-1β expression and IL-6 with p<0.01; and 1ng/ml was significant from 100 ng/ml
treatment as well for IL-6 expression with p<0.01). Next to this, the LPS-induced increase in NLRP3,
IL-1β and IL-6 was more potentiated in ES cultures than Ctrl cultures, in particular for IL-6 mRNA
expression (NLRP3: post-hoc Ctrl 1 ng/ml vs ES 1 ng/ml p=0.021, Ctrl 10 ng/ml vs ES 10 ng/ml p=0.002,
Ctrl 100 ng/ml vs ES 100 ng/ml p=0.002; IL-1β: post-hoc Ctrl 1 ng/ml vs ES 1 ng/ml p=0.010, Ctrl 10
ng/ml vs ES 10 ng/ml p=0.002, Ctrl 100 ng/ml vs ES 100 ng/ml p=0.008; IL-6: post-hoc Ctrl 1 ng/ml vs
ES 1 ng/ml p=0.008, Ctrl 10 ng/ml vs ES 10 ng/ml p<0.001, Ctrl 100 ng/ml vs ES 100 ng/ml p<0.001).
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Figure 1: Acute inflammatory response to LPS is exacerbated by ES.
A) The hippocampal cells were isolated from the P9 hippocampus to obtain a primary culture of mixed glial
cells. Medium was refreshed on days in vitro (DIV)1, 4, and 7. The cells were exposed to LPS for 4 hours on
DIV10. B) Image of cultured microglial Iba1+ cells and GFAP+ astrocytes at DIV10. C) Expression of HMGB1 was
not altered by either condition or LPS treatment. Expression of D) NLRP3 and E) IL-1β was upregulated by ES as
well as LPS treatment. F) Expression of IL-6 mRNA was similarly exacerbated in the ES cultures exposed to LPS
treatment. Scale bar: 100 µm. Annotations: *, condition; #, treatment; &, interaction. Post-hoc annotations:
^, significant from respective Ctrl group; $, significant from respective 0 ng/ml treatment group; %, significant
from respective 1 ng/ml treatment group.

3.2 Preliminary indications for an ES-induced increase of the in vitro phagocytic response
to beads but not to Aβ1-42
3.2.1 Phagocytic assay with beads
The phagocytic response of glial cells was tested by in vitro exposure to beads (Fig. 2A). Microglia
internalize such beads (Fig. 2B), as indicated by the presence of Alexa488 beads within the Iba1+
microglial cell (Fig. 2C). Microglia showed a high number of internalized beads, with an average of 19.8
beads in Ctrl microglia and 36.9 beads in ES microglia, thus showing a very strong trend to enhanced
internalization of beads after ES (t(24)=1.999, p=0.057; Fig. 2D). Both Ctrl and ES astrocytes internalized
few beads, with an average of 4.6 and 5.0 beads per astrocyte respectively (t(15)=0.143, ns; Fig. 2E).
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Figure 2: Internalization of beads, but not Aβ1-42, seems to be increased in ES microglia
A) Mixed glial cultures prepared from P9 hippocampi of Ctrl and ES mice were exposed to A488 beads on
DIV10. B) Image of microglia cells with co-localized A488 beads and C) orthogonal view indicating the
internalized beads within the Iba1+ microglial cell. D) ES-exposed microglia show a strong trend (p=0.057) to
internalization of more beads relative to Ctrl cultures. E) Astrocytes internalize few beads, without a difference
between Ctrl and ES cultures. F) Mixed glial cultures prepared from P9 hippocampi of Ctrl and ES mice were
exposed to A647 Aβ1-42 on DIV10. G) Image of microglia cells with co-localized Aβ1-42 and H) orthogonal
view indicating the internalized Aβ1-42 within the Iba1+ microglial cell. I) Aβ1-42 was primarily internalized by
microglia cells and J) to a lesser extent by astrocytes, without an effect of ES. Scale bars: 10 µm.
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3.2.2 Phagocytic assay with Aβ1-42
The phagocytic response was similarly addressed by in vitro exposure to HiLyte™Fluor 647 Aβ142 at DIV10 (Fig. 2F). Aβ1-42 was internalized by the glial cells as indicated by co-localization of
Aβ1-42 within the Iba1+ microglia (Fig. 2G-H). Although the internalized Aβ1-42 co-localized on average
with 16.1% of the Ctrl Iba1+ microglia, and with 9.3% of the ES Iba1+ microglia, this difference was
not statistically different (t(15)=1.350, ns; Fig. 2I). The internalization of Aβ1-42 was not significantly
different between Ctrl astrocytes (2.0%) and ES astrocytes (0.5%) either (t(15)=1.389, ns; Fig. 2J).
3.3 Fractalkine and NLRP3 expression are reduced by ES in the hippocampus of P9 pups
Hippocampal mRNA expression of the danger associated molecular pattern (DAMP) HMGB1 was not
affected and NLRP3 was reduced by ES (HMGB1: t(10)=-0.138, ns; NLRP3: t(10)=2.762, p=0.020; Fig.
3A). Expression of CCL2 and CCR2 mRNA was not affected by ES at P9 (CCL2: t(10)=1.283, ns; CCR2:
t(10)=0.146, ns; Fig. 3B). Fractalkine (CX3CL1) mRNA expression was reduced after ES in the P9 pups,
but expression of the receptor CX3CR1 was not significantly altered (CX3CL1: t(10)=3.068, p=0.012;
CX3CR1: t(10)=1.747, ns; Fig. 3C).
3.4 Neuroinflammation mediating factors are dysregulated in 10-month-old ES APP/PS1
mice
Hippocampal mRNA expression of the DAMPs HMGB1 and NLRP3 was not affected by either ES
exposure or APP/PS1 overexpression at 4 months of age (HMGB1: genotype F(1,17)=0.859, ns, condition
F(1,17)=1.730, ns, interaction F(1,17)=0.107, ns; NLRP3: genotype F(1,17)=0.829, ns, condition
F(1,17)=0.254, ns, interaction F(1,17)=1.017, ns; Fig. 4A). Similarly, CCL2 and CCR2 mRNA expression
were not altered either by condition or genotype in 4-month-old mice (CCL2: genotype F(1,16)=0.087,
ns, condition F(1,16)=0.861, ns, interaction F(1,16)=0.290, ns; CCR2: genotype F(1,16)=0.785, ns,
condition F(1,16)=2.045, ns, interaction F(1,16)=0.881, ns; Fig. 4B). The neuron-derived chemokine
CX3CL1 increased in 4-month-old APP/PS1 mice, without an effect of early-life condition (CX3CL1:
genotype F(1,17)=8.726, p=0.009, condition F(1,17)=0.656, ns, interaction F(1,17)=1.876, ns; Fig.
4C), whereas the microglial receptor CX3CR1 was not differentially expressed at this age (CX3CR1:
genotype F(1,17)=0.521, ns, condition F(1,17)=0.142, ns, interaction F(1,17)=1.473, ns; Fig. 4C).

Figure 3: CX3CL1 and NLRP3 are affected by ES exposure in the P9 hippocampus
A) Expression of the DAMP HMGB1 was not affected by ES, but NLRP3 mRNA expression was reduced after
ES exposure at P9. B) Expression of the chemokine CCL2 and the receptor CCR2 were not affected by ES at P9.
C) ES reduced the expression of the neuron-derived chemokine fractalkine, CX3CL1, but not of the microglial
receptor CX3CR1. Annotations: *, condition effect.
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At 10 months of age, both DAMPs were differentially expressed. HMGB1 mRNA expression revealed an
interaction effect, with a trend to increased expression in Ctrl APP/PS1 mice compared to Ctrl WT mice
(HMGB1: genotype F(1,20)=1.545, ns, condition F(1,20)=0.001, ns, interaction F(1,20)=6.294, p=0.021,
post-hoc trend for Ctrl WT vs Ctrl APP/PS1 p=0.090; Fig. 4D). NLRP3 mRNA expression was furthermore
enhanced in all groups when compared to Ctrl WT mice (NLRP3: genotype F(1,20)=22.295, p<0.001,
condition F(1,20)=1.039, ns, interaction F(1,20)=18.224, p<0.001, post-hoc Ctrl WT vs ES WT p=0.008,
Ctrl WT vs Ctrl APP/PS1 p<0.001, Ctrl WT vs ES APP/PS1 p=0.004; Fig. 4D). Although the early-life
condition did not affect CCL2 chemokine expression, the APP/PS1 induced expression of CCR2 in Ctrl
APP/PS1 mice was less potent in the ES APP/PS1 mice (CCL2: genotype F(1,18)=2.020, ns, condition
F(1,18)=0.610, ns, interaction F(1,18)=0.031, ns; CCR2: genotype F(1,18)=1.093, ns, condition
F(1,18)=0.709, ns, interaction F(1,18)=13.379, p=0.002, post-hoc Ctrl WT vs Ctrl APP/PS1 p=0.015,
Ctrl APP/PS1 vs ES APP/PS1 p=0.044; Fig. 4E). Expression of the chemokine CX3CL1 was not affected
by either condition or genotype (CX3CL1: genotype F(1,20)=0.008, ns, condition F(1,20)=0.797, ns,
interaction F(1,20)=1.090, ns; Fig. 4F). ES enhanced the expression of the fractalkine receptor CX3CR1
and APP/PS1 overexpression had a tendency to a similar upregulation in CX3CR1 expression (CX3CR1:
genotype F(1,20)=3.847, p=0.064, condition F(1,20)=5.805, p=0.026, interaction F(1,20)=1.635, ns; Fig.
4F).

Figure 4: Neuroinflammatory mediators is altered by ES in 10-month-old APP/PS1 mice
At 4 months of age, hippocampal expression of A) the DAMPs HMGB1 and NLRP3 was not altered by genotype
or early-life condition. Similarly, B) expression of chemokine CCL2 and its receptor CCR2 was not different
between groups. C) APP/PS1 mice had an increased expression of the chemokine CX3CL1, but not it’s receptor
CX3CR1. In the hippocampus of 10-month-old mice, D) the expression of the inflammasome component NLRP3
was increased in Ctrl APP/PS1 mice, but to a lesser extent in ES APP/PS1 mice, whereas the inflammasome
activator HMGB1 was not affected. E) CCL2 expression was not different between groups, but CCR2 expression
was increased in only the Ctrl APP/PS1 mice. F) Next to this, CX3CL1 expression is not different between groups
at 10 months, but CX3CR1 expression is increased in ES mice. Annotations: *, condition effect; #, genotype
effect; &, interaction effect. Post-hoc annotations: @, sig from Ctrl WT; %, sig from Ctrl APP/PS1.
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3.5 Microglial proliferation, but not microglial clustering, is reduced in ES APP/PS1 at 10
months
3.5.1. Percentage of BrdU+/Iba1+ cells is reduced in 10-month old ES APP/PS1 mice
BrdU expressing, dividing cells were quantified in the ML of the DG to study the proliferative response
of microglia in APP/PS1 mice exposed to ES. 4-month-old APP/PS1 showed very few BrdU+ cells (data
not shown), while the ML contained multiple BrdU+/Iba1+ and BrdU+/Iba1- cells at 10 months of age
(Fig. 5A-B). The total number of BrdU+ cells was equal between Ctrl and ES mice, with approximately
3 to 4 BrdU+ cells per 750 x 400 µm image (t(8)=0.771, ns; data not shown). The percentage of BrdU+/
Iba1+ cells was decreased in ES APP/PS1 mice (t(8)=2.341, p=0.047; Fig. 5C).
3.5.2. The number of Iba1+ clustered cells is not affected by ES in 10-month-old mice.
The number of 6E10+ plaques at 4 months of age was too low for quantification analysis of microglial
clustering, while 6E10+ plaques at 10 months showed abundant clustering of Iba1+ cells (Fig. 6A).
The clustering of Iba1+ cells was strongly correlated with 6E10+ plaque volume in both Ctrl APP/PS1
and ES APP/PS1 mice and these regression slopes were not different from one-another (Ctrl R2=0.704,
p<0.001; ES R2=0.516, p<0.001; difference regression slopes F(1,150)=0.046, ns; Fig. 6B-C). In addition,
the average plaque volume was not affected by ES (t(8)=1.031, ns; Fig. 6D), nor was the clustering of
Iba1+ cells different after normalization for the plaque volume (t(8)=0.177, ns; Fig. 6E). In addition,
the number of BrdU+/Iba1+ cells at the 6E10+ plaques were not affected by ES (BrdU+/Iba1+ cells
t(8)=0.392, ns; data not shown).

Figure 5: ES reduced microglial proliferation in 10-month-old APP/PS1 mice
A) Proliferating BrdU+ cells (yellow arrow and arrowhead) in the the molecular layer (ML) of the dentate
gyrus. One cell is in close proximity of the 6E10+ plaque (arrow). B) The overlay and orthogonal view of these
images reveals that one of the BrdU+ cells is Iba1+ (arrow), while the other cell is Iba1- (arrowhead). C) BrdU+
cell numbers in 10-month old APP/PS1 mice shows that ES reduced the percentage of BrdU+/Iba1+ cells. Scale
bars: 50 µm. Annotation: *, sig from Ctrl APP/PS1.

4. Discussion
In this ongoing study, our preliminary results point to a sensitization of the neuroinflammatory response
after ES. An acute inflammatory challenge with LPS to cultured cells collected after ES, showed that ES
exposed hippocampal glial cells respond in an exacerbated fashion, with a higher expression of proinflammatory factors. Also, the preliminary data on the phagocytic response of ES microglia revealed a
trend to a higher number of internalized beads than Ctrl microglia, while the average internalized Aβ142 in ES microglia was lower, although not significant. The mRNA expression of NLRP3 and CX3CL1 was
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Figure 6: Microglial clustering is not affected by ES in 10-month-old APP/PS1 mice
A) 6E10+ plaques show abundance of clustered Iba1+ cells. The clustering of Iba1+ cells was strongly associated
with the 6E10+ plaque volume in both B) Ctrl APP/PS1 and C) ES APP/PS1 mice. D) Plaque volume was equal in
both Ctrl and ES APP/PS1 mice. E) The clustering of microglial cells in APP/PS1 mice was, after normalization
of the plaque volume, not affected by ES exposure. Scale bar: 50 µm.

reduced directly after stress exposure at P9. At 10 months of age, ES reduced the normally enhanced
expression of microglial regulatory factors in APP/PS1 mice. We furthermore showed that proliferation
of microglia was reduced in ES APP/PS1 mice at 10 months, while the numbers of clustered microglia
surrounding Aβ plaques in the ML of the DG was not altered by ES exposure. Altogether, these data
point to an enhanced inflammatory response to acute challenges in P9 cultured (micro)glia and to a
dampened reaction to the chronic in vivo inflammatory stimulation by Aβ neuropathology in APP/PS1
mice.
4.1 Evidence for an exacerbated response to acute inflammatory challenges
We exposed cultured glial cells to an inflammatory challenge with LPS in order to test the inflammatory
response of ES-exposed glial cells, and showed that the pro-inflammatory response was exacerbated
in ES cultures. These observations are in line with evidence from earlier studies on the sensitization
of the inflammatory response by stress (Frank et al., 2010; Ślusarczyk et al., 2015; Veenema et al.,
2008). One of these studies, furthermore, showed that, without the addition of LPS, prenatal stress
already enhanced pro-inflammatory signaling in cortical primary microglial cultures (Ślusarczyk et al.,
2015). In contrast to this observation, there was no difference between Ctrl and ES cultures in the
pro-inflammatory expression profile without LPS exposure in the current study. In addition, our ES
cultures showed no difference in glial cell numbers and the pro-inflammatory response after LPS was
not associated with either the number of cells or specific cell-types at the time of exposure either. This
indicates that the ES phenotype in our cultures does not relate to a differential starting point at the
time of LPS exposure. These observations thus suggest that ES indeed sensitized glia to a subsequent
inflammatory challenge in vitro, although such sensitization cannot be attributed to specifically
microglia or astrocytes at this point.
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To further test the functional microglial response after ES, we used a phagocytosis assay with beads or
Aβ1-42 to further stimulate the cells in a different setting. It is important to note that the observations
of these experiments are still preliminary because of the low number of analyzed cultures. Currently,
the data seems to point to an enhanced response of the ES-exposed microglia to beads, and possibly
an opposite reduced internalization of Aβ1-42 aggregates. There is nevertheless insufficient statistical
power to support these observations at this point, but it remains interesting to interpret these
preliminary observations. Pro- and anti-inflammatory cytokines are well-described to determine
the phagocytic capacity of microglia (Chakrabarty et al., 2010; Michelucci et al., 2009; Zahn et al.,
1997). A differential inflammatory response of glia cells to beads and Aβ1-42 stimulation can explain
the seemingly opposite phenotypes of these two assays. Indeed, beads generally exert an inherent
phagocytic response of microglia without severe inflammatory regulation, whereas both microglia
and astrocytes react to oligomer and fibril Aβ1-42 with a phagocytic response, as well as the release
of pro-inflammatory cytokines (Chakrabarty et al., 2010; Jones et al., 2013).
In the current study, we prepared primary glial cultures that contain microglia as well as astrocytes.
The altered inflammatory signaling and bead internalization after ES exposure might therefore by
partially mediated by astrocytes or by the interplay between astrocytes and microglia that may have
altered specific functionality of either cell type, or both. Astrocytes have for instance been shown to
influence microglia phagocytosis through the secretion of factors such as GM-CSF (Zahn et al., 1997)
and they react by the exposure to LPS as well as Aβ1-42 (Hamby et al., 2012; Norden et al., 2016;
Pomilio et al., 2015). In contrast to a previous report on astrocytic phagocytic activity (Jones et al.,
2013), we observed little internalization of beads and Aβ1-42 by the astrocytes in both Ctrl and ES
cultures. To date, very little evidence is available on the consequences of ES for astrocytes per se, and
it will be interesting to further study the contribution of these individual cell types, as well as their
interaction after ES exposure.
With these in vitro experiments, we showed that the response of microglia in culture was altered
by the exposure to ES and this suggests that ES sensitizes the response of (micro)glia to different
stimuli. Although these in vitro experiments are a useful tool to study an ES-modulated phenotype,
others have shown that microglia rapidly change their expression profile in culture (Gosselin et al.,
2017) and one should therefore be cautious to draw conclusions about the (direction of) in vivo ES
responses based on these results. We further addressed how ES affects the expression of different
factors that regulate microglial functions in the hippocampus of WT mice and in mice that exhibit
chronic inflammatory activation as the result of accumulated Aβ in the brain.
4.2 Loss of fractalkine expression after ES might drive the microglial phenotype at P9
We studied the expression of several factors in the hippocampus of WT P9 mice and showed that
microglial functioning in the P9 hippocampus was dysregulated after ES exposure, since the expression
of NLRP3 mRNA and CX3CL1 mRNA was reduced by ES. These observations extend on our previous
descriptions of elevated IL-1β mRNA expression and reduced microglial morphology in the ES
hippocampus of P9 mice (Hoeijmakers et al., 2017).
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The decreased expression of CX3CL1 in ES P9 pups was in line with the decreased CX3CL1 protein
levels in prenatal stress exposed P7 rats (Ślusarczyk et al., 2016). The neuron-derived expression of
CX3CL1 is an important off-signal for inflammatory activation of microglia (Biber et al., 2007), and
loss of CX3CL1 is linked with increased pro-inflammatory signaling, including IL-1β (Cardona et al.,
2006). The reduced expression of CX3CL1 mRNA seems therefore in line with the previously reported
increased IL-1β expression levels and reduced microglial complexity after ES (Hoeijmakers et al., 2017).
This phenotype might be instrumental in the contribution of microglia to the ES phenotype during
development. For instance, neuronal-microglial fractalkine signaling has been shown to play an
essential role in phagocytosis during developmental neurogenesis and synaptic pruning (Paolicelli et
al., 2011; Tremblay and Majewska, 2011). Interestingly, the development of dendrites and spines of
pyramidal neurons was suppressed in the P9 brain, when the mice were subjected to the same chronic
ES model as studied here (Liu et al., 2016). It will therefore be very interesting to study if loss in
fractalkine signaling contributes to such an aberrant developmental phenotype in the ES hippocampus.
Interestingly, the mRNA expression of NLRP3 has not been addressed in earlier ES studies, whereas
later-life stress upregulated NLRP3 mRNA expression (Frank et al., 2014) and was interpreted as a
priming mechanism of microglia (Frank et al., 2010). Such enhanced NLRP3 mRNA expression can
be mediated by elevated HMGB1, which is a signal for damage or danger (Frank et al., 2016) or by
activation of the glucocorticoid receptor (Busillo et al., 2011; Frank et al., 2012; 2014). The employed
ES model in this study was previously reported to increase the level of corticosterone in the ES P9
male pups (Naninck et al., 2015; 2017) and we had therefore expected a similar priming effect of ES on
NLRP3 mRNA expression as reported for chronic stress. However, the level of circulating corticosterone
at P9 is much lower than in (stress-exposed) adult rodents, and might therefore not have the same
modulatory effect.
In contrast to the phenotype at P9, NLRP3 mRNA expression was enhanced in 10-month-old ES
WT mice, but not in 4-month-old mice. In addition, mRNA expression of the fractalkine receptor
CX3CR1, was also enhanced by ES at 10 months of age. Previously, we showed that the complexity
of hippocampal microglia, microglial cell numbers and expression of various other factors did not
differ between Ctrl and ES WT mice at 10 months of age (Hoeijmakers et al., 2017). It is therefore
interesting that this phenotype changes by 10 months, however, at this point no clear explanation can
be provided for this phenomenon in ES WT mice.
4.3 Chronic Aβ exposure dampens the neuroinflammatory response
APP/PS1 mice exhibit an ongoing accumulation of Aβ peptides, with little Aβ neuropathology at 4
months and abundant pathology with subsequent inflammatory stimulation at 10 months (Guo et al.,
2015; Hoeijmakers et al., 2017; Jankowsky et al., 2004). We previously showed that Aβ neuropathology
in the hippocampus of ES APP/PS1 mice was reduced at 4 months and aggravated at 10 months of
age, similar to various neuroinflammatory factors (Hoeijmakers et al., 2017). We now showed that
10-month-old APP/PS1 mice exhibited a strong increase in NLRP3 and CCR2 expression, which was less
profound in the ES-exposed APP/PS1 mice, while the expression of CX3CR1 mRNA was enhanced by
ES. This confirms our previous observations.
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Fractalkine signaling between neurons and microglia has been shown to alter the phagocytic
capacity of microglia (Lee et al., 2010), and a deficiency in microglial CX3CR1 was shown to alter the
neuroinflammatory profile and to reduced Aβ deposits (Lee et al., 2010, Liu et al., 2010). An intrinsic
increase in CX3CR1 mRNA expression in ES-exposed mice and neuron-microglia interaction could
therefore mediate an altered neuroinflammatory profile and progression of Aβ neuropathology.
In addition to this, ES APP/PS1 mice exhibited reduced CCR2 expression, when compared to Ctrl APP/
PS1 mice. This receptor for the CCL2 chemokine is only expressed by mononuclear phagocytes and
is essential for the recruitment of these cells to insults (Mack et al., 2001; Mizutani et al., 2012). A
difference in CCR2 mRNA can thus indicate a change in monocyte infiltration. On the other hand, the
hippocampal tissue was not perfused with saline prior to (mRNA) isolation, and our CCR2 expression
can thus also reflect the presence of perivascular monocytes instead of infiltrated monocytes in
the hippocampus. To our knowledge, stress exposure (in early-life) has this far not been reported
to mediate monocyte infiltration (Delpech et al., 2016). However, monocyte infiltration under a
pathological condition, like AD, might be differentially affected by ES and further characterization of
the microglial and monocyte profiles in ES-exposed APP/PS1 mice are therefore needed to clarify if
this plays a role.
In addition to these alterations in the hippocampal expression profile of APP/PS1 mice, we showed
that ES reduced the percentage of dividing BrdU+/Iba1+ microglia in the ML of the DG in APP/PS1
mice. Microglia are long-living cells that can start to proliferate under pathological conditions as an
activated response (Tay et al., 2017), and this reduction in cell proliferation therefore adds to the
altered microglial profile in ES APP/PS1 mice. However, we previously showed that the total number
of microglia in the hippocampus of APP/PS1 mice at 10 months was not affected by ES (Hoeijmakers
et al., 2017). Indeed, the number of proliferating microglia was fairly low and these few cells might
therefore not per se lead to a significant change in the microglial population numbers between Ctrl and
ES mice. Interestingly, also the number of non-microglial dividing cells (BrdU+/Iba1-) was elevated in
the 10-month-old ES APP/PS1 mice and this population of cells might reflect for instance proliferating
astrocytes. Indeed, next to microglia, astrocytes also have a proliferative response to the Aβ exposure
(Kamphuis et al., 2012), but we did not further investigate this hypothesis.
We further addressed the number of accumulated cells at plaques and indicated that there was no
significant difference in the number of clustered Iba1+ cells at Aβ deposits between Ctrl and ES APP/
PS1 mice. Considering that our previous study showed a decrease in clustered Iba1 immunoreactivity
in these same ES APP/PS1 mice (Hoeijmakers et al., 2017), this reduction does thus not likely reflect
reduced cell numbers, but rather a difference in morphology. Plaque-associated microglia obtain a
dystrophic (neuro-degenerative) phenotype, which is associated with reduced process complexity
and altered inflammatory signaling (Gyoneva et al., 2016; Krasemann et al., 2017; Yin et al., 2017).
Whether plaque-associated microglia indeed show a differential (dystrophic) phenotype and how this
relates to the overall aberrant neuroinflammation in ES APP/PS1 mice remains to be studied.
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4.4 Conclusion
This ongoing study stresses the important influences of ES on later neuroinflammatory processes and
microglia in the adult and aged hippocampus. Acute challenges in culture conditions show that ES
might sensitize the neuroinflammatory and microglial responses. In addition, a more chronic exposure
to Aβ elicits a less severe neuroinflammatory phenotype in APP/PS1 mice at 10 months of age.
Intervention studies should clarify if the dysregulation of microglia after ES contributes to cognitive
deficits in WT mice and to the altered Aβ progression in AD mouse models, or vice versa. Additionally,
it will be of interest to study which early-life and later-life interventions could change these
neuroinflammatory components in ES, and if such intervention will also be beneficial in counteracting
the ES-induced increased vulnerability to develop AD.
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Abstract
Early-life stress (ES) may enhance the risk to develop Alzheimer’s disease (AD) later in life. In AD
mouse models, ES indeed advanced AD-related neuropathology and altered neuroinflammation.
We here addressed whether chronic ES accelerates and/or aggravates AD-related cognitive decline
in the classic APPswe/PS1dE9 mouse model, and whether this is associated with alterations in adult
hippocampal neurogenesis (AHN), as a substrate for brain plasticity involved in cognition.
ES induced cognitive impairments in 3-month-old wild type, but not APP/PS1 mice, while it did
not further modulate APP/PS1-induced changes in cellular proliferation or differentiation in the
hippocampus. At 9 months of age, APP/PS1 mice showed spatial memory deficits and reduced AHN
relative to wild type mice, which was not changed by the additional ES exposure.
In conclusion, while ES has been reported to modulate AD neuropathology and neuroinflammation,
it failed to accelerate or aggravate the decline in cognition or AHN in APP/PS1 mice at the studied
ages. Future studies are needed to unravel how ES affects the vulnerability to develop AD.

1. Introduction
Alzheimer’s disease (AD) is the most prevalent form of dementia in the elderly. It is characterized by
an age-related accumulation of amyloid β (Aβ) neuropathology and tau-related neurofibrillary tangles
in the brain (Querfurth and LaFerla, 2010; Scheltens et al., 2016). While mutations in the amyloid or
tau genes induce familial AD in a few percent of the patients, gene-environment interactions likely
play an important role in the majority of patients with sporadic AD (Mayeux and Stern, 2012). Indeed,
multiple life-style factors have been described to modulate AD age-of-onset and progression (Külzow
et al., 2016; Okonkwo et al., 2014). For example, stress experienced in elderly people was a potent
accelerator of age-related cognitive decline (Aggarwal et al., 2014), while the total amount of lifetime distress was in addition associated with an aggravated age-related cognitive decline and AD
development (Johansson et al., 2014; Sindi et al., 2016; Wilson et al., 2003; 2006; 2007).
Recent clinical studies have further suggested that exposure to stress or trauma early in life might
enhance the vulnerability to develop dementia later in life (Seifan et al., 2015; Wang et al., 2016),
although the study of this hypothesis has only recently begun. The early-life period is a sensitive time
for brain development, during which the brain is particularly vulnerable to adversities, that can alter
developmental trajectories and lead to life-long changes in brain function (Barker, 2004; Barker et al.,
2013; Heim and Nemeroff, 2001). In fact, early-life stress (ES) has been shown to induce deficits in
adult hippocampal structure and functioning, as well as cognitive impairments in both humans and
rodent ES models (Calem et al., 2017; Naninck et al., 2015; Staff et al., 2012; Wang et al., 2016).
Interestingly, accumulating preclinical evidence indicates that ES might also modulate the progression
of Aβ pathology. For example, processing of the amyloid precursor protein (APP) was increased in
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam.

Early-life stress does not aggravate impairments in cognition or neurogenesis in APP/PS1 mice

101

non-transgenic adult rats exposed to maternal separation stress (Martisova et al., 2012; 2013; Solas
et al., 2010; 2013). In addition, ES aggravated Aβ pathology in BiAT and APPswe/PS1dE9 mice, which
overexpress mutated AD genetic variants to drive neuropathology (Hoeijmakers et al., 2017; Hui et
al., 2017; Lesuis et al., 2016). These ES-induced alterations in Aβ pathology have also been associated
with altered Aβ-induced neuroinflammatory signaling and microglial activation in APP/PS1 mice
(Hoeijmakers et al., 2017).
There is, furthermore, initial evidence that such alterations in AD-related neuropathology are also
associated with a stronger impairment in spatial memory in 9-month-old, maternally stressed APP/
PS1 mice, when compared to unstressed APP/PS1 mice (Hui et al., 2017). However, relative to the
unstressed transgenic mice, 4-month-old APP/PS1 mice exposed to prenatal stress, or chronic ESexposed 4-month-old biAT mice, showed reduced cognitive deficits or no differences in cognition,
respectively (Lesuis et al., 2016; Sierksma et al., 2013), indicating that the consequences of ES for
cognition might depend on the specific model or ages studied.
One structural substrate implicated in hippocampal plasticity and cognition is adult neurogenesis
(AHN), which refers to the generation of new neurons in the adult hippocampus. Various APP-based
mouse models have demonstrated reductions in the numbers of neurogenic cells in their hippocampus
(Demars et al., 2010; Donovan et al., 2006; Rodríguez et al., 2008). As neurogenesis could respond to
Aβ neuropathology as well as the related neuroinflammation (Biscaro et al., 2012; De Lucia et al.,
2016; Varnum et al., 2015), one could hypothesize that an ES-induced aggravation of Aβ and the
altered neuroinflammatory profile might also further affect AHN. Together, such ES-induced changes
in the hippocampus might contribute to an acceleration or aggravation of cognitive decline.
We therefore here set out to study whether ES-induced changes in AD hallmarks, that we and others
have characterized before, are also associated with accelerated and/or aggravated cognitive deficits
and impaired neuronal plasticity. To this end, we exposed the well-characterized APPswe/PS1dE9
mouse model to chronic ES from postnatal day (P)2 to P9 to test if ES-exposed AD mice exhibit an
earlier onset of cognitive decline (i.e. already at 2-3 months of age), or whether ES exposure might
aggravate cognitive deficits at later ages. We further studied if ES affect the APP/PS1-related alterations
in AHN. Finally, we tested if these measures correlate with one another as well as with the previously
reported changes in AD-related hallmarks (including Aβ pathology and microglial markers Iba1 and
CD68) in this cohort (Hoeijmakers et al., 2017).

