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Take the time to make some sense
Of what you want to say

And cast your words away upon the waves
Sail them home with acquiesce

On a ship of hope today
And as they land upon the shore

Tell them not to fear no more
Say it loud 

and sing it proud today
-Oasis-
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Early-life stress shapes the brain; impact of adult lifestyle and 
environment

Early-life adversity and its implications for adult mental health pose a significant 
challenge to our current society. Unfortunately, many children across the globe still 
experience early-life adversity. In 2017, 3.5 million children were referred to child-
hood protective services in the United States [1]. In the Netherlands, approximately 
3% of children have suffered from child abuse in the year of 2017 as identified by 
professionals [2]. However, the self-reported rates of child abuse were higher, and 
child abuse is only one example of early-life adversity [3,4]. The majority of the 
above-described cases consisted of physical or emotional abuse or neglect, but 
adversity in the early-life period can arise in many different forms including malnu-
trition, poverty, institutionalization, war, or illness [5-8]. 

The early-life period is critical for brain development. Adverse events during this 
period can have long-lasting effects and ‘program’ adult brain structure and func-
tion. This concept of early-life programming was postulated in the Developmental 
Origins of Health and Disease (DOHaD) hypothesis and entails that the early-life 
environment can determine adult health and the vulnerability to develop pathology 
in later life [9,10]. Early-life adversity can yield cognitive deficits, psychopathology, 
and increase the risk to develop age-related diseases like Alzheimer’s disease (AD) 
[11-14]. It is not feasible to completely prevent early-life adversity or early-life stress 
(ES) in humans, and effective treatments are currently still unavailable. To develop 
new strategies to protect against the negative effects of early-life adversity, it is im-
portant to realize that not only a short period of adversity during early-life can have 
a lasting effect on neurocognitive functions, but subsequent exposures to adverse 
events may also contribute to later life health outcomes. Until now, the topic of how 
such factors shape mental health outcomes after a history of early-life adversity has 
received little attention. Understanding the role of (adult) lifestyle factors and envi-
ronmental exposures in determining later life health outcomes following early-life 
adversity will help to identify at risk populations, and provide insight in potential 
therapeutic strategies.

Early-life adversity is now widely recognized as an important risk factor for later 
mental health problems. However, challenges faced in later life may actually con-
tribute to mental health outcomes, depending on one’s previous early-life experi-
ences. ES programming may change the ‘set-point’ of the brain, thereby adapting 
its response to external factors. In fact, the increased vulnerability to develop psy-
chopathology in adulthood might be co-determined by adult lifestyle or the later 
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life environment. The complex interaction of the perinatal and adult environment 
in affecting brain health can be two-fold. Adult lifestyle or environmental expo-
sures may on one hand modulate the established effects of early-life adversity on 
the brain. On the other hand, programming by early-life adversity may change the 
responsiveness of the brain to later life challenges (i.e. an altered ‘set-point’). The 
precise outcome of a later life challenge following ES might depend on the nature 
and severity of the event, as well as the specifics of the individual, for example de-
pending on its age or sex. 

Regarding this complex interaction of the early and later life environment in affect-
ing later brain health, scientific literature has posed several hypotheses. The cu-
mulative stress or two-hit hypothesis poses that ES increases the sensitivity to later 
life stressors resulting in increased allostatic load [15-17]. Alternatively, according 
to the predictive-adaptive or match-mismatch hypothesis, cues received from the 
early-life environment influence the development of an organism to adapt to that 
particular environment (i.e. predicted environment) [18,19]. When the predicted 
and actual later life environments differ, there is a mismatch between the individ-
ual’s phenotype and the conditions in which it finds itself. Thus, exposure to stress 
during early-life may aggravate the negative effects of a ‘second-hit’ (e.g. unhealthy 
diet, stress, inflammation) [20-22], or programs an organism to be better capable to 
adequately deal with a negative environment in later life [23,24].  Additionally, brain 
abnormalities as a consequence of ES may not always be detectable under baseline 
conditions, but may only become apparent when action is required in response to 
specific environmental cues. Increasing our knowledge on how adult lifestyle affects 
individuals previously exposed to early-life adversity may open new avenues for the 
development of therapeutic strategies to minimize the ES-induced higher risk for 
psychopathology. 

Scope of this thesis 
Neurobiological substrates
There is a great need for identifying and understanding the underlying neurobi-
ological substrates involved in shaping of the brain by ES. In this thesis we will 
study ES programming of the brain and examine the impact of specific secondary 
challenges. To enable studying cellular and molecular processes that underlie al-
terations as a consequence of ES, we will use a mouse model of chronic ES. In this 
model, chronic ES is caused by fragmentation of maternal care, induced by limited 
amounts of nesting and bedding material. The brain region we focus on in this 
thesis is the hippocampus, a highly plastic brain structure important for cognitive 
functioning and regulation of the stress response [25,26]. One of the unique forms 
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of hippocampal plasticity is adult neurogenesis, which is well known to be highly 
dependent on environmental and lifestyle factors. Therefore in this thesis we will 
investigate the responsiveness of adult hippocampal neurogenesis to later lifestyle 
and environmental exposures following ES. Additionally, we will explore the involve-
ment of astrocytes in ES programming of the brain, as they serve many functions vi-
tal for basic cognitive functioning, and are implicated in diseases for which early-life 
adversity is a risk factor. Yet, astrocytes received little attention in the context of ES. 

Adult neurogenesis encompasses the process of generating new neurons from neu-
ral precursor or stem cells in the adult brain [27]. This process is restricted to a few 
brain regions of which the hippocampus is one. Adult hippocampal neurogenesis is 
crucial for learning and memory and is implicated in cognitive functioning [28]. We 
focus on adult hippocampal neurogenesis as this form of plasticity is strongly mod-
ulated by environmental influences, lifestyle factors, and experience. For instance, 
physical exercise is a potent stimulator of neurogenesis, while stress or an unhealthy 
diet are known inhibitors of neurogenesis [29-32]. Numerous studies have shown 
that early-life adversity in different forms can impair adult neurogenesis (i.e. prolif-
eration, differentiation, and cell survival) under baseline conditions [33-36]. Yet, how 
rigid these changes are remains unclear. The unique responsiveness of adult neu-
rogenesis to the later life environment offers the opportunity to test how early-life 
adversity alters the capacity of the brain to respond to challenges in adulthood.

In the quest for understanding early-life programming of the brain many researchers 
have focused on the contribution of neurons. The other major cell type in the cen-
tral nervous system, glial cells, remained relatively understudied in this context. For 
many years, astrocytes were attributed a minor role in brain functioning and were 
merely seen as what the Greek name for glia suggests; ‘glue’ holding the neuronal 
elements of the brain together [37,38]. In recent years however, it has been increas-
ingly acknowledged that astrocytes are not always affected secondarily as a result of 
neuronal-induced pathology, but that they can also be the driving force behind neu-
rological disorders [37,39]. Astrocytic dysfunction has discovered to be the primary 
cause of several neurodevelopmental disorders including Rett syndrome, Alexan-
der’s disease, and Fragile X syndrome [40,41]. Furthermore, adult-onset psychiatric 
diseases such as depression and schizophrenia have been reported to coincide with 
astrocyte pathology [42-45], and astrocytes are central players in the pathogenesis 
of AD [46-48]. Although these diseases are not typically seen as neurodevelopmen-
tal in origin, it is well established that early-life adversity can contribute to the risk of 
developing such neuropsychiatric or dementia disorders [49,50].
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Astrocytes exert fundamental roles for normal brain and cognitive functioning in-
cluding synaptogenesis, glutamate recycling, and energy metabolism [51-54]. The 
impact of early-life adversity can therefore extent to many different aspects of brain 
functioning and thereby have major implications adult mental health. In addition, 
astrocytes are unique in their capacity to integrate a multitude of signals from the 
(micro)environment (e.g. nutritional status, stress hormone action, inflammatory fac-
tors) and thus play an important part in integrating environmental signals from the 
early environment and orchestrating neuronal action accordingly. Stress-induced 
changes in astrocytes during development could e.g. be transient, depending on 
the type and duration of the environmental stimulus. However, once astrocytes ma-
ture, the externally induced alterations in astrocyte function could stabilize, and in 
this way (mal)adapt astrocytes for life. It is important to unravel to what extent the 
early-life environment shapes astrocytes and contributes to their later involvement 
in brain disease. 

Early nutritional interventions and later life challenges
To study the synergistic effect of ES and the later life environment on adult hippo-
campal neurogenesis and astrocytes, we apply several lifestyle and environmen-
tal exposures. Negative challenges including stress, inflammation, or an unhealthy 
diet might exacerbate the vulnerability to psychopathology induced by ES. On the 
contrary, positive stimuli such as physical exercise or a healthy diet may help to 
overcome or prevent negative effects as a consequence of ES and can even serve 
as therapeutic strategies. In the context of potential new therapies to i) prevent or 
restore ES effects on brain functioning and ii) to prevent or minimize further nega-
tive impact of adult lifestyle exposures, lastly, this thesis will focus on the potential 
of nutritional interventions in protecting against ES-induced effects. Early-life nu-
trition is increasingly acknowledged as an important health determinant [55]. Re-
cently, several studies have demonstrated beneficial effects of providing specific 
nutrients perinatally to protect against adverse effects of ES on the brain [56-58]. 
As nutritional interventions are non-invasive and easy applicable, they might be 
suitable for combatting early-life adversity effects. In addition, dietary interventions 
may minimize the (additional) effect of negative secondary stimuli in later life. We 
will focus on aspects of nutrition that are important for brain development (e.g. 
fatty acids, lipid structure). As adapting nutrition in the perinatal phase will not only 
affect the brain, but can also induce metabolic programming [59], this will be taken 
into account in our studies. Eventually, elucidating the underlying mechanisms of 
a successful dietary intervention will increase our knowledge on ES programming. 
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Aims and outline of the thesis
Understanding the cumulative effect of early-life adversity and secondary (lifestyle) 
challenges in later life on neurogenic and astrocytic parameters will increase our 
understanding of brain vulnerability and may help to design more targeted thera-
peutic strategies. We will study how ES affects astrocytes and neurogenesis under 
baseline conditions and further extent our research on how the effects of ES on as-
trocytes and neurogenesis are modulated by later life challenges. These challenges 
consist of positive influences including exercise and dietary interventions, or nega-
tive insults including stress, inflammation, or an unhealthy diet. 

In chapter 1, we discuss the role of astrocytes in programming of the brain by ES. 
We propose that astrocytes, due to their key functions and crucial role in integrat-
ing information from the early environment, contribute to early-life programming 
of the brain. This chapter highlights the ability of astrocytes to sense stress hor-
mones, inflammatory signals, and nutritional input, and reviews existing literature 
on the effects of early-life adversity on astrocytes. Short-term and persistent effects 
of early-life adversity induced by maternal neglect models, immune challenges, and 
malnutrition during early-life will be addressed. In addition, we discuss the implica-
tion of astrocytes in diseases for which early-life adversity is a known risk factor, and 
highlight the potential of human-based iPSC models to study astrocyte biology and 
their response to environmental factors.  

In chapter 2 we examine whether astrocytes contribute to the aggravation of AD 
pathology following ES exposure. We hypothesize that ES affects astrocytes life-
long, thereby contributing to the ES-induced modulation of AD pathology. For this 
purpose, we studied the effect of ES on astrocytes in wildtype mice over the course 
of a lifetime. In parallel, we exposed APP/Swe/PS1dE9 mice to ES and assessed 
the effects of stress exposure during early-life, the development of Aß pathology in 
adulthood, and their combination, on astrocytic expression of glial fibrillary acidic 
protein (GFAP) and gene expression of astrocyte-related markers. Finally, we aimed 
to study the relation between GFAP as measured in the current study, and Aß and 
microglial changes previously measured in the same mice. 

To extent our knowledge on ES programming of astrocytes, we studied in chapter 
3 how ES primes the capacity of astrocytes to respond to stress hormones. For this 
purpose we exposed mice to an in vivo ES model and studied the astrocyte stress 
response by in vitro exposure to the synthetic stress hormone dexamethasone. 

Chapter 4 is a preliminary report of an ongoing study aimed at elucidating the 
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molecular mechanisms underlying the protective effects of an early-diet with a low 
ω-6/ω-3 ratio against ES-induced cognitive deficits. We used a whole-genome mi-
croarray approach to identify gene pathways in the hippocampus involved in ear-
ly-life programming by stress and diet. In addition, we applied a later life immune 
challenge to study whether such an inflammatory insult differently affects hippo-
campal gene expression in ES mice, and address whether a low ω-6/ω-3 ratio diet 
provided during early-life could modulate the neuroinflammatory response in adult-
hood. 

Next, we set out to determine the cumulative effect of ES and a later life challenge 
at the level of neurogenesis. We start out in chapter 5 by investigating the effect of 
ES on the neural stem cell pool under baseline conditions. Although the effects of 
ES on adult hippocampal neurogenesis have been widely explored, the role of the 
neural stem cell pool in this regard remains to be elucidated. ES increases devel-
opmental neurogenesis but reduces adult neurogenesis in the hippocampus. Using 
nestin-GFP transgenic mice we studied whether the reduction in adult hippocampal 
neurogenesis as a consequence of ES is due to a depletion of the neural stem cell 
pool during early-life.

In chapter 6, we test whether early-life exposure to a concept infant milk formula 
(IMF) mimicking some of the physical features of breast milk (Nuturis®), could pro-
tect against ES-induced neurogenic and metabolic abnormalities in response to 
prolonged Western-style diet. This study is aimed at unraveling whether a later life 
unhealthy diet exacerbates the negative health outcomes observed after ES, and in 
addition studies whether an early-life nutritional intervention in the form of altered 
physical properties of dietary lipids in IMF is capable of preventing these effects, 
both centrally and peripherally.

Chapter 7 researches the responsiveness of ES-exposed female mice to later phys-
ical exercise, a positive challenge well known to boost neurogenesis. Although in 
general, a lack of studies includes females, previous research from our lab has indi-
cated that females might be less affected by ES. Here we questioned whether the 
responsiveness of the brain to react to a positive stimulus might still be altered as 
a result of ES, despite the apparent lack of ES-induced problems under baseline 
conditions. Therefore, we explore the effect of exercise on neurogenesis in female 
mice exposed to ES. 

Finally, the main findings of this thesis are summarized and its implications dis-
cussed in chapter 8. 
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Abstract

Early-life adversity (ELA) in the form of stress, inflammation, or malnutrition, can 
increase the risk of developing psychopathology or cognitive problems in adult-
hood. The neurobiological substrates underlying this process remain unclear. While 
neuronal dysfunction and microglial contribution have been studied in this context, 
only recently the role of astrocytes in early-life programming of the brain has been 
appreciated. Astrocytes serve many basic roles for brain functioning (e.g., synapto-
genesis, glutamate recycling), and are unique in their capacity of sensing and inte-
grating environmental signals, as they are the first cells to encounter signals from 
the blood, including hormonal changes (e.g., glucocorticoids), immune signals, and 
nutritional information. Integration of these signals is especially important during 
early development, and therefore we propose that astrocytes contribute to ELA-in-
duced changes in the brain by sensing and integrating environmental signals and 
by modulating neuronal development and function. Studies in rodents have already 
shown that ELA can impact astrocytes on the short and long term, however, a critical 
review of these results is currently lacking. Here, we will discuss the developmen-
tal trajectory of astrocytes, their ability to integrate stress, immune, and nutritional 
signals from the early environment, and we will review how different types of early 
adversity impact astrocytes.

Keywords: early inflammation, early malnutrition, early stress, GFAP, maternal   
separation/deprivation
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1    Introduction

Early life is a critical developmental period in which the brain is shaped for life. 
Early-life adversity (ELA), in the form of trauma, severe abuse or neglect, prolonged 
hospitalization, infection, or malnutrition (de Rooij, Wouters, Yonker, Painter, & 
Roseboom, 2010; Kessler et al., 2010; Loman & Gunnar, 2010; Mandelli, Petrel-
li, & Serretti, 2015; Nemeroff, 2016), has been associated with cognitive decline 
and increased risk of developing psychopathology in adulthood. For example, so-
cial deprivation in early institutionalized children results in lower cognitive ability 
(Chugani et al., 2001; Nelson et al., 2007), childhood trauma caused by neglect or 
emotional abuse is associated with impaired cognitive functioning and adult de-
pression (Mandelli et al., 2015; Saleh et al., 2017), and prenatal undernutrition leads 
to impaired cognition in adulthood (de Rooij et al., 2010) and increased vulnerability 
to develop schizophrenia (Brown & Susser, 2008). During early-life, the brain needs 
to integrate and adapt to many different environmental factors for proper devel-
opment. There is increasing attention for the synergistic and coordinated action of 
multiple early- life environmental factors, that is, stress hormones, nutritional input, 
and immune activation, in programming of the brain (Cirulli, 2017; Hoeijmakers, 
Korosi, & Lucassen, 2015; K. L. Lindsay, Buss, Wadhwa, & Entringer, 2017; Lucassen 
et al., 2013; Marques, 2013; Marques, Bjørke-Monsen, Teixeira, & Silverman, 2015; 
Yam, Naninck, Schmidt, Lucassen, & Korosi, 2015), but the exact mechanisms un-
derlying this process, and in particular what neurobiological substrates and central 
nervous system (CNS) cell types are involved, remains to be elucidated.

The hippocampus has been extensively studied in this context, because of its key 
role in cognitive functioning and its high degree of neuronal and synaptic plasticity 
(Akhondzadeh, 1999; Lledo, Alonso, & Grubb, 2006; Malenka, 1994). There is now 
ample evidence that ELA in the form of stress or malnutrition leads to impaired cog-
nitive functioning associated with disrupted hippocampal neurogenesis (Abbink, 
Naninck, Lucassen, & Korosi, 2017; Lemaire, Koehl, Le Moal, & Abrous, 2000; Loi, 
Koricka, Lucassen, & Joels, 2014; Matos, Orozco- Solís, de Souza, Manhães-de-Cas-
tro, & Bolaños-Jiménez, 2011; Naninck et al., 2015; Pérez-García, Guzmán-Que-
vedo, Da Silva Aragão, & Bolaños-Jiménez, 2016) and altered synaptic plasticity 
(Aisa et al., 2009; Austin, Bronzino, & Morgane, 1986; Danielewicz, Trenk, & Hess, 
2017; Derks, Krugers, Hoogenraad, Joels, & Sarabdjitsingh, 2016; for review see 
Georgieff, Brunette, & Tran, 2015; J. Yang et al., 2007). In addition, the involvement 
of microglia has received some attention (De Luca et al., 2016; Diz-Chaves, Pernía, 
Carrero, & Garcia- Segura, 2012; Hoeijmakers et al., 2017). Although changes in 
astrocytes have been described in the context of several ELA-associated psychopa-
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thologies like depression and schizophrenia (see BOX 1) (Cobb et al., 2016; Web-
ster et al., 2001), the role of astrocytes in ELA programming received only marginal 
attention.

BOX 1 Implication of astrocytes in human diseases associated with ELA

In humans, ELA has been associated with neurological and mental problems later 
in life, such as major depressive disorder (MDD) and schizophrenia (SCZ). Inter-
estingly, in line with findings in rodent models, many studies in human MDD and 
SCZ patients point to aberrant astrocyte functions. In MDD patients, especially 
in the younger subjects, astrocyte pathology is more prominent than neuronal 
dysfunction, pointing to a role for astrocytes already at early stages of the dis-
ease course (Miguel-Hidalgo et al., 2000). Postmortem studies in MDD patients 
showed decreased astrocyte numbers and abnormal astrocyte morphology in 
the frontolimbic system. Decreased GFAP expression and reduced numbers of 
GFAP+ and S100ß+ astrocytes are found in the prefrontal cortex (Nagy et al., 
2015), anterior cingulate cortex (Gittins & Harrison, 2011), and the hippocampus 
(Cobb et al., 2016) of MDD patients, brain regions that are specifically involved 
in mood disorders (Torres-Platas, Nagy, Wakid, Turecki, & Mechawar, 2016). In 
SCZ, less consistent changes in astrocytes have been found, while some stud-
ies indicated increased (Feresten, Barakauskas, Ypsilanti, Barr, & Beasley, 2013), 
others found decreased astrocyte numbers in postmortem tissue of SCZ patients 
(Steffek, McCullumsmith, Haroutunian, & Meador-Woodruff, 2008). However, in 
line with the hypothesis that SCZ is related to NMDA dysfunction, and that as-
trocytes induce release of gliotransmitters, agents that enhance NMDA function 
such as increasing levels of receptor co-agonist D-serine, showed beneficial ef-
fects (Heresco-Levy et al., 2005). Moreover, mutations in Disc1, which protein 
stabilizes the D-serine synthesizing enzyme serine racemase, resulted in SCZ-like 
behavior in mice (Ma et al., 2013). Anti-depressant agents in MDD, resulted in 
recovered astrocyte phenotypes in both rodent models and human patients, 
and therefore have been argued that the functional improvement of astrocytes 
should be strategic in the treatment of MDD (Czéh & Di Benedetto, 2013). As 
many studies support the hypothesis that changes in astrocyte function could 
contribute to pathophysiology of mood disorders, better understanding of the 
underlying pathomechanisms involving astrocytes could potentially provide new 
targets for therapeutics. Additionally, this knowledge could lead to a better un-
derstanding of programming of astrocytes by ELA in the context of disease.
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Astrocytes are able to sense and integrate a multitude of signals from the endog-
enous and exogenous environment and use this information to modulate neuronal 
function. They are involved in many different processes crucial for brain and cog-
nitive functioning (Santello, Toni, & Volterra, 2019) including glutamate recycling 
(Sonnewald, Westergaard, & Schousboe, 1997), myelination (Camargo et al., 2017; 
Kıray, Lindsay, Hosseinzadeh, & Barnett, 2016), energy metabolism (Bélanger, Alla-
man, & Magistretti, 2011), and synaptic development and functioning (Allen, 2014; 
Allen & Eroglu, 2017). It has been known that astrocytes promote synaptogenesis 
during development (Allen, 2013), and emerging evidence shows that astrocytes 
also control dendritic maturation and synaptic integration of adult newborn neu-
rons in the hippocampus (Kempermann, 2015; Sultan et al., 2015). This suggests a 
possible role for astrocytes in regulating the ELA-induced alterations in adult neuro-
genesis (Abbink et al., 2017; Korosi et al., 2012; Naninck et al., 2015). Next to that, 
astrocytes are important integrative cells that can process information on spatial 
and temporal scales distinct from those of neurons. Astrocytes release gliotransmit-
ters and interact with both presynaptic and postsynaptic neurons, together forming 
the tripartite synapse (Araque et al., 2014; Araque, Parpura, Sanzgiri, & Haydon, 
1999). Estimations indicate that one single astrocyte can cover and influence up 
to 140,000 synapses in the hippocampus (Bushong, Martone, Jones, & Ellisman, 
2002), allowing the synchronization of neuronal firing and coordination of synaptic 
networks (Halassa, Fellin, Takano, Dong, & Haydon, 2007). Astrocytes regulate syn-
apse development (Christopherson et al., 2005; Diniz et al., 2012; Kucukdereli et 
al., 2011) and modulate synaptic transmission within a seconds to minutes timescale 
(Araque et al., 2014; Parpura et al., 1994; Pascual et al., 2005; Yang et al., 2003). 
Furthermore, astrocytes modulate the efficiency of excitatory (glutamatergic) syn-
apses by clearing glutamate from the synaptic cleft via two high-affinity glutamate 
transporters: The GLT-1 and GLAST transporters (EAAT2 and EAAT1, respectively) 
thereby preventing excitotoxicity (damaging of neurons by excessive stimulation 
of neurotransmitters; Choi, Maulucci-Gedde, & Kriegstein, 1987; Huang & Bergles, 
2004). Finally, astrocytes are sensitive to changes in the environmental state and 
can respond by regulating extracellular factors, like metabolite concentration, neu-
rotransmitters, and ions (Bazargani & Attwell, 2016; Vernadakis, 1996; Walz, 1989). 
Astrocytes receive this homeostatic information from different sources and are ca-
pable of responding to more “slow” homeostatic processes, including hormonal 
changes, immune signals, and nutritional input.

Thus astrocytes are in the unique position to sense, integrate, and coordinate the 
large variety of signals from the complex early-life environment. Therefore, we pro-
pose that ELA might impact on astrocytes and thereby contribute to lasting effects 
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of ELA on brain development, structure, and function. Here, we will describe the 
timing and origin of astrocyte development, highlight the sensing and integrative 
nature of astrocyte functions, and review the existing literature on the effects of ELA, 
for example, stress, inflammation, and malnutrition, on the astrocyte population.

2    Astrocyte development

Astrocytes play a crucial role in normal brain development (Reemst, Noctor, Lu-
cassen, & Hol, 2016), and knowledge on the timing of astrocyte development and 
maturation is crucial to comprehend how ELA might influence astrocytes and pro-
gram their function for life. In rodents, astrocytes are derived from three sources: 
(a) neural progenitor cells, (b) directly from radial glia (Kriegstein & Alvarez-Buylla, 
2009; Marshall, Suzuki, & Goldman, 2003), or (c) in later stages, via local prolifera-
tion of differentiated astrocytes (Ge, Miyawaki, Gage, Jan, & Jan, 2012). Astrocytes 
begin to develop in the final weeks of embryonic development and increase rap-
idly in number in the first month of life. In the hippocampus, most astrocytes are 
being generated during the second postnatal week (Catalani, Sabbatini, Consoli, & 
Cinque, 2002; Nixdorf-Bergweiler, Albrecht, & Heinemann, 1994). In the first post-
natal week, astrocytes start to grow filopodial processes that form a meshy network 
with physical overlap of astrocytic processes and no clear-bordered astrocytic do-
mains (Bushong, Martone, & Ellisman, 2004). At the end of the first week, astrocytes 
in the hippocampal formation start to ramify and gain increased cytoskeletal com-
plexity, which extends into adulthood (Bushong et al., 2004; Catalani et al., 2002; 
Setkowicz, Pawlin ski, & Ziaja, 1999). The distinction of spatial astrocytic domains 
becomes more clear in the second week of development and is profoundly present 
at the end of the third week (Bushong et al., 2004). After the peak of astrogen-
esis in the first two postnatal weeks, proliferative capacity drops radically, though a 
moderate increase in astrocyte number still occurs until 1 month of age (Catalani et 
al., 2002; Setkowicz et al., 1999). During week 3 and 4 of postnatal development, 
astrocytes appear to have a more mature phenotype (Bushong et al., 2004). In hu-
mans, the peak of astrogenesis is believed to already start during the last phase of 
gestation (Menassa & Gomez-Nicola, 2018; Mottahedin et al., 2017; N. Patro, Naik, 
& Patro, 2015; Semple, Blomgren, Gimlin, Ferriero, & Noble-Haeusslein, 2013) and 
to last throughout the postnatal period, when the number of GFAP+ cells continues 
to increase in every part of the CNS (Roessmann & Gambetti, 1986). Thus, in both 
human and rodents, astrogenesis coincides with early sensitive periods rendering 
astrocytes particularly sensitive to ELA. Therefore, it is important to consider the 
impacts of ELA on astrocytes and how these might contribute to ELA-induced brain 
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dysfunction.

3    Astrocytes integrate signals from the environment

As introduced earlier, astrocytes integrate a multitude of signals to adapt to the ear-
ly environment. These signals are partly local (e.g., neurotransmitters (Araque et al., 
2014), and largely systemic (e.g., nutrients, hormonal changes (Garcia-Segura & Mc-
Carthy, 2004) related to metabolism (Chowen et al., 2016; Marina et al., 2017; Wel-
come, 2018), inflammation (Farina, Aloisi, & Meinl, 2007), and stress (Carter, Hamil-
ton, & Thompson, 2013; Paukert et al., 2014). These signals are fundamental during 
development and need to be integrated for an informed modulation of neuronal 
development and function throughout life. We will discuss here how astrocytes are 
capable of sensing and integrating nutritional, immune- and stress-related signals.

3.1 Astrocytes sense nutrients and provide them to neurons

During development, the brain is the fastest developing organ with an incredibly 
high demand for energy and nutrients. A deficit in nutrient availability during early 
development has lasting consequences for brain function later in life (Crawford, 
Hassam, & Stevens, 1981; de Rooij et al., 2010; Roseboom, de Rooij, & Painter, 
2006). Astrocytes can sense and take up nutrients from the periphery thanks to their 
strategic anatomical location. Blood vessels in the CNS are ensheathed by astrocyte 
endfeet that regulate blood–brain barrier (BBB) permeability and coordinate the 
entrance of nutrients into the brain (Abbott, Rönnbäck, & Hansson, 2006; Alvarez, 
Katayama, & Prat, 2013; García-Cáceres, Fuente-Martín, Argente, & Chowen, 2012). 
We will highlight the involvement of perivascular astrocytes in glucose and lipid 
sensing, the most extensively studied nutrients up to date.

Glucose is one of the most important energy sources of the brain. Astrocytes sense 
systemic glucose levels and take up glucose from the blood via the glucose trans-
porter 1 (GLUT1), present in the endfeet of perivascular astrocytes. Once glucose 
has passed the BBB, perivascular astrocytes take up glucose and store it as glyco-
gen (Kacem, Lacombe, Seylaz, & Bonvento, 1998; Marina et al., 2017; Morgello, 
Uson, Schwartz, & Haber, 1995; Welcome, 2018), which can be directly mobilized 
as energy source by various neurotransmitters like noradrenaline (Pellerin, 2013; 
Sorg & Magistretti, 1991). Importantly, astrocytes are the only cells in the brain 
capable of storing glucose as glycogen. It has been suggested that, under high-en-
ergy demanding conditions, astrocytes can also convert glucose into lactate as an 
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alternative source of energy for neurons (Matsui et al., 2017; Pellerin et al., 1998). 
However, this concept is subject of debate (Chih & Roberts, 2003; Pellerin & Mag-
istretti, 2003).

Next to being involved in glucose metabolism, astrocytes have been shown to play 
an active role in brain lipid metabolism. Lipids are crucial for brain development 
and function, and a lack of lipids during early development has deleterious conse-
quences for later brain structure and function (Crawford et al., 1981). The CNS is 
highly enriched in lipids (Goyal, Iannotti, & Raichle, 2018; Sastry, 1985) which serve 
as building blocks of neuronal membranes including neurite membranes, synaptic 
membranes, and myelin sheaths. Specifically polyunsaturated fatty acids (PUFAs, 
like DHA and AA) have been shown to be crucial for neurite outgrowth (Calderon & 
Kim, 2004), synaptic transmission (Connor, Tenorio, Clandinin, & Sauvé, 2012), and 
neurogenesis (Maekawa et al., 2009). In particular, there is evidence that neurogen-
esis is modulated by factors related to astrocyte fatty acid metabolism, including 
fatty acid binding proteins and fatty acid synthase (Boneva et al., 2011; Knobloch et 
al., 2013; Young, Heinbockel, & Gondré-Lewis, 2013). Also cholesterol, a structural 
component of myelin, is an indispensable building block required for normal brain 
functioning and synaptogenesis (Orth & Bellosta, 2012), and defective astrocyte 
cholesterol metabolism can contribute to neurological problems (Camargo et al., 
2012; Valenza et al., 2015). The uptake of peripheral lipids by the brain has been 
subject of debate (Schönfeld & Reiser, 2013). Certain circulating peripheral lipids 
(e.g., PUFAs) might freely enter the brain (Giles et al., 2016; Nguyen et al., 2014), 
while others (e.g., cholesterol and phospholipids) are prevented from entering by 
the BBB and need to be synthesized within the brain (Edmond, 2001; Jurevics & 
Morell, 1995). In contrast to neurons which are inefficient in lipid synthesis, astro-
cytes are highly active in de novo lipid synthesis (Camargo et al., 2012; Hofmann 
et al., 2017; Nieweg, Schaller, & Pfrieger, 2009; Pfrieger & Ungerer, 2011; van Deijk 
et al., 2017) and subsequent transport of lipids to neurons (Boyles, Pitas, Wilson, 
Mahley, & Taylor, 1985; Mauch et al., 2001; Nieweg et al., 2009; Pfrieger & Ungerer, 
2011). For example, astrocytes produce cholesterol (Camargo et al., 2012; Goritz, 
Mauch, & Pfrieger, 2005; Mauch et al., 2001; van Deijk et al., 2017) and actively 
elongate and desaturate fatty acid precursors in order to synthesize and release PU-
FAs (Green & Yavin, 1993; Moore, 2001; Moore, Yoder, Murphy, Dutton, & Spector, 
1991). Furthermore, astrocyte lipid uptake via lipoprotein lipase is crucial for body 
weight control and the regulation of energy homeostasis (Gao et al., 2017).

Considering the high nutrient and energy demand for brain development, impacts 
of ELA on astrocyte capacity to provide building blocks to neurons during this criti-
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cal period could contribute to the lasting effects of ELA on brain structure and func-
tion. Currently, we lack the knowledge of whether these functions of astrocytes are 
affected by ELA, and this calls for further investigation on these aspects.

3.2 Astrocytes sense and generate inflammatory signals

ELA leads to alterations in the neuroimmune profile and early-life infection is an 
important form of ELA that causes lasting alterations in the brain (Bilbo, 2009; Bilbo 
& Schwarz, 2012; Ganguly & Brenhouse, 2015). Astrocytes act synergistically with 
microglia in regulating brain immunity and thereby modulate neuronal and synaptic 
function. Like microglia, astrocytes are capable of producing cytokines and chemo-
kines, and might even act as antigen presenting cells (reviewed in Y. Dong & Ben-
veniste, 2001). Microglia are thought to be the initial responders to immune signals 
in the brain and release an array of cytokines upon activation (reviewed in Hanisch, 
2002). Accordingly, the microglia-induced cascade can modulate astrocytic cell 
properties by inhibiting gap junctions (Même et al., 2006), stimulating prolifera- 
tion (Giulian, Li, Leara, & Keenen, 1994), and inducing a reactive state (Balasingam, 
Dickson, Brade, & Yong, 1996). This reactive phenotype of astrocytes consists of 
cellular hypertrophy via intracellular GFAP upregulation (Hol & Pekny, 2015; Pekny 
& Pekna, 2014). This process known as reactive gliosis or astrogliosis can, in severe 
situations, lead to increased proliferation and glial scar formation, that is, creation 
of a boundary between the affected and the healthy tissue (Sofroniew, 2009). Fur-
thermore, under pathological conditions, reactive astrocytes can start to produce 
glutamate and GABA which can cause perturbations in synaptic plasticity, with pos-
sible consequences for cognitive functioning (S. Jo et al., 2014). Recent evidence 
classifies two types of reactive astrocytes: A neurotoxic subtype (A1) triggered by 
the microglia released cytokines interleukin 1α (IL-1α), TNF, and complement com-
ponent 1q (C1q), and a protective subtype (A2). The protective A2 astrocytes up-
regulate neurotrophic factors and promote neuronal survival, while the destructive 
A1 astrocytes upregulate classical complement cascade genes destructive to syn-
apses and release a neurotoxin that rapidly kills neurons and oligodendrocytes (Lid-
delow et al., 2017; Zamanian et al., 2012). Importantly, next to instructive functions 
of microglia towards astrocytes, astrocytes can direct microglial functioning as well. 
Astrocyte-derived factors regulate microglial activation (M. Jo et al., 2017; Norden, 
Fenn, Dugan, & Godbout, 2014; Rocha, Cristovão, Campos, Fonseca, & Baltazar, 
2012), phagocytosis (Jeon et al., 2012), and promote microglial synapse engulfment 
(Vainchtein et al., 2018). Astrocytes also actively phagocytose synapses themselves 
(Chung et al., 2013). Thus, microglia and astrocytes act synergistically in regulating 
brain immunity. There is initial evidence that astrocyte function is altered after ex-
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posure to activated microglia, indicating that an early-life inflammatory event might 
program astrocyte function (Henn, Kirner, & Leist, 2011). However, how ELA affects 
astrocyte–microglia communication and brain immunity is still in its infancy.

3.3 Astrocytes sense stress-related signals

Stress-hormone modulation is a central aspect to almost any form of ELA. As stress 
hormones enter the brain via the BBB, astrocytes are the first brain cells to encoun-
ter glucocorticoids (Pretorius & Marx, 2004) and bind to them via the glucocorti-
coid receptor (GR; Bohn, Howard, Vielkind, & Krozowski, 1991). Multiple effects of 
glucocorticoids on astrocytes have been described, including alterations in mor-
phology and glucose and glutamate metabolism. Administration of stress-hormone 
corticosterone (CORT) to adult rodents has been shown to lead to a global de-
crease in GFAP expression (O’Callaghan, Brinton, & McEwen, 1989; Zhao & Wang, 
2015) while lowering of CORT via adrenalectomy resulted in increased GFAP levels 
(O’Callaghan et al., 1989). Furthermore, in vitro studies demonstrated that CORT 
inhibits astrocyte proliferation (Crossin, Tai, Krushel, Mauro, & Edelman, 1997). At 
the metabolic level, glucocorticoids inhibit glucose transport and decrease glyco-
gen content in cultured astrocytes (Tombaugh, Yang, Swanson, & Sapolsky, 1992; 
Virgin et al., 1991) indicating alterations in energy metabolism that may result in 
problems of energy supply to neurons. Under stressful conditions, glutamate levels 
are elevated, which in turn could affect synaptic transmission (Lowy, Wittenberg, 
& Yamamoto, 1995; Musazzi et al., 2010; Popoli, Yan, McEwen, & Sanacora, 2011; 
Raudensky & Yamamoto, 2007; Reagan et al., 2004; Venero & Borrell, 1999). This 
data shows that stress hormones can affect many crucial functions of astrocytes 
required for normal brain functioning. Although several effects of glucocorticoids 
on astrocytes have been described during adulthood, the ELA-induced impact on 
astrocytes and the role of glucocorticoids in this still need consideration.

4    ELA induced alterations in astrocytes

In the context of ELA, which is often a synergistic action of several environmen-
tal signals, it is important to consider that the above-discussed nutrient, immune, 
and stress-related signals are not acting solo, but that their effect on astrocytes is 
most likely determined by their interaction. Astrocytes are in the unique strategic 
position to integrate this multitude of signals from the complex early-life (micro-) 
environment, which might be crucial in programming of the brain by early-life stress 
and nutrition. Therefore, it is of importance to unravel if and how the early-life envi-
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ronment shapes astrocytes and whether this contributes to the ELA-induced risk to 
develop brain disorders.

Because studying the underlying mechanisms of ELA-induced effects on the brain 
remains challenging in humans (see BOX 2), rodent models of early-life stress have 
been instrumental. ELA models include maternal deprivation (MD) or maternal sep-

BOX 2 Human-based iPSC models to study astrocytes in the context of ELA
ELA increases the risk of later life psychopathology, but also genetic vulnerability 
for neuropsychiatric disorders should be taken into account. Neuropsychiatric 
disorders are associated with a polygenic risk, which challenges the develop- 
ment of representative models in rodents, and indicates the need for human-
based model systems. Genome-wide association studies (GWAS) for SCZ and 
MDD have indicated a role for hundreds of genes in the disorders (D. M. Howard 
et al., 2018; Schizophrenia Working Group of the Psychiatric Genomics Consor-
tium, 2014). In recent years, the discovery of induced pluripotent stem cell (iPSC) 
technology has provided new opportunities to generate genetically complex 
and human-specific models. iPSC models contain the entire genetic background 
of the patient donor cells, thereby allowing co-interactive studies between ge-
netic and environmental changes. This provides relevant options to study how 
interaction of the genetic background and environmental adversity could lead to 
pathology. Many studies in recent years proved the power of iPSC technology. 
IPSC-based models identified a number of cell-autonomous deficits underly-
ing SCZ including astrocyte involvement (Gonzalez, Gregory, & Brennand, 2017; 
Windrem et al., 2017). Taking into account recent GWAS studies for MDD, iPSC-
based studies for MDD will soon follow. However, considering recent insights in 
increased astrocyte heterogeneity, including expression profile, structure, and 
function (Schitine, Nogaroli, Costa, & Hedin- Pereira, 2015), we need more in-
sight into astrocyte subtypes involved in disease, to recapitulate findings in vivo. 
In summary, astrocyte dysfunction is apparent in neuropsychiatric diseases such 
as MDD and SCZ and these disorders have been associated with ELA. Increased 
knowledge of basic astrocyte biology and their response to environmental fac-
tors could contribute to understanding early-life programming of astrocytes in 
the context of disease. iPSC models could provide an opportunity to gain more 
knowledge on basal astrocyte functioning and their response to environmental 
factors, while also taking into account the genetic information. Eventually, this 
could lead to a better understanding of how astrocytes might be programmed 
by ELA.
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aration (MS) models, malnutrition in the form of an unhealthy diet or nutrient re-
striction, and early systemic immune challenges. Finally, other models of ELA have 
occasionally been used to study early-life stress (e.g., dexamethasone, noise). Here 
we will review and discuss how different ELA models affect astrocytes. Most stud-
ies on the role of astrocytes in ELA have used GFAP expression as a marker for 
astrocytes. For the interpretation of these studies, it is important to note that GFAP 
does not label all astrocytes present in the brain and that changes in the number of 
GFAP+-astrocytes might not reflect an actual change in general astrocyte number, 
but rather astrocytes altering their expression profile and thereby downregulating 
or upregulating their GFAP expression (Tynan et al., 2013).

