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Early-life stress (ELS) leads to increased vulnerability to psychiatric illness 

including cognitive impairment later in life. Neuroinflammatory processes have 

been implicated in ELS-induced negative health outcomes, but, how ELS impacts 

microglia, the macrophages of the central nervous system, is unknown. Here, we 

determined the effects of ELS induced by limited bedding and nesting material 

during the first week of life (P2 – P9) on the morphology and gene expression of 

microglia from young (postnatal day (P)9) and adult (P200) mice. ELS led to a change 

in the proportion of morphological microglia subtypes in adulthood, associated 

with immune reactivity. At the transcriptional level, whereas at P9 no ELS mediated 

changes were detected, at P200 ELS induced transcriptional changes in microglia 

genes involved in the immune response and protein ubiquitination. Additionally, 

ELS altered microglia gene expression changes during development from P9 to P200 

and in response to LPS at P200, in both cases marked by GO-terms associated with 

the immune response. Concluding, these data show that ELS has persistent effects 

on the morphology and gene expression program of microglia and results in an 

altered transcriptional response to a systemic LPS challenge.Ab
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Introduction

Exposure to stress early in life has long lasting effects on brain structure and function 
and increases the risk for psychiatric illness, including cognitive impairments later in 
life (MacMillan et al., 2001; Green et al., 2010; Saleh et al., 2017; Short and Baram, 2019; 
Nelson et al., 2020). Human and rodent studies demonstrated that stress during sensitive 
developmental periods impact both cognitive functioning (Mueller et al., 2010; Hart and 
Rubia, 2012; Naninck et al., 2015; McIlwrick et al., 2017; Yajima et al., 2018; Short and Baram, 
2019; Grainger et al., 2020; Reshetnikov et al., 2020b; Short et al., 2020) and the (neuro)
immune system (Danese et al., 2007; Diz-Chaves et al., 2012, 2013; Slopen et al., 2013; 
Fagundes et al., 2013; Szczesny et al., 2014; Coelho et al., 2014; Baumeister et al., 2016; 
Roque et al., 2016; Delpech et al., 2016; Hoeijmakers et al., 2017; Danese and Baldwin, 
2017; Brydges and Reddaway, 2020; Ferle et al., 2020; Catale et al., 2020b). 

In recent years there has been an increasing interest in the role that microglia play in the 
effects of adverse early-life experiences on the maturation of brain circuits involved in 
cognition and later life brain function (Johnson and Kaffman, 2018; Bollinger and Wohleb, 
2019). Microglia are the resident immune cells of the CNS. They are plastic cells that can 
quickly respond to environmental cues, such as stress, by shifts in their phenotype and 
functions (Kettenmann et al., 2011; Kierdorf and Prinz, 2017; Wolf et al., 2017; Butovsky 
and Weiner, 2018), and are crucial for proper development and adult functioning of the 
CNS (Schafer et al., 2012; Zhan et al., 2014; Reemst et al., 2016; Favuzzi et al., 2021). Early-
life stress studies hint towards immune activated microglia phenotypes in adult animals 
exposed to ELS as compared to CTR conditions (Delpech et al., 2016; Roque et al., 2016; 
Hoeijmakers et al., 2017; Yam et al., 2019; Catale et al., 2020b). We have previously reported 
both acute and long-lasting effects of early-life stress, via a limited bedding and nesting 
material (LBN) paradigm from postnatal day (P)2 until P9, on microglia morphology in 
wild-type animals and in response to chronic amyloid pathology in an APP/PS1 mouse 
model (Hoeijmakers et al., 2017). Under basal conditions in wild-type animals, immediately 
following ELS exposure at P9, hippocampal Iba1-immunopositivity was decreased, 
Iba1 positive microglia exhibited reduced morphological complexity and hippocampal 
interleukin (IL)-1b expression was increased. In contrast, at 4 months of age, hippocampal 
microglia Iba1 and CD68 staining were increased, and hippocampal IL-6 expression was 
decreased in ELS mice. In response to amyloid pathology, in 4 months old APP/PS1 mice, 
ELS exacerbated the increase in microglial CD68 expression as compared to control APP/
PS1 mice (Hoeijmakers et al., 2017). These ELS-mediated effects on microglia were specific 
for the hippocampus and not the entorhinal cortex. Therefore, and due to its importance 
for cognition (Squire, 1992), we focus on the hippocampus in the current paper.  
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Transcriptomic analysis of microglia following particular forms of early-life challenges and 
adult stress have provided clues as to the processes that may be affected. Early-life stress 
induced by brief daily separation from maternal care caused an immune-related gene 
expression profile in hippocampal microglia at two and four weeks after stress induction, 
associated with GO-terms involving chemotaxis and phagocytosis (Delpech et al., 2016). 
In a mouse model of maternal immune activation, in which the pregnant dam received 
injections with poly(I:C) to induce inflammation, microglia in the offspring showed immune-
related changes as well as altered gene expression patterns related to neuritogenesis, 
which were important for the occurrence of observed behavioural abnormalities in those 
mice (Mattei et al., 2017; Ikezu et al., 2020). Additionally, the acute response of microglia to 
repeated social defeat stress in young (4-8 week) and adult (12-14 week) mice, was marked 
by an activation of the inflammatory response, including phagocytosis and reactive oxygen 
species production (Lehmann et al., 2018; Weber et al., 2019). 

The effects induced by alterations in the early-life environment on microglia gene 
expression have long-lasting consequences for microglia reactivity. Indeed, synergistic 
effects of stress and inflammation have been described (Chrousos, 2009; De Pablos et al., 
2014; Petrillo et al., 2016). Early-life experiences, such as stress and infection, can cause 
microglia training or desensitization, i.e. hyper- or hyposensitivity, towards inflammatory 
and/or stressful challenges in later life (Bilbo & Schwarz, 2009; Diz-Chaves et al., 2013; 
Ferle et al., 2020; Hoeijmakers et al., 2017; Neher & Cunningham, 2019; Roque et al., 2016; 
Schaafsma et al., 2017).

While several studies have described short-term effects of maternal separation-induced 
ELS (Delpech et al., 2016), long-term effects of early infection (Mattei et al., 2017; Ikezu 
et al., 2020) and adult stress (Lehmann et al., 2019; Weber et al., 2019) on the microglia 
transcriptome, if and how ELS in the form of LBN exposure impacts on the microglia gene 
expression profile on the short and long-term at basal state as well as in response to an 
immune challenge later in life remains unknown. Therefore, using an LBN paradigm from 
postnatal day (P)2 to P9 in mice, we examined the effects of ELS on hippocampal microglia 
morphology and the transcriptome, both under basal and inflammatory conditions. We 
investigated the impact of ELS on microglia morphology in adult control and LPS-injected 
animals and on the microglia genes expression profile at P9, P200, and in response to LPS.