2. Materials and methods
2.1 Mice and early-life stress paradigm
Bigenic APPswe/PS1dE9 hemizygous male mice on a C57BL/6J background and their wild type (WT)
littermates were used in this study, as described previously (Hoeijmakers et al., 2017). All animals were
bred in house and underwent the chronic early-life stress (ES) paradigm, consisting of limiting the
nesting and bedding material for 1 week (Hoeijmakers et al., 2017; Naninck et al., 2015).
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Briefly, the dams and pups were assigned to the ES or control (Ctrl) condition on P2. They were left
undisturbed until P9 and moved to standard housing cages until weaning at P21. The standard housing
consisted of cage enrichment, ad libitum water, standard chow, 20–22°C temperature, and 40–60%
humidity. All mice were housed with 2-4 same-sex littermates per cage. Experimental procedures were
conducted according to the Dutch national law and European Union directives on animal experiments,
and were approved by the animal welfare committee of the University of Amsterdam.
2.2 Experimental design
The mice were tested for cognitive functioning in various behavioral tests. Behavior was investigated
in a first cohort of mice (cohort 1) to test if ES impairments were accelerated in APP/PS1 mice and
therefore already present at 2 months of age. A second cohort of mice (cohort 2) was tested for
accelerated decline in one behavioral task at 3 months, and sacrificed at 4 months for further analyses.
A third cohort of mice (cohort 3) was used for behavioral testing at 8 months of age. Finally, cohorts
1 and 3 were used to investigate if ES aggravated cognitive impairments at 9 months of age, and they
were sacrificed at 10 months of age for further analyses. All mice were injected with the cell-birth date
marker 5-bromo-20-deoxyuridine (BrdU) prior to sacrifice (see section 2.4).
Cohort 1 included 45 mice (Ctrl WT n=9 of 7 litters, ES WT n=12 of 8 litter, Ctrl APP/PS1 n=13 of 7 litters,
ES APP/PS1 n=16 of 7 litters). Cohort 2 included 38 mice (Ctrl WT n=10 of 5 litters, ES WT n=11 of 5
litter, Ctrl APP/PS1 n=9 of 5 litters, ES APP/PS1 n=8 of 4 litters). Cohort 3 included 20 mice (Ctrl WT n=6
of 3 litters, ES WT n=8 of 5 litter, Ctrl APP/PS1 n=4 of 3 litters, ES APP/PS1 n=4 of 4 litters). A total of 36
mice from cohort 1 underwent additional behavioral testing at 9 months (Ctrl WT n=9 of 7 litters, ES
WT n=12 of 8 litter, Ctrl APP/PS1 n=8 of 5 litters, ES APP/PS1 n=7 of 5 litters).
2.3 Behavior
Behavioral testing was performed as previously described (Naninck et al., 2015). The object recognition
task (ORT) is a non-spatial, emotionally neutral memory test that makes use of the inherent curiosity
and novelty-seeking behavior of mice. The object location task (OLT) is a spatial, emotionally neutral
memory test, which like the ORT, depends on novelty-seeking behavior. The elevated plus maze (EPM)
is used to address basal exploration and anxiety-like behavior. The Morris Water Maze (MWM) is a
spatial memory task in which mice can escape the water bath by locating a hidden platform using
spatial cues.
The behavioral tasks were performed during the dark (lights-off) phase to accommodate to the
natural, active period of mice, and they were therefore moved at least 1 month prior to testing, to
a housing room with a reversed 12/12 day/night cycle (8 AM lights off). The testing room was lid by
three red-light spots (25W), and mice were transferred daily to the room 1 hour prior to testing. Prior
to behavioral testing, mice were handled for 2 days in the housing room and for 2 days in the testing
room.
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The behavioral performance of the mice was recorded and tracked for automated analysis of
locomotion and position using Ethovision software (Noldus, Wageningen, Netherlands). ORT and OLT
object exploration behavior and EPM arm exploration behavior were scored using Observer software
(Noldus, Wageningen, Netherlands), by an investigator who was unaware of the experimental
conditions.
2.3.1 ORT
The testing-box for the ORT was a rectangular blue-plastic box (l x w x h: 23.5 x 33.1 x 27 cm) with a sawdust
covered bottom, cleaned in between trials with 25% ethanol. The ORT consisted of 4 consecutive days with
on each day a 5-minute trial; 2 habituation trials during which the mice freely explored the testing-box, 1
training trial when the mice explored two identical objects in the testing-box, and 1 testing trial. One of the
objects was replaced during this testing trial, and the mice were allowed to explore this novel object and
the old, familiar object during the 5-minute trial.
Locomotion in the box was tested on all days as an indicator of basal exploration behavior. Mice that
spent <10s exploring the objects during the training or testing trial were excluded from the analysis. The
exploration time of the objects during the training phase and the testing phase was scored to test if this
ratio was equal to 1, indicating no prior preference or bias. The novel object exploration time over familiar
object exploration time was calculated after the testing phase. A ratio for novel/familiar exploration time
that was >1 indicated a preference for the novel object and discrimination from the familiar object.
2.3.2 OLT
The OLT task was performed in the same box as the ORT, and likewise consisted of 4 days with
sequentially 2 habituation trials, 1 training trial and 1 testing trial of each 5 minutes. During the training
trial, the mice were exposed to two new identical objects placed in the middle of the box, of which one
was replaced to a new location during the testing trial. If mice recognized this novelty on the testing
day, they were expected to explore the object in the novel location more so than the familiar location.
Locomotion in the box was tested on all days as an indicator of basal exploration behavior. Mice that
spent <10s exploring the objects at the different locations during the training or testing trial were
excluded from the analysis. Similar to the ORT, the ratio of object exploration time during the training
trials should be equal to 1, and a preference for the novel location was indicated by the novel/familiar
location exploration time >1.
2.3.3 EPM
The EPM was a plus-shaped maze with a neutral 5 x 5 cm center and 35 x 5 cm long arms, raised 100
cm above the floor. Two opposed arms were enclosed with a 30-cm wall, and the two other arms
without any enclosure were open arms (OAs). Of these OAs, the outer 17.5 cm of the arm is referred to
as distal OA, and the remaining part of the OA area, in between the center and distal area, is referred
to as proximal OA (see Fig. 2E for a schematic drawing of the EPM setup). Every mouse was placed in
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the center facing one of the OA and allowed to freely explore the maze for 10 min. One animal fell of
the maze and was therefore excluded from further analysis. Locomotion during the EPM was tested on
all days as an indicator of anxiety and basal exploration behavior. OA exploration time was calculated
as a percentage of total arm exploration time.
2.3.4 MWM
We addressed learning behavior during acquisition trials in the MWM and flexibility of this learning
behavior during reversal training. We additionally adapted the MWM protocol to make the reversal
training more difficult with the use of a smaller platform during reversal training because it requires
more precise spatial navigation of the mice (Vorhees and Williams, 2006).
The MWM was a circular pool (110 cm diameter) filled with water (24 ± 1°C). For acquisition and
reversal training, the mice underwent twice daily, 1-minute trials with a 30-min inter-trial time by
placing them at different, random starting positions in this pool, to exclude egocentric learning
strategies. After a trial, the mice were placed in a clean cage in front of an infrared (heating) lamp for
±1 min after the trial to prevent hypothermia.
The protocol started with 1 day of cued trials during which the pool was filled with clear water and a
visible 12-cm diameter platform was placed in the center of the pool. When the mice did not locate
the platform within the 1 minute trial, they were guided to and placed on the platform for 15 seconds.
During the following 6 days of acquisition trials, the pool was surrounded by spatial cues to support
allocentric spatial navigation, the water was adjusted to opaque by addition of non-toxic paint and
the platform was submerged just below the water-surface in a fixed position within target quadrant
1 (Tq1) for acquisition training. For the probe trial on day 8, the platform was removed and the mice
were placed in the pool for the full 1-minute trial. The protocol then continued with 5 days of reversal
trials with a platform that was reduced to half the original size (6-cm diameter) and placed in a new
location in the maze within Tq2. A second memory trial followed reversal training on day 14.
The latency to reach the platform (escape latency) was measured manually during acquisition and
reversal training. The time spent in Tq1 and Tq2 was recorded during the respective probe trials on day
8 and day 14, as well as locomotion behavior during all trials.
2.4 Tissue collection and processing
All mice of cohorts 2 and 3, and several animals from cohort 1 (2 Ctrl WT, 1 ES WT and 2 Ctrl APP/
PS1 mice) were sacrificed for the analyses of AHN at least 4 weeks after behavioral testing. Prior
to sacrifice, the mice were injected intraperitoneally with the cell birth date marker 5-bromo-20deoxyuridine (BrdU, Sigma-Aldrich), dissolved in 0.9% saline containing 0.007M NaOH. 4-month-old
mice received 3 pulses of 100 mg/kg BrdU with a 2-hour interval on 2 consecutive days. 10-month-old
mice received 3 pulses of 100 mg/kg BrdU with a 2-hour interval on 3 consecutive days. 2 hours after
the last BrdU injection, the mice were sacrificed by transcardial perfusion with paraformaldehyde for
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later immunohistochemical purposes as previously described (Hoeijmakers et al., 2017; Naninck et al.,
2015). Tissue was processed to obtain 40 µm coronal sections in 6 parallel series as described before
(Hoeijmakers et al., 2017; Naninck et al., 2015).
2.5 Immunolabeling for adult hippocampal neurogenesis markers
2.5.1 Antibodies
BrdU immunofluorescent labeling was obtained with a 1:500 dilution of the rat anti-BrdU antibody
(Accurate Chemical and Scientific Corporation OBT0030, Westbury, NY, USA) and doublecortin (DCX)
immunohistochemical labeling was obtained with a 1:800 dilution of the goat anti-DCX antibody
(SantaCruz Biotechnology, Dallas, TX, USA). Immunolabeling for both antibodies followed previous
descriptions (Hoeijmakers et al., 2018; Naninck et al., 2015).
2.5.2 Quantification
An even representation of the hippocampus over the rostral-caudal axis was obtained by selecting 6
coronal, bilateral sections of the hippocampus with 300 µm intersection distance, therewith including
3 sections rostral of bregma -2.30 mm and 3 sections caudal of bregma -2.30 mm. All quantifications
were performed by a researcher blind to the experimental conditions.
BrdU+ cells in the sub granular zone (SGZ) of the dentate gyrus (DG) were counted manually on a
Leica CTR5500 microscope (40x objective) using the Leica MM AF program (MetaMorph version 1.6.0,
Nashville, TN, USA). DCX+ cells in the SGZ and granular cell layer (GCL) were counted manually on a Zeiss
Axiophot light microscope (40x objective) with Microfire camera using StereoInvestigator software
(MBF Bioscience, Williston, VT, USA). DCX+ cells were further classified for DCX+ cell maturation based
on the morphological appearance; type I, horizontal cells without a process reflected immature,
mitotic cells, type II cells with an apical process into the GCL reflected an intermediate stage and type
III cells with a dendritic tree reaching to the molecular layer reflected the immature neuronal stage
(Hoeijmakers et al., 2018). We further addressed sub-regional differences in DCX+ cell numbers (SGZ/
GCL and rostral/caudal hippocampus).
2.6 Statistics
Statistical analysis was performed using SPSS 20.0 (IBM software) and Graphpad Prism 5 (Graphpad
software). Data were considered statistically significant when p<0.05. All graphical representation of
data shows mean + standard error of the mean (SEM).
Data was analyzed with condition (Ctrl-ES) and genotype (WT-APP/PS1) as independent factors in twoway ANOVA designs. Statistical models with litter included as a random factor were run to assess
to whether litter effects influenced the dependent variables. Locomotion behavior over days in the
ORT or OLT, and MWM escape latency was assessed using repeated measure ANOVAs, with “days” as
the repeated factor. Exploration ratios in the ORT and OLT, and probe trial analyses were tested per
experimental group using a one-sample T-test to assess the difference from “1” (equal ratio) or “25%”
(chance level performance) respectively. Pearson’s correlation and linear regression analyses were
employed for the inter-parameter correlations.
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3. Results
3.1 ES does not accelerate the onset of cognitive impairments in young adult APP/PS1 mice
3.1.1 ES and APP/PS1 overexpression do not affect cognitive functioning at 2 months
Cognitive functioning was first addressed in 2-month-old mice (belonging to cohort 1) to test for
an accelerated onset of cognitive impairments (Fig. 1A). The mice showed equal exploration of the
objects or object locations during the training phases of the ORT and OLT at 2 months of age (data
not shown; ORT object exploration ratio Ctrl WT t(6)=2.114 p=0.079, ES WT t(6)=1.875 p=0.110, Ctrl
APP/PS1 t(12)=0.135 p=0.895, ES APP/PS1 t(14)=0.1557 p=0.879; OLT object exploration ratio Ctrl
WT t(8)=0.551 p=0.597, ES WT t(8)=1.769 p=0.115, Ctrl APP/PS1 t(12)=1.378 p=0.193, ES APP/PS1
t(14)=1.816 p=0.091).
All mice were able to discriminate between the novel and familiar object in the ORT (Ctrl WT t(6)=3.951
p<0.001, ES WT t(6)=4.981 p=0.003, Ctrl APP/PS1 t(12)=6.180 p<0.001, ES APP/PS1 t(14)=5.789
p<0.001; Fig. 1B). During the OLT, Ctrl and ES mice of both genotypes explored the novel location of
the object more than the familiar location (Ctrl WT t(8)=2.697 p=0.027, ES WT t(8)=3.304 p=0.011, Ctrl
APP/PS1 t(12)=3.811 p=0.003, ES APP/PS1 t(14)=2.243 p=0.042; Fig. 1C).
3.1.2 Spatial memory is impaired by ES at 3 months of age in WT mice, but not in APP/PS1
mice with or without ES exposure
A second cohort (cohort 2) was tested for cognitive performance in the OLT at the age of 3 months
(Fig. 1D). 3-month-old mice of both conditions and genotypes equally explored the two objects during
the OLT training phase (data not shown Ctrl WT t(9)=0.650 p=0.532, ES WT t(10)=0.572 p=0.580, Ctrl
APP/PS1 t(8)=0.972 p=0.360, ES APP/PS1 t(7)=0.160 p=0.876). ES exposure impaired discrimination of
the novel location in WT mice only (ES WT t(10)=0.311 p=0.762), while all other experimental groups
(Ctrl WT mice and Ctrl and ES APP/PS1 mice) explored the novel object location more than the familiar
object location during the testing day (Ctrl WT t(9)=8.421 p<0.001, Ctrl APP/PS1 t(8)=2.954 p=0.018,
ES APP/PS1 t(7)=2.517 p=0.040; Fig. 1E).
3.1.3 AHN is altered in APP/PS1 mice, but not ES mice, at 4 months of age
One month after the mice of cohort 2 underwent behavioral testing in the OLT, AHN was assessed
at the age of 4 months. BrdU+ proliferating cells in the hippocampal SGZ were found to be reduced
in APP/PS1 mice, and showed a similar trend after ES exposure, without any interaction between
condition and genotype (genotype F(1,33)=19.450, p<0.001, condition F(1,33)=3.471, p=0.071,
interaction F(1,33)=0.413, p=0.525; Fig. 1F). Representative images show the DCX+ cells in Ctrl WT
(Fig. 1G) and Ctrl APP/PS1 (Fig. 1H) mice. The total number of DCX+ cells in the whole granular zone
(i.e. the sub granular zone and granular cell layer) was not significantly affected by either the early-life
condition or genotype, although DCX+ cell numbers tended to increase in APP/PS1 mice (genotype
F(1,32)=2.962, p=0.095, condition F(1,32)=0.043, p=0.840, interaction F(1,32)=0.219, p=0.643; Fig. 1I).
Further classification of the different stages of DCX+ cell maturation, as based on their morphological
appearance, indicated that type III DCX+ immature neurons were increased in APP/PS1 mice compared
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to WT mice, without an effect of ES in either of the genotypes (type I genotype F(1,32)<0.001, p=0.985,
condition F(1,32)=0.352, p=0.557, interaction F(1,32)=0.293, p=0.592; type II genotype F(1,32)=1.455,
p=0.237, condition F(1,32)=0.006, p=0.941, interaction F(1,32)=0.292, p=0.593; type III genotype
F(1,32)=5.897, p=0.021, condition F(1,32)=0.369, p=0.548, interaction F(1,32)=0.134, p=0.717; Fig. 1I).
Both APP/PS1 and ES did further not induce differences in specific hippocampal sub-regions, i.e. GCL/
SGZ or rostral/dorsal hippocampus (data not shown).
Furthermore, the changes in hippocampal neurogenesis did not correlate with the behavioral
performance in the OLT at 3 months of age (data not shown).
3.1.4 Aβ and microglial markers correlate with AHN levels at 4 months
We had previously analyzed and reported on how ES affected β-amyloid pathology, Iba1 and CD68
in the hippocampus in APP/PS1 mice (Hoeijmakers et al., 2017), using the same 4-month-old mice as
used in the current study. We therefore tested to what extent AHN and OLT behavior correlate with
these measures. In 4-month-old mice, the number of neurogenic BrdU+ cells positively correlated
with the extent of cell-associated amyloid in the DG of APP/PS1 mice (BrdU vs cell-associated amyloid:
r=0.593, p=0.015). BrdU+ cell numbers in 4-month-old mice further correlated with microglial Iba1+
cell numbers in the DG and CD68 coverage in the DG (BrdU vs Iba1: r=-0.432, p=0.008; Fig. 1J; BrdU vs
CD68: r=0.468, p=0.012). Controlling for genotype in these correlations showed that genotype was a
strong contributor in both correlations (p<0.01) and that the significant correlation with Iba1 remained
(r=-0.335, p<0.05), but not with CD68 (p>0.05), when genotype was included as a confounding factor.
DCX+ cell numbers at 4 months did not correlate with any of the neuropathological hallmarks (data
not shown).
3.2 APP/PS1 and ES-exposed mice showed hyperactive exploration in ORT, OLT and EPM at
8 months of age
3.2.1 ES WT and APP/PS1 groups exhibit abnormal exploratory behavior during habituation
and testing of the ORT and OLT
A third cohort of mice of all 4 experimental groups (cohort 3) was aged until 8 months with the aim
to test if ES would have aggravated cognitive deficits in APP/PS1 mice (Fig. 2A). However, all ES and
APP/PS1 mice showed abnormal exploration behavior during ORT and OLT habituation and testing
phases when compared to Ctrl WT mice at this age, precluding any conclusions about cognitive
functioning based on these tasks.
Ctrl WT mice reduce their mobility in the ORT-box over the 4 days of sequential habituation, training and
testing, but locomotion was overall higher in ES WT mice and APP/PS1 mice showed a trend towards
an increase in locomotion on the last day (days F(1,17)=82.758, p<0.001, genotype F(1,17)=3.271,
p=0.088, condition F(1,17)=13.251, p=0.002, interaction F(1,17)=.064, p=0.317; post-hoc: condition
Day (D)Ik 1 p=0.006, condition D2 p=0.003, condition D3 p=0.010, genotype D4 p=0.016; Fig. 2B). In
line with this observation, the average moving-speed during the ORT was increased in both ES-exposed
groups, resulting in a trend towards an increase in the APP/PS1 groups (genotype F(1,17)=3.288,
p=0.088, condition F(1,17)=13.108, p=0.002, interaction F(1,17)=1.032, p=0.317; Fig. 2C).
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(LEFT) Figure 1: APP/PS1 mice fail to show an ES-induced cognitive deficit at 3 months and exhibit altered
hippocampal neurogenesis at 4 months
A) C57BL/6J wild type (WT) mice and APP/PS1 male littermates were exposed to early-life stress (ES) or the
control (Ctrl) condition from postnatal day (P)2 to P9. Cognitive performance was assessed in cohort 1 at 2
months of age, using the object recognition task (ORT) and object location task (OLT). B) 2-month-old mice
performed well in the object recognition task and explored the novel object more than the familiar object. C)
All groups explored the novel object location more than the familiar object location during the object location
task at 2 months of age. D) After exposure to the ES paradigm, WT and APP/PS1 mice of cohort 2 were tested
in the object location task (OLT) at 3 months of age. 1 month after OLT testing, the mice were injected with
the cell-birth date marker 5-bromo-20-deoxyuridine (BrdU) on 2 subsequent days with each 3 injections of
each 100mg/kg at a 2-hour interval, and sacrificed 2 hours after the last injection for the analysis of adult
hippocampal neurogenesis. E) At 3 months, ES WT mice were not able to discriminate between the novel
and familiar object location, whereas Ctrl WT and APP/PS1 mice of both conditions explored the novel object
more than the object in the familiar location. F) APP/PS1 mice had a reduction in the number of proliferating
BrdU+ cells in the sub granular zone (SGZ) of the hippocampus. Representative images show the Doublecortin
(DCX)+ cells G) in a Ctrl WT mouse and H) in a Ctrl APP/PS1 mouse. I) In particular, the DCX+ type 3 immature
neurons were increased in APP/PS1 mice. J) The previously reported microglial Iba1+ cell numbers correlated
negatively with the numbers of BrdU+ cells in the dentate gyrus. Scale-bars are 100µm. Annotations: ^, sig
from 1; #, genotype effect. Abbreviations: DCX, Doublecortin; DG, dentate gyrus; ORT, object recognition task;
OLT, object location task; P, postnatal day; SGZ, sub granular zone.

Similarly, general exploration behavior was unequal between groups in the OLT during the 4 days,
with both ES-exposed and APP/PS1 mice showing elevated locomotion activity (days F(1,17)=0.849,
p=0.473, genotype F(1,17)=10.906, p=0.004, condition F(1,17)=15.060, p=0.001, interaction
F(1,17)=0.515, p=0.483; post-hoc: genotype D1 p=0.007, condition D1 p<0.001, genotype D2 p=0.051,
condition D2 p=0.018, genotype D4 p=0.020, condition D4 p=0.023; Fig. 2D). Next to this, the average
walking speed was elevated in both ES and APP/PS1 groups (genotype F(1,17)=11.402, p=0.004,
condition F(1,17)=15.470, p0.001, interaction F(1,17)=0.466, p=0.504; Fig. 2E).
3.2.2 Exploratory behavior of APP/PS1 mice in the EPM is atypical with increased open arm
exploration, whereas ES mice fail to show any alteration
These findings on hyperactivity prompted us to test these same mice for anxiety-related exploration
behavior in the EPM (Fig. 2F). Locomotion in the EPM was higher in the APP/PS1 mice compared to
the WT groups, while ES did not affect this (genotype F(1,15)=4.705, p=0.047, condition F(1,15)=2.668,
p=0.123, interaction F(1,15)=0.089, p=0.769; Fig. 2G). APP/PS1 mice showed a trend to spent more
time in the open arms of the EPM, but this was not significant (genotype F(1,16)=3.523, p=0.078,
condition F(1,16)=2.8311, p=0.112, interaction F(1,16)=0.741, p=0.402; Fig. 2H). They also spent more
time exploring the distal part of the open arms in comparison to the proximal part of the open arm
(genotype F(1,17)=4.988, p=0.039, condition F(1,17)=2.397, p=0.140, interaction F(1,17)=0.1189,
p=0.734; Fig. 2I).
3.3 Cognition and AHN are impaired in 9-month-old APP/PS1 mice and not further modulated
by previous ES exposure
3.3.1 MWM acquisition and reversal training is impaired in APP/PS1 mice and not affected
by ES in either WT or APP/PS1 mice
Behavior of the mice from cohorts 1 and 3 was tested in the MWM at 9 months of age (Fig. 3A).
APP/PS1 mice were significant slower to locate the platform than WT groups, even though all
groups showed a reduced latency to escape during the course of the MWM acquisition (days
F(1,53)=28.714, p<0.001, genotype F(1,53)=32.566, p=0.001, condition F(1,53)=1.864, p=0.178,
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interaction F(1,53)=0.520, p=0.474; post-hoc for day*genotype: Acq1 p=0.008, Acq3 p<0.001,
Acq4 p<0.001, Acq5 p<0.013, Acq6 p<0.001; Fig. 3B). Even though all mice acquired the task, none
of the groups spent above 25% (chance level) of the time in Tq1 during the probe trial (Ctrl WT
t(14)=0.738, p=0.473; ES WT t(19)=0.723, p=0.478; Ctrl APP/PS1 t(10)=1.106, p=0.295; ES APP/
PS1 t(10)=2.520, p=0.030; Fig. 3C).
During the more challenging reversal training, APP/PS1 mice were slower to locate the platform
during all days of reversal training than WT mice (genotype F(1,51)=29.985, p<0.001, condition

Figure 2: ES and APP/PS1 induces hyperactive exploratory behavior in multiple tasks
A) After exposure of WT and APP/PS1 mice to the ES paradigm, the mice that belonged to cohort 3 were
studied at 8 months of age in the object recognition task (ORT), object location task (OLT) and elevated plus
maze (EPM). B) The distanced moved during box exploration for the ORT was higher for ES mice on days 1 to
3, and higher for APP/PS1 mice on day 4. C) The average walking speed of both the ES and APP/PS1 mice was
increased during these exploration days. D) Distance moved during box exploration for the OLT was higher for
ES and APP/PS1 mice on days 1, 2 and 4. E) Average walking speed of ES and APP/PS1 was likewise increased.
F) Schematic of the EPM setup, with 2 closed arms, 2 open arms (OA), and the division of the OAs in proximal
and distal. G) Walking distance in the EPM was elevated in APP/PS1 mice. H) The time spent in the open arms
was not significantly different between the 4 groups, but I) APP/PS1 mice spent more time in the distal part
of the open arm than in the proximal part. Annotations: *, condition effect; #, genotype effect. Abbreviations:
EPM, elevated plus maze; OA, open arm; ORT, object recognition task; OLT, object location task; P, postnatal
day; SGZ, sub granular zone.
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F(1,51)=0.434, p=0.513, interaction F(1,51)=0.281, p=0.598; post-hoc for day*genotype: rev1
p=0.026, rev2 p=0.003, rev3 p=0.001, rev4 p<0.001, rev5 p=0.001; Fig. 3D). Only Ctrl WT mice
showed a reduction in escape latency over the different training days, even though ES WT
mice exhibited a trend to significance in acquiring the new location (rev days F(1,51)=5.294,
p<0.001; Ctrl WT F(3.23,42.04)=4.809, p=0.005; ES WT F(3.10,58.90)=2.326, p=0.082; Ctrl APP/
PS1 F(1.95,19.48)=0.684, p=0.513; ES APP/PS1 F(2.74,24.65)=0.586, p=0.615; Fig. 3D). During the
probe trial that followed reversal training, none of groups displayed memory for the new location
as all of the groups spent less than 25% of the time in the Tq2 (Ctrl WT t(13)=2.006, p=0.066; ES
WT t(10)=3.689, p=0.004; Ctrl APP/PS1 t(19)=2.243, p=0.037; ES APP/PS1 t(9)=2.904, p=0.018;
Fig. 3E).
3.3.2 AHN is reduced in APP/PS1 mice at 10 months
1 month after the end of the MWM paradigm, AHN was assessed in the 10-months-old mice.
Proliferation, measured by BrdU+ cell numbers (Fig. 3F), was reduced in the SGZ of APP/PS1 mice
at 10 months, but ES did not affect this in either genotype (genotype F(1,22)=11.41, p=0.003,
condition F(1,22)=0.099, p=0.756, interaction F(1,22)=1.168, p=0.292; Fig. 3G). Representative
images of DCX+ cells in 10-month-old WT (Fig. 3H) and APP/PS1 mice (Fig. 3I) and quantification
showed that the total number of DCX+ cells was not affected in APP/PS1 mice at this age (genotype
F(1,22)=1.746, p=0.200, condition F(1,22)=2.049, p=0.166, interaction F(1,22)=0.308, p=0.585;
Fig. 3J). The morphological classification of DCX+ cells showed that the type I proliferative and
type II intermediate maturation stages were reduced in APP/PS1 compared to WT mice, while
ES did not further influence this reduction (Type I: genotype F(1,22)=5.853, p=0.024, condition
F(1,22)=2.107, p=0.161, interaction F(1,22)=0.247, p=0.624; Type II: genotype F(1,22)=6.171,
p=0.021, condition F(1,22)=1.671, p=0.210, interaction F(1,22)=0.025, p=0.876; Type III: genotype
F(1,22)=0.001, p=0.976, condition F(1,22)=1.803, p=0.193, interaction F(1,22)=1.016, p=0.324;
Fig. 3J).
Next to this, region-specific analysis showed that DCX+ cells that reside in the SGZ were reduced in
ES groups and APP/PS1 groups, indicating that compared to Ctrl WT mice, the 3 other groups had
fewer DCX+ cell numbers (genotype F(1,23)=21.299, p<0.001, condition F(1,23)=4.491, p=0.045,
interaction F(1,23)=1.124, p=0.300; Fig. 3K). Furthermore, both BrdU+ cell numbers and DCX+
cell numbers did not correlate with the behavioral performance in the MWM at 9 months of age.
3.3.3 Microglial CD68 correlates with cognition and AHN at 10 months
Amyloid pathology and neuroinflammation parameters have previously been analyzed and
reported for this cohort of 10-month-old mice (Hoeijmakers et al., 2017), and we now further
analyzed inter-parameter correlations between these factors, and the new cognition and AHN
data. At 10 months of age, AHN did not correlate with amyloid pathology while acquisition training
in the MWM correlated with microglial CD68 coverage in the DG of 10-month-old mice (MWM
acquisition vs CD68: r=0.454, p=0.030). Microglial CD68 coverage in the DG further showed a
negative correlation with BrdU+ cell numbers and DCX+ cells numbers in the SGZ, but not with
total DCX+ cells (DCX+ SGZ cells numbers vs CD68: r=-0.552, p=0.006). Interestingly, these
correlations did not hold up after including genotype as a confounding factor (data not shown).
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Figure 3: Spatial memory and AHN are impaired in middle-aged APP/PS1 mice
A) WT and APP/PS1 mice of cohort 1 and 3 were exposed to the ES paradigm or control condition and tested
at 9 months of age in the Morris water maze (MWM). A schematic overview of the MWM protocol, which
consisted of 1 day (D) with cued trials, 6 days of acquisition training followed by 1 probe trial, and sequentially
5 days of reversal training with a probe trial. The platform was placed in target quadrant 1 (Tq1) for the
acquisition phase, and in the adjacent Tq2 for the reversal phase. B) WT mice reduced their latency to locate
the platform and escape from the pool over the days of acquisition training, but APP/PS1 were slower in
this. C) The percentage of time spent in Tq1 was not above chance level (25%) for any of the groups during
probe trial 1. D) Escape latency during reversal training was slower in APP/PS1 mice compared to WT mice.
E) Performance during the second probe trial was not affected by the early-life condition or genotype, and
none of the groups performed above chance level. F) Example image of BrdU+ proliferative cells in the SGZ. G)
The number of BrdU+ proliferating cells was reduced in APP/PS1 mice. Representative images of doublecortin
(DCX)+ cells in H) a Ctrl WT mouse and I) a Ctrl APP/PS1 mouse. J) Doublecortin (DCX)+ cell numbers, and in
particular subtypes I and II were reduced in APP/PS1 mice. K) In the sub granular zone (SGZ), the number
of DCX+ cells was furthermore reduced by ES as well as by APP/PS1. Scale-bars are 100µm. Annotations: *,
condition effect; #, genotype effect. Abbreviations: Ctrl, control; D, day; DCX, Doublecortin; ES, early-life stress;
MWM, Morris water maze; P, postnatal day; SGZ, sub granular zone; Tq, target quadrant; WT, wild type.
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4. Discussion
In this study, we addressed if chronic ES exposure accelerated or aggravated AD-related cognitive
decline and alterations in adult neurogenesis in APP/PS1 mice, a classic model for aspects of AD.
Cognitive deficits have previously been indicated in ES WT mice at 4 months of age, and we now
showed that these deficits were not yet present when ES-exposed mice were studied at 2 months.
OLT performance was impaired, however, in 3-month-old ES WT, but not ES APP/PS1 mice. The APP/
PS1 mice further exhibited an increased number of differentiating DCX expressing cells, but decreased
proliferating, BrdU+ cells at 4 months of age. AHN at this age did not correlate with OLT performance
of these mice at 3 months, whereas BrdU+ cell numbers were associated with the APP/PS1-induced
neuropathological and microglial changes at 4 months, that we reported before (Hoeijmakers et al.,
2017). At 9 months of age, we confirm the learning impairments of APP/PS1 mice in the MWM and
show that ES did not further modulate cognition of the APP/PS1 mice, nor of WT mice. AHN was
reduced in APP/PS1 mice at 10 months of age, while the ES-exposed mice further showed a subregional decrease in DCX+ cells in the SGZ. Finally, DCX+ cell numbers and cognition in the 10-monthold mice correlated the previously reported with microglial CD68 coverage in the DG (Hoeijmakers
et al., 2017). Together, these results show that ES does not accelerate or aggravate the AD-related
cognitive decline or the alterations in AHN in APP/PS1 mice.
4.1 No accelerated cognitive and AHN decline in young adult (2-4 months) APP/PS1 mice
exposed to ES
We show for the first time that ES mice were able to discriminate between novel and familiar objects
at 2 months of age and that spatial memory impairments in ES WT mice had developed by 3 months.
This observation is in line with, and extends on the previous descriptions of impairments in cognition
in this ES model at ages 4-6 months (Naninck et al., 2015; Rice et al., 2008; Wang et al., 2011; 2013).
Our results further indicate that ES-induced cognitive deficits in novelty-based learning tasks develop
only after 2 months of age. Interestingly, exposure of rats to limited nesting and bedding material from
P2 to P9 similarly induced deficits at 10, but not yet at 4 months of age (Brunson et al., 2005). Although
these mouse and rat models are not identical, this does imply that chronic ES induced impairments in
specific cognitive tasks arise not until later in adulthood.
Although ES WT mice were impaired in the OLT at 3 months of age, ES-exposed APP/PS1 mice were still
able to learn the task at this time. ES thus does not seem to accelerate impairments in these transgenic
mice and this observation even suggests a to some extent, protective effect of APP/PS1 overexpression
at this age. We suggest that this difference in the phenotype after ES exposure in WT and APP/PS1
mice is potentially mediated by alterations in neurogenic processes. Although 4-month-old APP/PS1
mice exhibited reduced numbers of proliferating BrdU+ cells, the number of differentiating, DCX+
cells was enhanced in APP/PS1 mice, irrespective of ES. This might suggest that more of the BrdU+,
proliferating cells in APP/PS1 mice ultimately differentiated to the neuronal linage to express DCX
and APP/PS1 mice might therefore altogether exhibit a larger neurogenic potential. An increase in
among others DCX+ cell numbers has also been reported in 3-month-old APP/PS1 mice, as well as in
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other AD-related transgenic lines, in particular during the earlier pathological stages when no or little
plaque formation has developed yet (Krezymon et al., 2013; Unger et al., 2016; Wen et al., 2002). This
phenotype has been proposed to be a potential compensatory mechanism of the brain to combat
the degenerative effects of soluble Aβ peptides (Meneghini et al., 2013). However, the neurogenic
cell numbers at 4 months of age did not correlate with OLT performance at 3 months, and an open
question thus remains to what extent AHN alterations contribute to cognition in the ES-exposed and
APP/PS1 mice.
We further addressed whether cognitive performance and AHN were associated with previously
described changes in hippocampal Aβ levels and neuroinflammation in these mice (Hoeijmakers
et al., 2017). Interestingly, BrdU+, but not DCX+, cell numbers correlated positively with cellassociated amyloid levels, and negatively with microglial Iba1 cell numbers in the DG. Clearly, APP/
PS1 overexpression was a strong contributor in these correlations. Interestingly, the correlation of
microglial Iba1 with BrdU+ cells remained significant after correction for the APP/PS1-induced
variation, suggesting that AHN alterations might also be associated with ES-mediated alterations
in neuroinflammatory signaling (Hoeijmakers et al., 2017). Indeed, hippocampal pro-inflammatory
signaling per se can impact neuroplasticity, including AHN (Ekdahl et al., 2003; Jakubs et al., 2008;
Maggio et al., 2013), which awaits further investigation in ES-exposed WT and APP/PS1 mice.
4.2 Cognitive decline in middle-aged, 9-month-old APP/PS1 mice is not aggravated by ES
The first cognitive deficits have been reported to arise in APP/PS1 mice after approximately 6 months
of age (Edwards et al., 2014; Guo et al., 2015; Jankowsky et al., 2005; Zhang et al., 2012) and we
therefore addressed whether ES would have aggravated cognitive performance at 9 months, when the
deficits should have been firmly established. In comparison to WT mice, the APP/PS1 mice had indeed
a slower learning curve during the acquisition and reversal phases. However, none of the groups fully
acquired spatial memory for the platform location, as indicated by the poor probe trial performance
of all 4 groups.
In order to better address more subtle differences between the groups, we used a smaller platform
during reversal training that makes learning of the novel location more challenging and requires more
precision (Vorhees and Williams, 2006). Now, APP/PS1 mice could indeed no longer locate this novel
platform location, whereas Ctrl WT mice showed, and ES WT mice tended to show, learning during
this reversal phase. However, this strong APP/PS1-induced impairment in reversal training did not
allow any possible further impairment in ES-exposed APP/PS1 mice. It is overall evident that APP/PS1
mice are significantly impaired in MWM performance at 9 months and ES did not significantly alter, or
worsen this performance any further.
It is interesting that the ES-exposed WT mice were not impaired in MWM acquisition relative to Ctrl
WT mice either, as was reported for MWM learning in Ctrl and ES WT mice at 5 months of age (Naninck
et al., 2015). A natural decline in the cognitive abilities of Ctrl WT mice might possibly have leveled out
the (earlier) difference between Ctrl and ES mice (Koh et al., 2014; Lindner, 1997), resulting in a similar
learning capacity around middle-age. Indeed, Ctrl WT mice were not able to locate the platform during
the probe trial either.
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Although chronic ES exposure in WT mice was reported to impair ORT learning at 8 months (Rice et al.,
2008), the 8-month-old ES-exposed and APP/PS1 mice in this study showed hyperactive exploratory
behavior in both the ORT and OLT, that was further confirmed by the atypical (distal) open arm
exploration in the EPM. While others reported normal or reduced exploratory behavior of ES-exposed
WT and APP/PS1 mice (Huang et al., 2016; Olesen et al., 2016; Rice et al., 2008), others have described
similar (hyperactive) exploratory behaviors (Filali et al., 2011; Rodgers et al., 2012) that, however,
hampered the proper assessment and evaluation of cognition with these tasks (Cohen and Stackman,
2015; Vogel-Ciernia and Wood, 2014).
Prior to our current study, a related report had shown a stronger impairment in MWM performance
in APP/PS1 mice that were exposed to daily, 3-hour maternal separation from P2-P21 compared to
unstressed APP/PS1 mice (Hui et al., 2017). Next to this, a more ‘positive’ early-life manipulation, i.e.
early-life handling, was found to attenuate some cognitive impairments in 11-month-old APP/PS1 mice
(Lesuis et al., 2017), and 4-month-old 3xTgAD mice (Cañete et al., 2015). Interestingly, we reported
that 1-week of chronic ES enhanced plaque load in the DG (Hoeijmakers et al., 2017), whereas the
APP/PS1 mice exposed to a 3-weeks-long maternal separation paradigm exhibited elevated Aβ plaque
load in the total hippocampus as well as the cortex (Hui et al., 2017). Exposure to 3-week long maternal
separation thus led to a more severe Aβ phenotype as well as more severe cognitive decline in APP/
PS1 mice, relative to 1-week of chronic ES exposure in our current study. Considering that the level
of Aβ has been implicate in the progression of cognitive decline in APP/PS1 mice, this might provide
a possible explanation for the stronger impact of maternal separation stress on cognition decline (Hui
et al., 2017).
Interestingly, MWM acquisition correlated with the previously studied microglial CD68 changes in the
DG but not with the DG Aβ plaque load (Hoeijmakers et al., 2017), indicating that, similar to the
phenotype at 4 months, the APP/PS1-induced neuroinflammatory changes might be associated with
the emergence of the cognitive deficits (Czerniawski and Guzowski, 2014; Dinel et al., 2011; Fonken
et al., 2016; Guo et al., 2015). Alternative behavioral protocols can be employed in future studies to
address (subtler) ES-induced effects on cognition at different ages.
Next to cognitive deficits, APP/PS1 mice have been described to exhibit reduced AHN around the age
of 9-10 months (Demars et al., 2010; Hamilton and Holscher, 2012; Hu et al., 2010; Niidome et al.,
2008; Taniuchi et al., 2007; Verret et al., 2007), although there are expectations as well (Hamilton and
Holscher, 2012; Taniuchi et al., 2007; Unger et al., 2016). The reduction in basal BrdU+ cell proliferation
and DCX+ cell numbers in Ctrl and ES APP/PS1 mice at 9 months is therefore consistent with these
previous studies. Furthermore, the reduction in DCX+ cell numbers correlated with the APP/PS1induced elevation in microglial CD68 coverage in the DG (Hoeijmakers et al., 2017), whereas AHN
did not correlated with MWM performance. Such a correlation suggests that the neuroinflammatory
activation that follows APP/PS1 overexpression, and thus likely Aβ pathology, might be associated with
a reduction of immature neurons as reflected by the changes in DCX+ cell numbers. Anti-inflammatory
treatment has indeed been shown to induce pro-neurogenic effects on newborn cell survival in APP/
PS1 mice (Biscaro et al., 2012), supporting such a relation between neuroinflammation and AHN.
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In addition, exposure to chronic ES did not further aggravate the APP/PS1-induced reductions in AHN,
although ES-exposed mice showed a sub-regional reduction in DCX+ cells in the SGZ, revealing a minor
effect of ES on the DCX+ cells that have not yet migrated into the GCL. Interestingly, at 6 months,
neurogenic cell proliferation and differentiation in the hippocampus were not affected by ES in WT
mice either (Naninck et al., 2015). We now extended on these findings at other ages, and further
show that even under a pathological condition of APP/PS1 overexpression, these neurogenic stages
are not affected by ES exposure. Neurogenic cell survival, an additional measurements for AHN, were
decreased in 6-month-old ES WT males (Naninck et al., 2015), while APP/PS1 mice have been reported
to exhibit reduced cell survival levels as well (Verret et al., 2007). This process might therefore be more
susceptible to ES exposure in APP/PS1 mice and remains to be studied in future experiments. Next
to this, other markers for neuroplasticity in ES-exposed APP/PS1 could be addressed to elucidate if
(chronic) ES-induced changes in WT mice are indeed differently manifested in the APP/PS1 model (Aisa
et al., 2009; Sierksma et al., 2012; Wang et al., 2011).