4.1 Maternal deprivation or separation effects on astrocytes

MD and MS are among the most frequently used models to study early-life stress-in-
duced alterations. The models discussed here consist of either MD: A single depri-
vation episode of 4 or 24 hr, or MS: Daily 3- or 4-hr separation for 1–2 weeks. In 
male rats, MS and MD resulted in decreased GFAP reactivity and reduced cytoskel-
etal complexity in the hippocampus (Roque, Ochoa-Zarzosa, & Torner, 2016; Saave-
dra, Fenton Navarro, & Torner, 2018) and cortex (Musholt et al., 2009) within 24 hr 
after MS or MD. Similarly, in Octodon degus, MD resulted in decreased density of 
GFAP+ astrocytes in the cortex, associated with reduced length and ramification 
of astrocytic processes (Braun, Antemano, Helmeke, Büchner, & Poeggel, 2009). 
Interestingly, this was accompanied by an increased number of S100ß+ cells (Braun 
et al., 2009), indicating a differential effect of stress on the expression of different 
astrocyte markers. In contrast to the reduced GFAP signal measured within 24 hr 
after the stressor, when GFAP expression was measured a few days or weeks af-
ter the end of the deprivation or separation period, an increase in the number of 
GFAP+ cells or GFAP expression was found in the hippocampus (Llorente et al., 
2009; Réus et al., 2018), cerebellum (Llorente et al., 2009), and prefrontal cortex 
(Kwak et al., 2009). Together these results show that MD/MS leads to an acute re-
duction in GFAP, followed by an increase of GFAP when a longer period between 
stress and measurement was applied. This shift might be explained by the dynamics 
of the ELA-induced CORT response and the fact that MD/MS takes place during the 
peak period of astrogenesis. As mentioned earlier, CORT has been shown to reduce 
levels of GFAP acutely in adult rodents (Crossin et al., 1997; O’Callaghan et al., 
1989; Zhao & Wang, 2015), thus the MD/MS-induced rise in CORT might lead to the 
observed acute decrease in GFAP. When the early-life stress-induced rise in CORT 
is normalized, GFAP expression might no longer be suppressed, resulting in the 
observed catch-up in GFAP expression, which could be a compensatory response 
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or even a developmental shift in astrogenesis.

When studying the long-term effects of MD/MS on astrocytes, no changes in as-
trocyte density, morphology, or GFAP mRNA were reported up to 2 months follow-
ing ELA (Burke et al., 2013; Gosselin et al., 2010; Lewis, Darius, Wang, & Allard, 
2016), with only one study reporting a slight reduction in GFAP+ astrocyte density 
in 12-month-old MD-exposed rats (Leventopoulos et al., 2007). This supports the 
idea that GFAP levels return back to baseline after an initial response to ELA, with a 
possible interaction of ELA and aging, which remains to be investigated.

Next to measuring GFAP, a few studies have looked at astrocyte-specific glutamate 
transporters and describe that daily MS permanently increases GLAST and GLT-1 
expression in hippocampal astrocytes of 10-week and 18-month-old rats (Martisova 
et al., 2012). However, a different ELA model in the form of limited nesting and bed-
ding material has been shown to actually decrease GLAST expression and impair 
astrocytic glutamate uptake in the hypothalamus, which was associated with dys-
functional glutamatergic transmission (Gunn et al., 2013). This suggests that in con-
trast to GFAP expression, astrocyte-specific glutamate transporters do seem to be 
persistently altered, although the direction of the effect might be brain-region and 
ELA-model dependent. As to the possible mechanisms leading to the altered trans-
porter expression, it is interesting to consider the role of glucocorticoids. Both acute 
and chronic stress in adulthood lead to increases in glutamate (Mayhew, Beart, & 
Walker, 2015; Popoli et al., 2011) and in vivo and in vitro work have demonstrated 
that glucocorticoid exposure leads to acute elevations of GLT-1 expression and in-
creased glutamate uptake by astrocytes. We can speculate that the observed MS/
MD-induced upregulation of astrocytic glutamate transporters may be a response 
to clear possible excessive glutamate. Indeed, this is supported by (Autry et al., 
2006; Reagan et al., 2004; Zschocke et al., 2005), but see (Virgin et al., 1991). An 
alternative or parallel mechanism involved could be a more direct influence of GFAP 
levels. In fact loss of GFAP has been linked to increased protein levels of GLT-1 in 
the hippocampus, but an inability of the astrocyte to traffic the GLT-1 transporter to 
the cells surface, leading to impaired glutamate uptake (Hughes, Maguire, McMinn, 
Scholz, & Sutherland, 2004). Arguably, the ELA-induced CORT and early loss of 
GFAP could lead to altered glutamate transporter expression and function, resulting 
in persistent alterations in glutamate metabolism possibly in a brain region-depen-
dent fashion.

Although the results derive from a relatively limited number of studies, taken to-
gether, early-life stress in the form of MD or MS seems to affect GFAP expression 
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on the short-term, and lastingly alter the expression of astrocytic glutamate trans-
porters (see figure 1B).

4.2 Early-life immune challenge effects on astrocytes

Immune challenges can form a major stressor in early life and considering astrocytic 
involvement in the immune response as discussed earlier, programming or priming 
of the astrocyte response to later immune encounters can have implications for brain 
health in adulthood. One form of an immune stressor is postnatal infection. Rodent 
studies of neonatal infections using lipopolysaccharides (LPS), polyinosinic:polycy-
tidylic acid (Poly I:C), Escherichia coli (E. coli), or IL-6 exposure, reveal astrocytic 
responses to an early-life inflammatory challenge. Both LPS and Poly I:C injected at 
P3, evoked GFAP+ cell hypertrophy and increased GFAP+ astrocyte numbers in the 
hippocampus until the age of weaning (N. Patro, Singh, & Patro, 2013), and lasting 
upregulation of GFAP by LPS was reported at 3 months of age (Berkiks et al., 2019). 
These effects were accompanied by microglial activation. Postnatal E. coli exposure 
at P4 did not influence astrocytic proliferation in either the hippocampus or corti-
cal subregions at P33, either suggesting that early-immune challenges, in general, 
do not affect astrocyte proliferation, that the effect is immune challenge-specific, 
or that earlier effects were normalized by P33. Indeed, microglial activation was 
present at P4 immediately following E. coli exposure, an effect that was normalized 
by P33 (Bland et al., 2010). Prenatal infection induced by IL-6 exposure resulted in 
increased astrocyte density and GFAP mRNA levels in the hippocampus at 24 weeks 
of age (Samuelsson, 2005).

Thus, early-life immune challenges generally result in lastingly increased levels of 
GFAP (see figure 1C) accompanied by microglial activation. As LPS-induced neu-
roinflammation is not only a model for early-life stress but also a well-described 
model for microglia-induced astrogliosis (Liddelow et al., 2017; Zamanian et al., 
2012), it could be argued that the observed effects of early immune challenges 
on astrocytes work through microglia-induced activation of astrocytes. Early infec-
tion could activate microglia, which in turn recruit astrocytes, leading to a reactive 
phenotype of astrocytes. At this stage, more research is necessary to elucidate the 
specific order of events. Interestingly, also MD/MS induced alterations on astrocytes 
were sometimes accompanied by activation of microglia (Réus et al., 2018; Roque 
et al., 2016; Saavedra et al., 2018). It is striking that despite the similar activation of 
microglia, different effects were described for GFAP, with lasting upregulation after 
immune challenges but no persistent changes in GFAP after MD/MS, suggesting 
alternative mediators and processes involved. This stresses the complexity of the 
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integration of external signals early in life and indicates the importance of the ELA 
model chosen to study astrocytes.

It is possible that alterations in astrocytes caused by ELA, either through MD/MS 
or an inflammatory result, are not always detectable under baseline conditions and 
only become apparent when exposure to another stressful event occurs, a so-called 
“second hit.” Evidence for this is provided by studies showing that MS or prenatal 
restraint stress-exposed offspring exhibit greater vulnerability of astrocytes to an 
immune challenge later in life (Diz-Chaves et al., 2012; Saavedra et al., 2018). This 
data suggests that astrocytes are sensitized or “primed” by ELA, possibly underly-
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Effect on transporters not studied
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E. Protein malnutrition F. Other undernutrition models 
Effect on transporters not studied
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GFAP and transporter expression under baseline conditions in the 
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FIGURE 1 The long-term effects of ELA on astrocyte characteristics. This figure summarizes the last-
ing effects of different forms of ELA on the expression of GFAP+ astrocytes and glutamate and glucose 
transporters. In panel A, a healthy astrocyte under basal conditions is depicted. The remaining panels 
represent deviations from this following the various forms of ELA. For the conditions where transporter 
expression was not studied, transporter expression is not included in the figure. A. Astrocyte under 
healthy basal conditions in hippocampus and hypothalamus express GFAP, glutamate transporters (GLT-
1 and GLAST), and glucose transporters (GLUT1). B. MD and MS increase GFAP on the short-term. On 
the long-term, while GFAP returns to basal levels, there is a persistent increase in glutamate transport-
ers. C. Early-immune challenge increases GFAP expression. D. Overnutrition increases GFAP, glutamate 
transporter, and glucose transporter expression. E. PMN decreases GFAP expression. F. Other undernu-
trition models increase GFAP expression.
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ing greater susceptibility to later disease states. ELA might indeed induce a general 
proinflammatory state of glial cells that may result in an exaggerated reaction to 
later life infection. Such a stress-induced sensitized state to later inflammatory chal-
lenge has been reported for microglia (Frank, Baratta, Sprunger, Watkins, & Maier, 
2007; Frank, Thompson, Watkins, & Maier, 2012; Hoeijmakers et al., 2017). Whether 
priming of astrocytes is adaptive or maladaptive remains up for debate (García-
Cáceres et al., 2010). In any case, altered sensitization of glial cells by ELA might be 
a key mechanism in the ELA-induced increase in vulnerability to cognitive decline 
and psychopathology development. Finally, it needs to be considered that effects 
of ELA, next to stress and inflammatory signals, may also be modulated by other 
factors from the early-life environment, including dietary and metabolic changes. 
These factors might interact with one another and contribute to the resulting phe-
notype.

4.3 Early-life nutrition induced programming of astrocytes

4.3.1 | The effects of high fat/sugar diet on astrocytes

In recent years, the effects of an unhealthy, over nutritious high-fat and/or high-sug-
ar diet on brain functioning, and the involvement of astrocytes has received consid-
erable attention. These studies mostly focused on hypothalamic astrocytes, as they 
are key in detecting alterations in metabolic parameters and hormonal changes 
(e.g., leptin and ghrelin) related to the energy status of the brain (Buckman & Ella-
cott, 2014; García-Cáceres et al., 2016; Marina et al., 2017), and have been shown 
to control food intake (Buckman et al., 2015; Parsons & Hirasawa, 2010; Yang, Qi, 
& Yang, 2015). To study the effects of an early unhealthy diet, a model of maternal 
high-fat diet (HFD) is commonly used. HFD is provided to rodent dams 6–8 weeks 
before onset of pregnancy and lasts throughout gestation and often also through-
out lactation, meaning that nutrients are transferred to the pups via the placenta 
and breast milk. Maternal HFD leads to an immediate increase in GFAP+ cell density, 
proliferation, and mRNA levels in the arcuate and supraoptic hypothalamic nuclei 
of mouse neonates (gestational day 17.5 and P0; D. W. Kim, Glendining, Grattan, 
& Jasoni, 2016), and results in increased levels of perivascular GFAP coverage in 
the arcuate nucleus of P21 rats, suggesting elevated density of astrocytic processes 
around the blood vessels (Couvreur et al., 2011). Persistent effects of an early un-
healthy diet on astrocytes have also been reported. Postnatal overnutrition in rats 
as induced by small litter size resulted in increased body weight associated with 
increased GFAP+ cell complexity and cell number, and upregulated protein levels of 
GFAP (Argente-Arizón et al., 2017; Fuente-Martín et al., 2013), VIMENTIN, GLAST, 
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GLT-1, and glucose transporters GLUT-1 and GLUT-2, in the hypothalamus of 3- to 
5-month-old male rats (Fuente-Martín et al., 2013). Furthermore, a maternal HFD 
unbalanced in ω-6/ω-3 ratio given throughout gestation and lactation, resulted in 
long lasting increased complexity of GFAP+ cells in the hippocampus of 5-month-
old male rats (Lépinay et al., 2015), however, it is unclear whether these changes 
arise from a lack of ω-3 or in response to high-fat intake.

In general, early-life HFD or overnutrition seems to acutely and lastingly enhance 
GFAP expression, and persistently increase astrocyte-specific glutamate and glu-
cose transporters in the hypothalamus (see figure 1D). These data suggest possible 
functional changes in astrocytes with respect to glutamate clearance and nutrient 
sensing. Interestingly, both early-life HFD and early-immune challenges result in in-
creased GFAP expression. Indeed, HFD has been clearly marked in the literature to 
lead to a general inflammatory response (Buckman et al., 2014) with increased mi-
croglial activation (Kälin et al., 2015) and astrogliosis (Balland & Cowley, 2017; Cano 
et al., 2014; Dalvi et al., 2016) in the hypothalamus. While microglia have been 
proposed as the driving force behind HFD-induced obesity (André et al., 2017; Val-
dearcos et al., 2017, 2014), there was no change or even a decrease in the microg-
lia coverage in the early overnutrition models that we discussed (Argente-Arizón 
et al., 2017; Fuente-Martín et al., 2013), suggesting that the observed changes in 
astrocyte markers may arise independently from diet-induced effects on microglia. 
Moreover, astrocytic changes upon HFD might actually be beneficial for maintain-
ing metabolic homeostasis. Deletion of astrocyte-specific leptin receptors increased 
feeding in response to fasting or ghrelin administration, and reduced food intake 
suppression in response to leptin administration (Kim et al., 2014), indicating the 
crucial role of leptin receptor signaling in astrocytes for energy homeostasis. Next 
to that, leptin promotes hypothalamic astrogenesis during development (Rottkamp 
et al., 2015), which might explain the upregulation of astrocyte markers in response 
to maternal HFD.

4.3.2 | Undernutrition

Models of undernutrition can vary from general food restriction to eliminating spe-
cific essential nutrients from the diet. Here we will discuss the effects of early-life: 
(a) protein malnourishment (PMN), (b) restriction of essential nutrients, (c) general 
food restriction as induced by limiting amounts of chow, and (d) early-weaning (a 
reduction in maternal milk yield triggered by prolactin injections), on astrocytes. In 
the PMN models discussed here, protein-restricted animals received 5–8% of pro-
tein versus 20–25% protein in the control groups. Both short-term (first 2 weeks of 
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gestation) and long-term (before pregnancy until P60) PMN leads to a decrease in 
GFAP+ cell density, delayed astrogenesis, and precocious maturation of astrocytes 
in the hippocampus of P60 offspring (see figure 1E; Gressens et al., 1997; Naik, Pa-
tro, Seth, & Patro, 2017), while no significant change in GFAP or S100ß seems to be 
present at the protein level (Feoli et al., 2008). Interestingly, PMN has been shown 
to result in some acute metabolic alterations, including decreased glutamate up-
take, increased glutamate synthetase (GS) activity, and reduced glutathione (a major 
antioxidant compound metabolized by astrocytes) in the hippocampus and cortex 
(Feoli et al., 2006). However, these effects present in P2 offspring were normalized 
by the age of P60. Together these results suggest that PMN influences astrocyte 
metabolism acutely and induces delayed astrogenesis.

Another model of early-life malnutrition entails restriction of essential nutrients (nu-
trients that need to be obtained by the diet). Restriction of ω-3 PUFA levels in male 
mice from pregnancy onset until 4 months of age resulted in greater GFAP+ cover-
age in response to traumatic brain injury, an effect that was diminished when ω-3 
levels were restored (Desai et al., 2016). Treatment of cultured astrocytes with DHA 
was able to prevent a CORT-induced stress response as measured by increased 
glutamate uptake, increased GS levels, and altered GFAP cytoskeletal morphol-
ogy (Champeil-Potokar, Hennebelle, Latour, Vancassel, & Denis, 2016). Similarly, 
adolescent restriction of tryptophan, an essential amino acid crucial for protein bio-
synthesis during development, results in astrocyte activation as shown by GFAP 
cytoskeletal hypertrophy in the hippocampus and amygdala immediately following 
tryptophan restriction (Zhang, Corona-Morales, Vega- González, García-Estrada, & 
Escobar, 2009). While these are just some initial studies, they exemplify that restric-
tion of essential nutrients during early-life can impact astrocytes. Furthermore, this 
data shows a potential modulatory role for ω-3 in the stress-induced responses in 
astrocytes (Hennebelle, Champeil-Potokar, Lavialle, Vancassel, & Denis, 2014).

Maternal food restriction from the last week of pregnancy until P10 resulted in en-
hanced astrocytic glycogen content associated with increased astrocytic GLUT-1 in 
female rat cortex at P10 (Lizárraga- Mollinedo et al., 2010). Early malnutrition pro-
voked by early weaning resulted in elevated levels of GFAP in the hypothalamus of 
6-month-old male rats (Younes-Rapozo et al., 2015). However, it is unclear whether 
such an increase results solely from early-malnutrition, as the prolactin injections 
induce central obesity, hyperglycemia, hyperleptinemia, and increased visceral fat 
mass in adulthood, meaning that astrogliosis could be a secondary effect of one 
of these features. Furthermore, injections could very well induce maternal stress, 
possibly resulting in altered maternal care or increased CORT levels in dams and 
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offspring.

Together these results show that undernutrition lastingly impacts GFAP expression 
in astrocytes. Fatty acid restriction, tryptophan deprivation, and early weaning all re-
sulted in increased GFAP expression (figure 1F), while PMN has been rather shown 
to reduce GFAP expression (figure 1E). This differential effect could be due to the 
time window of nutrient restriction. PMN was generally applied already during ges-
tation, a period in which astrocytes have not fully developed yet, while the other 
models were initiated in the postnatal phase. Alternatively, the effect of undernu-
trition on astrocytes could be nutrient-specific. Immediate changes induced by 
undernutrition included increased GS, a potential adaptive reaction to increase 
glutamate synthesis in response to the observed reduced glutamate uptake, and 
one study showed elevated GLUT1 expression and astrocytic glycogen content, 
suggesting energy preservation mechanisms provoked by undernutrition. Based on 
the described results, these metabolic alterations within astrocytes after early-life 
undernutrition seem to belong to an acute adaptive response to undernutrition, 
rather than a persistent change in astrocyte functioning. However, since relatively 
little data is available on the effects of undernutrition on astrocytes, more research 
is necessary to draw definitive conclusions.

In general, early-life malnutrition in the form of overnutrition or undernutrition can 
have a lasting impact on astrocytes. Interestingly, both overnutrition (maternal HFD, 
small litter size), which results in excess energy, and undernutrition (restriction of 
essential nutrients, early weaning), which results in lack of energy, present with a 
very similar phenotype, namely increased GFAP expression and possibly increased 
glucose transporters. It is important to consider that in the case of HFD, although 
energy levels remain high, a lack in (essential) nutrients might still occur. This could 
suggest that the observed changes are associated with alterations or shortages in 
circulating nutrients, changes in the metabolic profile, or just general energy disbal-
ance, rather than it being a specific effect of either a lack or excess of energy.

4.4 Effects of other ELA models on astrocytes

Further supporting the sensitivity of astrocytes to ELA, there have been several 
reports on the effect of other forms of early stress on the astrocytic population, in-
cluding dexamethasone exposure (Claessens et al., 2012; Frahm, Handa, & Tobet, 
2017; McArthur, Pienaar, Siddiqi, & Gillies, 2015), early-life exposure to noise (Jau-
regui-Huerta et al., 2015; Ruvalcaba-Delgadillo et al., 2015), restraint stress (Barros, 
Duhalde-Vega, Caltana, Brusco, & Antonelli, 2006; García-Cáceres et al., 2010), and 
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limited nesting and bedding material during development (Gunn et al., 2013). No-
tably, all these models have been described to have effect on astrocytes. Due to 
the limited number of studies using these models, it is challenging to draw specific 
conclusions and speculate about the possible mechanisms involved in their effects. 
However, these examples highlight even further the importance of the early devel-
opmental period in determining astrocyte characteristics later in life. Clearly, at this 
point is key to consider the translational value and implication of the findings that 
we have discussed so far. However, up to date, there is very little known about how 
early-life environment modulates human astrocytes. Because studying astrocyte–
environment interactions during early-life in the context of human disease is nearly 
impossible, there has been an emerging field of research on human-based models 
to study astrocytes, like iPSC-derived astrocytes, which enables studying astrocytes 
in the context of brain diseases for which ELA is a risk factor (BOX 2).

5    Conclusion

In this review, we have provided initial evidence that astrocytes are acutely and 
permanently affected by ELA in rodents. Astrocytes undergo morphological as well 
as metabolic changes in response to ELA and seen their crucial role in basic brain 
functioning, this might affect neural functioning. Notably, the large majority of stud-
ies have focused on structural rather than functional changes in astrocytes, with a 
focus on GFAP expression. Then, how do we interpret changes in GFAP expression? 
Although upregulation of GFAP has been reported to occur in various neuropathol-
ogies (Eng, Ghirnikar, & Lee, 2000), and some functional implications of GFAP loss 
have been described (Liedtke et al., 1996; McCall et al., 1996; Shibuki et al., 1996; 
Tanaka et al., 2001), the functional consequences of alterations in GFAP expression 
and ELA-induced changes in GFAP are still unclear. It is important to note that a 
functional defect caused by ELA can take place without a noticeable change in the 
GFAP astrocyte marker (Gosselin et al., 2010), indicating that ELA-induced impair- 
ments are not always paired with changes in GFAP. 

In addition, to what extent the reported alterations are implicated in ELA-induced 
altered brain function needs further attention. Since astrocytes are key players in in-
tegrating a large variety of signals from the early-life environment, and are known to 
play an important role in cognitive impairment and neurological dysfunction (Pekny 
et al., 2016; Santello et al., 2019), they might be crucial in exerting ELA-induced 
effects and increasing the consequent risk of cognitive problems in humans. More-
over, human research has recently put more focus on astrocytes as a therapeutic 
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strategy in for example MDD (see BOX 1). For this reason, it should be a primary 
goal to unravel the underlying mechanisms that involve astrocytes in ELA-driven 
risk of adult psychopathology. To this end, the emerging field and recent advances 
in technology (e.g., iPSC models) might be able to bring the field forward and help 
gain understanding of the functional relevance of these changes and their implica-
tion in ELA-associated diseases.
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Abstract

Early-life stress (ES) is an important risk factor for cognitive decline and develop-
ment of Alzheimer’s disease (AD) in adulthood. We have previously described that 
ES modulates the microglial response to amyloid-beta pathology in the APPswe/
PS1dE9 mouse model. Astrocytes also play an important role in AD pathology, but 
how ES affects astrocytes and whether astrocytes contribute to ES modulation of 
AD remains unknown. Here, we extend our previous study on the ES-mediated 
modulation of AD neuropathology by addressing, first, how ES affects the astro-
cytic profile throughout life in wildtype (WT) mice (from postnatal day (P)9 up to 
10 months of age), and then, in the same cohort of APP/PS1 mice previously used 
to study microglia, how ES and amyloid pathology modulate astrocytes, and how 
astrocytes and microglia interact in response to ES and amyloid pathology.

ES was induced by limiting nesting material from P2-P9. Immunohistochemistry for 
GFAP was performed at P9, P30, 4, 6 and 10 months of age in the hippocampus 
(HPC) of WT mice, and at 4 and 10 months in the HPC and entorhinal cortex (EC) of 
APP/PS1 mice. We measured hippocampal gene expression for relevant astrocytic 
markers at P9 (WT), 4, and 10 months (WT + APP/PS1). Finally, we correlated expres-
sion of GFAP measured in the current study and expression of microglial markers 
assessed in our previous study.

ES alters GFAP expression in the WT HPC in an age-dependent manner, with a 
subtle increase at P9, and a reduction at 10 months.  APP/PS1 overexpression does 
not alter GFAP expression at an early pathological stage (4 months), but leads to 
decreased and increased GFAP coverage in the HPC and EC respectively, at a late 
pathological stage (10 months), with localized clustering in the HPC. Several genes 
are upregulated by the APP/PS1 genotype overexpression at 10 months, but not 
modulated by ES. We do not find correlations between microglia and astrocytes at 
4 months, but find that CD68 is positively correlated with clustered GFAP signal in 
the HPC 10-month-old APP/PS1 mice.

In conclusion, ES caused lasting alterations in GFAP expression, but did not affect 
the astrocyte response to amyloid pathology. Our results point to a heterogeneous 
response of hippocampal astrocytes to amyloid pathology where astrocytes locally 
interact with microglia. 

Keywords: GFAP, early stress, Aß pathology, APP/PS1, astrocytes, glia
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1    Introduction

Early-life stress (ES) has been associated with cognitive deficits in adulthood [1-4] 
and there is emerging evidence that ES also increases the risk for developing Alz-
heimer’s disease (AD) [5,6]. For example, among children who have experienced 
physical neglect, mild cognitive impairment, considered a prodromal phase of AD, 
is more frequently observed [7]. Moreover, parental loss and stress during childhood 
have been associated with an increased risk of developing AD [8-10]. The use of 
pre-clinical ES models has provided important insights into some of the mecha-
nisms that might mediate ES-induced increases in AD risk. For example, ES in dif-
ferent rodent models modulates the aggregation of amyloid beta (Aß), one of the 
neuropathological hallmarks of AD [11]. ES further triggers an earlier onset of Aß 
plaques [12] and increases Aß plaque load [12-14], which is accompanied by exac-
erbated cognitive impairment and shorter survival in AD mouse models [12,15-17]  
but see [18].  

Astrocytes are one of the most studied cell types in the context of AD. In fact, in 
response to Aß pathology, astrocytes acquire a reactive phenotype characterized 
by upregulation of glial fibrillary acidic protein (GFAP) (i.e. astrogliosis) [19,20]. Such 
alterations in astrocyte reactivity have been consistently shown in both AD patients 
[19,21-23] and rodent models of AD [24,25]. Astrocytes are vital for synaptogenesis 
[26-28], which is highly disrupted by AD pathology [29-32] and is strongly correlated 
with cognitive decline [33]. 

Interestingly, there is emerging evidence that astrocytes are also implicated in ef-
fects of ES (reviewed in [34]). ES leads to immediate and permanent changes in 
astrocyte number and morphology [35-39] that may contribute to cognitive deficits. 
Furthermore, we have shown that ES leads to persistent alterations in microglia 
up to the age of 10 months. Microglia are essential in the immune response to Aß 
[40] and exhibit an aggravated inflammatory response to Aß pathology in AD mice 
previously exposed to ES [14]. However, astrocytes are also crucial in governing 
inflammatory responses, and astrocytes and microglia closely interact during AD-re-
lated neuroinflammation [41-44]. For example, both microglia and astrocytes cluster 
around accumulating Aß in clinical and pre-clinical samples [11]. Furthermore, Aß 
pathology in AD mice triggers cytokine release from both cell types [45], as well 
as a pro-inflammatory transcriptome, the latter effect being more pronounced in 
astrocytes [46].

We therefore set out to study the involvement of astrocytes in the ES-induced mod-
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ulation of later AD pathology. We hypothesize that ES persistently affects astro-
cytes, and may thereby contribute to the aggravation of AD pathology following ES 
exposure. We present; i) effects of ES on astrocytes across different ages (P9, P30, 
and 6 months), ii) effects of ES on the astrocytic response to Aß accumulation during 
early (4 months) and advanced (10 months) pathological stages in the hippocampus 
(HPC) and entorhinal cortex (EC), and iii) correlations of GFAP measures with Aß 
pathology and microglial markers previously reported in the same cohort [14].

2    Materials and methods

2.1 Animals and breeding
C57Bl/6J and bigenic APPswe/PS1dE9 hemizygous animals on a C57Bl/6J back-
ground were used. APP/PS1 mice express mutated versions of the APP and PS1 
proteins under the mouse prion promoters, containing a chimeric mouse/human 
amyloid precursor protein with the Swedish mutation (K595N/M596L), and the pre-
senilin-1 protein with a deletion on exon 9 [47,48]. Experimental animals were bred 
in house as described previously [49]. In total, three cohorts of male WT C57Bl/6J 
mice of different ages (P9, P30, and 6 months (mo)), and two cohorts of male WT/
APP/PS1 mice of different ages (4 mo and 10 mo) were used for experiments. All 
mice were kept under standard housing conditions (temperature 20-22°C, 40-60% 
humidity level, chow/water ad libitum, 12/12h light/dark schedule). Experiments 
were approved by the Animal Experiment Committee of the University of Amster-
dam and performed in accordance to European Union (EU) directive 2010/63/EU.

2.2 Early-life stress paradigm
The ES paradigm consisted of limiting nesting and bedding material from P2-P9 as 
described previously [49]. Briefly, at P2, litters were randomly assigned to control 
(CTL) or ES condition. CTL litters received standard nesting and bedding material. 
ES litters were placed on a fine-gauge stainless-steel mesh positioned 1 cm above 
the cage floor with half the amount of nesting material. At P9, pups were moved to 
standard cages or sacrificed (P9 cohort). 

2.3 Tissue preparation
Mice were sacrificed via transcardial perfusion (P9, P30, 4, 6, and 10 mo) or rapid 
decapitation (P9, 4, and 10 mo) and tissue was harvested for either immunohis-
tochemical or gene expression analyses respectively. To collect brain material for 
immunohistochemical purposes, mice (P9: WT-CTL n=7, WT-ES n=6; P30: WT-CTL 
n=4, WT-ES n=6; 4mo: WT-CTL n=10, WT-ES n=11, APP/PS1-CTL n=7, APP/PS1-ES 
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n=7; 6mo: WT-CTL n=4, WT-ES n=8; 10mo: WT-CTL n=7, WT-ES n=8, APP/PS1-CTL 
n=5, APP/PS1-ES n=4) were anesthesized via an intraperitoneal injection of pen-
tobarbital (120 mg/kg Euthasol®) and transcardially perfused with 0.9% saline fol-
lowed by 4% paraformaldehyde in phosphate buffer (PB 0.1M, pH 7.4). Brains were 
harvested as previously described [14], sliced in 40μm thick coronal sections (4 par-
allel series for P9, 6 parallel series for adult) and stored in antifreeze solution (30% 
Ethylene glycol, 20% Glycerol, 50% 0.05M PBS) at -20°C until further processing. To 
collect brain material for gene expression analyses, mice (P9: WT CTL n=8, WT ES 
n=5; 4mo: WT-CTL n=7, WT-ES n=6, APP/PS1-CTL n=5, APP/PS1-ES n=4; 10mo: 
WT-CTL n=6, WT-ES n=11, APP/PS1-CTL n=6, APP/PS1-ES n=6) were sacrificed via 
rapid decapitation and hippocampi were quickly dissected and snap-frozen on dry 
ice. RNA was extracted from hippocampi using the TRIzol method (TRIzol, Invitro-
gen). Reverse transcription of RNA to cDNA was performed using SuperScript® III 
Reverse Transcriptase (Invitrogen) and cDNA samples were stored at -20°C until 
further processing. 

2.4 Immunohistochemistry
Free-floating brain sections were incubated with primary (polyclonal rabbit an-
ti-GFAP, 1:10000, Dako) and secondary antibody (goat anti-rabbit, 1:200, Vector 
biotinylated), followed by 90 minutes incubation with avidin-biotin complex (ABC 
elite kit, 1:800, Vectastain, Brunschwig Chemie). Subsequently, for chromogen de-
velopment, sections were incubated for 20 minutes with 0.5 mg/mL 3,3’-Diamino-
benzidine (DAB) with 0.01% H2O2 in 0.05M TB. After DAB staining, sections were 
mounted on pre-coated glass slides (Superfrost Plus slides, Menzel) followed by 
coverslipping. Volume estimations of the P9 DG were obtained by measuring DG 
tracings of 6 bilateral sections to estimate the total surface area in μm2, which was 
multiplied by the number of series (4) and section thickness (40μm). 

2.5 RT-qPCR
Relative gene expression was assessed via PCR amplification of cDNA using the Hot 
FirePol Eva-green qPCR supermix (Solis Biodyne), and measured using the 7500 
Real-time PCR system (Applied Biosystems). Primer sequences are listed in table 
1 and obtained 90–110% efficiency. Relative gene expression was calculated using 
the ΔΔCt method in qBASE (Biogazelle) after normalization to at least two stable 
(M<0.5, CV<0.25) reference genes (RPL13A, RPL0, SDHA) not altered by experi-
mental conditions [50,51].

2.6 GFAP quantification
GFAP+ astrocyte coverage (global and clustered GFAP), cell density, and individual 
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cell complexity were analyzed in immunostained sections. For coverage and cell 
density analyses, sections were imaged with a 10x objective on a Nikon Eclipse 
light microscope. For each animal, hippocampal coronal sections of 8 (adult) or 6 
(P9) (bregma levels -1.34 to -3.80) and 2 EC coronal sections (bregma -3.64 to -4.16) 
of both hemispheres were used. Whole HPC and hippocampal subregions dentate 
gyrus (DG), stratum lacunosum-moleculare (SLM) and cornu ammonis (CA), (CA1, 
CA2, CA3 separately for P9 cohort) and the EC (4mo and 10mo WT/APP/PS1) were 
traced using ImageJ software. After tracing, images were converted to 8-bit black-
and-white images in ImageJ. A fixed threshold was determined for each cohort to 
determine the percentage of immunoreactive stained area (coverage). In order to 
measure clustered GFAP, thresholded images were processed in ImageJ using the 
Analyze Particles function. GFAP signal with a surface area below 1400µm2 was fil-
tered out to obtain clusters of GFAP, and the coverage analysis was repeated on the 
processed images. Data are presented as percentage coverage. 

Astrocyte density was obtained by performing manual cell counts in 4 selected 
frames of 6744μm2 in the hippocampal subregions of interest (hilus, molecular layer 
(ML) of the DG, SLM, and CA1). Data is presented as number of GFAP+ cells per 
surface area. For cell complexity measurements, Z-stack images were obtained with 
a 40x objective. For each animal, 6 cells in 4 coronal sections (bregma levels -1.70 
until -2.80) were used for cell complexity measurements, resulting in a total of 24 
analyzed cells per animal. The outline of individual cells was traced to obtain a 2D 
cell surface. Sholl analysis was performed on traced cells using ImageJ [52,53]. Vir-
tual concentric circles where drawn with a 2μm radius interval from the soma for a 
total distance of 74μm, and the number of intersections was counted. The number 
of primary processes was counted manually. 

Target gene Forward primer (5’-3’) Reverse primer (5’-3’)

Housekeeping genes
Rpl13a
Rpl0
Sdha

Astrocyte genes
Aldh1l1
Apq4
Fasn
GFAP 
Glast
Glt1
GluS
VIM

CCCTCCACCCTATGACAAGA
GCTTCATTGTGGGAGCAGACA
GTTGCTGTGTGGCTGACTG

GCAGGTACTTCTGGGTTGCT
ATCAGCATCGCTAAGTCCGT
GACTCGGCTACTGACACGAC
ACAGAGGAGTGGTATCGGTCT
GATTTGCCCTCCGACCGTAT
CATGTCCACGACCATCATTGC
CCACCGCTCTGAACACCTT
ACTGCACGATGAAGAGATCCAG

TCGCCTGTTTCCGTAACCTC
CATGGTGTTCTTGCCCATCAG
GCACAGTGCAATGACACCAC

GGAAGGCACCCAAGGTCAAA
ATCCTCCAACCACACTGGGA
CGAGTTGAGCTGGGTTAGGG
GGACTCCAGATCGCAGGTCA
CGCCATTCCTGTGACGAGAC
AGGCTAGACACCTCGTCGTT
ACTCTTCCACACACTTGGGC
CACGCTTTCATACTGCTGGC

TABLE 1 Primer sequences for RT-qPCR. 
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Immunohistochemical stainings of GFAP in 4 and 10 mo WT/APP/PS1 mice were 
done on parallel series from the same brains used in our previous study [14], where 
we characterized amyloid pathology and the microglial markers Iba1 and CD68. 
To explore interactions between astrocytes, microglia, and amyloid pathology in 
the HPC of WT and APP/PS1 mice, we created correlation matrices with the data 
obtained from different immunostainings (GFAP, CD68, Iba1, 6E10) in 4-month and 
10-month-old mice. These descriptive correlations were aimed to explore the rela-
tion between astrocytes, microglia, and amyloid. 

2.7 Statistical analysis  
Data were analyzed using SPSS 20.0 (IBM software) and Graphpad Prism 5 (Graph-
pad software). Data are expressed as mean ± standard error of the mean (SEM) 
and were considered statistically significant when p<0.05. Statistical trends were 
reported in the case of a p value between 0.05 and 0.06. As multiple mice from the 
same litter were included in our experiments, the contribution of litter was tested in 
a mixed model with litter included as a random factor. Litter effects were corrected 
when present. For data from the Sholl analyses, where multiple cells from one ani-
mal were analyzed, the contribution of animal was tested and corrected for as well. 
Data with only condition (CTL/ES) as predictor variable was analyzed with unpaired 
Student’s t-test. Data with both condition (CTL/ES) and genotype (WT/APP/PS1) 
as predictor variables were analyzed using two-way ANOVA. In case of significant 
interaction effects, post-hoc analyzes were performed using Tukey’s post hoc test. 
Sholl analysis of individual astrocytes was analyzed using repeated measures ANO-
VA or two-way-ANOVA for area under the curve (AUC). Correlation matrices were 
generated using the ggcorrplot package [54] in R [55]. Pearson correlations were 
calculated based on complete pairwise cases. Correlation coefficients were tested 
against critical values on a two-tailed distribution (alpha=0.05) based on the num-
ber of complete cases per comparison. Correlation plots were generated via the 
ggplot2 package [56] in R.

3    Results

3.1 ES affects GFAP expression in an age-dependent manner
ES led to physiological signs of stress in the pups, including decreased body weight 
gain between P2-P9 (t(7)=4.596, p=0.002), increased adrenal gland weight (t(9)=-
3.591, p=0.006), and decreased DG volume at P9 (t(11)=2.368, p=0.037). The effect 
of ES on astrocyte GFAP coverage, GFAP+ cell density and GFAP+ cell complexity in 
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WT animals was analyzed across different ages. At P9, there was a consistent trend 
towards an increase in GFAP coverage in the HPC and hippocampal subregions 
after ES exposure, which reached significance in the SLM (fig. 1A (CTL) and fig. 

FIGURE 1 ES affects hippocampal GFAP expression in an age-dependent 
manner. Representative images of GFAP expression in the HPC of P9 CTL (A) 
and ES (B) mice. At P9, ES does not affect GFAP coverage in the CA (C) but in-
creases GFAP coverage in the SLM (D). No differences in GFAP+ cell density (E) or 
GFAP+ cell complexity (F) were found in the SLM region. Representative images 
of GFAP expression in the HPC of 6mo CTL (G) and ES (H) mice. At 6mo, a trend 
for decreased GFAP coverage after ES was found in the CA (I) and SLM (J). No 
differences in GFAP+ cell density (K) or GFAP+ cell complexity (L) were found in 
the SLM region. Scale bar = 250 µm. Statistical analyses were performed using 
independent t-tests for GFAP coverage and cell density; and repeated measures 
ANOVA for cell complexity. *; significant effect of condition p<0.05; T; trend for 
condition effect p between 0.05 and 0.06.
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1B (ES); HPC: t(7.095)=-2.029, p=0.082; DG: t(11)=-1.876, p=0.087; CA: t(7.372)=-
2.190, p=0.063 fig 1C; SLM t(11)=-3.289, p=0.007 fig. 1D). No differences in GFAP+ 
cell numbers were found (hilus: t(11)=-1.158, p=0.272; CA1: t(11)=-0.458, p=0.656; 
SLM: t(11)=-0.869, p=0.403 fig. 1E), nor could differences in cell complexity be 
demonstrated (number of intersections: F(1,286)=0.001, p=0.971 fig. 1F; number 
of primary processes: t(286)=0.607, p=544) in the SLM of P9 mice. Gene expression 
analyses revealed no changes in mRNA expression of any of the astrocyte markers 
between CTL and ES at P9 (see table 2). At P30, no differences in GFAP cover-
age were found in the whole HPC or hippocampal subregions (HPC: t(8)=-0.995, 
p=0.349; DG: t(8)=-0.721, p=0.492; CA: t(8)=-1.070, p=0.316). At 6mo, there was 
a consistent trend towards an ES-induced reduction of GFAP coverage in the HPC 
and its subregions, which however, did not reach significance (fig. 1G (CTL) and fig. 
1H (ES) HPC: t(10)=2.054, p=0.067; DG: t(10)=1.909, p=0.085; CA: t(10)=2.127, 
p=0.059 fig. 1I; SLM t(10)=2.128, p=0.059 fig. 1J). A decrease in GFAP+ cell den-
sity after ES was found in the hilus (t(10)=3.169, p=0.010), but not in other hippo-
campal subregions (CA1: t(10)=-0.956, p=0.362; SLM: t(10)=1.472, p=0.172 fig. 
1K; DG: t(10)=0.773, p=0.457). Furthermore, no alteration in cell complexity was 
found at 6 mo (number of intersections: F(1,261)=0.7064, p=0.4014 fig. 1L; primary 
processes: Mann-Whitney U: p=0.144). 