Materials & Methods 

Experimental design
To determine acute and long-term effects of ELS on microglia, we exposed three different 
cohorts of mice to control conditions or ELS from postnatal day (P)2 to P9. The first cohort 
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of CTL and ELS-exposed mice was injected with PBS or LPS (5 mg/kg) by the age of 3-5 
months of age and was used for morphological characterization of microglia 24 hours 
after PBS or LPS injection (CTR-PBS (n=5), ELS-PBS (n=4), CTR-LPS (n=10), ELS-LPS (n=6). The 
second cohort was sacrificed at P9 and in order to investigate how ELS affects the microglia 
inflammatory response the third cohort was allowed to mature until P200, at which time 
they were injected with either PBS or LPS (1 mg/kg) (Figure 1A). To determine microglia 
transcriptional changes, hippocampal microglia were isolated at P9 and P200, and the 
P200 animals were injected with either PBS or LPS. Thus, for microglia transcriptomics 
we have the following experimental groups: P9: CTR (n=12), P9: ELS (n=12), P200: CTR-PBS 
(n=7), P200: ELS-PBS (n=6), P200: CTR-LPS (n=7), P200: ELS-LPS (n=5).

Male (6 weeks of age) and primiparous female (8 weeks of age) C57Bl/6J mice were 
purchased from Harlan Laboratories B.V. (Venray, The Netherlands), housed in a controlled 
environment (temperature 22±1°C, humidity 55±5%) with ad libitum standard rodent 
chow and water, under a 12:12 h light-dark cycle schedule (lights on at 8 AM). After two 
weeks of acclimatization, mice were bred in house by housing two females with one 
male for one week. After another week of paired-housing of the two females, females 
were housed individually in a standard cage (type 1 short cage) covered with a filter top. 
Females were monitored daily, between 9 and 10 AM, for the birth of pups. When a litter 
was detected, the previous day was designated the day of birth (postnatal day (P)0). At 
P2, litters were randomly assigned to control (CTR) or early-life stress (ELS) groups. Only 
male mice were used for the morphological and transcriptomic analysis of microglia in 
response to ELS and LPS. 

All experimental procedures were approved by the Animal Welfare Body of the University 
of Amsterdam, the Central Authority for Scientific Procedures on Animals (CCD – Centrale 
Commissie Dierproeven) and thus complied with Dutch legislation and the principles of 
good laboratory animal care following the EU directive for the protection of animals used 
for scientific purposes.

Early-life stress model 
Early-life stress was induced via the limited bedding and nesting (LBN) stress paradigm 
as described before by our group and others (Rice et al., 2008; Naninck et al., 2015; 
Hoeijmakers et al., 2017; Yam et al., 2019). The LBN model induces fragmentation of 
maternal care resulting in chronic stress in the pups. At P2, litters were culled to six pups 
per litter (sex ratio male:female of 3:3 or 4:2) without cross fostering, randomly assigned 
to CTR or ELS condition. In ELS cages, the bottom was covered with a small amount of 
sawdust bedding and a fine-gauge stainless steel mesh was placed 1 cm above the cage 
floor. Half a square piece of cotton nesting material (2,5 x 5 cm, Technilab-BMI, Someren, 
the Netherlands) was placed on top of the mesh. Control cages were equipped with 
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standard amounts of sawdust bedding and nesting material (one square piece of cotton 
nesting material (5 x 5cm). Animals were supplied with food and water ad libitum and 
covered with a filtertop. Throughout all procedures, manipulation was kept to a minimum 
to avoid handling effects and animals were left undisturbed until P9.

Lipopolysaccharide injection
Adult mice were i.p. injected with lipopolysaccharide (LPS, Sigma-Aldrich, E. coli, O111:B4, 
L4391,) dissolved in Dulbecco’s Phosphate-Buffered Saline (PBS, Sigma Aldrich D8537) 
with a concentration of 5 mg/kg body weight for cohort 1 (morphological analysis) and 
1 mg/kg body weight for cohort 3 (transcriptomic analysis). The control mice received a 
respective volume of PBS. Three hours after injection, blood was collected via tail cuts 
after which mice were sacrificed with i.p. euthasol injection and transcardial perfusion 
with ice-cold saline. 

Immunohistochemistry for microglia 
For immunohistochemistry, PBS-perfused brain tissue was sectioned coronally and 
microglia were characterized using immunohistochemistry for ionized calcium binding 
adaptor molecule 1 (Iba1) (rabbit anti-Iba1, 019-19741, Wako). The staining was performed 
on free floating sections and between all staining steps, sections were washed in 0.05 M 
TBS. After washing, sections were incubated in 0.3% H2O2 for 15 min to block endogenous 
peroxidase activity. Next, all sections were incubated for 30 min in blocking mix containing 
1% bovine albumin serum (BSA) in 0.05 M tris buffered saline containing 0.1% triton X-100 
(pH 7.6). The primary antibody Iba1 (rabbit anti-Iba1, 019-19741, Wako) was diluted in 
blocking mix (1:5000) and incubated for 1 h at RT, followed by incubation at 4 degrees 
overnight. The next day, sections were incubated for 2 h with the secondary antibody, 
1:500 goat anti-rabbit biotinylated (Vector Laboratories) in blocking mix after which 
sections were incubated with avidin-biotin complex 1:800 in 0.05 M TBS (Vectastain elite 
ABC-peroxidase kit, Brunschwig Chemie). Finally, sections were thoroughly washed in 
0.05 TB (pH 7.6) and incubated in 0.2 mg/1 ml diaminobenzidine (DAB, 0.01% H2O2 in 
0.05 M TB) for the chromogen development. After DAB staining sections were rinsed in 
TBS and mounted on pre-coated glass slides (Superfrost Plus slides, Menzel) and cover 
slipped using Entellantm.

Quantification of microglial marker Iba1
All morphological quantification procedures were performed as described in (Hoeijmakers 
et al., 2017). In brief, Iba1 stained adult tissue was imaged using a 10x objective on a Nikon 
Eclipse Ni-E microscope using the Nikon Elements software. The dentate gyrus (DG) and 
Cornu ammonis (CA) were traced and subsequently converted to 8-bit black and white 
images. A threshold was set to identify the soma and the number of identified microglia 
in the analyzed area was counted. To obtain the number of cells per mm2 (density) the 
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number of stained cell bodies was divided by the surface area. The percentage of Iba1 
stained area (coverage) of these regions was determined by setting a fixed threshold. Data 
was analyzed by a researcher blind to the lineage of the tissue.

Next, a more detailed morphological classification was performed by subdividing the cells 
in five morphological phenotypes: type 1, ramified cells with many long, thin processes; 
type 2, cells with a clear distinguished soma with thicker longer processes; type 3, 
spider-like cells with no clear distinguished soma and numerous stout processes; type 
4, cells with less than three short, thick processes; type 5, round, amoeboid cells without 
visible processes, as described previously (Diz-Chaves et al., 2012; Schwarz et al., 2012; 
Hoeijmakers et al., 2017). Examples of these cells are provided in Figure S1E. A region of 
interest of 20.000 µm2 was drawn in the hilus of the DG and stratum lacunosum-moleculare 
(SLM) of CA of the hippocampus and all individual cells within this region were counted, 
excluding cells without a soma. 

The impact of ELS and LPS on Iba1+ cell density and coverage were analyzed using a 
two-way ANOVA and morphological subtypes were analyzed with a general linear 
model multivariate test, using SPSS 25 (IBM software). Data were considered statistically 
significant when p<0.05. Bargraphs were created with Graphpad Prism 9 (Graphpad 
software). 

