
 

 

 University of Groningen

The blueprint of microglia
Zhang, Xiaoming

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zhang, X. (2018). The blueprint of microglia: Epigenetic regulation of microglia phenotypes. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/86cfab0e-f6bc-45e5-9030-927117cddc5f


CHAPTER 1 
 
 
 

General introduction and outline of the thesis 

 
  



Chapter 1 

10 
 

Microglia under homeostatic conditions 
 
The origin and development of microglia 
Microglia are the macrophages of the central nervous system (CNS) with an ontogeny 
that is distinct from other tissue-resident macrophages. In mice, CNS macrophages 
and other tissue-resident macrophages are derived from erythro-myeloid progenitors 
(EMPs) that originate in two waves of yolk sac Runx1+ hemogenic endothelium: the 
early Kit+Cd41+ EMPs at E7.5 and late Myb+ EMPs at E8.5, respectively (fig. 1). The first 
wave of EMPs differentiates locally into Kit+Csf1r+ EMPs and yolk sac macrophages 
(Ginhoux et al., 2010; Hoeffel et al., 2015). Subsequently, these yolk sac macrophages 
start to express Cx3cr1 and Iba1 at E9.5. Starting from E9.5, these amoeboid cells 
colonize the neural tube and form early microglia (Cd11blowSall1+) at E10.5 (Ginhoux 
et al., 2010; Hoeffel et al., 2015). At E14, early microglia proliferate and engraft in the 
neuroectoderm with a typical microglia morphology, referred to as pre-microglia 
(Kierdorf et al., 2013).  

The second wave of multipotent EMPs proliferates and differentiates into C-Myb+ 
EMPs at E8.5, then migrates to the fetal liver through the blood circulation at E9. At 
E12.5 the fetal liver starts to generate myeloid progenitors, which later on 
differentiate to fetal monocytes, which are the source of peripheral tissue-resident 
macrophages at birth (Hoeffel et al., 2015). These fetal monocytes do not contribute 
to the microglial population from E13.5 when the blood-brain barrier is formed or 
afterwards. Summarizing, these studies indicate that microglia, compared to 
peripheral macrophages, have a unique origin and different developmental program. 

Using a combination of gene expression profiling and epigenetic characterization, 
three stages of microglial development were identified. Early microglia (until E14), 
pre-microglia (from embryonic day 14 to a few weeks after birth), and adult microglia 
(a few weeks after birth onwards) (Matcovitch-Natan et al., 2016). Microglia 
progenitors (investigated at E10.5 to E12.5) prior to colonization of the CNS express 
genes involved in defense response and hematopoietic fates (e.g. Lyz2 and Pf4), while 
early microglia (investigated at E10.5 to E14 or E14.5) express genes associated with 
proliferation and cell cycle. A subset of genes identified at the stage of pre-microglia 
(investigated at E16.5 to P9) are related to neural migration, neurogenesis, and 
cytokine secretion, indicating the role of microglia in synaptic pruning and neural 
maturation. Finally, microglia in the adult brain (e.g. 8-week old mice) acquire 
functions involved in tissue maintenance and signaling and express typical microglia 
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genes (Matcovitch-Natan et al., 2016; Thion et al., 2017). In terms of microglial density, 
in the first three postnatal weeks, microglia proliferate with the increase of brain 
weight without infiltration of blood-derived monocytes (Askew et al., 2017). In the 
following three weeks, the number of microglia rapidly decreases and reaches a steady 
state in adult level (Nikodemova et al., 2015). 

 

 
 

Figure 1. The origin of microglia. The ontogeny and development of microglia and other tissue-resident 
macrophages in mice. Microglia arise from the first wave of EMPs at E7.5, after proliferation, differentiation, 
and colonization of the CNS, microglia develop through a stepwise program, described by several main 
stages (YS macrophages, early microglia, pre-microglia, and adult microglia). Tissue macrophages derived 
from a second wave of EMPs at E8.5 and one of the models (tissue macrophages in adult mice are generated 
from YS-derived tissue macrophages, or fetal liver monocytes derived tissue macrophages, or bone marrow-
derived monocytes) is illustrated. This figure is adapted from Hoeffel et al., (2015) and Li and Barres, 
(2017). Other references are provided in the text. 

 
Microglia identity 
The tissue microenvironment is a key factor in the identity of tissue macrophages 
(Gosselin et al., 2014; Lavin et al., 2014). To identify genes selectively expressed by 
microglia, studies have compared the gene expression profiles of microglia to other 
CNS cells or to other tissue-resident macrophages in mice and humans (Butovsky et 
al., 2014; Chiu et al., 2013; Galatro et al., 2017; Gautier et al., 2012; Gosselin et al., 2014; 
Gosselin et al., 2017; Hickman et al., 2013; Lavin et al., 2014; Orre et al., 2014; Zhang 
et al., 2014). These studies describe a group of genes expressed in mouse microglia, 
including Cx3cr1, Fcrls, Gpr34, Hexb, P2ry12, P2ry13, Sall1, Tmem119, and Trem2. Many 
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of these genes are expressed in homeostatic microglia and their expression is 
downregulated during neurodegenerative conditions or after an inflammatory 
challenge like LPS (Keren-Shaul et al., 2017; Krasemann et al., 2017). 

In mice, Sall1 has been shown to control the microglial transcriptional signature 
and to maintain their physiological properties in the brain (Buttgereit et al., 2016). 
Sall1-deficient microglia downregulate microglia signature genes, such as P2ry12 and 
Slc2a5, meanwhile, the genes associated with other tissue-resident macrophages are 
upregulated (e.g. peripheral macrophages-expressed Msr1 and Stard13, spleen 
macrophages-expressed Igf1). Sall1-deficient microglia also acquired an activated 
morphology, larger soma, shorter and thickened processes. Sall1 is primarily 
expressed in microglia, and monocytes that infiltrate the CNS after irradiation, bone 
marrow transplantation or in inflammatory disease models (e.g. EAE) do not express 
Sall1 (Buttgereit et al., 2016). 

TGF-β was reported to be critical for microglia development and to regulate the 
expression of a large set of genes and the CNS of Tgfb deficient mice (IL2Tgfb-Tg-Tgfb−/−) 
lacked microglia (Butovsky et al., 2014). To investigate the role of TGF-β receptor 
signaling in adult microglia, Buttgereit et al. conditionally deleted Tgfbr2 in microglia 
(Sall1CreER:Tgfbr2fl/fl) and observed that Tgfbr2 deficient microglia exhibited an altered 
surface phenotype and elevated cytokine expression, although the survival of 
microglia was not affected (Buttgereit et al., 2016). Furthermore, Krasemann and co-
workers recently reported that under neurodegenerative conditions, activation of a 
Trem2-Apoe pathway resulted in a loss of microglia homeostatic gene expression and 
an increased expression of Clec7a, Lgals3, Itgax, and Ccl2 genes (Krasemann et al., 
2017).  