3.2 ES and amyloid pathology do not affect expression of GFAP and astro-
cyte-related genes at 4 months
In figure 2, example images of GFAP coverage of 4-month-old transgenic mice 
are shown for the HPC: APP/PS1-CTL (fig. 2A), APP/PS1-ES (fig. 2B), and the EC: 
APP/PS1-CTL (fig. 2D), APP/PS1-ES (fig. 2E). At 4 mo, there was no difference 
in GFAP coverage induced by either ES or APP1/PS1 overexpression in hippo-
campal subregions or the EC (HPC: condition F(1,31)=0.000, p=0.986, genotype 
F(1,31)=1.650, p=0.208, condition*genotype F(1,31)=1.700, p=0.202 fig. 2C; 
DG: condition F(1,31)=0.094, p=0.761, genotype F(1,31)=0.967, p=0.333, con-
dition*genotype F(1,31)=1.425, p=0.242; CA: condition F(1,31)=0.059, p=0.810, 

ES
p=0.001*
p=0.000*
p=0.283
p=0.000*
p=0.149
p=0.255
p=0.054T

p=0.024*

P9 gene expression
Gene
Aldh1l1
Aqp4
Fasn
GFAP
Glast
Glt1
GluS
VIM

4mo gene expression 10mo gene expression

p=0.118
p=0.812
p=0.914
p=0.351
p=0.816
p=0.079
p=0.686
p=0.913

ES APP/PS1 Interaction
p=0.220
p=0.822
p=0.047*
p=0.372
p=0.846
p=0.315
p=0.268
p=0.114

p=0.083
p=0.830
p=0.977
p=0.606
p=0.370
p=0.364
p=0.932
p=0.708

p=0.353
p=0.345
p=0.636
p=0.544
p=0.378
p=0.863
p=0.992
p=0.618

ES APP/PS1 Interaction
p=0.141
p=0.243
p=0.814
p=0.197
p=0.453
p=0.151
p=0.989
p=0.468

p=0.955
p=0.593
p=0.733
p=0.103
p=0.359
p=0.312
p=0.977
p=0.975

TABLE 2 Gene expression.
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genotype F(1,31)=1.690, p=0.203, condition*genotype F(1,31)=1.879, p=0.180; 
EC: condition F(1,28)=0.807, p=0.377, genotype F(1,28)=0.982, p=0.330, condi-
tion*genotype F(1,28)=0.604, p=0.444 fig. 2F). Gene expression analyses demon-
strated that ES increases Fasn gene expression levels at 4 months without affecting 
the other genes that were analyzed (see table 2). 

3.3 The effects of amyloid pathology and ES in the EC and HPC of 10-month-
old mice

3.3.1 Amyloid pathology increases GFAP expression in the EC at 10 months which 
is not further affected by ES
In figure 3, example images of GFAP coverage of 10-month-old mice are shown 
for the EC of WT-CTL (fig. 3A), WT-ES (fig. 3B), APP/PS1-CTL (fig. 3C), and APP/
PS1-ES  (fig. 3D). Clustering of GFAP is observed in APP/PS1 but not WT mice. 
In the EC, APP/PS1 causes a global increase in GFAP coverage that is not further 
affected by ES (EC: condition F(1,20)=0.488, p=0.493, genotype F(1,20)=12.002, 
p=0.002, condition*genotype F(1,20)=3.447, p=0.078 fig. 3E). Furthermore, APP/
PS1 increased cytoskeletal complexity of GFAP+ cells in the EC (EC; AUC: condition 
F(1,46.637)=0.586, p=0.448, genotype F(1,69.271)=9.653, p=0.003, condition*gen
otype F(1,66.065)=0.847, p=0.361 fig. 3F, 3G; primary processes: condition 
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FIGURE 2 ES does not affect GFAP expression in the HPC or EC of 
4-month-old mice. Representative images of GFAP expression in the HPC 
of APP/PS1-CTL (A) and APP/PS1-ES (B) mice, and the EC of APP/PS1-CTL 
(D) and APP/PS1-ES (E) mice. Both ES and APP/PS1 did not alter GFAP 
expression in either the HPC (C) or EC (F) of 4-month-old mice. Scale bar = 
250 µm. Statistical analyses were performed using two-way-ANOVA. 
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F(1,24) =0.890, p=0.355, genotype F(1,24)=12.240, p=0.002, condition*genotype 
F(1,24)=0.882, p=0.357 fig. 3H). 

3.3.2 Effects of amyloid pathology and ES on global and clustered GFAP expression 
and astrocyte-related gene expression in the HPC at 10 months
In figure 4, example images of GFAP coverage of 10-month-old mice are shown for 
the HPC of WT-CTL (fig. 4A), WT-ES (fig. 4B), APP/PS1-CTL (fig. 4C), and APP/PS1-
ES (fig. 4D). Clustering of GFAP is observed in APP/PS1 but not WT mice. At 10mo, 
global GFAP expression in the HPC was affected by both APP/PS1 overexpression 
and ES (HPC: condition F(1,20)=11.914, p=0.003, genotype F(1,20)=6.419, p=0.020, 
condition*genotype F(1,20)=4.458, p=0.048 fig. 4E). Post hoc analyses revealed a 
significant difference between CTL and ES in WT animals, with GFAP coverage be-
ing decreased after ES exposure (WT-CTL–WT-ES: p=0.001 fig. 4E), but not in APP/
PS1 animals (APP/PS1-CTL–APP/PS1-ES: p=832 fig. 4E). APP/PS1-CTL mice had 
significantly decreased GFAP coverage compared to WT-CTL mice (WT-CTL–APP/
PS1-CTL: p=0.015 fig. 4E) but this was not the case in ES mice (WT-ES–APP/PS1-
ES: p=0.991 fig. 4E). As for the specific HPC subregions, in the DG, expression 
of global GFAP was differentially affected by APP/PS1 in ES animals as compared 
to CTL animals (DG: condition F(1,20)=12.830, p=0.002, genotype F(1,20)=2.499, 
p=0.130, condition*genotype F(1,20)=10.874, p=0.004). While GFAP expression 
was unaltered by APP/PS1 in CTL animals (WT-CTL–APP/PS1-CTL: p=0.608), it was 
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10-month-old mice. Representative images of the EC of 10-month-old WT-CTL (A), WT-ES (B), APP/
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Statistical analyses were performed using two-way-ANOVA. $; significant effect of genotype p<0.05.
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increased after ES in transgenic mice (WT-ES–APP/PS1-ES: p=0.015). Also here, ES 
decreased GFAP coverage in WT (WT-CTL–WT-ES: p<0.001), but not APP/PS1 mice 
(APP/PS1-CTL–APP/PS1-ES: p=0.998). In the CA region of the HPC, both ES expo-
sure and APP/PS1 overexpression decreased global GFAP coverage (CA: condition 
F(1,20)=10.030, p=0.005, genotype F(1,20)=21.457, p<0.001, condition*genotype 
F(1,20)=1.893, p=0.184 fig. 4F). Interestingly, when GFAP coverage was separately 
analyzed in the SLM region of the CA, APP/PS1 increased global GFAP expression 
while ES decreased GFAP expression (SLM: condition F(1,20)=20.190, p<0.001, 
genotype F(1,20)=13.812, p=0.001, condition*genotype F(1,20)=0.786, p=0.386 
fig. 4G). Cell complexity analyses showed no differences in either the number of in-
tersections (HPC AUC: condition F(1,24)=2.109, p=0.159, genotype F(1,24)=0.314, 
p=0.580, condition*genotype F(1,24)=1.195, p=0.285 fig. 4H) or primary process-
es (HPC: condition F(1,24)=1.506, p=0.232, genotype F(1,24)=1.643, p=0.212, con-
dition*genotype F(1,24)=1.058, p=0.314). 

Although global GFAP coverage was decreased by APP/PS1, clustering of GFAP im-
munoreactive signal was observed in the transgenic animals (fig. 4A, B, C, D). For 
this reason, we performed an additional analysis aimed at unraveling the alterations 
in clustering of GFAP (see methods). Example pictures of the masking are shown 
in figure 4I, J, K, L. We confirm the earlier found decrease in GFAP as induced by 
ES in the HPC (fig. 4M). However, clustered GFAP signal was increased in APP/PS1 
mice (HPC: condition F(1,20)=19.972, p<0.001, genotype F(1,20)=33.749, p<0.001, 
condition*genotype F(1,20)=4.288, p=0.052 fig. 4M). Similar effects were found in 
the CA (CA: condition F(1,20)=13.734, p<0.001, genotype F(1,20)=5.970, p=0.024, 
condition*genotype F(1,20)=2.451, p=0.133 fig. 4N) and SLM  (SLM: condition 
F(1,20)=19.974, p<0.001, genotype F(1,20)=31.041, p<0.001, condition*genotype 
F(1,20)=0.127, p=0.725 fig. 4O). In the DG, expression of GFAP was differentially 
affected by APP/PS1 in ES animals as compared to CTL animals (DG: condition 
F(1,20)=12.375, p=0.002, genotype F(1,20)=77.601, p<0.001, condition*genotype 
F(1,20)=6.695, p=0.018). Further post hoc testing revealed a significant difference 
between CTL and ES in WT animals, with GFAP coverage being decreased after 
ES exposure (WT-CTL–WT-ES: p<0.001), but not in the APP/PS1 animals (APP/PS1-
CTL–APP/PS1-ES: p=0.935). APP/PS1 significantly increased GFAP coverage in 
both CTL animals (WT-CTL–APP/PS1-CTL: p=0.001) and ES animals (WT-ES–APP/
PS1-ES: p<0.001). Gene expression levels at 10mo were affected by APP/PS1 over-
expression, but not by ES (see table 2). In 10-month-old animals, APP/PS1 overex-
pression increased mRNA levels of Aqp4, GFAP, and VIM, and decreased Aldh1l1.
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3.4 The interaction of astrocytes and microglia in ES and amyloid pathology
Correlation matrices of data obtained from different stainings (GFAP, CD68, Iba1, 
6E10) are shown in figure 5A,B (4-month-old mice) and figure 5C,D (10-month-old 
mice). As Aß protein in APP/PS1 mice is present as cell-associated amyloid at early 
stages of pathology, and as extracellular plaques at later stages of pathology, we 
used cell-associated amyloid for 4mo data and plaque load for 10mo data. 

WT APP/PS1
0

5

10

15

20

25

%
 G

FA
P 

co
ve

ra
ge

GFAP coverage HPC
^

^
^

WT APP/PS1
0

5

10

15

20

25

GFAP coverage CA

%
 G

FA
P 

co
ve

ra
ge

$*

WT APP/PS1
0

1

2

3

4

%
 G

FA
P 

co
ve

ra
ge

GFAP cluster coverage HPC
$*

WT APP/PS1
0.000

0.005

0.010

0.015

0.020

0.025

%
 G

FA
P 

co
ve

ra
ge

GFAP cluster coverage CA
$*

WT APP/PS1
0

5

10

15

20

%
 G

FA
P 

co
ve

ra
ge

GFAP coverage SLM
*$

CTL
ES

2 6 10 14 18 22 26 30 34 38 42 46 50
0

2

4

6

8

Distance from soma (µm)

N
um

be
r o

f i
nt

er
se

ct
io

ns

GFAP cell complexity SLM

WT - CTL
WT - ES
APP/PS1 - CTL
APP/PS1 - ES

WT APP/PS1
0.00

0.02

0.04

0.06

0.08

0.10

0.12

%
 G

FA
P 

co
ve

ra
ge

GFAP cluster coverage SLM
*$ CTL

ES

APP/PS1-ES

WT-ES

APP/PS1-CTL

WT-CTL

G

E

D

B

C

A F

H

APP/PS1-ES

WT-ES

APP/PS1-CTL

WT-CTL

O

M

L

J

K

I N
CTL
ES

FIGURE 4 ES and APP/PS1 overexpression affect GFAP coverage in the HPC of 10-month-
old mice. Representative images of the HPC of 10-month-old WT-CTL (A), WT-ES (B), APP/PS1-
CTL (C), and APP/PS1-ES (D) mice. ES modulates the effect of APP/PS1 on GFAP expression in the 
HPC (E). GFAP coverage in the CA was decreased by both ES and APP/PS1 (F). APP/PS1 increases 
hippocampal GFAP expression while ES decreases GFAP expression in the SLM (G). GFAP+ cell 
complexity was unaffected by either ES or APP/PS1 (H). Representative images of clustered GFAP 
coverage in the HPC of 10-month-old WT-CTL (I), WT-ES (J), APP/PS1-CTL (K), and APP/PS1-ES 
(L) mice. Clustered GFAP coverage was increased by APP/PS1 overexpression but decreased by 
ES in whole HPC (M), CA (N), and SLM (O) region. Scale bar = 250 µm. Statistical analyses were 
performed using two-way-ANOVA. $; significant effect of genotype p<0.05; *; significant effect of 
condition p<0.05; ^; significant post-hoc effect p<0.05. 
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3.4.1 Interaction of GFAP, amyloid pathology, and microglia at 4 months 
Amyloid pathology did not correlate with GFAP (CA: r=0.211, p=0.469; DG: r=0.422, 
p=0.133) or Iba1 (CA: r=0.328, p=0.215; DG: r=-0.055, p=0.841) expression in the 
HPC. In contrast, the number of Aß-positive cells at 4mo was negatively correlated 
to expression of the microglial phagocytic marker CD68 (DG, r=-0.561, p=0.046, 
fig. 5E; CA, r=-0.4594, p=0.099). When exploring the relationship between astro-
cyte and microglial markers in the HPC, while we do not find significant correlations 
between astrocytes and microglial markers in the HPC, the magnitude of the cor-

A B

DC

FIGURE 5 Correlation matrices between immunohistochemical data. Pearson correlation coefficients 
visualized from -1 (blue) to +1 (red), with the size of the circles representing the correlation coefficients. 
Circles without crosses are correlation coefficients significant at p<0.05. Correlation matrix between 
staining data from 4-month-old WT mice (A). Correlation matrix between staining data from 4-month-old 
APP/PS1 mice (B). Correlation matrix between staining data from 10-month-old WT mice (C). Correlation 
matrix between staining data from 10-month-old APP/PS1 mice (D). 
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relation coefficients in WT mice were much stronger than in APP/PS1 mice. This was 
the case for both the CA (WT GFAP vs Iba1: r=0.376, p=0.124; WT GFAP vs CD68: 
r=0.504, p=0.056; APP/PS1 GFAP vs Iba1: r=0.151, p=0.606; APP/PS1 GFAP vs 
CD68: r=0.022, p=0.947) and the DG (WT GFAP vs Iba1: r=0.3910, p=0.109; WT 
GFAP vs CD68: r=0.414, p=0.125; APP/PS1 GFAP vs Iba1: r=-0.116, p=0.694; APP/
PS1 GFAP vs CD68: r=0.153, p=0.655). Lastly, we found strong positive inter-re-
gional correlations in the CA versus the DG in the expression levels of all four pro-
teins of both genotypes, as well as between both microglial markers in WT (fig 5A), 

F

E

FIGURE 5 continued CD68 coverage is negatively correlated with the number of amyloid-beta positive 
cells in the DG at 4 months (E). CD68 coverage is positively correlated to clustered GFAP coverage in 
the CA of 10-month-old APP/PS1 mice (F).
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but not APP/PS1 (fig 5B) mice. 

3.4.2 Interaction of GFAP, amyloid pathology and microglia at 10 months 
Plaque load did not significantly correlate with Iba1 (CA: r=0.043, p=0.906; DG: 
-0.283, p=0.428), CD68 (CA: r=0.170, p=0.687; DG: -0.398, p=0.329), or GFAP 
(CA: r=-0.599, p=0.089; DG: -0.064, p=0.870). Similarly, there was no correlation 
at this age between total Aß and either Iba1 (CA: r=0.073, p=0.841; DG: -0.119, 
p=0.743), CD68 (CA: r=0.084, p=0.843; DG: r=-0.166, p=0.694) or GFAP (CA: r=-
0.473, p=0.198; DG: -0.085, p=0.827). Regarding the relationship between astro-
cytes and microglia, hippocampal GFAP expression was not significantly correlat-
ed with Iba1 expression in 10-month-old WT (CA: r=0.140, p=0.620; DG: 0.311, 
p=0.260) or APP/PS1 animals (CA: r=-0.184, p=0.636; DG: 0.080, p=0.839). There 
was similarly no correlation between GFAP expression and CD68 coverage in WT 
(CA: r=0.331, p=0.248; DG: 0.230, p=0.428) or APP/PS1 (CA: r=0.640, p=0.122; 
DG: 0.235, p=0.612) animals, although there was a significant correlation in the 
CA region of APP/PS1 animals between CD68 and masked GFAP coverage (CA: 
r=0.779, p=0.039, fig. 5F; DG: 0.216, p=0.642). Similar to the 4mo data, there 
were several strong positive correlations between the four proteins between hip-
pocampal subregions in both WT (fig. 5C) and APP/PS1 (fig. 5D) mice, although 
plaque load (r=0.218, p=0.545) and GFAP (GFAP: r=0.393, p=0.296; masked GFAP: 
r=0.320, p=0.401) of APP/PS1 mice were not correlated between the CA and DG. 
GFAP was correlated in WT animals between both subregions (GFAP: r=0.885, 
p<0.001; masked GFAP: r=0.860, p<0.001).

4    Discussion

Here we studied how ES affects astrocytes at different ages and whether ES alters 
the astrocytic response to Aß neuropathology at an early- and advanced-patholog-
ical stage in APP/PS1 mice. We found that ES affects GFAP expression in the HPC 
in an age-dependent manner, with mostly subtle effects up to the age of 6 months, 
and a significant reduction of GFAP expression by the age of 10 months. APP/PS1 
overexpression at 10 months lead to increased global coverage of GFAP in the EC, 
but decreased global coverage of GFAP in the HPC. Increased clustering of GFAP 
was observed in both regions. APP/PS1 overexpression lead to altered expression 
of astrocyte-related genes in the HPC at the advanced pathological stage, which 
was not further modulated by ES exposure. Finally, coverage of clustered GFAP 
expression correlated to CD68 expression in the CA of 10mo APP/PS1 mice, while 
no other correlations were detected between GFAP, microglial markers, or plaque 
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pathology at 4 or 10 months.  

The effect of ES on GFAP expression in WT mice is age-dependent. At P9, a sig-
nificant increase in GFAP immunoreactivity was present following ES exposure in 
the SLM, but not in other hippocampal subregions. Strikingly, the existing literature 
shows that ES in the form of maternal deprivation or separation leads to an acute 
reduction in GFAP [37,38,57,58], followed by an increase in GFAP when a longer 
period (4-30 days) between the stressor and the analysis was applied [39,59,60] re-
viewed in [34]. This discrepancy with our current results could possibly be explained 
by the form of ES exposure. Notably, the limited nesting and bedding ES model 
applied in this study has a more chronic nature, as it is a continuous exposure to 
an impoverished environment for 7 days, versus a single episode or intermittent 
exposure in maternal deprivation and separation models respectively. Thus, the dif-
ferences in intensity and length of exposure determine the final effect on astrocytes. 

To our knowledge, this is the first study addressing effects of ES on GFAP expres-
sion in the HPC using a limited nesting model. Interestingly, at 6 months, a trend 
for decreased GFAP expression in the HPC was observed, which becomes signif-
icant in 10-month-old mice. ES leading to a lasting decrease in GFAP expression 
in aged animals was only shown by one other study investigating GFAP expression 
in 12-month-old rats exposed to early maternal deprivation [36]. Together these 
results suggest that ES programming of astrocytes might only become apparent 
during aging. Intriguingly, our data suggest that the response of GFAP expression 
to ES exposure changes over time from an acute upregulation to a long-term down-
regulation. Such temporal dynamics of GFAP expression, even though on a shorter 
time-scale, have also been observed previously in rats exposed to daily maternal 
deprivation from P1 to P10. In these rats, no initial changes were observed at P10, 
but a reduction in GFAP was observed at P20, followed by increased GFAP at P40 
[60]. This direction of GFAP modulation at the different ages is not in line with the 
changes observed in the present study. This could be related to differences in fre-
quency and intensity of the ES model, as well as potential species-specific effects, 
and further stresses the relevance of the specifics of the ES model. Despite the dis-
cussed discrepancies, both studies suggest complex temporal dynamics of GFAP 
expression in response to ES and show that the effect of ES on GFAP expression 
is not only lasting, but also depends on the neurodevelopmental or lifetime stage. 

In this study we thoroughly characterized ES-induced alterations in GFAP expression 
at multiple different ages across the lifespan. Notably, no alterations in the number 
or complexity of GFAP+ cells were found as a consequence of ES in any of the age 
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groups. This indicates that ES-induced alterations in GFAP result from intracellular 
GFAP changes, rather than a change in general astrocyte number or complexity 
[53,61]. For the full interpretation of our findings, it is important to note that GFAP 
does not label all astrocytes in the brain, although a large part of astrocytes in the 
hippocampus is GFAP-positive [62]. Additionally, ES-induced changes in astrocytes 
can also occur in the absence of GFAP alterations [63]. Next to GFAP protein levels, 
gene expression analyses showed that ES did not affect gene expression levels of 
astrocyte-related genes (i.e. Aldh1l1, Aqp4, Glast, Glt1, GluS, GFAP, VIM) at P9, 
4, or 10 months, with the exception of Fasn mRNA levels, which were increased 
by ES at 4 months. Fasn is a key enzyme for de novo lipogenesis [64], a process in 
which astrocytes are highly active [28,65,66]. Changes in Fasn gene expression have 
been implicated in hippocampal changes in neurogenesis [67] and could indicate 
disrupted lipid metabolism as a result of ES, which might have implications for syn-
apse development [28]. However, further investigations will need to clarify what the 
functional consequences of this change might be. 

APP/PS1 overexpression in mice did not lead to alterations in astrocytes at an ear-
ly-pathological stage, but did alter GFAP expression in the HPC and EC, as well as 
the expression of several astrocyte-related genes in the HPC of 10-month-old-mice. 
Interestingly, none of these parameters were modulated by ES. In AD patients, 
GFAP+ reactive astrocytes are particularly associated with Aß plaques (i.e. astrogli-
osis) [19,21-23]. The lack of astrogliosis in the HPC and EC at 4 months is thus in 
line with the fact that only few Aß plaques are present during this early-pathological 
stage [14]. 

The EC presents with the earliest signs of Aß pathology in patients [68]. Here we 
presented that GFAP immunoreactivity and GFAP cell complexity in the EC was in-
creased in 10-month-old APP/PS1 mice. Similarly, injections with Aß peptide in the 
EC caused increased GFAP intensity and larger GFAP cell somas [24], streptozoto-
cin-induced AD in rats resulted in increased numbers of GFAP+ cells in the EC [25], 
and numbers of GFAP+ cells were increased in the EC of APP/Tau transgenic mice 
[69]. In contrast, it was reported that astrocytes in the EC appeared atrophied in a 
triple transgenic AD mouse model (3xTG), an effect that became less pronounced 
at a more advanced pathological stage (9 months) [70]. In this study, the use of a 
different transgenic line possibly explains the discrepancy with our current findings, 
as e.g. age-related epigenetic changes differ between different mousemodels of 
AD [71]. In addition it is important to note that more research points towards a het-
erogeneous response of astrocytes in response to AD pathology, as both astrocyte 
reactivity and atrophy occurs in AD (reviewed in [72]). 
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In contrast to the EC, we observed a global decrease in GFAP expression in the 
HPC, while most research demonstrates increased GFAP coverage in the HPC of 
APP/PS1 mice ranging from 5 to 14 months of age [73-75]. However, importantly, 
clustering of GFAP was observed both in the EC and HPC of 10-month-old APP/PS1 
mice, and coverage of this clustered GFAP in the HPC was increased as expected. 
Considering that clustered GFAP was more prominent in APP/PS1 mice, and we 
observed a similar pattern of Aß plaque load in parallel series of the same brain 
stained for Aß, clustering of GFAP is probably due to accumulation of GFAP around 
Aß plaques [76]. The reduction in global versus the increase in clustered GFAP cov-
erage is in line with a previous study where general astroglial cytoskeletal atrophy 
was observed, while GFAP+ astrocytes surrounding Aß plaques were hypertrophic 
in the HPC of 18-month-old 3xTG AD mice [77]. Given that astrocytes do not mi-
grate to amyloid plaques [78], current data suggests that astrocytes near plaques 
are induced to upregulate GFAP expression, while astrocytes in the rest of the HPC 
downregulate GFAP. As many extracellular factors, e.g. inflammatory factors, can 
affect transcription and translation of GFAP [79,80], microenvironmental changes 
induced by plaque accumulation may lead to local dynamic alterations in GFAP 
expression. 

Gene expression analyses revealed that GFAP and VIM mRNA expression was not 
altered at 4 but increased at 10-months-old. A similar increase in GFAP mRNA was 
previously shown in AD mice [74] and is in line with the appearance of reactive astro-
cytes [81]. While the exact function of reactive astrocytes is still not fully understood, 
genetic deletion of GFAP and VIM increased plaque load in APP/PS1 mice [82], sug-
gesting that acquiring a reactive phenotype supports astrocytes in limiting amyloid 
pathology. Interestingly, GFAP mRNA in a full hippocampal homogenate was in-
creased while we observed decreased global hippocampal GFAP protein coverage 
and increased clustered GFAP coverage. This suggests that, while indeed overall 
GFAP levels seem associated with plaque load and Aß probably drives astrogliosis 
[83,84], GFAP dynamics might be differentially affected by the microenvironment 
based on proximity to plaques. Aqp4 mRNA expression was also increased in APP/
PS1 mice at 10 months. Aqp4 is the major water channel expressed in the CNS and 
its expression is mostly restricted to astrocytes. Accumulating evidence suggests 
that Aqp4 plays a role in AD pathology [85] and the glymphatic system [86,87] and 
may mediate clearance of Aß [85,88]. In line with our findings, multiple studies have 
found increased levels of Aqp4 in AD patients [89-91]. Furthermore, a decrease in 
Aldh1l1 was present in APP/PS1 mice. The decrease in Aldh1l1 could suggest a 
global loss of astrocytes, however, previous research revealed no difference in corti-
cal astrocyte number between healthy and AD brains [92,93], suggesting that this is 
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probably not the case. Further research is necessary to understand the implication 
of the reduction of Aldh1l1. 

At 10 months, both ES and APP/PS1 overexpression were shown to decrease global 
GFAP levels in the HPC. However, ES reduced hippocampal GFAP expression only 
in WT mice. This shows that persistent effects of ES on GFAP expression disappear 
in the presence of amyloid pathology. In addition, ES did not modulate APP/PS1-in-
duced alterations in gene expression, suggesting that AD pathology might have 
more impact on astrocytes than ES. As the observed astrocyte changes in response 
to amyloid pathology are most likely aimed at clearing Aß plaques  (i.e. altered 
GFAP, increased Aqp4) [82,88], it appears that astrocytes from ES mice mount a 
similar response to amyloid pathology. 

There is now a growing body of literature showing that astrocytes and microglia in-
teract. Microglia are known to activate astrocytes during neuroinflammation [94,95] 
and astrocytes can influence microglial activity e.g. by releasing factors that increase 
phagocytosis [96]. Furthermore, emerging evidence is available for the synergistic 
effect of astrocytes and microglia in the progression of AD pathology [97,98]. At 
4 months, cell-associated amyloid is not correlated to either GFAP or Iba1, but 
negatively correlates to the microglial phagocytic marker CD68. This is in line with 
the fact that at this stage mice display mostly cell-associated amyloid-ß and only 
few extracellular plaques, thus no strong increase in activated microglia or astro-
gliosis would be expected. Still, Aß, even in its cell-associated form, is considered 
somewhat inflammatory [99] and the negative correlation between cell-associated 
amyloid and CD68 further supports that the earlier reported ES-induced increase in 
phagocytic microglia might contribute to the reduction in cell-associated amyloid in 
APP/PS1 mice exposed to ES [14]. 

At 10 months, we find no correlations between plaque load or total amyloid with 
GFAP, Iba1, or CD68. This could be due to a saturated response, i.e., as Aß con-
tinues to accumulate, the response of the glial cells does not parallel the increase 
in plaques. This is in line with the idea that neuroinflammation in AD shifts from 
being driven to respond to pathology (e.g. via initial Aß buildup) to being a driving, 
self-perpetuating factor in disease progression due to the chronic neuroinflamma-
tory environment it has created [100]. Interestingly, at 10 months, plaque load in the 
DG and CA do not correlate. Similarly we did not detect correlations in APP/PS1 
mice of global and clustered GFAP coverage between the two subregions, support-
ing the notion that amyloid pathology is changing the dynamics of GFAP expression 
within the HPC, and leading to localized astrocytic responses that might not be 
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reflected in a global analysis. When researching the relationship between astro-
cyte and microglia in AD pathology, we detected a significant relationship between 
CD68 and clustered GFAP coverage in the CA region. This might partly reflect the 
response of both CD68 and clustered GFAP signal to amyloid plaque buildup, per-
haps pointing towards coordination of microglial and astrocytic phagocytosis, as 
reactive astrocytes are also capable of internalizing Aß [101]. There were no oth-
er correlations detected between GFAP and Iba1 or CD68 in 10-month-old mice. 
More studies are necessary to unravel how precisely these two cell types interact in 
the response to Aß pathology. 

5    Conclusion

In summary, we have shown that ES affects GFAP protein expression in mouse hip-
pocampus over the course of a lifetime. These changes were due to intracellular 
up- or downregulation of GFAP and followed a complex temporal-dynamic pattern, 
indicating that the effects of ES on astrocytes are strongly age-dependent. Further 
analyses at the level of gene expression revealed minimal ES effects on astrocyte-re-
lated genes at any of the timepoints studied. When investigating whether ES mod-
ulated the astrocytic response to Aß pathology, we found the most pronounced ef-
fects at the advanced-pathological stage of 10 months. At this point, APP/PS1 mice 
presented with altered GFAP levels in the HPC and EC, and altered hippocampal 
gene expression of astrocyte-related genes, probably aimed at clearing Aß plaques. 
These effects were not further modulated by ES, and the ES-induced effects on hip-
pocampal GFAP present in WT disappeared in APP/PS1 mice, indicating that APP/
PS1 overexpression might overrule more subtle effects of ES on astrocytes. In con-
clusion, both ES and APP/PS1 overexpression affect astrocytes, however, we have 
found no evidence that ES aggravates AD pathology in the present study. 
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Chapter 3

Abstract

Early-life stress (ES) can have a negative impact on adult cognitive functioning and 
can increase the risk for development of psychopathology. Astrocytes serve many 
functions crucial for cognition (e.g. synaptic transmission) and are implicated in 
psychiatric diseases (e.g. depression) for which ES is a risk factor. However, to this 
date, it is unclear if and how ES affects astrocytes and whether ES e.g. primes the 
response of astrocytes to subsequent stress. Here, we use a combined in vivo and 
in vitro approach to study how ES programs astrocytes and their response to subse-
quent glucocorticoid exposure. Mice were exposed to a chronic ES model based on 
limiting nesting and bedding material from P2-P9. Primary hippocampal astrocyte 
cultures were then prepared from P9 control (CTL) and ES pups to study their in 
vitro response to the synthetic glucocorticoid dexamethasone (DEX). After 6 days in 
culture, cells were exposed to DEX (0.01, 0.1 or 1 μM) for 24 hours. Subsequently, 
gene expression levels of astrocyte markers were measured to test whether the 
response to DEX was affected in astrocyte cultures derived from ES mice versus cul-
tures from CTL mice. DEX increased expression levels of genes related to glutamate  
metabolism (GLT-1 and GluS) while ES attenuated this response. Both DEX and ES 
decreased glucocorticoid receptor expression. Connexin43 expression was reduced 
by DEX but not by ES. Expression of GFAP was not affected by either ES or DEX 
treatment, while vimentin was downregulated by ES but not by DEX exposure. This 
preliminary report supports the idea that astrocytes are altered by ES exposure and 
more research is necessary to study the functional implications of these changes. 
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3

1    Introduction

Early-life is a very sensitive period for brain development and adverse events that oc-
cur during this time can have a negative, lasting impact on the brain [1,2]. Although 
it is well established that early-life adversity can contribute to adult psychopathol-
ogy and cognitive impairment [3-6], the neurobiological substrates underlying this 
process are not fully understood. So far, astrocytes have received little attention in 
this aspect, while they serve many distinctive functions crucial for normal brain and 
cognitive functioning. Astrocytes recycle glutamate [7], coordinate synapse devel-
opment and function [8-10], and regulate synaptic transmission [11,12]. Further-
more, astrocytes are suggested to play a role in the neurodevelopmental origin of 
psychopathology, as astrocyte dysfunction is implicated in psychiatric diseases in-
cluding schizophrenia and depression [13-18], diseases for which early-life adversity 
is a known risk factor [1,3,5,19]. 

To this date, limited data is available on the consequences of early-life stress (ES) on 
astrocyte properties. Pre-clinical studies have demonstrated ES-induced structural 
alterations in astrocytes as shown by changes in GFAP expression. Several studies 
show decreased GFAP expression and reduced cytoskeletal complexity of GFAP+ 
cells after ES exposure [20-23], while other studies reveal immediate increases in 
GFAP expression after ES [24-26]. Next to studying GFAP expression, there has 
been some focus on the effects of ES on astrocyte glutamate metabolism. Astro-
cytes are responsible for clearing excessive extracellular glutamate via their gluta-
mate transporters GLT-1 and GLAST, and subsequent recycling via glutamine syn-
thethase (GluS) (reviewed in [27]). There is some evidence that ES alters GLT-1 and 
GLAST expression in several brain regions and impairs glutamatergic transmission 
in the hypothalamus [28-30]. Although persistent effects of ES on for example GFAP 
expression in astrocytes were sometimes not observed under baseline conditions 
[30-32], in response to a later life stressor, astrocytes did present with alterations in 
GFAP when they had been exposed to stress during early-life [21,33]. This indicates 
that ES might sensitize or ‘prime’ the astrocyte stress response, which can contrib-
ute to lasting effects of ES. 

Next to GFAP and glutamate metabolism related markers, other targets that might 
be of interest in the context of ES emerge from studies that address the effects of 
adult stress on astrocytes [34]. For example vimentin (VIM), a marker for reactive 
astrocytes, was increased in the cortex following chronic variable stress [35]. Further 
alterations in astrocytes observed in response to stress include changes in connex-
in43 (Cx43) [36], a gap junction component important for several key functions of 
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astrocytes, including blood-brain-barrier (BBB) maintenance [37] and regulation of 
glutamatergic synaptic activity [38]. However, astrocytic Cx43 and VIM have not 
been studied in the context of ES. Considering these effects of stress on astrocytes 
during adulthood, it is interesting to investigate whether stress during early-life af-
fects these astrocytic markers as well. 

To further our understanding in how ES might impact astrocytes, we here used a 
combined in vivo and in vitro approach. We cultured primary astrocytes from control 
(CTL) and ES mice pups at P9 and subsequently treated the cells with various doses 
of the synthetic glucocorticoid dexamethasone (DEX), to mimic subsequent stress 
exposure. We here describe the in vitro response of primary astrocytes to glucocor-
ticoids, and how this response might be modulated by previous in vivo exposure 
to ES. We assessed gene expression levels of the cytoskeletal reactive astrocyte 
markers GFAP and VIM, glutamate-metabolism related genes GLT-1, GLAST, GluS, 
gap junction molecule Cx43, and the glucocorticoid receptor (GR), as glucorticoid 
(GC)-induced alterations in GFAP are thought to be mediated by the GR present on 
astrocytes [39,40] [41]. We here show that cultured astrocytes are affected by both 
ES exposure and DEX treatment. In addition, astrocytes derived from ES-exposed 
mice seem to respond differently to in vitro DEX exposure when compared to astro-
cytes from control mice. Further research is needed to confirm this effect. 

2    Material and methods

2.1 Early-life stress paradigm
The ES paradigm consisted of limiting nesting and bedding material from postnatal 
day (P)2 to P9 as described previously by [42,43]. On the morning of P2, dams and 
pups were randomly assigned to the CTL or ES condition. CTL cages contained 
standard amounts of sawdust bedding and one square cotton piece of nesting 
material (5X5 cm; Technilab-BMI, Someren, The Netherlands). ES cages contained 
fewer amounts of sawdust bedding, only covering the bottom of the cage, 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 placed in a ventilated, airflow-controlled cabinet to reduce external stressors. 
Cages were undisturbed until P9 and manipulation throughout all procedures was 
kept to a minimum to avoid handling effects. At P9, pups were weighed and male 
pups were sacrificed for tissue collection.  

2.2 Primary astrocyte cultures
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Primary astrocyte cultures were derived from C57Bl6/J WT (n=10) and ES (n=8) 
mice pups. Per culture, 4 hippocampi (from 2 pups) were pooled resulting in 5 
(WT) and 4 (ES) independent cultures. At P9, mice pups were rapidly decapitated 
and hippocampi were dissected, cleared of meninges, and collected in ice-cold 
Hanks Balanced Salt Solution (HBSS: Sigma-Aldrich, St. Louis) buffered with 1M 
Hepes (Gibco; Thermo Fisher Scientific, Waltham). Hippocampi (n=4, pooled 2 
pups) were incubated and chemically fragmented in HBSS, Hepes, and 0.25% tryp-
sin (Gibco; Thermo Fisher Scientific, Waltham) at 37°C for 15 minutes. Trypsinization 
was quenched by adding Dulbecco’s modified Eagle’s medium (DMEM) enriched 
in GlutaMAX (Gibco; Thermo Fisher Scientific, Waltham) supplemented with 1% 
MEM non-essential amino acids (Sigma-Aldrich, St. Louis), 1% Penicillin/Strepto-
mycin (Pen/Strep: Gibco; Thermo Fisher Scientific, Waltham), and 10% fetal bovine 
serum (FBS: Gibco; Thermo Fisher Scientific, Waltham). Next, tissue was centrifuged 
at 1200 RPM for 10 minutes. The pellet was re-suspended in medium (DMEM-Glu-
taMAX, non-essential amino acids, Pen/Strep, FBS) and cells were plated out in 24 
wells plates coated overnight at 4°C with a mixture of poly-D-lysine and laminin 
(Sigma-Aldrich, St. Louis). Cells were maintained at 37°C/5%CO2 for 7 days in vitro 
(DIV). Medium was changed on DIV1, DIV3, and DIV5 (see figure 1A for the exper-
imental timeline and 1C for an example picture of a CTL astrocyte culture). 

2.3 Dexamethasone treatment
On DIV5, medium was replaced by serum-free medium (without FBS) and main-
tained for 24 hours. On DIV6, cells were treated with 0.01μM, 0.1μM, or 1μM DEX 
(Sigma-Aldrich, St. Louis) for 24 hours (see figure 1A for experimental timeline). 
Each concentration was replicated in 2 wells for each condition, resulting in the 
following group numbers: CTL ETH n=10, ES ETH n=4, CTL DEX0.01μM n=9, ES 
DEX0.01μM n=5, CTL DEX0.1μM n=6, ES DEX0.1μM n=5, CTL DEX1μM n=8, ES 
DEX1μM n=8. The subsequent day (DIV7), cells were lysed in 200 μL TRIzol (Invitro-
gen) and stored at -80°C for qPCR analysis. 

2.4 RT-qPCR gene expression analysis
Relative gene expression was assessed via PCR amplification of cDNA using the 
Hot FirePol Eva-green qPCR supermix (Solis Biodyne, Tartu), and measured using 
the 7500 Real-time PCR system (Applied Biosystems). Efficiency of primer pairs was 
tested prior to experimental use, requiring 90–110% efficiency. Multiple references 
genes were used for normalization following the requirements for reference tar-
get stability quality control (M < 0.5, CV < 0.25), calculated using qBASE software 
(Biogazelle, Gent) [44,45]. Relative gene expression was finally calculated using the 
ΔΔCt method after normalization for at least two reference genes not altered by ex-
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perimental conditions (SDHA, RPL13A, RPL0). The following primer sequences were 
used: Cx43 forward (fw): AGTGAAAGAGAGGTGCCCAGA, Cx43 reverse (rv): GT-
GGAGTAGGCTTGGACCTT; GFAP fw: ACAGAGGAGTGGTATCGGTCT, GFAP rv: 
GGACTCCAGATCGCAGGTCA; GLAST fw: GATTTGCCC TCCGACCGTAT, GLAST 
rv: CGCCAT-TCCTGTGACGAGAC; GLT-1 fw: CATGTCCACGACCATCAT TGC, GLT-
1 rv: AGGCTAGACACCTCG-TCGTT; GluS fw: CCACCGCTCTGAACACCTT, GluS 
rv: ACT CTTCCACACACTTGGGC; GR fw: AGG-TGCCAAGGGTCTGGAGAGG, GR 
rv: TGGTCCCGTTGCTGT GGAGGA; VIM fw: ACTGCACGATGA-AGAGATCCAG, 
VIM rv: CACGCTTTCATACTGCTGGC; RPL13a fw: CCCTCCACCCTATGACAAGA, 
RPL13a rv: TCGCCTGTTTCCGTAACCTC; RPL0 fw: GCTTCATTGTGGGAGCAG-
ACA, RPL0 rv: CAT-GGTGTTCTTGCCCATCAG; SDHA fw: GTTGCTGTG TGGCT-
GACTG, SDHA rv: GCACAGTGCAAT-GACACCAC. 