Microglia isolation 
From the mouse brains dedicated for microglia transcriptomic analysis, the hippocampus 
was dissected and collected in HBSS (Gibco, 14170-088) containing 15 mM HEPES (Lonza, 
BE17-737E), termed medium A, and 0.6% glucose (Sigma-Aldrich, G8769)) at 4°C. Microglia 
were isolated as described elsewhere (Galatro et al., 2017). All procedures were performed 
on ice. Briefly, a single cell suspension was obtained through mechanical dissociation of 
the brain tissue in a glass homogenizer filled with medium A. The cell suspension was 
filtered with a 70 µm cell strainer (Falcon, 352350). For brain tissue of adult mice, myelin 
and other lipids were removed by Percoll gradient centrifugation at 950xg for 20 min 
with brakes off. Percoll was diluted 9:1 in 10x HBSS (Gibco, 14180-046) and was regarded 
as 100% Percoll, which was further diluted in Medium A to 24.4% Percoll. After this 
centrifugation step, cells were resuspended in colorless medium A (HBSS (Gibco, 14170-
053) containing 15 mM HEPES, 0.6% glucose, and 1 mM EDTA (Invitrogen, 15575-038). 
Since myelin is nearly absent in the postnatal brain, Percoll gradient centrifugation was 
not performed for brain tissue of P9 mice. Unspecific binding of antibodies to the cells 
was prevented by incubating the cells for 15 minutes on ice with anti-mouse Fc receptor 
(5 µg/ml, eBioscience, 14-0161). Following the cells were stained with anti-mouse CD11b-
PE (1.2 µg/ml, eBioscience, 12-0112) and anti-mouse CD45-FITC (2.5 µg/ml, eBioscience, 
11-0451). Shortly before cell sorting DAPI (0.15 µg/ml, Biolegend, 422801) and DRAQ5 (2 
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µM, Thermo Scientific, 62251) were added to the cell suspension. Single, viable (DAPI-, 
DRAQ5+) microglia (CD45int, CD11b+) were sorted with the Beckman Coulter MoFlo XDP 
and were collected in 350 µl RNA lysis buffer (Qiagen, 1053393). Lysates were stored at 
-80°C until further use.

RNA isolation and mRNA sequencing 
RNA was isolated with the RNeasy Plus Micro RNA isolation kit following the manufacturer’s 
protocol (Qiagen, 74034). The RNA concentration was determined with the Agilent 
tapestation system and the HS RNA kit. Library preparation, sequencing and primary 
data analysis were performed at GenomeScan in Leiden, the Netherlands. The NEBNext 
Low Input RNA Library Prep Kit for Illumina was used to process the samples. The sample 
preparation was performed according to the protocol “NEBNext Low Input RNA Library 
Prep Kit for Illumina” (NEB #E6420S/L). Briefly, cDNA was synthesized and amplified from 
poly-A-tailed mRNA. This was used for ligation with the sequencing adapters and PCR 
amplification of the resulting product. The quality and yield after sample preparation was 
measured with the Fragment Analyzer. The size of the resulting products was consistent 
with the expected size distribution (a peak between 200-400 bp). Clustering and DNA 
sequencing using the NovaSeq6000 was performed according to manufacturer’s 
protocols. A concentration of 1.1 nM of DNA was used. The NovaSeq control software NCS 
v1.7 was used.

Primary mRNA sequencing data analysis 
Image analysis, base calling, and quality check was performed with the Illumina data 
analysis pipeline RTA3.4.4 and Bcl2fastq v2.20. Raw sequencing reads may contain low-
quality, adaptor-polluted, or high content of unknown base reads. These should be 
processed to be removed before downstream analyzes. Sequence reads were trimmed to 
remove possible adapter sequences using cutadapt v2.10. Presumed adapter sequences 
were removed from the read when the bases matched a sequence in the adapter sequence 
set (TruSeq adapters). 

For each sample, the trimmed reads were mapped to the mouse genome GRCm39 (Mus_
musculus.GRCm39.dna.primary_assembly.fa). The reads were mapped to the reference 
sequence using a short-read aligner based on Burrows—Wheeler Transform (STAR2 v2.5.4) 
with default settings. The aligner is a splice-aware mapper that detects splice junctions 
and incorporates them to help align the entire read. Based on the mapped locations in 
the alignment file the frequency of how often a read was mapped on a transcript was 
determined with HTSeq v0.11.0. The hit counts were summarized and reported using the 
gene_id feature in the annotation file. Only unique reads that fall within exonic regions 
were counted. The counts were saved to count files, which served as input for downstream 
mRNA-seq analysis. 
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mRNA sequencing data downstream analysis
All downstream bioinformatic analyses were performed with available packages in RStudio 
(v4.0.2). For the differential gene expression analysis, lowly expressed genes (total count 
< 1 in more than 2 samples) were excluded. The bioconductor package edgeR (v3.32.1, 
Robinson et al., 2009) was used for normalization by using trimmed mean of M-values 
(TMM) and identification of differential expressed genes (logFC </>1, FDR<0.05) by fitting 
a generalized linear model. 

For the weighted gene co-expression analysis (WGCNA), only P200 samples were 
analyzed. Lowly expressed genes (total count<1000) were excluded. The counts were 
variance-stabilizing transformed (VST) with DeSeq2 (v1.24.0, Love et al., 2014). A signed 
WGCNA analysis was performed with the WGCNA package (v1.70-3, Langfelder & Horvath, 
2008). The adjacency and dissimilarity (1-dissTOM) matrix were calculated with a soft 
power threshold of 12. Gene modules were identified by hierarchical clustering with a 
minimal size of 150 genes. Metadata variables (condition, treatment) were converted to 
binary variables and were correlated to the previously identified module eigengenes. A 
correlation with p-value<0.05 was considered significant. 

Gene ontology (GO) analysis for differentially expressed genes and gene modules was 
performed with enrichR (v3.0, Xie et al., 2021). The database “GO_Biological_Process_2021” 
was used to identify enriched GO terms and GOs were accounted as significantly enriched 
with an adjusted p-value<0.05. In cases where no GO terms were enriched with an 
adjusted p-value<0.05, GO terms with a p-value<0.05 were reported. For the GO terms 
shown in Figure 2 and 3, redundancy of significant (p-value<0.05) enrichR-obtained GO 
terms was reduced by calculation of a similarity matrix with the gene counts used as 
score in the rrvgo package (v1.2.0, Sayols, 2020). GO terms were classified into parent GO 
terms. The sum of total gene counts of all GO terms belonging to one parent GO term was 
calculated and reported. 