4.3 Conclusions
To summarize, ES failed to accelerate or aggravate the decline in cognition and AHN in older APP/
PS1 mice. The severe cognitive deficits and already low neurogenic numbers in the middle-aged APP/
PS1 mice might have prevented a further reduction by ES at this late age (‘floor’ effect). Given the
altered neuropathological Aβ levels and neuroinflammation in ES-exposed APP/PS1 mice, this raises
the question whether ES exposure affects other forms of hippocampal neuroplasticity in APP/PS1 mice
and aggravates the decline at other ages. Such knowledge can help to identify vulnerability for laterlife cognitive decline in populations exposed to stress early in their lives, and may help to develop
specified therapeutic interventions.
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Chapter 5

Abstract
In Alzheimer’s disease, the hippocampus is characterized by abundant deposition of amyloid
peptides (amyloid β [Aβ]) and neuroinflammation. Adult hippocampal neurogenesis (AHN) is a
form of plasticity that contributes to cognition and can be influenced by either or both pathology and neuroinflammation. Their interaction has been studied before in rapidly progressing
transgenic mouse models with strong overexpression of amyloid precursor protein (APP) and/
or presenilin 1. So far, changes in AHN and neuroinflammation remain poorly characterized in
slower progressing models at advanced age, which approach more closely sporadic Alzheimer’s disease. Here, we analyzed 10- to 26-month-old APP.V717I mice for possible correlations
between Aβ pathology, microglia, and AHN. The age-related increase in amyloid pathology was
closely paralleled by microglial CD68 upregulation, which was largely absent in age-matched
wild-type littermates. Notably, aging reduced the AHN marker doublecortin, but not calretinin,
to a similar extent in wild-type and APP.V717I mice between 10 and 26 months. This demonstrates that AHN is influenced by advanced age in the APP.V717I mouse model, but not by Aβ
and microglial activation.

1. Introduction
Age is the major risk factor for cognitive decline and neurodegenerative disorders including Alzheimer’s
disease (AD) (Jagust, 2013; Prince et al., 2013; Small et al., 2002). The hippocampus in particular
is implicated in cognition and undergoes functional and volumetric changes during aging (Bobinski
et al., 2000; Hara et al., 2012; Pereira et al., 2014; Raz et al., 2004; Small et al., 2002; West et al.,
1994, 2004) and is affected early in AD (Barnes et al., 1997; Bizon et al., 2009; Devanand et al., 2007;
Frick et al., 1995; Small et al., 2004; Stoub et al., 2010). Indeed, this brain region displays extensive
neurodegeneration and functional deficits, both in AD patients and mouse models (Bobinski et al.,
2000; Breyhan et al., 2009; Dodart et al., 2000; Fotenos et al., 2005; Jack et al., 1999; Schmitz et al.,
2004; Stoub et al., 2010).
Different forms of neuronal as well as synaptic plasticity contribute to hippocampal functions. Adult
hippocampal neurogenesis (AHN) is the generation of new neurons in the dentate gyrus (DG) and
represents a unique form of structural plasticity, implicated in cognition and memory (Deng et al.,
2010; Eriksson et al., 1998; Oomen et al., 2014). AHN decreases with age in both rodents (Cameron
and McKay, 1999; Heine et al., 2004; Kuhn et al., 1996) and humans (Göritz and Frisén, 2012; Knoth et
al., 2010; Manganas et al., 2007; Spalding et al., 2013). It furthermore responds to acute pathological
insults like ischemia and epilepsy (Kuhn et al., 2001; Mattiesen et al., 2009; Parent 2002; Shetty et al.,
2012; Taupin, 2006), as well as to more chronic, slower developing pathologies like Parkinson’s disease
and AD (Boekhoorn et al., 2006; Curtis et al., 2003; De Lucia et al., 2016).
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam; 2, Department of Anatomy
& Neurosciences, Amsterdam Neuroscience, VU University Medical Center; 3, Experimental Genetics Group, LEGTEGG, University of
Leuven. *: shared senior authorship.
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Alterations in AHN have been postulated to contribute to hippocampal dysfunction and/or disease
progression (De Lucia et al., 2016; Gomez-Nicola et al., 2014; Maruszak et al., 2014; Mu and Gage,
2011; Richetin et al., 2015). However, considerable variation with respect to AHN in AD is reported
in clinical studies, including increased, decreased or unchanged AHN and this variance in outcome
seems to depend on the disease stage, the patient age and the examined AHN markers (Boekhoorn et
al., 2006; Briley et al., 2016; Ekonomou et al., 2014; Jin et al., 2004; Li et al., 2008; Perry et al., 2012).
More controlled, preclinical studies have indicated that AHN diminishes when Aβ pathology becomes
apparent (Demars et al., 2010; Donovan et al., 2006; Haughey et al., 2002a,b; Krezymon et al., 2013;
Kuhn et al., 2007; Lucassen et al., 2015; Marlatt and Lucassen, 2010; Mirochnic et al., 2009; Rodríguez
et al., 2008; Verret et al., 2007), although conversely exceptions are reported as well (Donovan et al.,
2006; Haughey et al., 2002b; Krezymon et al., 2013; Mirochnic et al., 2009; Unger et al., 2016; Verret
et al., 2007; Yu et al., 2009). It must be noted that all these findings relied on transgenic mice that
strongly overexpress (combinations of) human amyloid precursor protein (APP) and presenilin 1 (PS1)
mutant transgenes, resulting in high to very high levels of Aβ early in life. These high Aβ levels cause
a rapid development of the pathology, a wanted characteristic for drug-development, which however
deviates from the progression of the neuropathology in humans. Moreover, in these earlier studies,
the transgenic mice were often studied at relatively young ages for practical reasons. Considering that
AD is the most typical agerelated neurodegenerative disorder, the preclinical mouse model APP.V717I
that exhibits a slow progression of amyloid neuropathology might be a source of novel insights into
the relation between AHN and amyloid pathology.
Related to humans, mice over 18 months of age can be considered old-age, whereas mice between
ages 6 and 12 months can be considered adults (Flurkey et al., 2007). APP.V717I mice first develop
amyloid plaques in the entorhinal cortex around 10 months of age. Soon after this, the plaques appear
in the subiculum and other hippocampal subregions of APP.V717I mice, where it further develops to
more extensive pathological levels by 15-18 months of age (Dewachter et al., 2000a,b; Heneka et al.,
2005; Moechars et al., 1999; Tanghe et al., 2010).
Besides amyloid-induced alterations in AHN, neuroinflammatory responses can modulate AHN as
well and in particular microglia are thought to be instrumental (De Lucia et al., 2016; Ekdahl et al.,
2009; Gebara et al., 2013; Olmos-Alonso et al., 2016; Sierra et al., 2010, 2014; Solano Fonseca et
al., 2016; Varnum et al., 2015). Preclinical and clinical studies have revealed an association between
brain aging and enhanced inflammatory signaling by microglia (Cribbs et al., 2012; Deng et al., 2006;
Henry et al., 2009; Holtman et al., 2015; Sheng et al., 1998; Sierra et al., 2007; von Bernhardi et al.,
2011). The inflammatory response of microglia to amyloid pathology (Cribbs et al., 2012; Holtman et
al., 2015; Heneka et al., 2015a,b; Marlatt et al., 2014) might hamper neurogenesis and hippocampal
plasticity (Barrientos et al., 2006; Biscaro et al., 2012; Chapman et al., 2012; Chugh et al., 2013; von
Bernhardi et al., 2015). It is therefore of interest to consider if and how age- and AD-related changes
in microglia in concert with emerging amyloid pathology may affect AHN. Here we characterized both
cell-associated amyloid as well as amyloid plaque pathology in APP.V717I mice at age 10, 14, 19 and 26
months, and studied whether AHN was altered relative to the age-related changes in neuropathology
and microglial activation.
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2. Methods
2.1 Mice
A total of 25 male mice were analyzed in this study: 14 APP.V717I heterozygous mice (Moechars et
al., 1999) and 11 wild-type (WT) mice, all of the FVB/n genetic background. As described before in
detail, the APP.V717I mice produce both Aβ40 and Aβ42 peptides in the brain and develop densecored plaques that contain primarily Aβ42 and are Congo Red and Thioflavin S-positive (Dewachter
et al., 2000b; Moechars et al., 1999; Van Dorpe et al., 2000). In contrast to highly overexpressing and
rapidly progressing mouse models, the APP.V717I mouse model is characterized by a long preplaque
stage and the first plaques do not emerge until ±12 months of age (Dewachter et al., 2000b; Moechars
et al., 1999; Tanghe et al., 2010). Thereby the model more closely resembles the slow, age-related
development of amyloid pathology in human AD patients.
Mice were subdivided in 4 age groups with different stages of amyloid pathology: 10±1 months (WT
N=1, APP.V717I N=4), 14±1 months (WT N=3, APP.V717I N=2), 19±1 months (WT N=1, APP.V717I
N=6) and 26±1 months (WT N=6, APP.V717I N=2) of age. Mice of 10-14 months represented the
early pathological stages with still few amyloid plaques, whereas mice aged 19-26 months displayed
widespread amyloid pathology. All mice were housed with no more than 4 littermates per cage, and
all experiments were carried out in accordance with the EU Directive 2010/63/EU on animal welfare
for scientific purposes.
2.2 Tissue collection
Brains were processed as described previously (Naninck et al., 2015). Briefly, mice were anesthetized
by intraperitoneal injection of 120 mg/kg pentobarbital before transcardial perfusion with 0.9% saline,
followed by 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH 7.4). The brains were removed
and postfixed in 4% paraformaldehyde in 0.1M PB overnight at 4°C and stored in 0.1M PB containing
0.01% sodium azide at 4°C.
Prior to sectioning, brains were kept overnight in 30% sucrose in 0.1M PB for cryoprotection at 4°C,
subsequently frozen and cut in 40 μm thick coronal sections with a sliding microtome. Sections were
divided over 8 series to obtain an even representation of each brain region per series and collected in
an antifreeze solution of 20% glycerol, 30% ethylene glycol and 50% 0.05M phosphate-buffered saline
(PBS) and stored at -20°C until further use.
2.3 Immunohistochemistry
Immunohistochemistry (IHC) was performed to determine (1) amyloid load, (2) CD68 expressing
microglia, the marker present in lysosomes and endosomes of monocytes. IHC for (3) AHN that was
based on the number of cells expressing doublecortin (DCX) as a marker of the differentiation of
neuroprogenitor cells to postmitotic immature neurons (Couillard-Després et al., 2005), and on the
number of cells expressing calretinin (CR) as a marker for more mature postmitotic immature neurons,
in addition to DCX (Brandt et al., 2003). Parallel series of brain sections were used for all stainings.
Amyloid load in APP.V717I mice was assessed by IHC using an antibody directed against the N-terminal
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of the amyloid peptide (rabbit polyclonal anti-Aβ[N], #18584, IBL Japan, Gumma, Japan; Marlatt et
al., 2013). IHC for CD68 marked microglial lysosomal activation (rat anti-mouse CD68 clone FA-11,
MCA1957, Serotec, Kidlington, UK; Hoeijmakers et al., 2017). AHN was determined by IHC for DCX
(goat anti-DCX, sc-8066, Santa Cruz Biotechnology, Santa Cruz, CA, USA; Naninck et al., 2015) and CR
(rabbit anti-calretinin, 7697, Swant, Marly, Switzerland ; Naninck et al., 2015).
Sections for amyloid staining were premounted on coated glass slides (Superfrost Plus, Menzel,
Braunschweig, Germany) with antigen retrieval by sequential citrate buffer and formic acid
pretreatment as described (Christensen et al., 2009; Marlatt et al., 2013). After washing in 0.05M
Tris buffered saline (TBS), and rinsing with sterile water, the slides were incubated in 0.01M citrate
buffer (pH 6.0) using a standard microwave protocol at 95-99°C for 15 minutes. After cooling to room
temperature (RT), antibody retrieval was continued by 3-minute incubation in 88% FA.
Next, the pre-treated slides for amyloid IHC and the free-floating sections for CD68, DCX and CR
staining were washed in 0.05M TBS. Subsequently, slides and sections were incubated in 0.3% H2O2
for 15 minutes to block the endogenous peroxidase activity. Nonspecific antibody binding was blocked
by 30-minute incubation in 1% bovine serum albumin, 0.1% Triton X-100 in 0.05M TBS (Aβ, CD68),
2% milk powder in TBS (DCX), 2% normal goat serum, 0.3% Triton X-100 in 0.05M TBS (CR). Primary
antibodies were diluted in a blocking mix (1:1000 Aβ, 1:400 CD68, 1:5000 CR) or in an incubation
mix of 0.25% gelatin, 0.1% Triton X-100, in 0.05M TBS (1:800 DCX), and incubated for 1 hour at RT
followed by overnight incubation at 4°C. Secondary biotinylated antibodies for Aβ and CR (goat antirabbit IgG 1:500 Vector Laboratories, Burlingame, CA, USA), for CD68 (donkey anti-rat IgG 1:500 Vector
Laboratories, Burlingame, CA, USA) and for DCX (donkey anti-goat IgG 1:500 Jackson Laboratories, Bar
Harbor, ME, USA) were diluted in the same buffers as the primary antibodies and added to the sections
for 2 hours at RT, followed by 90-minute incubation with avidin-biotin complex (Vectastain elite ABC
peroxidase kit, 1:800 in 0.05M TBS, Vectastain, Brunschwig Chemie, Amsterdam, the Netherlands).
DCX staining included an additional signal amplification step for 30 minutes with biotinylated tyramide
(1:500 in 0.01% H2O2 in 0.01M TBS) followed by a second incubation of 90 minutes with avidin-biotin
complex. Finally, the tissues were thoroughly washed in 0.05M Tris buffer (TB) prior to incubation
in 0.5 mg/ml diaminobenzidine, 0.01% H2O2 in 0.05M TB for chromogen development, followed
by washing in 0.05M TB. Free-floating sections were mounted on precoated glass slides (Superfrost
Plus slides, Menzel-Glaser, Braunschweig, Germany) and cover slipped with Entellan (EMD Millipore,
Billerica, MA, USA).
2.4 Image analysis and quantification
Quantification of immunoreactive staining was performed by an observer unaware of the experimental
conditions. The hippocampus was subdivided over the rostral-caudal axis based on the predetermined
bregma points, with all sections from bregma -1.22 to -2.30 mm representing the rostral/dorsal
hippocampus, and all sections from bregma -2.70 to -3.64 mm representing the caudal/ventral
hippocampus. Six bilateral sections with an approximate intersection distance of 480 μm per animal
were chosen for analysis for all 4 quantifications (amyloid, CD68, DCX, and CR), thereby including 3
sections representing the rostral hippocampus and 3 sections representing the caudal hippocampus.
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2.4.1 Amyloid and CD68 immunoreactivity
Amyloid plaque load and CD68 immunoreactivity (referred to as CD68 coverage) were quantified in
the hippocampal subregions subiculum, DG, cornu ammonix (CA) by image analysis based on standard
thresholding method (Hoeijmakers et al., 2017; Marlatt et al., 2013). The respective regions were
viewed and recorded with a Leica CTR5500 microscope (10x objective for Aβ and 20x objective for
CD68) using dedicated software (Leica MetaMorph AF, version 1.6.0; Molecular Devices Sunnyvale,
CA, USA). Images were processed using publicly available software (Image J; NIH, Bethesda, MD, USA).
The respective regions were delineated in all images and converted to 8-bit grayscale pictures. A fixed
threshold was set to include all IHC-positive signals in the delineated regions, allowing us to determine
the relative areas that define amyloid plaque load and CD68 coverage.
Next, we manually counted the number of CD68+ cells and the number of Aβ+ cells. CD68+ cells were
sampled in the subiculum (250 μm x 250 μm area), CA1 (250 μm x 250 μm area) and molecular layer of
the DG (150 μm x 150 μm area) of the aforementioned selected brain sections. The CD68+ individual
cell surface (μm2) was further measured by dividing the CD68+ surface coverage (μm2) in the individual
squares by the number of counted cells in this area, as a proxy for the changes in CD68 expression at
the individual cell level. The number of Aβ+ cells is referred to as cell-associated and intraneuronal
amyloid (Christensen et al., 2009; Jeong et al., 2006; LaFerla et al., 2007). In each image, we quantified
the cells in a 200 μm x 200 μm area in the center of the subiculum, and in a 100 μm x 400 μm area
covering part of the pyramidal cell layers of the CA1 and CA3. Quantification of cell-associated amyloid
in CA1 and CA3 pyramidal cell layers were combined to represent the cell-associated amyloid in the
CA.
2.4.2 DCX and CR immunoreactive cell numbers
DCX immunoreactive cells (DCX+) and CR immunoreactive cells (CR+) were manually quantified at
20x magnification (Zeiss Axiophot microscope, Microfire camera; Optronics, Goleta, CA, USA) using
dedicated software (Stereo Investigator software; MicroBrightField, Magdeburg, Germany). DCX+ and
CR+ cells were counted in the DG granular cell layer (GCL) and subgranular zone (SGZ). DCX+ cells were
further classified into 3 different developmental stages based on their morphological appearance
(Oomen et al., 2010). The proliferative stage represents cells with no or very short, plump processes;
the intermediate stage refers to cells with one process approaching or reaching the molecular layer;
the postmitotic/immature neuron stage includes cells with dendritic branching into the GCL and/or
molecular layer (Oomen et al., 2010).
2.4.3 Volume estimation
Estimations of the volumes of GCL, DG and total hippocampus were based on the Cavalieri principle
(Gundersen and Jensen, 1987, Hoeijmakers et al., 2017). A surface estimation of the regions was
obtained based on the 6 bilateral hippocampal sections by outlining the contour of the specific region
of interest. The total estimated surface was then multiplied by the section thickness (40 μm), by
the number of series (8) and by the ratio of bilateral hippocampal sections sampled out of the total
number of hippocampal sections within a series (6 out of 9).
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2.5 Statistical analysis
Data graphs present means + standard error of the mean. Statistical outliers were not present in the
data, as test by the freely available online Grubb’s test (Graphpad software, San Diego, CA, USA).
Further statistical analysis was performed with SPSS 22.0 software. Significance was accepted for
p<0.05. Amyloid pathology in APP.V717I mice was analyzed by one-way analysis of variance and post
hoc analyses were performed using Bonferroni multiple comparison tests. Data of CD68, DCX+ cell
numbers and CR+ cell numbers in WT and APP.V717I mice were analyzed using the two-way analysis of
variancemodel with genotype and age as independent factors. For these analyses, the 2 youngest (10
and 14 months) and 2 oldest (19 and 26 months) age groups were combined in order to compare an
early pathological stage (10 and 14 months) with more abundant pathology (19 and 26 months). The
relatively low power prevented the assessment of age-specific effects within all 4 age groups. Overall,
interparameter relationships were tested using Pearson’s bivariate correlation analysis.

3. Results
3.1 APP.V717I expression, but not age,
induced hippocampal atrophy
Hippocampal atrophy is one of the hallmarks of
AD and we therefore estimated the volume of the
hippocampus with specific attention for DG and GCL.
Hippocampal, DG and GCL volumes were smaller in
APP.V717I compared to age- and gender-matched
WT mice, independent of age (Hippocampus:
age F(1,20)=0.282, ns, genotype F(1,20)=7.773,
p=0.011, interaction F(1,20)= 1.886, ns; DG:
age F(1,20)=0.020, ns, genotype F(1,20)=6.278,
p=0.021, interaction F(1,20)= 1.522, ns; GCL:
age F(1,21)=0.105, ns, genotype F(1,21)=13.708,
p<0.001, interaction F(1,21)=0.487, ns; Fig. 1A-C).

Fig. 1; Hippocampal volume is reduced in APP.
V717I males
The volume of (A) the entire hippocampus, (B) the
DG and (C) the GCL is reduced in APP.V717I mice,
irrespective of age. Annotations: #, genotype effect.

3.2 Amyloid pathology increased with age in APP.V717I mice
Quantification confirmed the age-related progression of amyloid pathology between age 10- and
26-month-old APP.V717I mice, which was brain region specific (Fig. 2A-B). Amyloid load was low at 10-14
months of age in all brain regions and progressed at older age, primarily in the subiculum (F(3,10)=17.704,
p<0.001; Bonferroni post-hoc test 10 months vs. 19 months p<0.001, 10 months vs. 26 months p=0.011,
14 months vs. 19 months p=0.005, 14 months vs. 26 months p=0.047; Fig. 2C). Amyloid plaque load was
further elevated in the DG and CA at 26 months of age (DG: F(3,10)=7.166, p=0.007; Bonferroni posthoc test 10 months vs. 26 months p=0.009, 14 months vs. 26 months p=0.023, 19 months vs. 26 months
p=0.018, all other comparisons ns; CA: F(3,10)=7.166, p=0.007; Bonferroni post-hoc test 10 months vs.
26 months p<0.001, 14 months vs. 26 months p<0.001 and 19 months vs. 26 months p<0.001; Fig. 2D-E).
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Fig. 2; Characterization of amyloid pathology in APP.V717I males
(A) Representative image of Aβ immunoreactive staining in the hippocampus of a 10-month-old APP.V717I
mouse and 26-month-old APP.V717I mouse. (B) Enlarged images of the subiculum, revealing ample cellassociated amyloid staining in the subiculum at 10 months, and abundant plaque pathology at 26 months.
Amyloid plaque load increases with age in the (C) subiculum, (D) DG and (E) CA. (F) The pyramidal cell layer
of the CA shows relatively little cell-associated amyloid staining, which remains stable with aging. (G) Cellassociated amyloid is abundant in the subiculum at 10 months, but decreases significantly with aging. (H)
In the subiculum, cell-associated amyloid correlates with plaque pathology, indicating that cell-associated
amyloid reduces when plaque pathology increases in this region. Scale bars: (A) 1000 μm, (B) 100 μm.
Abbreviations: DG, dentate gyrus; CA, cornu ammonis; Sub, subiculum. Annotations: #, sig. from 10 months;
$, sig. from 14 months; %, sig. from 19 months.
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Next to amyloid plaque pathology, we quantified cell-associated amyloid, which was not present in
the DG, and at only low and stable levels in the CA pyramidal cell layers (F(3,10)=2.146, ns; Fig. 2F).
In contrast and remarkably, cell-associated amyloid was high in the subiculum 10- and 14-month-old
mice, but became reduced upon further aging (F(3,10)=6.432, p=0.011; Bonferroni post-hoc test 10
months vs. 26 months p=0.021; Fig. 2G). Furthermore, in the subiculum, cell-associated amyloid was
inversely correlated with amyloid load (r=-0.667 p=0.011; Fig. 2H).
3.3 Microglial phagocytic CD68 increased in relation to Aβ pathology
The microglial response in WT and APP.V717I mice during aging was analyzed by IHC for the phagocytic
marker CD68 (Fig. 3A). This staining showed CD68 immunoreactive cells (Fig. 3B) with a small CD68+
soma and a more punctate CD68+ pattern in their processes in 10-month-old WT and APP.V717I mice
(arrows), cells with a larger CD68+ soma in 26-month-old WT mice (white arrowheads), and cells with
thick CD68+ processes that cluster together in the subiculum of 26-month-old APP.V717I mice (black
arrowheads).
CD68 coverage increased overall in the subiculum of APP.V717I mice as well as in the subiculum of WT
mice with advancing age, although this increase tended to be primarily observed in 19- to 26-monthold APP.V717I mice (age F(1,20)=5.453, p=0.030, genotype F(1,20)=13.501, p=0.002, interaction
F(1,20)=3.907, p=0.062; Fig. 3C). In CA and DG, CD68 coverage was upregulated in APP.V717I
mice, irrespective of age (CA: age F(1,18)=0.138, ns, genotype F(1,18)=7.695, p=0.013, interaction
F(1,18)=1.728, ns; DG: age F(1,18)=0.247, ns, genotype F(1,18)=10.614, p=0.004, interaction
F(1,18)=1.603, ns; Fig. 3D-E).
In addition, we distinguished whether changes in CD68 coverage resulted from a higher number of
CD68+ cells, or from changes in CD68 expression at the individual cell level. The number of CD68+ cells
in the subiculum was increased in APP.V717I mice in an age-independent manner (age F(1,20)=0.000,
ns, genotype F(1,20)=19.874, p<0.001, interaction F(1,20)=0.403, ns; Fig. 3F). CD68 expression at the
individual cell level was significantly increased in the 19- to 26-month-old APP.V717I mice, compared
to all other groups (age F(1,20)=5.5336, p=0.029, genotype F(1,20)=17.152, p<0.001, interaction
F(1,20)=4.920, p=0.038; Bonferroni post-hoc test: WT 10-14 months vs. APP.V717I 19-26 months
p<0.001, WT 19-26 months vs. APP.V717I 19-26 months p<0.001, APP.V717I 10-14 months vs. APP.
V717I 19-26 months p<0.001; Fig. 3G). The number of CD68+ cells was increased in the CA1 and DG of
APP.V717I, but not WT mice (data not shown; CA1: age F(1,18)=0.003, ns, genotype F(1,18)=16.980,
p<0.001, interaction F(1,18)=0.002, ns; DG: age F(1,18)=0.138, ns, genotype F(1,18)=7.034, p<0.016,
interaction F(1,18)=0.002, ns). CD68 expression at the individual cell level in these regions was not
significantly altered by either age or genotype (CA1: age F(1,18)=2.002, ns, genotype F(1,18)=1.672,
ns, interaction F(1,18)=1.509, ns; Fig. 3H; DG, data not shown: age F(1,18)=1.453, ns, genotype
F(1,18)=0.864, ns, interaction F(1,18)=0.761, ns).
We next questioned whether the observed elevation in microglial CD68 in APP.V717I mice was
associated with either or both types of amyloid pathology studied in these regions. We observed
that CD68 coverage overall is positively correlated with amyloid plaque load in subiculum, DG and
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(LEFT) Fig. 3: Microglial CD68 coverage is elevated in APP.V717I males in association with amyloid pathology
(A) Representative images of CD68 immunoreactive staining in the hippocampus of WT and APP.V717I
mice at 10 and 26 months of age. (B) Enlarged images of cells in the subiculum. The arrows point to CD68
immunoreactive cells with a small soma and dotted CD68 pattern in the processes, that are particularly
present in the 10- to 14-month-old mice. The white arrowheads point to CD68+ cells observed in the subiculum
of a 26-month-old WT mouse, with large soma’s and little visible CD68 immunoreactive processes. The black
arrowheads point the typical clustered CD68 immunoreactive cells with thick processes in the subiculum of
a 26-month-old APP.V717I mouse. (C) CD68 coverage in the subiculum is increased in APP.V717I mice as well
as with aging, although the age-related increase tends to be more prominent in APP.V717I mice. (D) In the
CA, (E) as well as the DG, CD68 coverage is increased by APP.V717I alone. (F) The number of CD68+ cells is
increased in the subiculum of APP.V717I mice. (G) The expression of CD68 in individual cells in the subiculum
is increased in 19- to 26-month-old APP.V717I mice in comparison to all three other groups. (H) There is no
significant difference in the CD68 expression at the individual cell level in the CA1. (I) The CD68 expression
at the individual cell level in the subiculum is positively correlated with the amount of plaque load in this
region. (J) Cell-associated amyloid is negatively correlated with CD68 coverage in the subiculum, but (K) cellassociated amyloid in the pyramidal cell layers of the CA is not associated with CD68 coverage in this region.
Scale bars: (A, B) 100 μm. Abbreviations: DG, dentate gyrus; CA, cornu ammonis; Sub, subiculum. Annotations:
*, age effect; #, genotype effect; &, interaction effect. Post-hoc annotations: %, sig from WT 10-14 months; @,
sig from WT 19-26 months; $, sig from APP.V717I 10-14 months.

