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1 

Discovery and origin of microglia 

Microglial cells are the resident tissue macrophages of the central nervous system (CNS) of 

which the origin has been a long and extensively debated subject over the past one and a half 

century. In 1856, pathologist Rudolf Virchow introduced the term neuroglia, or nerve glue, to 

describe cells forming a tissue environment in which nervous elements were embedded 

(Virchow, 1856). In 1919 Pio del Rio Hortega introduced the term microglia and described in 

the 1930’s that these mesodermal, amoeboid cells invade the brain at early development and 

adopt a branched, ramified morphology in the maturing brain (Ginhoux et al., 2013; 

Kettenmann et al., 2011; Rezaie and Male, 2002). Although already described by Pio del Rio 

Hortega as cells of mesodermal origin, it was shown only in the 1990’s that transgenic mice 

with a disrupted PU.1 gene, a specific marker for myeloid cells, completely lack microglia 

(McKercher et al., 1996). Furthermore, microglia were shown to express this specific marker 

(Walton et al., 2000). At present, microglia are considered to be of myeloid origin and only 

recently the specific origin of microglial progenitors has been identified. Microglia derive from 

primitive myeloid progenitors in the yolk sack that colonize the CNS during early embryonic 

development. This site of origin is well conserved between species as shown in zebrafish, avian, 

rodents and humans. In the brain, microglia form a self-renewing population independent of 

replenishment from the periphery (Ginhoux et al., 2013, 2010).  Recently, Elmore et al (2014) 

showed the high efficiency with which microglia can repopulate the brain. With a sophisticated 

method using colony stimulating factor 1 receptor (CSF1R) inhibitors they were able to 

eliminate~99% of the microglia population in the brain. More remarkably, they show that after 

withdrawal of CSF1R inhibitors microglia repopulate the brain within one week. This happens 

through proliferation of and differentiation of nestin-positive cells into microglia throughout 

the CNS (Elmore et al., 2014). These repopulated microglia did not show differences to resident 

microglia when an inflammatory stimulus, lipopolysaccharide (LPS) was applied to mice nor 

did mice with repopulated microglia perform differently in behavioral and cognitive tasks 

(Elmore et al., 2015). 

Microglia in the healthy brain 

Until recently, the main function of microglia was considered to be activation during 

pathological events, where a shift takes place from a quiescent or ‘resting’ morphology to a 

more amoeboid ‘activated’ morphology. It is in this activated state that microglia initiate 

executive programs resulting in production and secretion of cytokines, chemokines and 

neurotrophic factors as well as an increase of phagocytosis (Kettenmann et al., 2011). Although 
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activation of microglia under pathological conditions is of major importance, discoveries in the 

past decade show that it is certainly not the only role for microglia in brain physiology. 

 

Microglia are dynamic sensors 

 

A discovery of major importance for our view of microglia were simultaneous reported by 

Nimmerjahn et al (2005) and Davalos et al (2005) using intravital 2-photon microscopy. 

‘Resting’ microglia are actually extremely dynamic with motile processes and protrusions 

which make transient contacts with astrocytes, neurons and blood vessels. These observations 

indicate that microglia are constantly monitoring brain homeostasis and are enabled to scan the 

total brain parenchyma in just several hours (Davalos et al., 2005; Nimmerjahn et al., 2005). It 

was hypothesized that in this way microglia sense minor disturbances in the CNS and directly 

resolve them, to maintain a steady brain homeostasis (Hanisch and Kettenmann, 2007). From 

this point on, more research started focusing on basal microglia functions at developmental 

stages of the brain as well as in healthy adult brain. 

 

 

Microglia shape neuronal circuits 

 

It has become clear that processes which were originally related to pathological conditions are 

of major importance in maintaining a healthy brain environment. Upon synaptic stripping, 

which was first reported in 1968, after cutting the right facial nerve of rats, microglia were 

found in close proximity with the soma and main dendrites of motor neurons. It was observed, 

by electron microscopy, that morphological intact synaptic terminals were removed but at this 

time the significance of this process could not yet be clarified (Blinzinger and Kreutzberg, 

1968). Now, 4 decades later, the importance of microglia ´stripping´ synaptic elements is 

considered paramount for shaping neuronal circuitry during development and maintenance of 

neuronal plasticity during adulthood. However, the molecular pathways how microglia regulate 

synapse networks processes are not fully understood (Kettenmann et al., 2013). Microglia are 

able to sense neuronal activity using a range of receptors for neurotransmitters, neuropeptides 

and neuromodulators. During postnatal development, a large amount of synaptic connections 

are made by neurons at an amount far higher than the number required for mature brain 

physiology. Subsequently, neuronal circuitries are formed by activity-dependent elimination of 

immature synapses by microglia, a process called synaptic pruning (Paolicelli et al., 2011; 

Schafer et al., 2012). Mice that lack the CX3CR1 chemokine receptor, a receptor specific for 

microglia, show impaired synaptic development (Paolicelli et al., 2011).  
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How microglia recognize specific immature synapses that have to be eliminated, is not fully 

understood. One proposed mechanism is the presence of the complement C3 on immature 

synapses that is recognized by C3 receptors like Cd11b on microglia (Schafer et al., 2012).  

In the healthy adult brain, microglia also play an important role in the neurogenic cascade. 

Within the subgranular zone (SGZ) in the hippocampus, progenitor cells give rise to neural 

precursor cells, which integrate into the hippocampal neuronal circuitry. In this process of 

neurogenesis, unchallenged microglia efficiently phagocytose apoptotic newborn cells. This 

phagocytosis does not lead to microglial activation of the microglia itself, suggesting that it is 

a basal homeostatic function of microglia (Sierra et al., 2010).  

Microglia activation pathways 

Pattern recognition receptor-mediated activation 

 

Activation of microglia can be initiated by the signaling of pattern recognition receptors 

(PRRs), which sense highly conserved molecular patterns or sequences present in pathogenic 

microbes and are referred to as pathogen associated molecular patterns (PAMPs). PRRs can 

also sense endogenous cell content released by damaged cells, which are referred to as danger 

associated molecular patterns (DAMPs). At present, 4 PRR families are identified and include 

C-type lectin receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-like receptors, NOD-like 

receptors (NLRs) and Toll-like receptors (TLRs; Kigerl et al., 2014; Saijo et al., 2013). These 

receptor families are all expressed by microglia and play a significant role in neuroimmune 

responses.  

C-type lectin receptors 

 

C-type lectin receptor CD209b/SIGN-R1 is expressed on microglia but not astrocytes and 

neurons in rat brain. It mediates the complement activation pathway against Streptococcus 

pneumonia and is implicated in the pathogenesis of pneumococcal meningitis (Park et al., 

2009). 

(RIG)-I-like receptors 

 

(RIG)-I-like receptors, of which retinoic acid-induced gene 1 (RIG-1) and melanoma 

differentiation-associated gene 5 are mostly expressed by microglia and astrocytes, recognize 

double stranded viral RNA in the cytoplasm leading to type-1 interferon and pro-inflammatory 

cytokine release. These receptors are implicated in antiviral responses against for example West 

Nile virus and Japanese encephalitis virus (Jiang et al., 2014; Kaushik et al., 2011; Lampron et 

al., 2013). 
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NOD-like receptors 

 

Of the NLR receptor family, NLRP3 and NOD2 amongst others are primarily expressed in the 

CNS by microglia. NOD2 is implicated in bacterial danger signal (MDP) induced activation of 

NF-B leading to pro-inflammatory cytokine production and recognition of viral ssRNA, 

leading to IRF-3 signaling and release of type-I interferons. Recognition of PAMPS and 

DAMPS leads to the assembly of the inflammasome complex, initiated by NLRs or ‘absent in 

melanoma 2’ (AIM2) like receptors, which recognize them (fig.1). The moment NLRs are 

activated, apoptosis-associated speck-like protein (ASC) is recruited which contains a caspase 

activation- and recruitment domain. Thus, in case of NLRP, the assembled inflammasome 

contains NLRP3, ASC and procaspase 1 (Man and Kanneganti, 2015; Shao et al., 2015). In the 

presence of immune activators interaction between NLRP3 and ASC isinitiated  and serves as 

a trigger for formation of a large multimeric ASC protein complex. Thereafter, ASC recruits 

pro-caspase 1 monomers, eventually leading to self-cleavage of pro-caspase 1 into active 

caspase 1 which in turn can lead to proteolytic cleavage of pro-IL1 and pro-IL18 (Latz et al., 

2013; Man and Kanneganti, 2015; Shao et al., 2015). Activation of the NLRP3 inflammasome 

occurs in a two-step fashion. As the initial step priming takes place by recognition of PAMPs 

or DAMPS by TLRs which leads to activatedNF-B induced transcription of inflammasome 

components and pro-IL1 and pro-IL18.  This then is followed by the second step, which is the 
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inflammasome assembly and activation induced by a second signal. Several mechanisms for 

this subsequent inflammasome activation (signal 2) have been proposed. Amongst them ATP-

induced K+ efflux through P2X7 receptor activation which also involves disturbed Ca2+ fluxes, 

PAMPs and DAMPs induced (mitochondrial) ROS and phagocytosis of environmentl irritants 

leading to lysosomal rupture and release of lysosonal content such as cathepsin B (Fig.1) 

(Lampron et al., 2013; Latz et al., 2013; Man and Kanneganti, 2015; Shao et al., 2015). 

 

 

Toll like receptors 

 

A group of PRRs especially important for microglia activation is the family of Toll like 

receptors, which play a paramount role in the innate as well as the adaptive immune response. 

The Toll signaling pathway was initially identified in Drosophila melanogaster, where it was 

discovered to be important for dorsal-ventral patterning of the embryo. Subsequently, it became 

apparent that this pathway was important in the immune response of Drosophila (Valanne et 

al., 2011). Just shortly after, the first mammalian TLR was described in 1997, when Medzhitov 

et al (1997) cloned a human homologue of Drosophila Toll protein and showed that human cell 

lines transfected with the active mutant of human Toll showed activation of the NF-B pathway 

and induction of NF-B controlled pro-inflammatory genes (Medzhitov et al., 1997). In mice 

and humans, 13 and 11 TLR receptor family members are identified, respectively. Similar to 

other tissues in the body, the TLR receptors (in different repertoires) in the brain are expressed 

by every glial cell type and neurons (Hanke and Kielian, 2011). It is noteworthy that microglia 

express every type of TLR receptor known, emphasizing the vital role these cells play in 

immune responses. TLR receptors can be divided into two groups depending on their 

localization, TLR1, TLR2, TLR4, TLR5 and TLR6 are expressed as transmembrane receptors, 

and TLR3, TLR7, TLR8 and TLR9 are expressed on intracellular endosomes (Kigerl et al., 

2014). At present, TLR2 and TLR4 have been characterized most extensively, recognizing 

microbial motifs, peptidoglycan, lipoproteins, dectin and lipopolysaccharide (Hanke and 

Kielian, 2011). The first ligand that was identified for TLRs was lipopolysaccharide, an outer 

cell wall component of gram-negative bacteria, as a TLR4 ligand (Poltorak et al., 1998). The 

Figure 1 Activated inflammasome cleave pro-IL-1and pro-IL18 to bioactive cytokines IL-

1and IL18.  Assembly and activation of the NLRP3 inflammasome complex happens in two 

steps. 1) recognition of PAMPs/DAMPs by TLR receptors that leads to Nf-κB induced 

transcription of inflammasome components and pro-IL-1and pro-IL18. 2) a second signal such 

as K+ efflux through the P2X7 receptor (1), mitochondrial ROS (2) or environmental irritants (3) 

induce assembly and activation of the inflammasome complex (picture modified from (Shao et al., 

2015)). 
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importance for the immunology field of this discovery was highlighted by the fact that the 

Nobel prize was awarded for this work. Stimulation with LPS is a widely used model to study 

microglia activation in vitro and in vivo (Kettenmann et al., 2011).  

 

TLR signaling 

 

Signal transduction by TLRs is mediated through MYD88-dependent and TRIF-dependent 

pathways. All TLRs signal via MYD88, except TLR3 which exclusively signals through TRIF. 

Cell surface TLRs and endosomal TLRs utilize distinct activation mechanisms leading to quite 

similar signaling outcomes (fig.2) (Gay et al., 2014). For LPS-induced TLR4 activation, CD14 

binds LPS, among other ligands such as lipoproteins, in a hydrophobic pocket and transfers 

LPS to the TLR4 receptor complex. CD14 is present both as a cell surface glycoprotein linked 

by a glycosylphosphatidylinositol tail and as a soluble serum protein.  (Park and Lee, 2013). In 

addition to increase sensitivity of microglia to PAMP and DAMP challenges compared to 

peripheral macrophages, CD14 prevents an exaggerated response by an IFN mediated 

negative feedback loop (Janova et al., 2016).  
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TLRs exist as monomers on the cell surface and are activated when active dimers are formed. 

Before successful transfer of LPS from CD14 to the TLR4 complex can happen, TLR4 needs 

to form heterodimeric complexes with the co-receptor myeloid differention factor 2 (MD2). 

Thereafter, the lipid A structure of LPS interacts with MD2 creating reaction interfaces by 

charge and hydrogen bond interactions, eventually leading to the dimerization and formation 

of an active TLR4/MD2/LPS complex (Gay et al., 2014; Lu et al., 2008; Park and Lee, 2013). 

It is hypothesized that when the extracellular domains form dimers, this leads to juxtaposition 

of the intracellular domains and are called Toll/IL-1R homology (TIR) domains, due to their 

homology to the interleukin-1 receptor (IL-1R) family. This structural change results in the 

creation of a platform which adaptor proteins recognize and bind to induce intracellular signal 

transduction (Miguel et al., 2007). Thus far, in total five adaptor proteins have been identified 

and TLR4 is the only known receptor to use all of them (O’Neill and Bowie, 2007). Myd88 is 

an essential element in the signaling  cascade of all TLRs with the exception of TLR3 that only 

utilizes TRIF dependent signaling (Takeuchi and Akira, 2010). During Myd88 dependent 

signaling, cytosolic Myd88 is recruited to the cell surface or endosomal plasma membrane by 

the sorting adaptor protein Myd88-adaptor like (Mal) which bridges Myd88 to the TIR (Ohnishi 

et al., 2009). In turn Myd88 contains in addition to its TIR domain also a death domain (DD) 

which allows interaction with DD containing kinases. Upon binding of LPS the IL-1 receptor-

associated kinase-4 (IRAK-4) is recruited and activated by Myd88 and a complex is formed 

with a stoichiometry of 7:4 or 8:4. Binding of IRAK-4 to Myd88 induces activation of IRAK-

Figure 2 TLR4 and TLR3 receptor signaling pathways. Transfer of LPS by CD14 to the TLR4 

receptor complex leads to the formation of an active TLR4/MD2/LPS complex. With that 

activation, common pathways to be activated are Myd88 or TRIF dependent signaling pathways. 