Clustering analysis of genes shown in the heatmaps were performed using the ward.D2 
clustering method and Manhattan distance as clustering metrics. The heatmaps were 
visualized with pheatmap (v1.0.12, Kolde, 2019). For the Pearson correlation of principal 
components (PC) with experimental variables (age, condition, treatment), the eigencorplot 
function of PCAtools (v2.2.0, Blighe, 2019) was used with Benjamini-Hochberg procedure 
as multiple testing correction. For this correlation, the first six PCs were used since they 
were identified with the Elbow method and Horn’s parallel analysis to be explaining most 
variance in this dataset. Venn diagrams were made with VennDiagram (v1.6.20, Chen & 
Boutros, 2011). Alluvial plots were generated with ggalluvial (v0.12.3, Brunson, 2020). All 
other plots were generated with ggplot2 (v3.3.3.9000, Wickham et al., 2016).
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Results

Morphological characterization of hippocampal microglia from ELS-
exposed mice under basal and inflammatory conditions
In response to homeostatic disbalance, microglia can adopt a range of morphologies 
(Diz-Chaves et al., 2012; Schwarz et al., 2012; Walker et al., 2014; Hoeijmakers et al., 2017; 
Heng et al., 2021), and we determined the effect of ELS on microglia morphology in the 
hippocampus in adult mice both under basal conditions and in response to LPS (Figure 
1A). Iba1-positive cells were quantified (Figure S1A, B), and their coverage (Figure S1C, 
D) was analyzed in the dentate gyrus (DG) and cornu ammonis (CA) of the hippocampus. 
LPS increased Iba1+ cell density in both areas (DG: F=27.179, p<0.0001; CA: F=23.821, 
p<0.0001,) and reduced Iba1+ coverage in the DG (F=5.528, p=0.028), which neared 
significance in the CA (F=4.223, p=0.053). ELS exposure did not significantly affect Iba1+ 
cell numbers or coverage in both hippocampal regions (Figure S1A-D). 

To investigate microglia morphology in detail, we characterized subtypes based on Iba1 
stainings (Diz-Chaves et al., 2012; Schwarz et al., 2012) in the hilus and SLM, subregions of 
the DG and CA respectively (Figure S1E). LPS significantly influenced the proportions of 
morphological subtypes in the hilus (GLM main effect treatment, F=8.386, p<0.000, Figure 
1B) and SLM (GLM main effect treatment, F=8.386, p<0.000, Figure S1F) with modulation 
by ELS in the hilus (GLM interaction effect treatment*condition, F=3.181, p=0.035, Figure 
1B). In both the hilus and SLM of PBS-injected mice, independent of early-life condition, 
two main morphological subtypes were identified. They were characterized by a small 
cell soma and long branched ramifications (type 1) and a larger cell soma and thicker, 
branched ramifications (type 2). In PBS-injected animals, ELS decreased the proportion 
of subtype 1 microglia in the hilus (interaction treatment*condition: F=9.621, p=0.006; 
main effect condition: F=11.135, p=0.003) and SLM (main effect condition: F=8.606, 
p=0.008). In addition, in PBS-injected ELS animals, two other subtypes (type 3 and 4) were 
observed. These were characterized by fewer ramifications and larger cell bodies than 
subtypes 1 and 2. LPS further reduced type 1 microglia in the hilus (F=49.442, p<0.000) 
and SLM (F=50.609, p<0.000) and increased type 3 (hilus: F=20.789, p<0.000; SLM: 
F=33.000, p<0.000) and type 4 (hilus: F=8.537, p=0.008; SLM: F=5.719, p=0.027) regardless 
of early-life condition. Furthermore, in some LPS injected animals subtype 5 appeared, 
characterized by an amoeboid morphology (F=3.171, P=0.090) (Figure 1B, Figure S1F). 

Summarizing, under basal conditions ELS led to a change in the proportion of morphological 
subtypes associated with immune reactivity (Karperien et al., 2013). Expectedly, also LPS 
treatment induced a morphological profile associated with inflammation, independent 
of early-life condition. In these experiments, a relatively high LPS dose was used (5 mg/
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kg, i.p.). To be able to detect more subtle and potential modulatory effects of ELS on LPS 
responses, for transcriptomic experiments a dose of 1 mg/kg LPS was used.

Early-life stress during the first week of life impacts the microglia 
transcriptome at P200 but not at P9
To determine the acute (P9) and long-term (P200) effects of ELS and LPS on the gene 
expression profiles of microglia, purified hippocampal microglia were subjected to mRNA 
sequencing (Figure 1A and Supplementary figure 2A, Materials and Methods 2.1). 
As expected, a reduced body weight gain of P2-P9 ELS-exposed animals was observed 
(Supplementary figure 2B, p-value<0.0001, Naninck et al., 2015; Yam et al., 2019). 
The purity of the sorted microglia population was confirmed by the high expression of 
microglia signature genes but not of other brain cell types (Supplementary figure 2C). 
To identify the variance in gene expression each experimental variable is introducing in 
the data, correlation analysis was performed of the first six principal components (PC) 
with the experimental variables “age (P9/P200)”, “condition (CTR/ELS)” and “treatment 
(PBS/LPS)”. “Age” significantly correlated with PC1 (R²=0.97, FDR<0.001), “treatment” 
significantly correlated with PC2 (R²=0.23, FDR<0.01) and PC3 (R²=0.67, FDR<0.001) and 
“condition” significantly correlated with PC6 (R²=0.15, FDR<0.05) (Supplementary figure 
2D), indicating “age” as the main driver of gene expression differences in this dataset.

When comparing the microglia transcriptomes between CTR and ELS-exposed animals at 
P9, no large transcriptional changes were found. Only one differentially expressed gene 
(DEG) was detected, Triggering receptor expressed on myeloid cells (Trem1) (logFC</>1, 
FDR<0.05, Supplementary figure 2E, supplementary table 2). This gene was differentially 
expressed in 3 of a total of 13 investigated ELS-exposed mice (Supplementary figure 2F) 
and was therefore not considered to be biologically relevant for ELS. 

In adulthood, when comparing gene expression profiles of CTR and ELS-exposed animals 
that were injected with PBS (P200: ELS-PBS versus P200: CTR-PBS), 186 DEGs were detected 
(Figure 1C, Table S3). Gene ontology (GO) analysis revealed that the genes relatively 
lower expressed in P200: ELS-PBS compared to P200: CTR-PBS microglia were involved 
in “regulation of microtubule (de)polymerization”, “plasma membrane bounded cell 
projection organization”, “neuron development”, “gliogenesis” and “chemical synaptic 
transmission”. Genes relatively abundantly expressed in P200: ELS-PBS versus P200: CTR-
PBS microglia were associated with inflammatory pathways and processes, such as 
“regulation of tumor necrosis factor production”, “regulation of protein kinase B signaling”, 
“positive regulation of leukocyte chemotaxis”, “positive regulation of cell adhesion” (Figure 
1D, Table S4). 
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Figure 1: ELS exerts long-term, but no immediate, effects on the microglia transcriptome.
(A) Overview of the experimental design: from P2 to P9 mice were exposed to limited bedding and nesting 
material resulting in early life stress. Control mice were left undisturbed. For the morphological analysis of 
microglia, mice received an i.p. injection with LPS (5 mg/kg) at 3-5 months (CTR-PBS (n=5), ELS-PBS (n=4), CTR-
LPS (n=10), ELS-LPS (n=6)) and were sacrificed 24 h later (dark blue in figure). Two other cohorts were created 
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for transcriptomic analysis of microglia. One cohort of mice was sacrificed immediately after ELS at P9 (12 
CTR (n=12), ELS (n=13)) and one was left undisturbed until P200 at which point they received an i.p. injection 
with PBS or LPS (1 mg/kg) (CTR-PBS (n=7), ELS-PBS (n=6), CTR-LPS (n=7), ELS-LPS (n=5)) and were sacrificed 3 
hours later. From these two cohorts, hippocampi were dissected, microglia were FACS-purified, and expression 
profiled (light blue in figure). Created with BioRender.com (B) Effects of condition (CTR/ELS) and treatment (PBS/
LPS) on the proportion of morphological microglia subtypes in the hilus of 3-5 months mice. General Linear 
Model Multivariate test, *: main effect treatment, %: interaction effect treatment*condition, #: treatment effect 
for subtype 1, 3 and 4, ^: condition effect for subtype 1, &: interaction treatment*condition for subtype 1. 
p<0.05. (C) Volcano plot depicting differentially expressed genes between P200: ELS-PBS and P200: CTR-PBS 
(logFC</>1, FDR<0.05). Each dot represents a gene. Significantly more abundant genes in P200: CTR-PBS are 
marked in turquoise and significantly more abundant genes in P200: ELS-PBS are marked in dark turquoise. The 
10 most enriched genes in each condition are labelled. (D) Gene ontology (GO) analysis of relatively lower (-) and 
abundant (+) significant genes in P200: ELS-PBS when compared to P200: CTR-PBS. Top 10 significantly enriched 
GO terms (p<0.05) based on gene count are depicted (Table S4). (E) Pearson correlation of modules detected 
with weighted gene co-expression network analysis and condition (ELS/CTR). P-value is indicated as number 
and R2 as color for each correlation. (F) Significantly enriched GO terms associated with the pink module genes 
(adjusted p-value<0.05, Table S6). Abbreviations: CTR = control, ELS = early-life stress, GO = gene ontology, h = 
hours, LPS = lipopolysaccharide, m = months, PBS = phosphate-buffered saline.