In addition to these gene expression profiling studies, a series of epigenetic 
experiments have identified the transcription factors that are critical for microglia 
gene expression. The epigenetic signature of microglia and macrophages showed that 
the promoter and enhancer profiles of tissue-resident macrophages contain both 
common and lineage-specific binding sites for putative transcription factors (Gosselin 
et al., 2014; Lavin et al., 2014). Microglia-specific Pu.1 binding sites are also enriched 
for transcription factor-binding motifs for Smad, Mef2, and CtcfL. In addition, 
transcription factors Mafb, Stat3, Usf1, and Smad2 directly affect Pu.1 binding 
(Gosselin et al., 2014). These transcription factors contribute to the microglia 
phenotypes by affecting microglia development, phagocytosis, chemotaxis, and 
neurotoxicity.  
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During microglia development and survival, Pu.1 and Csf1R are critical (Nayak et 
al., 2014) and myeloid development is compromised in mice lacking Pu.1 (Beers et al., 
2006). Moreover, an altered immune state of Mef2c-deficient microglia indicates that 
Mef2C limits the microglia immunoresponse and is important for the maintenance of 
microglia homeostasis (Deczkowska et al., 2017). The expression of transcription 
factor MafB increases from pre-phase to adult microglia and plays a role in the 
antiviral response and homeostasis regulation (Matcovitch-Natan et al., 2016).  
 
Microglia function during neurodevelopment 
Increasing evidence indicates that microglia are involved in neurodevelopment by 
supporting neurogenesis, pruning synapses, and removal of excess neurons. 

Microglia-released neurotrophins, e.g., Igf1 and Bdnf, are essential for neural 
circuit formation. Parkhurst et al. showed that microglial depletion of Bdnf expression 
impaired learning and memory behavior by reduction of motor learning dependent 
synapse formation. In the absence of Bdnf, the activation of neuronal receptor TrkB 
(tropomyosin-related kinase receptor B), a crucial mediator of synaptic plasticity, is 
reduced (Parkhurst et al., 2013). Another study reported that microglia-derived Igf1 
supported the survival layer V cortical neurons. Transient depletion of microglia in 
Cd11b-DTR mice increased neuronal apoptosis in layer V through a Cx3cr1-dependent 
mechanism, the similar effects on neurons could be recapitulated by Cx3cr1 deletion 
or blocking IGF-1 signaling (Ueno et al., 2013). 

Microglia are also highly involved in synapse pruning. Paolicelli et al. reported that 
during normal brain development, synapses were engulfed and eliminated by 
microglia. In Cx3cr1 knockout mice, microglia cell density was transiently reduced and 
synaptic pruning was delayed (Paolicelli et al., 2011). Dap12 is exclusively observed 
in microglia in CNS and DAP12 deficient mouse exhibited impaired synaptic function 
and plasticity, which might be due to the alteration of Bdnf-TrkB signaling during 
microglia-neuron interaction (Roumier et al., 2004). 

Besides supporting neurogenesis and synaptogenesis, microglia can also 
contribute to neuronal programmed cell death (PCD) and phagocytosis of dead 
neurons (Arnoux and Audinat, 2015; Bessis et al., 2007; Sierra et al., 2013). A high rate 
of neuronal cell death was reported in the subplate and layer II/III in the first 7 
postnatal days in rats, which coincided with the presence of amoeboid microglia 
indicating clearance of dead neurons by microglia (Ferrer et al., 1990). By sensing 
fractalkine and extracellular nucleotides released by apoptotic neurons, microglia 
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detect phosphatidylserine (PS) on apoptotic cells and engulf synapses in the 
phagosome, where apoptotic cells are degraded (Sierra et al., 2013). C1q was 
expressed by postnatal neurons and localized to synapses. The downstream 
complement protein C3 could activate its receptor, Cr3, expressed by microglia and 
initialize synapse elimination. In C1q knockout mice, synaptic refinement is perturbed 
and synaptic density is increased (Stevens et al., 2007). In vivo phagocytosis assays 
showed that C3- or Cr3-deficient microglia from postnatal day 5 mice were incapable 
to engulf retinal ganglion (Schafer et al., 2012). 
 
Microglia heterogeneity 
A growing body of evidence shows that microglia, which comprise 5-12% of the CNS 
cell population consist of many different phenotypes and morphologies. Microglia 
heterogeneity may result from variations in the microenvironment in different CNS 
regions (e.g. white matter and grey matter), neuronal subtypes, blood-brain barrier 
permeability, developmental stages, as well as gender. 

Regional microglia heterogeneity: CNS regions are distinct in terms of biochemical 
and cellular composition, circuitry, and functions, which increases the possibility of 
the diverse requirement of support and assistance from glial cells (Hanisch, 2013). 
The morphology, phenotype, and immune response of microglia display region-
dependent heterogeneity. Generally speaking, microglia morphology is partially 
depending on their location (Lawson et al., 1990; Yang et al., 2013). Expression of 
immune-regulatory proteins, e.g. Cd11b, Cd40, and Cx3cr1, in healthy CNS, showed a 
region-dependent heterogeneity (De Haas et al., 2008). In addition, microglia from the 
substantia nigra are more susceptible to LPS challenge due to higher microglial 
density and Tnfr1 expression (Yang et al., 2013). A more detailed study of the basal 
ganglia region revealed region-specific phenotypes of microglia and this microglial 
diversity is partly shaped by local cues (De Biase et al., 2017).  

Gender-dependent microglia heterogeneity: The density, morphology, gene 
expression, function, and response to stimulation of microglia exhibit gender-
dependent differences in specific brain regions during development. Although the 
number of microglia are comparable between both genders at E18, it is already 
distinct 3-4 days after birth, and more microglia were observed in male mice with 
larger cell somas and shorter branches. In contrast, during early adulthood, an 
increased number of microglia was observed in females, with thickened and long 
processes in sub-regions of hippocampus, amygdala, and parietal cortex (Lenz et al., 
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2013; Schwarz et al., 2012). Besides density and morphology, microglia can also be 
sexually dimorphic with regard to gene expression. Crain et al. investigated the gene 
expression profile of acutely isolated microglia at five different time points (from 3 d 
to 12 m) and found that microglia from females expressed higher levels of 
inflammatory cytokines but exclusively in three-day-old mice (Crain et al., 2009). A 
similar study reported that the gene expression of purinergic P2 receptors, such as 
P2X1, P2X4, and P2X5 was sexually dimorphic (Crain et al., 2009). In addition, a study 
in primary microglia showed that microglia in male mice had a higher migration but 
lower phagocytic activity than in females (Yanguas-Casás et al., 2017). Although the 
cause of this dimorphic microglia response has not been clarified, the effect of 
hormonal expression on brain development contributes to their heterogeneity. It has 
been shown that estradiol-induced prostaglandin E2 (PGE2) production induced 
amoeboid microglial morphology in the preoptic area (POA) (Lenz et al., 2013). 
 