Mal bridges TIR domains of MYD88 and TLR4, IRAK4 in turn is recruited and activated by 

Myd88 inducing trans-autophosphorylation of IRAK4 which induces recruitment and activation 

or IRAK1 and/or IRAK2. IRAK-4 phosphorylates IRAK-2/1, inducing IRAK2/1 to leave the 

IRAK-4/2/1 complex and associate with TNF-α receptor-associated factor (TRAF) 6, Binding of 

IRAk-2/1 to TRAF6 leads to oligomerization of TRAF6, which in conjunction with E2 enzyme 

Ubc13/Uev1A catalyzes Lys63 (K63)-linked ubiquitination of TRAF6 itself and of target proteins 

IRAK1 and NEMO. K63-linked polyubiquitin chains serve as a binding scaffold for TAB2/3 and 

mediate TAK1 activation by physically anchoring the TAK1-TAB1 complex thereby inducing its 

activation. TAK1, activates the Iκκ complex, by inducing site specific phosphorylation of IκB 

which signals it for K48-linked ubiquitination and subsequent degradation. Also the activated 

Iκκ complex induces phosphorylation of the P65 subunit and subsequent nuclear translocation, 

where it is responsible for transcription of proinflammatory genes. TLR3 only utilizes the TRIF 

signaling pathway and is activated by recognition of dsRNA or mimetics such as poly I:C. The 

TRIF pathway is also used by TLR4. For TLR4 to use the TRIF signaling pathway it needs the 

bridging protein TRAM whereas TLR3 can bind TRIF directly. The TRIF signaling pathway 

leads to activation of the transcription factor IRF3 as well as late activation of NF-κB and 

MAPKs. Binding of dsRNA by TLR3, TRIF interacts with TRAF3 which leads to activation of 

IKKi, TBK1 and NEMO, resulting in IRF3 phosphorylation, IRF3 dimerization and nuclear 

translocation. This results in IRF3-dependent expression of type 1 IFN genes. TRIF binding to 

TLR4-TRAM or TLR3 can lead to binding and activation of TRAF3, TRAF6, TBK1 and RIP1. 

RIP1 can activate TAK1 leading to the NF-kB activation pathway and transcription of pro-

inflammatory genes. 
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4 by inducing a trans-autophosphorylation reaction and in turn this induces recruitment and 

activation of IRAK-1 and/or IRAK-2. Together the complex of Myd88/IRAK-4/IRAK-1/2 is 

referred to as the myddosome (Ferrao et al., 2014). Formation of the myddosome results in the 

recruitment and activation of the RING-domain E3 ubiquitin ligase tumor necrosis factor 

receptor-associated factor 6 (TRAF6). Recruitment of TRAF6  induces oligomerization of 

TRAF6, which in conjunction with E2 enzyme Ubc13/Uev1A catalyzes Lys63 (K63)-linked 

ubiquitination of TRAF6 itself and of target proteins IRAK1 and NEMO ( (Ferrao et al., 2012; 

Lamothe et al., 2007). These K63-linked polyubiquitin chains mediate TAK1 activation by 

serving as a binding scaffold for TAB2 or TAB3 which physically anchor the TAK1-TAB1 

complex thereby inducing its activation (Ajibade et al., 2013; Ferrao et al., 2012). The activated 

TAK1-TAB1-TAB2/TAB3 complex, activates the Iκκ complex, a cytoplasmic complex which 

regulates NF-kB signaling by inducing site specific phosphorylation of IκB which tags it for 

K48-linked ubiquitinilation and subsequent degradation. Furthermore, activation of the Iκκ 

complex is involved in the phophorylation of the P65 subunit and subsequent nuclear 

translocation, where it is responsible for transcription of pro-inflammatory genes (Fig.2) 

(Ferrao et al., 2012; Kawai and Akira, 2006; Lu et al., 2008; Yang et al., 2003). In addition to 

MYD88 dependent signaling, TLR4 utilizes the TIR containing adaptor protein TRIF which 

plays a role in activation of the transcription factor IRF3 as well as late activation of NF-κB 

and MAPKs. TRIF signaling through TLR4 occurs through endosomal located TLR4s and 

needs the bridging adaptor protein TRIF related adaptor molecule (TRAM) leading to activation 

of the IRF3 signaling pathway (Kagan et al., 2008). As mentioned before, TLR3 only signals 

through TRIF and contains a direct binding site for TRIF. TRIF -/- transgenic mice show an 

abolished response induced by TLR3 receptor ligand Poly I:C and TLR3 and TLR4 induced 

IRF3 activation and IFN-were absent. In response to TLR4 ligand however, TRIF -/- mice 

showed an impaired pro-inflammatory response but not abolished response, indicating a 

cooperation between the MYD88 and TRIF dependent pathways induced by the activated TLR4 

complex (Yamamoto et al., 2003). Furthermore, TRAM contains a binding motif for TRAF6 

and has the ability to induce p38 MAPK, NF-kB and IFN- through this pathway, showing a 

role beyond just being a bridging protein (Verstak et al., 2014). TRIF contains an -helical N-

terminal domain (TRIF-NTD) which in unstimulated cells blocks the binding sites for 

downstream binding proteins. Upon binding to active TLR4-TRAM or TLR3 it releases the 

inhibititory TRIF-NTD and provides access to the binding sites for downstream signaling 

proteins which are identified to be TRAF3, TRAF6, TBK1 and RIP1 or RIP3 (Gay et al., 2014). 

The latter can both bind directly to the receptor interacting protein (RIP) homotypic interaction 

motif (RIHM) domain located in the C-terminal region of TRIF or is recruited and bound by 

activated TRAF6. Activated RIP1 in turn activates TAK1 induced MAPKs and NF-kB 

activation leading to transcription of pro-inflammatory genes (Cusson-Hermance et al., 2005; 

Kawai and Akira, 2006). For the inductions of type I interferons, TRIF interacts with TRAF3 

which recruits and activates IKKi, TBK1 and NEMO, resulting in IRF3 phosphorylation. This 
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induces IRF3 dimerization and translocation resulting in IRF3 dependent expression of type 1 

IFN genes (Fig.2) (Kawasaki and Kawai, 2014; Lu et al., 2008).  

Microglia activation and pathology 

Under normal conditions, microglia are neuroprotective and supportive but in some cases the 

response of microglia can have detrimental effects on its environment. In a normal ‘resting’ 

healthy state of the brain, microglia activity and proliferation are tightly controlled. However, 

long-term changes in the normal physiological state of microglia can occur by transient or 

chronic inflammatory events. This will be exemplified in the coming sections wherein 

microglia responses in pathological scenarios will be discussed. 

 

Ageing and neurodegenerative disease 

 

In particular in the field of ageing and neurodegenerative disease the role of microglia has been 

and still is a subject of debate. Where seemingly contradictory ideas now seem to converge in 

the sense that both over-activation as well as loss of function or dampened responses are both 

prevalent and possibly co-exist during the course of ageing and neurodegenerative events.  

 

 

Concept of microglia priming in ageing and neurodegenerative diseases 

 

Exaggerated activation of microglia is referred to as priming and when primed, microglia are 

more prone to activation and induce an exaggerated inflammatory response upon disturbances 

in their environment (Perry and Holmes, 2014). The phenomenon of microglia priming has 

been addressed in neurodegenerative disease states as well as in normal ageing, the latter being 

one of the main risk factors for neurodegenerative disease. It is well known that during ageing 

the amount of inflammation in the CNS accumulates and cognitive deficits become apparent 

and increase in oxidative stress, lipid peroxidation and accumulation of DNA damage are 

considered as the major hallmarks in the aging brain (Norden et al., 2014a; Norden and 

Godbout, 2013). It is shown across species in humans, rodents and non-human primates, that 

this increase in inflammation is accompanied by microglia specific expression of inflammatory 

markers such as MHC-II, CD11b, CD11c, CD68 and TLRs. Furthermore, ageing is associated 

with a deramified morphology, which is comparable to the activated amoeboid microglial 

morphology and increased mRNA expression of pro-inflammatory genes IL-1, TNF- and 

IL-6 and decreased expression of anti-inflammatory genes TGF- and IL-10 (Norden et al., 

2014b; Norden and Godbout, 2013). A question that arises from these observations is whether 

it is the intrinsic aging of microglia or changes in the neural environment leading to a primed 



 

 

18 

 

microglia phenotype and whether or not this phenotype is a causal factor in neurodegenerative 

disease. In ERCC1Δmutant mice, which have an impaired DNA repair system and show 

typical hallmarks of ageing in various tissues including the CNS, microglia which fit the primed 

profile were observed (Raj et al., 2014). In response to an LPS injection, microglia from 

ERCC1Δmice, showed an exaggerated pro-inflammatory response, increased production of 

reactive oxygen species, increased staining of microglia activation marker Mac-2 and further 

increased basal phagocytic activity. Interestingly, when specifically targeting the DNA damage 

to forebrain neurons, microglia priming was restricted to the neocortex, suggesting that an 

affected neuronal environment can induce microglial priming (Raj et al., 2014). 

  

Loss of microglia function in ageing and neurodegenerative diseases 

 

In contrast to these reports on microglia priming, there are also reports showing microglia 

senescence and dystrophy associated with aging and AD. Dystrophic microglia show abnormal 

morphological features such as cytoplasmic fragmentation (cytorrhexis), deramification, 

atrophy, abnormally twisted and tortuous processes and cytoplasmic extensions that can form 

spheroidal swellings near their ends. These morphological changes were thought to indicate 

microglia replicative senescence ultimately leading to microglia degeneration and loss of their 

neuro-protective function. With the current staining protocols morphological identification and 

distiction between activated, phagocytic and dystrophic microglia is possible. (Streit, 2004; 

Streit et al., 2014; Streit and Xue, 2009).  In line with this loss of function hypothesis, recently 

a novel function of microglia has been proposed. In normal healthy brain, microglia envelope 

amyloid plaques with their processes and thereby reduce affinity for soluble forms of Aand 

prevent the formation of protofibrillary Ahotspots. In this way surrounding neurons are 

protected from potentially toxic forms of AHowever, with ageing the envelopment of Aby 

microglia reduces, resulting in more A hotspots and thus increased associated neuritic 

dystrophy. Diminishing of this novel role of microglia in aging and neurodegenerative disease 

is in agreement with a loss of function of microglia (Condello et al., 2015). Previously, impaired 

microglial phagocytosis was observed to be correlated with Aplaque deposition (Krabbe et 

al., 2013). Furthermore, in non-diseased C57BL/6J-Iba1-eGFP mice, it is shown with 2-photon 

microscopy that microglia in aged mice (26-27 months) show significantly reduced surveying 

speed as well as the speed of microglia processes approaching a site of a micro-laser induced 

lesion compared to young adult (11-12 months) mice (Hefendehl et al., 2014). All these 

examples exemplify that aging and neurodegenerative diseases and microglia affect each other. 

And both exaggerated response and loss of specialized functions of microglia can contribute to 

the detrimental effects observed.  
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Induction of endotoxin tolerance by previous immune challenges 

 

Peripheral inflammatory events can greatly influence the immune state of the CNS and affect 

neurodegenerative events (Cunningham, 2013; Cunningham et al., 2009; Perry, 2010). Several 

communication pathways between systemic inflammation and neuro-inflammation have been 

identified, which include communication of peripheral inflammation to the brain by neural 

routes, exchange of inflammatory factors through circumventricular organs where the BBB is 

weak or absent, active transport of cytokines across the BBB and secretion of substances by 

cells of the BBB (Quan and Banks, 2007). Not surprisingly, a large part of research in peripheral 

infection focuses on macrophages and monocytes. Although very different than microglia, a lot 

of fundamental processes can be compared between macrophages and microglia cells and 

mechanisms observed in macrophage physiology may hold true for microglia.  

 

Regulation of immune response by endotoxin tolerance 

 

In order for immune cells such as macrophages and microglia to be able to tightly regulate the 

immune response, they can drastically change their responses after previous exposure to 

immune activating microbial agents such as LPS. Endotoxin tolerance (ET), that is described 

as a protective mechanism where innate immune cells enter a state of unresponsiveness after 

being exposed to an endotoxin is one such adaptation. In this way, an exaggerated and possibly 

damaging inflammatory reaction is prevented (Biswas and Lopez-Collazo, 2009). ET was 

already recognized in 1946 by Paul Beeson, when he reported that rabbits show reduced fever 

responses upon daily injections of the typhoid vaccine (Beeson, 1946). ET was later also 

demonstrated in human volunteers inoculated with live salmonella typhosa, which showed 

reduced fever responses upon endotoxin re-challenges (Greisman et al., 1969). ET is not 

restricted to a single pathology and is observed in multiple diseases, e.g. sepsis, cystic fibrosis, 

acute coronary syndrome and cancer (López-Collazo and Del Fresno, 2013). Sepsis is a disease 

state, which is characterized by large scale inflammation in response to a bacterial infection. 

Patients with sepsis experience a severe inflammatory response, also called cytokine storm, 

which is followed by a secondary phase where immune cells have adapted to a transient tolerant 

phenotype and are not able to produce a proper inflammatory response upon an endotoxic 

challenge.  Although the mechanism of ET should serve a protective purpose, it is during this 

immunocompromised phase that patients are more susceptible for infection, leading to 

increased mortality (Biswas and Lopez-Collazo, 2009; López-Collazo and Del Fresno, 2013). 

In relation to effects of sepsis on the CNS, a major symptom is sepsis-associated 

encephalopathy (SAE), which is marked by reduced cerebral blood flow, impaired BBB 

integrity, neuronal damage and microglia activation (Widmann and Heneka, 2014). 

Furthermore, in several animal models of sepsis as well as humans, sepsis has been related to 

behavioural changes, cognitive impairment and structural changes, such as decreased 
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hippocampal volume, in the brain (Anderson et al., 2014; Semmler et al., 2013, 2007; Widmann 

and Heneka, 2014). These examples show the magnitude of impact that severe systemic 

inflammation has on the brain. 