 
To identify modules of genes with similar expression patterns in an unbiased manner, 
Weighted Gene Co-expression Network Analysis (WGCNA) was performed on all P200 
samples (P200: CTR-PBS, P200: ELS-PBS, P200: CTR-LPS, P200: ELS-LPS). Thirteen co-
expression modules were identified (Supplementary figure 2G) of which one module 
(purple, Table S5) significantly correlated with the early-life condition (R2= 0.6, p=0.002, 
Figure 1E). GO analysis indicated that the purple module genes revealed that these genes 
are specifically involved in protein ubiquitination (Figure 1F, Table S6). 

Concluding, ELS does not influence the microglia transcriptome at P9, but at P200 we 
detected an upregulation of genes associated with inflammatory processes and protein 
ubiquitination and a downregulation of genes possibly related to morphological 
reconstruction. 

Shared and unique transcriptional changes between P9 and P200 CTR 
and ELS microglia
In order to investigate how ELS impacts microglial transcriptional changes over 
development from P9 to P200, we compared the transcriptomes of young and adult 
microglia from CTR and ELS-exposed animals. To determine the effect of ELS on microglia 
maturation, the DEGs identified in each comparison (P9 versus P200 in CTR and ELS 
animals) were compared. DEGs shared between (grey dots, 2899) and unique for (P9: ELS, 
light blue dots (617); P200: ELS-PBS, dark turquoise dots (473); P9: CTR, light green dots 
(797); P200: CTR-PBS, turquoise dots (353)) CTR and ELS microglia during development 
from P9 to P200 were detected (Figure 2A, supplementary table S7 and S8). The majority 
of the developmental DEGs (P200 compared to P9) in CTR and ELS animals did not overlap 
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with the transcriptional changes between CTR-PBS and ELS-PBS animals at P200, pointing 
to an altered maturation gene expression program of ELS mouse microglia (Figure 2B).

GO analysis was performed on the shared and unique DEGs and redundant GO terms 
were reduced into parent GO terms (Figure 2C and D, Table S9 and S10). The shared 
transcriptional changes of CTR and ELS microglia revealed that at P9, genes associated 
with mitosis and neurodevelopmental processes (e.g., “mitotic cell cycle phase transition”, 
“positive regulation of cell differentiation”, “nervous system development”, “chemical 
synapse organization”; Figure 2C,  gray ribbons) were upregulated, whereas with age, 
microglia upregulated genes associated with inflammation (e.g. “positive regulation of 
cytokine production”, “regulation of cell migration”, “regulation of innate inflammatory 
response” Figure 2D,  gray ribbons). 

In CTR animals specifically, P9 compared to P200 microglia were uniquely enriched in 
genes associated with the “regulation of intracellular signal transduction”, “supramolecular 
fiber organization” and “chemical synaptic transmission” (Figure 2C, light green ribbons). 
CTR microglia of P200 compared to P9 mice were uniquely enriched in genes controlling 
the immune response (e.g., “response to tumor necrosis factor (TNF)”, “negative regulation 
of cytokine production”, “regulation of innate immune response”, Figure 2D, turquoise 
ribbons).

Specifically in ELS-exposed animals, P9 compared to P200 microglia were uniquely 
enriched in genes associated with biological processes such as “cellular macromolecule 
biosynthetic process”, “cotranslational protein targeting to membrane”, “ribosome 
biogenesis” and “rRNA processing“ (Figure 2C, light blue ribbons), whereas genes uniquely 
enriched in P200 ELS microglia were related to the “negative regulation of intracellular 
signal transduction”, “positive regulation of transcription, DNA-templated”, and 
“transforming growth factor beta (TGFb) signaling pathway” (Figure 2D, dark turquoise 
ribbons). 

These observations show that independent of early-life condition, and in line with 
described findings in literature, P9 microglia are involved in processes related to cell 
division differentiation and neurodevelopment (Matcovitch-Natan et al., 2016; Thion et al., 
2018; Hammond et al., 2019; Li et al., 2019), while in adulthood microglia seem to perform 
more functions related to inflammatory processes (Thion et al., 2018; Hammond et al., 
2019). In addition, at P9, ELS specifically induced processes related to protein translation 
and biosynthesis of other macromolecules and at P200 induced a specific inflammatory 
signaling pathway (TGFβ) that was not found in control animals.
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Figure 2: ELS alters microglia development from P9 to P200.
(A) Four-way plot depicting expression changes in developmental (P200 vs. P9)-associated genes in ELS and 
CTR microglia (logFC</>1, FDR<0.05, Table S7 and S8). Each dot represents a gene. Light green dots mark DEGs 
uniquely enriched in CTR microglia of P9 compared to P200 animals. Light blue mark DEGs uniquely enriched 
in ELS microglia of P9 compared to P200 animals. Turquoise dots mark DEGs uniquely enriched in CTR microglia 
of P200 compared to P9 animals. Dark turquoise dots mark DEGs uniquely enriched in ELS microglia of P200 
compared to P9 animals. Overlapping genes in the development from P9 to P200 of ELS and CTR microglia 
are marked in gray. (B) Venn diagram depicting the gene expression overlap of all DEGs between adult ELS 
effects (ELS vs. CTR, Table S3) and developmental effects (P200 vs. P9) in ELS and CTR microglia. (C, D) Alluvial 
plots illustrating the top 5 enriched parent GO terms P9- (C) and P200- associated (D) genes in CTR and ELS 
microglia. Significant GO terms (p<0.05) for each experimental group were reduced into parent GO terms (Table 
S9 and S10), which were ranked based on the total gene count belonging to that parent GO term. Color indicates 
experimental group and ribbon thickness depicts the number of genes overlapping with parent GO term-
specific genes. Abbreviations: CTR = control, ELS = early-life stress, exp.= experimental, GO = gene ontology, PBS 
= phosphate-buffered saline.