Longevity and turnover of microglia  
Over the last few years, insight in microglial longevity, proliferation, and turnover has 
been obtained by taking advantage of newly developed techniques of genetic lineage 
tracing and imaging in mice. The common notion is that microglia have a relatively 
low proliferation rate under homeostatic conditions, which has been supported by 
recent findings (table 1). Füger et al. labeled a small population (2%, depending on the 
amount of tamoxifen administered) of microglia by Cre-induced microglia-specific 
excision of a stop-flox cassette in front of a tdTomato reporter gene, which allowed to 
repeatedly image individual cells using multiphoton microscopy over a period of 61 
weeks. Their results indicated that the lifespan of microglia is at least 15 months and 
approximately half of the population persisted throughout the lifespan in the 
neocortex (Füger et al., 2017). Tay et al. used a genetic fate mapping strategy in 
Cx3cr1creER:R26Rconfetti mice and microglia were tagged by stochastic multicolor 
fluorescence. Additional labeling of cells with BrdU and EdU allowed the tracking of 
individuals, proliferating microglia over 1 week. The turnover of microglia was 
estimated as 41, 15, and 8 months in the cortex, hippocampus, and olfactory bulb, 
respectively (Tay et al., 2017). Based on retrospective 14C measurements of sorted 
microglia from 20- to 70-year-old donors, the study from Réu et al. suggests that the 
average turnover rate of human microglia is 4.2 years (Réu et al., 2017). By BrdU 
(incorporated during DNA synthesis) staining, Askew et al. found 0.69% proliferating 
microglia in healthy mouse brain and postulated that microglia are replaced every 96 
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days, while the turnover of human microglia is even faster, with an average of 66 days 
based on Ki67 staining (Askew et al., 2017). The conclusion from Askew et al. is 
different from that of three other groups, which could be caused by the different 
methods used and the investigated period. Another result from the study of Réu et al. 
indicated that on average 0.14% of Iba1+ cells were proliferating (labeled by IdU), 
which might be due to the limited sample size and aberrant microglia turnover of 
those 2 cancer patients. Nevertheless, microglia are indeed longlived. 
 

Table 1. microglia lifespan 
 

Species Method Monitor 
time Turnover  Region difference Disease 

condition Reference 

Mouse 
Human BrdU label 2 h to 5 m 96 d 2.6% in DG, 1.38% in 

other mouse regions 
faster in 
humans 

Askew et 
al., 2017 

Mouse fluorescence label, 
EdU and BrdU label 36 w >15.5 m 

0.075% in CTX, 
0.221 in hippo, 0.387 
in OB 

faster after 
LPS injection 

Tay et al., 
2017 

Mouse single cell imaging 61 w >15 m - faster near 
plaques 

Füger et al., 
2017 

Human 
 
IdU 
atmospheric 14C 

 
20-70 y 
old donors 

 
4.2 y 

 
0.08% in CFL and OL 

 
- 

 
Réu et al., 
2017 

 
BrdU, 5-bromo-2'-deoxyuridine; EdU, 5-ethynyl-2'-deoxyuridine; IdU, 5-Iodo-2'-deoxyuridine; 14C, Carbon-14. 
DG, dentate gyrus; CTX, cortex; Hippo, hippocampus; OB, olfactory bulb; CFL, cortical frontal lobe; OL, occipital lobe. 
 
Infiltration of myeloid cells in the CNS  
In the healthy CNS, the density of microglia is stable and achieved by balanced 
proliferation, apoptosis, and migration (Askew et al., 2017). Microglia nearby 
apoptotic microglia are able to proliferate and migrate to neighboring areas. In 
apoptosis-deficient mouse models (e.g. Vav-Bcl2 overexpressing mice), the density of 
microglia increased (Askew et al., 2017). Whether the newly formed microglia are 
functionally identical to the cells they replaced is unclear.  

Increasing evidence has shown that under homeostatic conditions, the microglia 
population is maintained throughout adulthood without monocyte infiltration 
(Bruttger et al., 2015). In genetic ablation- or pharmacological depletion models, e.g. 
the Cx3cr1CreER:iDTR mouse model or after treatment with a Csf1r inhibitor, microglia 
renew exclusively from internal pools (Bruttger et al., 2015; Buttgereit et al., 2016).  

Under specific conditions, myeloid cells from the bone marrow are able to infiltrate 
into the CNS, as has been demonstrated in bone marrow chimeric mice. Lethally 
irradiated Cx3cr1CreER:iDTR mice (6 weeks after tamoxifen treatment) were 
reconstituted with bone marrow of eYFP reporter mice. Seven days after microglia 
depletion, more than 90% of the CNS myeloid cells were eYPF positive, suggesting that 
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the newly formed “microglia” were not repopulated by endogenous microglia but by 
bone marrow-derived microglia-like cells. After 12 weeks, the endogenous microglia 
(eYFP-) and infiltrated macrophages (eYFP+) could not be distinguished by Iba1 
staining. However, transcriptome analysis of these two populations showed that more 
than 1,000 genes were differentially expressed and microglia-specific genes were 
lower expressed in bone marrow-derived cells, e.g. Csf1, P2yr12, Mertk, Hexb, and 
Tmem119, indicating their distinct gene expression signatures 4 weeks after 
infiltration (Bruttger et al., 2015). This different level of gene expression was also 
observed in experimental autoimmune encephalomyelitis, an inflammatory mouse 
model for multiple sclerosis, e.g. the infiltrated cells fail to express one of the microglia 
signature genes, Sall1 (Bruttger et al., 2015; Buttgereit et al., 2016). Most likely, the 
infiltration of bone marrow-derived myeloid cells is facilitated by blood-brain barrier 
damage after irradiation. Whether peripheral monocytes by infiltration contribute to 
the microglia population in humans with neurodegenerative diseases needs to be 
determined. 
 

Microglia during inflammation 
 
Microglia activation 
Immune cells are able to recognize microorganisms via specific receptors and initiate 
a pathogen-specific response to defend the host. The conserved molecular structures 
of pathogens are pathogen-associated molecular patterns (PAMPs), e.g. LPS and β-
glucan molecules from gram-negative bacteria or fungi, respectively. Different PAMPs 
activate immune cells via pattern recognition receptors (PRRs, e.g. Toll-like receptors 
and C-type lectin receptors). Activated immune cells increase the cytokine and 
chemokine production and increase the phagocytic activity. 

A well-studied PRR pathway is LPS-TLR4 initiated NF-κB signaling. When (innate) 
immune cells are exposed to LPS, the LPS-TLR4 homodimers recruit adaptor proteins 
TRAP and MyD88. This complex recruits IRAK (IL1R-associated kinases) and TRAF6 
(TNFR-associated factor 6), leading to IRAK phosphorylation and TRAF6 activation. 
Activated TAK1 (TGF-β activated kinase 1) in turn phosphorylates IKK (IκB kinase). 