5
(UPPER) Fig. 4: Hippocampal DCX+ cells are reduced in aged WT and APP.V717I mice
(A) Representative images of DCX immunoreactivity in 10-month-old WT and APP.V717I, as well as 19-monthold WT and APP.V717I mice. (B) DCX+ cells in the SGZ and GCL can be discriminated in 3 developmental stages
as depicted; proliferative, intermediate and immature neuron. (C) The absolute DCX+ cell numbers are reduced
at 19-26 months. Classification of DCX+ cells based on the developmental stages shows this reduction to
primarily present in cells during the intermediate and immature neuron stage. (D) DCX+ cell numbers are
not associated with Aβ plaque pathology in the DG. Scale bars: (A) 100 μm, (B) 10 μm. Abbreviations: ML,
molecular layer; GCL, granular cell layer; SGZ sub-granular zone; DCX, doublecortin. Annotations: *, age effect;
%, intermediate stage significantly different from 10–14 months; &, immature neuron stage significantly
different from 10–14 months.
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CA (data not shown; subiculum: r=0.580, p=0.030; DG: r=0.744, p=0.004; CA: r=0.639, p=0.019).
Interestingly, CD68 expression at the individual cell level was correlated with plaque load in both
the subiculum and CA1, but not with plaque load in the DG (subiculum: r=0.597, p=0.004; CA, data
not shown: r=0.647, p=0.017; DG, data not shown: r=0.089, ns; Fig. 3I). CD68 cell numbers did not
correlate with the plaque load in these regions (data not shown; subiculum: r=0.180, ns; CA: r=-0.096,
ns; DG: r=0.079, ns). Interestingly, cell-associated amyloid was inversely correlated with both CD68
individual cell expression and CD68 coverage in the subiculum (subiculum CD68 coverage: r=-0.718,
p=0.004; subiculum CD68 individual cell expression, data not shown: r=-0.721, p=0.004; Fig. 3J), but
these measures did not correlate in the CA1 (CA CD68 coverage: r=0.038, ns; CA CD68 individual cell
expression, data not shown: r=-0.045, ns; Fig. 3K).
3.4 Amyloid pathology in APP.V717I mice does not correlate with neurogenesis
DCX+ cell numbers (Fig. 4A-B) and CR+ cell numbers (Fig. 5A-B) were quantified in the hippocampus of
WT and APP.V717I mice as a representative measure of AHN. The DCX+ cells were classified based on
their developmental stage (Fig. 4B). The number of DCX+ cells decreased with age in both WT and APP.
V717l mice (age F(1,20)=5.776, p=0.026, genotype F(1,20)=0.107, ns, interaction F(1,20)=0.027, ns;
Fig. 4C). The decrease was statistically significant in the rostral part of the hippocampus, but not in the
caudal part (rostral: age F(1,20)=8.372, p=0.009, genotype F(1,20)=0.068, ns, interaction F(1,20)=0.546,
ns; caudal: F(1,20)=3.592, p=0.073, genotype F(1,20)=0.607, ns, interaction F(1,20)=0.790, ns).
Further classification of DCX+ cells based on their developmental stages, revealed that age specifically
reduced the number of DCX+ cells in the intermediate and immature stages, but not the DCX+ cells
in the proliferative stage (proliferative: age F(1,20)=1.965, ns, genotype F(1,20)=0.637, ns, interaction
F(1,20)=0.116, ns; intermediate: age F(1,20)=4.444, p=0.048, genotype F(1,20)=0.031, ns, interaction
F(1,20)=0.036, ns; immature neuron: age F(1,20)=5.744, p=0.026, genotype F(1,20)=0.090, ns,
interaction F(1,20)=0.045, ns; Fig. 4C). The numbers of DCX+ cells in the DG of APP.V717I mice were
neither associated with amyloid plaque load, nor with microglial CD68 coverage (DCX and plaque load:
r=-0.319, ns; DCX and CD68: r=-0.314, ns; Fig. 4D-E).
CR+ cells were not altered by the age or genotype of the mice, although the numbers of CR+
cells tended to increase in APP.V717I mice (age F(1,20)=0.23, ns, genotype F(1,20)=4.31, p=0.051,
interaction F(1,20)=1.73, ns; Fig. 5C). Numbers of CR+ cells in the DG were neither associated with
amyloid plaque load in APP.V717I mice, nor with microglial CD68 coverage in WT and APP.V717I mice
(CR and plaque load: r=-0.168, ns; CR and CD68: r=0.359, ns; Fig. 5D-E).

4. Discussion
The current study demonstrates that AHN is reduced by age, but that this decline is neither affected
by the progressive accumulation of amyloid pathology, nor by the paralleled microglial activation in
middle-aged and old APP.V717I mice. We confirmed and extended on the characterization of agerelated accumulation of amyloid pathology in APP.V717I mice. Amyloid pathology progressed slowly,
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Fig. 5: Neurogenic CR+ cells in WT and APP.V717I are not affected by aging
(A) Representative images of CR immunoreactivity in the hippocampus of 10-month-old WT and APP.V717I,
and 19-month-old WT and APP.V717I mice. Black arrows point to a couple of CR+ cells in the DG. (B) Two
example images of CR+ cells in the SGZ and GCL. (C) The number of new-born CR+ cells in the SGZ and GCL
of the DG are not significantly affected by either age or genotype, although CR+ cell numbers tended to be
increased in APP.V717I. CR+ cell counts are not correlated with (D) plaque pathology in the DG or (E) CD68
coverage in the DG. Scale bars: (A) 100 μm, (B) 10 μm. Abbreviations: CR, calretinin.

with plaques appearing most abundantly in the subiculum and a plaque coverage of approximately
40% in this brain region in mice over 19 months of age. Lower levels are present in the DG and CA.
Particularly in the subiculum was an inverse correlation between plaque- and cell-associated amyloid
accumulation, with cell-associated amyloid diminishing from age 10 to 14 months onwards, which was
paralleled by the increase in amyloid plaque load in this region. The age-related increase in amyloid
plaque load in old APP.V717I mice was further paralleled by increased microglial CD68 expression.
The elevated level of microglial CD68 coverage in APP.V717I was accounted for by both an increase
in the number of CD68 expressing microglia, as well as by an upregulation of CD68 expression at the
individual cell level, which correlated with the plaque pathology. Except for an age-related increase
in CD68+ cell numbers in the subiculum, microglial changes were absent in age-matched WT mice.
Interestingly, DCX+ newborn cells in the DG decreased with advancing age in both WT and APP.V717I
mice, whereas the more matured CR+ immature neurons were not significantly affected by age or
genotype. These results indicate that the reduction in AHN with aging, measured at different stages,
is neither modified by the increased amyloid neuropathology nor by the microglial CD68 changes in
APP.V717I mice.
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4.1 Amyloid pathology correlates with microglial lysosomal activity during aging in APP.
V717I mice
Amyloid pathology was primarily present in the form of cell-associated amyloid at 10 months, which
diminished with increasing age to give rise to increased extracellular amyloid plaque deposition. Such
a pattern and progression of amyloid pathology confirms and extends the earlier, detailed descriptions
of these mice using Aβ antibodies, Congo Red or Thioflavin S staining (Dewachter et al., 2000a,b;
Heneka et al., 2005; Moechars et al., 1999; Tanghe et al., 2010; Van Dorpe et al., 2000). Cell-associated
or intraneuronal Aβ has been observed in AD patients and in several other mouse models and is
generally accepted to precede amyloid plaque pathology (Bayer and Wirths 2011; Christensen et
al., 2009; Christensen et al., 2010; Giménez-Llort et al., 2007; Oddo et al., 2006; Wirths et al., 2002;
Youmans et al., 2012). In our study, the subiculum in particular displayed early and abundant cellassociated amyloid at middle age, converting to amyloid plaques in old APP.V717I mice, similar to the
inverse relation of intracellular and extracellular Aβ deposition observed in other AD-related mouse
models, as well as in human AD brain tissue (Oddo et al., 2006).
The shift in the pathological amyloid pattern appeared most specific for the subiculum, while the
DG and CA were less affected in APP.V717I mice. This dynamic shift in pathology is consistent with
the concept that amyloid accumulates mainly in the cell-associated, internal pool at early stages,
until amyloid is “trapped” in the extracellular plaque deposits at later stages, preventing further
intracellular accumulation and detection (Oddo et al., 2006). However, the still open question remains
why the subiculum is subject to the most early and abundant amyloid-related pathological changes:
what factor(s) determine(s) this regional selectivity? A logical explanation would be a region-specific
difference in promotor-driven transgene expression. Conversely, vascular amyloid deposition is not
more abundant in the subiculum than in other brain regions in the APP.V717I model (Van Dorpe et
al., 2000), implying that amyloid deposition in the subiculum is perhaps regulated by other factors
than simply the level of APP transgene expression. Aside from this, the observed regional specificity
in deposition might be modulated by altered APP and Aβ-peptide intracellular trafficking and/or
processing in neurons projecting to the subiculum, a major output region of the hippocampal circuit
(Lazarov et al., 2002; Thinakaran and Koo, 2008; Wirths et al., 2002).
We went on to investigate whether changes in amyloid pathology throughout life were associated with
alterations in microglia and their activation. Although aging slightly increased the number of CD68+
cells in the subiculum of WT mice, the progression of the plaque pathology in APP.V717I mice was
paralleled by a strong upregulation in microglial CD68 expression in all hippocampal subregions. This
upregulation was primarily accounted for by elevated CD68 expression at the individual cell level, and
to a lesser extent by an increased number of CD68+ cells. This observation is consistent with reports
indicating that the gradual buildup of amyloid pathology triggers a neuroinflammatory response, and
with changes in microglia indicative of a response to amyloid peptides (Jung et al., 2015; Nagele et al.,
2004; Serrano-Pozo et al., 2013, Zhu et al., 2014). Previous studies have demonstrated that the agerelated progression of amyloid pathology in APP.V717I mice is largely driven by an impaired clearance
of Aβ peptides, rather than increased production (Dewachter et al., 2000a). The observed shift from
cell-associated amyloid to extracellular plaques paralleled by increase in microglial CD68 suggests
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that microglia might be involved in this process. Indeed microglia can become dysfunctional with
increasing age and/or change their response to amyloid peptides, thereby affecting amyloid pathology
and its progression (Bates et al., 2009; Daria et al., 2017; Deane et al., 2009; Heneka et al., 2015b;
Hoeijmakers et al., 2017; Zhao et al., 2014).
Activation of microglia in response to accumulating Aβ alters the release of inflammatory factors as
well as their support for neuronal functioning, and probably for AHN (Béchade et al., 2013; Biscaro
et al., 2012; De Lucia et al., 2016; Ekdahl, 2012; Ekdahl et al., 2009; Fuster-Matanzo et al., 2013). This
raised the question as to whether the alterations in Aβ pathology and the concomitant responses may
have also altered AHN in APP.V717I mice.
4.2 Amyloid pathology does not modulate AHN in old APP.V717I mice
In the DG, DCX+ cells were similarly reduced with advancing age in both WT and APP.V717I mice, with
low numbers of immature cells present at age 19-26 months. In the DG, DCX+ cells were similarly
reduced with advancing age in both WT and APP.V717I mice, with low numbers of immature cells
present at age 19-26 months. In addition to the DCX+ cells, the CR+ cells in DG were not reduced
with age, and even tended to be increased, in APP.V717I mice. Very few cells proliferate in the brain
of rodents older than 10 months (Ben Abdallah et al., 2010; Heine et al., 2004; Ihunwo and Schliebs,
2010). We consequentially used DCX as the marker of choice to study AHN in older mice, because
newborn neurons express DCX from 3 to 14 days after their birth, a relatively long time window
that allows labeling of a relatively large number of neurogenic cells (Couillard-Després et al., 2005;
Kempermann et al., 2003). In addition, we assessed the CR+ cell numbers to also quantify a later
stage of neurogenesis, since CR expression partly overlaps with DCX expression, but is still present
in 4-week-old cells (Brandt et al., 2003, Kempermann et al., 2004). Interestingly, both DCX+ and
CR+ cell numbers failed to correlate with the amyloid or microglial changes in APP.V717I mice. This
indicates that neither the young immature stage nor a later maturational stage of the young neurons
is influenced by the (slow) emergence of pathology. It is further important to note that both DCX+ and
CR+ cell numbers reflect subsets of the newborn cell pool. The fact that we did not find changes in CR+
numbers, therefore does not fully exclude the possibility that newborn cell survival per se is altered in
these mice. This question should be answered by future studies using timed injections with cell birthdate markers such as BrdU and subsequent co-labeling for NeuN.
The continued reduction in DCX+ cells from middle age up to 19-26 months, notably at ages when amyloid
pathology and microgliosis began to increase, further indicates that a “floor effect” does not relate to the
DCX reduction in the younger age groups. The low power in some of the aged groups may possibly have
prevented the detection of more subtle effects on AHN in APP.V717I mice. As such, caution is required
when considering such (floor) effects. For the same reason, the association between pathology and AHN
could not be addressed within the different age groups. Despite this limitation, the lack of an impact
of Aβ pathology on AHN indicates that, in contrast to the changes seen in stronger overexpressing APP
and PS1 models (Cotel et al., 2012; Demars et al., 2010; Hamilton and Holscher, 2012; Taniuchi et al.,
2007), AHN does neither respond to a slower and more gradually progressing development of amyloid
pathology in aging APP.V717I mice, nor to the concomitant changes in microglia.
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To our knowledge, only few other studies have described effects of APP mutations on neurogenesis
in old age. Tg2576 mice were reported to (visually) have more proliferating cells than non-transgenic
mice at 16 months of age, and a general absence of proliferating or DCX+ cells by 18 months of age
(Ihunwo and Schliebs, 2010). Eighteen-month-old APP23 mice showed a reduction in DCX+ and CR+
cell numbers, but no difference in the survival of newborn (BrdU+/NeuN+) neurons compared to WT
mice (Mirochnic et al., 2009). Interestingly, PS1 knock-in mice showed a reduction in DCX+ neurogenic
cells at both 6 and 18 months of age, which aggravated in APP/PS1 double knock-in mice that develop
Aβ neuropathology (Zhang et al., 2007). Mutant APP knock-in alone did not lead to alterations in 2
different plasticity markers or in amyloid deposition, indicating that PS1 mutations on their own affect
neurogenesis, and that APP mutant knock-in requires a secondary modulating factor like a mutated
PS1 knock-in to induce Aβ neuropathology and affect neurogenesis. The overexpression of mutant PS1
thus complicates the interpretation of Aβ effects on AHN, because of its intrinsic role in neuronal fate
and neurogenesis (Veeraraghavalu et al., 2013). AHN is indeed affected in bigenic mouse lines; DCX+
cells were reduced in 2- to 10-month-old APP751SL/PS1 and APPswe/PS1dE9 mice (Cotel et al., 2012;
Demars et al., 2010; Hamilton and Holscher, 2012; Taniuchi et al., 2007), whereas increased DCX+ cell
numbers were reported in APPswe/PS1dE9 mice at 10 months of age (Yu et al., 2009).
The differences in our findings and what was reported so far in the literature are possibly due to the
fact that these AD mouse models were mostly studied at considerably younger ages, contained strong
neuronal promotors to reach high overexpression of APP as well as co-expression of mutant PS1 which
more than doubles the resulting Aβ levels (Borchelt et al., 1997; Götz et al., 2004). As a result, the
rapid progressing of amyloid and associated PS1-mediated pathology is often already present around
such a very young age (4 to 6 months). Consequently, these aggressive models differ considerably
from the APP.V717I mice in which amyloid plaque pathology is not observed until 10-12 months of
age. We propose a possible explanation for the currently observed lack of impact of amyloid pathology
on AHN. In mouse models with early and rapid development of amyloid pathology, the high Aβ levels
will impact all cellular processes already at considerably younger ages than in our current model. At
such young age, the level of neurogenesis is higher and might be more responsive. The neurogenic
pool in the more rapidly progressing AD-models will therefore be more vulnerable to the pathological
changes. These differences make neurogenic progression, in particular in single-APP-mutant models,
an interesting topic for future studies. Furthermore, such studies should also consider the inclusion
of (aging) female mice, given the changing levels of sex-hormone levels over the lifespan that might
impact neurogenesis differentially with age (Duarte-Guterman et al., 2015; Pawluski et al., 2009).
Such differential, sex-specific effects are indeed reported for hippocampal plasticity and pathological
progression in AD mouse models (Richetin et al., 2017; Rodríguez et al., 2008).
The lack of reduction in DCX+ and CR+ cells in the current APP.V717I model suggest that AHN is not
affected by the progression of amyloid pathology at these older ages. Modeling of amyloid pathology
based on multiple clinical imaging studies in AD patients suggests it to follow a sigmoidal buildup
over time, starting in a slowly progressive manner, evolving into the extensive pathological hallmarks
commonly present in the elderly (Jack et al., 2013). The slow, age-related accumulation of amyloid in
APP.V717I mice therefore better resembles the gradual buildup in humans than the more aggressive
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models, that display rapidly developing amyloid pathology already at younger age. This important
age-related component of amyloid pathology in humans, and the observed lack of impact on AHN in
old age, highlights the necessity to study AD-models, and the consequences of amyloid pathology, in
a proper and moderate age-related framework and context.
In AD-patients, the question remains to what extent AHN contributes to their clinical phenotype:
is it causally involved in the cognitive deficits, or is it a secondary phenomenon or consequence?
The accumulation of Aβ peptides in the human brain is accepted to start several decades before the
onset of any cognitive impairments, when both the level and the potential involvement of AHN is still
substantial (Spalding et al., 2013; Weissleder et al., 2016). AHN might therefore still be vulnerable in
such earlier pathological stage, although this remains unresolved to date.
One more interesting option is whether ‘boosting’ AHN at an earlier age will be beneficial, to e.g. build a
cognitive “reserve” and/or to prevent, or at least provide some protection, against neurodegeneration
in the elderly (Stern, 2002; 2012). Of note, physical activity in adult and aged rodents has potent
neurogenic effects and benefits cognitive performance (Marlatt et al., 2013; Ryan and Nolan, 2016;
Van Praag et al., 2005). In addition to physical activity, enrichment and diet are part of the lifestyle
factors that were shown to be important in determining the development and progression of AD (Jack
et al., 2013 Rolandi et al., 2016; Scheltens et al., 2016). These factors all benefit AHN and cognition in
rodents (Maruszak et al., 2014; Mirochnic et al., 2009; Scarmeas et al., 2009; Van Praag et al., 2005).
Lifestyle factors that impact AHN may thus be influential in AD patients (Grande et al., 2014; Kandola
et al., 2016; Singh et al., 2014; Sofi et al., 2011; Vivar et al., 2013), making AHN an interesting substrate
to study in relation to cognitive reserve and its possible role in providing protection against age-related
cognitive decline and AD.
4.3 Implications of this study
The current study highlights that, in contrast to previous studies using rapidly progressing mouse
models, the slower accumulation of amyloid pathology and the parallel microglial responses in APP.
V717I mice did not affect AHN during middle age and advanced aging. This data-set highlights that
AHN is vulnerable to the more early, fast accumulating excessive levels of Aβ peptides present in
young adulthood rather than in aged individuals.
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Abstract
Individuals exposed to early-life stress (ES) have an increased vulnerability to develop cognitive
deficits and age-related diseases. Yet, the specific manner in which ES affects the brain is affected
with aging is not well understood. As age-related cognitive decline may involve disruptions in neuroplasticity or inflammatory signaling, we here tested the hypothesis that ES would aggravate the
age-induced decline in later cognition, hippocampal neuronal plasticity and inflammatory signaling
in mice in C57BL/6J (wild type) mice.
C57BL/6J mice were exposed to chronic ES from postnatal day (P)2 to P9 and tested at 19 months
of age, for general exploratory behavior in the open field (OF) and for cognitive performance in
the Morris water maze (MWM). Various additional physiological, hippocampal neuroplasticity and
neuroinflammatory measures were determined in control (Ctrl) and ES mice at 20 months of age. In
addition, we compared several of these parameters to young adult (4 months) and middle-aged (10
months) Ctrl and ES mice to address the trajectory of the age-related alterations for these factors.
Exploratory behavior in the OF was not affected by ES. Neither did ES alter the average escape
latency or probe trial performance in the MWM, although ES mice did exhibit a higher inter-individual variability in performance. We classified the Ctrl and ES mice as aged unimpaired (AU) and
aged impaired (AI) learners with a faster or slower escape latency, respectively. This classification
revealed that ES AU mice had a shorter escape latency when compared to ES AI mice, while the
average escape latency of Ctrl AU mice was similar to Ctrl AI mice. Body weight, organ weigths and
corticosterone levels of the mice were not affected by ES. In the brain, ES led to a lasting reduction in hippocampal volume. 20-month-old mice further showed a decline in neurogenesis in the
hippocampus when compared to younger mice (4-10 months), but this was not altered by ES at
either age. Also, mRNA expression of various synaptic markers at 20 months was not affected by ES
exposure. Similarly, ES did not affect age-related alterations in microglial priming factors and other
neuroinflammatory markers.
To conclude, ES did not aggravate the decline in cognition, hippocampal neuroplasticity and inflammatory profile with aging in C57BL/6J mice. Interestingly, inter-individual variability in cognitive
performance was enhanced by ES, possibly suggesting that ES exposure results in an aggravated
age-related phenotype in some mice, while others seem to be more resilient. Further investigation
is needed to understand the neurobiological substrates of this ES-induced inter-individual variance,
as it might be at the basis of the vulnerability to age-related cognitive decline.

Introduction
Individuals with a history of childhood adversities have a higher probability to develop diseases during
aging (Ferraro et al., 2016; Schafer and Ferraro, 2011). A few recent clinical studies indicated that
childhood adversities were associated with higher prevalence and severity of mild cognitive impairment
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam.
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in old age (Kang et al., 2017; Wang et al., 2016). Similarly, a stronger age-related decline in cognition
has been observed in various rodent models of ES, for example in rats exposed to prenatal maternal
restraint stress during the last week of gestation (Vallee et al., 1999) or to maternal separation (MS)
stress from postnatal day (P)1 to P21 (Solas et al., 2010), but exceptions exist as well (Jauregui-Huerta
et al., 2015). Interestingly, maternal deprivation (MD) at P3 was further shown to alter the individual
variability in cognitive performance within the aged MD group, which resulted in more impaired and
unimpaired learners (Oitzl et al., 2000). However, it remains to be elucidated which neurobiological
substrates may underlie such differences in cognitive decline after ES exposure.
Aging is accompanied by many structural and functional changes in the brain. For example, agerelated cognitive decline in rodents has been associated with reduced hippocampal volume and
neuroplasticity, including reductions in neurogenesis and synaptic plasticity measures (for reviews on
this topic see Foster, 1999; Kempermann, 2015; Lynch et al., 2006; Rosenzweig and Barnes, 2003).
Brain aging is further characterized by cellular aging or senescence, a concept that refers to the
phenotypic changes in cellular morphology and in the RNA expression pattern of both neurons and
glia. This phenotype has been collectively termed as the senescence-associated secretory phenotype,
and includes, but is not limited to, a persistent upregulation of pro-inflammatory markers, alterations
in oxidative stress and in growth factor expression (Coppé et al., 2010; Tan et al., 2014).
ES-induced cognitive impairments are further often accompanied by specific changes in the
hippocampus. Preclinical rodent models of ES exposure have demonstrated a decrease in hippocampal
volume early in life which lasts into adulthood (Hoeijmakers et al., 2017; Naninck et al., 2015).
Furthermore, ES exposure in rodents reduced dendritic complexity, spine numbers and hippocampal
neurogenesis in adulthood (Ivy et al., 2008; 2010; Naninck et al., 2015; Rice et al., 2008; Solas et
al., 2010; Wang et al., 2013). In addition, ES exposure also affected hippocampal microglia in adult
mice and altered their response to inflammatory insults (Hoeijmakers et al., 2017; Ślusarczyk et al.,
2015), suggesting that ES might sensitize or prime microglia such that they respond differently to later
challenges.
Many of the above measures are also affected by aging and these ES-induced deficits might therefore
be aggravated in aged individuals. Indeed, pre-clinical studies have shown that long-term potentiation
of CA1-CA3 synapses was stronger impaired in 16-month-old MS-exposed rats in comparison to
unstressed rats (Sousa et al., 2014). In addition, MS reduced mRNA expression of the activity-regulated
cytoskeleton-associated protein (ARC) in the adult hippocampus and, importantly, this specific
decrease became stronger with age in MS-exposed rats, relative to aged unstressed rats (Solas et al.,
2010). Finally, ES has been described to decrease stress-induced corticosterone levels and to alter
expression of corticosterone receptors in the hippocampus in MD-exposed aged (31-33 months) rats
(Workel et al., 2001). While these examples show that ES can affect various measures during aging, a
comprehensive study on how ES impacts cognitive impairments and age-related changes in the brain
of aged mice is lacking.
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In this study, we therefore tested if aging would differentially regulate; 1) cognitive functioning in
19-month-old ES mice compared to control (Ctrl) mice. In addition, we studied 2) if ES altered body
weight, adrenal and thymus weight and corticosterone levels in the aged mice. In the hippocampus,
we further investigated if 3) neuroplasticity and 4) the expression of neuroinflammatory factors were
differently regulated by ES in mice at 20 months of age, as well as in comparison to younger ESexposed mouse groups of ages 4 and 10 months.