Early-life stress impacts the microglia gene expression response to an 
LPS challenge in adulthood
To determine if ELS alters microglia gene expression in response to a systemic inflammatory 
challenge, the microglia transcriptomes of CTR and ELS P200 mice i.p. injected with LPS 
were generated. LPS-responsive genes in both CTR and ELS microglia (gray dots, 810) as 
well as CTR-specific (CTR-PBS, turquoise dots (299); CTR-LPS, orange dots (423) and ELS-
specific (ELS-PBS, dark turquoise dots (253); ELS-LPS, dark orange dots (236)) genes were 
identified (Figure 3A, Tables S11 and S12). 
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The genes that were induced by LPS in both CTR and ELS microglia were associated 
with inflammatory response GO terms, such as “cytokine-mediated signaling pathway”, 
“positive regulation of cytokine production”, “regulation of apoptotic process”, (Figure 
3B,  gray ribbons, Table S13). The shared downregulated genes in LPS-exposed CTR and 
ELS mice were related to “double-strand break repair via homologous recombination”, 
“positive regulation of autophagy” and “regulation of protein-containing complex 
assembly” (Figure 3C, gray ribbons, Table S14). 

ELS induced a shift in LPS-induced microglia gene expression, i.e. the majority of the LPS-
induced DEGs in ELS (ELS-LPS) compared to CTR (CTR-LPS) microglia did not overlap with the 
gene expression changes induced by ELS itself (ELS-PBS vs CTR-PBS) (Figure 3D). These results 
indicate that the identified LPS-induced gene expression differences in ELS-exposed animals 
were not only caused by ELS, but that LPS induced a different response in ELS animals.

Cluster analysis of the LPS-responsive genes shared between CTR and ELS microglia 
identified six gene clusters (Figure S3, Table S15). Genes in cluster 3 are upregulated by 
LPS in CTR microglia and even more so in ELS microglia (Figure 3E), indicating microglia 
training by ELS. Microglia training describes the phenomenon that microglia exposed to 
a stimulus in the past, e.g. LPS, respond exaggeratedly to a secondary (LPS) stimulus in 
the future (Raj et al., 2014; Neher and Cunningham, 2019). When comparing the trained 
genes of ELS microglia to a common training gene set detected in (accelerated) aging, 
and mouse models of Alzheimer’s disease and amyotrophic lateral sclerosis (Holtman et 
al., 2015b, Table S1) no overlap was observed (Figure 3F).

Next, GO analysis was performed on the unique transcriptional changes in CTR and ELS 
microglia in response to LPS, respectively. LPS-induced genes in CTR microglia were 
related to “positive regulation of cell differentiation”, “positive regulation of intracellular 
signal transduction” and “regulation of cell migration” (Figure 3B, orange ribbons), whereas 
LPS-downregulated genes in CTR microglia were associated with the “glycosaminoglycan 
biosynthetic process”, “negative regulation of innate immune response” and “positive 
regulation of cell projection organization” (Figure 3C, orange ribbons).

Genes induced in LPS-treated ELS microglia were involved in inflammatory processes such 
as “defense response to bacterium”, “neutrophil activation involved in immune response” 
and “positive regulation of cell migration” (Figure 3B, dark orange ribbons), whereas LPS-
downregulated genes were associated with “cytoskeleton organization”, “DNA replication” 
and “regulation of cell cycle process” (Figure 3C, dark orange ribbons).

Summarizing, ELS seems to prime certain LPS-responsive genes in microglia and results in 
a different transcriptional response to LPS, which is different from control microglia. 
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Figure 3: ELS alters the microglia immune response to LPS.
(A) Four-way plot depicting gene expression changes in response to LPS (LPS vs. PBS) in ELS and CTR microglia 
(logFC</>1, FDR<0.05, Tables S11 and S12). Each dot represents a gene. CTR-specific LPS-responsive genes are 
marked in turquoise and orange, whereby the turquoise dots mark DEGs relatively lowest and orange dots mark 
DEGs relatively abundant expressed in CTR-LPS compared to CTR-PBS. ELS-specific LPS-responsive genes are 
marked in dark turquoise and dark orange, whereby the dark turquoise dots mark DEGs relatively lowest and 
the dark orange dots mark DEGs relatively abundant expressed in CTR-LPS compared to CTR-PBS. Overlapping 
genes in the LPS response of ELS and CTR microglia are marked in  gray. (B, C) Alluvial plots illustrating the top 
5 enriched parent GO terms, for upregulated (B) and downregulated (C) genes in LPS- compared to PBS-treated 
CTR and ELS microglia. Significant GO terms (p<0.05) for each experimental group were reduced into parent GO 
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terms (Tables S13 and S14), which were ranked based on the total gene count belonging to that parent GO term. 
Color indicates experimental group and ribbon thickness depicts the number of genes overlapping with parent 
GO term-specific genes. (D) Venn diagram depicting the gene expression overlap between ELS- (P200: ELS-PBS 
vs. P200: CTR-PBS, Table S3) and LPS- (P200: ELS-LPS vs. P200: ELS-PBS and P200: CTR-LPS vs P200: CTR-PBS) 
introduced transcriptomic differences in P200 ELS and CTR microglia. (E) Heatmap depicting z-scores of logCPM 
of primed/trained genes (cluster 3, Figure S3, Table S15). (F) Venn diagram showing gene overlap between genes 
detected to be primed/trained by ELS and LPS (cluster 3, Table S3) and trained genes detected by (Holtman et al., 
2015b, Table S1). Abbreviations: CTR = control, ELS = early-life stress, LPS = lipopolysaccharide, PBS = phosphate-
buffered saline.

Discussion 

Microglia are suggested to play a role in the effects of adverse early-life experiences on 
later life health, and specifically in cognition (Johnson and Kaffman, 2018; Short and 
Baram, 2019). However, long-term microglia-specific molecular signatures have not yet 
been described in the context of chronic early-life stress and a later-life inflammatory 
challenge. Here, we demonstrate that ELS, induced via the limited bedding and nesting 
material (LBN) paradigm, changes the proportion of morphological microglia subtypes in 
the adult hippocampus and alters the hippocampal microglia transcriptome in adulthood 
without affecting it immediately after the stress exposure. In addition, ELS modulates age-
related changes in the microglia transcriptome between postnatal day (P)9 and P200 and 
the microglia transcriptional response to an LPS challenge in adulthood.

ELS does not affect the microglia transcriptome immediately after stress 
exposure at P9 
We previously showed that ELS induced microglia morphological changes at P9, i.e. 
reduced Iba1 coverage in the dentate gyrus and reduced complexity of Iba1 positive cells 
in the hilus of the hippocampus (Hoeijmakers et al., 2017). Unexpectedly, no immediate 
effects of ELS on the hippocampal microglia transcriptome were detected. ELS-induced 
morphological differences detected in subregions of the hippocampus (e.g. the hilus 
or SLM) (Hoeijmakers et al., 2017) suggest that ELS-induced microglia transcriptomic 
differences at P9 could be more prominent in a subregion of the hippocampus, and 
were therefore not detected in the present study in which whole hippocampal microglia 
transcriptional profiles were generated. In addition, other cell types such as neurons 
(Naninck et al., 2015), oligodendrocytes (Teissier et al., 2020) and astrocytes (Abbink et 
al., 2019, 2020) are potentially involved in the response to ELS, leading to transcriptional 
changes in microglia only at a later stage. Thus, it would be valuable to investigate direct 
effects of ELS on microglia via RNAscope or single-cell mRNA sequencing, in order to 
deepen our understanding of ELS on regional and cell-specific microglia profiles in 
relation to other cell types.
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Another factor that potentially interfered with the transcriptomic data is the relatively high 
variation between our samples precluding the detection of more subtle gene expression 
changes. Individual differences in the response to early-life adversity have been widely 
recognized in literature (Jakovcevski et al., 2008; Ebner and Singewald, 2017; Dopfel et al., 
2019) and further understanding is necessary on risk and resiliency (Kentner et al., 2019).