In homeostatic microglia, NF-κB activity is suppressed by IκBs, and after TLR 
stimulation, activated IKKs phosphorylate IκBs, resulting in the dissociation of IκBs 
from NF-κB. The released NF-κB is able to enter the nucleus and initiates the 
transcription of proinflammatory genes (fig. 2). 
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Inflammasomes are multiprotein oligomers that can process and secrete cytokines 
and induce pytoptosis after activation (Martinon et al., 2002). The inflammasome 
consists of NLRs (nucleotide-binding oligomerization domain and leucine-rich repeat-
containing receptors), which can be activated by PAMPs, protein aggregates, or 
cellular stressors; adaptor proteins that facilitate the formation of the inflammasome 
complex (e.g. ASC, apoptosis-associated speck-like protein containing a caspase 
recruitment domain); and caspases that are involved in cleavage and activation of 
inflammatory substrates (e.g. caspase 1-mediated conversion of pro-Il1b to mature 
Il1b) (Kanneganti, 2015). The inflammasome is an important component of the innate 
immune system and besides its critical role in activating members of the interleukin-
1 family, inflammasome activation also induces pyroptosis, a particular form of 
programmed cell death (Lamkanfi, 2011). Inflammasome activation is also involved in 
host defense in the CNS (Walsh et al., 2014) and associated with CNS disorders, for 
instance, it is reported to be required for amyloid β deposition in mouse models for 
Alzheimer’s disease (Venegas et al., 2017). 

 
Figure 2. LPS-TLR4 signaling pathway. NF-κB signaling is activated by LPS binding to TLR4. The NF-κB 
transcription factors translocate to the nucleus after release from phosphorylated IκB and bind to the 
promoters of proinflammatory genes to initiate transcription. This figure is adapted from Murshid et al., 
(2015). 
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Peripheral inflammation, induced by intraperitoneal injection of LPS, results in 
rapid activation of microglia in mice. The exact mechanisms how peripheral 
inflammation activates microglia are not yet fully understood. One explanation is the 
cytokines (e.g. Tnf) released in the serum after LPS injection cross the blood-brain 
barrier (BBB) and trigger the pro-inflammatory response of microglia (Hoogland et 
al., 2015; Qin et al., 2007). In this case, NF-κB signaling is activated by Tnf/Tnfr and 
not by the LPS/TLR4 pathway. In addition, high dosage of LPS impairs the BBB 
integrity (Banks et al., 2015), which makes it possible that (some) LPS indeed cross 
the BBB. Although the penetration by LPS is minimal (0.025%) measured by 
radioactive iodine-labeled LPS (Banks and Robinson, 2010), to what extent and in 
which regions microglia are activated by penetrated LPS need to be further 
determined. 
 
Epigenetic regulation of transcription 
Epigenetic regulation of gene expression shapes cell identity without changes in DNA 
sequence (Waterland, 2006) and includes DNA methylation, histone modification, 
chromatin remodeling, and noncoding RNA-based mechanisms (Gibney and Nolan, 
2010). The nucleosome is the basic unit of chromatin and consists of eight histone 
proteins (two copies of H2A, H2B, H3, and H4 each) with 147 base pairs of DNA 
wrapped around them (around 1,75 turns). Within the chromatin, the nucleosomes 
are linked by histones H1 or H5. The histone tails are the N terminal portions of the 
histone proteins, which are subject to different post-translational modifications 
(PTMs), e.g. methylation, acetylation, phosphorylation, ubiquitination, and 
sumoylation. These PMTs occur on histones in promoter regions of genes, transcribed 
gene bodies and noncoding regulatory elements. In addition, these histone 
modifications can be written, read, and erased by specific histone modifiers. Gene 
expression is linked to histone modifications via different mechanisms. 

Histone acetylation and open chromatin: Histone acetylation neutralizes the 
positive charge of lysine residues and attenuates the interaction of histone tails with 
nucleotides or adjacent histones, therefore, facilitating the transcription machinery to 
access the DNA and the process of transcription elongation (Zentner and Henikoff, 
2013). Specific histone acetylation may also further modulate the chromatin structure 
by recruiting additional modulators (Eberharter and Becker, 2002). This charge 
neutralization theory has been supported by many studies, e.g., the acetylation in four 
lysine residues decreased the DNA binding properties of H4 amino terminus (Hong et 
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al., 1993), which was further confirmed by investigating the genome-wide changes in 
gene expression caused by lysine to arginine mutations in histones (Dion et al., 2005). 

Histone modification and enhancers: Enhancers are regulatory DNA regions that 
enhance transcription of the associated gene through binding of transcription factors 
and coactivator proteins and recruiting them to the promoter regions. Enhancer 
sequences are located upstream or downstream of the gene body, in the forward or 
reverse strand, and up to 1 million base pairs away from the gene. Mono-methylation 
of lysine 4 of histone 3 (H3K4me1) and H3K27 acetylation (H3K27Ac) are the main 
histone modifications enriched on nucleosomes at enhancer elements. H3K27Ac is 
highly enriched in enhancer regions and correlates with the expression of the adjacent 
gene. H3K4me1 is more viewed as a histone modification associated with enhancer 
priming (Ziller et al., 2015). Normally, enhancers are pre-marked by H3K4me1 before 
the enrichment of H3K27Ac to pre-bind the transcription factors and H3K27Ac 
enrichment is acquired on the H3K4me1 pre-marked regions (Bonn et al., 2012). 
Moreover, H3K4me1 remains on enhancers even after losing the transcriptional 
potential (Calo and Wysocka, 2013).  

Histone modification in the promoters: Promoters are DNA regions where the 
transcription of the gene is initiated by RNA polymerase and transcription factors, 
normally located upstream of the transcription start sites. Histone mark H3K4me3 is 
usually enriched on the promoter of active genes, and high enrichment of this mark is 
correlated with polymerase II occupation and a higher transcription rate (Ruthenburg 
et al., 2007). H3K4me3 functions by recruiting “effectors”, for instance, NURF 
(nucleosome remodeling factor) is a chromatin-remodeling complex which facilitates 
transcriptional activation and one of its major subunits, BPTF (bromodomain and PHD 
domain transcription factor) has been shown to recognize H3K4me3 (Li et al., 2006). 
More proteins that can bind H3K4me3 enriched sites are CHD1 (Chromodomain-
helicase-DNA-binding protein 1, a chromatin remodeling factor) (Flanagan et al., 
2005) and WDR5 (WD repeat-containing protein 5, which contributes to the 
multiprotein complexes) (Wysocka et al., 2005). 