2.5 Statistical analyses
Data was analyzed using SPSS 20.0 (IBM software) and Graphpad Prism 5 (Graph-
pad software). Data is expressed as mean ± standard error of the mean (SEM) and 
effects were considered statistically significant when p<0.05. Data with only treat-
ment (ETH, DEX0.01μM, DEX0.1μM, DEX01μM) as predictor variable was analyzed 
using one-way ANOVA. Data with both condition (CTL, ES) and treatment (ETH, 
DEX0.01μM, DEX0.1μM, DEX01μM) as predictor variables was analyzed with a two-
way ANOVA. If a significant interaction effect was detected, post-hoc analyses were 
performed using Tukey’s post hoc test. 
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P2 P9 DIV1 DIV5DIV3 DIV6 DIV7

DEX

CTL ES
0

1

2

3

4

A
ve

ra
ge

 B
W

 g
ai

n 
pe

r l
itt

er

BW gain P2-P9

A

B C

*

DAPI GFAP

Gene expression

FIGURE 1 Experimental timeline and BW gain in response to ES. The experimental design is de-
picted in (A): From P2-P9 pups were subjected to chronic ES. At P9, primary astrocyte cultures were 
obtained from the hippocampus. At DIV6, cultures were exposed to DEX treatment (0.01μM, 0.1μM, 
or 1μM DEX). Subsequently, RNA was obtained at DIV 7 for gene expression analysis. Decreased BW 
gain was observed between P2-P9 in the ES condition (B). An example picture of GFAP+ astrocytes in 
culture is depicted in (C). 
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3    Results

3.1 ES results in lower BW gain 
We confirm that ES leads to a decrease in body weight gain per litter between P2 
and P9 (t(6)=2.519, p=0.045), which is a physiological sign of ES exposure (see fig-
ure 1B).

3.2 Astrocyte gene expression is altered by ES and DEX 
Since we used different doses of DEX in this experiment, we first assessed the 
effect of the distinct doses for each condition group using one-way ANOVA. In 
CTL cultures, a significant difference between dose groups was found for Cx43 
(F(3,31)=6.572, p=0.002), GLT-1 (F(3,31)=3.074, p=0.044), GR (F(3,32)=3.785, 
p=0.021), and GluS (F(3,32)=6.627, p=0.002). However, further post hoc testing re-
vealed that individual DEX doses were significantly different from ETH, but not from 
each other (data not shown). In ES cultures, a significant difference between dose 
groups was only found for GluS (F(3,21)=3.284, p=0.045), although a strong trend 
was observed for Cx43 as well (F(3,20)=3.165, p=0.051). Further post hoc testing 
again only revealed significant differences between ETH and DEX groups (data not 
shown). Thus, DEX alters gene expression levels as compared to ETH, but there was 
no difference between the effects of the 3 different doses of DEX. Furthermore, 
fewer genes were affected in the ES condition, suggesting that the effect of DEX 
may be more pronounced in cultures derived from CTL mice. 

Gene expression analyses including all groups demonstrated that GFAP was un-
affected by either ES or DEX exposure (fig. 2A GFAP: condition F(1,46)=0.304, 
p=0.584 treatment F(1,46)=1.226, p=0.311, interaction F(1,46)=0.261, p=0.853), 
while VIM was downregulated by ES exposure, with no further modulation by DEX 
(fig. 2B VIM: condition F(1,44)=5.204, p=0.027 treatment F(1,44)=2.169, p=0.105, 
interaction F(1,44)=0.421, p=0.739). Both ES and DEX significantly reduced GR ex-
pression in cultured hippocampal astrocytes (fig. 2C GR: condition F(1,47)=6.856, 
p=0.012 treatment F(1,47)=4.495, p=0.007, interaction F(1,47)=0.751, p=0.527). 
Cx43 expression was decreased by DEX but not ES exposure (fig. 2D Cx43: con-
dition F(1,45)=2.574, p=0.116 treatment F(1,45)=8.150, p=0.000, interaction 
F(1,45)=0.030, p=0.993). DEX treatment significantly increased gene expression 
of GLT-1 and GluS, while ES decreased gene expression of GLT-1 and GluS (fig. 
2E GLT-1: condition F(1,46)=8.012, p=0.007 treatment F(1,46)=4.313, p=0.009, in-
teraction F(1,46)=0.274, p=0.844; fig. 2F GluS: condition F(1,47)=6.196, p=0.016 
treatment F(1,47)=8.537, p=0.000, interaction F(1,47)=0.306, p=0.821). GLAST ex-
pression was decreased upon ES exposure but not affected by DEX treatment (fig. 
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FIGURE 2 Gene expression of cultured astrocytes after ES and DEX ex-
posure. Expression of the reactive astrocyte marker GFAP was unaltered by 
both ES and DEX (A) while VIM was decreased by ES (B). GR expression was 
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ment (D). ES and DEX affected gene expression of genes related to astrocyte 
glutamate metabolism including GLT-1 (E), GluS (F), and GLAST (G). Statistical 
analyses were performed using two-way ANOVA. * significant effect of condi-
tion p<0.05; # significant effect of treatment p<0.05. 
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2G GLAST: condition F(1,47)=4.709, p=0.035 treatment F(1,47)=1.420, p=0.249, 
interaction F(1,47)=0.504, p=0.681). 

4    Discussion

In this preliminary report, we show that both ES and DEX affect astrocyte gene 
expression in primary astrocyte hippocampal cultures. GFAP expression was un-
affected by both ES and DEX. Literature shows that GC treatment of cortical and 
hippocampal primary astrocyte cultures ranging from 3 to 24 hours of CORT expo-
sure, resulted in increased GFAP mRNA expression and immunoreactivity [46-48]. 
The absence of GFAP alterations in the present study might be due to the timing 
of DEX exposure. Prolonged CORT treatment of primary astrocyte cultures for 2 
or 6 days revealed no differences in GFAP protein levels [49], nor were changes 
observed in GFAP mRNA after 24 hours of 1 μM of DEX treatment, whereas GFAP 
changes became apparent after 48 hours of DEX exposure [50]. Interestingly, the in 
vitro results are opposing in vivo data where stress exposure has been consistently 
shown to reduce GFAP expression [39,40,51-55]. This divergence could possibly 
be explained by the absence of neurons in these cultures, as there is evidence that 
co-culture with neurons prevents the GC effect on GFAP expression [46]. As to VIM, 
we found a main effect of ES but not DEX, although this effect seems to arise main-
ly from the 0.1μM DEX groups. Little is known about the effects of stress on VIM. 
Chronic variable stress in adult mice increased the number of VIM+ cells [35] and 
DEX treatment has been shown to increase VIM in vitro [56,57]. Further studies on 
VIM and its modulation by stress are needed to increase our understanding on the 
effect of (early) stress on VIM. 

Concerning the glutamate metabolism related astrocyte markers; DEX exposure 
markedly increased GLT-1 and GluS, but not GLAST expression, while ES dimin-
ished the DEX-induced increase in GLT-1 and GluS and generally decreased GLAST 
expression. In line with our findings, DEX was previously shown to increase GLT-1, 
but not GLAST protein levels in rat primary astrocytes [58]. Functionally, increased 
GLT-1 levels have been shown to be accompanied by increased glutamate uptake 
in vitro [58]. GluS is responsible for the recycling of glutamate [27] and, supporting 
our data, GCs are known to enhance enzymatic GluS activity in astrocyte cultures 
from several brain regions [59-61]. Thus, the increased levels of GLT-1 and GluS in 
the current study are most likely an adaptive response to clear the excessive gluta-
mate boosted under influence of DEX, and thereby prevent excitotoxicity [62-65]. 
Whether there is an actual increase in glutamate uptake in the present study is cur-
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rently unknown. In addition, considering the fact that glutamate levels are generally 
increased during stress, the attenuation of DEX-induced increased GLT-1 and GluS 
expression in ES-derived cultures is an interesting finding. ES has been shown to de-
crease GLAST expression and impair astrocytic glutamate uptake in the hypothala-
mus [29], confirming the ES-induced decrease in GLAST mRNA in our present study. 
Our data suggest that ES diminishes the response of astrocytes to DEX treatment 
on glutamate-related markers, indicating that ES might indeed affect the response 
of astrocytes to subsequent stress exposure.

GR expression in astrocytes was decreased by both ES and DEX treatment. This 
finding is in line with a reduction of astrocytic GR in primary astrocyte cultures treat-
ed with GCs [49,66,67] and general decreases of hippocampal GR expression in in 
vivo stress models [67,68]. Furthermore, also stress exposure during early life, in the 
form of neonatal isolation and LPS-induced infection, results in reduced hippocam-
pal GR levels at P30 [69]. A reduced GR expression in astrocytes can have functional 
implications, as astrocytic-GR expression is required for aversive memory formation. 
Ablation of the GR in astrocytes disrupts contextual fear conditioning and condi-
tioned place aversion performance [70], suggesting a direct role for astrocytic GRs 
in cognitive function. 

Finally, we show that the gap junction channel protein Cx43 is reduced by DEX 
treatment, but not further modulated by previous ES exposure. Astrocytes commu-
nicate via gap junctions composed of connexin proteins, and Cx43 is the main con-
nexin expressed by astrocytes [71]. Cx43 maintains BBB integrity [37], modulates 
glutamatergic synaptic activity [38], and is crucial for the formation of stress-related 
memories [72]. Furthermore, emerging evidence is provided for an important role 
of astrocytic gap junctions in depression and dementia [73,74]. Consistent with our 
findings, in vitro treatment of hippocampal primary astrocyte cultures with CORT 
decreased Cx43 mRNA [36] and chronic stress in rats resulted in reduced Cx43 
protein, mRNA, and immunoreactive expression in the cortex [75-77]. Although ES 
does not seem to affect Cx43 levels in our in vitro setting, considering the vulner-
ability of Cx43 to stress in general [34], it would be interesting to study Cx43 im-
mediately following ES in vivo. The consistent findings of alterations in Cx43 after 
stress, and their important function in synaptic transmission, might point towards a 
possible mechanism for stress-induced brain dysfunction. To the best of our knowl-
edge, no other studies have investigated the role of Cx43 in ES programming of 
the brain so far.
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In summary, in this ongoing study we have shown that both in vivo ES and in vitro 
DEX exposure caused astrocyte-specific alterations in gene expression. It seems 
that primary hippocampal astrocyte cultures derived from ES-exposed mice may 
have an altered response to DEX treatment as compared to CTL cultures. How-
ever, more research investigating such priming of the astrocyte stress response is 
necessary to draw definite conclusions. The observed stress-induced changes in 
astrocytes might be neuroprotective, as astrocyte-conditioned medium was shown 
to protect neurons against CORT-induced alterations in vitro [78]. In addition, we 
have shown that effects of in vivo ES are still detectable after a week in culture in a 
model of subsequent stress exposure. This indicates that a combined in vivo and in 
vitro approach using hippocampal primary astrocyte cultures from mice pups imme-
diately following ES can be a good model to study how ES programs astrocytes. As 
only gene expression was measured in the present study, drawing definitive conclu-
sions regarding the functional deficits in astrocytes as a consequence of ES remains 
challenging. However, as in vitro studies allow for more mechanistic approaches 
(e.g. neuronal support function of astrocytes in astrocyte-neuron co-cultures) and 
experimental manipulations, future experiments could e.g. entail more functional 
approaches. 
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Abstract

Early-life stress (ES) can lastingly impair cognitive functioning and alter the neuroim-
mune profile. Recently, we showed that increasing the availability of omega-3 (ω-3) 
fatty acids via an early-life dietary intervention (via lowering ω-6/ω-3 ratio) protects 
against both ES-induced cognitive deficits and increased phagocytic microglia in 
adulthood. To gain further insight into how early-life ω-3 availability affects the (neu-
ro)immune system, and to what extent this might contribute to its beneficial effects 
on cognition, we here tested how ES and an early diet resulting in high or low 
availability of ω-3 fatty acids to the developing organism, affects the response to an 
acute immune challenge in adulthood. 

Male C57Bl6/J mice were exposed to chronic ES by limiting nesting material from 
P2 to P9, and provided with a diet containing a high or low ω-6/ω-3 ratio from P2 
to P42. At P120, cognitive functioning was assessed using the object location task. 
Subsequently, a single lipopolysaccharide (LPS) injection was given. After 24 hours, 
peripheral cytokine levels were measured using a multiplex assay, and hippocampal 
genome-wide gene expression was measured using microarray. 

Early diet with a low ω-6/ω-3 ratio prevented ES-induced cognitive deficits. LPS 
increased plasma cytokine levels with a subtle modulation by ES, but no effect was 
found of early diet. Interestingly, while ES and early-diet did not affect global hippo-
campal gene expression under baseline conditions, the effects of diet and ES were 
unmasked when studied in response to LPS, as gene expression in response to LPS 
was different depending on early diet and ES exposure. 

Our preliminary data indicate that short-term exposure to stress and an altered  
dietary ω-6/ω-3 ratio during early-life may program the neuroinflammatory re-
sponse to LPS. This ongoing study awaits the future identification of the underlying 
biological processes involved in brain programming by the early environment. 
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1    Introduction

Stress exposure during early-life has long lasting effects on brain structure and func-
tion that together determine the vulnerability to later life psychopathology. Am-
ple clinical and pre-clinical reports demonstrate that various forms of stress (e.g. 
malnutrition, trauma, infection) during sensitive developmental periods both im-
pair cognitive functioning in adulthood [1-6], and disrupt the (neuro)immune sys-
tem long term [7-14]. For example, childhood maltreatment is associated with adult 
memory impairments [2] as well as with a more pro-inflammatory state peripherally 
[7,8,13,15]. In addition, pre-clinical studies provide evidence for learning and mem-
ory impairments and an altered central immune response of the brain [9,11,12,16], 
as early-life stress (ES) has been shown to aggravate the neuroinflammatory reaction 
to later life immune challenges such as lipopolysaccharides (LPS) [11,17]. 

The quality of nutrition early in life is increasingly acknowledged as an important 
determinant of later life health [18-21] and early dietary interventions have recently 
emerged as a promising intervention strategy to prevent the negative effects of ES 
[22,23]. In particular dietary long-chain polyunsaturated fatty acids (LCPUFAs) are 
important for the brain, since ω-3 LCPUFAs are key for normal brain development 
[24], positively influence cognition [25-27], and have well-known anti-inflammatory 
properties [28-31]. Therefore, adequate ω-3 LCPUFA levels during early-life may be 
crucial in preventing later life psychopathology induced by stress exposure during 
sensitive developmental periods (i.e. early postnatal life or adolescence) [32-34]. 

So far, studies addressing the role of LCPUFAs have mainly focused on supplement-
ing or depriving ω-3 LCPUFAs from the diet. However, the ratio of ω-6/ω-3 in the 
diet seems to be a crucial aspect for the ω-3 status in tissues. In fact, the dietary 
precursors linoleic acid (LA; ω-6 LCPUFA) and α-linolenic acid (ALA; ω-3 LCPUFA) 
compete for the same enzymes for conversion to its LCPUFAs [35]. Therefore, the 
shift towards increased LA (ω-6 LCPUFA) intake in current Western diets can have 
consequences for general health [36], as a high ω-6/ω-3 ratio during early-life has 
been associated with psychopathology [37]. Strikingly, current Western diets con-
tain a ω-6/ω-3 ratio varying between 10/1 to 25/1, while research suggests benefi-
cial effects of a much lower ratio. 

Supporting the importance of a balanced ω-6/ω-3 ratio during early-life we have 
recently reported for the first time that increasing the availability of ω-3 LCPUFAs, 
via lowering the LA/ALA dietary ratio from postnatal day (P)2 to P42, can protect 
against ES-induced cognitive dysfunction [23]. Interestingly, these beneficial ef-
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fects on cognition were associated with a prevention of the ES-induced increase in 
phagocytic microglia in the adult hippocampus [23]. This raised the question wheth-
er suppression of ES-induced inflammatory processes by increased ω-3 LCPUFA 
availability in early-life, mediates the improvement in cognitive function in ES mice. 
Therefore, we here further investigate the effects of ω-3 LCPUFA availability early in 
life on neuroinflammatory processes in ES-exposed mice

In this ongoing study, we follow up on our previous study by investigating whether 
an early-life dietary intervention with a high or low LA/ALA ratio alters the periph-
eral and central neuroinflammatory response to an adult immune challenge in mice 
previously exposed to ES. To this end, we aim to; i) confirm our previous findings 
on the effect of ES and early-life ω-6/ω-3 ratio in the early diet on later cognition, ii) 
test whether ES and ω-6/ω-3 ratio in the early diet alter peripheral cytokine levels 
in response to LPS, and iii) examine the effects of ES and ω-6/ω-3 ratio in the early 
diet on genome-wide hippocampal gene expression profiles in response to LPS. 

2    Material and methods

2.1 Animals 
All C57Bl6/J mice were kept under standard housing conditions with a temperature 
between 20 and 22°C, a 40 to 60% humidity level, and provided with chow and wa-
ter ad libitum. Animals were kept on a standard 12/12h light/dark schedule (lights 
on at 8AM). Experiments were approved by the Animal Experiment Committee of 
the University of Amsterdam and performed in accordance to European Union (EU) 
directive 2010/63/EU.

2.2 Breeding 
Experimental animals were bred in house to standardize the perinatal environment. 
10-week-old female and 8-week-old male mice were purchased from Harlan Labo-
ratories B.V. (Venray, The Netherlands) and habituated for two weeks before onset 
of breeding in a standard type 2 cage. After the habituation period, two females 
and one male were housed together for one week to allow mating. Breeding males 
were removed after one week and after another week of paired-housing, pregnant 
primiparous females were individually housed in a standard type 1 cage with a fil-
tertop. To ensure a stable, quiet environment, all cages were placed in a ventilated, 
airflow-controlled cabinet. Birth of pups was monitored every 24 hours. Litters born 
before 9:00 AM were considered postnatal day (P)0 on the previous day. 
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2.3 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 [6,38]. On the morning of P2, dams 
and pups were randomly assigned to the control (CTL) or ES condition. Litters were 
culled to six pups with a minimum of 5 pups to prevent maternal care variation 
due to variable litter size. Litters included at least one male and one female. At P2, 
dams and pups were weighed and housed under CTL or ES conditions. CTL cages 
contained standard amounts of sawdust bedding and one square, cotton piece of 
nesting material (5x5 cm; Technilab-BMI, Someren, The Netherlands). ES cages con-
tained fewer amounts of sawdust bedding, only covering the bottom of the cage, 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 
placed in a ventilated, airflow-controlled cabinet to ensure a stable, quiet environ-
ment and to reduce external stressors. Cages were undisturbed until P9 and manip-
ulation throughout all procedures was kept to a minimum to avoid handling effects. 
At P9, pups were weighed and litters were moved to standard cages. Animals were 
weaned at P21 and housed with same-sex littermates in groups of 2 to 3 animals per 
cage. Only male offspring was used for experimental procedures (the experimental 
timeline is represented in figure 1A).

2.4 Dietary intervention
Dams were assigned to the American Institute of Nutrition-93 (AIN-93G) semi-syn-
thetic diet throughout the breeding period [39]. When offspring was born, dams 
and litters were randomly assigned to one of the experimental diets from P2 till 
P42, consisting of semi-synthetic iso-caloric diets with a LA/ALA ratio of 15 (high 
ω-6/ω-3 diet; H) or 1 (low ω-6/ω-3 diet; L). These semi-synthetic diets contained 
a macro- and micronutrient composition according to the AIN-93G purified diets 
for laboratory rodents (for exact composition of diets see [23]). This resulted in the 
following experimental groups: CTL-H n=23 (8 litters), ES-H n=22 (6 litters), CTL-L 
n=23 (6 litters), ES-L n=20 (6 litters). Weekly food intake per litter was measured be-
tween P2 and P21. Following dietary intervention at P42, all mice were fed AIN-93M 
until the end of the experiment (the timeline of dietary exposures is represented in 
figure 1A).

2.5 Behavioral testing
At P120 (see fig. 1A), 14 mice of each of the 4 experimental groups were randomly 
selected and tested in the object location task (OLT). In order to perform all behav-
ioral testing in the active phase, the light-dark cycle was reversed (reversed 12/12h 
light/dark schedule, lights off at 8AM) 4 weeks before onset of testing. Behavior 
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tests were recorded by Ethovision (Noldus, The Netherlands) and scored manually 
using Observer software (Noldus) by one experimenter who was blind to the condi-
tions. Prior to the OLT, animals were handled for 3 days to diminish possible stress 
induced by the experimenter. 

During the habituation phase, animals were allowed to explore the testing arena 
(24x31x27 cm box covered with a small amount of sawdust) for 5 min on 3 subse-
quent days. On the training day, two identical objects placed equidistant from each 
other and from the wall of the arena were placed in the testing arena and mice 
could explore the objects for 5 minutes. On the testing day (24 hours later), one 
of the objects was relocated (the object and direction of relocation was randomly 
assigned) within the arena and again animals were allowed to explore the objects 
for 5 minutes. For all days, boxes and objects were cleaned with 25% ethanol after 
each tested animal. Exploration was defined as mice touching the object with their 
nose. Animals were excluded from the task when a preference for one of the ob-
jects was present during the training phase, or when the total exploration time in 
either the training or testing phase was below 10 seconds. Cognitive performance 
was assessed using the discrimination index (DI) of the testing day: the time spent 
exploring the novel object divided by total exploration time of both objects.  

2.6 Immune challenge
Approximately one week (5-9 days) after the end of the behavioral test, animals 
were weighed and randomly received an intraperitoneal (i.p.) injection of sterile 
saline (SAL) or 5 mg/kg lipopolysaccharide (LPS, strain O111:B4, Sigma-Aldrich) 
dissolved in sterile saline [11,40-44] (see fig. 1A). Therefore, 8 groups were created: 
CTL-H-SAL n=16, CTL-H-LPS n=7, ES-H-SAL n=12, ES-H-LPS n=9, CTL-L-SAL n=14, 
CTL-L-LPS n=9, ES-L-SAL n=11, ES-L-LPS n=9. 24 hours following the injection, an-
imals were weighed and sacrificed.

2.7 Tissue collection and plasma measurements
Mice were weighed and sacrificed via rapid decapitation. Trunk blood was col-
lected and hippocampi were quickly dissected and snap-frozen on dry ice. Tissue 
was stored at -80°C (brain) or -40°C (plasma) until further processing. Plasma from 
trunk blood was used to measure corticosterone (CORT) levels and cytokine pro-
files. CORT was measured using a commercially available radioimmunoassay kit (MP 
Biomedicals, Eindhoven, The Netherlands) according to the manufacturer’s instruc-
tions. Cytokine levels were assessed using Milliplex (mouse cytokine/chemokine 
magnetic bead panel, Milliplex, Merck) according to the manufacturer’s instructions. 
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2.8 Microarray
Hippocampal RNA of 8 mice per experimental group was extracted using the TRIzol 
method (TRIzol Invitrogen) followed by application of RNA Clean & concentrator 
according to the manufacturer’s instructions (Clean and concentrator -25, Zymo 
Research). Two ng total RNA was amplified using the GeneChip Pico Reagent Kit 
(Thermo Fisher Scientific) generating biotinylated double-stranded cDNA. The la-
beled samples were hybridized to mouse Clariom S array plate (Thermo Fisher Sci-
entific). Washing, staining, and scanning was performed using the GeneTitan Wash 
and Stain Kit for WT Array Plates, and the GeneTitan Instrument (Thermo Fisher 
Scientific) performed by the MAD (University of Amsterdam, The Netherlands). 

2.9 Statistical analyses
Data were analyzed using SPSS 20.0 (IBM software), Graphpad Prism 5 (Graphpad 
software), and R statistical software (R 3.4.1, http://cran.r-project.org/). Data were 
expressed as mean ± standard error of the mean (SEM) and considered statistically 
significant when p<0.05. Statistical trends were reported in case of a p value be-
tween 0.05 and 0.06. BW gain and food intake during early-life was analyzed per lit-
ter. Data with condition (CTL/ES) and diet (H/L) as predictor variables were analyzed 
using two-way-ANOVA and data with condition (CTL/ES), diet (H/L), and treatment 
(SAL/LPS) as predictor variables were analyzed using three-way-ANOVA. Cognitive 
performance in the OLT was assessed using one-sample t-test against 50% and 
two-way-ANOVA. In case of significant interaction effects, post hoc analyses were 
performed using Tukey’s post hoc test. As multiple mice from a litter were included 
in experiments, litter corrections were performed when a significant contribution 
of litter was found in a mixed model analysis with litter included as random factor.

For microarray data, the Transcriptome Analysis Console 4.0.1 software from Ther-
moFisher Scientific Inc was used for data quality control and normalization. Normal-
ized expression values were calculated using the robust multi-array average (RMA) 
algorithm [45] and corrected for arrayplate effects [46]. The experimental groups 
were contrasted to test for differential gene expression using the Limma package 
[47]. Empirical Bayes test statistics were used for hypothesis testing [47], and all 
p-values were corrected for false discoveries according to Storey and Tibshirani [48]. 
Data was considered statistically significant when q<0.1. All data analyses, including 
principal components analyses (PCA), clustering and heatmaps, were performed 
with R statistical software (R 3.4.1, http://cran.r-project.org/). Gene set analyses 
were performed with the Limma package [49].
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3    Results

3.1 ES reduces BW gain in pups from P2-P9
ES leads to a reduction in BW gain in pups from P2-P9 (fig. 1B; two-way ANO-
VA: condition F(1,22)=10.173, p=0.004, diet F(1,22)=0.103, p=0.751, interaction 
F(1,22)=0.207, p=0.654) and seems to increase food intake in dams from P2-P9 
(fig. 1C; two-way ANOVA: condition F(1,22)=4.241, p=0.051, diet F(1,22)=0.076, 
p=0.786, interaction F(1,22)=0.311, p=0.583). There were no effects of diet on 
these parameters.

3.2 Low ω-6/ω-3 diet prevents ES-induced impairments in object location  
No differences in total exploration time between groups were observed in the training 
phase of the OLT (fig. 1D; two-way ANOVA: condition F(1,46)=1.498, p=0.227, diet 
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FIGURE 1 The effect of ES and low ω-6/ω-3 diet on BW, food intake, and cog-
nitive functioning. The experimental timeline is depicted in (A). ES decreased BW 
gain in pups from P2-P9 (B) while food intake in dams was not significantly altered by 
either ES or diet between P2-P9 (C). Total exploration time in the OLT training phase 
was not affected by ES or diet (D). Low ω-6/ω-3 diet rescues cognitive impairment 
in ES mice (E). Statistical analyses were performed using two-way ANOVA and one-
sample t-test (OLT testing day). * significant effect of condition p<0.05; # trend for 
significantly different from 50. 
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F(1,46)=0.579, p=0.451, interaction F(1,46)=0.581, p=0.450). In the testing phase, 
CTL mice on high and low ω-6/ω-3 diet seemed to explore the relocated, novel 
object more than the familiar object (fig. 1E; one-sample t-test CTL-H: t(12)=2.188, 
p=0.056; CTL-L t(12)=2.943, p=0.012), however this effect only reached statistical 
significance in CTL-L mice. ES mice on a high ω-6/ω-3 diet showed impaired object 
location memory, which was rescued by low ω-6/ω-3 diet (fig. 1E; one-sample t-test 
ES-H: t(11)=1.378, p=0.196; ES-L t(11)=4.708 p=0.001). No difference in OLT per-
formance was found between groups (two-way ANOVA: condition F(1,46)=0.185, 
p=0.669, diet F(1,46)=1.125, p=0.294, interaction F(1,46)=1.026, p=0.316).

3.3 The acute effects of LPS on CORT and body weight 
To assess the acute effect of LPS on mice, their BW and plasma CORT levels were 
measured. BW was measured before and 24 hours following LPS injections. No 
baseline differences in BW were observed between groups before LPS treat-
ment (fig. 2A; two-way ANOVA: condition F(1,20.525)=3.483, p=0.076, diet 
F(1,22.393)=2.654, p=0.117, interaction F(1,21.701)=0.037, p=0.849). 24 hours af-
ter treatment, LPS and ES seem to generally decrease BW, but the effect of LPS 
on BW was dependent on condition and diet (fig. 2B; three-way ANOVA: con-
dition F(1,39.873)=8.049, p=0.007, diet F(1,35.866)=3.026, p=0.091, treatment 
F(1,67.586)=13.191, p=0.001, interaction condition*treatment F(1,68.358)=6.880, 
p=0.011, interaction condition*diet*treatment F(1,75.321)=4.449, p=0.038, no oth-
er interaction effects). LPS increased plasma CORT levels 24 hours after treatment 
without further modulation by ES or diet (fig. 2C; three-way ANOVA: condition 
F(1,75)=0.042, p=0.839, diet F(1,75)=0.540, p=0.465, treatment F(1,75)=414.511, 
p<0.001, no interaction effects).
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significant interaction of condition*treatment; $ significant interaction of condition*treatment*diet 
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3.4 LPS increases plasma cytokine profile
Peripheral cytokine (i.e. TNFα, IFNγ, IL1ß, IL10, IL4, IL6, KC, MCP-1, M-CSF, 
GM-CSF, VEGF) levels in blood plasma were measured 24 hours after LPS treat-
ment. A main effect of LPS was found for all cytokines (see table 1 page 118). 
Interestingly, the LPS-induced increase in IL6, KC, and MCP-1 was stronger in ES 
mice (table 1; IL6: three-way ANOVA: condition F(1,64)=6.361, p=0.014, diet 
F(1,64)=2.087, p=0.153, treatment F(1,64)=533.590, p<0.001, interaction condi-
tion*treatment F(1,64)=6.340, p=0.014, no other interaction effects; KC: three-way 
ANOVA: condition F(1,69)=6.855, p=0.011, diet F(1,69)=0.611, p=0.437, treatment 
F(1,69)=376.667, p<0.001, interaction condition*treatment F(1,69)=6.713, p=0.012, 
no other interaction effects; MCP-1: three-way ANOVA: condition F(1,61)=6.201, 
p=0.016, diet F(1,61)=3.365, p=0.071, treatment F(1,61)=203.317, p<0.001, inter-
action condition*treatment F(1,61)=6.207, p=0.015, no other interaction effects), 
while a trend was observed for attenuated GM-CSF levels in ES mice following 
LPS (table 1; GM-CSF: three-way ANOVA: condition F(1,54)=1.092, p=0.301, diet 
F(1,54)=0.463, p=0.499, treatment F(1,54)=15.542, p<0.001, interaction condi-
tion*treatment F(1,54)=3.872, p=0.054, no other interaction effects).

Further post hoc testing revealed that cytokine levels in each LPS group were sig-
nificantly increased as compared to their respective SAL group (within the same 
condition and diet group, statistics not shown). KC levels in ES-H-LPS were signifi-
cantly higher as compared to CTL-H-LPS (p=0.008) indicating that ES mice have a 
differential response to LPS. Other significant post hoc effects included IL6: ES-L-
LPS – CTL-H-LPS p=0.021 and MCP-1: ES-L-LPS – CTL-H-LPS p=0.008, suggesting 
that condition and diet determine the effect of LPS for these cytokines. No main 
effects of diet on cytokine expression were observed. However, for some cytokines, 
a trend for an interaction of diet, condition, and treatment was observed (table 
1; IL4: three-way ANOVA: condition F(1,56)=0.390, p=0.535, diet F(1,56)=1.888, 
p=0.175, treatment F(1,56)=4.099, p=0.048, interaction condition*diet*treatment 
F(1,56)=4.019, p=0.050, no other interaction effects; TNFα: three-way ANO-
VA: condition F(1,64)=0.844, p=0.362, diet F(1,64)=0.057, p=0.813, treatment 
F(1,64)=118.648, p<0.001, interaction condition*diet F(1,64)=3.545, p=0.064, in-
teraction condition*diet*treatment F(1,64)=3.937, p=0.052, no other interaction 
effects), which may indicate subtle alterations of ES and LPS effects depending on 
the dietary exposure.

3.5 Stress and dietary ω-6/ω-3 ratio during early-life interact with adult LPS 
exposure in affecting hippocampal gene expression
First, we questioned whether an early diet with a high or low ω-6/ω-3 ratio affects 
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global hippocampal gene expression in CTL and ES-exposed animals under base-
line conditions (section 3.5.1). Next, we assessed how early diet affected LPS-in-
duced hippocampal gene expression changes in CTL and ES-exposed animals (sec-
tion 3.5.2). Finally, we tested whether ES affects LPS-induced gene expression in 
animals that received either the high or low ω-6/ω-3 diet (section 3.5.3).

3.5.1 ES and ω-6/ω-3 ratio in early diet do not affect global gene expression in the 
hippocampus under basal conditions
CTL-H-SAL and CTL-L-SAL animals do not differ from each other based on their 
global hippocampal gene expression profile (3 genes q<0.1, data not shown). Sim-
ilarly, ES-H-SAL and ES-L-SAL animals do not differ from each other based on their 
hippocampal gene expression profile (0 genes q<0.1, data not shown). Next, we 
tested whether ES affects hippocampal gene expression of animals that received ei-
ther the high or low ω-6/ω-3 diet versus the CTL groups under baseline conditions. 
ES-H-SAL and ES-L-SAL exhibited 2 and 7 differentially regulated genes (q<0.1) 
as compared to respectively CTL-H-SAL and CTL-L-SAL (data not shown). Overall, 
neither the ω-6/ω-3 ratio of an early dietary intervention nor ES had large effects on 
global hippocampal gene expression under baseline conditions.

3.5.2 LPS-induced changes in gene expression are modulated by diet in both CTL 
and ES mice
PCA of all experimental groups based on the overall gene expression profiles 
showed a clear separation between SAL and LPS groups (fig. 3A), however, less 
apparent differences were observed between the experimental condition and diet 
groups. The first component explains 36.8 and the second 5.9 percent (fig. 3A). In 
CTL mice, LPS alters the regulation of 5935 genes in CTL-H animals and of 6043 
genes in CTL-L animals. Further analyzing the response to LPS in CTL animals that 
received either a high or low ω-6/ω-3 diet, we found that 3462 genes were com-
monly differentially expressed in both CTL-H and CTL-L animals in response to LPS 
(fig. 3B), while 2473 and 2581 genes were uniquely differentially expressed in re-
spectively CTL-H and CTL-L in response to LPS (fig. 3B). 

In ES mice, similar patterns were observed for LPS-induced gene expression chang-
es. LPS alters the regulation of 6876 genes in ES-H animals and of 6438 genes in 
ES-L animals. Further analyzing the response to LPS in ES animals for each diet, we 
found that 4075 genes are commonly differentially expressed in both ES-H-LPS and 
ES-L-LPS animals in response to LPS (fig. 3C), while 2801 and 2363 genes were 
uniquely differentially expressed in respectively ES-H-LPS and ES-L-LPS in response 
to LPS (fig. 3C). Overall, we find that depending on the ω-6/ω-3 ratio of the early 
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Cytokine CTL-H-SAL ES-H-SAL CTL-L-SAL ES-L-SAL

Pro-inflammatory
 TNFα
 IFNγ
 IL1β

Anti-inflammatory
 IL10

Pro- and anti-inflammatory
 IL4
 IL6

Chemokines
 KC/CXCL1
 MCP-1/CCL2

Growth factors
 M-CSF
 GM-CSF
 VEGF

  6.7 ± 1.2
   7.2 ± 1.6 
13.7 ± 3.4

11.9 ± 2.3

 0.9 ± 0.2
 40.2 ± 10.1

114.3 ± 18.3
 36.6 ± 7.3 

15.7 ± 2.7
13.9 ± 2.8
  3.3 ± 0.3

   6.0 ± 1.2 
  3.4 ± 1.0
12.9 ± 4.7

13.1 ± 3.0

  1.1 ± 0.3 
 56.8 ± 11.0

212.6 ± 29.5
27.4 ± 5.4

24.5 ± 6.3
  31.8 ± 13.6

  3.7 ± 0.5

  5.4 ± 1.0
  5.0 ± 0.8
  8.2 ± 1.9

  9.3 ± 1.3

  1.1 ± 0.4
  49.5 ± 14.8

200.2 ± 45.2
26.5 ± 3.2

20.9 ± 2.1
19.0 ± 4.5
  2.9 ± 0.2

  8.3 ± 1.0
  3.7 ± 1.3
12.1 ± 3.9

  8.0 ± 1.4

  0.7 ± 0.2
  54.4 ± 10.2

205.2 ± 42.6
34.6 ± 4.1

12.6 ± 3.3
16.5 ± 5.3
  4.6 ± 1.3

Gene sets CTL-H-LPS vs ES-H-LPS CTL-L-LPS vs ES-L-LPS

Cytokines

Chemokines

Complement

Lipid regulation

Microglia

Astrocytes

Neurons

Oligodendrocytes

Plasticity

 

Il4, Il10, Il6, Ccl2, Cxcl1, Cxcl2, Ifng, 
Il1b, Tnfsfm13, Tnfsf13, Tnfsf12   
 
Cxcl1, Cxcl9, Cxcl10, Cxcl13, 
Ccl2, Ccl3, Ccl7, Ccl9

C1qc, C3, C1qa, C1qb, Cfb

Alox15, Ptgs2, Gpr18, Cmklr1, COX2, 
COX1, Ptgs1, Alox5, Fpr2, Fpr3, Alox12

Tspo, Ly86, S100a11, Cd53, Trem2, Axl, 
Itgam, Sla, P2ry12, Gpx1, Cyba, Cd68, 
Slc2a5, Stab1, Hmox1, Cx3cr1, Cyfip1, 
Tmem119, Spp1, Tyrobp,

Gfap, Mcl1, Sox2, Tspan6, Gja1, Zfp36l1, 
Hif1a, S100b, F3, Aqp4, B3gnt5, Fasn, 
Amigo2, Tob1

Snap25, Stmn2, Map2k1, Syn1, Eno2, 
Tubb3, Actr3, Sumo3, Mapk1, Seh1l, 
Pgrmc1, Dld, Ppp3cb, Gucy1b3, Armcx2, 
Snx10

Mag, Fnbp1, Plp1, Gpr37, Evi2a, Evi2b, 
Cldn11, Csrp1, Rnf20, Mog, Mbp

Bdnf, Sdc1, Syt5, Nptx2, Ppp3cc, 
Itgb5, Vgf, Vipr1
 

0.0150 * 

0.0001 * 

0.0326 * 

0.0082 *

0.0106 *

0.5022

0.7966

0.6269 

0.9371  

  
0.9173 

0.1877 

0.1521 

0.8659

0.0147 *

0.5905

0.6948

0.0422 * 

0.0716  

Genes

TABLE 1 LPS increases cytokine levels in the blood. Cytokine levels in plasma are represented 
as mean ± SEM. Direction of effects is depicted with an arrow in the last column.
 

TABLE 2 Involvement of gene sets in the response to LPS. 
* significant effect p<0.05 
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CTL-H-LPS

138.0 ± 18.3
110.9 ± 27.9
  89.9 ± 26.1

   2231 ± 518.8

   2.1 ±  0.6
49061 ± 6340

27437 ± 3968
   4802 ± 960.7

   1975 ± 420.7
  73.3 ± 25.1

47.7 ± 8.9

ES-H-LPS CTL-L-LPS ES-L-LPS

232.4 ± 61.4
  929.0 ± 344.0

84.9 ± 8.3

   3237 ± 568.4

  1.3 ± 0.4
64453 ± 5868

43848 ± 4951
  7607 ± 1635

   1821 ± 465.0
39.2 ± 7.1

  56.1 ± 15.0

210.3 ± 39.2
  657.3 ± 267.5

  72.5 ± 20.6

   2225 ± 392.3

  0.9 ± 0.2
58818 ± 7692

36872 ± 4310
   6956 ± 908.7

   2288 ± 627.3
  58.1 ± 15.2
  48.6 ± 11.2

175.2 ± 23.1
  623.1 ± 238.7

  79.0 ± 18.0

   2649 ± 454.1

  1.4 ± 0.3
69822 ± 1871

40284 ± 5283
  9102 ± 1901

  1963 ± 1901
42.0 ± 4.9

  75.9 ± 17.4

LPS
LPS
LPS

LPS

LPS
LPS    ES

LPS    ES 
LPS    ES 

LPS
LPS
LPS

Effect

↑
↑
↑

↑

↑$
↑   ↑&

↑
↑  

↑&
↑&  

↑
↑
↑

CTL-H-SAL vs CTL-H-LPS CTL-L-SAL vs CTL-L-LPS ES-L-SAL vs ES-L-LPSES-H-SAL vs ES-H-LPS

0.1918 

0.0031 *

0.0001 * 

0.3341

0.0000 *

0.0001 *

0.1298

0.0001 * 

0.1422 

0.0331 * 

0.0000 * 

0.0001 * 

0.2307

0.0000 *

0.0000 *

0.0318 *

0.0001 * 

0.6005

0.0039 * 

0.0000 * 

0.0002 * 

0.0226 *

0.0000 *

0.0000 *

0.0549 .