 

Mechanism of endotoxin tolerance induction 

 

Reports describing ET and the molecular mechanisms involved in microglia are starting to 

emerge but still are scarce. However, in macrophages and human monocytes ET has been 

described quite extensively.  In response to a second immune challenge, shortly after the first 

challenge, it is generally shown that monocytes and macrophages show downregulation of pro-

inflammatory genes and up regulation of several anti-inflammatory genes and acquire an 

increased capability of phagocytosis (Biswas and Lopez-Collazo, 2009). Regarding the 

induction of endotoxin tolerance by LPS, it has been shown it is dependent on the severity of 

the stimulus. Deng et al (2013) showed that a very low dose of LPS (5-50 pg/ml) primed 

macrophages, whereas a high dose of LPS (10-100 ng/ml) induced a tolerant phenotype in these 

cells. This difference is hypothesized to originate from the differential modulation of the NF-

kB subunit RelB (Deng et al., 2013), RelB has been described as a repressive transcription 

factor for pro-inflammatory genes but is also involved in activation of transcription of NF-kB 

regulator IkB(Chen et al., 2009) . A high dose of LPS initially activates the classical NF-kB 

pathway, including activation of IRAK1 and phosphorylation of P65 and nuclear translocation 

of the p65/p50 heterodimer. Whereas, at the same time, a high dose of LPS also induces 

negative regulatory pathways such as the PI3K pathway involved in suppression of 

IRAK1/TRAF6, upregulation of negative regulator IRAK-M and induction of negative 

transcriptional regulator RelB. In contrast, a super low dose of LPS fails to induce the classical 

NF-kB pathway and no degradation of IRAK-1 and reduction of negative regulator IRAK-M 

were observed. Furthermore, super low dose LPS is hypothesized to induce priming of 

macrophages by reducing RelB through an IRAK-1 and Tollip dependent Tyr16 

phosphorylation of GSK-3, which in turn contributes to phosphorylation of RelB, marking it 

for ubiquitination and proteasomal degradation (Deng et al., 2013). In agreement with these 

observations, endotoxin tolerance in humans injected with LPS (4 ng/kg) is associated with 

decreased levels of IRAK-1 and increased levels of IRAK-M (van ’t Veer et al., 2007). In the 

human promonocyte cell line THP-1, RelB has been identified as a central player in important 

epigenetic mechanisms, which are largely responsible for the induction of the ET phenotype. 

This epigenetic regulation will be discussed in detail later. 
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Endotoxin tolerance in microglia 

 

Reports to verify that microglia share these molecular pathways for induction of ET are thus 

far lacking but it is previously reported that microglia display an ET phenotype after a previous 

challenge with LPS. In vitro, after a 24h pretreatment of LPS, primary mouse microglia showed 

a reduced production of pro-inflammatory cytokine IL-6 upon a direct re-stimulation with LPS 

(10 ng/m) compared to non-pretreated microglia (Beurel, 2011). And in organotypic 

hippocampal slice cultures, acute (1 stimulation) and chronic (4 consecutive days of 

stimulation) LPS stimulation induced an ET phenotype of microglia, which showed reduced 

expression of pro-inflammatory cytokines TNF- and IL-6 upon re-stimulation up to 1 week 

after pre-stimulation (Ajmone-Cat et al., 2013). In vivo, intravitreous injection of LPS (1 

mg/ml) 48 prior to experimentally induced retinal ischemia, completely rescued ganglion cells 

by reducing microglia activation (Halder et al., 2013). Furthermore, mice i.p. injected with LPS 

(0.2 mg/kg) 48h before transient middle cerebral artery occlusion were protected against 

ischemic brain injury due to the absence of the microglial inflammatory response that normally 

exacerbates the reaction and damages the tissue (Rosenzweig et al., 2004). Despite these 

protective effects, many questions remain to be answered regarding the biological relevance of 

ET and whether or not it is an adaptive or maladaptive phenomenon, since inflammatory events 

can also detrimentally affect behavioral aspects as well as learning and memory processes. 

 

Prenatal inflammation 

 

In addition to inflammatory events influencing microglia physiology in adult mice, 

inflammation of the mother during pregnancy can greatly influence both microglia and brain 

function of offspring later at adult life. Bacterial- and viral infection of the mother during 

pregnancy have been identified as major risk factors for the development of neuro-pathologies 

such as autism, schizophrenia and cerebral palsy (Carpentier et al., 2013; Meldrum et al., 2013; 

Patterson, 2011, 2009; Yoon et al., 2000).  

 

Models for mimicking pre- and perinatal inflammation 

 

In order to better understand the effect of prenatal inflammation on neurodevelopment, several 

animal models have been developed where pregnant animals are injected with either live 

bacteria or viral and bacterial molecular mimetics, such as Poly I:C or LPS, respectively 

(Arsenault et al., 2013). In the first place, it should be acknowledged that Poly I:C and LPS 

both induce maternal inflammation, but exert very different effects on the offspring. Where 

LPS injection paradigms induce reduced survival and birth of viable pups, injection of Poly I:C 

does not. Concerning the mothers, both treatments increase anxiety behavior during pregnancy 
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in injected dams but other maternal behaviors were not significantly affected. In terms of 

behavioral effects on the offspring, prenatal administration of Poly I:C caused major 

impairments in sensorimotor development whereas prenatal injection of LPS only caused mild 

effects in the offspring. With regards to induced inflammation, both treatments induced a 

similar increase in TNF- and CD68 expression in the fetal brain. The expression of cellular 

markers for astrocytes (GFAP) and neurons (NeuN) in total brain, however, differed after the 

two treatments. Poly I:C did not cause any changes, but LPS exposure reduced the expression 

of these markers 24h post treatment (Arsenault et al., 2013). 

 

Detrimental effect of maternal inflammation on offspring 

 

A large amount of literature is available on the detrimental effects of prenatal inflammation on 

neurodevelopment of the embryo and aberrant behavior of the offspring in various animal 

models including mice, rats, sheep and primates (Boks a, 2010; Wang et al., 2006; Willette et 

al., 2011). One complication though, is the great variability in timing, concentration, 

experimental assessment and type of prenatal immune challenges in the reports (Boksa, 2010). 

Since behavioral and developmental effects on offspring induced by prenatal immune 

challenges depend on the timing during pregnancy and severity of the challenge (Meyer et al., 

2007), it is difficult to pin point specific effects caused by maternal inflammation. However, 

some general changes are observed, such as decreased prepulse inhibition behaviour and 

impairments in learning and memory (Boksa, 2010). In addition, to complicate the issue further, 

differences were observed between neonatal- and adult offspring, born to dams subjected to the 

same LPS paradigm. For example, late, low grade maternal inflammation induced by injection 

of low dose LPS (0.01 mg/kg) at GD15 exacerbated damage induced by hypoxia-ischemia in 

neonates whereas it had protective effects in adult animals (Wang et al., 2007). Taken together, 

it has been well established in the past decades that prenatal inflammation severely impacts 

behavioral and neurodevelopmental processes and impairs learning and memory. But 

information about mechanisms and the role of specific cell types, such as microglia, underlying 

these events has just started surfacing. 

 

Role of microglia in maternal inflammation  

 

It has been shown that microglia play an important role in neurogenesis during both embryonic 

development and postnatal life. Neurogenesis has to be tightly regulated, since an excess or 

diminishment of neural precursor cells and neurons can have profoundly negative effects on 

neurodevelopment and function of the brain (Sato, 2015). This is particularly evident in areas 

such as the hippocampus and prefrontal cortex, that are implicated in learning and memory and 

in neuropsychiatric disorders. The microglia-based hypothesis of schizophrenia suggests that 
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microglia activation and the subsequent release of pro-inflammatory cytokines and free radicals 

leads to decreased neurogenesis eventually contributing to the pathophysiology of 

schizophrenia (Monji et al., 2009). In contrast, excessive neurogenesis is hypothesized to be 

involved in the pathology of autism (Wegiel et al., 2010). In rodents, monkeys and humans, 

microglia colonize the neural proliferative zones of the neocortex during late stages of cortical 

neurogenesis. They are involved in phagocytosing neural precursor cells pre- and postnatal, and 

as such determine the number of mature neurons. Increasing or decreasing microglia activation, 

during development causes a decrease or increase in number of neural precursor cells, 

respectively (Cunningham et al., 2013). Furthermore, Squarzoni et. al. (2014) showed that 

microglia are involved in the wiring of neuronal circuits in the forebrain. Prenatal activation of 

microglia by injection of LPS in pregnant mice at E13.15, negatively affected dopaminergic 

axon outgrowth and positioning of neocortical interneurons, which are both linked to 

neuropsychiatric disorders (Squarzoni et al., 2014).  Above discussed examples show the direct 

detrimental impact of microglia activation during pregnancy but long-term changes and effects 

of secondary immune challenges in offspring later in life remain to be explored.  

 

Maternal inflammation and focus on the hippocampus 

 

Graciarena et al (2013) showed that prenatal inflammation reduced neurogenesis in the dentate 

gyrus for at least 60 days after birth, in which persistent microglia activation was observed in 

the dentate gyrus (Graciarena et al., 2013). The cytokine IL-1 is necessary for normal 

hippocampus-dependent learning and memory since inhibition of IL-1 expression or treatment 

with an antagonist in the hippocampus impaired learning and memory (Goshen et al., 2007). In 

rats, perinatal infection with E. coli did not change contextual learning. However, i.p. injection 

with LPS (25 g/kg) induced impaired learning due to exaggerated production of IL-1 by 

microglia. This effect was not observed when IL-1synthesis was prevented by caspase 1 

inhibition (Bilbo, 2005; Bilbo et al., 2005). In addition, decreased levels of BDNF were 

observed in hippocampal tissue (Bilbo et al., 2005; Bilbo and Schwarz, 2009a; Williamson et 

al., 2011).  The importance of microglia-derived BDNF in learning and memory was recently 

shown by Parkhurst et. al. (2013), who showed that both microglia depletion as well as specific 

removal of microglia-derived BDNF resulted in impaired learning and learning-induced 

synapse formation (Parkhurst et al., 2013). So far, most research concerning this topic has 

focused on hippocampus and hippocampal microglia populations showing robust changes in 

offspring microglia after prenatal inflammation. Taking in mind that microglia show regional 

differences in the brain (Grabert et al., 2016), effects of prenatal inflammation in microglia 

populations of other brain regions remain to be fully explored. 
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High fat diet induced inflammation 

 

Diet, especially the western high-fat high-carbohydrate diet, has been implicated in chronic low 

grade inflammation and is associated with obesity, diabetes mellitus type 2, cardiovascular 

disease, arthritis, cancer and neurodegenerative disease (Huang et al., 2013; Ruiz-Nuñez et al., 

2013).  As discussed earlier, systemic and CNS inflammation are tightly linked to each other, 

and indeed high fat diet has been shown to highly affect brain homeostasis  and function. High 

fat diet induced cognitive impairment together with increased inflammatory markers, decreased 

levels of BDNF and increased microglia activation in the CNS of mice (Pistell et al., 2010). 

Also in humans there is evidence that high fat diet has detrimental effects on cognition (Francis 

and Stevenson, 2013). Activation of the NF-kB inflammatory pathway plays a central role in 

promoting metabolic diseases, affecting the overall human body including the CNS, and is 

activated by over nutrition and an excess of free fatty acids in a high fat diet (Baker et al., 2011). 

Metabolic syndrome is a collection of pathologic metabolic features including obesity, impaired 

glucose tolerance, insulin resistance, hyperlipidemia and high blood pressure and over-nutrition 

has been recognized as the main environmental factor triggering metabolic inflammation (Cai 

and Liu, 2012; Tang et al., 2015). 

 

Central role of the hypothalamus 

 

In the brain, the hypothalamus is the key region in regulating energy homeostasis controlling 

hunger and thermal regulation. The most important signaling hormones in this respect are leptin 

and insulin, which mainly act through two subpopulations of neurons in the arcuate nucleus,  

These two subpopulations are 1) POMC and CART neurons which have an anorexigenic effect, 

activation and secretion of neuropeptides from them decrease food intake and 2) AgRP and 

NPY neurons which have an orexigenic effect and thus signal for increased food intake upon 

activation (Coll et al., 2007; Varela and Horvath, 2012). AgRP and NPY neurons are inhibited 

by leptin whereas POMC and CART neurons are stimulated by it. Low levels of leptin and 

insulin set in motion pathways that induce hunger signals and decrease energy expenditure. 

When food intake has restored energy resources, returning levels of leptin and insulin inhibit 

AgRP and NPY neurons and stimulate POMC and CART neurons (De Souza et al., 2005; 

Varela and Horvath, 2012). Inflammation in the medio-basal hypothalamus (MBH), in 

particular the arcuate nucleus and basal eminence, disrupts these food regulating pathways 

leading to the detrimental metabolic features observed in metabolic syndrome (Cai and Liu, 

2012; De Souza et al., 2005; Tang et al., 2015). The severe impact of high fat diet (HFD), 

leading to metabolic syndrome, is shown in rat and mouse diet-induced obesity (DIO) models, 

where already 24h after HFD, upregulation of inflammatory markers in the hypothalamus is 

observed. This is in contrast to liver and adipose tissue, where inflammation is not detected up 
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until 4 weeks. After 8 weeks of HFD feeding, a significant accumulation of astrocytes and 

microglia showing activated morphology was observed in the Arc-ME region, and this feature 

was positively correlated with weight gain (Thaler et al., 2012; Valdearcos et al., 2014). This 

rapid induction of reactive gliosis is shown to be caused by neuronal injury in the Arc-me area. 

Whereas this first transient glia response limits injury, upon a prolonged time period chronic 

inflammation and neuronal loss is observed. In agreement with these results in rat and mice, in 

obese humans, gliosis has been observed in the hypothalamus using MRI techniques (Thaler et 

al., 2012). Both microglia and astrocytes show accumulation in the MBH after initiation of 

HFD. However, only microglia initiate an inflammatory response in reaction to the buildup of 

saturated fatty acids (SFAs) in the hypothalamus. This gave rise to the hypothesis that microglia 

orchestrate the inflammatory response in the hypothalamus during HFD, leading to neuronal 

distress and followed by detrimental consequences. In support of this hypothesis, SFAs were 

shown to potently activate microglia but not astrocytes in vitro. Furthermore, increasing or 

depleting microglia in the MBH in vivo augmented or decreased hypothalamic inflammation, 

respectively. Remarkably, when microglia were depleted from the hypothalamus, the induction 

of neuronal stress was nearly abolished. Whereas, when microglia numbers were increased, the 

area affected was extended to hypothalamic areas outside the Arc-ME region (Valdearcos et 

al., 2014). This places microglia in the center of attention in diet-induced chronic inflammation, 

possibly leading to pathologies such as metabolic syndrome.  