Heterochromatin and H3K9me3: A genome-wide study of the distribution of 20 
different histone methylations has shown that H3K9me1 was more enriched 
surrounding the transcription start sites of active genes, while H3K9me2 and 
H3K9me3 were associated with gene repression and heterochromatin formation 
(Barski et al., 2007). HP1 (heterochromatin protein 1) is responsible for 
heterochromatin formation and maintenance, while Suv39h enzymes are required for 



General introduction and outline of the thesis   

21 
 

1 

establishing the H3K9me3. One of the possible mechanisms of transcriptional 
suppression could be that G9a and Suv39h are recruited to the H3K9 site and 
trimethylate the histone tail, after which HP1 is recruited to condense the chromatin 
and Dnmt3 is further interacted with HP1 to methylate the DNA (Lehnertz et al., 2003). 

Gene repression and H3K27me3: Acetylation and methylation of H3K27 (lysine 27 
of histone 3) are associated with gene expression or silencing, respectively. Acetylated 
H3K27 nucleosomes in enhancer regions are associated with active gene 
transcription. H3K27me1 is enriched in active promoters and positively affects 
transcription. H3K27me2, which encompasses more than 70% of all H3K27 
modifications, functions by silencing non-cell-type-specific enhancers (Ferrari et al., 
2014). H3K27me3 is deposited at CpG-rich promoters and associated with repression 
of gene transcription (Morey and Helin, 2010). Trimethylation of H3K27 is catalyzed 
by Ezh2 (enhancer of zeste homolog 2) by forming PRC2 (polycomb repressive 
complex 2) complex containing Suz12 (suppressor of zeste 12) and Eed (embryonic 
ectoderm development protein) (Cao and Zhang, 2004). In turn, the PRC1 complex is 
recruited to the H3K27me3 mark and mediates stable transcriptional repression by 
impeding RNAPII (RNA polymerase II) elongation (Di Croce and Helin, 2013). In 
addition, polycomb silencing can be antagonized by TrxG (trihorax group) proteins, 
consisting of subunits associated with chromatin remodeling, transcription initiation 
and elongation, and post-translational modification of histones (Tie et al., 2009). 
 
Trained immunity in macrophages and microglia 
The mammalian immune system consists an adaptive (or acquired) immune arm and 
an innate (or naive) arm. Generally speaking, adaptive immunity is specific and 
lymphocyte clones with antigen-specific receptors are generated by gene 
rearrangement in order to respond specifically, rapidly, and efficiently to similar 
encounters. Traditionally, the innate immunity has been considered to mount a 
general, non-specific response to pathogens. This concept was challenged by the 
discovery that tissue-resident macrophages recognized pathogen-associated 
molecular patterns (PAMPs, small molecular motifs which are conserved within 
certain microbes) via pattern recognition receptors (PRRs). In addition, many species 
that lack an adaptive immune response, display an altered immune response to a re-
challenge with pathogens (Kurtz, 2005). Studies from the laboratory of Netea and his 
colleges show that this “trained innate immunity” in macrophages is characterized by 
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an exaggerated inflammatory cytokine production, accompanied by metabolic 
alterations and epigenome rewiring (Cheng et al., 2014). 

An enhanced immune response is one of the most striking properties of innate 
immune cell training. In vitro, primary monocytes display trained immunity after 
incubation with β-glucan (a cell wall component from fungi like C. albicans), or BCG 
(Bacillus Calmette–Guérin, a vaccine against tuberculosis), or oxLDL (oxidized low-
density lipoprotein), characterized by increased pro-inflammatory cytokines (IL6 and 
TNF) secretion as well as anti-inflammatory cytokines (IL10 and IL1Ra) in response 
to a second stimulation (e.g. LPS or Pam3CSK4) (Bekkering et al., 2016). Pre-exposure 
of mice to C. albicans or β-glucan protected them to an otherwise lethal infection with 
C. albicans or S. aureus. This protection is indeed monocyte- but not lymphocyte 
dependent because a similar effect could be obtained in Rag1-deficient mice (that lack 
both T and B cells) but not in Ccr2-deficient mice (that lack functional monocytes) 
(Quintin et al., 2012). Similarly, pre-stimulation with pure β-glucan was sufficient to 
protect the mice from a lethal infection with S. aureus (Cheng et al., 2014). In addition, 
monocytes isolated from BCG-vaccinated volunteers showed a modified phenotype, 
described as enhanced production of proinflammatory cytokines (IL1b and TNF) after 
stimulation (M. tuberculosis, S. aureus, or C. albicans) and higher expression level of 
CD11b and TLR4. This BCG protection lasted at least three months and is lymphocytes 
independent (Kleinnijenhuis et al., 2012). 

The long-lasting protection by trained innate cells is accompanied by epigenetic 
alterations. To investigate the mechanisms underlying trained immunity, a series of 
macrophage samples were analyzed at five different time points after β-glucan 
incubation. The genome-wide enrichment of four histone marks (H3K4me1, H3k27ac, 
H3K9me3, and H3K27me3) was determined. Alteration in histone modification 
enrichment was already observed at four hours after β-glucan treatment. The majority 
of the epigenetic changes at 24 hours after β-glucan challenge were associated with 
macrophage differentiation (Novakovic et al., 2016). 

Trained immunity is also characterized by alterations in monocyte metabolism. In 
β-glucan trained monocytes, the glucose metabolism switched from oxidative 
phosphorylation to aerobic glycolysis (Cheng et al., 2014). A more recent study 
identified that glycolysis, glutaminolysis, and cholesterol synthesis pathways were 
required for β-glucan-induced trained immunity. In addition, treatment with fumarate 
alone was sufficient to train monocytes via a similar epigenetic regulated network as 
was discovered in β-glucan trained monocytes (Arts et al., 2016). 
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Microglial metabolism 
In cells, after glucose is degraded into pyruvate with the generation of two molecules 
of ATP, the resulting pyruvate can either be used in anaerobic respiration to further 
generate lactate and NAD+ or to enter the Krebs cycle (tricarboxylic acid cycle or citric 
acid cycle, which is a key step of oxidative phosphorylation depending on the oxygen 
supply). Tumor cells primarily generate ATP through a high rate (around 200 times) 
of glycolysis, rather than oxidative phosphorylation, in the presence of oxygen. This 
shift to aerobic glycolysis is termed the “Warburg effect”, in which energy production 
is faster but the use of glucose is inefficient (Kim and Dang, 2006) (fig. 3).  
 

 
 

Figure 3. Cell metabolism and Warburg effect. Three types of glycolysis are illustrated here. Glucose-
derived pyruvate is either utilized to produce lactate or to enter the TCA cycle to produce ATP, which 
depends on the cell types and concentration of oxygen. This figure is adapted from Vander Heiden et al., 
(2009). 
 

The proinflammatory state of macrophages and dendritic cells after pathogen 
stimulation also displays a metabolic shift to aerobic glycolysis, which is essential to 
initialize their immune function (Kelly and O'neill, 2015; O'neill and Hardie, 2013). A 
similar phenomenon has been reported by β-glucan trained monocytes (Arts et al., 
2016; Cheng et al., 2014). 