0.0033 * 

0.0997

0.0278 * 

0.0000 * 

0.0002 * 

0.0246 *

0.0000 *

0.0000 *

0.1509

0.0005 * 

0.2084

TABLE 1 continued & significant interaction of condition*treatment; $ significant interac-
tion of condition*treatment*diet

TABLE 2 continued
* significant effect p<0.05
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diet both CTL and ES animals respond differently to a later life LPS challenge with 
regard to hippocampal gene expression changes. 
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FIGURE 3 Early dietary ω-6/ ω-3 ratio affects LPS-induced global hippocampal gene expression 
changes. PCA of all experimental groups on the overall gene expression profiles shows a clear separa-
tion between LPS and SAL-injected mice. The variation explained by the two principal coordinates is 
indicated on the axes (A). Venn diagrams illustrating the impact of an early dietary ω-6/ω-3 ratio on 
LPS-induced hippocampal gene expression changes: differentially expressed genes in CTL-H-LPS (pink) 
versus CTL-L-LPS (yellow) as compared to their respective saline controls (B); differentially expressed 
genes of ES-H-LPS (brown) versus ES-L-LPS (red) as compared to their respective saline controls (C).
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3.5.3 ES modulates the effect of LPS on hippocampal gene expression
As discussed above, we did not see a different hippocampal gene expression pro-
file between CTL and ES animals under SAL conditions, which is true for both diets. 
However, when challenged with LPS, ES does modulate hippocampal gene expres-
sion changes. ES-H-LPS animals exhibited 66 differentially regulated genes (28 up 
and 38 down) as compared to CTL-H-LPS animals (fig. 4A). ES-L-LPS animals ex-
hibited 74 differentially regulated genes (31 up and 43 down) as compared to CTL-
L-LPS animals (fig. 4B). In order to gain more information on which type of genes 
were differentially affected in our experimental groups, we performed an explorato-
ry pathway analysis (see tested genes per gene set in table 2 on page 118). Overall, 
we see that when comparing LPS groups to their respective SAL controls, most of 
the tested gene sets are differentially expressed (table 2). Interestingly, the gene 
sets chemokines, complement, cytokines and lipid regulators were significantly al-
tered in ES-H-LPS animals as compared to CTL-H-LPS animals, while this was not 
the case for ES-L-LPS animals as compared to CTL-L-LPS animals. This indicates that 
the ES effect on LPS-induced gene expression changes is modulated by the diet.

4    Discussion

In this study, we confirm our previously reported rescue effect of the low ω-6/ω-3 
diet from P2 to P42 on the ES-induced cognitive impairments [23]. While ES and 
diet did not program adult basal levels of CORT and cytokines, a single LPS chal-
lenge significantly increased plasma CORT levels and cytokine levels after 24 hours. 
Interestingly, previous exposure to ES aggravated the LPS-induced increase of some 
cytokines (i.e. IL6, KC, MCP-1) without affecting the other cytokines measured (i.e. 
TNFα, IFNγ, IL1ß, IL10, IL4, M-CSF, GM-CSF, VEGF), while early diet did not sig-
nificantly affect cytokine levels in response to LPS. Global gene expression levels in 
the hippocampus were unaffected by either ES or diet under baseline conditions. 
However, in response to a single LPS immune challenge, differential gene expres-
sion between CTL and ES, and between the high and low ω-6/ω-3 diet groups, 
became apparent.

We confirm the previously reported rescue effect of the ES-induced cognitive defi-
cits by the low ω-6/ω-3 early diet [23]. However, it is important to note that in the 
current study cohort, the CTL mice provided with high ω-6/ω-3 diet did not perform 
optimally, as only a trend was observed for performing above chance level. Our 
results are in line with the evidence supporting that ω-3 is important for cogni-
tive functioning in rodents [25,50], and that adequate ω-3 availability during early 
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FIGURE 4 Heatmaps illustrating an ES effect on hippocampal gene expression in LPS challenged 
mice. Expression levels of differentially expressed genes in ES-H-LPS as compared to CTL-H-LPS animals, 
hierarchical clustering together with CTL-H-SAL and ES-H-SAL (A). Hierarchical clustering performed on 
gene expression in the four groups. Expression data are represented as normalized values (Z-scores). 
High expression levels are indicated in red and low levels in green.
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FIGURE 4 continued Expression levels of differentially expressed genes in ES-L-LPS as compared to 
CTL-L-LPS, hierarchical clustering together with CTL-L-SAL and ES-L-SAL (B). Hierarchical clustering per-
formed on gene expression in the four groups. Expression data are represented as normalized values 
(Z-scores). High expression levels are indicated in red and low levels in green.
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sensitive stages of development is critical for later life cognitive outcome [34,51]. 
This supports the notion that even a relatively short and subtle modulation of the 
ω-6/ω-3 ratio during early-life can protect against ES-induced cognitive deficits in 
adulthood [23].

We questioned whether the effectiveness of a low ω-6/ω-3 diet in protecting against 
ES-induced effects on cognitive performance might work through an attenuation 
of ES-induced (neuro)inflammation [9,12,16]. When considering the peripheral im-
mune response, we did not observe a protective effect of increasing ω-3 availability 
during early-life against the LPS-induced increase in plasma cytokine levels during 
adulthood. Interestingly, previous research had demonstrated that ω-3 administra-
tion directly prior to LPS, in the form of one to two weeks of fish oil treatment, or 
after a single phospholipid-acylated DHA injection, protected against the increase 
in plasma IL1ß, IL-6, and TNFα caused by a single LPS injection [52-54]. However, 
these protective effects of ω-3 against LPS have been demonstrated while rodents 
were still on a diet enriched in ω-3, or were treated with ω--3 up until 24 hours prior 
to LPS exposure, in contrast to the present study at which the dietary intervention 
ended 3 months before LPS exposure. This would support the idea that circulating 
levels of ω-3, or the ω-3 status in specific tissues, needs to be high at the time of 
LPS treatment to have a protective effect peripherally. In addition, the dosage of 
LPS used in the present study was relatively high (5mg/kg) as compared to these 
specific studies (500μg/kg – 3.5mg/kg) [52-54], and may possibly have triggered 
such strong immune responses that a low ω-6/ω-3 diet only provided during ear-
ly-life was not sufficiently protective. Interestingly, although the LPS challenge was 
given 4 months after ES exposure, the effect of LPS on certain cytokines in plasma 
(i.e. IL6, KC, MCP-1) was modulated by previous exposure to ES, suggesting prim-
ing of the immune response by ES. In line with our results, daily maternal separa-
tion during the first postnatal week in mice was shown to exacerbate the increase 
in plasma IL-6 following a single LPS challenge in adulthood [55] and similarly in 
humans, basal peripheral IL-6 levels were elevated in adults that were previously 
exposed to childhood trauma [7]. Although no significant effects of the early dietary 
exposure were found to affect peripheral cytokine expression in response to LPS, 
we observed some trends for an interaction between ES, diet, and LPS, suggesting 
a potential, subtle modulation of the ES and LPS effects on plasma cytokine levels 
by the early diet.

With regard to programming of the central immune response, we observed that 
neither early diet nor ES caused alterations in adult hippocampal gene expression 
under basal conditions (i.e. SAL groups). Interestingly, differential gene expression 
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patterns induced by ES and diet became apparent in response to LPS exposure. 
Despite the strong impact of LPS on hippocampal gene expression, a differential 
response to LPS was present in adulthood that depended on both stress and di-
etary exposure during early-life. In response to LPS, both high and low ω-6/ω-3 diet 
groups each differentially expressed a large number of unique genes. The fact that 
LPS altered the regulation of specific genes depending on the specific fatty acid 
ratio provided in the early-diet suggests an interaction of LPS-induced inflamma-
tion and the inflammatory modulatory properties of ω-6 and ω-3 fatty acids [29,56]. 
In line with this hypothesis, we have demonstrated previously that early diet with 
low ω-6/ω-3 ratio rescued the ES-induced increase in microglial phagocytic marker 
CD68 [23]. Further analyses on the pathways and genes identified in the current 
study will be necessary to advance our understanding of the systems involved in the 
differential LPS response depending on the fatty acid ratio in the early diet.

Next to an effect of early diet on changes in gene expression following LPS, ES 
also modulated LPS-induced changes in hippocampal gene expression. In both diet 
groups, a subset of genes was differentially expressed in response to LPS in ES 
versus CTL animals. Strikingly, gene set analysis showed that LPS significantly al-
tered gene expression of chemokines, complement, cytokines, and lipid-regulating 
gene sets in ES versus CTL mice provided with a high ω-6/ω-3 diet, but not in mice 
provided with a low ω-6/ω-3 diet. In line with this, for example the neuroprotective 
chemokine CX3CL1 was shown to be upregulated in response to LPS in the hippo-
campus of mice genetically modified to express elevated ω-3 levels in tissue, but 
not in WT mice [57]. As to hippocampal cytokine expression, pre-treatment with ω-3 
or genetic modification causing elevated ω-3 levels in tissue, diminished the LPS-in-
duced increase in IL1ß, IL-6, and TNFα in the rodent hippocampus [53,54,57,58]. 
However, these studies provided ω-3 during adulthood and are hence difficult to 
compare to our current design. 

In the current study we used a whole-genome microarray to identify genes whose 
expression is modulated by ES, early diet, and a later life immune challenge, in 
the hippocampus of adult mice. This design allows us to expand the search for 
gene pathways involved in programming of the brain by the early environment. 
Although in the current study under baseline conditions, no major differences arose 
in hippocampal gene expression as measured with an unbiased genome-wide ap-
proach, the literature does provide some evidence for subtle alterations in basal 
hippocampal gene expression as a consequence of ES and/or ω-3 presence in the 
diet, such as alterations in hippocampal brain-derived neurotrophic factor (BDNF) 
or inflammatory genes [59-61]. This highlights the need for further pathway analysis 
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and thereafter confirmation of identified targets, to further elucidate what changes 
occur in adult mice exposed to stress and dietary interventions exclusively during 
early-life. We are currently exploring which specific biological pathways are involved 
in the observed changes in response to LPS exposure and we will confirm gene ex-
pression changes using e.g. qPCR and Western blot. 

5    Conclusion

At this point, our results already indicate that physiological differences between 
CTL and ES mice become smaller in mice provided with a low ω-6/ω-3diet during 
early-life. This is in line with the beneficial effects of a low ω-6/ω-3 diet on the num-
ber of phagocytic microglia and the survival of adult-born neurons in ES mice as 
previously observed [23]. It is striking that the 40-days dietary intervention during 
early-life in the current study impacts the hippocampal response to LPS at P138 
at the level of hippocampal gene expression. Furthermore, we have obtained evi-
dence for an altered peripheral response to LPS exposure in ES mice. In this ongo-
ing study, we have provided preliminary evidence of a programming effect of ES, 
and of early-life ω-3 availability, on the hippocampal response to a later life immune 
challenge. The lasting effect of increased ω-3 availability via dietary exposure, and 
the modulation of these effects by exposure to ES as evident from our present 
study, provides a new angle that might open up new avenues for early nutritional 
interventions for stress- and immune-related disorders.   
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Abstract

Early-life is a critical period for brain development, and stress during this sensi-
tive period is associated with impaired cognitive functioning in adulthood. Early-life 
stress (ES) causes persistent changes in brain structure and function and one alter-
ation that is associated with ES-induced cognitive dysfunction is a reduction in adult 
hippocampal neurogenesis (AHN), which refers to the ability of neural stem/progen-
itor cells (NSPCs) to generate new neurons in the adult brain. ES increases devel-
opmental neurogenesis, but reduces neurogenesis at an adult age. We hypothesize 
that the early increase in developmental neurogenesis might result in a depletion 
of the adult NSPC pool, thereby leading to the observed ES-induced reduction in 
adult neurogenesis. We used transgenic Nestin-GFP+ mice, a commonly used NSPC 
reporter, to investigate effects of chronic ES (limited nesting and bedding model 
from P2 to P9) on the NSPC pool in the hippocampal dentate gyrus. To investigate 
possible links to cognitive functioning, 4-month-old mice were tested in the object 
location (OLT), object recognition (ORT), and Morris water maze (MWM). Subse-
quently, the number and proliferative capacity of NSPCs was assessed using im-
munohistochemistry for Nestin-GFP and the proliferation marker Ki67. Type 1 and 
type 2 NSPCs were detected by the expression of Nestin-GFP and distinguished 
based on their characteristic morphology. Our results indicate that ES partially im-
paired cognitive functioning. These mild impairments were not accompanied by 
a difference in number or proliferative capacity of NSPCs. These findings indicate 
that chronic ES does not result in a detectable depletion of the NSPC pool present 
in 4-month old Nestin-GFP+ mice, indicating that alternative mechanisms might be 
involved in the previously observed ES-induced reduction in adult neurogenesis.
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1    Introduction

Early-life is a very sensitive period for brain development. During this developmen-
tal time-window, the brain undergoes rapid growth [1] and is particularly vulnera-
ble to negative external influences such as stress [2,3]. Indeed, early-life stress (ES) 
impairs adult cognition and increases the risk of developing psychopathology later 
in life [4-7]. This enhanced risk is associated with persistent changes in brain struc-
ture and function, including decreases in hippocampal volume [8] and alterations 
in adult hippocampal neurogenesis (AHN) [9-11], indicated by the ability of neural 
stem/progenitor cells (NSPCs) to generate newborn neurons in the adult hippocam-
pus [12]. AHN has been implicated in specific forms of learning, memory and mood 
regulation [13,14] and disruption of this process might be partly responsible for the 
cognitive impairments observed after ES. 

Ample evidence from rodents has revealed that ES reduced cell proliferation, differ-
entiation, and survival of adult-born neurons, and diminished the neurogenic capac-
ity in adulthood [10,15-18]. Interestingly, previous research from our lab demonstrat-
ed that developmental neurogenesis was increased after ES exposure, as shown by 
increased numbers of proliferating Ki67+ cells and differentiating calretinin+ cells in 
the dentate gyrus (DG) [9]. As adult hippocampal NSPCs may have a limited pro-
liferative capacity [19] and ES acutely increases developmental neurogenesis while 
causing reduced neurogenesis during adulthood, this raised the question whether 
ES may lead to a depletion of the NSPC pool during the early life period. Although 
the effects of ES on AHN have been widely explored, its long-term consequences 
on the NSPC pool have not been elucidated yet. 

Stress during adulthood is known to affect NSPCs [20,21], and there is initial ev-
idence that also ES can both acutely and persistently affect the NSPC pool. For 
example, adverse early-life environment in the form of a Western-diet and stressful 
alterations in the environment (e.g. light, bedding, cage changing) resulted in a de-
creased number of Nestin+ cells in whole hippocampus of juvenile mice (P21) [22], 
and a single dexamethasone (synthetic glucocorticoid) injection at P6 resulted in a 
reduction of the adult (P63) NSPC pool in the DG [23]. These observations highlight 
the importance of ES effects on the NSPC pool, and more specifically on how this 
affects long-term AHN. Ablation of proliferating NSPCs during the postnatal phase 
results in reduced AHN, indicating that disruption of the NSPC pool during early life 
can have consequences for decreases in neurogenesis at adult ages [24]. Interest-
ingly, only when NSPCs were ablated in the first postnatal week, a depletion of the 
adult NSPC pool was observed [24], suggesting that specifically the first postnatal 
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week is sensitive to interference with the adult NSPC pool. 

We therefore hypothesize that ES during the first postnatal week depletes the NSPC 
pool, ultimately leading to decreased NSPC proliferation in later life. In the current 
study, Nestin-GFP+ transgenic mice [25] were subjected to chronic ES from postna-
tal day (P)2 to P9 and subsequently tested for cognitive functioning at 4 months of 
age using behavioral tests known to be at least partially dependent on AHN (i.e. 
ORT, OLT, MWM) [26-28]. To assess whether ES has indeed affected NSPC prolifer-
ation, the number of Nestin-GFP++Ki67+ and total Nestin-GFP+ NSPCs were quanti-
fied (i.e. type 1 neural stem cells and type 2 neural progenitors) [29-32].

2    Material and methods

2.1 Animals
Male Nestin-GFP+/- transgenic mice [25] were used in these experiments. All mice 
were weaned at P28 and kept under standard housing conditions with a tempera-
ture between 20 and 22°C, a 40 to 60% humidity level, and provided with chow 
and water ad libitum. Animals were kept on a standard 12/12h light/dark schedule 
(lights on at 8AM). Experiments were approved by the Animal Experiment Commit-
tee of the University of Amsterdam, and performed in accordance to the European 
Union (EU) directive 2010/63/EU.

2.2 Breeding
All mice were bred in-house to standardize the perinatal environment. 10-week-
old female C57Bl/6J mice (Harlan Laboratories B.V., Venray, The Netherlands) were 
crossed to male Nestin-GFP+/- transgenic mice [25]. Mice were habituated to the 
housing conditions for two weeks before onset of breeding. After the habituation 
period, two females and one male were housed together for one week to allow 
mating. Breeding males were removed after one week and after another week of 
paired-housing, pregnant primiparous females were individually housed in a stan-
dard cage. Birth of pups was monitored every 24 hours. Litters born before 9:00 AM 
were considered postnatal day (P)0 on the previous day. 

2.3 Early-life stress paradigm
ES was accomplished as described previously [9,33]. In short, chronic ES was in-
duced by limiting nesting and bedding material from P2 to P9. Control (CTL) cages 
contained standard amounts of sawdust bedding and one square, cotton piece of 
nesting material (5x5 cm; Technilab-BMI, Someren, The Netherlands). ES cages con-
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tained fewer amounts 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). Mice were left undisturbed until P9 and were moved to cages with standard 
amounts of nesting and bedding material at P9. 

2.4 Behavioral testing
At 4 months (P110-P130), a battery of 3 behavioral tests was conducted including the 
object recognition task (ORT), object location task (OLT), and the Morris water maze 
(MWM). All behavior tests were carried out in the active phase (reversed 12/12h 
light/dark schedule), were recorded by Ethovision (Noldus), and scored manually 
using Observer (Noldus). Prior to testing, mice were handled daily for 3 consecutive 
days. For the ORT, animals were habituated to the testing arena (24x31x27cm) for 5 
min on 3 subsequent days. On the training day, two identical objects (9.5cm glass 
bottles) were placed in the testing arena equidistant from each other and from the 
wall of the arena. Mice were then allowed to explore the objects for 5 minutes. On 
the testing day (24 hours later), one of the objects was replaced by a novel object 
(4.5cm multicolor lego brick) and again animals were allowed to explore the objects 
for 5 minutes. 

The OLT followed a similar procedure with instead of a novel object, relocation of 
one of the original objects within the arena. A new set of objects was used for the 
OLT (4.5cm coffee cups). Cognitive performance was assessed using the discrimina-
tion index (DI): (novel object exploration/total exploration)*100. 

Finally, adult mice were exposed to the MWM to assess spatial learning. A circular 
maze (110 cm in diameter) containing opaque water (23±1°C, with non-toxic paint) 
was used for the MWM. On the first day, mice were subjected to two cued trials by 
placing them in the maze with a platform situated 1cm above the water surface and 
trained to find the platform within a maximum of 60 seconds. On the following 6 
acquisition days, mice were placed in the maze containing a hidden platform, which 
was situated 1cm under the water surface and surrounded by 4 spatial cues. The 
latency to reach the platform was assessed in two trials per day with an inter-trial 
interval of 30 minutes. Inbetween trials, mice were placed in individual cages and 
exposed to a heat lamp to prevent hypothermia. On the last day, a single probe trial 
was carried out without the platform in the maze. During this trial, the time spent in 
the quadrant where the platform was previously located was measured. Mice were 
randomly placed in different quadrants of the maze at the start of each trial to pre-
vent egocentric search strategies. 
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2.5 Tissue collection
At P135, mice were anesthetized via an intraperitoneal (i.p.) injection of pentobar-
bital (120 mg/kg Euthasol®) and were transcardially perfused with 0.9% saline fol-
lowed by 4% paraformaldehyde (PFA) in phosphate buffer (PB 0.1M, pH 7.4). Brains 
were removed, postfixed overnight in PFA/PB at 4°C, and stored in PB with 0.01% 
sodium azide at 4°C until further processing. After overnight cryoprotection in sub-
sequently 15% and 30% sucrose/0.1M PB, frozen brains were cut in 40μm thick cor-
onal sections using a sliding microtome. Brain sections were divided over 6 parallel 
series and stored in antifreeze solution (30% Ethylene glycol, 20% Glycerol, 50% 
0.05M PBS) at -20°C until further processing. 

2.6 Fluorescent immunohistochemistry
Free-floating sections were incubated with primary antibodies polyclonal rabbit an-
ti-Ki67 (Abcam, 1:500) and polyclonal chicken anti-GFP (Abcam, 1:1000) for 1 hour 
at room temperature and subsequent incubation overnight at 4°C. Next, sections 
were incubated with the secondary antibodies goat anti-rabbit Alexa568 (Invitro-
gen, 1:500), and goat anti-chicken Alexa488 (1:500) for 2 hours at room tempera-
ture in the dark. Brain sections were mounted on pre-coated glass slides (Superfrost 
Plus slides, Menzel) and coverslipped with Vectashield containing DAPI to visualize 
cell nuclei. 

2.7 Imaging and quantification
All fluorescent images were acquired using a Zeiss LSM 510 confocal microscope 
and the corresponding manufacturer software (van Leeuwenhoek Centre for Ad-
vanced Microscopy, University of Amsterdam). For each animal, a total of 32 Z-stack 
images were taken of the subgranular zone (SGZ) of the DG. Per hippocampus, 4 
coronal sections were sampled along the rostrocaudal axis. Per hemisphere, 4 imag-
es were obtained (medial and lateral sides of the supra- and infra-pyramidal blade). 
All images were taken with a 40x water objective (400x magnification) and trans-
ferred to ImageJ software for editing and analysis. Quantitative analysis of different 
cell types was performed by manual counting based on marker expression and 
morphology. Type 1 NSCs were identified by Nestin-GFP expression, the presence 
of a triangular soma in the SGZ, and a radial process in the granular cell layer. Type 
2 NPCs were identified by Nestin-GFP expression without the presence of a radial 
process (see fig. 2 for examples). Proliferative NSPCs were identified by co-expres-
sion of Nestin-GFP and Ki67. Cell numbers were corrected for the analyzed volume 
of the measured area.
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2.8 Statistical analysis
Data were analyzed using SPSS 20.0 (IBM software) and Graphpad Prism 5 (Graph-
pad software) and were expressed as mean ± standard error of the mean (SEM). 
For the ORT and OLT, learning was assessed with a one-sample t-test to determine 
if the DI of novel/familiar object exploration time was significantly different from 
50%. For MWM acquisition, a two-way repeated measures ANOVA was used. The 
percentage of total swimming time in the target quadrant during the MWM probe 
trial was calculated and compared to chance level (25%) using a one-sample t-test. 
NSPC and Ki67 cell counts were compared using independent t-tests. For all statis-
tical tests, data were considered statistically significant when p<0.05.

3    Results

3.1 ES affects OLT performance
In our hands, object recognition memory was not affected by ES. Both CTL and 
ES mice explored the novel object more than the familiar object as shown by a DI 
significantly above 50% (fig. 1A; one-sample t-test: CTL: t(5)=3.160, p=0.025; ES: 
t(4)=4.221, p=0.014), and no difference in ORT performance was found between 
CTL and ES mice (independent t-test: t(9)=0.994, p=0.346). However, in the OLT, 
CTL mice but not ES mice explored the replaced object more than the familiar ob-
ject (fig. 1B; one-sample t-test: CTL: t(5)=4.808, p=0.005; ES: t(4)=0.6205, p=0.569) 
and a significant difference in performance was present between condition groups 
(independent t-test: t(9)=2.443, p=0.037). In the MWM, both CTL and ES animals 
learned and performed equally in both the acquisition phase (fig. 1C; repeated 
measures ANOVA: condition F(1,10)=0.003, p=0.959, time F(5,50)=6.745, p=0.000, 
interaction F(5,50)=1.248 p=0.301) and the probe trial (fig. 1D; independent t-test: 
t10=1.289, p=0.226). 

3.2 ES does not reduce the number of NSPCs in adulthood
A representative image of GFP density in the hippocampus is depicted in figure 
2A. At 4 months old, there was no difference in the total number of NSPCs (fig. 
2B; independent t-test: t(10)=1.158, p=0.274) or in the total number of Ki67++Nes-
tin+ NSPCs (fig. 2C; independent t-test: t(10)=0.535, p=0.604) between CTL and 
ES-exposed mice. NSPC subtypes are depicted in fig. 2D (type 1 NSC) and fig. 
2E (type 2 NPC). We neither detected differences in subtype numbers for Nestin+ 
NSPCs (fig. 2B; type 1 cells: independent t-test: t(10)=0.604, p=0.560; type 2 cells: 
independent t-test: t(10)=1.254, p=0.238) or Ki67++Nestin+ NSPCs (fig. 2C; type 
1 cells: independent t-test: t(10)=1.033, p=0.326; type 2 cells: independent t-test: 
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t(10)=0.09, p=0.932). In addition, no differences in the percentage of Ki67+ cells out 
of total type 1 and 2 cells were found (fig. 2E; %Ki67+ of type 1 cells: independent 
t-test: t(10)=1.055, p=0.316; fig. 2G; %Ki67+ of type 2 cells: independent t-test: 
t(10)=0.519, p=0.615). 

4    Discussion

In the present study, we show that ES i) leads to mild deficits in spatial memory in 
adult mice, ii) does not affect proliferative capacity of NSPCs in adult mice, and iii) 
does not affect the total number of NSPCs remaining at P135.  

Cognitive assessment revealed that ES exposure causes an impairment in object 
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location memory, but not in object recognition memory or spatial memory in the 
MWM. This is in contrast with previous research using the limited nesting and bed-
ding model reporting impairments in all three of these tasks [9,34]. Some other 
studies also lack cognitive dysfunction in the ORT performance, assessed at a simi-
lar age and using the same ES paradigm as the current study [35,36]. Thus although 
generally a cognitive impairment is observed after exposing pups to limited nesting 
and bedding material (reviewed in [37]), the consistency or robustness of these ef-
fects might differ per task or depend on the specific task design. In addition, the 
specific domain targeted by a behavioral task might be more or less consistently 
impaired by ES. For example, the OLT assesses spatial memory and is mainly hippo-
campal-dependent [38], while the ORT also involves other brain areas [39,40]. It is 
possible that ES consistently disrupts hippocampal-dependent memory in the OLT, 
while the domains tested in the ORT are less robustly affected. This is consistent 
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with previous observations indicating that inhibition of AHN affected performance 
in the OLT but not the ORT [27]. The interpretation of the authors there is that OLT is 
more spatial than ORT. Although the MWM also strongly correlates to spatial hippo-
campal function [41], the absence of an impairment in ES mice could be due to the 
fact that the MWM involves aversive learning, and ES has been shown to improve 
emotional learning under high-stress conditions [10].    

We further show that the number and percentage of Ki67++Nestin+ cells was not 
different in ES versus CTL mice, indicating that the proliferative capacity of NSPCs 
is not altered by ES. This is in line with earlier findings showing no alterations in 
general proliferating cell numbers following ES in the limited nesting and bedding 
model [9,34,42]. We demonstrate that ES does not affect the number of type 1 
NSCs or type 2 NPCs following ES, suggesting that earlier reported reductions in 
adult neurogenesis may not involve a depletion of the NSPC pool. However, a re-
cent study using the same limited nesting and bedding model during early-life from 
P3 to P10, shows that adult (P163) mice exhibit a reduction in the number of NSCs 
(type 1 Nestin+ cells with radial processes) in the DG. Interestingly, these changes 
were not accompanied by alterations in neurogenesis, suggesting processes that 
compensate for the reduction in NSCs [42]. Since in the same model no reduction 
in the survival of CldU labeled cells was present at P163 [42], while decreased neu-
ronal survival, as measured by BrdU, was found at P250 [9], it could indicate that the 
compensation for the reduction in NSCs might not be sustained with aging. In line 
with this, the absence of an ES-induced change in the number of NSPCs we report 
here might be due to age per se, as it could be that a reduction in the NSPC pool is 
not yet present at the time-point studied in the present study (P135), but may occur 
when the animals are older (P163). This is supported by the fact that alterations in 
neurogenesis caused by ES were previously reported at an even later age (P250) 
[9,34,43] and by the occurrence of age-related changes in NSPCs [44,45].

An alternative explanation could be that the pool of NSPCs present at the time of 
ES is not preserved in older ages [46], in that case these NSPCs will be depleted 
anyway and ES effects will not be present at 4 months. However, at least a part of 
the adult NSPCs population is derived from NSPCs present in the postnatal hip-
pocampus [47]. Also, differences between developmentally generated and adult 
generated newborn cells are relevant. Although many of the newborn cells are 
adult-generated, a considerable proportion of the granule neurons present in adults 
has been generated around birth. The birth rate of these cells decreases with ad-
vancing age and undergoes a transformation from the embryonic to the postnatal 
period around P14, coupled to an increase towards neuroblasts [48]. As the young, 
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presumably still immature, granule neurons have different properties than later-born 
granule cells, and are relatively more numerous in younger ages of the individual, 
they are possibly more sensitive to ES. Lastly, it should be noted that the observed 
reduction in adult NSCs by Youssef et al. 2019 was modest, and appeared mostly 
driven by the females [42]. Thus the absence of an effect in the current study could 
be explained by the fact that only males were included. Such sex-specific effects  of 
ES were reported before [9]. Together this suggests that the effects of stress during 
early-life on the NSPC pool are partly determined by age and/or sex. 

We hypothesized that depletion of NSPCs during postnatal life might be responsi-
ble for impaired neurogenesis in adulthood. Although the above-described stud-
ies suggest that ES-induced alterations in the NSPC pool might only occur at a 
later stage, and therefore a reduction in NSPCs might still be responsible for the 
decrease in neurogenesis observed in later life, our data could also indicate that 
alternative mechanisms are involved in diminished adult neurogenesis following ES 
exposure. Further supporting this, ablation of proliferating NSCs during the third 
postnatal week resulted in adult reduced neurogenesis without depletion of the 
NSC pool [24], indicating that depletion of the NSC pool is not a prerequisite for 
ES-induced disruption of neurogenesis in later life. One alternative mechanism 
could be a change in the neurogenic capacity of NSCs. In vitro analyses show that 
early-life stress in the form of maternal separation diminishes the capacity of NSCs 
to differentiate into neurons, which could possibly explain why decreased neuro-
genesis is observed without baseline changes in NSC number after ES exposure 
[49]. Although we established the reduction in survival of adult-born neurons in sev-
eral studies [9,34], neurogenic parameters in the current study were not obtained, 
and therefore cannot be directly correlated to the number of NSPCs. As age seems 
to be an important determinant for stress-induced changes in NSCs, it would be 
interesting to further investigate the NSPC pool in ES-exposed mice at an older age 
at which reduced neuronal survival is normally observed.    

5    Conclusion

In summary, our data revealed no differences in the total number of type 1 NSCs or 
type 2 NPCs, or their proliferative capacity in 4-month-old mice that were previously 
exposed to ES. This suggests that either depletion of the NSPC pool is only detect-
able at a later age at which it thrives alterations in neurogenesis, or that depletion of 
the NSPC pool is not the underlying mechanism of disrupted neurogenesis in later 
life due to early-life ES exposure, but involves alternative processes. 
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Abstract

Early-life stress (ES) increases the risk to develop metabolic and brain disorders 
in adulthood. Breastfeeding (exclusivity and duration) is associated with improved 
metabolic and neurocognitive health outcomes. Here we tested whether early-life 
dietary exposure to a concept infant milk formula (IMF) mimicking some of the 
physical characteristics of breastmilk (i.e. containing large, phospholipid-coated 
lipid droplets; Concept Nuturis®; N-IMF), could protect against ES-induced met-
abolic and brain abnormalities under standard circumstances, and in response to 
prolonged Western-style diet (WSD) exposure in adulthood. ES was induced by 
exposing mice to limited nesting material from postnatal day (P)2-9. From P16-42, 
male offspring were fed a standard-IMF (S-IMF) or an N-IMF-based diet, followed by 
either standard-diet (SD) or WSD until P230. We then analyzed body composition 
development in a subgroup of animals and assessed fat mass, metabolic hormones, 
hippocampus-dependent cognitive function, and neurogenesis (proliferation and 
survival) in all adult mice. ES and N-IMF exposure had limited effects on the obe-
sogenic phenotype induced by prolonged WSD. However, both ES and N-IMF 
modulated the effect of WSD on neurogenesis at P230, without affecting cognitive 
function. ES and N-IMF can lastingly impact on adult hippocampal neurogenesis in 
response to prolonged WSD during adulthood.

Keywords: Early-stress, postnatal-diet, cognition, neurogenesis, breastfeeding
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1    Introduction

The early perinatal period forms a sensitive time-window for metabolic program-
ming and brain development. Stress exposure during this time (early-life stress; ES) 
has a long-lasting impact on health outcomes, increasing the vulnerability to both 
metabolic and mental disorders in adulthood [1,2]. Clinical research has confirmed 
that ES enhances the occurrence of obesity [1,3] and metabolic syndrome [4], as 
well as the risk to develop cognitive impairments [5,6] and psychopathology [2,7] 
in adulthood. Contributing to health outcomes in current society is the high preva-
lence of consumption of unhealthy ‘Western-style’ diet (WSD) across the life span, 
which also increases the risk for the development of these disorders [8-13]. In fact, 
WSD affects metabolic and cognitive functioning [14,15] and in addition, previous 
ES exposure might aggravate negative health outcomes induced by WSD [16-19]. 
For example, ES in rodents enhances predisposition for diet-induced obesity in 
adulthood [16-19], and while ES leads to a leaner phenotype under standard diet 
(SD) conditions, ES mice accumulate more fat when exposed to WSD later in life, 
suggesting increased metabolic vulnerability [19].

Currently, effective interventions to prevent negative health outcomes as a conse-
quence of ES are lacking. A novel direction in this context is the use of nutrition-
al interventions. The quality of nutrition early in life is increasingly acknowledged 
as an important determinant of later life health [20,21]. Nutritional interventions 
may therefore be considered as potential therapeutic strategies to protect against 
the manifestation of later metabolic problems [22], and to prevent the negative 
effects of ES on brain structure and function [23,24]. In line with this, breastfeeding 
exclusivity and duration are positively associated with the infants’ later metabolic 
profile [25-27] and cognitive performance [28-30]. The WHO recommends exclu-
sive breastfeeding up to 6-months-old and continued breastfeeding till 2 years of 
age [31]. Although the positive effects of breastfeeding are multifactorial [32,33] 
one feature that may be considered key for its beneficial health effect is the phys-
ical property of lipid droplets in human milk [34]. Human milk contains large lipid 
droplets covered by a phospholipid trilayer, (milk fat globule membrane; MFGM), 
consisting of phospholipids, membrane proteins, and cholesterol [35]. As (exclusive) 
breastfeeding is not always possible, the development of infant milk formula’s (IMF) 
that mimic these nutritional aspects of human breast milk as close as possible is a 
critical step. In contrast to those in human milk, lipid droplets in current commercial-
ly available IMF are small and lack the complex surface area characteristics [36]. A 
novel IMF concept has been developed containing large lipid droplets surrounded 
by phospholipids (Nuturis®), that resembles the physical properties of lipid droplets 
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in human milk more closely [37]. Early-life nutritional intervention with Nuturis® in 
mice attenuates excessive body fat accumulation induced by WSD in adulthood 
[38,39] and improves specific cognitive functions in adolescent and adult mice [40]. 

Given the positive effects observed of early-life feeding with Nuturis® on metabolic 
and cognitive outcomes, both parameters affected by ES [19,41], we here ques-
tioned whether Nuturis® could be used as a potential nutritional intervention to 
protect against the negative effects of ES. We set out to study whether an early-life 
dietary intervention with Nuturis® protects against the effects of ES on metabol-
ic health, hippocampus-dependent cognition, and the generation of new neurons 
(i.e. neurogenesis), parameters of brain function and plasticity that are modulated 
by both ES [41-46] and adult WSD exposure [14,42,47-49]. This study will not only 
help to elucidate whether a combination of ES and later life WSD aggravates health 
outcomes, but may also reveal whether an early-life nutritional intervention in the 
form of altered physical properties of dietary lipids in IMF can prevent these effects 
both centrally, and peripherally.

2    Material and methods

2.1 Animals and breeding
All C57Bl6j mice were kept under standard housing conditions (temperature: 20-
22°C, humidity: 40-60%, standard 12/12h light/dark schedule, chow and water ad 
libitum). 10-week-old female and 8-week-old male mice were used for breeding in 
house.  All experiments were approved by the Animal Experiment Committee of 
the University of Amsterdam, and performed in accordance to European Union (EU) 
directive 2010/63/EU.

2.2 ES paradigm
The ES paradigm consisted of limiting nesting and bedding material from P2-P9 
as described previously [41,50]. Briefly, at P2, litters were culled to 6 pups/dam 
and randomly assigned to control (CTL) or ES condition. From P2 until P9 CTL lit-
ters (n=15) received standard nesting and bedding material and ES litters (n=15) 
were placed on a fine-gauge stainless-steel mesh positioned 1 cm above the saw-
dust-covered cage floor with reduced amounts of nesting material. Maternal care 
was observed from P3-P8 as previously described [24,41]. Mice were weighed at P2 
and P9 and male mice were weaned at P21 and used for experiments. 



153

Effects of early-life stress, nuturis and long term Western-style diet on metabolism and cognition 

6

2.3 Experimental diets
All diets were semi-synthetic  (Ssniff-Spezialdiäten GmbH, Soest, Germany) and had 
a macro- and micronutrient composition according to AIN-93G-purified diets for 
laboratory rodents [51]. Specific composition of each diet was described previously 
[52]. Dams were fed AIN-93G diet throughout breeding, pregnancy, and partially 
the lactation period. From P16-P42, litters were randomly allocated to standard IMF 
diet (S-IMF) or Concept Nuturis® IMF diet (N-IMF) initially resulting in the following 
4 experimental groups: CTL S-IMF n=25, CTL N-IMF n=25, ES S-IMF n=25, ES-N-
IMF n=23. The IMF diets contained 28.3% w/w S-IMF or N-IMF providing all of the 
fat in the diet and were complemented with protein and carbohydrates to match 
AIN-93G composition. The S-IMF and N-IMF differed in physical characteristics of 
lipid droplets (i.e. large and phospholipid coating in N-IMF) due to the addition of 
bovine MFGM derived phospholipids and altered processing of N-IMF. IMF diets 
were daily provided as dough on the cage floor in order to preserve lipid structure 
[40]. Until P21, pups also had access to their own mothers’ milk. Exposure to IMF 
diet was continued until P42; thereafter mice were switched to either standard chow 
diet (SD: AIN-93M) or moderate WSD chow consisting of 22% w/w fat (22% w/w 
lard, 0.1% w/w cholesterol), until the end of the experiment, resulting in the follow-
ing 8 experimental groups: CTL S-IMF n=12, CTL N-IMF n=12, ES S-IMF n=13, ES-
N-IMF n=11, CTL S-IMF WSD n=13, CTL N-IMF WSD n=13, ES S-IMF WSD n=12, 
ES-N-IMF WSD n=12  (see figure 1). 

CTL S-IMF SD
CTL S-IMF WSD
CTL N-IMF SD
CTL N-IMF WSDWSD
ES S-IMF SD
ES S-IMF WSD
ES N-IMF SD
ES N-IMF WSDWSD

P2 P9 P16 P42 P230P98 P120 P140 P180

Behavior
DEXA DEXA DEXA BrdU

FIGURE 1 Experimental design. From P2-P9 mice pups were exposed to ES or CTL condition. 
Between P16-P42 animals were exposed to S-IMF or N-IMF and from P42-P230 mice received SD 
or WSD. DEXA scans were performed on P42, P98, and P180. Cognitive functioning was tested in 
behavioral tasks between P120-P140. Between P190-P200, mice received 2 BrdU injections per day 
for 4 consecutive days. Animals were sacrificed 4 weeks after the last injection. The experimental 
groups are represented below the timeline.
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2.4 Body composition
Body composition development during WSD challenge was assessed at P42, P98 
and P180 using dual-energy X-ray absorptiometry (DEXA scan; Lunar PIXImus) (a 
small subset of this data was previously reported in Yam et al. 2017: fat percentage 
of CTL and ES S-IMF WSD mice up to P98). Due to technical issues, the P180 scan 
could only be performed in a subgroup of animals (CTL S-IMF WSD n=4, CTL N-IMF 
WSD n=4, ES S-IMF WSD n=5, ES-N-IMF WSD n=4). After rapid induction (<5min) 
of anesthesia with a mixture of 5% isoflurane-oxygen (2l/min), mice were placed 
on the scanning bed in prone position and supplied with 2% isoflurane-oxygen (2l/
min) for maintenance of anesthesia during the scan. Data is displayed as the relative 
change (delta) in body weight (BW), lean mass, fat mass, and fat percentage from 
P42 onwards.

2.5 Behavioral testing
To assess cognitive functioning at P120, a battery of 3 behavioral tests was conduct-
ed: the object recognition task (ORT), object location task (OLT), and T-maze task. 
Behavioral tests were carried out in the active phase (reversed 12/12h light/dark 
schedule), recorded by Ethovision (Noldus), and scored manually using Observer 
(Noldus). Behavioral tests were performed as described previously [24,41]. 

2.6 BrdU injections
7-8 weeks after behavioral testing (P190-P200) animals were injected with 5-bro-
mo-2’-deoxyuridine (BrdU, Sigma-Aldrich), which incorporates in the DNA of di-
viding cells and allows studying survival of adult-born neurons. BrdU (10mg/mL 
dissolved in sterile saline+0.007M NaOH) was injected intraperitoneally twice a day, 
for 4 consecutive days. Animals were sacrificed 4 weeks following the final injection 
(P230; the experimental timeline displayed in figure 1). 