ELS leads to long-term effects on microglia morphological subtypes and 
transcriptome 
ELS led to a shift in microglia subtypes in the hippocampus of adult mice towards a 
more amoeboid morphology, seemingly reflecting a more immune reactive microglia 
profile (Karperien et al., 2013). These morphological differences of microglia hint towards 
transcriptional differences of microglia between control and ELS exposed mice. Indeed, at 
P200, ELS induced the expression of genes related to the inflammatory response. This is in 
line with earlier findings indicating an immune-activated phenotype of microglia following 
ELS (Roque et al., 2016; Yam et al., 2019; Catale et al., 2020b). Genes downregulated in 
ELS-exposed animals at P200 are associated with microtubule reorganization, which is 
involved in morphological modulations (Park et al., 2008). Furthermore, genes involved in 
neuronal development and synaptic transmission were downregulated by ELS at P200. It is 
likely that these changes already occur prior to the age of P200, which would suggest that 
ELS affects developmental processes that persists until late adulthood. In addition, these 
changes might contribute to ELS-induced effects on the previous reported alterations in 
neuronal and synaptic plasticity, such as reduced hippocampal volume, reduced adult 
neurogenesis, altered neuronal excitability and impaired cognitive impairment (Naninck 
et al., 2015; Derks et al., 2016; Hoeijmakers et al., 2017; Yam et al., 2019).

With WGCNA, an ELS-associated gene module was identified in P200 microglia that was 
specifically related to protein ubiquitination and degradation of ubiquitinylated proteins. 
This is in line with a recent study that reported that ELS, induced via maternal separation, 
mediated modifications of proteins associated with the ubiquitin-proteasome system in 
the hippocampus and cortex of adult rats (Sierra-Fonseca et al., 2021). Ubiquitin is crucial 
for protein degradation processes and is also involved in other cell signaling pathways 
such as inflammation, which are both dysregulated in neurodegenerative diseases 
(Schmidt et al., 2021). Possibly, ELS-mediated dysregulation of ubiquitin-related pathways 
and protein aggregation are linked to the increased risk for neurodegenerative diseases 
after early-life adversity in rodents (Knuesel et al., 2014; Hoeijmakers et al., 2018; Lesuis 
et al., 2018; Madore et al., 2020) and humans (Ravona-Springer et al., 2012; Radford et al., 
2017; Donley et al., 2018). 
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ELS modulates microglia development between P9 and P200
A relevant question in the field is whether ELS affects the aging process (Brunson et 
al., 2005; Ruiz et al., 2018; Short et al., 2020; Kotah et al., 2021). Our data indicates that 
development from P9 to P200 in CTR and ELS mice induces inflammatory pathways 
Indeed, microglia have been reported to follow a specific set of gene expression changes 
through development, importantly transitioning from early processes related to the 
cell cycle and pruning to immune surveillance (Matcovitch-Natan et al., 2016; Thion et 
al., 2018; Hammond et al., 2019; Li et al., 2019; Kracht et al., 2020). We detected several 
differences in the transcriptional changes from P9 to P200 between CTR and ELS animals. 
Development of CTR microglia specifically involved the Tnf pathway whereas the Tgfβ 
pathway was induced during development of ELS microglia. Earlier studies also point to a 
link between ELS and Tgfβ. Serum Tgfβ levels positively correlated to plasma cortisol levels 
after an acute stressor in 2 year old primates and both levels were exacerbated in primates 
that experienced early life stress (Smith et al., 2002). Microglia survival is dependent on 
Tgfβ signaling (Butovsky et al., 2014) and microglial Tgfβ signaling is crucial in mediating 
the antidepressant effects of ketamine in chronic social defeat stress (Zhang et al., 2020). 

Together, these results indicate that ELS and CTR microglia follow different developmental 
trajectories with differences in the specific genes involved in the immune response, 
possibly underlying the observed differential response to an inflammatory challenge in 
adulthood. Our findings are in line with the fact that a variety of early experiences, such as 
other forms of prenatal or early postnatal stress or infection are known to alter microglial 
functioning in later life (Bilbo and Schwarz, 2009; Matcovitch-Natan et al., 2016; Mattei et 
al., 2017; Thion et al., 2018; Ben-Yehuda et al., 2020; Ikezu et al., 2020).

ELS modulates microglia immune reactivity to an LPS challenge in 
adulthood
The two-hit hypothesis poses that ELS is the ‘first hit’, that increases sensitivity to later-
life challenges, the ‘second hit’ (Nederhof and Schmidt, 2012). A secondary challenge 
might then unmask earlier programmed changes that are not apparent under basal 
circumstances. Indeed, we previously reported that a first hit in the form of an LPS 
challenge or deficiency of the DNA repair enzyme Ercc1 transiently changes the 
expression of proinflammatory cytokines in microglia and a second LPS hit unmasks the 
long-lasting epigenetic changes leading to a reduced or exaggerated LPS response as 
compared to the naïve mouse subjected to LPS (Raj et al., 2014; Schaafsma et al., 2015). 
Here, we studied how ELS affects the transcriptional response of microglia to an LPS 
challenge in adulthood. As expected, shared GO terms of genes induced by LPS in both 
CTR and ELS animals were associated with the inflammatory response. Interestingly, ELS 
seems to exacerbate the expression of a group of LPS responsive genes, suggesting some 
form of microglia priming (Raj et al., 2014) by ELS. In addition, ELS also led to a set of 
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microglia transcriptional changes in response to LPS that is very different as compared 
to CTR animals. These ELS-specific LPS-induced genes are also associated with immune 
response GO-terms, as was observed for the shared genes induced by LPS. Functional 
implications of the specific GO-terms associated with similar mechanisms are lacking at 
this point (Tomczak et al., 2018), however it is clear, that ELS modulated the microglial 
response to LPS. This is further supported by the fact that in CTR microglia, we observed a 
specific LPS-induced upregulation of genes involved in cell migration and differentiation 
and intracellular transduction. Absence of these processes in ELS-exposed animals and 
ELS-specific gene expression changes indicate that the inflammatory response mounted 
by ELS-microglia is different from that in CTR microglia. Whether these gene expression 
differences translate into altered functional properties remains to be determined. 