In the last four years, three independent studies reported that LPS stimulated BV2 
cells increased glycolysis and suppressed oxidative phosphorylation (Gimeno-Bayón 
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et al., 2014; Gu et al., 2017; Voloboueva et al., 2013). Voloboueva et al. reported that 
mitochondrial chaperone glucose-regulated protein 75 (Grp75) was involved in the 
glycolytic shift, and overexpression of Grp75 suppressed the proinflammatory 
response via NF-κB and lactate (Voloboueva et al., 2013). Gimeno-Bayón et al. showed 
that aerobic glycolysis facilitated microglia defense capacity and nucleic acid 
formation (Gimeno-Bayón et al., 2014). Gu et al. reported that interferon Clock 1 (Clk-
1, a mitochondrial hydroxylase) expression enhanced the LPS induced pro-
inflammatory response and accelerated aerobic glycolysis (Gu et al., 2017). 

However, these data do not necessarily mean that under inflammatory conditions, 
innate immune cells always display enhanced aerobic glycolysis. Actually, only LPS 
stimulation induced a lower level of oxidative phosphorylation, the majority of 
microbial stimuli (e.g. TLR2 ligand Pam3CSK4) increased oxygen consumption and 
mitochondrial activity as well as glycolysis in for instance monocytes (Lachmandas et 
al., 2016). Therefore, more studies are required to investigate the pathogen-specific 
patterns of metabolic alteration. In addition, most of the studies focused on metabolic 
changes after acute stimulation, whether the metabolism of immune cells persists or 
will revert to basal levels is unknown. Moreover, whether the altered metabolism can 
be shifted further or restored after a following insult is still unclear. In addition to 
studies using the microglial cell line BV-2, metabolic changes in microglia also need to 
be investigated in primary cells and in vivo. 
 
Endotoxin tolerance in macrophages and microglia 
In contrast to “training”, hyper-sensitization or “priming”, myeloid cells can also 
exhibit an attenuated immune-response to a subsequent stimulation, a condition also 
termed immune paralysis or “endotoxin tolerance”. 

Endotoxin tolerance has been observed in sepsis, trauma, surgery, and pancreatitis 
in humans (Biswas and Lopez-Collazo, 2009). For instance, after systemic infection, 
the innate immune cells fail to mount an inflammatory response, resulting in sepsis. 
Two phases can be identified in which the sepsis patients start with an overt 
inflammation triggered by monocytes/macrophages and resulting in long-term 
immunosuppression characterized by a refractory pro-inflammatory response and 
enhanced anti-inflammatory cytokine production. Endotoxin tolerance is associated 
with enhanced risk of mortality (Biswas and Lopez-Collazo, 2009). This sepsis-like 
state can be mimicked by exposure to LPS, which induces transient fever, cold chills, 
and cytokine production. The transcriptome and epigenome of cultured macrophages 
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differentiated from in vivo LPS-experienced monocytes has been investigated and a 
group of tolerized genes involved in immune response, cytokine interaction, and 
chemokine signaling were identified, with decreased H3K27ac enrichment level in 
their enhancer regions (Novakovic et al., 2016). A similar epigenetic signature was 
reported in LPS-exposed monocytes in vitro (Saeed et al., 2014). The mechanisms 
underlying endotoxin tolerance were determined in THP-1 cells (a human 
promonocytic cell line). When immune cells are stimulated, NF-κB target gene RELB 
is induced. RELB is binding to the promoters of pro-inflammatory genes and recruits 
G9a (EHMT2) to dimethylate H3K9. Then the H3K9me2 is recognized by HP1 which 
recruits Dnmt3a/b, resulting in methylation on guanine residues on the DNA on CpG 
islands resulting in epigenetic silencing. SUV39H may also be recruited on adjacent 
histones to further methylate H3K9 and reinforce the heterochromatin leading to 
persistent tolerance (El Gazzar et al., 2008)(fig. 4). In addition, microRNAs have also 
been reported to be involved in endotoxin tolerance, for example, miR-146a disrupted 
TLR4 signaling by negative regulation of IRAK-1 and TRAF-6, and formed a feedback 
loop in the NF-κB pathway. miRNA-146a also prevented the interaction of RBM4 and 
AGO2 (an RNA binding protein effector) (El Gazzar et al., 2011). However, this 
mechanism can explain the silencing of particular genes (e.g. TNF) but not necessarily 
for all tolerized genes, which is urgent to be investigated via genome-wide approaches.  

 

 

Figure 4. Epigenetic regulation of endotoxin tolerance. In LPS-stimulated naive macrophages, the 
structure of chromatin becomes accessible and the chromatin is enriched for specific histone modifications 
that are associated with gene expression (top). Next, RelB recruits a series of epigenetic factors to condense 
the structure of chromatin leading to histone modifications and DNA methylation associated with 
transcriptional silencing (bottom). This figure is adapted from a figure published by El Gazzar et al., (2008). 

 
Endotoxin tolerance has also been reported for microglia. A study using 

organotypic hippocampal slice cultures showed that consecutive stimulations of 
microglia with LPS induced an anti-inflammatory state. Both acute and chronic LPS 



Chapter 1 

26 
 

challenged microglia expressed limited levels of inflammatory genes after subsequent 
LPS stimulations (Ajmone-Cat et al., 2013). Prenatal inflammation in Wistar rats by 
LPS injection resulted in impaired neurogenesis and memory behavior, which was 
suggested to be related to persistent activation of hippocampal microglia (Graciarena 
et al., 2010). Similar studies showed that maternal infection reduced the dopamine 
and serotonin production in the offspring, which was associated with stress response 
and anxiety (Lin et al., 2012). In rats that recovered from sepsis, a persistent cognitive 
impairment was observed (Semmler et al., 2007). However, to what extent microglia 
contribute to these effects and what the underlying molecular mechanism of 
endotoxin tolerance in microglia are, is still unclear. 