2.7 Tissue collection
Mice were fasted for 4 hours prior to sacrifice and subsequently anesthetized via 
intraperitoneal injection of pentobarbital (120 mg/kg Euthasol®). Upon sacrificing, 
vena cava blood was collected in EDTA-coated tubes (Sarstedt, Etten-Leur), centri-
fuged (13000rpm, 15min, 4°C), and plasma was removed and stored at −40°C until 
fasting metabolic hormones (leptin, insulin, resistin) were measured with a Multi-
plex assay according to manufacturer’s instructions (Milliplex Map Kit, mouse adi-
pokine magnetic bead panel, Multiplex, Millipore, Amsterdam, The Netherlands). 
Subsequently, mice were transcardially perfused with 0.9% saline followed by 4% 
paraformaldehyde in phosphate buffer (PB 0.1M, pH 7.4). Perfused white adipose 
tissue (WAT; gonadal (gWAT), mesenteric (mWAT), perirenal (pWAT), retroperitoneal 
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(rWAT), inguinal (iWAT) and intrascapular brown adipose tissue (iBAT) depots were 
dissected and weighed. Brains were removed, postfixed, and sliced as described 
previously [24,41]. 

2.8 Immunohistochemistry
Proliferation and survival of newborn cells in the hippocampus was measured us-
ing immunohistochemistry for Ki67 and BrdU respectively. Brain slices were mount-
ed on pre-coated glass slides (Superfrost Plus slides, Menzel) and incubated with 
either primary antibody rat-anti-BrdU (1:500, Accurate Chemical Scientic Corpo-
ration, USA) and secondary antibody donkey-anti-rat (1:1000, Alexa 488, Invitro-
gen, The Netherlands), or primary antibody polyclonal rabbit-anti-Ki67 (1:10.000, 
Novocastra) and secondary antibody biotinylated goat-anti-rabbit (1:200, Vector 
Laboratories, USA). The Ki67 staining procedure included an avidin-biotin-complex 
amplification step (1:800 ABC Elite kit, Vectastain, Brunschwig Chemie, The Neth-
erlands) followed by chromogen development using 0.5mg/mL 3,3’-Diaminobenzi-
dine. After staining, slides were coverslipped using Vectashield with DAPI (BrdU) or 
Antelan (Ki67). Ki67+ and BrdU+ cells in the hippocampus were quantified in coronal 
sections of 8 matched anatomical levels along the rostrocaudal axis (bregma -1.34 
until -3.80) of both hemispheres. Stereological analysis was performed as described 
previously [24,41]. 

2.9 Statistical analysis
Data were analyzed using SPSS 20.0 (IBM software) and Graphpad Prism 8 (Graph-
pad software) and were expressed as mean ± standard error of the mean (SEM). 
Data were considered statistically significant when p<0.05 and statistical trends 
were reported in case of a p value between 0.05 and 0.06. Data with condition 
(CTL/ES) as predictor variable were analyzed with unpaired Student’s t-test or two-
way repeated measures ANOVA. Data with condition (CTL/ES) and postnatal-di-
et (S-IMF/N-IMF) as predictor variables were analyzed using two-way ANOVA or 
three-way repeated measures ANOVA. Data with condition (CTL/ES), postnatal-diet 
(S-IMF/N-IMF), and adult-diet (SD/WSD) as predictor variables were analyzed using 
three-way ANOVA, and in case of significant interaction effects, an exploratory su-
banalysis only including SD groups was performed to disentangle the contribution 
of each predictor variable (two-way ANOVA with condition (CTL/ES) and postna-
tal-diet (S-IMF/N-IMF)). Post-hoc analyses were performed using Tukey’s post-hoc 
test. As multiple mice from a litter were included in experiments, litter corrections 
were performed when a significant contribution of litter was found in a mixed model 
analysis with litter included as random factor.
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3    Results

3.1 ES leads to fragmented maternal care and reduced BW gain in pups
The ES model lead to fragmented maternal care: ES dams exited the nest more often 
(fig. 2A; condition F(1,105)=7.960, p=0.006, time F(2.758,48.27)=1.889, p=0.148, 
condition*time F(6,105)=1.074, p=0.383) and had more pups lying outside the nest 
(fig 2B; condition F(1,25)=8.021, p=0.009, time F(0.9346,12.46)=2.465, p=0.142, 
condition*time F(6,80)=2.465, p=0.031) as compared to CTL dams. Total nursing 
time was not different between conditions (fig. 2C) indicating that ES caused frag-
mented but not a reduction in maternal care, and that milk intake was likely to be 
equal between CTL and ES nests. Physiologically, stress in pups was reflected by a 
decrease in BW gain between P2-P9 (fig. 2D; t(28)=2.440, p=0.021). No baseline 
differences in BW were present at P2 (data not shown). At P21 (fig. 2E) and P42 (fig. 
2F) no differences in BW were present.
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FIGURE 2 Limited nesting material results in fragmented maternal care and decreased BW gain in 
pups between P2-P9. ES dams exit the nest more often than CTL dams (A) and have more pups lying 
outside of the nest (B). Nursing time is equal between CTL and ES dams (C). BW gain in pups between 
P2-P9 was decreased in ES litters (D). BW was normalized by P21 and not further affected by N-IMF (E) 
and no differences in BW between groups were present at P42 (F). Statistical analyses were performed 
using two-way repeated measures ANOVA for maternal care observations; independent t-test for BW 
gain per litter P2-P9; and two-way ANOVA for BW of pups at P21 and P42. *significant effect of condi-
tion p<0.05.
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3.2 ES and postnatal diet have a limited effect on WSD-induced body compo-
sition changes 
Repeated DEXA body composition measurements in a subgroup of mice at P42, 
P98, and P180 revealed no significant effects of ES nor N-IMF on delta BW (fig 
3A), lean mass (fig. 3B), or fat mass (fig. 3C) development in response to WSD. 
Interestingly, we observed a pattern indicating that ES increased excessive body 
fat accumulation in response to WSD, and N-IMF seemed to prevent WSD-in-
duced body fat accumulation in line with previous observations [38,52]. However, 
the results did not reach statistical significance (fig. 3D; fat percentage: condition 
F(1,13)=3.327, p=0.093, postnatal-diet F(1,13)=3.648, p=0.078, condition*postna-
tal-diet F(1,13)=0.201, p=0.662, condition*time F(2,26)=3.186, p=0.058, postna-
tal-diet*time F(2,26)=3.235, p=0.056, condition*postnatal-diet*time F(2,26)=1.294, 
p=0.291). 

Food intake of adult mice (P75-P165) was sampled over a period of 5 weeks. Abso-
lute food intake was not different across experimental groups while WSD animals 
had a higher caloric intake compared to SD animals (data now shown). 
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FIGURE 3 DEXA body composition development during WSD challenge is not modulated by ES or 
N-IMF exposure. ES and N-IMF do not alter WSD-induced increases in delta BW (A), lean mass (B), fat 
mass (C), or fat percentage (D). Statistical analyses were performed using three-way repeated measures 
ANOVA. Absolute datapoints P42 represented as mean±SEM: BW: CTL S-IMF WSD 22.37±0.83; ES S-
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WSD 17.58±0.82; ES S-IMF WSD 17.08±0.33; CTL N-IMF WSD 18.05±0.63; ES N-IMF WSD 18.20±0.54; 
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3.3 Prolonged WSD results in an obesogenic phenotype in adulthood that is 
not modulated by ES or postnatal-diet
At P230, WSD results in an overall increase in BW, dissected adipose tissue weight, 
and adiposity index, which is not affected by ES or N-IMF. In line with previous 
findings [19], a trend for an ES-induced lower adiposity index was observed (fig. 
4A; BW: condition F(1,23.508)=1.389, p=0.250, postnatal-diet F(1,30.211)=0.546, 
p=0.466, adult-diet F(1,38.442)=24.146, p<0.001, no interaction effects; fig. 4B; 
WAT: condition F(1,24.950)=2.708, p=0.112, postnatal-diet F(1,32.525)=0.479, 
p=0.494, adult-diet F(1,37.528)=7.554, p=0.009, no interaction effects; fig. 4B; BAT: 
condition F(1,24.635)=0.682, p=0.417, postnatal-diet F(1,31.176)=0.723, p=0.402, 
adult-diet F(1,41.271)=6.167, p=0.017, no interaction effects; fig. 4C; adiposity 
index: condition F(1,26.951)=3.847, p=0.060, postnatal-diet F(1,34.895)=1.225, 
p=0.276, adult-diet F(1,39.752)=4.565, p=0.039, no interaction effects). The 
WSD-induced obesogenic phenotype was supported by elevated plasma leptin 
and insulin levels (fig. 4D; leptin: condition F(1,15.577)=1.528, p=0.235, postna-
tal-diet F(1,20.183)=0.935, p=0.345, adult-diet F(1,25.145)=5.956, p=0.022, no 
interaction effects; insulin: condition F(1,18.197)=0.155, p=0.699, postnatal-diet 
F(1,23.748)=0.255, p=0.618, adult-diet F(1,26.744)=10.957, p=0.003, no interac-
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tion effects). A trend was found for WSD-induced elevated resistin levels (resistin: 
condition F(1,13.657)=0.034, p=0.857, postnatal-diet F(1,17.382)=0.286, p=0.599, 
adult-diet F(1,24.719)=4.030, p=0.056, no interaction effects). 
 
3.4 Cognitive function is not altered by ES, IMF, or WSD exposure
Cognitive functioning was unaffected by ES, IMF, or WSD exposure in the cur-
rent study. No differences in ORT, OLT, or T-maze performance were found be-
tween groups (fig. 5A; ORT: condition F(1,80)=2.339, p=0.130, postnatal-diet F(1, 
80)=0.152, p=0.698, adult-diet F(1, 80)=0.376, p=0.542, no interaction effects; fig. 
5B; OLT: condition F(1,76)=0.170, p=0.681, postnatal-diet F(1,76)=0.406, p=0.526, 
adult-diet F(1,76)=0.655, p=0.421, no interaction effects; fig. 5C; T-maze: condi-
tion F(1,89)=3.141, p=0.080, postnatal-diet F(1,89)=0.027, p=0.871, adult-diet 
F(1,89)=1.161, p=0.284, no interaction effects). 

3.5 N-IMF and WSD modulate ES-induced effects on neurogenesis
ES and WSD interacted in affecting proliferating Ki67+  cells in the hippocampus, with-
out modulation by N-IMF (fig. 6A; condition F(1,49)=2.461, p=0.123, postnatal-di-
et F(1,49)=0.070, p=0.793, adult-diet F(1,49)=0.062, p=0.805, condition*adult-diet 
F(1,49)=5.551, p=0.023, no other interaction effects). Further post-hoc testing re-
vealed no significant effects. To explore the interaction between ES and WSD, pro-
liferation levels were also analyzed in SD groups only, which showed that ES reduces 
the number of proliferating Ki67+ cells without modulation by N-IMF under SD con-
ditions (fig. 6A within dotted lines; condition F(1,24)=7.416, p=0.012, postnatal-di-
et F(1,24)=0.456, p=0.506, condition*postnatal-diet F(1,24)=0.135, p=0.716). 

Interestingly, ES and N-IMF interacted in affecting survival of adult-born cells, and 
WSD increased survival (fig. 6B; condition F(1,50)=0.274, p=0.603, postnatal-diet 
F(1,50)=3.676, p=0.061, adult-diet F(1,50)=6.134, p=0.017, condition*postnatal-di-
et F(1,50)=6.063, p=0.017, no other interaction effects). Further post-hoc testing 
revealed that N-IMF increased survival in CTL WSD mice (post-hoc: CTL S-IMF WSD 
– CTL N-IMF WSD: p=0.010), but not in ES WSD mice (no other significant post-hoc 
effect). No significant post-hoc results were present in SD groups, suggesting that 
N-IMF interacts with WSD. To further explore this, cell survival was also analyzed in 
SD groups only. Indeed, this showed that ES and N-IMF did not interact in affect-
ing survival under SD conditions (condition F(1,23)=0.216, p=0.646, postnatal-diet 
F(1,23)=0.116, p=0.736, condition*postnatal-diet F(1,23)=1.052, p=0.316). 
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FIGURE 5 No cognitive impairment is observed in adulthood. ES, N-IMF, or WSD did not affect 
cognitive performance in the ORT (A), OLT (B), or T-maze (C). Statistical analyses were performed using 
three-way ANOVA. 
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4    Discussion

In the current study we showed that prolonged WSD exposure caused an obe-
sogenic phenotype that was not affected by early exposure to ES or N-IMF. How-
ever, we showed in a subgroup of mice, that ES might increase the susceptibility 
to WSD at an earlier age, which seemed to be attenuated by postnatal N-IMF diet. 
Furthermore, ES and N-IMF modulated the WSD-induced response to neurogene-
sis, indicating that stress and diet during early-life can lastingly impact adult hippo-
campal neurogenesis. 

Previous studies have demonstrated protective effects of early feeding with N-IMF 
on the risk of excessive body fat accumulation in response to WSD in young adult 
mice [38,39]. Repeated DEXA body composition measurements obtained from a 
subgroup of animals in this study showed that ES and N-IMF did not significantly 
modulate the effects of WSD on BW, lean mass, fat mass, and fat percentage de-
velopment between P42-P180. When interpreting these data, however, we need to 
take into account the relative small group size for the DEXA measurements. In fact 
we did observe a pattern similar to that of earlier findings in the literature reporting 
an ES-related higher susceptibility to WSD-induced adiposity [16-18]. Furthermore, 
our data seem to suggest an attenuation of adult WSD-induced body fat accumula-
tion in N-IMF-exposed animals in line with previous reports [38,39,52]. These results 
did however not reach statistical significance and warrant further studies to solidify 
the findings. 

Continued WSD exposure up to P230 resulted in an increase in total WAT and BAT, 
a higher adiposity index, and a rise in plasma leptin and insulin levels. At this age 
there were no effects of either ES exposure or N-IMF on WSD-induced adiposity. 
This suggests that the pattern of N-IMF effects on body adiposity observed be-
tween P42-P180 was transient, and that the effects of prolonged WSD might have 
overruled the more subtle effects of ES or N-IMF at this age. Although the moder-
ate WSD challenge (22% energy from fat) used in this study is mild in comparison to 
the often-used models of HFD exposure (40-60% energy from fat) [53,54], animals 
still seemed to develop a rather obesogenic phenotype, likely related to the dura-
tion of WSD exposure in the current study (~27 weeks). 

We did not detect effects of ES, N-IMF, or WSD on cognitive functioning in the 
current study. This is in contrast to some of the previously reported effects of these 
manipulations on cognitive functions [24,40,41]. Concerning the apparent lack of 
ES-induced cognitive impairments a possible explanation could be that the IMF 
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diets used in the present study were provided in the form of a dough ball in the 
cage. This dough ball could constitute a form of environmental enrichment to the 
standard cage environment consisting of only sawdust bedding and paper strands. 
There is ample evidence that environmental enrichment is able to mitigate effects of 
ES on cognitive function [55-58]. Concerning the lack of a WSD-induced cognitive 
impairment, literature on the effects of an obesogenic diet on cognitive perfor-
mance are mixed. While there are some studies showing no cognitive impairment in 
adult rodents exposed to HFD and tested in the ORT [59-61], OLT [62,63], or T-maze 
[64], the majority of the literature did report HFD-induced cognitive impairments for 
the same behavioral paradigms [65-69]. However, there are two aspects of our study 
that differ from the studies in the literature that may explain this discrepancy. Firstly, 
most studies addressing the effects of an obesogenic diet on cognitive function 
have used a more extreme HFD (>45% fat), as compared to the modest WSD (22% 
fat) used in the present study. Although mice do seem to become obese on the 
WSD in our study, increased BW as a consequence of HFD is not always associated 
with impaired cognitive performance [59-61,63]. Secondly it should be noted that 
HFD might alter the status of essential fatty acids in the hippocampus, with possible 
consequences for cognition [70]. 

Dietary exposure to MFGM fragments derived from the membrane surrounding the 
lipid droplets in milk, have previously been shown to positively influence cognitive 
function in both animals and infants [71,72]. Moreover, a previous study using the 
same N-IMF as in the present study suggested an improved adult cognitive function 
as a result of early life dietary exposure to N-IMF [40]. In the current study, cognitive 
performance of CTL mice was not improved by N-IMF. This may be explained by dif-
ferences in experimental design between the studies (e.g. age of cognitive testing, 
housing conditions). In addition, because we did not detect cognitive impairment 
upon ES or WSD exposure, we were unable to test our hypothesis of a possible 
protective effect of N-IMF.  

Despite the lack of effect on cognitive functions, we observed interesting inter-
actions between ES and N-IMF with later life WSD on adult hippocampal neuro-
genesis. Under SD conditions, ES decreased levels of proliferation without affect-
ing survival of adult-born neurons. This was in contrast to previous reports from 
our group where not proliferation, but survival was reduced [24,41]. As suggested 
earlier, this effect could be due to the environmental enrichment by the dietary 
dough. Indeed, unaffected survival of adult-born neurons is in line with the ab-
sence of cognitive deficits following ES in the current study, as these events were 
previously shown to be associated [41]. The effects of ES may also be specific to 
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some, but not all aspects/stages of neurogenesis (i.e. proliferation, differentiation, 
survival), depending on the study design [73]. Moreover, ES-dysregulation of spe-
cific neurogenic parameters might be transient [74]. Our data show that ~6-month 
exposure to WSD does not reduce levels of neurogenesis. Although some literature 
reveals intact levels of neurogenesis following HFD [75,76], HFD typically disrupts 
neurogenesis [47,49,77,78]. However, such effects are mostly reported after a much 
shorter period of exposure (i.e. 4-8 weeks) [47,49,77,78], suggesting that decreased 
neurogenesis might be an initial response to HFD that normalizes over time. This 
is further supported by studies reporting no changes in the number of proliferating 
BrdU+ cells after 12 weeks of HFD exposure [75] or the number of differentiating 
DCX+ cells after 17 weeks [76] of HFD exposure. Also, the stem cells that give rise to 
neurogenesis are enriched in specific free fatty acids and share a unique fat metabo-
lism [79]. Therefore they may be responsive to changes in fat content of the diet. In 
addition, a WSD challenge with moderate fat content as used in the present study 
might be too mild to provoke massive alterations in neurogenesis under CTL condi-
tions. However, our study design has great translational value as both WSD content 
and length of exposure resembled the human situation of individuals exposed to 
unhealthy diet consumption throughout life.

When taking all experimental manipulations into consideration a complex picture 
emerges. Interestingly, we found that the effect of ES on proliferation was modulat-
ed by adult WSD, but not by early life N-IMF exposure, while the latter happened 
just after ES exposure. While ES decreases proliferation under SD, this effect disap-
peared in the presence of WSD. It is interesting to consider whether WSD restores 
ES-reduced proliferation, or if the effects of ES and WSD nullify each other. A restor-
ing effect of HFD on ES impairments has been reported more often. For instance, 
HFD initiated at weaning was capable of ameliorating anxiety, depressive-like be-
havior, and the altered stress response induced by ES [80,81]. This suggests that 
alterations in the hippocampus as a consequence of ES may be adaptive, allowing 
an organism to deal more adequatly with a later adverse environment (e.g. WSD), 
according to the predictive adaptive response hypothesis [82,83]. Furthermore, for 
survival of adult-born neurons, we observed an interesting interaction between ES 
and N-IMF. Although no effects of ES or N-IMF were present in SD groups, N-IMF 
increased survival in CTL, but not ES mice under the influence of WSD. This sug-
gests that programming effects of N-IMF may only become apparent in response to 
adult WSD, or other later life challenges. 

To the best of our knowledge, we here show for the first time that the physical struc-
ture of lipids in the early-life diet can affect later life diet induced neurogenesis. Fur-
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ther research is necessary to study the underlying mechanisms of how exactly N-IMF 
influences neurogenesis. Possible mechanisms may include bioactive components 
like gangliosides and sialic acid that are present in N-IMF and known to impact 
neuronal growth and synaptogenesis [84]. Moreover, the altered physical structure 
of lipids in N-IMF might affect absorption kinetics and bioavailability of lipids es-
sential for brain development, neurogenesis, and stem cell properties [85]. Because 
the current results on neurogenesis were obtained more than 6 months after the 
N-IMF intervention ended, it is important to point out that a relatively short 26-
days intervention with N-IMF during early-life altered adult neurogenesis following 
a prolonged WSD challenge. This reinforces the powerful effects of early-nutrition 
in determining later neurogenic capacity.  

5    Conclusion

This study shows that an early, short-term dietary exposure to the concept IMF 
Nuturis® interacts with ES and WSD in affecting adult hippocampal neurogenesis, 
and potentially moderates the WSD-induced increase in fat development. We show 
for the first time that early life exposure to a diet containing Nuturis®, mimicking 
the physical characteristics of lipid globules in mammalian milk, can influence adult 
hippocampal neurogenesis. This highlights the importance of further investigating 
early dietary interventions as a potential therapeutic strategy to protect against last-
ing consequences of early-life adversity on the brain. The current results also stress 
the substantial impact of a long-lasting exposure to WSD on health outcomes, a 
challenge also evident in current society. Adapting early-life nutrition could serve as 
a promising non-invasive intervention to target early-life adversity effects on both 
metabolic and mental health. 
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Abstract

Exposure to early-life stress (ES) has long-lasting consequences for later cognition 
and hippocampal plasticity, including adult hippocampal neurogenesis (AHN), i.e., 
the generation of new neurons from stem/progenitor cells in the adult hippocampal 
dentate gyrus. We had previously demonstrated a sex-specific vulnerability to ES 
exposure; female mice exposed to ES from P2-P9 exhibited only very mild cogni-
tive changes and no reductions in AHN as adult, whereas ES-exposed male mice 
showed impaired cognition closely associated with reductions in AHN. Given the 
apparent resilience of AHN to ES in females, we here questioned whether ES has 
also altered the capacity to respond to positive stimuli for neurogenesis. We there-
fore investigated whether exercise, known for its strong pro-neurogenic effects, can 
still stimulate AHN in adult female mice that had been earlier exposed to ES. We 
confirm a strong pro-neurogenic effect of exercise in the dorsal hippocampus of 
8-month-old control female mice, but this positive neurogenic response is less ap-
parent in female ES mice. These data provide novel insights in the lasting conse-
quences of ES on hippocampal plasticity in females and also indicate that ES might 
lastingly reduce the responsiveness of the hippocampal stem cell pool, to exercise, 
in female mice.

Keywords: dentate gyrus, doublecortin, Ki67, sex-specific
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1    Introduction

Exposure to early-life stress (ES) lastingly affects brain structure and function. ES 
has e.g., been associated with later hippocampal volume reductions and cognitive 
impairments (Maccari, Krugers, Morley-Fletcher, Szyf, & Brunton, 2014; Nemeroff, 
2016; Teicher, Anderson, & Polcari, 2012). Interestingly, vulnerability to ES appears 
to be sex-specific and human and rodent female offspring seem often resilient to ES 
(Frodl, Reinhold, Koutsouleris, Reiser, & Meisenzahl, 2010; Loi et al., 2017; Oomen 
et al., 2009).

One form of hippocampal plasticity consistently affected by ES in male rodents, is 
adult hippocampal neurogenesis (AHN) (Korosi et al., 2011; Lajud & Torner, 2015; 
Loi, Koricka, Lucassen, & Joels, 2014). Neuronal progenitors in the dentate gyrus 
(DG) undergo proliferation, migrate into the granular cell layer and eventually dif-
ferentiate into functional neurons. These adult-generated neurons have been impli- 
cated in various hippocampus-dependent cognitive functions (Clark et al., 2012; 
Oomen, Bekinschtein, Kent, Saksida, & Bussey, 2014) and their level is strongly 
regulated by various factors (Lucassen et al., 2015; Schoenfeld & Gould, 2012), in-
cluding stress (Schoenfeld & Gould, 2012), circulating sex hormones (Pawluski et al., 
2009), and physical exercise (Duzel, van Praag, & Sendtner, 2016).

Previously we have shown that, whereas male mice exposed to chronic ES exhibit-
ed a reduced survival of adult-born neurons, associated with learning and memory 
impairments, female mice, exposed to the same ES, did not show such changes in 
AHN and exhibited less prominent cognitive deficits (Naninck et al., 2015). In male 
rodents, exercise has been able to rescue various measures of neuroplasticity that 
were altered by different types of adverse early-life events (Maniam & Morris, 2010, 
Naylor et al., 2008, Lajud & Torner, 2015). Despite the apparent resilience of female 
mice to ES, it is unknown whether the neurogenic capacity to respond to a positive 
stimulus is also affected in this sex. We hypothesize that in female mice, ES occur-
ring during a period of ongoing hippocampal development, may lastingly program 
the stem cells or the neurogenic niche. Because exercise has strong pro-neurogenic 
effects, we here studied whether prolonged exercise can still stimulate AHN in fe-
male ES-exposed mice during late adulthood.

2    Material and methods

All animal procedures were performed as previously described in (Naninck et al., 
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2015). In short, a total of 9 litters with six C57Bl/6J mouse pups each, including 
both males and females were bred in house. At postnatal day (P) 2, litters were ran-
domly assigned to the control (CTL) or ES condition, consisting of exposure to the 
limited nesting/bedding-material model from P2–9. At P21, animals were weaned 
and housed in groups of the same sex with 2–3 animals/cage. At 8 months of age, 
female mice were moved to a larger cage (type III, Technilab-BMI, Someren, the 
Netherlands) and housed with 2–3 animals/cage to avoid isolation stress (Leasure 
& Decker, 2009; Stranahan, Khalil, & Gould, 2006). For six weeks (P237-P280) the 
cages were equipped with either a functional or a locked running wheel (160 mm 
diameter, Ferplast, Italy) to control for cage enrichment (see figure 1A) (Dostes et 
al., 2016). For the experiments described here, a total of 23 females was used (CTL-
RUN n=6 (from 3 litters), ES-RUN n=6 (from 2 litters), CTL-SED n=4 (from 2 litters), 
ES-SED n=7 (from 4 litters)). The relatively low power of some of the experimental 
groups calls for caution when interpreting the data from this study. Engagement 
in exercise was monitored and confirmed daily by the researcher (30 minute ob-
servations/day for 6 weeks). No differences were observed in the engagement in 
exercise between control and ES-exposed animals. At the end of the running period 
(P280) animals were sacrificed. Estrous cycle stage at P280 was determined by vag-
inal smear cytology (Caligioni, 2009). All experimental procedures were conducted 
under Dutch national law and EU directives and approved by the animal welfare 
committee of the University of Amsterdam.

Immunocytochemistry on perfusion-fixed brain sections was performed to identify 
proliferating (Ki67+) cells and newborn neurons (Doublecortin, DCX+ cells) in the 
hippocampus according to previously described methods (Naninck et al., 2015). 
Antibodies used were: poly-clonal rabbit-anti-Ki67 (Novocastra NCL-L-Ki67_MM1, 
1:20.000), goat anti-rabbit biotinylated secondary antibody (Vector Laboratories, 
1:500), polyclonal goat-anti-DCX (SantaCruz Biotechnology sc-8066; 1:800) and 
donkey-anti-goat biotinylated secondary antibody (Jackson Laboratories, 1:500). 
All Ki67+ and DCX+ immune-reactive cell counts were performed manually by means 
of a modified stereological procedure, using a 20x objective (200x magnification), 
as described in detail in (Naninck et al., 2015). Immuno-reactive cells were counted 
in the subgranular zone of the dentate gyrus and cell numbers are expressed uni-
laterally. For each hippocampus, eight coronal, 40 μm thick sections were stereo-
logically sampled along the rostro-caudal axis (corresponding with Bregma: 21.34, 
21.70, 22.06, 22.46, 22.92, 23.16, 23.52, 23.80). A distinction was made between 
the rostral DG (i.e., the first four sections, (Vivar, Peterson, & van Praag, 2016)) ver-
sus caudal DG (the last four sections, (Vivar et al., 2016)), and the supra- versus 
infra-pyramidal blade. Morphological subtypes of DCX+ cells (i.e., proliferative, in-
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termediate, or post mitotic stage) were analyzed as described before (Oomen et 
al., 2010).

3    Results and discussion

We confirm that ES-exposure induced physiological signs of chronic ES in the pups, 
including a reduced body weight gain from P2-P9 (CTL: 3.49 ± 0.11, ES: 2.76 ± 
0.16, independent t-test t(21)=3.58, p=.002*) (Naninck et al., 2015). Body weight 
was no longer different from weaning (P21) onwards (body weight at P21: 9.69 ± 
0.19 grams in CTL vs. 9.61 ± 0.51 grams in ES, independent t-test t(21)=0.153, 
p=.88).

We questioned whether ES affected neurogenic capacity in response to physical 
exercise and compared AHN in various anatomical and functional subregions of 
the dentate gyrus (i.e., rostral and caudal) between all four experimental groups. 
The number of proliferating (Ki67+) cells was reduced by ES in the rostral hippo-
campus (condition F(1,40)=5.103 p=.03*; running F(1,40)=0.999 p=.32; interaction 
F(1,40)=3.789 p=.058, trend, figure 1B). Because of the strong trend in the inter-
action, we performed exploratory posthoc testing to further study the relationships 
between condition and running. This revealed that there was no significant differ-
ence between CTL-SED and ES-SED (LSD, p=.28) under basal conditions, while af-
ter running, the number of Ki67+ cells was higher in the CTL-RUN females compared 
to ES-RUN (LSD, p=.04*) suggesting that ES might reduce the neurogenic response 
to physical exercise. In the caudal hippocampus, there were no significant differenc-
es among the groups (condition F(1,40)=0.358 p=.55; running F(1,40)=.865 p=.36; 
interaction F(1,40)=.273 p=.60, figure 1C).

Running increased the number of young (DCX+) neurons in the rostral, but not cau-
dal hippocampus. In the rostral hippocampus, DCX+ cell numbers were significantly 
increased after exercise (running F(1,23)=4.236 p=.05*, figure 1E), without a main 
effect of condition (condition F(1,23)=.082 p=.78, interaction F(1,23)=1.775 p=.20, 
figure 1E). Even though no significant interaction was observed in this study, it is 
interesting to note that DCX expression is modulated by ES and running in a simi-
lar fashion as Ki67+: Rostral-hippocampal DCX+ cells are 39.0% higher in CTL-RUN 
females compared to CTL-SED females, while there is only a minor (5.4%) increase 
between ES-SED and ES-RUN females. In the caudal hippocampus, no differences 
were observed (condition F(1,23)=.125 p=.73, running F(1,23)=.315 p=.58, inter-
action F(1,23)=.414 p=.53, figure 1F). For neither Ki67 nor DCX were differences 
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observed between the supra- and infra-pyramidal blade.

Interestingly, detailed analyses of the three different morphological types of DCX+ 
cells (i.e., proliferative, intermediate and post-mitotic) (figure 1H) revealed that ex-
ercise particularly enhanced the number of postmitotic DCX+ cells in the rostral 
hippocampus (mixed model analysis for postmitotic cells running F(1,23)=5.758 
p=.03*, condition F(1,23)=.370 p=.55, interaction F(1,23)=2.447 p=.131). Exercise 
increased the number of postmitotic neurons by 66.2% in CTL-RUN vs CTL-SED 
females and only by 7.9% in ES-RUN vs ES-SED females (figure 1H). Thus, suggest-
ing that exercise selectively enhanced DCX+ cell numbers in control mice, but that 
previous exposure to ES diminished this pro-neurogenic effect.

To summarize our findings, prolonged voluntary exercise in eight-month-old fe-
male mice (i) increases AHN selectively in the rostral hippocampus, and (ii) previous 
ES-exposure seems to reduce this exercise-induced neurogenic response. Our data 
further indicate that exercise in late adulthood has a survival promoting effect, spe-
cifically for the post-mitotic DCX+ cells, an effect that is less pronounced for prolif-
eration. The reason for the modest effect of running on the number of proliferating 
cells might be explained by the fact that control mice were exposed to a locked 
running wheel, a form of cage enrichment which alone can already increase prolif-
eration (Dostes et al., 2016). In addition, our paradigm of 6 weeks of running might 
have contributed as well, as effects of exercise on cell proliferation typically peak 

FIGURE 1 continued animals (post hoc comparison, LSD, p=.28), but showed a significant lower num-
ber of proliferating (Ki67+) cells in ES-RUN females compared to CTL-RUN females (post hoc compari-
son, LSD, p=.04). (C) In the caudal hippocampus, no differences in the number of proliferating (Ki67+) 
cells were observed (two-way ANOVA no effect of condition: F(1,40)=.358 p=.55, no effect of running: 
F(1,40)=.865 p=.36, no interaction effect: F(1,40)=.273 p=.60) (D) Representative images of a nuclear 
Ki67 immunostaining, indicating proliferating cells in a CTL-RUN animal (upper panel), versus a ES-RUN 
animal (lower panel). (E) The number of differentiating, immature neurons (DCX+ cells) in the rostral 
hippocampus is increased by running (main effect of running F(1,23)=4.236 p=.05, no effect of con-
dition F(1,23)=.082 p=.78, no interaction effect F(1,23)=1.775 p=.20). (F) In the caudal hippocampus, 
no differences in the number of DCX+ cells were observed (two-way ANOVA, no effect of condition: 
F(1,23)=.125 p=.73, no effect of running: F(1,23)=.315 p=.58, no interaction effect: F(1,23)=.414 p=.53). 
(G) Representative image of a cytoplasmic DCX immunostaining, indicating newborn immature neurons 
in a CTL-RUN animal (upper panel), versus a ES-RUN animal (lower panel). (h) Voluntary wheel running 
particularly increases the number of postmitotic DCX+ cells in the rostral hippocampus (two-way ANOVA, 
main effect of running F(1,23)=5.758 p=0.03, no effect of condition F(1.23)=.370 p=.55, no interaction 
effect F(1.23)=2.447 p=.13). * Main effect of running, # significant post hoc comparison.
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FIGURE 1 Early-life stress diminishes the increase in neurogenesis after exercise in adult female 
mice. (A) Experimental design. (B) The number of proliferating (Ki67+) cells in the rostral hippocampus 
was reduced by ES (two-way ANOVA, main effect of condition F(1,40)=5.103 p=.03, no effect of running 
F(1,40)=0.999 p=.32, trend towards interaction effect F(1,40)=3.789 p=.058). The effect of condition was 
mainly attributable to the difference between the running wheel exposed CTL and ES females, as explor-
atory post hoc testing revealed no differences in proliferating (Ki67+) cells between CTL-SED and ES-SED 
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at 3–10 days after running onset and return to baseline after 32 days of running 
(Kronenberg et al., 2006; Naylor, Persson, Eriksson, Jonsdottir, & Thorlin, 2005). In 
contrast, in line with our observations, the number of DCX+ cells is stably increased 
when longer exercise periods are involved (Kronenberg et al., 2006). Finally, we 
housed our animals together to prevent isolation stress, which could also have in-
terfered with the stimulatory effect of running on AHN (Leasure & Decker, 2009; 
Stranahan et al., 2006).

Our findings also highlight regional differences in the neurogenic response to vol-
untary exercise with a pronounced increase found in DCX+ numbers in the rostral/
dorsal but not caudal/ventral hippocampus. This is consistent with previous studies 
showing similar rostral-specific changes in AHN upon running. Three weeks of vol-
untary exercise e.g., increased DCX numbers in young (8-week old) C57Bl/6 female 
mice to a greater extent in the rostral then in the caudal hippocampus (Bolz, Hei-
gele, & Bischofberger, 2015), while retroviral- and BrdU-based approaches in male 
mice also revealed selective increases after exercise in the dorsal hippocampus (Vi-
var et al., 2016). These AHN effects of exercise mainly in the dorsal hippocampus 
suggest that exercise may preferentially benefit spatial aspects of cognition (Wu & 
Hen, 2014). The mechanisms underlying these topographical differences remain 
unclear, but differences in input, mossy cell activity and GABAergic or glutamatergic 
cells density likely contribute.

Up to date, little was known as to how ES exposure affects the later neurogenic 
response to a positive stimulus in female mice. As mentioned above, our study has 
a relatively low power, which calls for caution in its interpretation. Despite this limita-
tion, our data are the first to suggest that the running-induced increase in newborn 
cells in the rostral hippocampus, as occurs in control animals, is less pronounced 
in ES animals. Intriguingly, while AHN in female mice appeared to be resilient to 
the negative effects of ES (Naninck et al., 2015, Loi et al., 2017), this indicates that 
ES-exposed females might also be less responsive to a potent positive stimulus for 
AHN. This concept of ES-induced unresponsiveness at the level of this structural 
plasticity has been suggested before (Korosi et al., 2011) and is in line with previous 
studies showing that learning in prenatally stressed rats could not upregulate AHN 
(Lemaire, Koehl, Le Moal, & Abrous, 2000). The reasons why later exercise fails to 
stimulate AHN in ES-exposed females remain elusive, but as the dentate gyrus still 
undergoes active development from P2-P9 (Navarro-Quiroga, Hernandez-Valdes, 
Lin, & Naegele, 2006), a substantial proportion of the developmentally born gran-
ule cells have likely been migratory and/or dividing during the period of ES, and 
may thus have been particularly sensitive to programming effects induced by the 
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elevated stress hormone levels, that could have altered neurogenic properties, e.g., 
through epigenetic modifications (Singh-Taylor et al., 2017).

Various (growth) factors have been implicated in the pro-neurogenic effects of ex-
ercise, including catepsin B (Moon et al., 2016), BDNF (Marlatt, Potter, Lucassen, & 
van Praag, 2012), cytokines and various neurotransmitters, a.o. (Bolijn & Lucassen, 
2015). Hence, to explain the current results, it will be interesting to study in the 
future whether ES differentially affects the induction of these factors by exercise. An-
other candidate is an altered programming of the hypothalamic-pituitary-adrenal-
axis by ES. Running reduces stress (Kannangara et al., 2011) and ES-exposed male 
rats subjected to exercise display e.g., a lower corticosterone response (Maniam 
& Morris, 2010), but whether such effects also apply to female mice awaits future 
study.

4    Conclusion

In conclusion, while seemingly resilient to the negative effects of ES, AHN in adult 
female ES mice is less responsive to the positive stimulus of exercise at a later age, 
suggesting that ES could induce lasting effects on the responsiveness and proper-
ties of the hippocampal stem cell pool in females. These data underscore the im-
portance of studies that assess the sex-dependent vulnerability to ES, and highlight 
that further research is needed to better understand the mechanisms that underlie 
the programming of stem cell properties, and of hippocampal plasticity in general, 
by ES.
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1    Introduction

The brain undergoes rapid growth during early development and has a particularly 
high demand for energy and nutrients during this time [1,2]. Although the peak in 
brain growth takes place during early-life, brain development continues throughout 
life and its structure and function is modified at multiple levels by later-life experi-
ence [1,3]. Numerous clinical and pre-clinical studies have established that early-life 
adversity has a long-lasting impact on the brain and increases the risk for cognitive 
dysfunction and brain disorders like major depressive disorder (MDD) and Alzhei-
mer’s disease (AD) [4-15]. Yet, to what extent the effects of early-life adversity on the 
brain are subsequently shaped by additional later life experiences, adult lifestyle 
factors and environmental exposures, remains largely elusive. 

To this date, the neurobiological processes involved in ES-induced cognitive deficits 
and the later life modulation of early-life stress (ES) effects on the brain have yet 
to be elucidated. The main goals of this thesis were therefore aimed at: i) gaining 
insight in the biological mechanisms and neurobiological substrates underlying ES 
programming, ii) increasing our knowledge on how the effects of ES on these bi-
ological processes are modulated by the adult environment, and iii) studying the 
potential of lifestyle interventions to prevent the negative impact of ES on the brain, 
or minimize the additional negative impact of the later life environment. For this 
purpose we focused specifically on the effects of ES on the hippocampus, a brain 
region that is critical for cognitive processes, is involved in regulation of the stress 
response, has a high degree of plasticity, and is sensitive to environmental influenc-
es [16,17]. We studied the effects of ES on several forms of hippocampal plasticity 
including alterations in astrocyte structure and function and adult hippocampal neu-
rogenesis, under baseline conditions, and in response to later life challenges.

In this general discussion, I will highlight the main findings of this thesis and dis-
cuss them in a broader perspective. In the first part of this chapter I discuss the 
implication of astrocytes in ES-related programming of the brain and consider their 
response to later life immune and stress challenges after previous exposure to ES. 
In the second part of this chapter I focus on the effects of ES on hippocampal plas-
ticity and specifically neurogenic processes in response to later lifestyle factors (i.e. 
unhealthy diet, immune challenge, exercise), and extent these studies by introduc-
ing early-life nutritional interventions to protect against the effects of both ES and 
later life challenges. We focused on early dietary interventions targeted at fatty acid 
composition and the biochemical structure of early nutrition (i.e. infant formula) as 
potential interventions to promote resiliency against early-life adversity. Lastly, I will 
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briefly discuss sex-specific vulnerability in the context of ES and furthermore focus 
on the question whether ES promotes resiliency or enhances susceptibility to later 
life challenges. 