Epigenetic regulation of phenotype 

As discussed previously, microglia are equipped with a large variety of receptors to recognize 

threats and respond in a tailored way to effectively resolve potentially dangerous situations. For 

this response to be specific, PRRs recognize molecular patterns and set in motion the proper 

signaling pathways to recruit specific transcription factors and induce transcription of genes 

that fit the situation. Such pathways can be regulated by short term mechanisms, for example 

TLR4 receptor internalization. On the long-term, these pathways are regulated by very stable 

and long-term epigenetic modifications of the genome. Keeping in mind that these are very 

stable changes and the microglial population renews itself without contribution of non-

microglial cells and at a very slow rate of around 28% every year (Askew et al., 2017; Réu et 

al., 2017), epigenetic changes can have implications for considerable amounts of time. 

The DNA of eukaryotic cells is packaged into chromatin, with nucleosomes as basic units. 

Nucleosomes consist of an octameric protein complex containing two sets of four histone 

proteins, namely H2A, H2B, H3 and H4. Around this octameric complex, 146 base pairs of 

DNA are wrapped twice, from which amino-terminal histone tails protrude. On their turn, 

nucleosome are organized in higher structures stabilized by histone linker protein H1, 

ultimately forming our chromosomes (Luger et al., 1997; Mehta and Jeffrey, 2015). Epigenetics 
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is defined as modifications in the form of covalent and post translational changes to DNA, 

histones and chromatin associated proteins, without changing the DNA sequence itself. Rather 

it induces conformational changes in the chromatin shaping it in to a more closed 

(heterochromatin) or open (euchromatin) structure, making it more inaccessible or accessible, 

respectively for transcription. The importance of epigenetics is emphasized by the fact that it 

can direct cells towards diverse differentiation pathways and cell functions(Kondilis-Mangum 

and Wade, 2012; Mehta and Jeffrey, 2015). Main epigenetic mechanisms are DNA methylation, 

histone tail modifications and post transcriptional regulation of gene expression by short non 

coding mRNAs called micro RNAs (miRNAs). Since in this doctoral dissertation, the focus 

was mainly on histone tail modifications, these only will be discussed in the next section.  

 

Histone tail modifications 

 

Existence of histone posttranslational modifications (PTMs) have been known ever since 

Allfrey et al. in 1964, reported on histone acetylation and methylation in vitro in calf thymus 

(Allfrey et al., 1964).  In 2001 Jenuwein and Allis proposed the histone code hypothesis 

(Jenuwein and Allis, 2001). This hypothesis stated that PTMs considerably extend the  

information potential by modulating accessibility, and thus transcriptional changes due to 

changes in chromatin structure. For transcription these PTMs were considered of equal 

importance as the nucleotide sequence (Jenuwein and Allis, 2001). Ever since, intensive 

research on this subject has greatly extended our knowledge on the importance and influence 

of histone PTMs on regulation of gene expression. All histones in the nucleosome can be 

modified and generally these modifications take place at the protruding histone tails. Such 

modifications can directly influence chromatin structure or exert their effect by acting as a 

binding dock for forming specific regulatory protein complexes (Rothbart and Strahl, 2014). In 

recent years a variety of PTMs have been identified, including acetylation, methylation, 

phosphorylation, citrullination, ubiquitination, sumoylation, ADP-ribosylation and proline 

isomerization (Rothbart and Strahl, 2014). Although there is a large diversity in PTMs, in 

general active and silenced chromatin is characterized by certain patterns of PTMs. For 

example, high lysine acetylation levels of histones H3 and H4 and trimethylation of lysine 4 of 

H3 (H3K4me3) are generally associated with active genes. Whereas trimethylation of histone 

H3 lysine 27 (H3K27me3) and di- and trimethylation of lysine 9 (H3K9me3) are generally 

associated with repressed gene expression (Barski et al., 2007; Zhang et al., 2015). So far, there 

have been few reports investigating histone modifications in microglia activation. Recently, 

Chauhan et al. (2015) showed that upon the parasitic brain disease neurocysticercosis helminth 

parasites induce immune suppression in microglia via an epigenetic mechanism. Cultured 

primary microglia were treated with helminth soluble factors (HSF) and showed 

downregulation of LPS induced pro-inflammatory activation. Using chromatin immune 
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precipitation (ChIP) assays it was shown that HSF significantly decreased recruitment of RNA 

polymerase II to pro-inflammatory promotor regions of IL6, TNF-NOS2 and MHC-II. More 

specifically, HSF downregulated activation mark H3K9/14Ac and significantly inhibited LPS-

induced increased appearance of the activation marks H3K9/14Ac and H3K4me3 at the above 

mentioned pro-inflammatory promotor regions (Chauhan et al., 2015). Thus far, research on 

histone modifications in macrophages and monocytes has received more attention than in 

microglia. Regarding the ET phenotype that has been discussed previously, a detailed 

epigenetic mechanism has been described. In LPS tolerized human promonocytes, reduced 

transcription of TNF- was accompanied by enriched H3K9me2 on nucleosomes associated 

with the TNF- promotor region. An interesting finding of this study was a link between histone 

H3K9me2 and TNF- promotor CpG methylation. In the proposed model, recruited histone 

methyl transferase G9a induces demethylation of H3K9, which creates a binding site for 

chromatin modifier heterochromatin-binding protein 1 (HP1). HP1 in turn recruits Dnmt3a/b 

methyltransferase, which methylates nearby CpG islands at the TNF- promotor (El Gazzar et 

al., 2008, 2007).  Later, it was found that RelB is one of the primary responsible elements in 

establishment of this epigenetic silencing mechanism. It was previously shown that even though 

the transcription activating NF-kB subunit p65 was present in the nucleus in tolerized cells, it 

could not bind to the IL-1 and the TNF-promotor due to negative feedback expression of 

RelB (El Gazzar et al., 2007; Yoza et al., 2006). Furthermore, upon ET in macrophages, 

expression of RelB was reported to be of key importance for pro-inflammatory gene silencing 

(Deng et al., 2013). RelB was identified as the key initiator of epigenetic silencing in the ET 

phenotype of THP-1 cells, by recruiting and directly interacting with G9a, thereby starting the 

above mentioned cascade (Chen et al., 2009). During this process H3K9me2 induced 

recruitment of high mobility group box 1 protein (HMBG1) and linker histone protein 1 (H1) 

to the repressive complex, where they interact with RelB, thereby stabilizing the repressive 

complex (El Gazzar et al., 2009). In addition, in human primary monocytes, a mechanism that 

inhibits tolerization, mediated by Type II IFN, IFN- has been reported. Pretreatment with IFN-

 inhibited LPS-induced tolerization of human primary monocytes, which after treatment 

showed comparable levels of transcription of pro-inflammatory genes in response to LPS 

compared to naïve cells. This inhibition of tolerance by IFN- was reported to involve the 

recruitment of a protein called Brg-1, inducing remodeling of chromatin to make it accessible 

again for transcription factors (Chen and Ivashkiv, 2010). Recently, a tolerance antagonizing 

action of type I IFN, interferon, was shown as well. Pretreatment with interferon 

restored the LPS-induced transcription of the pro-inflammatory genes TNF-IL-1 and IL6. 

Furthermore, it was observed that pretreatment with interferon significantly increased 

enrichment of H3K4me3, generally associated with activation, at the promotor regions of these 

pro-inflammatory genes (Shi et al., 2015). These examples show that the orchestration of the 

peripheral immune system is largely dependent on the regulation of accessibility of genes by 
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chromatin remodeling and concerns a complex interplay of antagonizing mechanisms which is 

far from solved and is an important future point of investigation in microglia as well. 

 

Figure 3 Three main epigenetic mechanisms. Epigenetics are defined as modifications in the form of 

covalent and posttranslational changes to DNA, histones and chromatin associated proteins, without 

changing the DNA sequence itself. Epigenetics is regulated in several stages. Our DNA is compacted 

into chromosomes where our DNA is wound around octameric histone complexes. Histone proteins 

extend histone tails, on which posttranslational modifications (PTMs) can take place. PTMs can 

modify structure making the DNA strand more inaccessible or accessible for the transcription 

machinery. Examples of PTMs are H3K4 trimethylation (H3K4me3) and acetylation of H3K9 (AcH3K9) 

which are associated with active gene transcription and H3K27 trimethylation (H3K27me3) which is 

associated with repressed gene expression. miRNAs are a family of small single stranded RNA 

fragments of approximately 21 nucleotides. These miRNAs are involved in gene regulation which 

takes place post transcriptional, where they bind and inhibit translation by the ribosomal machinery 

or induce degradation of mRNA. DNA methylation is mainly described as the process of methylation 

of CpG rich regions called CpG islands in or near regions of transcription starts sites involved in stable 

repression of transcription of genes. Picture modified from (Puumala and Hoyme, 2015) 
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Outline of this thesis 

In this thesis the central theme addresses microglia imprinting by previous inflammatory 

challenging. It has been a journey from a fundamental molecular view on microglia adaptation 

after inflammatory challenges, up to the role of our diet and its influence on microglia responses 

and how we can identify and possibly use dietary components to modulate microglia responses. 

 

In chapter 2, we set out to characterize the inflammatory microglia response after a previous 

inflammatory challenge. In the literature, this mechanism has been described in detail in 

peripheral macrophages and monocytes, showing that these cells enter a short transient tolerized 

state in order to prevent an exacerbated inflammatory response. Suggested mechanisms for this 

induced tolerance involve epigenetic changes. Thus far, it was unknown whether or not 

microglia respond in a similar way to previous inflammatory challenges. This information is of 

vital importance since microglia, in contrast to peripheral macrophages and monocytes, are long 

lived cells and stable epigenetic changes can thus have long-term effects. In order to investigate 

if microglia show a stable tolerized phenotype in adult mice, we have set up a repetitive LPS 

stimulation paradigm with intervals between stimulations up to 7 days in vitro and up to 4 

months in vivo. These intervals were considerably longer than any experiment described in the 

current literature. We have indeed observed stable and long-term changes in microglia response 

after previous inflammatory challenges. We have described these changes at transcriptional, 

translational and epigenetic levels and shown its implications for learning using the T-maze 

behavioral paradigm. Although further research is needed we have proposed a long-term 

regulatory mechanism in microglia using these LPS treatment paradigms. 

 

In addition to the observed effects in adult mice, in chapter 3 we described effects of prenatal 

inflammation. Since microglia colonize the CNS during early embryonic development 

(Ginhoux et al., 2013), inflammation transmitted from the mother to the embryo possibly affects 

the microglia of the offspring later in life. This effect, most likely is mediated by stable 

epigenetic changes similar to those described in chapter 2. To assess possible effects of prenatal 

inflammation, we used an LPS injection paradigm of three consecutive LPS injections during 

the last stage of pregnancy. We showed that inflammation of the mother, induced by LPS, has 

long-term effects on the microglia gene expression response upon LPS treatment in offspring 

up to 4 months after birth. In the same mice we showed that this response has a different nature 

in hippocampus compared to the rest of the brain. LPS injection caused significant detrimental 

changes in behavioral and learning and memory tests in the offspring. In agreement with 

literature that describe mechanisms of involvement of microglia in learning and memory, we 

collected data that suggest that prenatal inflammation affects microglia of offspring in such a 

way, that they can be detrimental to learning and memory. 
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In chapter 4, microglia were evaluated in an environment of chronic peripheral inflammation 

induced by a high fat diet. In this report, research of the effect of HFD was taken to another 

level by combining it with physiological ageing. In the literature, ageing has been described as 

a factor that can induce immune priming of microglia as well as microglia dystrophy (Perry and 

Holmes, 2014; Streit, 2004; Streit et al., 2014; Streit and Xue, 2009). It is generally accepted 

that upon ageing microglia negatively impact brain homeostasis and contribute to 

neurodegenerative pathology. In chapter 4 the effects of long-term exposure to HFD have been 

studied. Because of this, results presented may seem contradictory with present literature on 

short-term HFD exposure in the hypothalamus, the main region involved in energy homeostasis 

regulation. Most importantly, we showed that diet can greatly influence ageing-induced 

microglia activation state in white matter regions, augmenting white matter pathology observed 

in ageing. 

In chapter 5 we set out to generate a microglia NF-kB reporter cell line. This cell line provides 

the possibility to do large screening assays of possible anti-inflammatory effects on microglia. 

Here we describe the generation of a NF-B luciferase reporter system transfected in an 

immortalized BV2 microglial cell line. We used this cell line to screen a number of selected 

anti-inflammatory food components and provided a ‘proof of concept’ by validating in detail 

one of the candidates that was identified using this in vitro screening method. This candidate 

(magnesium sulfate) reduced the LPS-induced inflammatory response in primary mouse 

microglia in vitro, as well as prevent the establishment of a tolerant phenotype of the BV2 NF-

B luciferase reporter cell line. 

In chapter 6, the research presented in chapter 2-5 is discussed and future perspectives and 

research possibilities are addressed. A central theme in this discussion is the question what the 

biological relevance of these long-term stable changes of microglia response might be. 
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Abstract 

Microglia, the innate immune cells of the central nervous system (CNS), react to endotoxins 

like bacterial lipopolysaccharides (LPS) with a pronounced inflammatory response. To avoid 

excess damage to the CNS, the microglia inflammatory response needs to be tightly regulated. 