2. Materials and methods
2.1 Early-life stress paradigm and housing
C57BL/6J male mice were bred in house to standardize their perinatal environmental conditions.
Breeding of the experimental animals and the early-life stress (ES) paradigm were performed as
previously described (Hoeijmakers et al., 2017; Naninck et al., 2015). Briefly, dams and pups were
weighted on P2 and randomly placed in a control (Ctrl) cage with standard bedding and nesting
material (one square cotton) or in the early-life stress condition (ES) with half the amount of nesting
material (1/2 square cotton), no bedding material, and a fine-gauge stainless steel mesh raised 1 cm
above the cage floor. Dams and pups were left undisturbed until P9, when they were weighted and
placed in standard cages in the housing room until weaning at P21.
A total of 15 Ctrl males out of 6 litters and 18 ES males out of 8 litters were included in the study.
Next to this, Ctrl and ES mice of 4 and 10 months of age (n=4 per group) were included in order to
address age-related gene expression patterns. Mice were housed with two to four littermates per
cage under standard housing conditions, defined as a temperature of 20–22°C, 40–60% humidity, cage
enrichment and ad libitum standard chow and water. The mice were kept on a standard 12/12h light/
dark schedule (lights on at 8 AM) until 16 months of age and then transferred to a reversed 12/12h
light/dark schedule (lights on at 8 PM) to allow a long period of acclimatization prior to behavioral
analysis at 19 months. Body weight of the males was monitored at 13, 18, 19 and 20 months of age.
2 out of the 33 males were excluded before the end of the study; one ES male was sacrificed at 18
months with a severe back lesion, one ES male died prematurely of an unknown cause. Experimental
procedures were conducted according to the Dutch national law and European Union directives on
animal experiments, and approved by the animal welfare committee of the University of Amsterdam.
2.2 Behavioral analysis
19-month-old mice were tested for basal locomotion and anxiety-related behavior in the open field
(OF) and 7 days later in the Morris water maze (MWM) for cognitive performance (see Fig. 1A for an
experimental design). Behavioral testing was conducted during the dark phase to accommodate to
their natural, active period and the testing room was lid by three red-light spots (25W). To habituate,
the mice were transferred to the room either 4 hours (OF) or 1 hour (MWM) prior to testing (Naninck
et al., 2015). Behavioral testing was recorded and mice were tracked for automated analysis of
locomotion, velocity and position using Ethovision software (Noldus, The Netherlands).
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2.2.1. Open field
The OF consisted of a rectangular arena (54 x 37 x 33 cm) filled with sawdust bedding. The arena
was cleaned in-between trials with 25% ethanol and half the amount of sawdust was replaced. The
middle part of the arena (27 x 18.5 cm) was assigned as the center zone. Mice were allowed to explore
the arena for 10 minutes. Distance moved, locomotion, velocity and time in the center zone were
analyzed.
2.2.2. Morris water Maze
Mice were handled for 4 consecutive days in the testing room prior to MWM start. The MWM protocol
included 3 cued trials on day 1 (60 sec trials; 15 min inter-trial time), followed by 3 daily acquisition
trials (60 sec trials; 15 min inter-trial time) for 6 consecutive days, and finally a single 60 sec-probe
trial 4 hours after the last acquisition trial (Kohman et al., 2013; van Praag et al., 2005). For all trials,
the mice were placed in the MWM pool at different, random starting positions to exclude ego-centric
learning strategies and were placed in front of an infrared (heating) lamp for ±1 min after the trial to
prevent hypothermia.
For the cued trials, the mice were place in the circular MWM pool (110 cm diameter), filled with clear
water (24±1°C), and a visible 12 cm diameter, circular platform in the middle of the maze. Mice needed
to reach the platform within 60 sec, and were otherwise guided to the platform and placed on top
for 15 sec. For the acquisition trials, the pool was surrounded by spatial cues to support allo-centric
spatial navigation, water was adjusted to opaque by addition of non-toxic paint, and the platform was
submerged just below the water-surface, in a fixed position within the target quadrant (Tq). During the
probe trial, the platform was removed from the Tq to record to time in Tq. The escape latency, swim
path and speed were analyzed for each of the trials.
2.2.3. Classification of aged unimpaired/impaired mice for analysis of inter-individual
variance
We further investigated the individual differences in MWM performance within the Ctrl and ES group
by a classification of impaired and unimpaired performers (Gallagher et al., 1993; Oitzl et al., 2000).
Classification of the MWM performance was adapted from these studies and was based on MWM data
of 17 young 4-month-old unimpaired mice from in our group (Naninck et al., 2015; 2017). The young
mice improve their escape latency during MWM acquisition training after the first two acquisition days.
They successfully locate the platform on the last days of acquisition training within 15 seconds in >50%
of the trials, and generally don’t show “unsuccessful” trials with an escape latency over 50 seconds.
We used this information to calculate a learning index (LI) defined as the percentage of successful
trails (<15s) subtracted by the percentage of unsuccessful trials (>50s) for both young mice and aged
mice. The calculated learning index was used to classify the aged mice as aged unimpaired (AU) when
the LI > average of young mice, and as aged impaired (AI) when or LI < average of young mice.
2.3 Corticosterone measurements
Two days prior to sacrifice, tail blood was collected in EDTA tubes with a tail cut at beginning of the
light-phase (08:00-08:15 PM) and at the beginning of the dark-phase (08:00-08:15 AM) for analysis of
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the respective circulating basal and peak corticosterone levels. Blood samples were centrifuged for
15 min at 14,000 RPM, 4°C to isolate the blood plasma. Corticosterone concentrations were further
measured with a high-sensitive corticosterone enzyme immunoassay (IDS Ltd, Boldon Colliery, UK).
2.4 Tissue collection and processing
8 Ctrl males and 11 ES males were sacrificed for later immunohistochemical purposes by transcardial
perfusion as previously described, using the same procedures to obtain 40 µm coronal sections in 6
parallel series (Hoeijmakers et al., 2017; Naninck et al., 2015).
7 Ctrl and 5 ES 20-month-old males, as well as all mice of 4 and 10 months of age were sacrificed
by rapid decapitation, and the hippocampi were rapidly dissected, frozen and processed for gene
expression analysis with qPCR as previously described (Hoeijmakers et al., 2017). The adrenals and
thymus were furthermore dissected and weighted and the skin and organs were inspected for agerelated (macroscopic) abnormalities as an indicator of general health.
2.5 Immunostaining for DCX and quantification
2.5.1 DCX immunostaining
Immunohistochemistry for DCX, which is expressed by newborn cells from a few days after their birth
until their early adult neuronal stage, is generally used as a marker for adult neurogenesis. Freefloating sections were washed in 0.05 M TBS, pH 7.6 prior to staining and in-between all incubation
steps. After initial washing, sections were incubated for 15 min in 0.3% H2O2 in TBS and then they
were incubated for 30 min in 2% milk in TBS, and subsequently with 1:1600 goat anti-DCX (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) in supermix (0.1% Triton X-100, 0.25% gelatin in TBS) for 1 hour
at room temperature followed by overnight incubation at 4°C. The secondary biotinylated donkey
anti-goat antibody (1:500, Jackson Laboratories, Bar harbor, ME, USA) was incubated for 2 hours in
supermix, followed by 90 min incubation with of avidin-biotin complex (ABC) 1:800 in TBS (Vectastain
elite ABC- peroxidase kit, Brunschwig Chemie, Amsterdam, Netherlands). Sections were incubated for
30 min with 1:500 tyramide in 0.01% H2O2 TBS to amplify the immunoreactive signal, followed by a
second 1:800 ABC in TBS incubation for 90 min. Finally, sections were thoroughly washed in 0.05 M
TB (pH 7.6) and incubated in 0.2 mg/1 ml diaminobenzidine, 0.01% H2O2 in 0.05 M TB for chromogen
development. Afterwards, free-floating sections were thoroughly washed in TBS and mounted from
0.01M PB (pH 7.4) on pre-coated glass slides (Superfrost Plus slides, Menzel – Gläser, Braunschweig,
Germany). Sections were counterstained with hematoxylin and cover-slipped.
2.5.2 DCX quantification
8 coronal, bilateral sections of the hippocampus were selected for quantification, with 4 sections rostral
of bregma -2.30 mm and 4 sections caudal of bregma -2.30 mm and a ± 300 µm intersection distance,
to obtain an even representation of the hippocampus over the rostral-caudal axis. All quantification
procedures were performed by a researcher unaware of the experimental conditions.
DCX immunoreactive cells in the granular cell layer (GCL) and subgranular zone (SGZ) were quantified
manually on a Nikon Eclipse Ni-E light microscope with a Nikon DS-Ri2 Camera (Nikon, Tokio, Japan).
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DCX immunoreactive cells were further distinguished based on their morphological appearance to
reflect their relative maturity or developmental stage; (I) horizontal cells without a process reflected
immature mitotic cells, (II) cells with an apical process into the GCL reflected an intermediate stage
and (III) cells with a dendritic tree reaching to the molecular layer reflected the immature neuronal
stage (Hoeijmakers et al., 2018). The Cavalieri principle was employed in order to estimate the volume
of the GCL and DG as previously described (Hoeijmakers et al., 2017; 2018).
In order to analyze how ES affects DCX+ cell numbers throughout life, we included the data from one
of our previous studies on DCX+ cells in Ctrl and ES mice at 4 and 10 months of age (see Chapter 4). A
total of 9 Ctrl and 11 ES 4-month-old mice and 8 Ctrl and 9 ES 10-month-old mice were used for the
analysis. The DCX+ immunostaining and quantification in this study followed the same protocols as
described for the 20-month-old mice.
2.6 Gene expression measurement with RT-PCR
Gene expression analysis was performed as previously described (Hoeijmakers et al., 2017). Briefly,
relative gene expression of microglial genes was assessed by PCR amplification of cDNA using Hot
FirePol Evagreen qPCR supermix (Solis Biodyne, Tarti, Estland), and cytokine gene expression was
measured by the use of Taqman® probes (Applied Biosystems, Foster City, CA, USA). All primer
pairs were tested for efficient amplification of 90-110%. Relative gene expression was quantified
using the 2∆∆ct method. Reference genes not affected by the experimental conditions and satisfied
the requirements for reference target stability as calculated using qBASE software (Biogazalle, Gent,
Belgium).
The primers were: Rpl13a forward primer (fw) 5’CCCTCCACCCTATGACAAGA3’, reverse primer
(rev) 5’TCGCCTGTTTCCGTAACCTC3’; Rpl0 fw 5’GCTTCATTGTGGGAGCAGACA3’, rev 5’CATGGTGTTCTTGCCCATCAG3’ and Sdha GTTGCTGTGTGGCTGACTG3’, rev 5’GCACAGTGCAATGACACCAC3’ for
the reference genes. Target genes: Iba1 Fw 5’ACAAAGAACACAAGAGGCCAACT3’, rev 5’TGTGACATCCACCTCCAATCAG3’; Cd68 Fw 5’TGACAAGGGACACTTCGGG3’, rev 5’GGAGGACCAGGCCAATGAT3’;
Cd11b Fw 5’GGGTCATTCGCTACGTAATTGG3’, rev 5’CGTGTTCACCAGCTGGCTTA3’; Ccr2 Fw 5’AGGGAGACAGCAGATCGAGTG3’, rev 5’ACAACCCAACCGAGACCTCTT3’; Ccl2 Fw 5’AGCTGTAGTTTTTGTCACCAAGC3’,
rev 5’GTGCTGAAGACCTTAGGGCA3’; Cx3cr1 Fw 5’ACCGGTACCTTGCCATCTTAG3’, rev 5’AGTCACCCAGACACTCGTTG3’; Cx3cl1 Fw 5’GCGACAAGATGACCTCACGA3’, rev 5’TGTCGTCTCCAGGACAATGG3’; Nlrp3
Fw 5’CAGCCAGAGTGGAATGACACG3’, rev 5’GCGCGTTCCTGTCCTTGATA3’; Hmgb1 Fw 5’CGGAGAAACTTCAGACCGGA3’, rev 5’AGAGGCCGCAGTTTCCTATC3’; Axl Fw 5’AGACGATGGGGTGGGTATCT3’, rev 5’GAAGGAGCTTTTCCAGCCGA3’; Dectin Fw 5’AAAGCCAAACATCGTCTCACC3’, rev 5’GGCCCTTCACTCTGATTGCG3’; Spp1 Fw 5’TTCCAATGAAAGCCATGACCAC3’, rev 5’CGACTGTAGGGACGATTGGAG3’; Cd11c Fw
5’AGTGTCGTATTTGGCTTCCCA3’, rev 5’CACGGGGTAGAACAGAGTGA3’; Psd95 Fw 5’GTACCTAAAGGTGGCCAAGC3’, rev 5’CTCATTGTCCAGGTGCTGAG3’ and Synapsin1 Fw 5’CAGCACAACATACCCTGTGG3’,
rev 5’GGTCTTCCAGTTACCCGACA3’. Used taqman probes were: Mm00446973_m1 and Mm00725448_
s1 for the respective reference genes TBP and RPL0, and for the target genes: interleukin (IL)-1β
Mm00434228_m1, IL-6 Mm00446190_m1, and TNFα Mm00443258_m1.
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2.7 Statistical analysis
Data are expressed as the mean ± standard error of the mean (SEM) and were analyzed using Graphpad
Prism 6 (Graphpad, San Diego, CA, USA) or SPSS 20.0 (IBM, Armonk, NY, USA). Significant outliers were
tested by means of a grubb’s test; one Ctrl mouse was excluded from all behavioral data analyses. Data
were considered statistically significant when p < 0.05.
In this study, multiple mice from the same litter were included in the experimental groups. Therefore,
the degree to which litter influenced the dependent variables was statistically addressed and “litter”
was introduced in further analyses as a random factor when it significantly contributed. All singlefactor parameters were analyzed with “condition” as independent factor using the unpaired Student’s
t-test. Probe-trial performance was analyzed with the one-sample t-test (hypothetical value 25%).
The repeated-measures ANOVA was used to analyze MWM data with “acquisition day” as a repeated
factor and “condition” as independent factor, and Bonferroni post-hoc testing. Pearson correlations
and linear regression analyses were employed to address the contribution of body weight to OF
exploration and to MWM escape latency and path length. The distribution of Ctrl and ES MWM
performance over the AU and AI groups was analyzed with the Pearson’s chi-squared (χ2) test.

3. Results
3.1 ES leads to an amplification of individual differences in MWM performance
The mice were tested for basal exploratory behavior in the OF and for cognitive performance in
the MWM at 19 months of age (Fig. 1A). Locomotion behavior was addressed in the OF to examine
exploratory behavior, anxiety and possible movement abnormalities. The total distanced moved in the
OF as well as the walking speed in the OF were not different between Ctrl and ES mice (t(28)=0.009,
p=0.993; walking velocity data not shown: t(28)=0.001, p=0.991; Fig. 1B). Locomotion behavior can
be influenced by body weight of the mice, and, while ES did not affect the average body weight at
19 months of age (t(25.24)=0.750, p=0.460), a correlation analysis indicated that the variation in
locomotion was indeed associated with body weight (pearson correlation: r=-0.403, p=0.025; Fig.
1C). The latency to reach the center of the OF, measured as an indicator for general anxiety, was not
affected by ES (t(27)=0.114, p=0.910; Fig. 1D).
The learning pattern of both aged Ctrl and ES mice showed a typical saw-tooth pattern (Fig. 1E). The
average latency to the platform during acquisition training did not differ between Ctrl and ES mice,
and was reduced in both groups over the 6 training days (condition F(28)=0.820, p=0.373, acq days
F(28)=8.370, p<0.001; post-hoc: Acq1 vs Acq3, p=0.007, Acq1 vs Acq4, p=0.005, Acq1 vs Acq5, p<0.001,
Acq1 vs Acq6, p<0.001; Fig. 1F). The average swimming speed in the MWM was not different between
Ctrl and ES groups (t(28)=0.05, p=0.957). In addition, escape latency was strongly correlated with the
average path length at each acquisition day (correlations latency vs path length per acquisition day: R2
ranges from 0.723 to 0.865, all correlations p<0.001). Controlling for body weight or swimming speed
indicated that these associations were not further influenced by either factor (effect of body weight or
swimming speed, p>0.05 for all correlations).
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Figure 1: MWM performance is not further impaired by previous ES exposure in 19-month-old mice
A) Locomotor activity and anxiety related behavior were assessed in the open field (OF), followed 7 days later
by the Morris water maze (MWM) task in order to assess cognitive performance. The MWM protocol consisted
of 1 day with cued training and 6 days of acquisition training with each 3 daily, 1 minute trials at a 15 minuteinterval, followed by a probe trial 4 hours after the last acquisition trial on day (D) 7. B) Locomotion in the OF
is not affected by ES. C) The locomotion in the OF is negatively correlated with the body weight of both Ctrl
and ES mice. D) Latency to the center in the OF is not different between Ctrl and ES mice. E) Example traces
of a Ctrl mouse and an ES mouse show the saw-tooth pattern in learning behavior which is typical for aged
rodents during acquisition training. F) Both Ctrl and ES mice show a significant decrease in the time to locate
the platform over the days of acquisition training. G) The average escape latency over all trials is not different
between Ctrl and ES mice, although the variation in ES mice is significantly larger. H) A learning index (LI) of
young adult (4 months) Ctrl mice is calculated to use the average LI (i.e. a value of 15) as a threshold for I) the
classification of learning behavior in aged mice as aged unimpaired (AU) from aged impaired (AI). J) ES AI mice
have a slower average escape latency than Ctrl AU and ES AU groups. K) The time spent in the target quadrant
(Tq) during the probe trial is not significant from chance level (25%, dashed line) in both the Ctrl and ES group.
Annotations: #: sig effect of acquisition day; ^: sig from Ctrl AI, @: sig from Ctrl AU; %: sig from ES AU.
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The average latency over all trials was not different between the Ctrl and ES groups (t(28)=0.906,
p=0.373). However, the overall average latency to escape over all 18 trials revealed that the variation
in MWM performance tended to be higher in the ES group compared to Ctrl group (F(13;15)=2.631,
p=0.087; Fig. 1G).
A classification of the groups based on individual performance as aged unimpaired (AU) and aged
impaired (AI) allowed to further analyze this within-group variation. We based the classification of AU
and AI mice on the learning index (LI) of young adult mice, i.e. an average value of 15 (Fig. 1H), and we
classified aged mice with a LI>15 as AU and LI<15 as AI (Fig. 1I). The distribution of mice over the AU
and AI groups was found to be independent of the early-life condition (Ctrl AU n=9, Ctrl AI n=5, ES AU
n=12, ES AI n=4; χ2(1)=0.408, p=0.694), while the analysis of the average MWM escape latency over
all trials indicated that Ctrl AU and Ctrl AI mice performed similar, but the ES AU group had a faster
escape latency than ES AI mice (condition F(26)=0.119, p=0.732, classification F(26)=24.319, p<0.001,
interaction F(26)=6.256, p=0.019; post-hoc: Ctrl AU vs ES AI p=0.016, Ctrl AI vs ES AU p=0.014, ES AU vs
ES AI p<0.001; Fig. 1J). Further analysis of the escape latency per day showed that AI mice, independent
of the early-life condition, were indeed overall slower to escape, in particular on acquisition days 3,
4 and 5 (interaction acq days with classification F(26)=2.736, p=0.022; post-hoc: acq3 p=0.004, acq4
p<0.001, acq5 p=0.034; data not shown). During the probe trial, neither Ctrl nor ES mice performed
above chance-level (difference from chance-level (25%) Ctrl: t(13)=0.169, p=0.868; ES: t(15)=0.284,
p=0.780; Fig. 1K).
3.2 Physiological parameters in 20-month-old mice are not affected by ES.
The body weight of 20-month-old Ctrl and ES mice did not differ (t(29)=0.252, p=0.800; Fig. 2A).
Interestingly, the body weight of all groups was similar at 13 months of age, and increased in AI
classified mice to a significantly higher body weight at 19 and 20 months relative to AU classified
mice, irrespective of condition (condition F(1,26)=0.504, p=0.484, classification F(1,26)=1.811,
p=0.190, interaction F(1,26)=0.166, p=0.687, body weight*classification F(1,26)=6.958, p<0.001; posthoc: impairment 18 months F(1,26)=3.984, p=0.057; impairment 19 months F(1,26)=6.369, p=0.018;
impairment 20 months F(1, 26)=7.609, p=0.011; Fig. 2B).
ES did not modulate the relative weights of the thymus and adrenal glands (Thymus weight t(27)=1.104,
p=0.279; Adrenal glands weight t(29)=0.752, p=0.458; Fig. 2C-D). The basal level of circulating
corticosterone at the beginning of the light phase, and at peak levels at the onset of the dark phase,
were not affected by ES either (Corticosterone basal t(16.50)=1.757, p=0.097; Corticosterone peak
t(25)=0.038, p=0.970; Fig. 2E). The ES group had a lower variance in their basal corticosterone levels
(p=0.048) and a trend to a higher variance in the peak levels (p=0.058) compared to Ctrl mice.
Next to this, we observed macroscopic tissue abnormalities in 9 out of 31 mice. These abnormalities
included an enlarged liver (1x), tissue/tumor growth on the intestines (4x), on fat tissue (2x), on
the liver (1x) and on the thymus (1x). The prevalence of these abnormalities did not differ between
conditions (Ctrl 5/15, ES 4/16; χ2(1)=0.261, p=0.704).
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Figure 2; Physiological parameters are not different in 20-month-old mice with history of ES
A) Body weight at 20 months is not different between Ctrl and ES mice. B) Body weight of AI classified mice is
higher than of AU mice at 19 and 20 months, irrespective of ES. C) Thymus weight, D) adrenal gland weight
and E) circulating corticosterone levels in the morning (basal) and evening (peak) are not significantly different
in 20-month-old Ctrl and ES mice. Annotations: #, effect of the LI-based classification.

3.3 Aged-induced changes in neuroplasticity are not aggravated by ES exposure in
20-month-old mice.
Hippocampal neurogenesis was addressed in the 20-month-old mice by immunohistochemistry
for DCX+ cells in the GCL and SGZ of the DG (Fig. 3A). DCX+ cells were further classified based on
their morphological appearance in a proliferative, intermediate and post-mitotic stage (Fig. 3B).
The volume of the granular zone as well as of the total DG was significantly smaller in ES mice than
Ctrl mice (t(15)=2.663, p=0.018; Fig. 3C; DG data not shown Ctrl(8)=3.67±0.09, ES(9)=3.42±0.06,
t(15)=2.304, p=0.036). The total number of DCX+ cells per hippocampus was not altered by previous
ES exposure (t(15)=0.489, p=0.632; Fig. 3D). ES did not affect the DCX+ cells in specific maturation
stages (proliferative t(15)=0.769, p=0.454; intermediate t(15)=1.310 p=0.210; post-mitotic t(15)=0.004
p=0.991). No regional differences in DCX+ cell numbers were observed between the two groups either
(data not shown).
Comparing DCX+ cell numbers in the 20-month-old mice with numbers in 4 or 10-month-old Ctrl and
ES mice showed a significant reduction with age, of approximately 1500, 250 and 40 cells at 4, 10
or 20 months respectively (age F(2,49)=553.02, p<0.001). ES did not further affect these DCX+ cell
numbers at any of these ages (condition F(1,49)=0.005, p=0.945, interaction F(2,49)=0.299, p=0.743;
Fig. 3E). Interestingly, the more immature DCX+ cells residing in the SGZ decreased significantly in
the 10-month-old ES group compared to age-matched controls, but not in the other groups (data not
shown t(18)=1.021, p=0.321, t(15)=3.497, p=0.003, t(15)=1.152, p=0.267). In addition, hippocampal
mRNA expression of the synaptic markers SYNAPSIN1 and PSD95 in the aged mice was not affected by
ES (SYNAPSIN1 t(10)=0.903 p=0.388; PSD95 t(10)=1.387 p=0.195; Fig. 3F).
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Figure
3:
Neuroplasticity in aged mice
is not affected by ES
A) A representative
image of doublecortin
(DCX) immunostaining
in the granular cell
layer (GCL) and subgranular zone (SGZ)
of a 20-month-old
Ctrl mouse, and B)
examples of DCX+ cells
(arrows) classified as
being in a proliferative,
intermediate or postmitotic
maturation
stage. C) The volume
of the granular zone,
including the GCL and
SGZ, is significantly
smaller in ES mice.
D) The density of
all DCX+ cells in the
hippocampus at 20
months of age is not
affected by ES. The
different numbers of
proliferative,
intermediate or post-mitotic
classified cells shows no
particular change in a
specific stage following
ES. E) Total DCX+ cell
numbers is not affected
by ES at 4, 10 or 20
months of age relative
to their respective agematched control group.
F) SYNAPSIN1 and
PSD95 mRNA expression in the hippocampus is not different between aged Ctrl and ES mice. Scale bar: A) 50
µm, B) 10 µm. Annotations: *: sig from Ctrl, #: effect of age.

3.4 Exposure to ES does not affect the hippocampal expression profile of neuroinflammatory markers in aged mice.
Expression of the pro-inflammatory cytokines IL-1β, IL-6 and TNFα in the hippocampus was not different
in 20-month-old ES mice when compared to Ctrl mice (IL-1β t(10)=0.001, p=0.999; IL-6 t(10)=-0.212,
p=0.836; TNFα t(10)=-0.374, p=0.716; Fig. 4A). CD11b, CD68 and Iba1 (general microglial markers)
mRNA expression patterns were not affected by previous ES exposure either (CD11b t(10)=0.368,
p=0.721; CD68 t(10)=-0.877, p=0.401; Iba1 t(10)=-0.275, p=0.789; Fig. 4B). HMGB1 and NLRP3 are
damage-associated molecular patterns (DAMPs) and were not differently expressed in aged Ctrl and
ES mice (Hmgb1 t(10)=-0.315, p=0.759; Nlrp3 t(10)=-1.089, p=0.302; Fig. 4C). Hippocampal mRNA
expression of the chemokines CX3CL1 and its respective receptor CX3CR1 (CX3CL1 t(10)=-1.209,
p=0.254; CX3CR1 t(10)=-0.826, p=0.428; Fig. 4D) or the chemokine CCL2 and its respective receptor
CCR2 (CCL2 t(10)=-0.288, p=0.779; CCR2 t(10)=-0.761, p=0.464; Fig. 4E) did not differ between Ctrl and
ES-exposed mice at 20 months.
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Figure 4: Expression of immune-related factors is not altered by ES at 20 months
ES has no effect on hippocampal mRNA expression of A) pro-inflammatory cytokines IL-1β, IL-6 and TNFα
and B) general microglial genes CD11b, CD68, Iba1. More specific signaling pathways like the C) damageassociated molecular pattern (DAMP) HMGB1 and the inflammasome component NLRP3 and two chemokines
and their receptors, D) CX3CL1 and CX3CR1, and E) CCL2 and CCR2, are not altered by ES at 20 months either.

The expression profile of several microglial priming-related factors revealed typical age-related
alterations in 20-month-old mice compared to younger (4 and 10 months) groups. AXL was expressed
significantly less in the hippocampus of 10-month-old mice than in 20-month-old mice, irrespective
of the early-life condition (age F(21)=4,497, p=0.024; condition F(21)=0.278, p=0.604; interaction
F(21)=1,522, p=0.241; post-hoc: 10 vs 20 p=0.015; Fig. 5A). Hippocampal mRNA expression of CD11c,
DECTIN and SPP1 in 20-month-old mice was enhanced with aging, but not modified by ES exposure
(CD11c age F(17)=13.223, p<0.001; condition F(17)=0.348, p=0.348; interaction F(17)=0.952, p=0.952;
post-hoc: 4 vs 20 p=0.004, 10 vs 20 p<0.001; Fig. 5B; DECTIN: age F(20)=6.131, p=0.008; condition
F(20)=3.629, p=0.071; interaction F(20)=0.651, p=0.532; post-hoc: 4 vs 20 p=0.018, 10 vs 20 p=0.023;
Fig. 5C; SPP1: age F(21)=10.023, p=0.001; condition F(21)=3.939, p=0.060; interaction F(21)=0.651,
p=0.532; post-hoc: 4 vs 20 p=0.002, 10 vs 20 p=0.004; Fig. 5D).

4. Discussion
We show that 20-month-old C57BL6/J mice exposed to chronic ES from P2 to P9, 1) did not exhibit
an aggravation in the age-related cognitive deficits, although an increase in the individual variation in
MWM performance was apparent in the ES group. 2) ES-exposed mice further showed no differences
in physiological measures compared to Ctrl mice at 20 months. 3) Hippocampal DG and granular zone
volume were reduced in ES mice and, while hippocampal neurogenesis declined with age, this and
other neuroplasticity measures were not different between Ctrl and ES groups. Finally, 4) aging altered
the neuroinflammatory profile at 4, 10 and 20 months without an additional effect of ES exposure.
Overall, these observations lead to the conclusion that chronic ES exposure from P2 to P9 does not
aggravate age-related cognitive decline, neuroplasticity deficits and neuroinflammation in old mice.
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Figure 5: Aging alters the
expression
of
microglial
priming-related factors without
further modulation by ES
A) Hippocampal mRNA expression of AXL is significantly
down-regulated in 20-monthold mice, without an effect of
ES. Expression of B) CD11c,
C) DECTIN and D) SPP1 is
upregulated in 20-month-old
Ctrl and ES mice compared to
the 4 and 10 months age groups,
irrespective of the early-life
condition. Annotations: # age
effect; post-hoc annotations: %
significant from 4 months group,
@ significant from 10 months
group.

4.1 Cognitive performance in aged rodents and individual variation with aging
This study is to our knowledge the first to address the consequences of ES for cognition in aged mice,
while previous studies on this topic were conducted in rats (Jauregui-Huerta et al., 2015; Oitzl et al.,
2000; Schaaf et al., 2001; Solas et al., 2010; Vallee et al., 1999). We used the MWM to address cognitive
functioning in the 19-month-old Ctrl and ES mice and showed that exposure to ES did not exacerbate
the cognitive decline. This is in contrast to several previous studies that described an aggravation of
the decline with aging in ES-exposed rats (Solas et al., 2010; Vallee et al., 1999).
Interestingly, other studies had shown MWM performance to be highly variable in old rodents (Bizon
et al., 2009; Oitzl et al., 2000) and we showed that this variance in individual MWM performance
was enhanced after ES exposure. As previously shown in a MWM study on MD-exposed rats, the
classification of performance as aged unimpaired, partially impaired or impaired learners revealed
that a larger percentage of the MD-exposed rats was labeled as either AU or AI compared to the Ctrl
group, of which most animals were partially impaired at 30-32 months of age. Although the average
values of both the control and MD groups were similar, such relevant ES effects only became apparent
when the individual distribution was taken into account (Oitzl et al., 2000). These data are in line with
our current results in that individual extremes seem to be amplified in old age in mice subjected to ES
as shown by the larger average escape latency between ES AU and AI classified ES mice, than between
Ctrl AU and AI mice when we use an adapted classification approach based on an arbitrary value
(Gallagher et al., 1993; Oitzl et al., 2000). However, others have indicated that aging per se does not
lead to a clear-cut bimodal population of ‘good’ and ‘bad’ learners, but rather a broad learning range
in performance of aged rats (Barnes et al., 1997) and this spread of learning capabilities is therefore
important to consider for future interpretations.
Overall, our observations support previous data (Oitzl et al., 2000) and raise further questions. Young
adult mice exposed to chronic ES have repeatedly been shown to exhibit later deficits in the MWM
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and other cognitive tasks (Naninck et al., 2015; Wang et al., 2011), while the aged ES-exposed mice
performed on average similar to Ctrl mice. One hypothesis that can explain this change in phenotype
with age is that the ES-induced impairments at a young age might not aggravate further at later ages.
This will result in a comparable level of impairment, when the performance of Ctrl mice declines with
increasing age (Koh et al., 2014; Lindner, 1997). It will therefore be very informative to clarify how the
trajectory of cognitive performance of ES mice changes over time in comparison to Ctrl mice, studying
mice at ages younger and older than 20 months. Such an experimental design would reveal whether
chronic ES in mice indeed accelerates the curve of age-related cognitive decline and whether it is a
suitable model to mimic and study the cognitive decline in aging that is indicated by clinical studies on
aged individuals with a history of ES.
4.2 Chronic ES does not induce lasting consequences for hippocampal neuroplasticity
markers
ES exposure has been shown to reduced synaptic protein levels, spine numbers and neurogenic cell
survival in young adult mice (Liu et al., 2016; Naninck et al., 2015, Wang et al., 2013). We studied DCX+
cell numbers and SYNAPSIN1 and PSD95 mRNA expression and show that these were not differentially
affected in the aged Ctrl and ES groups. We confirm that DCX+ cell numbers, like the process of
neurogenesis in general, show a strong age-related decline in the hippocampus (Heine et al., 2004;
Hoeijmakers et al., 2018; Kuhn et al., 1996; Seki and Arai, 1995). Even though absolute DCX+ cell
numbers were not affected by ES exposure in mice at 6 months (Naninck et al., 2015), or, as shown in
this study, at 4 or 10 months (see Chapter 4), we had expected that ES might have further aggravated
the age-related decline in cell numbers.
Although the total numbers of DCX+ cells were equal between Ctrl and ES groups at all ages, 10-monthold ES mice exhibited a reduction of immature DCX+ cells in the SGZ (see Chapter 4). This sub-regional
observation was no longer present in the 20-month-old ES mice, and might therefore indicate that,
although minor, the age-related decline between 10 and 20 months might be accelerated to some
extent in ES mice. In addition, chronic ES in young adults specifically reduced the survival of newborn
cells, and not DCX+ cell numbers, in the hippocampus at ages 4-6 months (Kanatsou et al., 2017;
Naninck et al., 2015). We were, however, not able to reliably address cell survival in 20-month-old
ES mice, because at this age too few mature, newborn cells will be present per animal for such a
quantification. The 2-week long expression window of DCX (Brown et al., 2003; Kempermann et al.,
2004), allows a reliable quantification of a substantial number of DCX+ cells and an additional analysis
of different DCX+ maturation stages in both conditions.
Besides neurogenesis, we observed no difference in mRNA expression of SYNAPSIN1 and PSD95 in
the hippocampus of the aged Ctrl and ES mice. These markers were reported to be reduced by ES
during development (Liu et al., 2016) and to our knowledge, no previous studies have investigated
these specific markers in adult mice exposed to this ES paradigm. Interestingly, spine density in adult
chronic ES-exposed mice was found to be specifically reduced in the CA3 sub-region (Wang et al.,
2013) and, since we measured mRNA expression levels in the total hippocampus, it is possible that
our measurements were not sensitive enough to pick up on such region-specific differences within the
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entire hippocampus. To further elaborate on neuroplasticity changes in ES-exposed aged mice and to
exclude the possibility that more subtle ES effects remain undetected, it would therefore be useful to
also study other measures of synaptic (protein) levels in a region-specific manner, using for example
immunochemistry methods.
4.3 The age-induce inflammatory profile is not altered by ES exposure
We showed that aging altered the mRNA expression of several microglial priming-related genes in
the hippocampus. Aging is indeed consistently reported to induce a pro-inflammatory phenotype
that reflects microglial priming in the brain (Von Bernhardi et al., 2015; Holtman et al., 2015). Our
data confirms that this phenotype includes, but is not limited to age-related changes in expression of
Axl, Dectin, Spp1 and Cd11c (Raj et al., 2015). Aging has in addition been reported to alter cytokine
expression levels (i.e. IL-1β, IL-6 and TNFα) and other inflammatory markers such as fractalkine
(Bachstetter et al., 2011; Frank et al., 2010; Njie et al., 2012). Such an abnormal expression is in fact
part of and to some extent reflecting on the senescence-associated secretory phenotype, seen with
cellular aging (Coppé et al., 2010) and ES does thus not seem to aggravate this phenotype.
Early-life experiences, such as infection, can lead to a heightened age-related pro-inflammatory profile
in aged rats, as a result from microglia that have become primed by the early-life infection (Bilbo,
2010). Priming of the neuroinflammatory response will indeed elicit an enhanced reaction, and in
this case, aging itself is thought to serve as the secondary inflammatory ‘hit’. ES has been shown to
affect neuroinflammation earlier in life too (Delpech et al., 2016; Hoeijmakers et al., 2017; Ślusarczyk
et al., 2015), and it seems to prime or sensitize the microglial response in later life (Elwenspoek et
al., 2017; Hoeijmakers et al., 2015). ES modulation of neuroinflammatory regulation might therefore
require a secondary insult, before programmed responses become apparent (Hoeijmakers et al.,
2017). Apparently, in our study, aging per se did not act as a secondary ‘hit’ for the neuroinflammatory
expression profile in chronic ES-exposed mice. Although ES affected inflammation in younger mice (see
Chapter 3 and Hoeijmakers et al., 2017), early-life infection is likely a much more potent, and longer
lasting, inflammatory regulator than ES, and therefore ES might not induce additional consequences
in aging.
4.4 ES as an accelerator of (cellular) aging, where does this research leave us?
Our findings of age-related changes in the brain do not support the hypothesis that ES accelerates
brain aging per se and several new directions and questions have emerged that remain to be answered.
While the expression of the microglial priming associated markers specifically changed between 10
and 20 months, several inflammatory factors were enhanced by ES exposure at 10 months, while this
was normalized again by 20 months of age (see Chapter 3 and Hoeijmakers et al., 2017). This indicates
that these expression profiles in Ctrl and ES mice particularly changed between 10 and 20 months. In
addition, 20 months of age marks the beginning of age-related deficits and mortality (Flurkey et al.,
2007; Forster et al., 2003) and the severe dysregulation of the brain that occurs at later ages might
therefore still be differentially regulated by the early-life condition. In conclusion, the timing when
age-related hallmarks are studied will be crucial to determine if the aging process is affected by earlylife and ES might therefore impact the currently studied factors at other ages.
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In addition, we observed an enhanced inter-individual variance in MWM acquisition within the ES
mice, but we were not able to reliably address such within-group variance in relation to cognitive
performance in the brain parameters. However, previous studies have shown that the altered withingroup variance for cognitive performance with aging is also found in the deficits in, for example Reelin
or brain derived neurotrophic factor expression, in the brain (Kennard, 2011; Stranahan et al., 2011).
As an example, cognitively impaired aged rats that were exposed to MD had no increase in learninginduced brain derived neurotrophic factor (BDNF) mRNA expression, when compared to MD-exposed,
unimpaired aged rats (Schaaf et al., 2001), illustrating how the within-group variance can be reflected
in neuroplasticity measurements. Therefore, analysis of age-related changes on the group as well as
individual level will contribute to our understanding of ES-induced alterations in aged rodents.
4.5 Conclusions
To conclude, we addressed age-related consequences of ES including changes in behavior and various
brain and neuroinflammatory parameters. This is the first study to describe the consequences of chronic
ES in aged mice and shows an enhanced variation in cognitive performance with aging, confirming a
previously described phenotype for aged rats, whereas age-related alterations in neuroplasticity and
inflammatory factors were not exacerbated by ES exposure. New questions arise from these findings
and we highlight the remaining gaps in our knowledge on aging of ES-exposed individuals. This study
therewith highlights the need to address age-related consequences for brain functioning in future
studies, in order to better understand and identify the potential vulnerability for age-related deficits
during life.
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Chapter 7

Abstract
Stress experienced early in life (ES), in the form of childhood maltreatment, maternal neglect or
trauma, is well known to enhance the risk for cognitive decline in later life. Several epidemiological
studies have now shown that environmental and adult life style factors influence AD incidence or
age-of-onset and also early-life environmental conditions have attracted attention in this respect.
There is now emerging interest in understanding whether ES also impacts the risk to develop age-related neurodegenerative disorders, like Alzheimer’s disease (AD), which is characterized by progressive cognitive decline and extensive (hippocampal) neuropathology. While this might be relevant
for the identification of individuals at risk and preventive strategies, this topic of early life related
effects on later (aspects of) AD and its possible underlying mechanisms have been poorly studied
to date.
Here, in addition to a bird’s eye perspective on the results presented in this thesis, we review the
role of ES in modulating AD risk and progression, primarily from a preclinical perspective on the literature. We discuss the possible involvement of stress-related, neuro-inflammatory and metabolic
factors in mediating ES-induced effects on later neuropathology and on associated impairments in
neuroplasticity in various mouse models for AD as well as with aging per se.
The available literature consistently indicates that ES in rodents affects the age of onset and progression of (age-related) cognitive decline and the AD-related neuropathology, specifically the different
forms of β-amyloid. However, little is still known about tau neuropathology in this respect. These
relevant changes in AD pathology after ES exposure in animal models call for future clinical studies
aimed to elucidate whether stress exposure during the early-life period in humans also modulates
later vulnerability for AD.