2    Astrocytes: a neurobiological substrate for early-life stress     
programming of the brain?

2.1 The role of astrocytes in stress-related disorders

In recent years, astrocytes have been increasingly implicated in the central response 
to stress. Initially, astrocytes were mostly studied in the context of stress-related 
disorders such as MDD. MDD research turned to glia when it appeared that the 
reduction in brain volume in MDD patients was not merely due to neuronal loss, but 
seemed at least partly attributable to glial cells loss [18,19]. Postmortem studies in 
MDD patients revealed decreased expression of glial fibrillary acidic protein (GFAP) 
and a reduction in the number of GFAP+ astrocytes [20]. In line with this, rodent 
and primate studies consistently demonstrate acute GFAP decreases in response to 
chronic stress or corticosterone (CORT) administration [21-27]. Astrocytes further-
more react to stress by altering their expression of proteins such as Glt-1, Cx43, and 
Cx30, changes that were both present in MDD patients and rodents exposed to 
stress [28-30]. These factors are closely linked to synaptic functioning and may con-
tribute to cognitive deficits often associated with stress-related disorders [31,32]. 
Furthermore, antidepressant agents rescue the effects of stress on astrocyte num-
ber and structure and the altered expression of Glt-1, Cx43, and Cx30, suggesting 
that antidepressants may relieve behavioral symptoms via astrocytic mechanisms 
[21,29,30]. Thus, MDD research has led to a more ‘gliocentric’ view of stress disor-
ders and further implicated astrocytes in the central response to stress. However, 
how astrocytes are affected by stress during early-life and what role astrocytes play 
in the increased risk to develop cognitive impairments or psychopathology (e.g. 
MDD) following ES, has yet to be elucidated.  

2.2 The impact of early-life stress on astrocytes

In chapter 1 we described that different types of early-life adversity including stress 
(i.e. maternal separation or deprivation), inflammation (i.e. immune challenge), and 
malnutrition (i.e. overnutrition or undernutrition) acutely and permanently affect as-
trocytes, with a vast majority of the literature focusing on alterations in GFAP ex-
pression [33]. One particularly interesting finding was that stress-induced regulation 
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of GFAP expression during early-life appeared more complex as compared to adult 
stress effects on GFAP levels. ES in the form of maternal deprivation or separation 
results in an initial decrease in GFAP expression [34-37], followed by an increase in 
GFAP expression when measured after a couple of days [38-40]. The initial decrease 
in GFAP levels is in line with earlier observations that CORT exposure acutely down-
regulates GFAP expression brain-wide [21-27]. We hypothesized that the subse-
quent upregulation of GFAP entailed a compensatory mechanism induced to catch-
up on developmental astrogenesis once stress hormone levels have normalized 
(chapter 1). However, contradicting this, we found a minor increase in hippocampal 
SLM GFAP expression immediately following ES at P9, using the limited nesting 
and bedding model (chapter 2). One factor that could possibly explain the differ-
ent acute effect on astrocytic GFAP levels is a variation in CORT levels between 
the different models [41]. Whereas the limited nesting and bedding model induces 
chronic stress (see BOX1), maternal separation and deprivation models cause a 
more acute (and recurrent) stress response [41], possibly resulting in divergent stress 
hormone levels. Indeed, recent evidence suggests a direct role for CORT in the ef-
fect of stress on astrocytes, as providing a glucocorticoid receptor (GR) antagonist 
blocks the decrease in GFAP expression induced by chronic stress in adulthood 
[42]. Another possibility could be related to the neurodevelopmental time-window 
during which the ES models were applied. The peak in rodent astrogenesis takes 
place during the first 2 postnatal weeks [43]. Yet, astrocytes display much greater 
ramification of their processes in the second postnatal week [44], which might influ-
ence the extent to which astrocytes up- or downregulate GFAP in the maternal sep-
aration/deprivation models (~P15) versus the limited nesting model (P9). Thus the 
coincidence of stress with astrocyte development and maturation during early-life 
might determine how ES influences astrocytes and programs their function for life. 

Further supporting age-dependent effects of ES on astrocyte GFAP expression, we 
found that ES induced by the limited nesting model causes a reduction in hip-
pocampal GFAP at the age of 10 months (chapter 2). Such a decrease in GFAP 
expression in adulthood has been only observed previously 12-month-old rats [45]. 
Our data highlight that ES causes transient changes in GFAP and regulate GFAP 
expression in a complex temporal manner, at least in the hippocampus. Although 
the functional consequences of alterations in GFAP expression following ES are still 
unclear, and need to be further investigated, some of the likely candidate functions 
include the regulation of blood-brain-barrier (BBB) permeability, support of synapse 
formation, and anchoring of astrocyte glutamate transporters [46-49]. 

With regard to functional changes in astrocytes, literature has shown that ES leads to 
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BOX1 Critical considerations of the limited nesting and bedding model 

The rodent model of limited nesting and bedding is inspired by human situ-
ations of early-life adversity in which the mother is typically present, but be-
haves abnormally. The advantage of the limited nesting and bedding model 
as compared to original rodent maternal separation or deprivation models, 
is that it requires minimal handling by experimenters, decreasing the risk of 
confounding factors [50,51]. Although the limited nesting and bedding model 
is praised for its translational value, stress-related experiments can be sub-
ject to variations in the experimental conditions, possibly modifying results 
[52]. Within our lab, the immediate effects of the limited nesting and bedding 
model on physical characteristics of stress in pups are robust. Immediately 
following ES at P9, offspring exhibits elevated plasma CORT levels [53,54], de-
creases in body weight gain between P2 and P9 (chapter 2, 3, 4, 6, 7, [53-57], 
and a decreased volume of the dentate gyrus (chapter 3, [53,55] or granular 
zone [53,54] of the dentate gyrus. Increased adrenal gland weight at P9 was 
observed in chapter 3 and [54] but e.g. not in [53]. 

ES-induced cognitive impairments in adulthood however, seem less robust. 
While certain studies from our lab reveal cognitive impairment in the object 
recognition, object location, and Morris water maze tasks [53,54,58], some 
studies only observed cognitive deficits in one of these tasks. For instance, 
while OLT performance is consistently impaired by ES in our hands (chapter 
4, 5, 6, [53,54,58,59], we did not detect impaired performance in some of the 
studies described in this thesis including the ORT (chapter 5, 6) and MWM 
(chapter 5). The latter could be explained by the presence of early handling 
(chapter 5) or the early dietary intervention (chapter 6; either via nutrient 
composition or the constitution of environmental enrichment) [60,61], suggest-
ing that the ES effects on the cognitive aspects are sensitive to variations in the 
environment. In addition, as discussed in chapter 5, the effects may depend 
on the specific domain tested in each behavior task, and some tasks might be 
more susceptible to intrinsic variation. Thus while OLT performance is consist-
ently impaired, the effects of ES on the ORT and MWM are less robust. 

Next to alterations in maternal care, other elements that are intrinsically dif-
ferent in the model might contribute to its effects, such as altered nutrient 
composition in the breastmilk of  stressed versus control dams, or a lower 
temperature in ES nests. Indeed the metal grid and lack of bedding material 
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alterations in astrocyte glutamate metabolism (chapter 1). Early-life adversity per-
manently altered the expression of Glt-1 and Glast transporters in the hippocampus 
and hypothalamus [63,64], pointing towards a disturbed glutamate metabolism in 
astrocytes following exposure to ES. In line with this, we have found that ES altered 
the effect of subsequent stress exposure on genes related to astrocyte glutamate 
metabolism. Expression of the genes Glt-1, Glast and glutamine synthethase (GluS; 
the enzyme that recycles glutamate) was upregulated in response to treatment with 
the synthetic glucocorticoid dexamethasone (DEX) in primary astrocyte cell cultures 
(chapter 3). Interestingly, this DEX-induced increase in Glt-1, Glast, and GluS was 
attenuated in hippocampal astrocyte cultures derived from ES mice (chapter 3). 
Thus while an acute stressor upregulated gene expression of astrocyte-specific glu-
tamate transporters, as also known for chronic stress in adulthood [30,65], ES actu-
ally diminished the expression of astrocyte glutamate transporters. Indeed, in chap-
ter 2, a pattern for decreased Glt-1 gene expression in whole hippocampus of ES 
mice was present at P9 (not significant), and at 12 months of age, ES mice exhibited 
reduced Glt-1 expression in the hippocampus as measured by immunohistochem-
istry [66]. Further supporting the notion that ES disturbs glutamatergic signalling, 
limiting nesting and bedding material during early-life decreased Glast expression, 
impaired astrocytic glutamate uptake, and enhanced glutamatergic transmission in 
the hypothalamus of adolescent mice [67]. Importantly, decreased long-term po-

BOX1 continued

may complicate maintaining the body temperature of pups housed in ES ver-
sus control cages. While we have addressed the importance of early nutrition 
in chapters 4 and 6, the temperature is an aspect that needs further investiga-
tion. We did observe increased browning of white adipose tissue observed in 
ES pups, which is related to thermogenesis [62], and possibly indicates cold 
exposure of the pups leading to phsyiological changes aimed at maintaining 
body temperature (e.g. increased energy need). 

To conclude, the limited nesting and bedding model consistently affects physi-
cal features of stress during early-life, with various lasting consequences on 
the neurostructural, behavioral, and metabolic level. Notably, (minor) varia-
tions occurring in the environment (e.g. diet, cage enrichment) can alter the 
ES phenotype, highlighting the need for researching which factors essentially 
contribute to ES outcomes.
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tentiation (LTP) and impaired spatial learning resulting from ES induced by limited 
nesting was rescued by prolonged treatment with the glutamate modulator riluzole 
[66], which facilitates astrocytic glutamate uptake via increased expression of Glt-1 
and thereby inhibits glutamatergic transmission [68-70]. Moreover, spatial learning 
was associated with hippocampal Glt-1 expression [66], suggesting that astrocytes 
may be involved in ES-induced disturbance of glutamatergic neurotransmission, 
which may at least partly underlie cognitive deficits caused by ES. Since single as-
trocytes are estimated to influence up to a 140,000 synapses [71], one dysfunctional 
astrocyte could affect glutamate uptake in many synapses. 

Other astrocytic processes may be involved in the negative impact of ES on cogni-
tive functioning as well, including alterations in e.g. synaptogenesis and energy me-
tabolism [72]. However, to further our understanding of the functional impact of ES 
on astrocytes, it is critical to increase our knowledge on astrocyte heterogeneity, as 
astrocytes are not a functionally homogeneous population of cells (see BOX2). Our 
findings indicate that ES acutely and permanently affects astrocytes and supports 
our hypothesis that astrocytes may be involved in ES-programming of the brain. 
Our understanding of how these astrocyte-related changes contribute to cognitive 
dysfunction is still incomplete at this point, but possibly includes alterations in the 
astrocyte regulation of glutamatergic transmission.

2.3 Does early-life stress program astrocytes to later life challenges?

To extend our knowledge on ES programming of astrocytes we questioned whether 
the response of astrocytes to later life challenges was modulated by previous expo-
sure to ES. For this purpose, in chapter 2, we used a later life neuroinflammatory 
challenge and examined whether early-life stress modulates the response of astro-
cytes to Aß pathology in an AD mouse model (APP/PS1). 

Early-life adversity in humans is known to increase the risk to develop dementia 
or AD in later life [14,15,82]. AD is the most prevalent form of dementia and is 
characterized by progressive memory loss and cognitive deficits. In the brain, AD 
is characterized by an age-related accumulation of amyloid-ß (Aß) protein and neu-
rofibrillary tangles, consisting of hyperphosphorylated tau protein [83]. Although 
there are numerous risk factors for AD (e.g. stress, cholesterol intake, exercise level) 
[84,85] with the most important one being ageing, it has been suggested that it is 
particularly the early-life environment that contributes to the risk for later life AD 
development [86]. 
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Indeed, preclinical data have provided evidence for aggravated AD pathology in 
rodents previously subjected to stress during early-life. Perinatal stress in an AD 
mouse model exacerbated Aß pathology as indicated by an earlier onset of amy-
loid plaques and an increased plaque burden, which was paralleled by worsened 

BOX2 Astrocyte heterogeneity

When discussing the role of astrocytes in early-life programming of the brain, it 
is important to consider that the astrocytic population is not as homogeneous 
as previously thought. In the past decades, emerging evidence revealed that 
astrocytes form a heterogeneous population of cells [73-76] and therefore can 
respond differently to changes in the environment. Originally, astrocytes were 
divided into two subgroups based on their morphology and neuroanatomical 
location: protoplasmic astrocytes in the gray matter, and fibrous astrocytes in 
the white matter of the brain [73]. However, both in vivo and in vitro research 
has shown that astrocytes from different brain regions are actually heterogene-
ous in their gene expression profiles [77-79]. For example, Cx43 is particularly 
present in the hippocampus whereas Cx30 expression is high in thalamus and 
cerebellum [76]. In addition, five subpopulations of Aldh1l1-expressing astro-
cytes were identified across three brain regions, which showed molecular as 
well as functional diversity, including differential regulation of synaptogenesis 
[80]. 

Even astrocytes within the same brain region can demonstrate considerable 
heterogeneity. Astrocytes from different hypothalamic nuclei can e.g. respond 
differently to similar steroid hormone levels: whereas high circulating levels of 
testosterone cause morphological changes in astrocytes in the arcuate nucle-
us, astrocytes in the adjacent ventromedial nucleus remained unchanged [81]. 
Within the hippocampus, neighboring astrocytes presented with variations 
in gap junction coupling [73] and glycogen content [76]. This type of within-
region astrocyte heterogeneity illustrates that subpopulations of astrocytes 
may be responsible for different functions in the local environment. This raises 
the question whether besides these baseline differences in astrocytes, con-
text-specific astrocyte heterogeneity also arises in response to environmental 
changes, like stress or metabolism changes. When further researching the role 
of astrocytes in ES programming of the brain, researchers should be well aware 
of the gaps in our current knowledge concerning astrocyte heterogeneity.
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cognitive impairment, as shown by more severe deficits in learning and memory 
and reduced cognitive flexibility [57,66,87,88]. However, the molecular mechanisms 
involved in the aggravated behavioral and pathological changes following ES have 
yet to be elucidated. One of the potential biological processes involved might be 
a dysregulated (neuro)inflammatory response as a consequence of ES [89,90]. In-
deed, previous research from our lab revealed that ES dysregulates the microglial 
neuroinflammatory response, which may alter disease progression and aggravate 
neuropathology in AD mice [55]. However, astrocytes also govern neuroinflamma-
tory responses [91,92], astrogliosis (i.e. upregulation of GFAP) is a predominant 
pathological feature in AD [93], and astrocytes have been proposed as a target for 
cell-specific therapeutic strategies [94-96]. As we have seen that ES can lastingly 
impact astrocytes, it is important to consider their role in ES-enhanced vulnerability 
to AD. 

In line with the literature, our findings show a strong astrocytic response to Aß pa-
thology at the late pathological disease stage (10 months) with i) increased GFAP 
protein expression and GFAP+ cell complexity in the entorhinal cortex, ii) decreased 
global GFAP protein expression but increased clustering of GFAP in the hippocam-
pus, and iii) altered hippocampal gene expression with increased GFAP, Vimentin 
(VIM), and Aqp4, and decreased Aldh1l1 expression (chapter 2) [97-100]. These 
findings were in line with the progression of Aß plaques as described previously 
[55]. Furthermore, the regional changes in GFAP expression within the hippocam-
pus supports the growing body of evidence that suggests complex differential al-
terations in GFAP expression depending on the astrocyte’s association to amyloid 
plaques [99,101,102]. Thus the response of astrocytes to AD pathology is depen-
dent on plaque proximity, disease progression, and brain region, which further high-
lights the importance of astrocyte heterogeneity (BOX2). 

Strikingly, the effect of Aß progression on astrocyte gene expression and GFAP pro-
tein expression was not different in ES mice. Hippocampal levels of GFAP protein 
expression were equal in control and ES APP/PS1 mice (chapter 2). However, con-
sidering the fact that previous analyses from the same 10-month-old mice showed 
increased plaque load after ES [55], this would indicate that the astroglial response 
to Aß may be still weakened in ES mice. This is in line with the decrease in microglial 
accumulation observed previously [55]. Interesting in this context is the interaction 
of astrocytes and microglia during neuroinflammation [91,103,104]. Hippocampal 
GFAP and CD68 expression was correlated in 10-month-old APP/PS1 mice, sug-
gesting that microglia and astrocytes surrounding plaques interact with each other 
(chapter 2). An interesting outstanding question is thus whether ES alters the cross-
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talk between microglia and astrocytes. In addition, we cannot exclude that ES affects 
astrocytes at a more local level, thereby influencing AD progression. For instance, 
astrocytes are vital for synaptogenesis [31,105,106], a process highly disrupted by 
both AD pathology [107-110] and ES [111-114] and which is associated with cog-
nitive decline [115]. Astrocytes are moreover essential in maintaining homeostasis 
in the brain, as they play important roles in energy metabolism, ion transport, and 
neurotransmitter signalling [116-120]. The early effects of AD pathology on astro-
cytes might therefore have implications for brain homeostasis, which could in turn 
contribute to cognitive deficits. Specifically lipid metabolism may be interesting to 
consider in this context. Brain lipid and cholesterol metabolism depends largely 
on astrocytes and is likely disrupted in AD [121]. Indeed, our findings indicate in-
creased levels of fatty acid synthase (FASN) in the hippocampus of 4-month-old ES 
mice (chapter 2) but decreased levels of FASN in primary hippocampal astrocyte 
cultures derived from P9 ES mice (unpublished observations). Nevertheless these 
data indicate that ES persistently affects astrocyte lipid metabolism. To what extent 
this may affect the progression of AD pathology, awaits further studies. 

Another possibility is that ES contributes to an enhanced susceptibility to AD pa-
thology through alterations in HPA-axis activation. Stress is associated with an in-
creased incidence of mild cognitive impairment and risk for AD [122,123] and glu-
cocorticoids increase Aß and tau pathology in an AD mouse model [124]. Notably, 
ES is known to cause alterations in HPA-axis activity resulting in an altered respon-
siveness to subsequent stress [125,126]. Indeed, primary astrocyte cultures derived 
from the hippocampus of ES mice showed an altered response to subsequent DEX 
exposure compared to control cultures. For instance, the reduced expression of the 
GR in response to DEX was enhanced in ES cultures, suggesting that ES alters the 
response of astrocytes to glucocorticoids and may program the stress response of 
astrocytes (chapter 3). Potential mechanisms involved in this process remain elusive 
but may include epigenetic alterations, as stress-related epigenetic alterations have 
been associated with astrocytic function [127-131]. However, if such programming 
of HPA-axis functioning indeed takes place in our model, it does not appear to lead 
to an altered response of astrocytes to Aß accumulation (chapter 2). Interestingly, 
glucocorticoid exposure promotes Aß secretion from astrocytes through increased 
expression of APP and APP-cleaving enzyme 1 (BACE1), and reduces Aß clearance 
by astrocytes [132,133]. These results suggest that astrocytes indeed facilitate AD 
pathogenesis under stressful conditions. However, early-life exposure to stress so 
far was not shown to cause alterations in the response of astrocytes to Aß, at least 
at the level of hippocampal GFAP expression and other astrocyte-related genes (i.e. 
VIM, GLT-1, GLAST, GluS, AQP4, ALDH1L1) (chapter 2). We could speculate that 
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ES priming of the response to stress in astrocytes might increase the sensitivity of 
astrocytes to a secondary stressor, possibly aggravating stress-induced Aß produc-
tion in astrocytes. 

Our findings indicate that ES does not modify the response of astrocytes to adult 
Aß accumulation. However, tau pathology received little attention in this context. 
Chronic stress increases levels of phosphorylated tau in the hippocampus of adult 
rats [134] and maternal separation has been shown to affect tau hyper-phophoryla-
tion in wildtype mice [135]. Importantly, tau accumulation in astrocytes has synap-
totoxic effects due to reduced gliotransmitter release [136]. Further studies in tau 
pathology mousemodels are required to assess whether astrocytes contribute to ES 
effects on AD tau pathology. 

3    Early-life stress programs the brain: opportunities for lifestyle 
interventions 

3.1 Adult hippocampal neurogenesis

So far we have focused largely on astrocytes in our quest to understand the impact 
of ES on adult hippocampal plasticity. However, studying how astrocytes contribute 
to cognitive deficits following ES remains quite challenging. This is partly due to the 
fact that the field of astrocytes is still an upcoming area of research. In this second 
part of the discussion, we therefore switch gears and move to additional biological 
pathways in the hippocampus that may be involved in ES programming. In this sec-
tion we will discuss the impact of later environmental challenges and the potential 
of lifestyle interventions to protect against negative effects of ES. For this purpose, 
next to studying global gene expression patterns in the hippocampus, we focused 
mainly on a form of hippocampal plasticity that has been extensively studied in the 
context of ES, and is highly sensitive to environmental cues: the process of adult 
hippocampal neurogenesis. Numerous studies have provided evidence for the dis-
turbance of one or multiple stages of neurogenesis (i.e. proliferation, differentiation, 
survival) as a consequence of ES [53,137-142]. Furthermore, adult hippocampal 
neurogenesis may be one of the neurobiological substrates underlying cognitive 
deficits demonstrated after ES [143,144] and in response to developing neuropa-
thology [226, 227]. We questioned whether ES alters the hippocampal responsive-
ness to later life challenges, and explore the potential of lifestyle (i.e. nutrition and 
exercise) interventions in preventing ES-induced effects. 
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3.2 Early-life nutrition

Early-life nutrition plays an important role in early-life programming of adult health 
and disease [145,146], and the brain might be particularly vulnerable to this pro-
cess. During brain development, nutrition provides; i) the building blocks and 
co-factors necessary for growth and development of brain structures, and ii) the en-
ergy to fuel this process. Brain development costs a lot of energy as the brain uses 
up to 60% of the newborn’s total energy [3]. Thus, the availability of energy sub-
strates such as glucose is essential during this time. Malnutrition and famine during 
early-life can profoundly impact neurodevelopment thereby increasing the risk for 
neuropsychiatric disorders in later life [147-150]. Importantly, the brain’s demand 
for specific nutrients depends on the brain structure and time-window of develop-
ment. Hence, the lasting impact of nutrient deficiencies on neurocognitive functions 
may vary depending on the timing of deficiency [3,151,152]. Breastfeeding is the 
best example of how potently early-life nutrition can exert lifelong effects on later 
health outcomes. Both the duration and exclusivity of breastfeeding are associated 
with lasting positive effects on metabolic as well as brain functions [153,154]. The 
beneficial effects of breastfeeding are likely multifactorial, comprised of a variety 
of positive inputs including nutrient composition, maternal behavior, and sensory 
stimulation [155,156]. Next to providing the necessary nutrients, human breast milk 
also contains non-nutritive bioactive factors such as hormones, microbiota, and im-
portantly, immune factors [156]. Considering the pivotal role of early-life nutrition 
for healthy brain development and function, optimizing early-life nutrition also pro-
vides opportunities to influence long-term health [157]. In the following sections we 
will discuss the potential of two nutritional interventions on protecting the hippo-
campus against negative effects of ES. The first nutritional intervention consists of 
a diet altered in ω-3 availability (chapter 4), and the second nutritional intervention 
consists of an infant milk formula (IMF) altered in structure to mimick human breast 
milk (chapter 6). 

3.2.1 | Targeting diet composition: the role of omega-3

While there are numerous nutrients essential for the brain during the early-life peri-
od, in this thesis we focused on the essential long chain polyunsaturated fatty acids 
(LCPUFAs) ω-3 and ω-6. The brain is largely comprised of lipids of which docosa-
hexaenoic acid (DHA) is the predominant ω-3 fatty acid and arachidonic acid (AA) 
the predominant ω-6 fatty acid [158]. The ω-3 LCPUFA DHA is the most abundant 
ω-3 fatty acid in the central nervous system (CNS) and accumulates rapidly in the 
brain during development. In humans, the peak of DHA accumulation occurs during 
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the last trimester of gestation until the end of the second year of life while in ro-
dents, DHA accumulates during the last 3 days of gestation until approximately the 
age of weaning [159,160]. DHA incorporates in membrane phospholipids of neural 
tissues where it not only serves as a structural constituent of neural membranes, 
but also acts as a precursor of neural signaling molecules [161]. DHA is one of the 
essential ‘building blocks’ that contributes to neurogenesis, neurotransmission, syn-
aptic plasticity, and myelination amongst other important neural processes [158]. 

Linoleic acid (LA) and ω-linolenic acid (ALA) are the fatty acids required for the syn-
thesis of ω-6 and ω-3 LCPUFAs respectively. These essential fatty acids cannot be 
synthesized within the CNS, and therefore need to be taken up from the diet to en-
sure proper growth, development, and healthy physiological functioning [158,162]. 
During evolution, the ratio of the LA/ALA dietary intake was approximately 1:1. 
However, in the past decades, a shift has taken place in dietary fatty acid levels due 
to increased intake of food rich in LA (e.g. meat, sunflower oil) resulting in current 
Western diets with a ratio that can go up to 25:1 [163,164]. As LA and ALA compete 
for the same enzymes to synthesize their respective ω-6 and ω-3 LCPUFAs, and LA 
inhibits the incorporation of e.g. DHA into tissues, this can compromise an ade-
quate availability of ω-3 [165]. 

Previous research from our lab has shown that lowering the LA/ALA ratio from P2 to 
P42 during development prevents cognitive impairment in adult ES-exposed mice 
[58]. Importantly, the low LA/ALA diet also prevented the increase in phagocytic 
(CD68+) microglia in the hippocampus of ES mice, indicating that ω-3-mediated 
neuroinflammation may, at least partly, underlie the beneficial effect of the diet on 
cognitive functioning in ES mice. Indeed, providing a low LA/ALA diet during ear-
ly-life altered hippocampal gene expression in response to an adult LPS challenge 
(chapter 4). Interestingly, no major changes of ES and early-diet on hippocampal 
gene expression were observed under baseline conditions. In response to LPS how-
ever, differential patterns of gene expression became evident. Some immune-re-
lated gene pathways (i.e. chemokines, complement, cytokines) were significantly 
different in response to LPS in ES versus control mice that were fed a high LA/ALA 
diet, but not a low LA/ALA diet (chapter 4), highlighting that a low LA/ALA diet 
may moderate the impact of the LPS inflammatory challenge. Indeed, ES is known 
to aggravate the neuroinflammatory response to later life inflammation as induced 
by e.g. LPS [36,166-168], while ω-3 fatty acids have a neuroprotective effect against 
LPS-induced impairments [169-172]. This protective effect might involve glial cells, 
as both microglia and astrocytes are crucial for the anti-inflammatory effects of ω-3 
[173,174]. 
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In this ongoing study we are investigating the mechanisms of action responsible for 
the protective effect of a low LA/ALA diet on cognitive functions in ES mice. It was 
suggested that the prevented increase in phagocytic microglia may have contrib-
uted to the beneficial effects of the diet on cognition through their important role 
in synaptic pruning of newborn neurons [58]. Next to microglia, we can speculate 
that astrocytes may also play a role in ω-3-mediated brain and cognitive function-
ing. Astrocytes produce ω-3 and ω-6 fatty acids from its precursors and provide 
them to neurons [175]. Mechanisms through which astrocytes may contribute to 
cognitive function due to dietary ω-6/ ω-3 include modulation of astrogliosis, gap 
junction coupling, and glutamatergic synaptic efficacy [176-178]. Impaired glutama-
tergic neurotransmission is especially relevant in the context of stress, when gluta-
mate levels are elevated. Defective glutamatergic neurotransmission, especially in 
brain regions like the hippocampus, could contribute to cognitive dysfunction [179]. 
Therefore the capacity of ω-3 fatty acids to protect against disruptive glutamatergic 
neurotransmission due to chronic stress could play an important role in its beneficial 
effects in ES [180]. In vitro studies support this notion as DHA prevents stress-in-
duced alterations in astrocyte morphology and glutamate metabolism [181]. 

Another possible mechanism underlying the protective effects of our LCPUFA di-
etary intervention on adult cognitive functioning involves neurogenic processes. 
Early-life low LA/ALA diet was previously shown to rescue the reduction in adult 
cell-survival normally observed after ES. Therefore, fatty acid mediation of neuro-
genesis may be of importance. The process of adult hippocampal neurogenesis 
has been implicated in learning and memory functions [143,144] and the decrease 
in survival of adult-born neurons was previously associated with cognitive dysfunc-
tion in ES-exposed mice [53]. Importantly, ω-3 is known to promote neurogenesis 
[182,183], and the DHA accretion spurt in rodents coincides with the peak in neu-
rogenesis [159]. In this context, it is also important to consider the specific lipid re-
quirements of hippocampal stem cells and neurogenesis [184-186], and the recently 
discovered regulatory role of astrocytes in mediating neurogenesis (BOX3). Further 
analyses will shed more light on the underlying mechanisms involved in the efficacy 
of the low LA/ALA dietary intervention. 

Thus we have shown for the first time that increasing the availability of ω-3 fatty 
acids during early-life may alters the response to a later life immune challenge in 
mice exposed to ES. Furthermore we have replicated previous findings proving the 
effectiveness of a low LA/ALA dietary intervention in preventing ES-induced cogni-
tive impairments. Although the underlying mechanisms have yet to be elucidated, 
they might involve the anti-inflammatory action of glial cells or their direct role in 
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synaptogenesis, or mediation of neurogenic processes either via glial cells or direct-
ly through fatty acid action on neural stem cells.

3.2.2 | Targeting diet structure: implications for brain and metabolism

Next to nutrient composition, nutrient structure may also play a key role in the 
health effects of early-life nutrition and received considerably less attention in this 
context. Human breast milk contains large lipid droplets with a core of triglycerides 
and cholesteryl-esters, which is surrounded by a phospholipid tri-layer. This phos-

BOX3 Astrocyte regulation of hippocampal neurogenesis

In recent years, researchers have found that in addition to microglia, also as-
trocytes are important regulators of hippocampal neurogenesis. Astrocytes re-
lease factors that can influence all phases of adult hippocampal neurogenesis, 
including proliferation, differentiation, and migration of adult-born neurons. 
For example, fibroblast growth factor 2 secreted by astrocytes induces prolif-
eration in neural stem cells, and astrocyte-conditioned medium increased neu-
ral stem cell differentiation into neurons in vitro [187-189]. More importantly, 
astrocytes are critical for local dendritic spine maturation, synaptic integration, 
and survival of adult newborn neurons in the hippocampus via D-serine release 
[190]. Finally, there is some evidence indicating that neurogenesis is modu-
lated by factors related to astrocyte lipid metabolism (i.e. fatty acid binding 
proteins and fatty acid synthase) [191,192]. Notably, astrocytes might be po-
tential modulators of neurogenesis under conditions of stress, via micro RNA 
secretion in exosomes [189].

Together, these data show that astrocytes play a crucial role in the functional 
integration of new neurons into local networks, which could have direct im-
plications for processes like learning and memory. In neurological diseases in 
which astrocytes show aberrant function such as AD, this may result in impaired 
neurogenesis, possibly contributing to the observed cognitive decline [188]. 
This new view of neurogenesis as an astrocyte-controlled process is notewor-
thy in the context of stress, considering the consistent effect of ES on develop-
mental as well as adult neurogenesis [137]. However, to what extent changes 
in astrocytes are involved in the alterations in neurogenesis as a consequence 
of ES, is currently an outstanding question. 
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pholipid tri-layer, also called the milk fat globule membrane (MFGM) consists of 
membrane proteins, cholesterol, and phospholipids [193]. The World Health Orga-
nization (WHO) recommends exclusive breastfeeding up to the age of 6 months, 
followed by continued breastfeeding in addition to the normal diet until the age 
of 2 years [194]. However, there are situations in which (exclusive) breastfeeding is 
not always feasible, such as in stressful situations like maternal illness. Therefore it is 
crucial to develop infant milk formula (IMF) that matches the quality of human breast 
milk. Current IMF has a different structure from that of human breast milk containing 
small lipid droplets covered by milk proteins [195]. Hypothesizing that the structure 
of human breast milk is key for its positive influence on health outcomes, Danone 
Nutricia Research developed a novel IMF that mimicks the physical characteristics 
of lipid globules in mammalian milk (Nuturis®) [196]. 

In chapter 6, we show for the first time that postnatal exposure to a diet con-
taining Nuturis® has a lasting impact on adult hippocampal neurogenesis. Nutur-
is® modulated the effects of ES and adult Western-style diet (WSD) exposure on 
levels of neurogenesis in the hippocampus, without affecting cognitive function-
ing. Although evidence from both pre-clinical and clinical studies reveal that add-
ing MFGM fragments to the early diet has positive effects on neurodevelopment 
[197,198], the mechanisms via which Nuturis® may influence neurogenesis need 
further attention. The altered lipid structure of Nuturis® might affect absorption 
kinetics thereby altering the bioavailability of lipids essential for brain development 
[199]. In addition, Nuturis® may increase the availability of bioactive components 
like gangliosides and sialic acid, which are known to impact neuronal growth and 
synaptogenesis [200] and can thereby influence neurogenic processes. Ultimately 
the short intervention with Nuturis® could not prevent the obesogenic phenotype 
resulting from a life-long WSD exposure in our current sample size. Importantly, 
moderation of fat accumulation provoked by WSD seemed to still be present during 
an earlier phase of WSD exposure. Together this data highlights the importance of 
further investigating products like Nuturis® as potential therapeutic strategies to 
help vulnerable populations protecting against lasting consequences of situations 
where neurodevelopment might be challenged, like ES.

3.3 Exercise

In chapter 7, we examined whether ES alters the ‘set-point’ or responsiveness of the 
female mouse brain to a positive pro-neurogenic stimulus. In previous work from our 
lab, we have demonstrated that ES-exposed male mice showed impaired cognition 
in adulthood associated with reductions in adult hippocampal neurogenesis. Fe-
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male ES-exposed mice however, exhibited only very mild cognitive changes and no 
reduction in the survival of their newborn neurons in adulthood. Interestingly, clini-
cal literature reports increased vulnerability to ES in females rather than males [201]. 
In chapter 7 we therefore questioned whether, despite the apparent hippocampal 
resilience of females to ES effects, ES might also alter the capacity of female mice 
to respond to a positively stimulating environment. Interestingly, our findings reveal 
that ES abrogates the neurogenic response to exercise in late adulthood, where-
as a pro-neurogenic effect of voluntary exercise was found in 8-month-old control 
female mice, an effect that was particularly prominent in the dorsal hippocampus. 
Our results highlight that ES-induced alterations may not always be apparent under 
baseline circumstances, but may become evident in response to challenging condi-
tions. As such, they can be considered ‘context-dependent’. This suggests that ES 
in females leads to an altered ‘set-point’ and diminished responsiveness of neural 
stem cells to exercise, possibly indicating molecular programming of hippocampal 
stem cells as a result of ES. In chapter 5, although not in females, we examined the 
programming effect of ES on hippocampal neural stem/progenitor cells (NSPCs). 
Our results show that ES does not lead to a depletion of the NSPC pool, suggesting 
that alternative mechanisms may underlie the changes in adult neurogenesis as a 
consequence of ES in males. To elucidate whether molecular NSPC properties are 
altered in female mice, and lead to the observed reduced responsiveness to exer-
cise (chapter 7), further research is necessary. Importantly, our findings indicate that 
exercise, although often described to have a positive influence on the brain also 
under pathological conditions [202,203], was not suitable as a lifestyle intervention 
in ES females. 

4    Sex-specific vulnerability to early-life stress 

As mentioned in the previous section, our findings indicate that sex differences 
are crucial in determining the ES phenotype (chapter 7) and further highlight the 
importance of studying both male and female subjects in the context of ES. Our re-
sults support the notion that ES may affect different domains of brain and cognition 
in males versus females [204-206], which increases the need for specific paradigms 
that will allow to study male and female health outcomes following ES. This there-
fore also requires testing of the nutritional interventions described in chapter 4 and 
6 in female mice as well, especially considering some of the metabolic sex differenc-
es observed previously in ES mice [62]. In the current thesis sex-specific differences 
of ES on astrocytes were not discussed, as these experiments only included male 
mice due to practical feasibility (chapter 2, 3). However, astrocytes show sexual di-
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morphism and undergo changes in response to sex hormones, estrous cycle chang-
es, and maternal behavior [207-209]. Interestingly, sex differences are also observed 
in the response of astrocytes to metabolic factors (e.g. nutrients) between male 
and females [210] and ES in the form of a single immune challenge during early-life 
resulted in sexually-dimorphic alterations in hippocampal astrocytes in adulthood 
[211]. For this reason it is important to consider the effects of ES on female as-
trocytes in future experiments. Unfortunately, present-day research focuses almost 
solely on males, due to the increased complexity and variation that female estrous 
cycles bring to the table [212]. Although also male animals experience hormonal 
changes, our results further confirm that results from males cannot be directly ap-
plied to females (chapter 7), and raise the question whether ES effects in females 
in general may become (more) apparent in response to later life challenges. Due to 
the current male bias in (neuro)scientific research the scientific community may miss 
important effects in females, which could have a negative impact on the promotion 
of women’s health. Therefore, we underscore the importance of increasing the use 
of females in future studies [212].

5    Lifestyle factors and environmental exposures shape early-life 
stress effects: Enhanced resiliency or increased susceptibility?

In this thesis, we studied whether lifestyle and environment in adulthood can mod-
ulate ES effects on health outcomes. Evidence from the literature shows that expo-
sure to stress during early-life may either enhance susceptibility, or promote resilien-
cy, to a ‘second-hit’ (e.g. stress, immune challenge, unhealthy diet). This has lead to 
the establishment of two hypotheses: i) the cumulative stress, or two-hit hypothesis, 
which postulates that vulnerability is enhanced when adversity accumulates over 
time, and ii) the predictive adaptive, or ‘match- mismatch’ hypothesis, stating that 
the adaptation of an organism to its earliest environment will help promote its abil-
ity to resist, or adapt to, similar challenges in later life. 

Some of our findings indicate that ES may increase the susceptibility to a negative 
challenge in later life. ES exacerbated the increase in peripheral levels of certain 
cytokines in response to LPS (chapter 4), intensified the decrease in astrocytic GR 
expression in response to DEX exposure in vitro (chapter 3), and aggravated am-
yloid pathology in APP/PS1 mice [55]. Interestingly, this aggravated amyloid pa-
thology was associated with a reduced microglial response as compared to control 
mice [55], but not with an exaggerated response of astrocytes to Aß (chapter 2), 
highlighting the complexity of determining the ability of the neuroimmune system 
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to cope with later life challenges after exposure to ES. As we have observed lasting 
changes in astrocytes in older mice (chapter 2), it could be that in general, effects 
of ES may become more prominent with ageing [213]. Indeed, astrocytes are more 
susceptible to ageing as compared to e.g. microglia, supporting the idea that ES 
may accelerate the process of ageing in astrocytes [214]. 

Determining whether the changes we observe in response to a second-hit are 
adaptive or maladaptive remains a challenging issue in both pre-clinical and clinical 
ES research. There are several issues that need to be considered when studying 
how secondary challenges affect an ES-exposed individual. First, it may be key to 
distinguish adversities based on severity; whereas severe abuse or neglect during 
early-life may increase the vulnerability to adult psychopathology, the exposure to 
a moderate stressor could rather increase resilience [215,216]. Secondly, different 
types of early-life adversities often arise synergistically; e.g. a malnourished child is 
also more prone to infection [217] as nutritional factors can modulate the immune 
system (e.g. glial cells; as discussed in chapter 1). This type of ‘multi-hit’ stress 
during early-life is more likely to result in health problems in adulthood [216,218]. In 
addition, individuals that are exposed to adversity during early-life are more likely 
to encounter more stressful events later in life. Furthermore, early-life adversity may 
promote either resiliency or an enhanced susceptibility depending on the genetic 
make up or the biological domain of interest to the researcher (e.g. cognitive versus 
metabolic domain). For example, whereas ES seems to lead to an increased vul-
nerability to WSD exposure metabolically, as shown by an exacerbated increase in 
fat percentage [62], centrally, the levels of neurogenesis were restored by WSD in 
ES-exposed mice (chapter 6) (although the WSD-induced increase in neurogenesis 
could also point towards dysfunctional regulation of neurogenic processes like ab-
errant proliferation and/or apoptosis and therefore are not unambiguously positive). 
Such differential effects on different biological domains have also been observed 
for the effects of ES and later life stress on metabolic versus behavioral outcomes 
[219]. Lastly, it should be noted that the extent to which the later life challenge is 
similar in nature to that of the early-life adverse event may, at least in part, deter-
mine the degree of later match or mismatch [220]. 

With regard to the effects of positive secondary stimuli or lifestyle interventions (e.g. 
exercise and diet) in ES-exposed mice we have shown that timing of intervention 
is vital. The fact that exercise in adulthood did not result in the desired neurogenic 
boost in ES females (chapter 7), suggests that an earlier timing of intervention might 
be key to counteract ES effects. Indeed, nutritional interventions provided during 
early-life were at least partly successful in protecting against ES effects (chapter 4, 
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6). Chapter 7 furthermore shows that ES can decrease the responsiveness to a later 
life stimulus, which poses a challenge for intervention strategies. The unresponsive-
ness to deal with environmental or lifestyle challenges could lead to a system that 
cannot recruit sufficient protective mechanisms when faced with a threat. In turn, 
this might increase the susceptibility to damaging environmental influences. For 
this reason, it is critical for future research to uncover the sensitive time-windows for 
intervention. 

Thus our findings indicate that the effect of later lifestyle factors and environmental 
exposures is dependent on the type of challenge (e.g. immune, diet) and the bio-
logical domain tested (e.g. cognitive functioning, metabolic parameters, neuroin-
flammatory response), and highlight the opportunities for early nutritional interven-
tions in protecting against negative effects of ES.