Here we report that a single LPS challenge results in a prolonged blunted pro-inflammatory 

response to a subsequent LPS stimulation, both in primary microglia cultures (100 ng/ml) and 

in vivo after intraperitoneal (0.25 and 1 mg/kg) or intracerebroventricular (5 g) LPS 

administration. Chromatin immunoprecipitation (ChIP) experiments with primary microglia 

and microglia acutely isolated from mice showed that LPS preconditioning was accompanied 

by a reduction in active histone modifications AcH3 and H3K4me3 in the promoters of the IL-

1 and TNF- genes. Furthermore, LPS preconditioning resulted in an increase in the amount 

of repressive histone modification H3K9me2 in the IL-1 promoter. ChIP and knock-down 

experiments showed that NF-B subunit RelB was bound to the IL-1 promoter in 

preconditioned microglia and that RelB is required for the attenuated LPS response. In addition 

to a suppressed pro-inflammatory response, preconditioned primary microglia displayed 

enhanced phagocytic activity, increased outward potassium currents and nitric oxide production 

in response to a second LPS challenge. In vivo, a single i.p. LPS injection resulted in reduced 

performance in a spatial learning task four weeks later, indicating that a single inflammatory 

episode affected memory formation in these mice. Summarizing, we show that LPS-

preconditioned microglia acquire an epigenetically regulated, immune-suppressed phenotype, 

possibly to prevent excessive damage to the central nervous system in case of recurrent 

(peripheral) inflammation. 
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Introduction 

Microglia are the principal innate immune effector cells of the CNS and constantly monitor 

their environment for homeostatic disturbances (Nimmerjahn et al., 2005). When exposed to 

infection or tissue damage, microglia become activated and in this executive state, they release 

increased amounts of cytokines, chemokines and neurotrophic factors along with changes in 

migration capacity and increased phagocytosis (Kettenmann et al., 2011). For CNS 

surveillance, microglia are equipped with a broad range of pattern recognition receptors, 

including the Toll-like receptors (TLRs), complement receptors, Fc receptors and scavenger 

receptors (Kettenmann et al., 2011; Lu et al., 2008; Lund et al., 2006; Nahid et al., 2011). 

To prevent an exacerbated inflammatory reaction, the response of (innate) immune cells needs 

to be tightly regulated (Foster et al., 2007). Exposure of innate immune cells to a microbial 

agent, such as LPS of Gram-negative bacteria, can lead to a significantly altered inflammatory 

response upon re-exposure to the agent, a phenomenon called endotoxin tolerance (ET). ET is 

observed in a variety of human diseases including hepatic ischemia and cystic fibrosis and has 

been associated with peripheral innate immune suppression and increased mortality (Biswas 

and Lopez-Collazo, 2009). ET has also affects the central nervous sytem; in 30% of septic 

intensive care unit patients suffering from septic encephalopathy, persistent cognitive 

dysfunction in verbal learning and memory as well as left hippocampal atrophy was observed 

(Semmler et al., 2013). 

In monocytes/macrophages, it has been shown that TLR4 is critically involved in ET. TLR4 

signals through MyD88- and TRIF-dependent pathways and in ET, MyD88/NF-B signaling 

is inhibited leading to reduced pro-inflammatory cytokine expression. In macrophages, 

LPS/TLR4-induced ET is mediated by RelB, an NF-B subunit known to suppress 

inflammatory gene expression through recruitment of a transcription-repressive complex (Chen 

et al., 2009). ET in human pro-monocytes is accompanied by RelB-mediated recruitment of the 

histone H3 lysine 9 methyl-transferase G9a (KMT1c), which leads to H3K9 dimethylation 

(H3K9me2) and recruitment of the DNA methyl-transferase DNMT3a/b, ultimately inducing 

heterochromatin formation and stable TNF-andIL-1 gene silencing (El Gazzar et al., 2009, 

2008; Kondilis-Mangum and Wade, 2012). In addition to epigenetic silencing, miRNAs have 

been implicated in ET in monocytes/macrophages. LPS-induced miRNA-146a has been shown 

to target IRAK1 and TRAF6, forming a negative feedback loop in NF-B-dependent pro-

inflammatory gene transcription (reviewed in Nahid et al., 2011). Furthermore, miRNA-146a 

regulates a pathway leading to RelB-dependent heterochromatin formation and silencing of the 

TNF- promotor (El Gazzar et al., 2011). Other miRNAs reported to be involved in ET are 

miRNA-155, miRNA-221, miRNA-125b, miRNA-132 and miRNA-579 (Biswas and Lopez-

Collazo, 2009; El Gazzar and McCall, 2010; Nahid et al., 2011; Quinn et al., 2012). In vitro 

pre-exposure of hippocampal slices to LPS has been reported to result in a blunted pro-

inflammatory microglia response and to induce a more anti-inflammatory phenotype (Ajmone-
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Cat et al., 2013). In vivo, LPS-preconditioning is associated with neuroprotection in animal 

models for ischemia (retinal ischemia and middle cerebral artery occlusion) (Halder et al., 2013; 

Rosenzweig et al., 2004). In addition, experimentally-induced sepsis and perinatal exposure to 

LPS have been related to detrimental effects on development and on learning and memory 

(Graciarena et al., 2010; Lin et al., 2012; Semmler et al., 2007). These reports show that 

exposure to LPS has long lasting effects on brain physiology, reducing hippocampal volume, 

causing neuronal loss within the hippocampus and prefrontal cortex and reduced cholinergic 

innervation in the parietal cortex, which can be linked to deficits in learning and memory 

(Graciarena et al., 2010; Lin et al., 2012; Semmler et al., 2007). The aim of our study was to 

unravel the molecular basis of reduced LPS sensitivity of pre-exposed microglia and if 

epigenetic alterations underlie this altered sensitivity.  
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Materials and methods 

Animals 

Wild-type, male C57Bl/6JOlaHsd mice (7-9 weeks) were purchased from Harlan (Harlan, 

Horst, the Netherlands). All experiments were performed according to the experimental animal 

guidelines of the University of Groningen. Animals were housed under normal conditions in a 

12/12 hr light/dark cycle and fed ad libitum in the central experimental animal facility of the 

University of Groningen. Animals were housed individually and randomly assigned to 

experimental conditions. 

 

Primary microglia culture 

Primary neonatal microglia were isolated from brains of postnatal day 1-3 C57Bl/6 mice (both 

female and male pups were used). After removal of the meninges and brain stem, the brains 

were minced and washed in dissection medium (Hanks bovine salt serum, PAA, Cat.nr. H15-

010; D-(+)-Glucose solution, Sigma, Cat.nr. G8769; HEPES, PAA, 311-001) and incubated in 

dissection medium supplemented with 2.5% trypsin for 20 min. The trypsin treatment was 

stopped by addition of trypsin inhibition medium followed by washing with dissection medium 

supplemented with 10% FCS and 0.5 g/ml DNase1. Cells were triturated using a glass pipette 

in 25 ml complete medium (Dulbecco’s Modified Eagle Medium (DMEM); Gibco, Cat.nr. 

41965-039, supplemented with 10% FCS, 1mM sodium pyruvate and 1% pen/strep) and 

centrifuged for 12 min, 165 g at 12°C. After centrifugation, the cell pellet was resuspended in 

standard complete medium and plated as 1.5 brains per T75 culture flask. Medium was 

refreshed after 2 days and thereafter every 4 days. After 6-7 days of culture, medium was 

supplemented with 33% L929 fibroblast-conditioned medium to stimulate microglia 

proliferation. To obtain M-CSF containing L929 fibroblast conditioned medium, 30 ml of 

normal medium was added to 80% confluent L929 cells and collected and filter sterilized after 

2 days. After 8-10 days of culture, cultures reached 100% confluence and microglia were 

harvested 12 days after seeding by mitotic shake off for 1 hr at 150 rpm in an orbital shaker. 

After seeding, microglia were cultured in DMEM supplemented with 10% FCS and 1% 

pen/strep and medium collected from mixed glial cultures in a ratio of 50:50 at 37°C in a 

humidified atmosphere at 5% CO2. 

Adult microglial cultures were obtained from confluent mixed glial cultures following an 

established protocol (Scheffel et al., 2012) based on a routine procedure for the preparation of 

neonatal microglia (Regen et al., 2011). Microglia were isolated from forebrains of 8-12 week 

old C57BL/6 mice, involving transient plating on microglia-free P0 astrocytes. To avoid 

variation caused by differences in LPS batches, a single batch of LPS (E. coli 0111:B4, Sigma-

Aldrich, Cat#L4391) was used in all in vitro and in vivo experiments. 
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Microglia viability 

The viability of primary microglia was determined using 1) a MTT assay 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as described previously (Kannan et 

al., 2013), 2) a LDH assay, and 3) cell enumeration. For MTT assays, microglia were 

seeded (75,000 cells/well of a 12-well plate) and treated according to the stimulation scheme 

depicted in Fig. 1A. After MTT was added, cells were incubated for 2 hr at 37°C in a 5% CO2 

incubator. Next, the cells were lysed in dimethyl sulfoxide; absorbance was measured at 540 

nM and expressed per µg of cell lysate. Protein concentrations of the cell lysates were 

determined using a Bradford assay. 

For LDH activity, microglia were seeded (75,000 cells/well of a 12-well plate) in conditioned 

medium, and the medium was collected from wells without cells (medium) to determine the 

LDH activity in the conditioned medium used, and from the wells containing unstimulated 

(control) or LPS treated (LPS) microglia. LDH activity was determined after the first LPS 

stimulus (day 1), after a medium change at day 5 and at the second LPS stimulus (day 8). LDH 

activity was determined using the manufacturer’s protocol (Pierce™ LDH Cytotoxicity Assay 

Kit). Average LDH activity with the standard deviation is depicted. 

For cell counting, microglia were seeded (75,000 cells/well of a 12-well plate) in conditioned 

medium, pictures were taken on days 2, 5, and 8 after seeding (20x magnification) and the cell 

number in six images per condition was counted (conditions were blind to the experimenter). 

The average cell number per microscopic field is depicted with the standard deviation. 

 

BV-2 cell culture 

BV-2 Cells were cultured in DMEM supplemented with 10% FCS and 1% pen/strep at 37°C in 

a humidified atmosphere at 5% CO2. Puromycin (10µg/ml, Invitrogen) was used to select 

transduced BV-2 cells. BV-2 cells were stimulated for 24 hr with LPS, one day after seeding 

(3x104 cells/10 cm2). After a 4 days interval, cells were rechallenged with LPS, 6 hr for RNA 

samples and 24 hr for protein samples. To avoid batch variation, single batches of LPS (E. coli 

0111:B4, Sigma-Aldrich, Cat#L4391), Pam3CSK4 (InvivoGen, Cat#tlrl-pms) and 

polyinosinic:polycytidylic acid (poly I:C; InvivoGen, Cat#tlrl-pic) were used in all experiments 

performed in vitro and in vivo. 

 

Lentiviral transduction  

Plasmids encoding shRNA constructs targeting RelB or a scrambled vector control (piLenti-

siRNA-GFP, ABM©Good, Cat.nr. i038320) were packaged in VSV-G lentiviral (LV) coated 

particles in HEK293T cells, using a second generation LV system as described previously 

(Stewart et al., 2003). Briefly, BV-2 cells were seeded at a density of 5x105 cells/well in a 6-

well plate and treated with 0.45 µm filter sterilized non-purified LV supernatant for 12 hr in the 

presence of 8 µg/ml polybrene; transduced cells were selected using 10 µg/ml puromycin. 

Acute live microglia isolation from adult murine brain 
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All steps were performed in dissection medium (Hanks bovine salt serum, PAA, Cat.nr. H15-

010; D-(+)-Glucose solution, Sigma, Cat.nr. G8769; HEPES, PAA, 311-001). Mice were 

perfused with saline when anesthetized, brains were isolated and mechanically dissociated 

using a glass tissue homogenizer followed by passing through a 70 µm cell strainer (BD Falcon, 

Cat.nr. 352350). The cell suspension was centrifuged at 220 RCF at 4°C, acceleration 9 and 

brake 9. The supernatant was discarded and myelin was separated from the cell suspension 

using a 22% Percoll (GE Healthcare, Cat.nr. 17-0891-01) gradient where PBS was layered on 

top and centrifuged for 20 min. 950 RCF, acceleration 4, brake 0. Thereafter, the cell pellet was 

resuspended in 200 µl dissection medium. From this step onwards, all steps were performed 

using dissection medium without phenol red (Hanks bovine salt serum, PAA, Cat.nr.H15-009). 

Microglia were stained with antibodies against CD11b (PE, eBioscience 12-0112) and CD45 

(FITC, eBioscience, 11-0451) for 20 min. After washing, cells were passed through a 5 ml 

polystyrene round-bottom tube with a cell strainer cap (12x75mm style, Cat.nr.352235) and 

sorted using a Mo-flo XDP FACS (Beckman Coulter).  

 

Intracerebroventricular cannulation 

For intracerebroventricular (i.c.v.) LPS injections, C57Bl/6JOlaHsd mice were cannulated in 

the right lateral ventricle with 26 gauge stainless steel guide cannulas. For stereotactic surgery, 

mice were deeply anesthetized by intraperitoneal injection of ketamine/medetomidine (ketanest 

100 mg/ml, Domitor 0.5 mg/ml) and bipuvacaine was used for local anesthesia. Implantation 

of the guide cannula was performed using stereotactic coordinates from bregma: anterior-

posterior -0.3 mm; medio-lateral -1.0 mm; dorsal ventral -2.0 mm (Mouse Brain atlas). Directly 

adjacent to the guide cannula, an anchoring cranial screw was inserted and both guide cannula 

and cranial screw were fixed to the skull with dental cement. Anesthesia was antagonized by 

subcutaneous injection with antisedan (5 mg/ml). For pain prevention, mice were 

subcutaneously injected with Rimadyl (50 mg/ml) directly after surgery and the two following 

days. After recovery from anesthesia, mice were housed overnight in a recovery incubator and 

thereafter allowed to recover for at least a week prior to starting experiments. Mice were infused 

with saline or with 5 g LPS (in saline) through a cannula (1 l/min). 

 

RNA isolation and quantitative RT-PCR 

For quantitative RT-PCR analysis, total RNA was isolated using a Qiagen RNeasy Micro Kit 

according to the manufacturer’s instructions. RNA was reverse transcribed to cDNA using 

Random Hexamers (Fermentas), M-MuLV Reverse Transcriptase and Ribolock RNAse 

inhibitor (Fermentas). Quantitative PCR reactions were carried out using SYBR supermix 

(BIORAD) and a real time thermal cycler (ABI 7900HT, Applied Biosystems) with different 

sets of PCR primers (Table 1). For each gene, measurements were performed in triplicate in 

three independent experiments. PCR primers were designed in PRIMER EXPRESS 2.0. HMBS 

was used as an internal standard to calculate relative gene expression levels with the 2-Ct 
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method (Schmittgen and Livak, 2008) which is depicted as fold-induction of control samples. 

A one-way ANOVA followed by a Fisher's Least Significant Difference (LSD) post hoc test 

was performed to determine statistical significance. 