Neonatal infection by peripheral injection with E. coli transiently increases Il1b 
levels in the serum and hippocampus of rats but does not result in impaired learning 
in adulthood. However, after a challenge later in life, for instance by LPS injection, rats 
exposed to neonatal infection display significant memory impairment (Bilbo et al., 
2005a; Bilbo et al., 2005b; Williamson et al., 2011) due to an exaggerated production 
of Il1b and decreased expression level of Bdnf in the hippocampus (Bilbo and Schwarz, 
2009). Notably, this effect is only observed in male but not in female rats (Bilbo et al., 
2012). Of note, the Il1b expression in the brain of LPS injected adult rats that were 
pre-exposed to E. coli at postnatal day 4 is region- and time-dependent (exaggerated 
in hippocampus, 1 to 1.5 hours after LPS injection, and parietal cortex; unchanged in 
prefrontal cortex, hypothalamus, and pituitary) (Bilbo et al., 2005a) 
 

Microglia in CNS diseases 
 
Microglia in neurodevelopmental disorders 
Neurodevelopmental disorders are characterized by social deficits, impaired language 
development, intellectual disability, increased repetitive or restricted behavior and 
motor abnormalities, and include autism, schizophrenia, major depression, epilepsy, 
and obsessive-compulsive disorder (Zhan et al., 2014). Although the mechanisms of 
neurodevelopmental disorders are not been fully understood yet, deficits in synaptic 
maturation that are characterized by weak functional connectivity across brain 
regions may have a role in the pathophysiology of multiple mental illnesses 
(Courchesne and Pierce, 2005). Microglia are the innate immune cells in the CNS and 
critical for neurodevelopment and synaptic pruning, therefore, these cells may be 
implicated in neurodevelopmental disorders.  
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Microglia in neurodegenerative diseases 
Neurodegenerative diseases are commonly described as disturbances in CNS 
homeostasis and progressive loss of functional neurons, which include Alzheimer's 
disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), multiple 
sclerosis (MS), and Huntington's disease (HD). Several genetic mutations have been 
identified in these neurodegenerative conditions, e.g. Aβ precursor protein in AD, 
SOD1 in ALS, and α-synuclein in PD (Baufeld et al., 2017). However, beyond these 
familial cases, inflammation and immune response of CNS immune cells, caused by 
toxic endogenous protein aggregates, are also considered to contribute to 
neurodegeneration. 

Extracellular accumulation of Aβ aggregates and intracellular neurofibrillary 
tangles consisting of hyperphosphorylated tau proteins are the hallmarks of AD. In AD, 
activated microglia aggregate around Aβ deposits. In activated microglia, the 
inflammasome is required for cytokine production. A component of the 
inflammasome, ASC (apoptosis-associated speck-like protein containing caspase 
recruitment domain) specks, is released by activated microglia and facilitates Aβ 
aggregation by co-sediment with Aβ and forming the core of Aβ plaques (Venegas et 
al., 2017). Modulating the cytokine profile in microglia of AD mice, for instance by 
inhibiting Il1b, Il12, Il6, or Il10 expression, results in reduced Aβ pathology 
(Chakrabarty et al., 2010; Guillot-Sestier et al., 2015; Heneka et al., 2013; Vom Berg et 
al., 2012). These studies indicate that after Aβ plaque deposition, microglia migrate 
and phenotypically shift from a homeostatic state to a phagocytic state, which is driven 
by Trem2-Apoe pathway (Krasemann et al., 2017).  

PD is a chronic progressive disease characterized by cytoplasmic aggregates of 
Lewy bodies comprised of α-synuclein and ubiquitin. Neuroinflammation and 
microgliosis are both observed in PD brains. Studies showed that activation of 
microglia could induce neurotoxicity in dopaminergic neurons (Gerhard et al., 2006). 
Besides, disturbance on microglia-neuron communication showed extensive neuronal 
loss in toxin-induced PD mice lacking Cx3cr1 receptors (Cardona et al., 2006). 

ALS is characterized by loss of motor neurons that results in muscle weakness and 
paralysis. Microglia have been suggested to directly contribute to motor neuron 
damage. Neuron-specific SOD1 mutation is not sufficient to induce ALS pathology but 
wildtype neurons surrounded by glial cells with SOD1 mutations acquire an ALS 
phenotype (Clement et al., 2003). In addition, inhibition of Il1b expression or ablation 
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of the SOD1 transgene in Cd11b+ myeloid cells extended the lifespan and improved 
survival in SOD1 mice (Clement et al., 2003; Wang et al., 2009). 
 
DNA damage and aging 
DNA damage continuously occurs in many different forms, including oxidative DNA 
damage (e.g. ROS), lipid peroxidation (e.g. malondialdehyde), genotoxic substances 
derived from DNA oxidation, DNA hydrolysis, hydrolytic deamination, and others (De 
Bont and Van Larebeke, 2004). Organisms have developed many mechanisms to 
repair the majority of DNA lesions, e.g. base excision (BER), mismatch repair (MMR), 
nucleotide excision repair (NER), interstrand crosslink repair (ICR), and double-
strand break repair (DSR) (fig. 5). 

 

 
Figure 5. DNA Repair Pathways and Mechanisms. Four catalogs (shown in the black boxes) of DNA 
lesions are triggered by either exogenous chemicals or result from endogenous metabolic processes. 
Accordingly, DNA repair machinery resolves these mutations via mainly four types of repair mechanisms. 
The accumulation of unrepaired lesions may result in cell apoptosis and senescence. This figure is adapted 
from the figures published by Lord and Ashworth, (2012) and Hoeijmakers, (2001). 
 

Many proteins are required for different types of DNA repair, including ERCC1 
(Excision Repair Cross-Complementation Group 1) and XPF (Xeroderma 
Pigmentosum Group F, also known as ERCC4). Functioning as partners, the 
endonuclease ERCC1-XPF is mainly responsible for nucleotide excision repair (NER) 
but is also involved in interstrand crosslink repair (ICR), double-strand break repair 
(DSB), and homologous recombination (Ahmad et al., 2008; Bergstralh and Sekelsky, 
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2008; Gregg et al., 2011; Houtsmuller et al., 1999). However, not all DNA lesions will 
be repaired correctly and cells that contain excessive DNA damage or insufficient DNA 
repair will be removed via apoptosis and senescence (Carnevale et al., 2012; Freitas 
and de Magalhaes, 2011; Hoeijmakers, 2009; López-Otín et al., 2013). 

Apart from their roles in DNA damage repair, ERCC1-XPF and several NER factors 
interact with the basal transcription machinery at promoters (Barreto et al., 2007; 
Kamileri et al., 2012; Le May et al., 2010; Schmitz et al., 2009). Le May et al. 
investigated the function of five NER factors in activating gene expression in HeLa cells 
and reported that Ercc1-XPF and three other NER factors were required to recruit 
Gadd45α to promoters of activated genes accompanied by DNA demethylation and 
histone modification changes (e.g. increased H3K4me and H3K9ac, while decreased 
H3K9me) (Le May et al., 2010). 

Numerous studies have linked DNA damage to aging and human diseases. As one 
of the hallmarks of aging, somatic lesions are increasing in aged cells due to the 
accumulation of mutations and the deficiency of damage repair mechanisms. Genomic 
damage is also a cause of aging indicated by several transgenic mouse models and 
human diseases. Ercc1 hypomorphic mice exhibit accelerated aging-related 
symptoms, e.g., hearing and vision loss, cognitive decline, tremors, ataxia, imbalance, 
neurodegeneration, and reduced synaptic plasticity (Borgesius et al., 2011; de Waard 
et al., 2010). In humans, progeroid syndromes (PSs) are genetic disorders 
characterized by accelerated physiological aging both clinically and molecularly, 
which result from the mutation of genes either encoding DNA repair factors or lamin 
A. RecQ helicases are conserved enzymes involved in maintaining genome integrity 
and suppressing deleterious recombination (Hanada et al., 1997). Mutations of RECQ 
genes in humans lead to DNA repair defects-associated premature aging, e.g., Werner 
syndrome (WS), Bloom syndrome (BS), and Rothmund–Thomson syndrome (RTS). 
Mutations in ERCC6 and ERCC8, which are involved in transcription-coupled repair 
(TCR) are the cause of Cockayne syndrome (CS)(Navarro et al., 2006). 
 