6    Concluding remarks

Early-life adversity is a worldwide concern associated with increased susceptibility 
to later life cognitive decline and development of psychopathology. In this thesis 
we have shed new light on the importance of integrating the substantial impact of 
lifestyle factors and environmental exposures in models that study the early-life ad-
versity induced risk for mental health problems. Specifically studying the impact of 
later lifestyle is extremely important for the development of intervention strategies, 
as lifestyle can be adapted, and lifestyle changes can be implemented relatively 
easy. Although the underlying mechanisms are not fully unraveled (see BOX4 for 
an overview of outstanding questions), we have shown that nutritional interventions 
may be a potent, non-invasive, and low-cost strategy to attenuate effects of ES on 
adult health outcomes. We have confirmed that a low LA/ALA diet during early-life 
could protect against ES induced cognitive deficits in later life (chapter 4) [58], and 
provided initial evidence that an IMF that mimics the structure of human breast milk 
has long-lasting effects on the neurogenic capacity in response to lifestyle changes, 
and may protect against excessive fat accumulation in response to WSD metaboli-
cally (chapter 6). 

In this thesis we have furthermore discussed the role of astrocytes in early-life adver-
sity programming of the brain. Although aberrant astrocyte structure and function 
is prominent in many psychiatric and neuropathological diseases for which ES is 
a risk factor including MDD, schizophrenia, AD and Parkison’s disease [221-224], 
and increasing studies have focused on astrocyte-targeted therapeutic strategies 
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for these diseases [225], at this point, the investigation of the contribution of astro-
cytes to the ES-enhanced risk for adult psychopathology is still in its infancy (see 
BOX4 for an overview of outstanding questions). The fact that a loss of astrocytes is 
not present in the hippocampus of MDD patients taking antidepressant drugs [20], 
and that animals treated with antidepressant drugs during chronic stress did not 
present with a stress-induced loss of astrocytes [21], indicates that stress-induced 
astrocytic changes are reversible, which may provide interesting opportunities for 
the treatment of ES effects. However, in the current thesis we only found marginal 
effects of ES on astrocytes, indicating that astrocytes are protected against ES, or 
might be affected at a more local level. Thus a better understanding of astrocyte 
programming by ES could contribute to new strategies aimed to minimize the risks 
of early-life adversity and the subsequent challenges in later life. 
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BOX4 Outstanding questions 

1. How does astrocyte heterogeneity within and across brain regions 
contribute to ES programming of the brain?     
Although recent research indicates that astrocytes comprise a heterogene-
ous population of cells, the identification of functionally different astrocyte 
subpopulations is an ongoing process.  A more extensive understanding of 
astrocyte heterogeneity would be pivotal in understanding their involve-
ment in (early-life) stress consequences.     
 

2. Do astrocytes contribute to ES-induced cognitive deficits in adult-
hood?         
While astrocytes appear to be affected by (early-life) stress, and their func-
tions contribute to brain plasticity in numerous ways, if and which astrocytic 
processes mediate the ES-induced cognitive deficits is still unclear.   
       

3. Does providing a low LA/ALA diet after exposure to ES still prevent 
cognitive impairment in ES-exposed mice?     
In the current studies a low LA/ALA diet was provided throughout ES, rais-
ing the question whether the dietary intervention would still be effective in 
protecting cognitive functioning when it is provided after the ES exposure. 
Elucidating this will help to identify the critical time windows for interven-
tion and the underlying mechanisms involved, and will have possible impli-
cations for translation.       
  

4. How do the neurogenic and astrocytic changes we observe in our ES 
model relate to each other?      
Emerging evidence attributes a role to astrocytes in regulating neurogenic 
processes. However, during development, neurogenesis precedes astro-
genesis while synapse formation is delayed until astrocytes are present. 
This raises the question how ES interferes with these processes. 
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Early-life is a critical period for brain development, during which the brain is shaped 
for life. This ‘programming’ of the brain can be negatively influenced by adversity 
in the early-life environment, such as abuse and neglect. Early-life adversity can in-
deed lastingly impact brain structure and function and thereby increase the risk for 
the development of psychopathologies and cognitive deficits later in life. In recent 
years, this developmental origin of health and disease (DOHaD) hypothesis has 
received quite some attention in the context of early-life stress (ES) and extensive 
literature has shown that ES can induce cognitive dysfunction and alter disease 
susceptibility in later life. However, the contribution of lifestyle factors and environ-
mental exposure to this ES-enhanced predisposition for psychopathology has only 
received marginal attention so far. 

Sadly, ES is a global problem that is difficult to prevent. As currently no effective 
treatments are available, it becomes increasingly important to understand the con-
tribution of adult lifestyle on the increased risk for psychopathology following ear-
ly-life exposure to stress. Increasing our knowledge on this topic will help to identify 
vulnerable populations and might contribute to establishing (preventive) therapeu-
tic strategies to improve adult health outcome after ES. Unraveling the underlying 
biological mechanisms involved in this process is therefore essential. In this thesis, 
we aimed to gain further insight in the mechanisms underlying ES programming 
and the contribution of lifestyle or environmental influences to the increased sus-
ceptibility to cognitive impairment as a consequence of ES. We here focused on 
astrocytes and neurogenesis in the hippocampus. 

In chapter 1, we reviewed the existing literature on the effects of early-life adversity 
on astrocytes. We show that different types of early-life adversity (i.e. maternal depri-
vation/separation, immune challenges, and malnutrition), impact astrocytes both on 
the short- and long-term. The main findings implicate alterations in astrocyte glial 
fibrillary acidic protein (GFAP) expression per se as well as persistent alterations 
in astrocyte metabolism related factors, like glutamate and glucose transporters. 
In addition, we propose that astrocytes may be key players in the integration of a 
variety of signals from the early environment, thereby contributing to the synergistic 
effect of hormonal, inflammatory and nutritional input from the adverse early-life 
environment on the brain. Lastly, we highlight the possibility of using human-based 
iPSC models to increase our knowledge on astrocyte biology and the interaction of 
astrocytes with their environment in the context of early-life adversity. 
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We extended our knowledge on the lifelong effects of ES on astrocytes and stud-
ied whether ES modulates the response of astrocytes to amyloid pathology in a 
transgenic mouse model of Alzheimer’s disease (AD) in chapter 2. We showed that 
ES, induced by housing mice litters with limited nesting and bedding material, af-
fects hippocampal GFAP expression in an age-dependent manner. In addition, we 
found that APP/PS1 overexpression does not result in any astrocytic changes at 
an early-pathological stage of 4 months, but affects GFAP expression in both the 
hippocampus and entorhinal cortex in different directions and alters hippocam-
pal gene expression of astrocyte-related genes at a late-pathological stage of 10 
months. Interestingly, ES did not modulate the effects of amyloid pathology on 
astrocytic features, unlike microglia, that were previously shown to have an altered 
neuroinflammatory response to amyloid pathology in mice that were exposed to 
ES. However, we show that locally clustered GFAP expression only present in the 
hippocampus of APP/PS1 mice, correlates to CD68 expression, which indicates a re-
lation between phagocytic microglia and astroglial GFAP in the context of amyloid 
pathology. These results highlight that the response of astrocytes to AD pathology 
depends on plaque association, brain region, and disease progression, but is not 
modulated by early-life exposure to stress. 

To further study ES programming of astrocytes, we examined ES-induced priming of 
the astrocyte response to stress hormones in chapter 3. In this preliminary report, 
we used a combined in vitro and in vivo approach in which primary hippocampal as-
trocyte cultures were derived from ES mice and subsequently treated with the syn-
thetic glucocorticoid dexamethasone (DEX). We show that DEX significantly alters 
gene expression levels of astrocyte-related genes, an effect that was modulated by 
ES for certain genes. This preliminary report provides initial evidence on ES-induced 
priming of the astrocyte response to stress hormones. 

In chapter 4, we applied nutritional interventions in order to combat ES-induced 
effects on the brain. We replicated previous results by demonstrating that an ear-
ly-life diet with an improved ω-6/ω-3 fatty acid ratio, rescued cognitive impairments 
induced by previous exposure to ES. In addition, we show that both ES and a low 
ω-6/ω-3 dietary ratio during early-life alters the peripheral and central response to 
an immune challenge in adulthood (i.e. LPS): i) ES exacerbated the LPS-induced 
increase in plasma cytokine levels and ii) both ES and early-diet modulated hippo-
campal gene expression changes in response to LPS, as measured by microarray. 
Interestingly, no changes in plasma cytokine levels or hippocampal gene expres-
sion were observed under basal conditions (i.e. no LPS), highlighting that ES alters 
the responsiveness to later life environmental factors without impairments being 
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apparent under normal conditions. These initial results already provide novel evi-
dence on the programming of both the peripheral and central immune responses 
by both stress and dietary exposures during early-life. In this ongoing study, we will 
later investigate the biological pathways involved. The genome-wide approach of 
this study allows identification of possible new underlying mechanisms involved in 
ES-induced effects on the brain. 

To determine the effect of ES and later lifestyle factors at the level of neurogenesis, 
i.e. the birth of new neurons from stem cells in the adult brain, we started out in 
chapter 5 to investigate the effect of ES on the neural stem progenitor cell (NSPC) 
pool in the hippocampus. Using a transgenic mouse line for Nestin-GFP, a common-
ly used NSPC reporter, we found that ES does not deplete the adult NSPC pool in 
4-month-old mice. Our findings indicate that the reduction in adult hippocampal 
neurogenesis in adulthood generally observed after previous ES exposure is likely 
not the direct consequence of a depleted NSPC pool.  

In chapter 6, we continued our research on effects of ES in the context of early 
nutritional interventions in combination with a negative challenge in adulthood: an 
‘unhealthy’ Western-style diet (WSD). We studied whether postnatal exposure to 
infant milk formula (IMF) altered in structure to mimic the physical characteristics 
of breast milk (Nuturis®), modulates the effects of ES on brain and metabolic out-
comes in response to an unhealthy WSD in adulthood. Focusing on both mental 
and metabolic parameters is important as ES is not only a major risk factors for psy-
chopathologies, but also increases the risk to develop metabolic disorders. Notably, 
psychiatric and metabolic disorders are often highly comorbid. We demonstrated 
for the first time that a short-term exposure to an IMF physically mimicking breast 
milk has a lasting impact on adult hippocampal neurogenesis in response to an 
unhealthy diet in adulthood. Metabolically, ES and Nuturis® had limited effects on 
WSD-induced body composition changes, but patterns were identified for i) ES-en-
hanced susceptibility to the negative effects of WSD on metabolic factors, and ii) an 
attenuation of this effect by postnatal exposure to Nuturis®. However, lifelong WSD 
exposure abolished these effects, which stresses the substantial negative impact of 
a long-lasting unhealthy diet, a clinically relevant problem in current society.

In chapter 7 we further studied the impact of adult lifestyle factors on ES effects. 
Here, in contrast to the negative adult lifestyle factor studied in chapter 6, we fo-
cused on exercise, a well-known pro-neurogenic stimulus. Strikingly, we show that 
female mice that were previously exposed to ES lacked the increase in neurogenesis 
in response to running, while no baseline reductions in neurogenesis were present 
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as observed in male mice. This; i) further supports the notion that functional deficits 
as a consequence of ES may only become apparent under the influence of later life 
environmental challenges or exposures, and ii) highlights the importance of study-
ing both male and female subjects in the context of early-life adversity, as ES-in-
duced alterations appear sex-specific. We have for the first time provided evidence 
for an ES-induced unresponsiveness to exercise in adult/middle-aged female mice. 

Finally, in chapter 8, the main findings of this thesis are summarized and discussed 
from a broader perspective. First, the role of astrocytes in early-life adversity induced 
programming of the brain is discussed. I discuss the importance of further studying 
the involvement of astrocytes in the context of ES, as astrocytes are increasingly 
implicated in stress-related disorders (e.g. depression) and diseases for which ES 
is a known risk factor (e.g. AD). In this context, it is crucial to further investigate 
astrocyte heterogeneity for which single cell analysis tools are available. Secondly, 
I discuss the potential of lifestyle (i.e. nutritional and exercise-based) interventions 
to protect against the negative effects of ES on the brain. In this context, I focused 
on hippocampal plasticity and specifically adult hippocampal neurogenesis, and 
speculate that immune and neurogenic processes may underlie the beneficial effect 
of increased ω-3 availability on cognitive functioning in ES mice. In addition, the 
implications of the altered lipid structure in Nuturis® on neurodevelopment are 
discussed. Lastly, we discuss the modulation of ES-induced effects by lifestyle and 
environmental factors and discuss the implications for specific therapeutic interven-
tions and time-windows, and their clinical relevance. 
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Het vroege leven, en met name de periode vlak na de geboorte, is een kritieke 
fase voor de ontwikkeling van de hersenen waarbij onze hersenen worden gevormd 
voor het leven. Deze 'programmering' van de hersenen kan negatief worden beïn-
vloed door bijvoorbeeld ernstige stress of traumatische gebeurtenissen in het vroe-
ge leven. Voorbeelden hiervan zijn verwaarlozing, seksueel misbruik, geweld, lang-
durige ziekte of hongersnood. Als zulke negatieve invloeden optreden tijdens de 
vroege ontwikkeling van een kind kunnen ze de hersenstructuur en -functie blijvend 
beïnvloeden. Bovendien verhogen ze het risico op het ontstaan van hersenaandoe-
ningen op latere leeftijd. Uit literatuur is gebleken dat stress in het vroege leven bij-
voorbeeld het risico verhoogt op latere leer- en geheugenproblemen, depressie en 
schizofrenie. Echter, of factoren als leefstijl of negatieve omgevingsfactoren later in 
het leven deze aanleg voor hersenaandoeningen na vroege stress mogelijk kunnen 
herstellen of anderszins negatief beïnvloeden, was nog onbekend. 

Chronische stress tijdens het vroege leven komt wereldwijd nog steeds veel voor 
maar is moeilijk te voorkomen. Daarbij komt dat er momenteel geen effectieve be-
handelingen beschikbaar zijn om de gevolgen van vroege stress tegen te kunnen 
gaan. Het wordt daarom steeds belangrijker om de bijdrage van leefstijl aan het 
verhoogde risico op psychopathologie na vroege stress beter te begrijpen. Meer 
kennis over dit onderwerp zou kunnen helpen om kwetsbare bevolkingsgroepen te 
identificeren en zou kunnen bijdragen aan het ontwikkelen van (preventieve) thera-
peutische strategieën om de effecten van vroege stress op de volwassen gezond-
heid te verbeteren, of te voorkomen. Het is hierbij essentieel om inzicht te verkrij-
gen in de onderliggende biologische mechanismen. In dit proefschrift proberen we 
meer inzicht te krijgen in hoe vroege stress het brein beïnvloedt, en wat de bijdrage 
van leefstijl of externe omgevingsfactoren in het latere leven zijn in dit proces. Hier-
bij focussen we op hippocampale plasticiteit, astrocyten en neurogenese.

In hoofdstuk 1 bespreken we bestaande literatuur over de effecten van vroege 
stress op een belangrijke steuncel in het brein, de astrocyt. We behandelen effecten 
van verschillende soorten stress in de vroege levensfase (d.w.z. onvoldoende moe-
derzorg, infecties en ondervoeding) op astrocyt-eigenschappen, zowel op korte als 
op lange termijn. De belangrijkste bevindingen zijn dat vroege stress invloed heeft 
op de expressie van glial fibrillary acidic protein (GFAP) en permanente veranderin-
gen veroorzaakt in de glutamaat- en glucosetransporters van astrocyten. Daarnaast 
presenteren we de hypothese dat astrocyten belangrijke spelers kunnen zijn bij de 
integratie van diverse signalen uit de vroege omgeving, zoals hormonen, voedings-
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factoren en immuun-gerelateerde signalen. Hiermee dragen astrocyten bij aan het 
synergistische effect van deze vroege omgevingsfactoren op de hersenen. Ten slot-
te lichten we de mogelijkheid toe om humane iPSC-modellen te gebruiken om onze 
kennis over de biologie van astrocyten te vergroten en meer inzicht te krijgen in de 
interactie van astrocyten met de omgeving in een context van vroege stress.

In hoofdstuk 2 onderzoeken we wat de lange termijn effecten zijn van vroege stress 
op astrocyten en of dit proces bijdraagt aan een toegenomen ontvankelijkheid voor 
ziekte. We onderzoeken de vraag of vroege stress de reactie van astrocyten op de 
Alzheimer-geassocieerde amyloïde pathologie moduleert in een transgeen muis-
model voor de ziekte van Alzheimer (APP/PS1 muizen). We tonen aan dat vroege 
stress, veroorzaakt door beperkt nestmateriaal in de postnatale fase, GFAP-expres-
sie in de hippocampus beïnvloedt op een leeftijdsafhankelijke manier. Bovendien 
hebben we gevonden dat APP/PS1-overexpressie GFAP-expressie verlaagt in de 
hippocampus, verhoogt in de entorhinale cortex en de hippocampale genexpressie 
van astrocyt-gerelateerde genen verandert in een gevorderd stadium van amylo-
ide pathologie (10 maanden oud). Echter, de effecten van amyloïde pathologie op 
astrocyten in de hippocampus en entorhinale cortex werden niet verergerd door 
blootstelling aan vroege stress. Dit in tegenstelling tot microglia, cellen die heviger 
reageerden op amyloïde pathologie in muizen die eerder waren blootgesteld aan 
vroege stress. Wel laten we zien dat lokaal geclusterde GFAP-expressie, die alleen 
aanwezig is in de hippocampus van APP/PS1-muizen, correleert met CD68-expres-
sie, wat een verband aangeeft tussen fagocytische microglia cellen en het GFAP 
van de astrocyt, als dit bestudeert wordt in de context van amyloïde pathologie. 
Deze resultaten benadrukken dat de reactie van astrocyten op amyloïde pathologie 
afhankelijk is van de nabijheid van amyloïde, het hersengebied en ziektestadium, 
maar niet veranderd is na blootstelling aan vroege stress. 

Om te onderzoeken of blootstelling aan vroege stress de stress reactie van astro-
cyten voorgoed verandert, hebben we in hoofdstuk 3 gebruik gemaakt van een 
gecombineerde in vitro en in vivo aanpak. In dit voorlopige rapport hebben we 
primaire celkweken gemaakt van astrocyten uit de hippocampus van muizen die 
blootgesteld waren aan vroege stress. Vervolgens zijn deze cellen behandeld met 
dexamethason (DEX), een synthetische glucocorticoïd. We laten zien dat DEX be-
handeling de genexpressie van astrocyt-gerelateerde genen significant verhoogt, 
een effect dat sterker of zwakker was afhankelijk van het gen wat bestudeerd werd, 
in astrocyten uit muizen die eerder blootgesteld waren aan vroege stress. Deze data 
levert initieel bewijs dat stress vroeg in het leven, de stress reactie van astrocyten 
‘programmeert’.  
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In hoofdstuk 4 proberen we vroege voedingsinterventies toe te passen om de 
effecten van vroege stress op de hersenen te bestrijden. We repliceerden allereerst 
onze eerdere resultaten door aan te tonen dat het verstrekken van een dieet met 
een ‘gezond’ vetgehalte, (d.w.z. een lage ω-6/ω-3 verhouding) tijdens het vroege 
leven de vroege stress geïnduceerde leer- en geheugenproblemen op latere leef-
tijd in muizen voorkwam. Bovendien toonden we aan dat zowel stress als een lage 
ω-6/ω-3 verhouding in het vroege dieet de perifere en centrale immuunrespons op 
een ontstekings-inducerende factor (LPS) op volwassen leeftijd beïnvloedt: i) vroe-
ge stress verergerde de door LPS geïnduceerde toename in plasma cytokines, en ii) 
zowel vroege stress als dieet moduleerden de effecten van LPS op hippocampale 
genexpressie, zoals gemeten met behulp van microarray. Interessant genoeg wer-
den geen veranderingen in plasma cytokines of genexpressie van de hippocampus 
waargenomen onder basale condities (d.w.z. zonder LPS), wat erop wijst dat vroege 
stress de reactie op omgevingsfactoren verandert zonder dat effecten van vroege 
stress zichtbaar zijn onder normale omstandigheden. Deze eerste resultaten leveren 
nieuw bewijs voor het programmeren van zowel de perifere als centrale immuun-
respons door zowel stress als ook door de samenstelling van de voeding tijdens het 
vroegste leven. In deze lopende studie zullen we de betrokken biologische mecha-
nismen verder onderzoeken. Door de methodologische aanpak van deze studie die 
zich richt op alle genen van het genoom, kunnen we mogelijk nieuwe onderliggen-
de mechanismen identificeren die betrokken zijn bij de effecten van vroege stress 
op de hersenen.

Om het effect van vroege stress en latere leefstijlfactoren op neurogenese, de aan-
maak van nieuwe hersencellen, te bepalen, beginnen we in hoofdstuk 5 met het 
onderzoeken van het effect van vroege stress op neurale stamcellen in de hippo-
campus. Met behulp van een Nestin-GFP transgene muis lijn, een veel gebruikte 
marker voor neurale stamcellen, hebben we geconstateerd dat vroege stress niet 
resulteert in uitputting van de voorraad neurale stamcellen in 4 maanden oude mui-
zen. Onze bevindingen duiden erop dat de vermindering in neurogenese die alge-
meen wordt waargenomen na eerdere blootstelling aan vroege stress, waarschijnlijk 
niet het gevolg is van een uitgeputte stamcelvoorraad.

In hoofdstuk 6 hebben we ons onderzoek naar voedingsinterventies voortgezet. 
We hebben onderzocht of zuigelingenmelkvoeding (flesvoeding) die is aangepast 
in structuur om de fysieke kenmerken van moedermelk beter na te bootsen (Nutu-
ris®), de effecten van vroege stress en een ongezond dieet (Westers dieet) later in 
het leven kan voorkomen. Hierbij hebben we de focus gelegd op effecten op het 
brein en metabolisme. We tonen voor het eerst aan dat kortdurende blootstelling 
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aan Nuturis® tijdens de postnatale fase het effect van een Westers dieet op neuro-
genese verandert in volwassen muizen. Blootstelling aan vroege stress en Nuturis® 
hadden beperkte effecten op de vettoename door het Westers dieet. Echter, de 
data lijkt te wijzen op een aantal subtiele effecten: i) muizen die waren blootgesteld 
aan vroege stress vertoonden meer toename in vet na het Westers dieet vergele-
ken met muizen die geen stress hadden gehad, en ii) Nuturis® lijkt deze toename 
in vet iets te verminderen. Echter, een levenslange blootstelling aan het Westerse 
dieet deed deze subtiele effecten teniet. Dit markeert de substantiële negatieve 
gevolgen van een langdurig ongezond voedingspatroon, een relevant probleem in 
de huidige maatschappij. 

In hoofdstuk 7 hebben we de impact van volwassen leefstijl-factoren op de ge-
volgen van vroege stress bestudeerd. Hierbij hebben we ons gericht op lichaams-
beweging, een bekende stimulus voor neurogenese. Opvallend is dat vrouwelijke 
muizen die eerder aan vroege stress waren blootgesteld, geen toename in neuro-
genese vertoonden die je normaal gesproken wel verwacht na lichamelijke inspan-
ning. Interessant is dat er geen vermindering in neurogenese aanwezig was onder 
basale omstandigheden, zoals waargenomen bij mannelijke muizen. Dit geeft aan 
dat de effecten van vroege stress op het brein dus sekse-specifiek zijn. Onze ge-
gevens ondersteunen het idee dat functionele defecten in het brein als gevolg van 
vroege stress soms pas zichtbaar worden na latere blootstelling aan ‘challenges’, 
zoals bepaalde leefstijlfactoren. Ze benadrukken verder hoe belangrijk het is om 
zowel mannen als vrouwen te bestuderen na vroege stress. Deze studie laat zien 
dat vroege stress het positieve effect van lichaamsbeweging op neurogenese op 
latere leeftijd verhindert. 

Ten slotte worden in hoofdstuk 8 de belangrijkste bevindingen van dit proefschrift 
samengevat en besproken in een breder perspectief. Eerst wordt de rol van astrocy-
ten besproken in het kader van de effecten van chronische stress tijdens het vroege 
leven op de hersenen. Ik bespreek het belang van het verder bestuderen van de 
betrokkenheid van astrocyten in de context van vroege stress, omdat astrocyten 
in toenemende mate blijken betrokken te zijn bij stress-gerelateerde stoornissen 
(zoals depressie), en ziekten waarvoor vroege stress een risicofactor voor is (zoals 
de ziekte van Alzheimer). In deze context is het cruciaal om de heterogeniteit van 
astrocyten verder te onderzoeken. Ten tweede bespreek ik de potentie van leef-
stijl (d.w.z. voeding en lichaamsbeweging) interventies om de negatieve effecten 
van vroege stress op de hersenen tegen te gaan. Ik speculeer dat immuun- en 
neurogenese processen betrokken zijn bij het gunstige effect van verhoogde ω-3 
beschikbaarheid op het cognitief functioneren na blootstelling aan vroege stress. 
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Daarnaast worden de mogelijke implicaties van de gewijzigde vetstructuur in Nutu-
ris® op neurologische ontwikkeling besproken. Ten slotte bespreken we de modu-
latie van ES-geïnduceerde effecten door leefstijlfactoren en omgevingsfactoren. Ik 
speculeer dat vroege stress de responsiviteit op latere leefstijlfactoren en externe 
omgevingsfactoren verandert en bediscussieer wat de implicaties hiervan zijn voor 
mogelijke therapeutische interventies.
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land. Ik moet wel zeggen dat de afgelopen maanden op Science Park niet hetzelfde 
waren zonder jullie. Bedankt dat jullie nog steeds voor me klaarstonden tijdens het 
afronden van mijn boekje, ik zou onze videogesprekken niet willen missen.  
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Lieve Silvie en Kitty, bijna tegelijk startten jullie in het lab. Als enige van de Korosi 
groep kende ik jullie toen nog niet, maar zoals later zou blijken was het een perfecte 
match. Jullie eerste ONWAR weekend zal ik niet snel vergeten (geen zorgen, de fo-
to’s worden bewaard voor jullie defenses) en ook het weekendje Barcelona was een 
hoogtepunt (ondanks dat we bijna te laten waren voor onze terugvlucht omdat we 
zo zaten te kletsen!). Silvie, toen jij bij mij op kantoor kwam was er al een snel een 
klik. Jij bent altijd wel in voor een biertje (maar uiteraard niet zonder bitterballen) 
en de afgelopen jaren was jij mijn vaste danspartner op avondjes uit (blijkbaar zijn 
wij ook de enige twee mensen op aarde die het nummer ‘Zoete witte wijn’ kennen, 
maar dat terzijde). Lieve Silv, jij hebt vrijwel altijd een lach op je gezicht maar ik weet 
ook dat je streng kan zijn voor jezelf. Nu ook jij het einde van je PhD nadert hoop ik 
dat je inziet wat je de afgelopen jaren bereikt hebt, en dat je daar echt trots op mag 
zijn. Nu eerst op naar je Yale-avontuur! Lieve Kitty, de toon werd gezet tijdens jouw 
eerste ONWAR weekend toen jij er met mijn drankkaart vandoor ging, en sindsdien 
hebben we een hoop mooie dingen meegemaakt samen. Met jou op stap gaan 
doe je alleen met gevaar voor eigen leven en de gratis drank die jij altijd mee kreeg 
van de barmannen kwam vooral mij en Silvie duur te staan. Ook op het lab hebben 
we veel samengewerkt en vulden we elkaar goed aan als science-duo. Hoewel ons 
gezamenlijke LPS project in de dissecteer-fase nogal 'ese basa' was, hebben we ook 
heel veel gelachen in die surgery room. Daarnaast vond ik het ook heel bijzonder 
om vanaf het eerste moment deelgenoot te zijn van de komst van Alma! (PS: Sorry 
dat ik chocolademelk volledig voor je verpest heb...). Lieve meiden succes met het 
einde van jullie PhD! Ik hoop dat julie met plezier en trots de eindstreep bereiken, 
maar mocht het nog pittig worden mag je me natuurlijk altijd bellen voor advies, 
koffie, of wijn! 

Dear Janssen, the one and only man in the Korosi group and the closest thing I 
probably have to a little brother. After you finished your Neurasmus programme 
you joined the group and you quickly found your way. Social as you are, you imme-
diately knew all the people at SILS (better then I did after 4 years hehe). I very much 
enjoyed our Dutch conversations at borrels. It really amazes me how quickly you 
learned the language and how you are handling being so far away from home to 
pursue your career. Your love for science is so clear to me and I really hope you will 
keep your mojo and enjoy your final years as a PhD, at work and outside of work.   

Lieve Pascal, mijn oude overbuurman op ons eerste kantoor. Na jarenlang de gore 
rotzooi op jouw bureau getrotseerd te hebben verhuisde ik naar een ander kantoor 
en ik zal je zeggen, ik heb jouw grote mond zeker gemist. Ik moet vaak lachen om 
jouw botte uitspraken en gelukkig hadden we tijd zat om bij te kletsen op de avond-
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jes waarop jij ons een hemels meer-gangen menu voorschotelde. Daarnaast was 
jij altijd de eerste om een feestje te organiseren. Menig keer als mijn vriendinnen 
vroegen naar wat voor festival of feestje ik nu weer precies ging moest ik zeggen 
‘geen idee eigenlijk maar Pascal heeft het geregeld dus het zal wel leuk zijn’. Ik 
hoop dat we dat blijven doen!

Lieve Gideon, ook jou heb ik zeker gemist na onze kantoor-verhuizing (hoewel de 
geur van blikjes tonijn om 11 uur ‘s ochtends wel gemist kon worden). Jij was de 
onzichtbare kracht op het lab die alles draaiende hield en altijd was je er voor in 
om experimenteel advies te geven (dat wil zeggen, advies over onze experimen-
ten, niet dat jouw advies experimenteel was). Het was altijd gezellig om met jou 
te kletsen op het lab en we hebben vaak gelachen omdat we allebei een tikkeltje 
neurotisch zijn (als je om 4 uur ’s nachts ineens denk dat je toch de -80 niet goed 
hebt afgesloten, je weet wel, dat werk). In de laatste fase kwam ik je dan ook vaak 
even opzoeken als ik weer even op Science Park was.

Lieve Jorine en Niek, ik ben blij dat ik in de korte periode dat jullie op Science Park 
zijn toch de kans heb gehad om jullie te leren kennen en zelfs wat borrels en feestjes 
heb mogen meemaken met jullie. Als ik zie hoe goed jullie beiden al bezig zijn in 
die korte tijd dat jullie nu bezig zijn met je PhD heb ik er alle vertrouwen in dat het 
helemaal goed gaat komen!

Dan de Lucassen lab alumni; Lianne en Marijn, ook jullie kan ik natuurlijk niet ver-
geten. Hoewel jullie inmiddels al een tijdje weg zijn op Science Park ben ik blij dat 
we elkaar nog steeds af en toe zien om gezellig drankjes te doen! Het is tof om 
te zien hoe jullie je weg gevonden hebben buiten de wetenschap. Thanks Li voor 
het meedenken over nieuwe banen! Dear Livia, Eduardo, and Marcia, our Brazili-
an crew. Thanks so much for all the fun moments we had. Livia, I have rarely met 
such a sweet person as you. Thanks for your support, sweet notes, and gifts during 
your stay here. Edu and Marcia thanks for all the memorable outings and dancing 
the night away with me. Thanks to you Edu we luckily have loads of photo’s from 
this time. I really hope we all get to see each other again! Hui, probably the only 
one who could get away with the type of jokes and comments you made (yes, still 
skinny!). Thanks for the fun moments and nice chats over drinks and in the hallway!

Carlos, thank you for your scientific input throughout the years, with your critical 
questions during the MMM you kept many of us on top of their game. I will espe-
cially remember one of your comments: ‘the absence of evidence is not evidence 
for absence!’. Harm, bedankt voor alle input tijdens de MMM's en de gezelligheid 
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tijdens borrels de afgelopen jaren!  

Jan, ook zonder jou zou het op het lab niet lopen zoals het zou moeten. Samen met 
Gideon zorgde je ervoor dat we van alle materialen voorzien waren en ook dat we 
niet massaal te veel geld uitgaven aan lab-supplies. Dankjewel voor je Schotland 
tips en de gezellige ochtendjes op ons oude kantoor! 

Beste Rob en Miriam, ook jullie moet ik bedanken voor de hulp met de dieren en 
DEC en CCD protocollen. Rob, het was wel rustig zonder jouw geklier op het nieu-
we kantoor ;) Chris, bedankt voor alle goeie zorgen in de stallen, mooie tekeningen 
aan de wand en gezellige praatjes!

Dear Aline, Cato, Genevieve, Sofia, Bram, Romy en Lennart, a lot of the work 
described in this thesis was done by you guys and I want to thank each one of you 
for your contribution. Whether it was dissecting, staining, running qPCRs, or coun-
ting cells (or worse: drawing cells), you kept the spirit high. I really enjoyed the fun 
moments in the lab with each one of you and it was great to have such enthusiastic 
and motivated students. I wish you all the best for your future!

I also want to thank all the SILS-CNS colleague’s from the Smidt, Kessels, Wadman, 
and Pennartz groups for the SILS-borrels, PhD defense parties, and CNS-battles 
(honestly, I’m sad that my chance at winning the golden pipet is now definitely 
over). Thanks for making the SILS-CNS such a fun place to work!

Ook wil ik mijn collega's van Nutricia Research bedanken. Eline, Lidewij, Andrea, 
bedankt voor de fijne samenwerking van de afgelopen jaren! Bedankt voor alle 
input voor onze projecten en het behalen van onze deadlines ondanks jullie drukke 
schema's. Ik heb veel geleerd van onze samenwerking (ook het deegballen rollen 
zal ik niet snel vergeten!) en ik heb ervan genoten! 

Dan mijn lieve vrienden en familie:

Lieve Lieke, Grietje, Milou, Suzanne, Rowan, Elke en Ireen, ik prijs mezelf geluk-
kig dat jullie het na al die jaren nog steeds met me uithouden. Bedankt dat jullie 
de afgelopen jaren mijn verhalen over het lab en de muizen hebben aangehoord, 
jullie hebben mij denk ik meer dan jullie zelf weten gesteund tijdens mijn PhD. Ik 
ken weinig meiden die zo crazy zijn als jullie, en dat allemaal op jullie eigen unieke 
manier. Ons jaarlijke vriendinnenweekend is dan ook ongeëvenaard! Bedankt voor 
alle keren dat ik buikpijn had van het lachen. Ik hoop dat er nog veel van dat soort 
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momenten komen. Jullie houden mij met beide benen op de grond. Lieve Liek, 
jou moet ik nog extra bedanken, met name voor de afgelopen maanden. Tijdens 
het schrijven van mijn proefschrift steunde jij mij als geen ander in dit pittige pro-
ces. Je sleepte me mee naar concerten en festivals (DTRH was een soort van oase 
temidden van alle proefschrift stress), stuurde me kaartjes en sluwe cadeautjes in 
de hoop dat ik iets anders zou doen dan werken (sorry ik moet opbiechten dat ik 
je boek nog steeds niet gelezen heb!) en ik geloof dat jij bijna net zo blij was als ik 
toen ik je vertelde dat het eindelijk af was. Bedankt voor alle support, dat zal ik niet 
gauw vergeten! 

Lieve VU-chicks, Iris, Iris, Valerie, Willemijn, het is dit jaar precies 10 jaar geleden 
dat wij elkaar hebben leren kennen toen we begonnen aan onze studie op de VU, 
waar mijn wetenschapsavontuur eigenlijk is begonnen. Het blijft hilarisch dat deze 
groep deels onstaan is door een naamsverwisseling van een docent. En ondanks 
dat we elkaar nu minder zien (dat krijg je als de helft zo nodig naar de andere kant 
van de wereld moet verhuizen) waren onze Sinterklaas avondjes, koningsdagen en 
etentjes legendarisch. Lieve Ier, mijn PhD-partner-in-crime, bijna tegelijkhertijd be-
gonnen wij een aantal jaar geleden aan ons promotietraject en ik ben blij dat wij al 
die tijd onze ervaringen en frustraties hebben kunnen delen onder het genot van 
lekker eten en wijn. Ook jij nadert nu het einde van je PhD, maar als er iemand is 
die zich geen zorgen hoeft te maken dan ben jij het wel! Al zolang ik je ken heb jij 
je zaakjes zo goed op orde en ga je recht op je doel af. Ik ben onwijs trots op je dat 
jullie die grant hebben binnen gesleept en als ook jij straks klaar bent met je boekje 
dan wacht ik op je aan de finish line met een glas bubbels! Lieve Val, ik ben zo blij 
dat ik je afgelopen jaar heb kunnen opzoeken in Australië om te zien hoe jouw leven 
daar is! Zoals met alle dingen in jouw leven stevende jij vol vertrouwen, nuchterheid 
en met jouw kenmerkende humor af op dit grote avontuur. En hoewel ik het fantas-
tisch vindt dat je de stap gezet hebt om daarheen te verhuizen, moet ik ook zeggen 
dat Amsterdam niet helemaal hetzelfde is zonder jou.

Lieve schoonfamilie, Hans, Corina, Wouter, Maaike, bedankt voor jullie steun, in-
teresse, gezelligheid en goede zorgen van de afgelopen jaren! 

Lieve zussen, Laureanne en Stephanie, als oudere zussen hadden jullie natuurlijk 
alle paden al vrij gemaakt voor mij, maar hiermee werd ook de toon gezet. En ik 
moet zeggen, met twee slimme, stoere, mooie zussen die niet op hun mondje zijn 
gevallen, lag de lat dus vrij hoog. Er wordt altijd veel gelachen als we samen zijn 
(vaak met de nodige wijntjes erbij) met als kenmerkend voorbeeld onze avond bij 
het Hanson concert waarbij we verdorie het enige nummer misten waar we voor 
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kwamen. Dankzij jullie, en Willem en Thijs natuurlijk, is er altijd gezelligheid en reu-
ring in huis. Bedankt voor jullie steun de afgelopen jaren! Zelfs kleine Pax en Teddy 
hebben een rol gespeeld bij de totstandkoming van dit proefschrift; filmpjes kijken 
van jullie waren de beste pauze-momentjes tijdens het schrijven.

Lieve papa en mama, ook jullie moet ik vooral bedanken, want zoals jullie onge-
twijfeld gelezen hebben in dit boekje (dat jullie natuurlijk van voor tot achter ver-
slonden hebben) is de early-life periode cruciaal, en wat dat betreft zat het wel snor. 
Pap, in de afgelopen jaren heb ik ontdekt dat wij heel erg op elkaar lijken in hoe we 
ons werk doen. En laten we eerlijk zijn; zonder jouw beta- en organisatorische ge-
nen was deze hele PhD sowieso een drama geworden. Mam, jij weet dingen altijd 
in perspectief te zetten; als er vroeger iets fout ging dan zei jij tegen me dat ‘de we-
reld niet zou vergaan’ en jij leerde me dat het leven nou eenmaal weleens gepaard 
gaat met tegenslagen. Jullie hebben me altijd gestimuleerd om ook andere dingen 
te doen naast school en werk (ook heel goed voor je brein, dus dat hebben jullie 
weer goed gedaan), waardoor muziek altijd een fijne uitlaaklep voor me is geweest. 
Iets anders waar ik jullie gek genoeg waarschijnlijk ook voor moet bedanken is het 
feit dat het jullie eigenlijk écht niets uitmaakt of ik nou Dr. ben of vuilnisvrouw. Be-
dankt dat jullie me altijd hebben vrijgelaten om te doen wat ik wilde, bedankt voor 
het vertrouwen dat jullie me hebben gegeven in mezelf, en bedankt dat het altijd 
gezellig is bij ons thuis (nou ja meestal dan, jullie snappen wel wat ik bedoel ; ))

Lieve Martijn, last but definitely not least, want het mag duidelijk zijn dat ik jou 
waarschijnlijk het meest moet bedanken van iedereen. Altijd ben jij relaxt, een rots 
in de branding en de stille kracht op de achtergrond. De afgelopen maanden tij-
dens het schrijven zorgde jij ervoor dat ik af en toe nog eens buitenkwam, dat ik 
at, en sleepte jij mij ’s avonds achter mijn laptop vandaan om toch even te chillen. 
Jij klaagde nooit als ik weer eens laat thuis kwam van het lab (of toch om 3 uur 's 
nachts pas mijn bed in rolde na een feestje terwijl ik had gezegd dat 'ik het echt niet 
laat ging maken' en jij de volgende ochtend vroege dienst had), maar je probeerde 
me wel te stimuleren om niet té hard te werken (met wisselend succes maar je gaf 
nooit op). Ik moet je voor meer bedanken dan ik in dit dankwoord kan opschrijven, 
dus hier komen de highlights: Bedankt voor je 100% support, zelfs als ik weer eens 
vloekend en tierend door het huis ging, bedankt dat je nooit mijn stress over werk 
bagatelliseerde terwijl het werk wat jij hebt gedaan de afgelopen jaren draait om 
veel belangrijkere dingen in het leven, en bedankt dat je me altijd mijn eigen ding 
laat doen. Ik ben zo blij dat we onze fantastische trip naar Australië hebben door-
gezet en ik vind het heel speciaal dat juist jij het ontwerp hebt getekend voor de 
omslag van dit boekje! 



It's about that time to leave it all behind you
You don't want to but life is passing by you

The hard knocks, got you twisted like dreadlocks
Catalogue your dark and set some new marks
I understand your body's filled with hesitation
Trust me it's gonna be a whole new situation
Turn this page I guess you know what to do

Rise up like phoenix, I'm bringing out the beauty in you
-Anouk-
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