1. Introduction
Alzheimer’s disease is the most prevalent neurodegenerative disease among elderly and a major
burden to society (Prince et al., 2013; Wimo et al., 2013). AD patients are characterized by progressive
cognitive decline, that starts with mild cognitive impairments (MCI) and develops over time in full
blown dementia. The brains of AD patients are characterized by the abundant presence of amyloid
plaques, that are located extracellularly and contain various β-amyloid (Aβ) peptides, and by
neurofibrillary tangles that are made up of hyper-phosphorylated tau inside of neurons (Querfurth
and LaFerla, 2010; Scheltens et al., 2016). A small percentage of the demented population suffers
from familial AD, in which the disease results from genetic mutations and/or specific gene variants.
For the majority of patients with sporadic, late-onset AD, however, no genetic or heritable causes have
been identified, and their etiology appears related to an interaction of specific genetic risk variants
with various environmental and lifestyle factors (Andrieu et al., 2015; Gatz et al., 2006; Haaksma et
al., 2017).
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam.
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One of the environmental factors implicated in AD etiology is stress. The frequency of life-time distress
has been repeatedly associated with accelerated cognitive decline, enhanced incidence of MCI and
increased risk for late-onset AD (Aggarwal et al., 2014; Johansson et al., 2014; Sindi et al., 2016; Wilson
et al., 2006; 2003; 2007). Particularly stress occurring during the sensitive period of early-life may
aggravate the later vulnerability to AD (Lahiri and Maloney, 2012; 2010). Individuals with a history of
early-life stress (ES) have been shown to age less “successful” (Kok et al., 2017) and have an increased
probability to develop diseases in old age (Dong et al., 2004; Ferraro et al., 2016; Schafer and Ferraro,
2012). Interestingly, the occurrence of parental death between the age of 0 and 18 years has been
associated with a higher risk for AD (Norton et al., 2011; Ravona-Springer et al., 2012). Also, childhood
neglect and traumatic events have been associated with an augmented risk to develop early MCI with
age (Wang et al., 2016) and childhood stress have been associated with dementia and AD in Australian
aboriginals (Radford et al., 2017). On the other hand, early-life adversity was not associated with ageBox 1; Modeling AD-related neuropathology in mice
AD neuropathology is characterized by the accumulation of β-amyloid (Aβ) plaques and tau neurofibrillary
tangles, that are comprised of β-amyloid peptides and hyperphosphorylated tau proteins, respectively
(Buerger et al., 2006; Hardy, 2002). Aβ peptides are generated from amyloid precursor protein (APP)
that is cleaved by β- and γ-secretases and determine the rate of amyloidogenic processing. Aβ peptides
first accumulate inside cells, but ultimately end up in fibrillar amyloid plaques in the extracellular space.
The neuropathological progression of Aβ involves the accumulation of different Aβ species (i.e. soluble/
insoluble peptides, oligomers, intraneuronal/cell-associated Aβ or Aβ plaques). Next to this, tau
pathology develops by an increased phosphorylation of the protein tau. This tau hyperphosphorylation
destabilizes neuronal microtubules, ultimately leading to the formation of neurofibrillary tangles.
Similar to various enzymes controlling the rate of amyloidogenic processing, expression of total tau
protein and (the activity of) specific kinases mediate tau phosphorylation and pathological progression.
Aβ and tau pathology can be modeled in mice by transgenic (over)expression of human genetic
mutations that drive the neuropathology in familial AD. Many different transgenic mouse lines
have been developed over the last decade and most overexpress (a combination of) genes carrying
familial AD mutations (Götz et al., 2004). As examples, the Tg2576 and APPswe transgenic lines both
overexpress the Swedish familial APP mutations KM670/671NL (Borchelt et al., 1997; Hsiao et al.,
1996). The inclusion of mutated presenilin 1 (PSEN1 or PS1), one of the proteins of the γ-secretase
complex, accelerates Aβ onset and progression in the APPswe/PS1dE9 and APPswe/PS1M146L models.
The APPswe/PS1dE9 model develops Aβ plaques around 4 months of age while cognitive deficits occur
between 4 and 6 months (Edwards et al., 2014; Jankowsky et al., 2004).
Similar to Aβ models, the microtubule associated protein tau (MAPT) gene is overexpressed to generate
tau neuropathological characteristics in mice. The JNPL3 transgenic model overexpresses MAPTP301L
to drive an age-related increase in hyperphosphorylated tau with the first tangles occurring around
6 months of age (Lewis et al., 2000). Lastly, several models express APP as well as MAPT variants. An
example is the so-called bigenic (BiAT) mice expressing APP.V717I and MAPTP301L, and 3xTgAD mice
that harbor three mutant genes (APPswe, PS1M146L and MAPTP301L variants). These 3xTgAD mice
firstly display cognitive impairments at 3 months, Aβ plaque pathology by 6 and tau pathology by 10
months of age (Oddo et al., 2003).

7

172

Chapter 7
related cognitive decline in Caucasians, and may even be protective against cognitive decline in an
aging African American population (Barnes et al., 2012). Importantly, these retrospective studies may
contain bias as the variation in the later-life questionnaires on (self-reported) childhood maltreatment
and stress in elderly can be a potential confounder in these study designs (Ayalon, 2015; Jivraj et al.,
2017). Whereas prospective longitudinal studies in humans would be an important addition, they are
difficult from a logistic point of view, given the long interval between the early-life period and the age
at which clinical AD symptoms appear.
Animal studies, however, provide a great opportunity to gain further insight into the ES-mediated
modulation of age-related cognitive decline and AD development. Notably, various specific AD
characteristics are modeled in mice, i.e. by transgenic (over) expression of mutant genetic variants
that underlie familial AD (Box 1). These transgenic models develop transgene driven AD-related
neuropathological features such as amyloid plaques, and portray at least some of the associated
cognitive deficits. This provides a useful approach to study whether and how risk factors, like ES,
can modulate later neuropathological hallmarks, cognitive decline and related impairments in
neuroplasticity.
Here, we discuss whether stress in early-life acts as a vulnerability factor for AD, and whether ES
has consequences for aging per se. We summarize the available pre-clinical literature and focus on
the biological substrates that might mediate such vulnerability. Finally, we highlight the outstanding
questions that can help bring the field forward.

2. Early-life experiences affect AD neuropathological hallmarks and
cognition
In recent years, the vulnerability to develop AD after ES has been investigated with the use of different
ES rodent models (Box 2). These studies demonstrate that both positive and adverse early-life
experiences can modulate disease severity and AD pathology (Chapter 2; Cañete et al., 2015; Hui et
al., 2017; Lesuis et al., 2016; 2017; Martisova et al., 2012; 2013; Sierksma et al., 2012; 2013; Solas et
al., 2010; 2013).
Interestingly, ES triggered Aβ formation in non-transgenic rats; MS from P2 to P21 induced an elevated
ratio of the amyloid precursor protein (APP)-derived fragments C99 and C83, and an increased
expression of Aβ40 and Aβ42 peptides in the hippocampus of adult (Martisova et al., 2012; 2013;
Solas et al., 2010; 2013) and aged rats (Solas et al., 2010). While it is interesting to learn that ES
enhances amyloidogenic processing in the brain of wild type rodents, these rats do not develop the
pathological oligomeric or fibril forms of Aβ. Therefore, ES experiments performed in transgenic AD
models, that do express these pathological Aβ species, help to uncover if ES advances or accelerates
these specific features of AD pathology with age.
Perinatal stress was shown to affect the later development of amyloid neuropathology in transgenic AD
models in an age- and thus intrinsically pathological stage-dependent manner. In fact, both prenatal
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Box 2; Rodent models of early-life stress
In rodents, the early-life environment can be modulated by manipulation of the pregnant females during
the prenatal period, and during the postnatal period via manipulation of the mother’s interaction with
her offspring. This can have immediate and later consequences for the offspring’s brain structure and
function. Several extensive reviews summarize and describe the different prenatal and postnatal ES
models (Lucassen et al., 2013; Schmidt et al., 2010). We highlight some in detail.
Prenatal maternal-restraint stress (PS) generally consists of restraining the pregnant mouse or rat for
1-3 times a day during a number of consecutive days, which can take place during different gestational
phases. For instance, Sierksma et al. restrained mothers from embryonic day (E)1 to E7 for 3 daily 45min periods (Sierksma et al., 2012; 2013).
Postnatal stress models in both rats and mice include for example maternal separation (MS), maternal
deprivation (MD) or chronic ES/limiting bedding and nesting material (LBN). MS consists of a daily
separation of mother and her pups for several hours, for up to 3 weeks (Hui et al., 2017; Martisova et al.,
2012; 2013; Solas et al., 2010; 2013). MD consists of one prolonged (up to 24 hour) period of separation,
typically on postnatal day (P)3 or P4 (Oitzl et al., 2000). The chronic ES or LBN model requires the mother
and her offspring to be placed in an impoverished environment from P2 to P9 (Chapter 2-4 & 6; Lesuis
et al., 2016; Walker et al., 2017).
In contrast to other models, early-life handling (EH), consisting of a brief daily separation of the mother
and pups, in fact represents a positive manipulation as it enhances maternal care upon reunion (Korosi
and Baram, 2010; Meaney et al., 1988). Such an EH model can be employed from P2 to P9 with the usual
15-min daily separation (Lesuis et al., 2016; 2017), or for instance from P1 to P21 for only 8 minutes per
day (Cañete et al., 2015).

maternal-restraint stress (PS) from embryonic day (E)1 to E7, as well as chronic ES from postnatal
day (P)2-P9, reduced Aβ in the hippocampus of 4-month-old APPswe/PS1dE9 mice, a relatively
early pathological stage (Chapter 2; Sierksma et al., 2012; 2013). Specifically, Aβ plaque load in the
hippocampus of female, but not male, APPswe/PS1dE9 mice was decreased after PS, while no effects
were found on intracellular Aβ immunoreactivity, nor on hippocampal soluble Aβ40 and Aβ42 peptide
levels (Sierksma et al., 2012; 2013). Application of chronic ES from P2-P9 in our current studies also
reduced intraneuronal Aβ levels in the dentate gyrus of male APPswe/PS1dE9 mice (Chapter 2). On
the other hand, 4-month-old bigenic (BiAT) mice, which express both amyloid and tau mutant genes,
exposed to the same chronic ES design showed an elevation of Aβ peptide levels (Lesuis et al., 2016).
Interestingly, at a later pathological stage in 9- and 10-month-old APPswe/PS1dE9 mice, hippocampal
plaque load was aggravated after exposure to chronic ES from P2-P9, or after 3 weeks of MS (Chapter
2; Hui et al., 2017), while cortical plaque load was affected by MS at this age as well (Hui et al., 2017).
This shows that although in some models Aβ is initially reduced in young adulthood, the pathology is
exacerbated by ES exposure at later ages.
In contrast to the modulation of Aβ peptides, tau pathology received very little attention in ES
studies so far. Interestingly, tau protein in the hippocampus undergoes specific isoform switches
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and phosphorylation changes during the early-life period, which have been suggested to contribute
to neuronal development and function (Sennvik et al., 2007; Boekhoorn et al., 2006). Although
interference of such processes by stress in this same early-life period, can potentially have a
detrimental impact, based on the only study available on this topic to date, ES did not seem to impact
phosphorylated tau in 4-month-old BiAT mice (Lesuis et al., 2016). At 4 months of age, BiAT mice do,
however, not normally develop tau pathology, possibly preventing detection of any ES modulation in
this study and highlighting the need for future investigation on the topic.
Interestingly, even though chronic ES affected Aβ levels in the hippocampus, chronic ES exposure did
not aggravate cognitive impairments in the Morris water maze (MWM) in 9-month-old APPswe/PS1dE9
mice (Chapter 4). At a younger age, APPswe/PS1dE9 mice even seemed to be protected against the ESinduced cognitive impairments at 3 months, when compared to ES-exposed wild type mice (Chapter
4). In addition, the reduced Aβ plaque load in PS-exposed APPswe/PS1dE9 mice at 4 months was
associated with improved performance in hippocampus-dependent cognitive tasks (Sierksma et al.,
2013), while the increase in Aβ plaque load in the same MS-exposed transgenic mice, was associated
with an impaired performance at 9 months (Hui et al., 2017).
Interestingly, the 9-month-old MS-exposed mice exhibited an increased plaque load in multiple brain
regions while plaques were only increased in the hippocampus chronic ES-exposed APPswe/PS1dE9
at the same age. This more severe pathological state of MS-exposed mice in the hippocampus and
other regions possible explain the differential effects on cognition between these ES models (Chapter
4; Hui et al., 2017). This awaits future studies to support if the cognitive differences between chronic
ES and MS exposed APPswe/PS1dE9 mice indeed relates to differential pathological levels. Lastly, ES
induced no cognitive phenotype in BiAT mice at 4 months of age, as both control and ES-exposed BiAT
mice were unimpaired at this age (Lesuis et al., 2016), thus BiAT were not vulnerable to chronic ES
impairments in cognition at this early-pathological age.
In contrast to ES, and in support of the important role for the (quality of the) early-life environment,
a ‘positive’ early-life experience attenuated Aβ pathology and cognitive decline. For instance, early
handling (EH) from P2 to P9, which was associated with improved care by the mother, reduced Aβ
levels in 4-month-old BiAT mice and in 11-month-old APPswe/PS1dE9 mice (Lesuis et al., 2016; 2017).
This reduction in Aβ levels in APPswe/PS1dE9 mice after EH was further accompanied by an improved
cognitive performance at 11 months of age (Lesuis et al., 2017). In addition, prolonged EH exposure
from P1-P21 prevented spatial learning impairments at a pre-pathological stage, in 4-month-old male
and female 3xTgAD mice (Cañete et al., 2015).
These initial studies strongly suggest that perinatal experiences can ‘shape’ the later progression
of Aβ neuropathology and cognitive performance. In general, it appears as if stress experienced
in early-life reduces Aβ hallmarks at an early pathological stage, while it ultimately aggravates Aβ
levels at more advanced pathological stages. These alterations are associated with parallel changes in
cognition. So far, these conclusions are based on only a few studies, which focus on Aβ rather than on
tau neuropathology. This highlights the need to extend our knowledge of the consequences of ES at
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different pathological stages. Moreover, several of these studies addressed cognition only in transgenic
mice and not in age-matched wild type mice exposed to the early-life paradigm (Cañete et al., 2015,
Hui et al., 2017; Sierksma et al., 2013). The inclusion of these control groups is relevant in order to
assess whether AD pathology accelerates or aggravates the onset of cognitive impairments relative
to unstressed transgenic mice as well as stressed wild type groups. It is also important to understand
which mechanisms are involved and which pathways might mediate such late consequences. This is
addressed in the following sections.

3. Stress in early-life modulates regulators of Aβ and tau
neuropathological progression
So far, most of the aforementioned ES studies have not fully addressed the possible mechanisms
mediating the later neuropathological changes. It is interesting to speculate whether mechanisms
involved in the effects of adult stress on AD neuropathology might also be important to consider in the
context of early-life experiences. In fact, the impact of adult stress exposure on Aβ and tau hallmarks
has been more extensively studied in various AD models (Machado et al., 2014; Marcello et al., 2015).
Overall, there are several pathways in which stress exposure can regulate Aβ progression. These
include; 1) driving Aβ synthesis via the modulation of APP expression and the APP-cleaving secretases,
or 2) by modulating clearance of Aβ, for instance by changes in transportation to the periphery or by
altering the rate of phagocytosis by immune cells (Chesser et al., 2013; Deane et al., 2009; Martin et
al., 2013; Ries and Sastre, 2016). The propagation of tau neuropathology on the other hand, is similarly
modulated by tau expression, tau mutations, and activity of specific kinases and phosphatases. These
factors are driving tau neuropathology and also ‘prion-like’ tau propagation is of relevance in this
respect (Sanders et al, 2014). Alternatively, tau can be cleared through degradation pathways, halting
the progression of pathology.
As discussed in Chapter 1, different factors in the early-life environment, including stress-related,
inflammatory and nutritional/metabolic factors, are altered by ES exposure and may lead to longlasting effects on the brain. We will here further discuss the existing literature on the proposed
regulators of AD neuropathology following (early-life) stress exposure, with a focus on these different
factors.
3.1 Stress-related factors modulate AD neuropathology
Stress-related factors are certainly important to consider as possible modulators of AD pathology.
Not only are stress hormone levels like cortisol dysregulated in AD patients at different stages of their
disease (Arsenault-Lapierre et al., 2010; Csernansky et al., 2006), but stress was also associated with
an acceleration of the course and duration of MCI, and with AD progression in general (Johansson et
al., 2014; Sindi et al., 2016; Wilson et al., 2007). This effect is thought to be mediated mostly by stressrelated hormones and neuropeptides, such as glucocorticoids (cortisol in human and corticosterone in
rodents) and corticotropin-releasing hormone/ factor (CRH; CRF). Interestingly, ES exposure has been
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described to alter later hypothalamic pituitary adrenal (HPA) axis functioning, leading to an increased
responsiveness to stressors. This overexposes the body and brain to elevated levels of glucocorticoids
(reviewed in Frodl and O’Keane, 2013; Heim and Nemeroff, 2001). Such changes in HPA axis functioning
could be considered a plausible mediator of accelerated AD symptoms and neuropathology (Herbert
and Lucassen, 2016).
3.1.1 Glucocorticoids
Various clinical studies have implicated elevated glucocorticoid levels in the cognitive decline that
followed (cumulative life-time) stress experiences in elderly and AD patients (Arsenault-Lapierre et al.,
2010; Comijs et al., 2010; Csernansky et al., 2006; Lupien et al., 1999; Popp et al., 2015). This supports
an important role for glucocorticoids as possible mediators of AD vulnerability after exposure to stress
and indeed several mechanistic, pre-clinical studies implicated glucocorticoids in the pathological
processing of enhancing tau and amyloid levels after (adult) stress exposure (Baglietto-Vargas et al.,
2015; Catania et al., 2009; Green et al., 2006; Joshi et al., 2012; 2013; Sotiropoulos et al., 2008; 2011).
As an example, glucocorticoid exposure and chronic stress in wild type rats enhanced phosphorylation
of tau protein in the hippocampus and prefrontal cortex, likely through the elevated expression of
kinases, and these alterations were associated with cognitive deficits in the rats (Sotiropoulos et al.,
2011). Tau knockout mice further showed resilience for (part of) the stress-induced hippocampal
abnormalities and cognitive deficits (Lopes et al., 2016), indicating a mechanism through which stressinduced tau alterations can enhance neuropathological hallmarks as well as vulnerability for cognitive
deficits.
With respect to Aβ pathology, the expression of APP and the APP cleaving enzyme β-secretase 1
(BACE1) was increased by exposure to corticosterone or to the glucocorticoid receptor (GR) agonist
dexamethasone, both in neuronal cell cultures as well as in 3xTgAD mice. These changes increased
expression of APP-derived fragments (C99, C83), and notably, they further steered APP processing
towards the amyloidogenic pathway, ultimately increasing Aβ levels (Green et al., 2006). A similar
amyloidogenic potential of glucocorticoids was found after adult stress exposure, which also increased
expression of BACE1 and APP-derived fragments in the hippocampus and frontal cortex of nontransgenic rats (Catania et al., 2009). In addition, blocking the GR with the antagonist mifepristone
attenuated both Aβ and tau pathology in 12-month-old 3xTgAD mice, after 3 weeks of treatment, while
restoring cognitive performance in various behavioral tasks (Baglietto-Vargas et al., 2013). In contrast
to the glucocorticoid-mediated elevation of Aβ, the neuropathological reduction after mifepristone
treatment was not mediated by BACE1 activity, but through a still unknown APP protease that steered
APP processing to the non-amyloidogenic pathway (Baglietto-Vargas et al., 2013).
Interestingly, ES modulated amyloidogenic pathways in non-transgenic rats via the same mediators as
reported for adult stress and glucocorticoid exposure. BACE1 expression was elevated in MS-exposed,
adult non-transgenic rats and accompanied by an increased C99/C83 ratio (Martisova et al., 2012;
2013; Solas et al., 2010; 2013). This elevated BACE1 expression was further associated with reduced
DNA methylation of the BACE1 promotor (Martisova et al., 2012). It still remains to be determined
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when this epigenetic mark arises. GR activity might possibly contribute to this induced BACE1
expression and DNA hypomethylation, when considering that MS-exposed rats exhibit heightened
corticosterone levels in adulthood (Aisa et al., 2007; Martisova et al., 2013).
On the other hand, BACE1 DNA hypomethylation can also be a programmed epigenetic mark that
arises directly after ES exposure and lasts into adulthood. It will be interesting to study whether this
or an ES-mediated rise in glucocorticoid levels and subsequent GR activation in adulthood affected
methylation and the eventual BACE1 expression pattern. Chronic ES exposure did, however, not
induce an increase in basal corticosterone in adult mice (Naninck et al., 2015; 2017) and, thus, not
all ES models induce elevated basal or stress-induced corticosterone levels. Whether glucocorticoid
levels in chronic ES-exposed mice affect BACE1 expression to mediate the increased Aβ pathology in
APPswe/PS1dE9 mice remains thus to be determined.
3.1.2 Corticotropin-releasing factor/ hormone
Next to glucocorticoids, clinical data have also pointed to abnormal CRF signaling in AD patients (De
Souza et al., 1987; Hatzinger et al., 1995; May et al., 1987; Raadsheer et al., 1995). CRF levels were
reported to be reduced in the cerebrospinal fluid and cortical tissue of (sporadic) AD patients (De
Souza et al., 1987; May et al., 1987) and AD patients also responded less to stimulation of the HPA
axis with exogenous CRF (Hatzinger et al., 1995). Next to this, CRF mRNA expression was elevated in
postmortem tissue of the hypothalamic paraventricular nucleus of AD patients (Raadsheer et al., 1995).
On the functional level, however, CRF expression was reported to exert a neuroprotective response
to Aβ toxicity (Pedersen et al., 2001) and to favor non-amyloidogenic APP cleavage (Lezoualc’h et al.,
2000), which would both be beneficial in a context of Aβ accumulation.
In contrast to these observations, multiple studies have indicated that stress exposure aggravated Aβ
neuropathology in close association with elevations in CRF. Enhanced CRF signaling in 3xTgAD mice
subjected to chronic adult stress was associated with enhanced Aβ neuropathological progression
(Baglietto-Vargas et al., 2015). Kang and colleagues have further shown that exogenous administration
of CRF, but not corticosterone, mimicked the acute stress-induced increase in Aβ40 and Aβ42 (Kang et
al., 2007). Central CRF administration similarly enhanced these peptide levels (Dong and Csernansky,
2009). Such an Aβ-enhancing potential of CRF can be mediated through γ-secretase activity, showing
a mechanistic link between (stress-induced) CRF and Aβ (Park et al., 2015). This modulating role of
CRF was also confirmed by a deficiency in CRF signaling, either via a CRF receptor 1 (CRFR1) knockout
line or antagonist treatment, respectively, showing a blockage of the stress-induced aggravation in Aβ
pathology after post-traumatic stress-like exposure in APPswe/PS1M146V mice (Justice et al., 2015),
and after acute stress in Tg2576 mice (Kang et al., 2007).
Next to this, several studies have also attributed the potential of stress to enhance tau pathology
to CRF (Carroll et al., 2011; Rissman et al., 2007). Tau phosphorylation was enhanced in CRF
overexpressing mice compared to wild type mice and treatment with a CRFR1 antagonist restored the
phosphorylation of tau to wild type levels at some, but not all, epitopes (Cambell et al., 2015). Adult
stress exposure increased tau hyperphosphorylation through the activity of specific kinases mediated
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by CRFR1 activation (Rissman et al., 2007). Similar to adult stress, ES in rodents led to enhanced CRF
signaling in the hippocampus (Ivy et al., 2010) and frontal cortex (Wang et al., 2011). This implicates
that altered CRF signaling after ES exposure may contribute to AD-related tau hyperphosphorylation
and Aβ aggravation, but further evidence is needed to test this hypothesis.
To summarize the role of (early-life) stress-related factors in the later vulnerability to develop AD, both
glucocorticoids and CRF have been implicated in the progression of AD neuropathology. This supports
the possibility that the enhanced AD vulnerability after ES might be mediated by the alterations in the
stress system. Intervention studies that modulate the consequences of ES on stress signaling should
help to clarify these cause-or-effect aspects and further elucidate this relationship. In addition, it will
be interesting to investigate if ES has the potential to also (epigenetically) program expression of AD
neuropathological modulators, such as tau, APP, or BACE1 expression, possibly via GR activation.
3.2 Regulation of the inflammatory response to amyloid neuropathology by ES
Over the recent years, attention for the role of neuroinflammation in AD etiology has strongly
increased (Heneka et al., 2015; Mhatre et al., 2015; Wyss-Coray and Rogers, 2012). Clearance of Aβ
can be mediated by microglia, the innate immune cells of the brain, and/or by infiltrating myeloid cells.
The latter are still debated as to whether they just assist, or rather overtake microglial functions in AD
(Bates et al., 2009; Fu et al., 2012; Hickman et al., 2008). The accumulation of Aβ in the brain has been
shown to elicit a chronic inflammatory response, both in terms of microglial and complement activation
(Rodríguez et al., 2010; Veerhuis et al., 2003; Zhang et al., 2012), depending on the pathological stage
(Sudduth et al., 2013). The potential of neuroinflammatory modulation of AD progression was further
illustrated by studies that change the neuroinflammatory response using genetic tools to, depending
on the specific type of modulation, either aggravate (Griciuc et al., 2013; Mass et al., 2017; Wang et
al., 2015; 2016) or ameliorate Aβ neuropathology (Guo et al., 2015; jorth et al., 2013; Lee et al., 2010).
Despite these relevant findings, a possible role for inflammation in the interaction between (earlylife) stress and AD has so far been addressed only in a few studies. First, an adult stress-induced
increase in plaque pathology in Tg2576 mice was found to coincide with a reduction in plaqueassociated microglia (Carroll et al., 2011), indicating that microglia may show a reduced response
to Aβ deposits. A comparable reduction in plaque-associated Iba1 immunoreactivity, a marker for
microglia, was observed in chronic ES-exposed 10-month-old APPswe/PS1dE9 mice (Chapter 2).
However, additional analysis did not reveal a difference in the number of clustered Iba1+ cells around
plaques (Chapter 3). Hence, the reduced immunoreactivity of Iba1+ clusters might reveal a difference
in microglial morphology or activation at those plaques. In addition, we showed that particularly at 10
months of age, APPswe/PS1dE9 mice exhibited a diminished increase of various inflammatory factors
after ES exposure, including Iba1, CD11b, Hmgb1, Nlrp3 and Ccr2 mRNA expression (Chapter 2 & 3).
These observations imply that the inflammatory phenotype in 10-month-old APPswe/PS1dE9 mice
is dampened by ES exposure. Interestingly, an opposite phenotype was observed at an earlier age in
the 4-month-old APPswe/PS1dE9 mice; ES enhanced the expression of microglial CD68 (a lysosomal
protein and phagocytic marker) in 4-month-old APPswe/PS1dE9 mice, as well as in wild type mice
exposed to ES (Chapter 2).
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3.2.1 Altered sensitivity of the microglial response after ES exposure
As our findings showed a differential neuroinflammatory profile in APPswe/PS1dE9 mice at different
ages, one can speculate that the changes in neuropathology between 4 (reduced Aβ in ES group)
and 10 months (increased Aβ in ES group) in the ES-exposed mice were not due to differences in
Aβ production, but may rather result from a differential clearance mediated through microglia. An
outstanding question in that respect is, whether the microglial response to inflammatory challenges
like Aβ is intrinsically (epigenetically) programmed by ES.
In support of such programming effects, we have shown that ES exacerbated the lipopolysaccharide
(LPS) -induced pro-inflammatory response in primary hippocampal glial ES cultures (Chapter 3). This
observation indicates that ES altered or ‘sensitized’ the response to an acute inflammatory challenge in
culture. In line with our evidence, other ES studies in rats have shown that also the microglial response
in adulthood was primed or sensitized when stimulated by secondary inflammatory challenges, again
leading to an enhance (pro-)inflammatory response from microglia (Diz-Chaves et al., 2012; Szczesny
et al., 2014). The preliminary results of our additional approach to test specifically the phagocytic
response of microglia to aggregated Aβ1-42 did, however, not indicate any significant difference in the
uptake by the cultured microglial cells. However, exposing the cultured microglia to latex beads showed
that ES microglia internalized more beads than control microglia, indicating that ES can modulate the
phagocytic response (Chapter 3). The results from the Aβ1-42 phagocytosis assay should, however,
be interpreted with caution as our sample size was currently low and follow-up experiments should
confirm if this phagocytic response of microglia is indeed altered or not by ES exposure.
What are the consequences of such ES sensitization for microglial functioning? Other early-life
experiences that have been shown to prime the inflammatory response of microglia, for example
early-life infection showed these primed effects to last into adulthood (Bilbo et al., 2005; 2008).
In addition, aging is intrinsically known to enhance the expression of several (pro-)inflammatory
factors and exposure to an infection in early-life even led to a stronger increase in this age-related
inflammatory profile in aged rats (Bilbo, 2010). This study showed that an early-life priming factor
leads to stronger alterations in the age-related inflammatory profile and thereby likely enhances the
risk to develop deficits in aging. However, chronic ES exposure did not lead to a similar alteration of the
aging-related inflammatory phenotype in aged mice at 20 months of age (Chapter 6), indicating that
the consequences of inflammatory sensitization throughout life are probably specific for only certain
inflammatory challenges.
Next to direct (epigenetic) changes in the intrinsic microglial response, it is possible that the ES
phenotype is mediated by factors and cell types that regulate microglial functioning, like (factors
released by) neurons and astrocytes. As an example, fractalkine signaling between neurons and
microglia was found to be diminished in PS-exposed rats by the reduced expression of the (neuronderived) chemokine CX3CL1 and the microglial CX3CR1 receptor (Ślusarczyk et al., 2016). Similarly,
ES-exposed P9 mice also showed a diminished expression of CX3CL1 in the hippocampus (Chapter 3),
indicating that neurons might influence the microglial phenotype after ES exposure.
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We currently investigated primary, mixed glial cultures that contained both astrocytes and microglia
to study the acute LPS-induced inflammatory response and the phagocytic response of microglia
(Chapter 3). Few studies have investigated astrocyte functioning and microglia-astrocyte interactions
after ES exposure (Diz-Chaves et al., 2013; Roque et al., 2016) and our findings raise the question to
what extent astrocytes might contribution to the phenotypes we observed in our mice and in vitro
approach. Future experiments should therefore focus on a more integrated approach that addresses
the inflammatory response in an (in vitro) setup consisting of multiple cell types, as well as cell-specific
approaches to elucidate how the interaction between cells will determine the outcome of ES exposure.
Together, these data show that ES affects microglia and their neuroinflammatory profile, which,
in turn, might modulate Aβ neuropathological progression. For this, it still needs to be elucidated
whether an altered microglial phenotype after ES exposure indeed contributes to the aggravated Aβ
pathology in APPswe/PS1dE9 mice via changes in Aβ clearance. In addition, it will be important to
investigate if the microglial phenotype in ES-exposed APPswe/PS1dE9 mice results from an intrinsic,
primed, or sensitized microglial response to Aβ. Alternatively, indirect routes are possible too, as the
Aβ accumulation in ES-exposed mice might have elicited impairments in other cell types in the brain
that may then indirectly stimulate the microglia to respond more or less strongly.
3.3 Metabolic factors can play a role in the progression of AD neuropathology after ES
Other factors that could potentially be involved in the modulation of AD vulnerability after ES exposure
may relate to metabolic aspects of AD. Over the last years, the abnormal metabolic profile of AD
patients (Bedse et al., 2015; Dineley et al., 2014) and the beneficial or adverse effects of specific
diets and nutrients on AD progression have received considerable attention (Luchsinger et al., 2007;
Ramesh et al., 2010; Solfrizzi et al., 2017). This topic is of particular interest as improving eating habits
represent a non-invasive and relatively cheap tool for interventional strategies in order to prevent or
delay AD.
Adversities in early-life, and ES in particular, have been well-described to affect metabolism and the
nutritional profile (reviewed in among others Lucassen et al., 2013; Yam et al., 2015). Such metabolic
changes after ES included among others fat deposition and altered signaling of the fat-derivative
leptin (Yam et al., 2017a), reduced insulin signaling (Solas et al., 2013), elevations in cholesterol levels
(Paternain et al., 2016) and altered poly-unsaturated fatty acid plasma levels, including reductions
in omega-3 fatty acid levels (Clarke et al., 2009). We next discuss two of these important metabolic
regulators, i.e. insulin signaling and fatty acid levels, that might contribute to AD neuropathological
progression after exposure to ES.
3.3.1 Insulin resistance in AD
Hyperinsulinemia leads to a deficiency in proper insulin signaling, or insulin resistance, that can
ultimately develop into type II diabetes. Type II diabetes is highly prevalent world-wide and a wellrecognized risk factor that is known to potentiate AD progression (Baker et al., 2011; Biessels et al.,
2014; Steen et al., 2014). The involvement of insulin in AD progression was further demonstrated by