Aging-associated microglia phenotype 
Microglia in the aged brain and neurodegenerative diseases exhibit a hyperactive 
phenotype and exaggerated immune response to an inflammatory stimulation; this 
hypersensitivity is referred to as “priming” (Sierra et al., 2007). Normally, without 
stimulation, primed microglia can secrete higher levels of cytokines and show typical 
aging-related features. Once triggered, primed microglia express exaggerated levels of 



Chapter 1 

30 
 

pro-inflammatory genes, e.g. Tnf, Il1b, and Il6 (Sierra et al., 2007). Genome-wide 
transcriptome analysis of primed microglia in several neurodegenerative diseases 
showed a shared gene expression signature characterized by enhanced phagocytosis, 
lysosome, oxidative stress, and antigen presentation, indicating that primed microglia 
were associated with neurodegeneration (Holtman et al., 2015). Moreover, in primed 
microglia the expression of core microglia signature genes, e.g. P2ry12, Cx3Cr1, 
Tmem119 was downregulated and the expression of aging-associated genes, e.g. Apoe, 
Axl, Clec7a (Dectin-1), Itgax (Cd11c), H2 (MHC II), and Lgals3 (Mac2) was increased 
(Holtman et al., 2015). 

In the human brain, dystrophic microglia have been characterized as deramified, 
atrophic, fragmented, and with tortuous processes with spheroidal swellings, which 
accumulated during aging (Streit, 2006). A follow-up study showed that dystrophic or 
senescent microglia were distinct from activated microglia and linked to tau pathology 
(Streit et al., 2009). Study using R6/2 transgenic mice and patients of Huntington's 
disease reported that the microglia dystrophy was caused by disturbed iron 
metabolism (Simmons et al., 2007). However, the functional perturbations in these 
morphologically altered, dystrophic microglia remain to be determined. 

Primed microglia are present in the CNS of aged and neurodegenerative mouse 
models, but they likely vary between these different conditions (Holtman et al., 2015). 
Considering the heterogeneity of microglia, recent studies investigated microglia 
surrounding the pathologic lesions or in a single-cell resolution (Keren-Shaul et al., 
2017; Krasemann et al., 2017; Mathys et al., 2017). A microglial subpopulation, called 
disease-associated microglia (DAM) was identified near amyloid plaques and 
phagocytic microglia from mice with neurodegenerative diseases. These microglia 
shared similar features as primed microglia, indicated by increased expression of 
genes involved in phagosome, lysosome, and MHC class II (e.g. Apoe, Lpl, and Trem2) 
and downregulation of homeostatic genes (Keren-Shaul et al., 2017; Krasemann et al., 
2017).  

The priming of microglia is most likely triggered by the external factors, for 
instance, phagocytosis of apoptotic neurons (Krasemann et al., 2017), neuronal 
genotoxic stress (Raj et al., 2014), decreased inhibition of microglia activation due to 
loss of neural legends (e.g., CD200, Cx3Cl1, CD47) (Perry and Holmes, 2014), and 
signals from misfolded proteins, like Aβ plaques (Keren-Shaul et al., 2017). Moreover, 
a recent study reported that microglia-specific deletion Mef2c resulted in a microglia 
phenotype with similarities to some features of priming, such as an altered immune 
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state and an increased pro-inflammatory response to stimuli (Deczkowska et al., 
2017), pointing to an intrinsic cause of priming. 

It is still a debate whether primed microglia are beneficial or detrimental to the 
CNS. Neuroinflammation might be neuroprotective in the early stages of 
neurodegenerative conditions by clearing excess cellular debris in order to facilitate 
tissue repair, but might become neurotoxic in case of persistent activation. 
  



Chapter 1 

32 
 

Outline of the thesis 
 
Microglia play important roles in the maintenance of CNS homeostasis, 
neurodevelopment, and neurodegeneration. Research on microglia is progressing 
rapidly in the last decades including studies on microglia origin, identity, morphology, 
proliferation, apoptosis, lifespan, metabolism, synapse pruning as general CNS cells; 
also, their immune-responses, phagocytosis, chemotaxis, neurotoxicity, immune-
memory as tissue-resident macrophages; and the mechanisms underlying these 
processes are topics of research. However, there is still a long way to completely 
decipher microglia physiology, their interaction with other CNS cells, and the 
mechanisms involved. The main research questions addressed in this thesis are 1) 
what are the phenotypical and functional changes in microglia caused by peripheral 
inflammation, 2) what are the transcriptional and epigenetic signatures and 
regulatory gene networks of tolerized and primed microglia, 3) What are the 
consequences of accelerated aging of microglia caused by increased accumulation of 
DNA damage in these cells? 

In chapter 1, an introduction to microglia and recent literature relevant for this 
thesis is provided as well as an outline of this thesis.  

In chapter 2, the effect of LPS pre-conditioning on the inflammatory response and 
function of microglia was studied. The role of epigenetics as one of the underlying 
mechanisms was investigated. Additionally, the learning and memory performance of 
mice pre-conditioned with LPS was determined.  

Innate immune cells respond differently to various of pathogen-associated 
molecular patterns. In chapter 3, the immune response of microglia to β-glucan, a 
fungal cell wall component, was investigated. Also, the effect of β-glucan and LPS on 
primary microglia metabolism was determined. In addition, the in vivo microglia 
response to a peripheral challenge with β-glucan was assessed.  

In chapter 4, to determine the transcriptional and epigenetic signatures and 
regulatory gene networks of tolerized and primed microglia, genome-wide changes in 
gene expression, histone modifications and chromatin accessibility were determined. 
Microglia from LPS pre-conditioned (tolerized) and accelerated aging (primed) mice 
were analyzed in parallel.  

Microglia priming can be caused by the homeostatic disturbances such as neuronal 
genotoxic stress in generic Ercc1 mutant mice. In chapter 5, the effect of microglia-
specific Ercc1 deletion was studied using Cx3cr1creER:Ercc1ko/flox mice and the effect on 
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microglia density, morphology, proliferation, phagocytosis, immunoresponse, and 
gene expression was determined. The effect of Ercc1 deletion on apoptosis and 
migration capacity of microglia was investigated ex vivo.  

In chapter 6, the data presented in experimental chapters 2-5 are summarized and 
discussed, and suggestions for future research are proposed. 
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