Epigenetic programming by early-life stress?
Accumulating evidence suggests that epigenetic modifications are key in mediating 
the long-lasting effects of ELS on brain functioning and behavior and increased risk for 
pathology (Weaver et al., 2005; Szyf, 2013; Schaafsma et al., 2017; Barnett Burns et al., 
2018). Microglia have a relatively long half-life (Füger et al., 2017; Tay et al., 2017) which 
makes them excellent candidates for epigenetic modifications that can affect their 
responsiveness to later-life challenges. Therefore, it is likely that ELS induced epigenetic 
alterations in microglia at P9 that do not immediately translate to altered gene expression 
changes at basal state but eventually, together with an altered microglia environment, 
lead to the detected transcriptional changes at P200 at basal state and in response 
to LPS. Indeed, maternal separation induced ELS resulted in gene expression and 
behavioral changes, and alterations in the epigenetic profile of histone H3K4me3, a mark 
associated with active transcription, in the prefrontal cortex of adult mice (Reshetnikov 
et al., 2021). However, gene expression only partially correlated with H3K4me3 profiles. 
This discrepancy might be attributed to the fact that whole tissue was analyzed, since 
correlation of H3K4me3 profiles to brain cell-specific gene sets revealed the highest 
significant correlation of H3K4me3 peaks to microglia-specific genes (Reshetnikov et al., 
2020a). Also DNA methylation patterns in microglia are affected by ELS 40 days after stress 
exposure in a stress type- and brain region-dependent manner (Catale et al., 2020a). These 
results suggest that ELS has the potential to persistently change the epigenetic landscape 
of microglia, however whether this is the case in our chronic ELS model remains to be 
elucidated. 

Overall, we find that ELS has long-term effects on hippocampal microglia. ELS leads to 
changes in morphological subtypes associated with a more immune-activated profile, 
alters the microglia transcriptome and affects microglia and their environment in such a 
way that they respond differently to an inflammatory challenge given in adulthood.
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Supplementary figures

Figure S1: morphological analysis of ELS and control microglia in adulthood under basal and 

immune-challenged conditions (related to figure 1).
(A, B, C, D) Iba1+ cell density (A, B) and coverage (C, D) in the DG (A, C) and CA (B, D) of the hippocampus. Two-way 
ANOVA, *: main effect LPS, p<0.05; $: trend for LPS effect, p=0.053. (E) Representative images of morphological 
Iba1+ subtypes. Objective 40x, scale bar = 10 µm. (F) Effects of condition (CTR/ELS) and treatment (PBS/LPS) 
on the proportion of morphological microglia subtypes in the SLM of 3-5 months old CTR and ELS-exposed 
mice. General Linear Model Multivariate test, *: main effect treatment, #: treatment effect for subtype 1, 3 and 
4, ^: condition effect for subtype 1. p<0.05. Abbreviations: ANOVA = analysis of variance, CA = cornu ammonus, 
DG = dentate gyrus, LPS = lipopolysaccharide, PBS = phosphate-buffered saline, SLM = stratum lacunosum-
moleculare.
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Figure S2: Transcriptional analysis of ELS and control microglia in adulthood under basal 

and immune-challenged conditions (related to figure 1).
(A) FACS strategy to obtain single, viable (DAPI-, DRAQ5+), CD45+, CD11b+ microglia. (B) Scatterplot depicting 
weight gain changes in grams from P2 to P9 of CTR and ELS-exposed animals (unpaired t-test, *p<0.001, n=25 
ELS, 30 CTR). (C) Average expression (logCPM) of gene sets specific for different brain cell types (McKenzie et 
al., 2018, Table S1) in microglia of all experimental groups. (D) Pearson correlation (R2) of the first 6 principal 
components (PC) to the experimental variables (treatment (PBS/LPS), condition (CTR/ELS) and age (P9/P200)) 
(FDR ***<0.001, **<0.01, *<0.05). (E) Volcano plot depicting differential expressed genes between P9: ELS and 
P9: CTR (logFC</>1, FDR<0.05). Each dot represents a gene. Significantly differential expressed gene is labelled 
and marked with cyan. (F) Gene expression (CPM) of Trem1 in P9: ELS and P9: CTR microglia from individual mice. 
(G) Gene dendrogram and module colors of weighted gene co-expression network analysis. Abbreviations: AST 
= astrocytes, CTR = control, CPM = counts per million, ELS = early- life stress, END= endothelial cells, FC = fold 
change, FSC = forward scatter, LPS = lipopolysaccharide, MIC = microglia, NEU = neurons, OLI = oligodendrocytes, 
P = postnatal day, PC = principal component, PBS = phosphate-buffered saline, SSC = side scatter. 
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Figure S3: Clustering analysis of LPS-responsive genes in CTR and ELS microglia (related to 

figure 3).
Heatmap with Manhattan distance-based hierarchical clustering analysis depicting z-scores of average logCPM 
values of all genes overlapping between P200: CTR-LPS vs P200: CTR-PBS and P200: ELS-LPS vs P200: ELS-PBS. 
Abbreviations: CTR= control, ELS= early-life stress, LPS= lipopolysaccharide, PBS= phosphate-buffered saline.



Ch
ap

te
r 3

Early-life stress impacts the adult microglia transcriptome   |   127   

Supplementary tables available upon request

	 Table S1. publicly available gene lists of CNS cell types (McKenzie et al., 2018) and trained  

	 genes (Holtman et al., 2015) doi: 10.1186/s40478-015-0203-5) (related to Figure S2C and  

	 Fig 3F).

	 Table S2. Differential gene expression analysis P9: ELS vs. P9: CTR (logFC</>1, FDR<0.05)  

	 (related to Figure S2E).

	 Table S3. Differential gene expression analysis P200: ELS-PBS vs. P200: CTR-PBS  

	 (logFC</>1, FDR<0.05) (related to Figure 1C).

	 Table S4. Gene ontology analysis of genes identified in P200: ELS-PBS vs. P200: CTR-PBS  

	 microglia (p value<0.05) (related to Figure 1D).

	 Table S5. Genes belonging to the pink module identified in WGCNA (related to Figure 1E,  

	 Figure S2G).

	 Table S6. Gene ontology analysis of pink module genes (adjusted p value<0.05) (related  

	 to Figure 1F)

	 Table S7. Differential gene expression analysis P200: CTR-PBS vs. P9: CTR (logFC</>1,  

	 FDR<0.05). (related to Figure 2A).

	 Table S8. Differential gene expression analysis P200: ELS-PBS vs. P9: ELS (logFC</>1,  

	 FDR<0.05) (related to Figure 2A).

	 Table S9. Original (enrichR) and reduced (rrvgo) gene ontology analysis of genes enriched  

	 in ELS and CTR microglia in the P200 vs P9 comparison (related to Figure 2C). 

	 Table S10. Original (enrichR) and reduced (rrvgo) gene ontology analysis of genes  

	 depleted in ELS and CTR microglia in the P200 vs P9 comparison (related to Figure 2D). 

	 Table S11. Differential gene expression analysis P200: CTR-LPS vs. P200: CTR-PBS  

	 (logFC</>1, FDR<0.05) (related to Figure 3A).

	 Table S12. Differential gene expression analysis P200: ELS-LPS vs. P200: ELS-PBS  

	 (logFC</>1, FDR<0.05) (related to Figure 3A).

	 Table S13. Original (enrichR) and reduced (rrvgo) gene ontology analysis of genes  

	 enriched in ELS and CTR microglia in the LPS vs PBS comparison (related to Figure 3B).

	 Table S14. Original (enrichR) and reduced (rrvgo) gene ontology analysis of genes  

	 depleted in ELS and CTR microglia in the LPS vs PBS comparison (related to Figure 3C).

	 Table S15. Clustering analysis of overlapping genes between the LPS response of ELS and  

	 CTR microglia (related to figure 3f).