General discussion

181

studies of APP overexpression models that develop insulin resistance with age, whereas normalizing
such abnormal signaling ameliorated cognitive deficits and Aβ peptide levels (Pedersen et al., 2006).
Regarding the mechanisms as to how hyperinsulinemia can promote AD progression, one possibility
is the promotion of Aβ accumulation via the insulin-degrading enzyme (IDE), that does not degrade
insulin only, but also Aβ. An impairment in IDE might thus lead to both high insulin and Aβ levels,
and because of the higher affinity for insulin, IDE might degrade less or even no Aβ peptides under
conditions of high insulin (Qiu and Folstein, 2006). Moreover, hyperinsulinemia has been associated
with AD vulnerability via other pathways, as discussed in various excellent reviews (Craft, 2005; Diehl
et al., 2017; De la Monte, 2009).
Interestingly, both adult stress and ES have been shown to affect insulin levels and insulin signaling.
The suppression of insulin signaling in 6-month-old APPswe/PS1dE9 mice was potentiated by exposure
to chronic unpredictable mild adult stress and therewith aggravated the Aβ phenotype (Han et al.,
2016). Amyloidogenic processing in PS-exposed, adult non-transgenic rats was similarly accompanied
by decreased expression of various factors involved in insulin signaling pathways (Solas et al., 2013).
Together, these studies suggest that both stress at an adult age and early in life can induce amyloidogenic
processing through altered insulin signaling (Han et al., 2016; Solas et al., 2010). Furthermore, chronic
ES exposure increased insulin levels in P9 mice (Yam et al., 2017b) as well as in adult rats (Maniam
et al., 2015), which is consistent with the concept that ES increases the risk for hyperinsulinemia and
later insulin resistance. Altogether, there is evidence for insulin-related changes in AD hallmarks after
ES exposure. Additional investigation is needed to further clarify the mechanisms underlying the
effects of ES-modulated insulin signaling in transgenic AD models.
3.3.2 Involvement of omega-3 and omega-6 fatty acid profiles in AD vulnerability
Research on the essential omega-3 and omega-6 fatty acids have implicated the omega-3 variant to
be beneficial for brain functioning (Fiala et al., 2017; Zárate et al., 2017). Omega-3 supplementation or
deficiency in adult rodents, indeed, altered progression of Aβ neuropathology and cognitive decline in
different APP mutant mouse models (Calon et al., 2005; Green et al., 2007; Lim et al., 2005; Oksman et
al., 2006). This makes these poly-unsaturated fatty acid levels another interesting factor with respect
to AD vulnerability. Interestingly, ES reduced omega-3 fatty acids in the plasma of adult rats exposed
to MS during early-life (Clarke et al., 2009). In addition, when MS-exposed rats were fed an omega-3
deficient diet throughout adulthood, these rats showed a higher vulnerability for metabolic deficits
when compared to unstressed rats fed with this deficient diet (Bernardi et al., 2013; Mathieu et al.,
2008).
These studies suggested that the ES-induced reduction in omega-3 fatty acids can make ES-exposed
mice more vulnerable to (progression of) AD neuropathology and cognitive decline. But how can fatty
acids during the early-life period exert such lasting, and late, modulatory effects on the brain? Dietary
enrichment with omega-3 applied to adult, unstressed mice reduced Aβ neuropathology in the cortex
of 18-month-old Tg2576 mice after a ±3 month dietary supplementation period (Lim et al., 2005). This
reduction could not be attributed to an altered expression of well-known drivers of the amyloidogenic
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pathway, such as APP, BACE1, and ApoE (Lim et al., 2005). The beneficial effects of omega-3 fatty acids
on Aβ accumulation seemed actually to be modulated by a reduced PS1 expression, which in turn, was
found to reduce γ-secretase activity, subsequent amyloidogenic processing and eventually even tau
hyperphosphorylation in the 3xTgAD mice (Green et al., 2007).
It still remains to be investigated whether the modified omega-3 profile has actually causally
contributed to the altered Aβ neuropathological progression. Next to this, it is of interest to mention
that fatty acids can also directly affect other AD-related aspects, like neuroplasticity (Calon et al.,
2004; 2005; Hashimoto et al., 2006) and inflammation (Hjorth et al., 2013), which might indirectly also
contribute to the ES phenotype.
3.4 Interplay of neuropathological regulators, and their modulation by ES
As discussed in the previous sections, AD neuropathology might progress after ES exposure through
the modulation of stress-related, neuroinflammatory and metabolic factors. Additional studies on the
direct consequences of ES for each of these modulating pathways, at different time points in transgenic
models of AD, should help to elucidate the determining factors. It must be noted in this respect that
the different systems that can affect AD neuropathology after ES exposure are strongly interrelated.
Hence, alterations in one system will likely elicit various changes in the other. This makes it unlikely
that ES would solely affect one of these systems, while leaving others untouched (Chapter 1).
To further illustrate this subtle interplay between stress, neuroinflammation and metabolism,
hyperinsulinemia was for instance found to enhance central inflammation and Aβ42 levels in the
cerebrospinal fluid of healthy adults (Fishel et al., 2005). In addition, Tg2576 mice developed Aβ
pathology next to impaired insulin levels, that in turn can drive a rise in fasting-induced corticosterone
and hyperinsulinemia by 13 months of age (Pedersen and Flynn, 2004). This process could be
prevented by modulating glucose and lipid metabolism through a dietary intervention, containing
(among others) a peroxisome proliferator-activated receptor-γ (PPARγ) agonist (Pedersen and Flynn,
2004), that acts not only as a metabolic but also as an inflammatory mediator. Omega-3 fatty acids
further modulated microglial phagocytosis of Aβ (Hjorth et al., 2013), while neuroinflammation is
again regulated by stress mediators, like corticosterone (Espinosa-Oliva et al., 2011; Frank et al., 2012;
Tynan et al., 2010), that can in turn induce insulin resistance (van Donkelaar et al., 2014).
These studies portray the interrelated characteristics of several pathways related to both ES as well
as to AD. The interactions of these different factors at play have unfortunately not yet been studied
in detail for AD, but such studies might shed light on the primary modulating pathways altered by ES
that eventually determine AD vulnerability. This interrelated character obviously makes it also difficult
to tease out whether ES determines AD vulnerability through one common denominator, or driving
factor, or whether a synergistic action of all these pathways is involved. This awaits future studies.

4. AD vulnerability through ES-modulated neuroplasticity
The function of neuronal networks can be modified by selective pruning of synapses, formation of
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new synapses, or a strengthening of the existing ones (Chattarji et al., 2015; Kim and Diamond, 2002;
Martin et al., 2000). The hippocampus also exhibits the (unique) capacity to generate new, functional
neurons, a process implicated in hippocampus-dependent cognitive functioning (Kempermann et
al., 2015; Leuner et al., 2006). Many of these forms of neuronal plasticity forms are ultimately also
affected by the neuropathological progression in AD, as supported by the early and extensive synapse
loss, neuronal atrophy and selective cell death in the AD brain (Coleman and Flood, 1987; de Leon
et al., 1997; Scheff et al., 1990), which is at least in part modelled by pre-clinical research in rodent
models of AD (for reviews, see Götz & Ittner 2008; Götz et al. 2012; Jang and Chung, 2016; Marlatt
and Lucassen, 2010; Pozueta et al., 2013; Selkoe, 2002). This close relation between pathology and
neuroplasticity deficits as well as (aberrant) regenerative responses in AD (Kuhn et al., 2001; 2007)
makes it relevant to discuss how ES affects neuroplasticity in AD models.
Next to this, ES-exposed wild type adult rodents have been reported to display reduced levels of
hippocampal neurogenesis (Hulshof et al., 2011; Naninck et al., 2015; Oomen et al., 2010; Suri et
al., 2013), decreased dendritic complexity (Huot et al., 2002; Ivy et al., 2008), reduced spine density
and synaptic protein expression (Aisa et al., 2009; Wang et al., 2011), as well as impaired long-term
potentiation of synaptic connections (Brunson et al., 2005; Herpfer et al., 2012; Ivy et al., 2008; Wang
et al., 2011). Such impairments in neuroplasticity are thought to underlie the cognitive deficits in ESexposed adults. These neuroplasticity forms have also been described to cognition decline with aging
(Barnes et al., 1997; Foster, 2012; Lindner, 1997). Considering this, we first discuss how ES intrinsically
affects such age-related alterations in cognition and neuroplasticity in wild type rodents, followed by
the evidence for alterations in neuroplasticity in AD models in relation to ES exposure.
4.1 ES modulation of neuroplasticity with aging
Interestingly, the ES-mediated impairments in neuroplasticity that occur during adulthood generally
involve stress mediators, neuroinflammatory alterations and metabolic changes (for reviews see
Chapter 1; Johnson and Kaffman, 2017; Korosi et al., 2012), suggesting that similar pathways might
possibly be involved in stress-induced neuroplasticity changes in relation to AD. In addition, some
early consequences of ES exposure in rodents were shown to last into old age. For example, the ESinduced reduction in hippocampal volume was observed already in P9 pups and in adult mice (Chapter
2; Naninck et al., 2015) and we have now shown that this reduction lasted until 20 months of age
(Chapter 6). Other consequences of chronic ES exposure were actually age-dependent and only
affected specific stages. As an example, ES increased cell proliferation at P9, but these changes were
no longer present at 4 or 10 months of age (Chapter 4; Naninck et al., 2015). These examples illustrate
the importance of age and the need to study the consequences of ES at different ages. However, little
attention has so far been given as to how ES affects cognitive decline and brain plasticity in old age.
In humans, the majority of elderly people typically show a decline in cognition with aging (Kirova et
al., 2015; Langa and Levine, 2014) and cognitive functioning in rodents similarly diminishes with age
(Barnes et al., 1997; Foster, 2012; Lindner, 1997). One can imagine that impairments in neuroplasticity
after ES exposure may trigger a steeper decline with aging. Indeed, individuals with a history of
childhood stress exhibited cognitive deficits already in (young) adulthood (Chugani et al., 2001; Kaplan
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et al., 2001; Mueller et al., 2010) and these deficits seem to further progress in a stronger manner with
aging (Radford et al., 2017; Wang et al., 2016).
In mice, chronic ES exposure failed to aggravate the learning impairment in a MWM task in 20-monthold mice, relative to control mice (Chapter 6), while this same ES paradigm did induce cognitive deficits
at younger ages (Chapter 4; Kanatsou et al., 2017; Naninck et al., 2015). Interestingly, at 20 months
of age, the inter-individual performance of ES-exposed mice was enhanced, indicating that ES might
possibly amplify individual differences within the population and thereby lead to both better and
worse cognitive performance in aged individuals. A similar finding was presented in studies on 30 to
32-month-old rats that were exposed to MD on P3. This led to more cognitively impaired MD-exposed
aged rats, but also to more good performers during the learning task, relative to the performance
of age-matched control rats (Oitzl et al., 2000). Together with our observation, these findings thus
indicated that ES did not impair all aged rodents, but rather that the individual variation within the
ES group was enhanced in old age. Next to this, other studies of aged rodents have shown that the
average level of cognitive impairment was exacerbated in PS-exposed rats (Vallee et al., 1999), and a
similar phenotype was confirmed in aged rats that underwent MS from P2-14 (Sousa et al., 2014) or
from P2-P21 (Solas et al., 2010).
Thus, the majority of these studies point to an aggravated age-related decline in, at least some of
the ES-exposed rodents, but it remains unclear what underlies such a phenotype. We have shown
that chronic ES-exposed mice showed equal levels of newborn, doublecortin-expressing cells in the
hippocampus and the mRNA expression levels of these synaptic markers were comparable to agedmatched controls as well (Chapter 6). However, aged rats with a history of MS showed strongly reduced
mRNA expression of activity-regulated cytoskeleton-associated protein (ARC), but not of brain-derived
neurotrophic factor (BDNF), compared to unstressed, aged rats and adult groups (Solas et al., 2013).
In addition, impairments in cognitive performance were accompanied by an impaired long-term
potentiation in CA1-CA3 synapses in 16-month-old MS-exposed rats (Sousa et al., 2014). Next to this, a
study of 30- to 32-month-old rats that were exposed to MD on P3 and classified as cognitively impaired
or unimpaired based on their MWM performance, revealed that 5-HT receptor 1 mRNA expression in
the hippocampus was more strongly increased in impaired MD rats compared to the impaired control
rats and unimpaired MD rats (Sibug et al., 2001). Similarly, learning behavior enhanced BDNF mRNA
expression in the brain of MD-exposed aged rats when the learned the MWM task, while MD-exposed
aged rats that were unable to learn the task did not show such an upregulation in expression (Schaaf et
al., 2001). It remains to be addressed if control aged rats show a different or similar learning-induced
BDNF expression pattern as these MD-exposed rats. Thus, these last studies have shown that the
cognitive phenotype in aged rats is altered by ES exposure, and that these alterations are associated
with specific neuroplasticity alterations in the brain.
In addition, these last studies indicate particularly that the individual cognitive phenotype that follows
MD was associated with specific neuroplasticity changes in the brain. Therefore, the enhanced interindividual variation in cognition of chronic ES-exposed mice could likely have a similar pattern in the
brain. Such variance in brain parameter outcomes could not be investigated at this time (Chapter 6).
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To further elucidate which factors are involved in the age-related decline after ES exposure, it will be
very useful to perform additional studies that address how cognition of the ES-exposed aged rodents
relates to brain plasticity on the individual level.
4.2 ES might aggravate AD-related impairments in neuroplasticity
Next to the discussion of ES consequences with aging, the question remains whether ES affects
neuroplasticity in AD mouse models. Even though the ES-exposed APPswe/PS1dE9 mice did exhibit
a higher plaque load at 10 months of age, our study of APPswe/PS1dE9 mice showed that ES had
no differential effect on adult hippocampal neurogenesis in these mice at ages 4 or 10 months
(Chapter 2 & 4). Both cell proliferation and differentiation were not affected in previous studies of
ES exposure in wild type mice at 6 months either (Naninck et al., 2015). This possibly explained why
these neurogenesis markers were not susceptible to ES in our study either (Chapter 4). Interestingly,
the number of doublecortin-expressing cells strongly decreased between 4, 10 and 20 months in wild
type mice (Chapter 6), confirming previous descriptions of a decline in hippocampal neurogenesis
with aging (Ben Abdallah et al., 2010; Seki and Arai, 1995). This raises the question how the natural
decline in neurogenesis interacts with the emerging Aβ neuropathology at different ages, and whether
hippocampal neurogenesis can still be modified at older ages, when neurogenic cell numbers are low.
We showed in a milder model of Aβ pathology, the APP.V717I mice, that a slower, age-related
accumulation of Aβ did not affected hippocampal doublecortin or calretinin expressing cells in
APP.V717I mice of ages 10 to 27 months, when compared to age-matched wild type mice (Chapter
5). This observation thus illustrates that, even though APP.V717I and APPswe/PS1dE9 mouse models
both exhibit Aβ pathology and microglia activation, only the APPswe/PS1dE9 mice show reduced
neurogenesis at 10 months of age, while a milder accumulation of Aβ pathology in APP.V717I mice
failed to impact this process around the same ages (Chapter 4 & 5). The pathological severity and
age of the mice therefore seem to interact in their impact on neurogenesis. However, an alternative
possibility is that these different effects on neurogenesis between the different AD mouse models
are mediated by the inclusion of mutated PS1 overexpression, which itself affects hippocampal
neurogenesis as well (Veeraraghavalu et al., 2013; Zhang et al., 2007). The Aβ pathology in APPswe/
PS1dE9 might therefore only in part modulate the neurogenesis phenotype. Indeed, we found no
associations between the addressed Aβ levels and the various neurogenesis markers in our APPswe/
PS1dE9 mice (Chapter 4).
Next to the changes in adult hippocampal neurogenesis after ES exposure, several other studies
have shown stronger impairments in other neuroplasticity markers in ES-exposed AD models when
compared to unstressed transgenic mice. For example, dendritic complexity was altered by chronic ES
in different brain regions of BiAT mice, with reduced complexity in the infralimbic frontal cortex and
increased complexity in the prelimbic frontal cortex and amygdala (Lesuis et al., 2016). The expression
of brain-derived neurotrophic factor (BDNF) was reduced in the female, but not male hippocampus
of PS-exposed APPswe/PS1dE9 mice relative to control APPswe/PS1dE9 (Sierksma et al., 2012). Both
these studies of BiAT and APPswe/PS1dE9 were performed in 4-month-old mice, an age when no
cognitive deficits are yet present. It will therefore be of particular interest to study the alterations in
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neuroplasticity also at an age when cognitive functioning of ES transgenic mice differs from control
transgenic mice, such as for 9-month-old ES APPswe/PS1dE9. Interestingly, these 9-month-old ESexposed APPswe/PS1dE9 mice showed an increased loss of cholinergic neurons in their forebrain, in
close association with memory deficits (Hui et al., 2017). These 3 studies together indicate that some
neuroplasticity features appears to be reduced by ES in AD transgenic mouse models.
Unfortunately, all these 3 studies failed to include wild type littermates that are exposed to the same
early-life paradigms. This hampers the possibility to address whether the ES phenotype is different or
aggravated in mice with a transgenic background. Previous studies subjecting wild type mice to the
same stress paradigms showed that at least prefrontal cortex dendritic arborization (Yang et al., 2015)
and BDNF expression (Dong et al., 2015; Zheng et al., 2016) were similarly affected by chronic ES and
PS. It is, therefore, at this point unclear if neuroplasticity markers in these studies are differently or
more strongly affected when ES is applied in mutant APP mice when compared to wild type mice.
Interestingly, several studies on chronic stress at an adult age do point to a steeper decline in
neuroplasticity hallmarks in AD transgenic models than in non-stressed transgenic or stressed
wild type mice (Baglietto-Vargas et al., 2015; Grigoryan et al., 2014). Spine numbers in the stratum
radiatium and stratum lacunosum moleculare of the CA were reduced by adult stress exposure in wild
type mice, but more strongly so in the 3xTgAD mice (Baglietto-Vargas et al., 2015). When compared to
wild type and control 3xTgAD mice, 6-month-old stress-exposed 3xTgAD mice additionally exhibited a
stronger decrease in long-term potentiation, as was recorded in the CA1 stratum radiatium (Grigoryan
et al., 2014). These studies suggest that adult stress can modulate neuroplasticity factors that in turn
may accelerate impairments, either as a result of a faster progression of neuropathology, or by direct
effects of adult stress regulation and stress hormone exposure on neuronal functioning.
To conclude, neuroplasticity seems to be impaired in ES-exposed AD transgenic mice compared to nonstressed BiAT and APPswe/PS1dE9 mice. Hippocampal neurogenesis was, however, not differentially
affected after ES exposure. It remains unclear whether the impairment are similar between ES wild type
and ES AD transgenic mice, or whether ES has a stronger impact on the neuroplasticity abnormalities
in the AD transgenic models. To address this question, it is essential that future studies include
both ES-exposed transgenic mice as well as wild type mice, and compare those to the unstressed
transgenic and wild type controls. It will furthermore be of interest to investigate if the neuroplasticity
impairments result from an altered progression of the neuropathology in the transgenic lines, or if
these changes occur irrespective of neuropathology.

5. Development of AD through ES-mediated later-life risk factors
Next to ES-induced cognitive deficits in adulthood (Chugani et al., 2001; Kaplan et al., 2001; Mueller et
al., 2010), childhood stress may enhance the risk for other later-life adversities. The risk to experience
later-life trauma or other adult stressful events was indeed enhanced in individuals with an ES history
(Dich et al., 2015) and also the risk to develop psychopathologies in adulthood was associated with an
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ES history (McLaughlin et al., 2010). This feature brings forward another interesting aspect through
which ES can potentially regulate AD vulnerability. Multiple recognized adult risk factors for AD have
been were shown to be determined by ES, and these include, but are not limited to, a cumulative
stress or allostatic (over)load (Barboza Solís et al., 2015; Bellis et al., 2015; McLaughlin et al., 2010;
Tomasdottir et al., 2015), obesity (Barboza Solís et al., 2015; Ferraro et al., 2016) and depression
(Hovens et al., 2012; Miller and Cole, 2012; Turner and Butler, 2003). ES might in this way be the first
step to comorbidity as a cumulative factor increasing vulnerability for AD.
Given these later-life risk factors and the reduced cognitive functioning of ES-exposed individuals, it
can be questioned whether also the ‘cognitive reserve’ of ES-exposed individuals is lower. Cognitive
reserve can be seen as someone’s ability to cope with emerging damage in the brain, until a certain
threshold is reached and the loss of function becomes apparent (Stern, 2002). Also in AD patients,
neuropathological hallmarks have been accumulating in the brain for many decades before the first
clinical signs of AD arise as the manifestation of MCI (Jack et al., 2010; 2013). This suggests that
individuals with lower cognitive abilities or less neuroplasticity capacities could be classified as having
a lower cognitive reserve and might exhibit, irrespective of the neuropathological build-up, an earlier
onset of MCI and AD.
Several studies indeed showed that the onset of AD was earlier and progressed stronger in individuals
with lower intellectual and cognitive abilities (Osone et al., 2014; Pietrzak et al., 2015; van Veluw et al.,
2012). In addition, the cognitive abilities at age 11 were associated with the cognitive level of 79-yearold non-demented elderly (Gow et al., 2008), indicating that childhood cognition may indeed be
associated with cognition during aging. However, the decline of these non-demented elderly between
age 79 and 83 was not associated with their childhood abilities (Gow et al., 2008), suggesting that the
decline in aging was not related with childhood performance. Indeed, a large (prospective) study of
Danish men (Osler et al., 2017) and a Scottish cohort (McGurn et al., 2008) associated lower cognitive
abilities specifically with an increased risk for (vascular) dementia, and not AD, although the number
of AD patients in these studies was very low. On a similar note, a higher social economic household
was associated with higher cognitive abilities that were retained during aging, but neither higher nor
lower social economic household were an indicator for AD development (Wilson et al., 2005).
These studies show that childhood cognition is intrinsically associated with specific forms of dementia,
while cognitive abilities in adulthood were specifically associated with a risk for AD. It will be of interest
to further explore how general cognitive abilities throughout life determine AD risk and whether
indeed a lower cognitive reserve will lead to an earlier onset of MCI and AD.

6. Mediators of ES vulnerability for AD; a model
We suggest that the current ES phenotype is determined by an interplay of different systems during
the early life period (Chapter 1). It will be of interest to study whether these same systems are
implicated in neuroplasticity regulation and in the progression of AD neuropathology. We propose the
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following model and hypothesis of how ES could mediate vulnerability for AD (Fig. 1); ES modulates the
inflammatory, stress and/or metabolic systems, and their interplay will lead to aggravations in AD-related
neuropathology, which in turn can reduce hallmarks of neuroplasticity, such as synaptic connectivity and
hippocampal neurogenesis, to ultimately diminish cognitive abilities. Alternatively, ES directly reduces
neuroplasticity and its associated cognitive functions through inflammatory, stress and metabolic
regulation as well, and may thereby potentially lower the cognitive reserve of ES individuals. Finally, ES
is an important risk factor for the occurrence of later-life stress events and such cumulative stress again
would induce a cumulative risk for deficits through the aforementioned pathways.

Figure 1: Proposed model of how exposure to early-life stress could modify Alzheimer’s disease vulnerability
Early-life stress (ES) alters neuroinflammatory, stress and metabolic factors, either directly or through the
enhanced risk for later-life stress. The alterations in neuroinflammatory signaling, stress regulation and
metabolic factors will alter Alzheimer’s disease (AD)-related β-amyloid and tau pathological hallmarks and
therewith reduce neuroplasticity. These 3 systems can additionally impact neuroplasticity, irrespective of the
development of AD neuropathology. Ultimately, the reduced neuroplasticity during this period will result in less
cognitive reserve and finally in an earlier and possible more aggressive cognitive decline. These consequential
events will altogether determine AD vulnerability after exposure to stress in early-life.