 

Western blot analysis 

Microglia cell lysates were produced by addition of non-denaturing cell lysis buffer (Cell 

Signaling Technology, Cat# 9803) and scraping. Cell lysates were subsequently sonicated (1 x 

5 sec, 80 W), centrifuged (10 min, 18,000 g, 4°C) and the supernatant was transferred to a fresh 

1.5 ml eppendorf vial. Protein content was determined using a Bradford assay and 20 g protein 

samples were mixed with Laemmli buffer and boiled for 5 min. Proteins were separated by 

SDS-PAGE gel electrophoresis and were transferred to polyvinylidene difluoride (PVDF) 

membranes equilibrated with transfer buffer (25 mM Tris, 150 mM glycine, 10% v/v methanol) 

by semi-dry electroblotting (Bio-Rad) at 3 mA/cm2 for 1 hr. PVDF membranes were blocked 

with Odyssey blocking buffer (Odyssey Infrared Imaging system, blocking buffer, part#927-

40000, Li-Cor Biosciences) diluted 1:1 with PBS for 1 hr at room temperature. After blocking, 

PVDF membranes were incubated overnight at 4°C with primary antibodies (NF-κB p65, 

Abcam, Cat# Ab13594; P-NF-κB P65 (S536), Cell Signaling Technology, Cat# 3033; Akt, Cell 

Signaling Technology, Cat# 2920s; P-Akt (s473), Cell signaling technology, Cat# 4060s; RelB, 

Cell Signaling Technology, Cat# 4954; -actin, Abcam, Cat# Ab6276). Following primary 

antibody incubation, the membranes were washed 4 times with PBS 0.2% Tween-20 and 

incubated for 1 hr with secondary Infrared IRDye-labeled secondary antibodies (1:10000, LI-

COR). After incubation with secondary antibodies, the membranes were washed 4 times with 

PBS 0.2% Tween-20 and scanned in a LI-COR Odyssey infrared imaging system. Blots were 

quantified using ImageJ software. 

 

ELISA 

Microglia supernatants were collected and used for ELISA analysis. For IL-1 ELISA of 

primary microglia, ATP (1 mM) was added during the last 15 min of the last LPS treatment to 

induce secretion. As a positive control for induction of inflammation, serum samples were 

collected from PBS and LPS injected mice used in in vivo experiments. In short, blood samples 

were collected in minicollect serum/plasma gel tubes (Greiner bio-one, Cat# 450472), left at 

room temperature for 30 min, subsequently centrifuged (10 min, 2000 rcf, 4°C) and serum was 

collected. ELISAs were performed according to the manufacturer’s instructions (Mouse TNF-

α ELISA MAX™ Deluxe, Biolegend, Cat# 430906; Mouse IL-1β ELISA MAX™ Deluxe, 

Biolegend, Cat# 432606). Statistical analysis was performed using a one-way ANOVA 

followed by a LSD post hoc test. 
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Phosphorylation studies 

Microglia (106 cells) were stimulated with LPS (100 ng/ml) for 24 hr and after a 5 days interval 

restimulated with LPS (100 ng/ml) for 15 min or 6 hr. Cells were lysed and assayed by ELISA 

kits for phosphorylation of p38, p42/44 (ERK1/2) and NF-B according to the manufacturer’s 

instructions (Cell Signaling Technology). Absorbance was measured in an iMark plate reader 

(Biorad). Statistical differences were analyzed using one-way ANOVA followed by a LSD post 

hoc test.  

 

Chromatin immunoprecipitation 

ChIP was performed as described previously (Kooistra et al., 2010; Zanette et al., 2013)with 

minor modifications. Formaldehyde (1%, 10 min) was added to 106 microglia and crosslinking 

was stopped by addition of Glycine (125 mM) followed by two PBS washes. After washing, 

cells were lysed with cell lysis buffer followed by nuclear lysis buffer. Chromatin was sonicated 

using a Bioruptor (Diagenode), precleared using preblocked protein A agarose beads (25%; 

Protein A Agarose/Salmon Sperm DNA, Millipore, Cat# 16-157) and incubated overnight at 

4°C with antibodies directed to specific histone modifications (AcH3, Millipore, Cat# 06-599; 

H3K4me3, Millipore, Cat# 07-473; H3K9me2, Millipore, Cat#17-648; H3K27me3, Millipore, 

Cat# 17-622; H3K9me3, Abcam, Cat#Ab8898; 5 g/sample) and RelB (Cell Signaling 

Technology, Cat# 4954). Cross linked chromatin of 105 cells was immunoprecipitated and no 

antibody served as background control. The following day, immune complexes were 

precipitated with 80 l pre-blocked protein A agarose beads for 2 hours at 4°C, washed and 

chromatin was eluted from the beads. The precipitated chromatin was de-crosslinked overnight 

and proteins digested. Quantitative PCR of immunoprecipitated DNA was performed using 

specific ChIP primers targeted to promoter regions of genes of interest (Table 1) and results are 

presented as % of input. Statistical differences were assessed by one-way ANOVA followed by 

a LSD post hoc. 

 

Phagocytosis assay 

Primary microglia were seeded in 2 well Lab-Tek™ II Chambered Coverglass (Nunc® Lab-

Tek® II - CC2,™ Chamber Slide™ system, Sigma, Cat# 6565) at a density of 5x105 cells per well. 

After treatment, culture medium was refreshed with medium containing 10 μg/ml of pHrodo™ 

E. coli BioParticles® conjugate (Life technologies, Molecular Probes, Cat.# P35361). At 

several time points, multiple bright field and red channel images (pHrodo emission) were 

acquired at 10x and 20x magnification. Mean cell fluorescence intensity was determined using 

ImageJ and data were plotted as mean fluorescence, relative units. Statistical differences were 

assessed by one-way ANOVA followed by a LSD post hoc test. 
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Electrophysiology 

Microglia (5x104 cells) were seeded on glass coverslips and cultured in DMEM supplemented 

with 10% fetal calf serum, 2 mM L-glutamine, 100 units/ml penicillin and 100 μg/ml 

streptomycin. Cells were treated with 100 ng/ml LPS from Escherichia coli 0111:B4 (Sigma-

Aldrich, Cat#L4391) once or twice for 24 hr. For patch-clamp recordings, coverslips were 

placed into a chamber with HEPES buffer (NaCl 150.0 mM, KCl 5.4 mM, MgCl2 1.0 mM, 

CaCl2 2.0 mM, HEPES 10.0 mM, Glucose 5 mM, adjusted with NaOH to pH 7.4) on the stage 

of a microscope (Axiovert FS, Zeiss). Cells were approached with microelectrodes, pulled from 

borosilicate capillaries with a resistance of 7-11 MΩ filled with intracellular solution (KCl 130 

mM, MgCl2 2 mM, CaCl2 0.5 mM, Na-ATP 2 mM, EGTA 5.0 mM, and HEPES 10 mM, 

adjusted with NaOH to pH 7.3, 285 mosm/l). Cells were clamped at -70 mV and current traces 

were recorded upon application of series of depolarizing and hyperpolarizing steps (50 to -170 

mV) with 10 mV increments. Uncompensated currents were measured at room temperature 

with an EPC 10 amplifier (HEKA electronics, Lambrecht/Pfalz, Germany). Statistical analysis 

was performed with the GraphPad Prism software and two-sided significance levels were 

determined based on the non-parametric Mann-Whitney U test. 

 

NO measurements 

Nitric oxide release was quantified by determining the levels of the stable metabolite nitrite 

with use of the Griess reagent system. Microglia were cultured in 96-well plates in a density of 

1x105 cells/well and treated according to the scheme depicted in Fig. 1A. 24 hr after the last 

stimulation, culture medium was collected and mixed with an equal amount of Griess reagent 

(1% sulphanilamide, 5% phosphoric acid and 0.1% naphthylethlenediamine dihydrochloride) 

and left at room temperature for 5-10 min. Absorbance was measured at a wavelength of 550 

nm using a labsystems, multiskan RC reader, and calculated using a nitrite standard curve. 

Statistical differences were assessed by one-way ANOVA followed by a LSD post hoc test. 

 

Immunohistochemistry 

Animals were transcardially perfused with saline 0.9% under isoflurane anesthesia. After 

perfusion, brains were fixed for 24h in 4% paraformaldehyde (PFA), whereafter they were 

stored in 1% PFA, until further use. Brains were cryoprotected by overnight incubation in 20% 

sucrose solution and cryosections of 50 m thick were made. Free floating sections were 

blocked for 1 hour with 5% normal goat serum and thereafter incubated with primary antibody 

against Iba1 (Rb-anti-Iba1, Wako, Cat.#019-19741) for 72h at 4°C. Detection of primary 

antibody was done by incubation with Alexa fluor 488 donkey anti rabbit (Invitrogen, 

Cat.#A21206) secondary antibody. After secondary antibody incubation, sections were washes, 

incubated in Hoechst solution for 5 minutes, washed again and mounted on glass slides. 
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Sholl analysis 

Confocal microglia Z-stack images (50m) were acquired on a Leica SP2 confocal laser 

scanning microscope with 1 m intervals of microglia stained with Iba1 (3 mice per group). 

Maximal intensity projections were created using ImageJ and binary pictures were generated. 

Sholl analysis was performed using the Sholl analysis plugin of ImageJ. Intersection per radius 

increasing with steps of 1 pixel were used as a quantifiable units. 

 

T-maze learning 

Young adult (8 weeks) male C57Bl/6JOlaHsd mice were intraperitoneal injected with PBS or 

LPS (1 mg/kg; E. coli 0111:B4, Sigma-Aldrich, Cat#L4391)) and T-maze learning was 

performed 4 weeks later. First, animals were food restricted for 1 week until a weight reduction 

was of 10-15% was reached. The T-maze learning experiments were performed as described 

previously (Hagewoud et al., 2010). In short, a food reward was placed in one of the test arms 

of a cross maze consisting of four 90° angle tubular, transparent Plexiglas arms. A T-maze was 

created by blocking one of the starting arms. In both testing arms, food pellets were placed 

under perforations to prevent mice making the correct choice based on olfactory cues. Visual 

discrimination of baited vs non-baited arms was prevented by placing the food reward behind 

a small ridge. At the starting day, mice were subjected to two habituation trials where in the 

first trial one testing arm was baited and open while the other testing arm was closed and the 

second trial vice versa. Following habituation, which was only performed on the starting day, 

mice were subjected daily to a training session consisting of 6 trials where always the same arm 

was baited, randomly assigned to experimental animals. Training was performed until the mice 

reached a of ≥ 90% correct choices. For statistical analysis, a repeated-measures ANOVA was 

used.  
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Fig. 1) Reduced LPS-induced pro-inflammatory gene expression in preconditioned microglia. (A) 
Primary microglia were stimulated according to the depicted schedule. For RNA collection, samples 
were collected after a 6 hr LPS (100 ng/ml) stimulation, for protein collection, samples were collected 

after a 24 hr LPS (100 ng/ml) stimulation. (B) Pro-inflammatory IL-1, TNF- and IL-6 mRNA 
expression levels were determined in neonatal microglia stimulated with LPS using quantitative RT-
PCR (-/- n=19, -/+ and +/+ n=20, +/- n=9). Expression levels were normalized to HMBS, average 

expression with standard errors is depicted. (C). LPS (100 ng/ml) induced IL-1n=4) and 

TNF(n=5) secretion by neonatal microglia were determined using ELISA. To induce cleavage of 
pro-IL-1β to IL-1β, ATP (1 mM) was added during the last 15 min of the LPS stimulus on day 8. Average 

secretion with standard errors is depicted. (D) Pro-inflammatory IL-1 and TNF- mRNA expression 
levels were determined in adult microglia stimulated with LPS using quantitative RT-PCR (n=3) 
Expression levels were normalized to hypoxanthine-guanine phosphoribosyltransferase, average 
expression with standard errors is depicted  ; * p≤0.05, ** p≤0.01, ***; p≤0.001, **** p≤0.0001. 

 

Results 

LPS-preconditioning of primary microglia results in reduced responsiveness to a subsequent 

LPS stimulation. 

LPS has been reported to induce ET in macrophages (Biswas and Lopez-Collazo, 2009). Here 

we first determined the effect of LPS-preconditioning on the inflammatory response of primary 

neonatal microglia. A LPS dose-response curve, ranging from 5 pg to 100 ng/ml, was generated 

based on IL-1 mRNA expression (Suppl. Fig. 1A). To determine the effect of preconditioning 

with LPS, microglia were first stimulated with LPS for 24 hr (5 pg/ml - 100 ng/ml) and after a 

6 days interval re-exposed to LPS for 6 hr (100 ng/ml; Suppl. Fig. 1B). Preconditioning with 

LPS resulted in a concentration-dependent reduction in IL-1β mRNA expression in response to 

the second LPS stimulus and in all subsequent experiments with primary microglia, 100 ng/ml 

LPS was used as stimulus. To rule out that long-term culture affected the response of primary 

microglia to LPS, cells were stimulated with LPS either 1 or 6 days after seeding and IL-1 

gene induction was determined by quantitative RT-PCR; no difference in the fold induction 

was observed (data not shown). To rule out that the observed reduction in LPS responsiveness 

in preconditioned microglia was due to reduced viability, MTT assays, LDH assays, and cell 

counting was performed. LPS preconditioned microglia displayed an almost 1.5-fold increase 

in MTT converting activity per g of protein. These data indicate that LPS preconditioned 

microglia are still viable after 8 days in culture and that they are metabolically altered as they 

display increased mitochondrial activity (Suppl. Fig. 2A). To determine if LPS preconditioning 

resulted in increased cytotoxicity, lactate dehydrogenase (LDH) activity was determined in the 

medium of control (PBS) and preconditioned (LPS) microglia cultures. As these cells are grown 

in serum-containing, preconditioned medium, the LDH activity in medium alone was also 

determined as a control. No significant difference in the LDH activity was observed between 

medium alone and control and preconditioned microglia medium at 1, 5, and 8 days after 

seeding (Suppl. Fig. 2B). Finally, microscopic images of primary microglia 2, 5, and 8 days 

after seeding and stimulated with PBS or LPS were taken and the number of cells per 
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microscopic field were counted. A 15% reduction in the number of LPS preconditioned 

microglia was observed after 8 days of culture, irrespective of a second LPS stimulation (Suppl. 

Fig. 2C). Summarizing, LPS preconditioning did not induce microglia proliferation, 

cytotoxicity, or extensive cell loss.  

