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Chapter 2

Abstract
Exposure to stress during the sensitive period of early-life increases the risk to develop cognitive
impairments and psychopathology later in life. In addition, early-life stress (ES) exposure, next to
genetic causes, has been proposed to modulate the development and progression of Alzheimer’s
disease (AD). However, evidence for this hypothesis is currently lacking. We here tested whether
ES modulates progression of AD-related neuropathology and assessed the possible contribution of
neuroinflammatory factors in this.
We subjected wild-type (WT) and transgenic APP/PS1 mice, as a model for amyloid neuropathology,
to chronic ES from postnatal day (P)2 to P9. We next studied how ES exposure affected; 1) amyloid
beta (Aβ) pathology at an early (4-month-old) and at a more advanced pathological (10-month-old)
stage, 2) neuroinflammatory mediators immediately after ES exposure as well as in adult WT mice,
and 3) the neuroinflammatory response in relation to Aβ neuropathology.
ES exposure resulted in a reduction of cell-associated amyloid in 4-month-old APP/PS1 mice, but in
an exacerbation of Aβ plaque load at 10 months of age, demonstrating that ES affects Aβ load in the
hippocampus in an age-dependent manner. Interestingly, ES modulated various neuroinflammatory
mediators in the hippocampus of WT mice as well as in response to Aβ neuropathology. In WT mice,
immediately following ES exposure (P9), Iba1 immunopositive microglia exhibited reduced complexity and hippocampal interleukin (IL)-1β expression was increased. In contrast, microglial Iba1
and CD68 were increased and hippocampal IL-6 expression was decreased at 4 months, while these
changes resolved by 10 months of age. Finally, Aβ neuropathology triggered a neuroinflammatory
response in APP/PS1 mice that was altered after ES exposure. APP/PS1 mice exhibited increased
CD68 expression at 4 months, which was further enhanced by ES, whereas the microglial response
to Aβ neuropathology, as measured by Iba1 and CD11b, was less prominent after ES at 10 months
of age. Finally, the hippocampus appears to be more vulnerable for these ES-induced effects, since
ES did not affect Aβ neuropathology and neuroinflammation in the entorhinal cortex of adult ES
exposed mice.
Overall, our results demonstrate that ES exposure has both immediate and lasting effects on the
neuroinflammatory response. In the context of AD, such alterations in neuroinflammation might
contribute to aggravated neuropathology in ES exposed mice, hence altering disease progression.
This indicates that, at least in a genetic context, ES could aggravate AD pathology.

Introduction
Alzheimer’s disease (AD) is a highly prevalent, age-related neurological disorder characterized by a
progressive deterioration of cognitive functions and the accumulation of specific neuropathological
hallmarks, like amyloid beta (Aβ)-containing plaques and neurofibrillary tangles in various brain
regions (Querfurth and LaFerla, 2010). Next to specific genetic factors, like APP or PS1, AD etiology and
Affiliations: 1, Brain plasiticty group, Swammerdam Institute for Life Sciences, University of Amsterdam; 2, Department of Anatomy
& Neurosciences, Amsterdam Neuroscience, VU University Medical Center. *: shared senior authorship.

Neuroinflammation and AD neuropathology are altered by early-life stress

45

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

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

PS1) littermates were exposed to early-life stress

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

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

amyloid load.

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

Table 2;
Probes for TaqMan® RT-PCR

Target gene

Forward primer (5’-3’)

Reverse primer (5’-3’)

Target gene

Probe reference

RPL13A

CCCTCCACCCTATGACAAGA

TCGCCTGTTTCCGTAACCTC

TBP

Mm00446973_m1

SDHA

GTTGCTGTGTGGCTGACTG

GCACAGTGCAATGACACCAC

IL-1β

Mm00434228_m1

RPL0
Iba1

CD68

CD11b

GCTTCATTGTGGGAGCAGACA
ACAAAGAACACAAGAGGCCAACT
TGACAAGGGACACTTCGGG

GGGTCATTCGCTACGTAATTGG

2.8. Statistical analysis

CATGGTGTTCTTGCCCATCAG
TGTGACATCCACCTCCAATCAG
GGAGGACCAGGCCAATGAT

CGTGTTCACCAGCTGGCTTA

RPL0
IL-6

IL-10

TNFα

Mm00725448_s1

Mm00446190_m1
Mm00439616_m1
Mm00443258_m1

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

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

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

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

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

Supplementary Fig. 2; Microglial Iba1 and CD68 in the EC at 10 months are not affected by ES
A) Representative images of Iba1 immunostaining in the EC of 10-month-old WT and APP/PS1 animals exposed
to Ctrl or ES. B) The coverage of Iba1 in the EC is increased by APP/PS1, but not affected by ES. C) The clustering
of Iba1 cells in the EC as well as D) the ratio of Iba1/ plaque load within this region is not significantly affected
by ES. E) Complexity of microglia branching is reduced by APP/PS1, specifically from 1 to 17 μm from the soma.
F) Representive images of CD68 immunostaining in the EC of 10-month-old WT and APP/PS1 animals exposed
to Ctrl or ES. G) APP/PS1 increased the coverage of CD68 in EC, irrespective of ES. H) The ratio of CD68/ plaque
load in the EC is not significantly affected by previous exposure to ES. Black bars represent Ctrl groups, white
bars ES groups. Scale bar: A,F, 100 μm; E, 10 μm. #: genotype effect.