General discussion
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7. Conclusion
Childhood stress experiences are suggested
to modify various aspects of healthy
aging and the development of AD. The
decades-long interval between such earlylife experiences and the onset of agingrelated diseases like AD is problematic for
(prospective) studies on the association
between ES exposure and AD vulnerability.
A thorough discussion of the pre-clinical
research on this topic is therefore crucial
to improve our understanding of the topic.
The studies on rodent models support a
modulatory effect of (stress) experienced in
early-life in the progression of AD. Preclinical
research has, however, not fully explored
which factors are involved in this relation,
and more controlled preclinical studies are
thus essential to identify these factors, to
unravel their interactions and to verify the
current findings (Box 3). Such knowledge,
supported by (prospective) clinical studies,
will strongly benefit the identification of
populations at elevated risk for AD, which
can possibly allow to develop an early and
targeted treatment during the many decades

Box 3; Outstanding questions
• Which factors mediate the ES-enhanced Aβ
neuropathology? Can this be prevented with
intervention studies targeting stress, neuroimmune
or metabolic regulation?
• Are tau neuropathological hallmarks affected by ES
exposure, and how is this mediated?
• Are these ES-induced neuropathological changes
associated with altered neuroplasticity and how
does this relate to cognitive functioning?
• What are the consequences of a sensitized
neuroinflammatory response after ES throughout
life? Does this enhance the vulnerability to other
inflammatory challenges in life? Does it contribute to
an altered Aβ neuropathological progression?
• How is the altered cognitive decline in ES-exposed
aged individuals, without AD neuropathology,
mediated and which neuroplasticity changes or
other factors are involved?
• Do prospective studies support an earlier onset and
progression of AD after childhood adversity. Is this
associated with prevalence of later-life risk factors?

between ES exposure and AD (clinical) onset.
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English summary
Consequences of early-life stress for microglia throughout life;
relevance for the hippocampus in aging and Alzheimer’s disease
Alzheimer’s disease (AD) is characterized by a progressive cognitive decline and is one of the most
common neurodegenerative diseases in elderly. Given the aging population and predicted prevalence
of AD in the future, it has become very important to identify populations at risk for AD in an early
stage, in order to try to prevent the disorder and benefit from the potential (development of) targeted
therapy in the future. There is evidence that environmental and lifestyle factors exert a modulatory
role in the age-of-onset and progression of AD. Stress is also considered a relevant lifestyle factor that
alters the risk to develop AD and the effects of stress can be more pronounced when they occur during
a critical developmental time window in early-life. Indeed, stress during the sensitive perinatal period
elicits lasting effects on the structure and function of the adult brain and might further enhance the
risk for age-related cognitive decline, as well as AD itself.
In this thesis, we aimed to extend our knowledge on the role of early-life stress (ES) exposure in the
progression of AD features, including cognitive deficits with aging, neuropathology levels and different
forms of brain plasticity, like hippocampal neurogenesis. We further set out to study whether such ESinduced consequences might be associated with changes in the immune cells of the brain, microglia,
and in neuroinflammatory regulation.
In our studies, we make use of an established mouse model for chronic ES. The mice are placed in
a cage with minimal nesting material from postnatal day (P)2 to P9. This leads to well-described
alterations in the adult hippocampus and also to cognitive deficits several months later. In addition,
we use naturally aged wild type mice as well as the APPswe/PS1dE9 and APP.V717I AD mouse models,
that develop genetically driven expression of β-amyloid (Aβ) neuropathology.
In Chapter 1, we review the impact of different forms of early-life adversity, i.e. stress, nutritional
changes and immune activation, on later hippocampal structure and function. These different forms of
adversity affect the later neuroendocrine stress profile, the nutritional profile and the immunological
profile in the brain and we argue that these different systems are in fact highly interactive. In addition,
these different forms of early-life adversity are all known to impair hippocampal neurogenesis
and cognitive functioning. Therefore, we hypothesize that the later-life outcome after ES exposure
and other adversities is determined by the interactive characteristic of the stress, nutritional and
immunological profiles, that together might lead to a synergistic activation of these systems.
In Chapter 2, we followed up on this hypothesis and subjected APP/PS1 male mice and their wild type
littermates to chronic ES and studied if ES affected Aβ neuropathology and neuroinflammation. We
showed that ES altered Aβ neuropathological hallmarks in a differential manner at two ages; ES firstly
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reduced Aβ levels in the hippocampus at 4 months of age, while the Aβ deposits were ultimately
aggravated at 10 months of age. We further observed that ES affected neuroinflammatory factors
in the hippocampus of wild type mice, directly after stress exposure at postnatal day 9, as well as
in 4-month-old adult mice. In addition, while the 4-month-old APP/PS1 mice had reduced Aβ levels
after ES exposure, they also showed a mild, but enhanced expression of microglial markers by ES
at this same age. In contrast, the aggravated Aβ plaque load in the ES-exposed APP/PS1 mice was
accompanied by reduced clustering of microglial Iba1 density around Aβ deposits at 10 months of
age, and by a reduced expression of microglial markers. These findings indicate that ES differentially
affected Aβ levels at 4 and 10 months, while the neuroinflammatory profile showed an opposite
phenotype in the ES-exposed APP/PS1 mice.
In Chapter 3, we investigated microglial functioning and neuroinflammatory dysregulation after
ES exposure. We showed that, relative to control cultures, an acute neuroinflammatory challenge
exacerbated the pro-inflammatory response in primary hippocampal glial cultures from P9 ES-exposed
mice. In addition, the phagocytic response of microglia in culture was enhanced by ES exposure; the
microglia in ES-derived cultured internalized more beads, although internalization of aggregated Aβ142 was not significantly altered by ES. These results are preliminary and might require a larger samplesize. In addition to these data on microglial functioning after acute, in vitro challenges, ES altered
the expression of various regulators of microglial functioning in the hippocampus at P9 and at 10
months of age. These alterations included factors that mediate the interaction between microglia and
neurons. This might therefore, in part regulate the neuroinflammatory phenotypes at these ages. In
addition, APP/PS1 mice had an elevated expression of various neuroinflammatory mediators, that was
dampened in ES-exposed APP/PS1 mice. Similarly, proliferation of microglia in 10-month-old APP/PS1
mice was reduced by ES exposure. With these findings, we expand on previously described later-life
consequences of ES for neuroinflammation and show that ES might sensitize the acute inflammatory
response in P9 cultures and that ES dampens the activation upon continuous Aβ exposure in adult
APP/PS1 mice.
In Chapter 4, we determined whether ES also accelerated or aggravated the behavioral deficits and
hippocampal neurogenesis alterations in APP/PS1 mice. ES wild type mice appeared to show an earlier
cognitive impairment than ES APP/PS1 mice at a young adult (3 months) age. This indicates thus a
rather protective phenotype in ES APP/PS1 mice, than the hypothesized acceleration of cognitive
decline. At 10 months of age, ES did also not further impair the learning behavior of APP/PS1 mice.
While APP/PS1 overexpression induced alterations in hippocampal neurogenesis at both 4 and 10
months of age, these alterations were not modulated by previous exposure to ES at either age. We can
thus conclude that, even though these same mice were previously described to exhibit an altered Aβ
neuropathological and neuroinflammatory profile (Chapter 2), the exposure to ES did not accelerate
or aggravate the cognitive decline and neurogenesis impairments in the APP/PS1 mice at the ages
indicated.
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In Chapter 5, we study how the presence of Aβ neuropathology affected adult hippocampal neurogenesis
and neuroinflammation in middle-aged (10 months) to aged (27 months) APP.V717I mice. This is a
milder single transgenic model for Aβ neuropathological progression, when compared to the double
transgenic APP/PS1 mice. We showed that with increasing age, the Aβ accumulation induced parallel
microglial activation in the APP.V717I mice. We further showed that hippocampal neurogenesis was
reduced with age in both wild type and APP.V717I mice, but this decline was not affected by the Aβ
and microglial changes at any age. Thus, the slower development of the AD-related neuropathological
hallmarks in APP.V717I mice did not induce any subsequent response in hippocampal neurogenesis.
We and others showed that a faster-progressing pathological accumulation of Aβ at younger ages
did impact neurogenesis (Chapter 4). Together, these findings indicate that in view of its endogenous
reduction with age, adult hippocampal neurogenesis might be less responsive to the emergence of
neuropathological hallmarks particularly in middle-aged to old mice.
In Chapter 6, we investigate the consequences of ES for age-related cognitive decline, adult
hippocampal neurogenesis and neuroinflammation in 20-month-old C57BL/6J mice. ES exposure had
a tendency to enhance the variance in inter-individual performance and this seemed to lead to an
amplification of the individual extremes within the ES population, in comparison to the control group.
Although the ES-exposed mice showed a lasting reduction in hippocampal volume, other age-related
changes in hippocampal neurogenesis were not affected by ES. Also the expression of microglial
priming-related factors and other inflammatory markers were not differentially affected followed ES
exposure. These findings lead to the conclusion that mice that underwent ES exposure in the first
week of their life do not show an aggravation in their age-related alterations in cognitive decline and
hippocampal parameters when they reached 20 months of age.
Chapter 7 provides a general discussion of the data presented in this thesis in the context of the
recent literature. Both positive and negative early-life experiences have been shown to alter Aβ
neuropathology, while the effects of ES on tau neuropathology have been hardly studied to date. Several
other studies have furthermore shown that these AD-related neuropathological alterations were
associated with both alterations in cognitive decline, as well as in neuroplasticity in the hippocampus
of various AD transgenic models. In addition, ES exposure altered cognitive decline in naturally aged
rodents, which resulted in either an enhanced cognitive decline or higher inter-individual variance.
However, little direct evidence has so far been provided for the underlying mechanisms and we
discuss how stress-related, neuroinflammatory and metabolic factors could potentially mediate the
altered AD progression following ES exposure. We bring forward a model of ES-induced vulnerability
for AD development and progression and discuss the outstanding questions that can increase our
understanding of this research field.
In conclusion, the findings in this thesis provide evidence for ES mediated modulation of Aβ
neuropathological progression, while cognitive decline and neurogenesis were not aggravated by ES
exposure in aging or in APP/PS1 mice. Furthermore, ES affected the microglial cells in the hippocampus
and the expression of various neuroinflammatory factors in both the wild type and APP/PS1 mice.
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Such modulation potentially contributes to a higher pro-inflammatory response upon immune
activation, and to an ES-enhanced progression of AD neuropathology. These hypotheses require
further experimental investigation. Together, the findings presented in this thesis provide some first
indications for a modulation of neuroinflammation and Aβ neuropathology by chronic ES. As such,
it highlights the importance of future pre-clinical as well as clinical studies to further elucidate the
relationship between these different factors and their underlying mechanisms.
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Consequenties van stress tijdens de vroege levensfase voor microglia
in het latere leven; relevantie voor de hippocampus in veroudering en
de ziekte van Alzheimer
De ziekte van Alzheimer wordt gekenmerkt door een progressieve achteruitgang van cognitie en het
is een van de meest voorkomende neurodegeneratieve ziekten bij ouderen. Aangezien het aantal
ouderen en patiënten met de ziekte van Alzheimer in de komende jaren sterk zal toenemen, is het
erg relevant geworden om groepen met een risico voor de ziekte van Alzheimer in een vroeg stadium
te kunnen identificeren. Op deze manier kan geprobeerd worden om in de toekomst de ziekte te
voorkomen en zal er eerder baat zijn van potentiele nieuwe therapieën in de toekomst. Het is al
bekend dat omgevingsfactoren en levensstijl een modulerende rol kunnen spelen in de progressie
van de ziekte. Stress is een van deze relevante factoren in het leven die het risico op de ontwikkeling
van Alzheimer kan beïnvloeden. Daarnaast zijn de effecten van stress vaak sterker aanwezig wanneer
dit plaats vindt tijdens de belangrijke ontwikkelingsperiode vroeg in het leven. Stress tijdens de
sensitieve, perinatale periode leidt tot blijvende veranderingen in de structuur en functie van het
volwassen brein en kan mogelijk leiden tot een verhoogd risico voor dementie en ook specifiek voor
de ziekte van Alzheimer.
In dit proefschrift hebben wij als doel gesteld te onderzoeken of stress tijdens de vroege levensfase
(in het Engels early-life stress en afgekort tot ES in dit proefschrift) invloed heeft op kenmerken
van Alzheimer, waaronder achteruitgang in cognitie tijdens veroudering, aanwezigheid van
neuropathologie en verandering in verschillende vormen van plasticiteit in het brein. Onder deze
vormen van plasticiteit verstaan wij onder andere het ontstaan van nieuwe, functionele neuronen
(neurogenese) in het volwassen brein en specifiek in de hippocampus. Naast dit doel, hebben wij
verder onderzocht of de gevolgen van ES ook betrekking hebben op een verandering in immuun cellen
in het brein, te weten de microglia, en of de regulatie van neuro-inflammatie is veranderd.
In onze studies maken wij gebruik van een eerder ontwikkeld en gestandaardiseerd muis model voor
chronische ES. Hierbij worden de muizen 2 dagen na de geboorte, op postnatale dag (P)2, voor een
week in een kooi met een minimale hoeveelheid nestmateriaal geplaatst. Van dit model is bekend
dat het leidt tot latere cognitieve problematiek en veranderingen in de structuur en functie van
de hippocampus. Daarnaast maken we gebruik van wild type muizen die op natuurlijke wijze oud
zijn geworden en van twee genetisch gemodificeerde muis lijnen, APPswe/PS1dE9 en APP.V717I,
die door genetische over-expressie de aan Alzheimer gerelateerde β-amyloid (Aβ) neuropathologie
ontwikkelen.
In Hoofdstuk 1 bespreken wij hoe verschillende negatieve gebeurtenissen in de vroege levensfase,
te weten stress, abnormale voeding en activatie van het immuunsysteem, later in het leven kunnen
leiden tot veranderingen in de structuur en functie van de hippocampus. De effecten van deze
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verschillende gebeurtenissen hebben elk invloed op latere stress hormoon levels, op de aanwezigheid
van voedingstoffen in het brein en op immuun cellen in dit orgaan. We bespreken dat deze profielen
of systemen daarnaast ook sterk interactief zijn. Het is van deze verschillende negatieve ervaringen
in het vroege leven bekend dat ze allen leiden tot een afwijking in hippocampale neurogenese en
verminderd cognitief functioneren. Wij dragen daarom de hypothese aan dat het fenotype na negatieve
gebeurtenissen vroeg in het leven, waaronder ook ES, wordt veroorzaakt door een synergistische
invloed op de stress-, voedings- en immunologie-gerelateerde systemen.
In Hoofdstuk 2 onderzoeken wij deze hypothese door mannelijke APP/PS1 muizen en de andere
niet-transgene, wild type, mannetjes uit eenzelfde nest, bloot te stellen aan chronisch ES. Daarna
hebben wij de effecten van ES op de Aβ neuropathologie en op neuro-inflammatie onderzocht. Met
deze studie laten wij zien dat ES op twee verschillende leeftijden een andere impact heeft op de Aβ
neuropathologische kenmerken; ES leidt eerst tot een vermindering in de Aβ levels in de hippocampus
van 4 maanden oude muizen, terwijl het aantal Aβ ophopingen uiteindelijk is verhoogd bij een leeftijd
van 10 maanden. Daarnaast hebben wij laten zien dat ES invloed heeft op verschillende neuroinflammatoire factoren in de hippocampus van wild type muizen, direct na de chronische stress op
P9, alsmede in 4 maanden oude muizen. Terwijl de Aβ neuropathologie verlaagd was in 4 maanden
oude ES APP/PS1 muizen, laten deze verder ook een milde, maar verhoogde, expressie van microglia
factoren zien op deze leeftijd. In tegenstelling tot dit fenotype is in de 10 maanden oude ES APP/PS1
muizen met een verhoging in Aβ ophoping, juist een verminderde expressie van de microglia factoren
en van microglia clustering rond Aβ ophopingen aanwezig. Deze observaties geven aan dat ES bij 4 en
10 maanden leidt tot een respectievelijke verlaging en verhoging in Aβ neuropathologie, terwijl er op
deze leeftijden juist een tegenovergesteld effect is op het neuro-inflammatoire profiel in de APP/PS1
muizen.
In Hoofdstuk 3 onderzoeken wij verder hoe het functioneren van microglia en neuro-inflammatoire
regulatie door ES wordt beïnvloed. We laten zien dat, in vergelijking met controle cellen in kweek,
een acute neuro-inflammatoire stimulus leidt tot een verhoogde pro-inflammatoire reactie in
primaire hippocampale glia kweek condities van P9 ES muizen. Verder is ook de fagocytose reactie
van microglia in een kweekopstelling verhoogd na blootstelling aan ES. Dit is aangetoond door de
hogere opname van latex-microballen door ES microglia ten opzichte van controle microglia. Er
was echter niet meer opname van Aβ1-42 door de ES microglia in kweek. Deze studies zijn nog niet
afgerond en de bevindingen vereisen mogelijk een groter aantal metingen. Naast deze data omtrent
microglia functie bij acute stimulatie in een kweek opstelling had ES ook invloed op de expressie van
verschillende neuro-inflammatoire factoren in de hippocampus van muizen van 9 dagen oud en van 10
maanden oud. Factoren die o.a. betrokken zijn bij de interactie tussen microglia en neuronen waren
veranderd door ES. Deze factoren zouden daarom gedeeltelijk, het neuro-inflammatoire fenotype
kunnen reguleren op deze leeftijden. Daarnaast leidde ES ook tot een verlaging van de door APP/PS1
geïnduceerde expressie van neuro-inflammatie regulerende factoren en in de hoeveelheid deling van
microglia cellen. Tezamen laten wij zien dat ES mogelijk leidt tot een hogere gevoeligheid voor acute
inflammatoire stimuli en dat ES de activatie van dit systeem dempt in de response op de continue
ophoping van Aβ in APP/PS1 muizen.
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In Hoofdstuk 4 hebben wij onderzocht of ES ook leidt tot een versnelling of versterking van de
cognitieve achteruitgang en tot veranderingen in hippocampale neurogenese in APP/PS1 muizen. De
ES wild type muizen bleken eerder cognitieve afwijkingen te ondervinden dan ES APP/PS1 muizen
bij een leeftijd van 3 maanden. ES leidt dus juist eerder tot een beschermend fenotype in APP/PS1
muizen, dan een versnelling van de cognitieve achteruitgang. ES leidde in 10 maanden oude APP/PS1
muizen ook niet tot grote problemen in het leren van een gedragstaak. Hoewel de genetische overexpressie van APP/PS1 verschillende veranderingen in hippocampale neurogenese induceerde in 4
en 10 maanden oude muizen, waren deze veranderingen niet verder gemoduleerd door ES op deze
leeftijden. Ondanks dat ES in dezelfde APP/PS1 muizen leidde tot verandering in Aβ neuropathologie en
het neuro-inflammatoire profiel (Hoofdstuk 2), kunnen we hieruit concluderen dat ES geen versnelling
of versterking van de verandering in cognitie en neurogenese in APP/PS1 muizen induceert op deze
leeftijden.
In Hoofdstuk 5 bestuderen wij hoe de aanwezigheid van Aβ neuropathologie effect heeft op
hippocampale neurogenese en neuro-inflammatie in volwassen (10 maanden) en oude (27 maanden)
APP.V717I muizen. Dit is een milder, genetisch gemodificeerd model voor Aβ neuropathologie in
vergelijking tot de ook veel gebruikte APP/PS1 muis lijn, welke twee AD-genen tot over-expressie
brengt. We laten zien dat met veroudering de ophoping van Aβ in het brein van APP.V717I muizen
parallel loopt aan activatie van de microglia. Daarnaast tonen we aan dat hippocampale neurogenese
sterk afneemt met leeftijd, in zowel wild type als in de APP.V717I muizen, terwijl deze afname niet wordt
beïnvloed door de Aβ levels of microglia activatie op de verschillende leeftijden. Deze resultaten laten
zien dat de langzamere ontwikkeling van Alzheimer gerelateerde neuropathologische veranderingen
in oudere APP.V717I muizen niet wordt opgevolgd door een afwijking in neurogenese. Wij en anderen
voor ons hebben al laten zien dat een snellere ophoping van Aβ op jongere leeftijden juist wel impact
heeft op dit proces (Hoofdstuk 4). Onze bevindingen wijzen erop dat er een intrinsieke verlaging van
neurogenese optreedt door veroudering, waarbij hippocampale neurogenese minder beinvloed lijkt
door de ontwikkelende Aβ neuropathologie in de volwassen en oude muizen.
In Hoofdstuk 6 onderzoeken we de vraag of ES consequenties heeft voor leeftijds-gerelateerde
cognitieve achteruitgang, hippocampale neurogenese en neuro-inflammatie in 20 maanden oude
wild type dieren. De oude muizen die ES hadden ondergaan lieten een trend zien tot meer variatie
in hun cognitieve prestatie tijdens deze hippocampus-afhankelijke gedragstaak en dit leek te leiden
tot een versterking van de individuele extremen binnen de ES-populatie. Hoewel de ES-groep een
blijvende verlaging liet zien in het volume van de hippocampus, waren andere leeftijds-gerelateerde
veranderingen in hippocampale neurogenese niet beïnvloed door ES. Daarnaast had ES geen effect
op de expressie van factoren die geassocieerd worden met een sensitievere reactie (“priming”) van
microglia en ook niet op de expressie van ander neuro-inflammatoire factoren. Uit deze resultaten
kan de conclusie worden getrokken dat 20 maanden oude muizen die ES hebben ondergaan geen
verergering laten zien van de cognitieve achteruitgang of in hippocampale veranderingen met
veroudering.
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Hoofdstuk 7 is een algemene discussie van de bevindingen die gepresenteerd zijn in dit proefschrift
in de context van de recente literatuur. Zowel positieve als negatieve ervaringen in het vroege leven
veranderen de progressie van Aβ neuropathologie, terwijl de effecten op Alzheimer-gerelateerde
tau neuropathologie nog nauwelijks onderzocht zijn. Daarnaast worden de Alzheimer gerelateerde
neuropathologische veranderingen na ES geassocieerd met zowel veranderingen in cognitieve
achteruitgang als in hippocampale neuronale plasticiteit. Ook in knaagdieren die op natuurlijke
wijzen oud werden, had ES invloed op de cognitie, wat resulteerde in of een verslechtering van de
algehele cognitie, ofwel in een grotere variatie in de cognitieve achteruitgang. Hoewel er nog weinig
resultaten beschikbaar zijn voor de onderliggende mechanismes die leiden tot deze effecten van ES,
bespreken wij hoe stress, neuro-inflammatoire en metabole factoren mogelijk een rol kunnen spelen
in de progressie van Alzheimer gerelateerde neuropathologie na blootstelling aan ES. Tot slot dragen
wij een model aan voor de modulerende rol van ES in de ontwikkeling en progressie van de ziekte
van Alzheimer en bespreken we de open vragen die de kennis in het onderzoeksveld in de toekomst
kunnen vergroten.

Een algemene conclusie die getrokken kan worden uit de bevindingen in deze thesis is dat chronische
ES de neuropathologische progressie moduleert met betrekking tot Aβ, terwijl ES niet de algehele
cognitieve achteruitgang en neurogenese veranderingen in de hippocampus verergerde in oude
muizen of in een Alzheimer muis lijn. Daarnaast hebben we laten zien dat microglia en de expressie
van verschillende neuro-inflammatoire factoren in zowel wild type muizen als APP/PS1 muizen
gemoduleerd zijn door ES. Zulke invloeden van ES kunnen potentieel bijdragen aan een sterkere proinflammatoire reactie van het immune systeem bij activatie en aan een verhoogde Aβ neuropathologie
in ES muizen. Deze hypotheses vereisen verder wetenschappelijk onderzoek in de toekomst.
Gezamenlijk geven de bevindingen in dit proefschrift enkele eerste indicaties voor een modulerende
rol van neuro-inflammatie en Aβ neuropathologie na chronische stress in het vroege leven. Hiermee
illustreert dit onderzoek het belang van toekomstig preklinisch en klinisch onderzoek om de relatie
tussen deze factoren en de onderliggende mechanismen verder te bestuderen.
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Dankwoord
Dear Aniko, I would like to start with a big thank you for all of your support and supervision over the
years! It has now already been more than 4 years ago that I started with the PhD project in your lab. At
that time, I already knew you from the 6-month internship that I had performed during my masters’.
When you told me several months after this internship that there was new opening in your team, I was
very excited and hoped to be selected to join your lab again. And luckily for me, after a nerve-racking
interview, you send me an email to welcome me to the group.
The last 4 years have been an amazing period to learn and discover new things, in which you have
played a big part. With the new topics and methods to tackle in my first years, you kept me focused
and on track. Especially when I got started and in my enthusiasm, overwhelmed you (and myself :P)
with many projects. Thank you for taking so much time to sit down and write together to work on my
writing and presentations. You stimulated me with your ideas and I enjoyed our discussions about
the field or data, even when it’s about correlations. Especially during the conferences in the NLs or
in Bonn, Bilbao and your 1-day SfN trip, we had more time to spend together for these discussions
or less serious topics and other fun stuff. We definitely gave the artwork in the Guggenheim museum
new meaning with our interpretations ;). And who would have thought that we would go shopping
together, twice! Thanks for these relax and fun moments.
This thesis would not have been here without your endless encouragement and support and I was
very fortunate to have you as my supervisor. You have guided me through all the ups and downs. Even
when experimental results are very disappointing or mistmakes are made, you stay enthusiastic and
see the positive sides, which stimulated me to keep going. You are such an uplifting and supporting
person and I hope to take a part of your enthusiasm and positive spirit with me in my future.
Beste Paul, ook jou wil ik heel erg bedanken voor je advies en steun in de afgelopen jaren, tijdens zowel
mijn master als mijn promotietraject. Al tijdens mijn studie heb ik door jouw advies en contacten een
mooie en leerzame stage tijd in München gehad. Daarna was je er als promotor altijd om je kennis te
delen over het onderzoeksveld en advies geven over de projecten en manuscripten. Het is heel prettig
om met jou samen te werken. In de laatste maanden vroeg je ook veel naar mijn plannen voor na de
PhD en ik wil je erg bedanken voor het meedenken en helpen vinden van een passende vervolgstap
voor mijn carrière.
Geen proefschrift was er geweest zonder de hulp van Aniko’s Angels, oftwel het Korosi team; Eva,
Kit, Maralinde, Kitty, Silvie en Janssen. Jullie en de rest van de Lucassen groep zijn de afgelopen jaren
een fantastische groep collega’s en vrienden geweest. Lieve Eva, als mijn stage-begeleidster tijdens
de master had je mijn enthousiasme om ook zelf een promotie te gaan doen gewekt. Je bent een
fantastische collega die er altijd is om tips te geven of resultaten te vieren, of om even koffie te drinken
en Ottolenghi-recepten uit te wisselen. Bedankt dat ik altijd van je op aan kon, ook wanneer je Marijn’s
(en mijn) geheimpje zo lang voor je moest houden ;). Lieve Kit, wat gaaf dat wij nu in dezelfde week
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ons proefschrift mogen verdedigen! Ondertussen ben jij al weer begonnen aan je volgende avontuur
in The States, maar ik zal de tijd bij de UvA niet vergeten. Zeker niet jouw koffie momentjes met
chaotische en lange verhalen, met te veel detail. Een hoogtepuntje samen was natuurlijk wel de SfN
in San Diego, of eigenlijk natuurlijk de gave road-trip die we daarvoor maakten. Maar volgensmij had
alleen mijn “stekker past niet” momentje die trip voor jou ook al gemaakt.. Ik vind het heel cool van je
dat je dit jaar zulke grote dingen hebt gedaan en ik ben heel benieuwd waar jij de komende jaren nog
allemaal terecht gaat komen! Lieve Mara, ook al ben jij iets van een jaar na mij begonnen, leek het
altijd alsof je er vanaf het begin bij was. Ik waardeerde de discussie met jou over resultaten en plannen
altijd enorm, tijdens de koffie of af en toe op weg naar de BBB-lesjes. Gelukkig was jij ook altijd ervoor
in na het werk kort een wijntje te doen, wanneer je opeens geen blad meer voor je mond neemt. Beter
sniek je na mijn promotie feestje alleen niet stiekem weg! Lieve Kitty, het is al weer 1.5 jaar geleden
dat je mijn buurvrouw werd in kantoor, en ook meteen mijn microglia-maatje, en nu mijn paranimf.
In Spanje heb ik je al snel wat beter leren kennen tijdens het stedenstripje en de strandwandelingen
(ehh ik bedoel summerschool …) en ook tijdens de lab uurtjes voor kweekexperimenten en mislukte
percoll isolatie pogingen. Bedankt voor alle kritische discussies over microglia, wetenschap en vooral
ook alle andere onderwerpen! Lieve Silvie, je bent echt iemand waarvan je op aan kunt. Voor een
feestje ben jij ook altijd te porren, al weet ik niet of wie van ons twee ik er een plezier mee had gedaan
door je vorig jaar over te halen om voor de kerstborrel toch nog mee te gaan naar de Nasty.. Dear
Jansen, super cool that you just started your PhD! It really was a pleasure to work together with you,
with your ideas, enthusiasm and motivation and I am sure that you will be an excellent PhD student
and colleague. Have a fantastic time in this amazing group during the coming years and I look forward
to read your thesis in a couple of years!
Lieve Sylvie, na 2 stages en 4 jaar PhD zijn we nu voor het eerst sinds een paar jaar geen collega’s meer.
Nadat we soortgelijke stages hadden gelopen, begonnen we aan onze soortgelijke PhD projecten en
doordat we tegelijk startte met onze promotie, leek iedereen ons door de war te halen (zoveel lijken
we toch niet…?). We hadden een knallende start van onze promotie met meteen een congresje San
Diego. We dachten toen wel dat we het goed geregeld hadden met 1 extra vrije dag in de stad, maar
gelukkig werden we daarna wel beter in het plannen van vakantie rondom een congres ;). Sylv, ik
heb met jou altijd werk en plannen tot in den treure doorgesproken, tijdens de koffie of met een
biertje (tot sluitingstijd) in de Polder. Als sport-maatje bleef het wel altijd meer bij plannen dan actie.
JIj was net zo goed als ik in op het laatste moment afzeggen, of toch maar kiezen voor zon en terras
(prioriteiten..). Bedankt voor alle mooie momenten tijdens de laatste jaren en succes met de laatste
stukken voor jouw proefschrift.
Lieve Pascal, de silsborrel én halloweenfeest op mijn eerste werkdag was een ideaal moment om jou
meteen op jouw best te leren kennen J. Je bent een echte levensgenieter die er altijd voor in was om
mee te gaan naar een festival, etentje of een culturele avond. Het was heerlijk om je door Florence te
zien lopen (je zou ons wel even rondleiden..), waar jij je meteen ook een échte Italiaan voelde, met
bijpassende Italiaanse schelt-woorden en typische handbewegingen. Je bent altijd een sfeermaker en
kartrekker voor de sociale activiteiten binnen de groep geweest en ik miste je wel bij de borrels toen
je in de laatste 2 jaar snel serieus werd om je eigen promotie over de eindstreep te trekken. Gelukkig

A

218

Addenda
zijn we nu alle twee klaar met de stress, dus deze zomer is er weer tijd voor goede borrels, etentjes
en feestjes!
Dear Livia, unfortunately you have gone back to Brazil, but it was very nice to have you around for the
last year. Thank you for all the fun, interesting and deep conversations! And for giving us a taste of the
Brazilian kitchen with all the (baked) goodies that brought to Science Park. You are one of the sweetest
persons I know and I am happy that I got to know you during the last year. Hopefully we will see you
back in Amsterdam soon and have some time to hang out again!
Dear Eduardo and Marcia, thanks for all the good times having drinks or diner. Both in Amsterdam
and Bilbao!
Dear Janneke, Karin, Anna, Remco, Daniela, Erik, Fleur, Janssen and Maaike. I definitely need to
thank all you for your contributions. A lot of the work that ended up in this thesis was done by you
guys and I have been very lucky to have had such enthusiastic and talented students. Thanks for all
the help dissecting, counting cells, running qPCRs or processing images. There would not have been
a thesis without your help! I am sure that you will all do well in future positions, as a PhD or on a
different path, and I wish you all a lot of joy and success in these future careers.
Lieve Gideon en Jan, er zou geen lab zijn om in te werken zonder jullie ondersteuning. Bedankt dat
jullie er altijd voor zorgen dat het lab en materialen in orde zijn. Het was heel fijn dat ik altijd van jullie
op aan kon om mee te denken, te helpen of advies te geven. Zonder jullie, Chris, Miriam en Rob, is er
natuurlijk geen muis om mee te werken. Ook jullie bedankt voor jullie inzet en hulp. Carlos en Harm,
bedankt voor het scherp houden van de projecten door jullie kritische blik en goede, opbouwende
suggesties tijdens de MMM en daarbuiten.
Also, everyone else who has been part of the Lucassen group during the last years, as a PhD, post-doc
or intern, thank you for all the fun times! There have been many moments in the lab or evenings with
drinks, diner or dancing that I will not forget. A lot of these moments were shared with our SILS-CNS
colleagues from the Smidt, Wadman and Pennartz groups during the monthly drinks or CNS battles,
although those battles were never our strong suit... Lars, Cindy, Erik, Iris, Gerrald, Nina, Eddy, Swip,
Elias, Dimitri, Cato, Tamar, Janske, Lianne, Guido, Julien, Ivana and everyone else, thanks for making
the SILS such a great work-environment!
Lieve Lisanne en Judith, de openheid en eerlijkheid van onze gesprekken heeft mij zo veel geleerd
en ik durf wel te stellen dat jullie mij soms nog beter kennen dan ik mijzelf. Gelukkig is ‘t niet altijd
zo serieus J en na jaren als huisgenoten en vrienden hebben we een lange lijst van gave momenten
samen. Lieve paranifm Lis, je was vanaf dag 1, door een random gelukje (waar is mijn fiets?!), mijn
studiemaatje en ik ben super blij dat je nu aan het einde van de promotierit mijn paranimf wil zijn.
Ondertussen ben je nu zelf aan het knallen voor jouw promotie en ik heb er heel veel bewondering
voor hoe jij in jouw complexe project alles fixt. Nog even bikkelen en dan vieren we jouw promotie!
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Lieve Sabine en Monique, het is mij heel dierbaar dat we dat na een jaar samen intensief te hebben
vergaderd in de avonduren, nu nog steeds afspreken voor relaxte avonden met lekkere kaasjes,
eten, wijn en kletsen. Bedankt voor alles borrels in Amsterdam (en daarbuiten zoals in Istanbul),
het wijnproeven, de vrijmibo’s en fietsrondes tijdens de afgelopen jaren. Ook zeker de rest van het
dispuut o.a. Vincent, Xander en Arjen; bedankt voor alle borrels en mooie avonden!
Lieve Ilse, onze klets momentjes zijn altijd fijn! En ook met de andere Amersfoort-meiden, Hanneke,
Maartje en Christel, lukt het gelukkig altijd om weer even een moment te plannen om met z’n alle
samen te zijn.
Lieve (schoon)familie bedankt voor jullie steun en liefde de afgelopen jaren. Het is altijd fijn om weer
bij elkaar te zijn en ik ben heel blij dat ik dit hoogtepunt met jullie kan vieren.
Lieve Mark en Pieternel, we hebben het vaak gehad over promoveren, wetenschap en muizen.
Bedankt voor jullie luisterend oor en interesse in de afgelopen jaren, en ook zeker jullie hulp tijdens
de sollicitatie periode. Nu ons cellen-tel bedrijf (It counts!) nog niet is opgezet, kunnen we misschien
beter een nieuw bedrijf verzinnen. Tijd dus voor een volgend etentje of feestje…
Lieve Pap en Mam, wat ben ik jullie dankbaar voor alle steun die jullie mij hebben gegeven tijdens
mijn studie en promotie. Tijdens mijn studie en tijdens deze promotie hebben jullie vaak de verhalen
over muizen en papers moeten aanhoren, maar altijd waren jullie geïnteresseerd hoe het ging. Jullie
hebben mij altijd aangemoedigd om nieuwe stappen te zetten, het beste uit mijzelf te halen en mij
altijd vertrouwen gegeven in wie ik ben of wat ik doe.
Allerliefste Marijn, jou heb ik hier voor het laatste bewaard en wil ik jou eigenlijk het allermeeste
bedanken. Jij bent er altijd onvoorwaardelijk geweest om mij te steunen. Samen hebben we de
succesmomentjes gevierd, maar je was er vooral ook om mij op te vrolijken als ik het even niet meer
zag zitten. Je zei dat ik maar gewoon even aan de slag moest als ik geen zin had, en trok mij weg bij
de laptop als ik te lang aan het werken was. Je zei in de laatste maanden vaak dat ik de woonkamer
tot mijn kantoor om toverde, maar vanaf nu heb je je woonkamer terug J. Lieverd, jouw liefde in de
afgelopen jaren is echt het beste wat mij is overkomen. Ik ben zo blij dat ik met jou de laatst 5 weken
door Nieuw-Zeeland heb kunnen rijden ter afsluiting van deze periode. Nu kunnen we samen het
volgende feest plannen en uit gaan kijken naar dit nieuwe hoogtepunt voor ons beiden. Ik hou van jou!
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