Next, the effect of LPS-preconditioning on pro-inflammatory gene expression in primary 

neonatal microglia was determined. Microglia were treated with LPS (100 ng/ml) according to 
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the scheme depicted in Fig. 1A. A single LPS stimulation of primary microglia resulted in a 

significant induction of IL-1β, TNF-α and IL-6 mRNA expression compared to untreated 

control microglia (Fig. 1B). Compared to control microglia, preconditioned microglia showed 

a significantly reduced pro-inflammatory response to LPS; IL-1β, TNF-α and IL-6 expression 

were all significantly reduced (Fig. 1B). This reduced LPS responsiveness was observed both 

at 3 (data not shown) and 6 day intervals between the two LPS stimuli. Microglia that were 

preconditioned, but did not receive a second LPS stimulus, had transcription levels comparable 

to untreated control microglia. To determine whether LPS-preconditioning also resulted in 

reduced cytokine secretion, IL-1β and TNF-α protein levels were determined in supernatants of 

stimulated microglia. LPS preconditioning of primary microglia caused a significant reduction 

in the secretion of TNF-α compared to control microglia in response to LPS (Fig. 1C). Control 

and preconditioned (data not shown) microglia supernatants contained comparable TNF-α 

levels. When microglia were exposed to three subsequent LPS challenges, secreted TNF 

levels were significantly reduced with each additional LPS challenge (Suppl. Fig. 2A). It has 

previously been shown that LPS alone is not sufficient to induce the secretion of IL-1β by 

murine microglia and macrophages (Brough et al., 2002; Brough and Rothwell, 2007). To 

induce P2X7-dependent inflammasome formation and subsequent caspase-1 activation, ATP 

(1 mM) was added during the last 15 min of the LPS stimulus leading to cleavage of pro-IL-1β 

to IL-1β. The combined LPS/ATP stimulus resulted in significant IL-1β secretion and LPS-

preconditioned microglia secreted significantly less IL-1β (Fig. 1C). 

To determine if adult microglia also display reduced responsiveness to LPS after a 

preconditioning stimulus, primary microglia obtained from 8-12 week old mice were stimulated 

according to the scheme depicted in Fig. 1A. Stimulation with LPS resulted in a significant 

induction of IL-1 and TNF expression where this induction was significantly less in 

preconditioned microglia (Fig. 1D). Control and preconditioned microglia express similar, low 

levels of IL-1 and TNFSummarizing, these results show that preconditioning of both 

neonatal and adult primary microglia with LPS resulted in a prolonged attenuation of pro-

inflammatory gene expression in response to a second LPS stimulus. 

 

Fig. 2) In LPS preconditioned microglia, TLR4 signaling is intact, Pam3CSK4/TLR2 and 

LPS/TLR4 target gene expression is reduced and poly I:C/TLR3 target gene expression is not 

affected. (A). LPS-induced (100 ng/ml) phosphorylation of p65, p38 and p42/44 were determined 

using phospho-ELISAs (15 min group, n=6; 6 hr group, n=3). The average relative absorbance 

with standard errors are depicted; * p≤0.05, ** p≤0.01. (B). LPS (100 ng/ml) stimulated microglia 

protein lysates were western analyzed using the indicated antibodies (n=3); Actin was used as a 

loading control. (C) Pro-inflammatory IL-1mRNA expression levels were determined in 

microglia stimulated with LPS (100 ng/ml)/Pam3CSK4 (100 ng/ml) using quantitative RT-PCR 

(n=5). Expression levels were normalized to HMBS, average expression with standard errors are 

depicted; ** p≤0.01. (D) Proinflammatory IL-1and IFN-mRNA expression levels were 

determined in microglia stimulated with LPS (100 ng/ml)/Poly I:C (50 g/ml) using quantitative 

RT-PCR (n=3). Expression levels were normalized to HMBS, average expression with standard 

errors are depicted; * p≤0.05, ** p≤0.01, *** p≤0.001. 
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LPS-induced microglial TLR4/NF-B signaling is not attenuated after preconditioning 

To determine if the observed attenuated LPS response was caused by alterations in the 

LPS/TLR4 signaling cascade, LPS-induced activation of downstream signaling molecules was 

determined. Microglia were treated with LPS according to the scheme depicted in Fig. 1A. Cell 

lysates were generated 15 min and 6 hr after the second LPS stimulus. Phosphorylation levels 

of the p65 subunit of NF-B and mitogen-associated protein kinases p38 and p42/44 (Erk1/2) 
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were determined using phosphoprotein-specific ELISAs. Control and preconditioned microglia 

both showed comparable and low levels of basal p65, p38 and p42/44 phosphorylation (Fig. 

2A). In response to LPS, a significant increase in p65, p38 and p42/44 phosphorylation levels 

was observed in control and preconditioned microglia, both 15 min and 6 hr after the second 

LPS stimulation (Fig. 2A). Overall, LPS-induced p65, p38 and p42/44 phosphorylation levels 

were lower at 6 hr after LPS stimulation than after 15 min, reflecting the timed activation and 

inactivation of the TLR4 signaling cascade. In addition, LPS-induced phosphorylation of Akt 

and p65 was determined using immunoblotting. A low basal level of Akt and p65 

phosphorylation was observed in control microglia. LPS stimulation resulted in comparable 

levels of Akt and p65 phosphorylation in both control and preconditioned microglia (Fig. 2B). 

Summarizing, these data indicate that the reduced pro-inflammatory gene expression observed 

in preconditioned microglia in response to a second LPS challenge was not caused by altered 

TRL4 signaling per se. 

 

LPS pre-conditioning results in reduced sensitivity to other TLR ligands 

To determine if the observed blunted pro-inflammatory response of microglia after a prior 

exposure to LPS is specific for TLR4-mediated signaling, LPS pre-conditioned microglia were 

stimulated with other TLR receptor ligands. Microglia were treated with LPS (24 hr; 100 ng/ml) 

and after a 6 day interval challenged with the TLR2 ligand Pam3CSK4 (100 ng/ml) or the TLR3 

ligand poly-inosinic:polycytidylic acid (poly-I:C; 50 μg/ml). Inflammatory cytokine expression 

levels were determined using quantitative RT-PCR. Stimulation with Pam3CSK4 alone resulted 

in a significant, approximately 3000-fold, induction of the IL-1 gene. In contrast, in LPS-

preconditioned microglia, Pam3CSK4 induced expression of the IL-1 gene was significantly 

reduced to ~500 fold (Fig. 2C). In the reverse experiment, a similar effect was obtained. Pre-

treatment with Pam3CSK4 resulted in a significantly attenuated response to LPS (~3000- versus 

~250-fold induction of IL-1; Fig. 2C). Similar results were observed for pro-inflammatory 

genes TNF- and IL-6 (data not shown). 

As TLR4 (LPS) and TLR2 (Pam3CSK4) both signal through the MyD88/IRAK/NF-B 

pathway, it was investigated whether LPS pre-conditioning also resulted in altered 

responsiveness to poly-I:C, a TLR3 ligand. The TLR3 receptor signals through a separate 

signaling cascade involving IRF3 (Kawai and Akira, 2006), which is independent of the 

TLR2/4 (non-)canonical NF-B pathway. Microglia were first stimulated with LPS (24 hr; 

100ng/ml) and after 6 days challenged with poly-I:C (50 μg/ml). Stimulation of microglia with 

poly-I:C resulted in significant induction of IL-1 and IFN- expression (Fig. 2D). 

Remarkably, LPS pre-conditioning potentiated the induction of both IL-1 and IFN-

transcription by poly-I:C (Fig. 2D). Summarizing, these data show that LPS/TLR4 and 

Pam3CSK4/TLR2 pre-conditioned microglia display a reduced pro-inflammatory response to 

TLR2/4 ligands that signal through the same NF-B signaling cascade, whereas the response 
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induced by poly-I:C/TLR3 was not affected. Together with the findings obtained using 

phosphoprotein ELISAs and immunoblotting (Fig. 2A and B), these data indicate that the 

 

Fig. 3) RelB is expressed and enriched on the IL-1 promoter in preconditioned microglia and 

required for reduced LPS responsiveness of microglia. (A) RelB expression was determined using 

western blotting of LPS-stimulated (100 ng/ml) microglia cell lysates with Actin as a loading 

control (n=3). Densitometric analysis of the shown blots is depicted. (B) Microglia chromatin was 

immunoprecipitated with an antibody against RelB followed by quantitative PCR for the IL-1 

promoter (n=3). RelB enrichment levels are depicted as % of input DNA; ** p≤0.01. (C) 

Quantification of western blots (n=4) for RelB expression in lysates of wildtype BV2 cells or BV-

2 cells expressing scrambled shRNA or shRelB, with Actin as loading control, one of the westerns 

used for the quantification is depicted; ** p≤0.01. (D) Pro-inflammatory IL-1 mRNA expression 

levels were determined in wildtype BV2, scrambled-shRNA BV-2 and shRelB BV-2 microglia 

stimulated according to the scheme depicted in Fig. 1A with a 4 day interval using quantitative 

RT-PCR (n=3). Expression levels were normalized to HMBS, average expression with standard 

errors is depicted, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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reduction in pro-inflammatory gene expression after prior TLR2 and TLR4 activation most 

likely localizes downstream of NF-B. 

 

Enrichment of RelB and repressive histone modifications at the IL-1 promoter chromatin 

in LPS-preconditioned microglia 

In macrophages, RelB has been reported to silence inflammatory gene expression by recruiting 

the H3K9 methyltransferase G9a (KMT1c) and the DNA methyl-transferase DNMT3a/b, 

resulting in stable TNF-andIL-1 gene silencing (El Gazzar et al., 2009, 2008). In primary 

microglia, a single exposure to LPS already resulted in increased expression of RelB which was 

still detected after 8 days, irrespective of a second LPS stimulus (Fig. 3A). To determine if RelB 

binding was enhanced at the IL-1 promoter, chromatin immunoprecipitation (ChIP) assays 

were performed. In pre-conditioned microglia, RelB was enriched at the promoter region of IL-

1β, regardless of a second LPS stimulation. In control and acutely stimulated microglia, no 

RelB enrichment at the IL-1 promoter was observed (Fig. 3B). 

To determine if RelB was required for LPS preconditioning of microglia, RelB expression was 

downregulated using shRNAs. Western blot analysis indicated a ~50% reduction in RelB levels 

in preconditioned BV2 cells stably expressing RelB shRNAs (Fig. 3C). LPS stimulation of BV-

2 cells resulted in increased IL-1 expression but LPS-preconditioning completely abrogated 

responsiveness to a subsequent LPS challenge. Similar results were obtained in BV-2 cells 

stably expressing scrambled shRNAs, although preconditioning did not completely block the 

induction of IL-1 after a second LPS challenge. Partial knock-down of RelB by shRNAs 

largely restored LPS-induced expression of IL-1 in preconditioned BV2 cells (Fig. 3D) 

indicating that RelB is required for LPS/TRL4-mediated ET in microglia.  

Since RelB has been associated with epigenetic gene repression in macrophages, it was 

determined whether RelB enrichment was accompanied by altered histone modification levels. 

As expected, stimulation with LPS resulted in a significant enrichment of both H3K4me3 and 

AcH3 at the promoter region of IL-1β (Fig. 4A), both modifications generally being associated 

with permissive and transcriptionally active chromatin (Barski et al., 2007; Kouzarides, 2007). 

Interestingly, this enrichment was not or much less observed in response to LPS in pre-

conditioned microglia (Fig. 4A). H3K4me3 and AcH3 enrichment levels in control and 

preconditioned microglia were comparable. Next, the enrichment of histone marks associated 

with transcriptionally repressed chromatin, H3K9me2, H3K9me3 and H3K27me3 was 

determined. Enrichment levels of H3K27me3 at the promoter of the IL-1 gene were reduced 

in control microglia in response to LPS, whereas enrichment levels between control, 

preconditioned and LPS-stimulated preconditioned microglia were not significantly different. 

H3K9me3 levels at the IL-1 promoter were comparable in control, LPS-stimulated microglia 

and LPS-stimulated preconditioned microglia. H3K9me3 levels were significantly reduced in 

preconditioned microglia, and hence unlikely to be responsible for the reduced LPS-induced 
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IL-1 expression in these cells (Fig. 4B). These data show that enrichment levels of 

“repressive” H3K27me3 and H3K9me3 modifications do not underlie the observed reduction 

in IL-1 mRNA expression in preconditioned microglia. Interestingly, H3K9me2 levels were 

significantly enriched in LPS-preconditioned microglia. In these pre-conditioned microglia, 

H3K9me2 levels were still enriched after a second LPS stimulus, albeit at slightly lower levels 

compared to pre-conditioned microglia. LPS stimulation of control microglia did not result in 

Fig. 4) Epigenetic silencing of the IL-1 promoter in LPS-preconditioned primary microglia. 

Primary microglia chromatin was isolated after LPS (100 ng/ml) stimulations as indicated. 

Chromatin was immunoprecipitated with antibodies against (A) active (AcH3, n=5; H3K4me3, 

n=6) and (B) repressive (H3K27me3, technical replicate out of n=6; H3K9me3, technical replicate 

out of n=4; H3K9me2, technical replicate out of n=3) histone modifications and followed by 

quantitative PCR for the IL-1 promoter. Enrichment levels are depicted as % of input DNA; * 

p≤0.05, ** p≤0.01. 
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H3K9me2 enrichment (Fig. 4B). Summarizing, these data show that LPS pre-conditioning 

resulted in epigenetic suppression of IL-1 gene expression, altering the LPS responsiveness 

of primary microglia. 

 

Increased phagocytosis in LPS-preconditioned microglia 

Microglia are regarded as the phagocytes of the brain and involved in removal of dead and 

damaged neurons as well as invading microorganisms (Kettenmann et al., 2011). We next 

determined if LPS-preconditioning, besides altering inflammatory cytokine gene expression 

levels upon a LPS rechallenge, also affected the phagocytic activity of microglia. Efficient 

microglia phagocytosis is required for pathogen removal and clearance of cell debris or 

apoptotic cells and eventually the initiation of the adaptive immune response by antigen 

presentation. Phagocytosis is reported to have a role in brain remodeling during the normal 

lifespan (Sierra et al., 2013, 2010). To assess phagocytic capacity of preconditioned microglia, 

in vitro stimulated microglia were tested in a phagocytosis assay using pHrodo E. coli 

conjugates, according to the scheme depicted in Fig. 1A. LPS treatment resulted in a significant 

increase in phagocytic activity in control microglia. Interestingly, phagocytic activity was 

enhanced in LPS-preconditioned microglia, independent of a second LPS stimulus (Fig. 5A), 

indicating that although suppressed in their pro-inflammatory gene expression, preconditioned 

microglia exhibit increased phagocytic activity. 

 

Increased iNOS release and outward currents in LPS-preconditioned microglia 

The membrane conductance of cultured primary microglia is dominated by inward rectifying 

K+ currents (Kettenmann et al., 2011; Pannasch et al., 2006). LPS treatment has been reported 

to trigger a change in membrane currents in microglia and to induce the expression of an 

outward current (Kettenmann et al., 2011). To determine if LPS preconditioning altered the 

electrophysiological properties of cultured microglia, membrane currents of control and LPS-

stimulated microglia were determined using patch-clamp recording. The membrane was 

clamped at -70 mV and currents were recorded during de- and hyperpolarizing voltage steps 

ranging from 50 to -170 mV. As described previously, untreated cultured microglia elicit large 

inward rectifying currents and small outward currents. To determine the effect of LPS 

preconditioning, membrane currents of untreated cells and microglia treated either once or 

twice with LPS (with a 6 days interval) were recorded. Upon LPS treatment for 24 hr, compared 

to control cells, significantly decreased inward currents and increased outward currents were 

measured (Fig. 5B), an observation in agreement with earlier findings (Boucsein et al., 2000; 

Prinz et al., 1999). Challenging preconditioned microglia with LPS resulted in significantly 

increased outward currents compared to untreated microglia and cells treated with a single LPS 

exposure. Inward currents were not different between microglia exposed to LPS once or twice 

(Fig. 5B). It has been previously reported that the activation of potassium channels Kv1.3 and 

Kv1.5 is involved in increased outward K+ conductance. In agreement with the observed 
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outward currents, LPS stimulation of control and preconditioned cells resulted in increased 

expression of Kv1.5, compared to unstimulated microglia (Fig. 5C). 

Activated microglia have been reported to produce increased amounts of nitric oxide (NO), 

mainly resulting from increased inducible nitric oxide synthase (iNOS). NO release by 

microglia is dependent on potassium channel Kv1.5 as Kv1.5-/- microglia display significantly 

Fig. 5) LPS-preconditioned microglia display enhanced phagocytic activity, increased outward 

rectifying currents, iNOS expression and NO release. (A) Primary LPS (100 ng/ml) treated 

microglia were incubated with pHrodo-coupled E. coli particles (4 hr; n=4) and mean fluorescence 

with standard errors is depicted; ** p≤0.01 (B) Cultured microglial cells were treated with LPS 

(100 ng/ml) as indicated in the scheme. Membrane currents were recorded with the whole cell 

patch-clamp technique while the cells were clamped at -70 mV and current traces were recorded 

upon application of a series of depolarizing and hyperpolarizing steps (50 to -170 mV) with 10 mV 

increments. Average outward (at 0 mV) and inward (at -120 mV) current amplitudes are displayed 

(-/- n=11 cells, -/+ n=14 cells, +/+ n=22 cells). (C) Kv1.5 mRNA expression levels were determined 

in LPS (100 ng/ml) treated microglia using quantitative RT-PCR (n=3). Expression levels were 

normalized to HMBS, average expression with standard errors is depicted; * p≤0.05 (D) iNOS 

mRNA expression (left graph, -/-, -/+ and +/+ n=7. +/- n=3) levels were determined in LPS (100 

ng/ml) treated microglia using quantitative RT-PCR. Expression levels were normalized to 

HMBS, average expression with standard errors is depicted; ** p≤0.01, *** p≤0.001. Nitrite 

concentration (right graph) in cell culture medium of LPS treated microglia was determined using 

the Griess reagent system (n=10). The concentrations of nitrite (M) with the standard errors are 

depicted; *** p≤0.001. 
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decreased iNOS transcription and NO production (Pannasch et al., 2006). To determine if the 

observed increase in outward currents was accompanied by increased iNOS expression and NO 

secretion, quantitative RT-PCR and nitrite measurements were performed. iNOS expression 

was increased by LPS stimulation of control microglia and this increase was even more 

pronounced in LPS stimulated preconditioned microglia. The increased iNOS expression was 

paralleled by NO production which was increased after LPS stimulation in control microglia 

and much more elevated by LPS in preconditioned microglia (Fig. 5D). Summarizing, these 

data show that although LPS preconditioning of primary microglia resulted in epigenetic 

suppression of pro-inflammatory cytokine genes, preconditioned microglia produce increased 

amounts of NO after a rechallenge with LPS. 

 

 

LPS-preconditioning (i.c.v.) results in reduced microglia responsiveness in vivo 

Primary neonatal microglia cultures are very amenable to in vitro manipulations, but next we 

determined if LPS preconditioning also altered microglia responsiveness in vivo. First, LPS was 

directly introduced into the mouse brain by i.c.v. injections. The right lateral ventricle was 

cannulated and after a two weeks recovery period, the mice received two i.c.v. injections with 

either PBS or 5 g LPS, with a one week interval between both injections. I.c.v. injection of 

LPS induced a peripheral inflammation response as indicated by significantly elevated serum 

levels of TNF-. This peripheral response was strongly reduced in preconditioned mice (Suppl. 

Fig. 2B). Three hr after the second i.c.v. LPS injection, microglia were isolated using FACS 

and inflammatory cytokine gene expression levels were determined using quantitative RT-PCR. 

A significant increase in IL-1, TNF- and IL-6 gene expression was observed in response to 

LPS (Fig. 6A). In preconditioned mice, the response to a subsequent i.c.v. LPS injection was 

significantly reduced (100-fold versus 400-fold induction for IL-1; 50-fold versus 300-fold 

induction for TNF-125-fold versus 480-fold for IL-6mRNA levels). These data indicate that, 

in analogy to data obtained in primary microglia, i.c.v. preconditioning with LPS resulted in 

reduced pro-inflammatory gene expression in response to a subsequent LPS challenge. 

 

Intraperitoneal LPS injections induce microglia tolerance in vivo. 

There is ample evidence that peripheral inflammation induced by LPS results in inflammatory 

responses in the CNS (Cunningham, 2013). To determine if microglia also display reduced 

responsiveness to LPS after peripheral preconditioning, mice received two i.p. injections with 

LPS (0.25 mg/kg) or PBS, with 1, 4 or 32 week intervals. A single LPS injection in control 

mice resulted in a significant increase in serum TNF- levels confirming peripheral 

inflammation. LPS injection of preconditioned mice showed an attenuated peripheral 

inflammatory response that was progressively restored with longer intervals between the LPS 

injections (Suppl. Fig. 2C). To determine if microglia displayed reduced LPS responsiveness 
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after preconditioning by i.p. LPS injection, microglia were isolated 3 hr after the LPS second 

injection using FACS, RNA was extracted and expression of inflammatory cytokines 

wasdetermined using quantitative RT-PCR. As expected, injection with LPS resulted in a 

significant increase in IL-1β and TNF-α mRNA levels (Fig. 6B). Preconditioning by i.p. LPS 

injection resulted in significantly reduced expression levels of IL-1and TNF- after a 1, 4 

Fig. 6) Reduced microglia sensitivity after in vivo LPS preconditioning. (A) IL-1, TNF- and IL-

6 mRNA expression levels were determined in microglia FACS isolated from mice i.c.v. injected 

with PBS or LPS (5g) with a 1 week interval using quantitative RT-PCR (-/- and -/+ n=3, +/+ 

n=6). Expression levels were normalized to HMBS, average expression with standard deviations 

is depicted; * p≤0.05, ** p≤0.01. (B) IL-1 and TNF- mRNA expression levels were determined 

in microglia FACS isolated from mice i.p. injected with PBS or LPS (0.25 mg/kg) with 1 (-/- and -

/+ n=4, +/+ n=6), 4 (-/- and -/+ n=3, +/+ n=4) and 32 week (n=3) intervals as indicated using 

quantitative RT-PCR. Expression levels were normalized to HMBS, average expression with 

standard deviations is depicted; * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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and even 32 weeks interval with the second LPS challenge (Fig. 6B). Further supporting these 

observations, a mouse cytokine and chemokine array showed that the production of multiple 

pro-inflammatory cytokines and chemokines, including IL-1TNF- and IL-6, was reduced 

in mice that were preconditioned before receiving a second LPS injection after 4 weeks (Table 

2). 

 

Control and preconditioned microglia are morphologically very similar 

In terms of pro-inflammatory gene expression, preconditioned microglia respond very different 

from control microglia to LPS in vivo. To determine if preconditioned microglia adopted a 

different morphology, microglia were morphometrically analyzed. In the healthy resting brain, 

microglia have a small cell soma and highly ramified processes (Nimmerjahn et al., 2005). 

Upon activation, microglia retract their processes and become more hypertrophic with a larger 

cell soma and thicker processes (Kettenmann et al., 2011). To determine if microglia 

morphology was altered in preconditioned mice, differences in morphology were quantified 

using Sholl analysis (Morrison and Filosa, 2013). Four weeks after the first i.p. LPS injection, 

mice were rechallenged and after 24 hr brain sections were stained with Iba1 and cortical 

microglia were analyzed. Microglia in mice i.p. injected with LPS 24 hr prior to sacrifice, 

displayed an activated morphology with larger cell soma, reduced process lengths as well as a 

decrease in the sum of intersections reflecting reduced ramification in comparison to control 

microglia (Fig. 7A and B). Microglia in control and preconditioned mice displayed a similar 

morphology in terms of process length and sum of intersections. The morphology of microglia 

in preconditioned and control mice after i.p. LPS injection is very different; microglia in 

preconditioned mice have longer processes (more intersections at greater distances from the 

soma) and are much more ramified (higher sum of intersections; Fig. 7B). These data show that 

although preconditioned microglia are very different in their response to LPS, morphologically 

they are quite similar to control microglia. 
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Fig. 7) Preconditioned and control microglia have very similar morphologies and impaired T-

maze performance in preconditioned mice. (A) Iba1 positive microglia Z-stack images (50m) 

were acquired with 1 m intervals. (B) The degree of microglia ramification was quantified using 

Sholl analysis (-/- n=16 cells, -/+ n=18 cells, +/+ n=11 cells, +/- n=11 cells). The number of 

intersections with increasing distance from the cell soma and the total sum of intersections are 

depicted with the standard error; *** p≤0.001. (C) Learning of control PBS injected mice (N=18) 

and LPS injected mice (N=20) was assessed using a T-maze learning paradigm. Mice were 

subjected to 6 learning trials per day. Results are depicted as percentage of correct choices with 

SEM; * p≤0.05. 
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Fig. 8) Epigenetic silencing of the IL-1 promoter in LPS-preconditioned mice and a model for 

epigenetic suppression of inflammatory genes in preconditioned microglia. Microglia were FACS 

isolated after i.p. PBS or LPS (1mg/kg) injections as indicated with a 4 week interval. Chromatin 

was isolated and immunoprecipitated with antibodies against (A) active (n=3) and (B) repressive 

(n=3) histone modifications and followed by quantitative PCR for the IL-1 promoter. 

Enrichment levels are depicted as % of input DNA; * p≤0.05, ** p≤0.01, *** p≤0.001. (C) Proposed 

model: LPS-TLR4 signaling results in nuclear translocation of NF-B (p50/p65), enrichment for 

“active” chromatin modifications and transcription of NF-B target genes. RelB expression is also 

induced by p50/p65 and RelB binds to NF-B target genes, where it recruits G9a (or related 

enzymes) that mediates H3K9 dimethylation, leading to “repressed” chromatin. In these 

preconditioned microglia, a subsequent LPS challenge results in a blunted transcriptional 

response. G9a recruitment is hypothesized, reflected by the dashed line. 
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Impaired T-maze learning by LPS preconditioned mice 

To address the effect of a single LPS challenge on learning, adult C57bl/6JOlaHsd mice were 

i.p. injected with PBS or LPS (1 mg/kg). Four weeks after PBS/LPS injection, the performance 

in T-maze learning of control PBS injected mice (n=18) and LPS injected mice (n=20) was 

determined. Both the PBS and LPS group started the first training days at chance levels, 48.2 ± 

6.5% and 49.2 ± 3.9%, respectively. At the fifth training day, the PBS mice reached a level of 

correct choices of 97.2 ± 1.4%, which was significantly different from the LPS mice that scored 

84.2 ± 5.7% (p<0.05) at day 5. The LPS group needed an additional day to reach a level of 

correct choices of 87 ± 10.5% (Fig. 7C). 

 

Stable epigenetic alterations in microglia of i.p. LPS-preconditioned mice 

To determine if the observed in vivo attenuation of pro-inflammatory LPS responsiveness was 

also accompanied by epigenetic alterations in the promoters of inflammatory genes similar to 

what was observed in primary microglia cultures, ChIP experiments were performed using 

microglia from mice i.p. injected with LPS (1mg/kg) or PBS. Microglia were FACS-isolated 

and the enrichment of histone modifications H3K4me3, AcH3, H3K27me3 and H3K9me2 at 

the IL-1 promoter was determined. In line with increased mRNA expression levels, a 

significant enrichment of the “active” marks H3K4me3 and AcH3 was observed at the IL-1 

promoter after an i.p. injection of control mice with LPS (Fig. 8A). In preconditioned mice that 

received an i.p. LPS injection 4 weeks earlier, this enrichment was not observed in response to 

a second LPS injection and was similar to PBS injected control and preconditioned mice (Fig. 

8A). This lack of enrichment of “on”-marks in preconditioned mice supports our observation 

that in these mice IL-1 gene expression is significantly attenuated in response to a second LPS 

challenge. To determine if preconditioning resulted in enrichment of ”repressive” chromatin 

marks, the enrichment of H3K27me3 and H3K9me2 at the IL-1 promoter region was assessed. 

Microglia isolated from control and LPS-preconditioned mice showed no significant changes 

in H3K27me3 enrichment levels after PBS or LPS injections (Fig. 8B), an observation in 

agreement with data obtained in primary microglia. H3K9me2 levels were very low in control 

and in mice injected with LPS 3 hr earlier. Interestingly, enrichment of H3K9me2 was 

significantly increased at the IL-1 promoter region in microglia isolated from preconditioned 

mice, and enrichment levels were comparable in preconditioned mice that received PBS or LPS 

as a second injection (Fig. 8B). Summarizing, a single i.p. injection with LPS resulted in an 

epigenetically repressed IL-1 promoter and attenuated mRNA expression levels and cytokine 

secretion. These data show that a single LPS challenge in mice induced a repressive epigenetic 

imprint of the key pro-inflammatory cytokine gene IL-1, in vivo.  
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Discussion 

LPS-preconditioning has been reported to have both beneficial as detrimental effects in the 

CNS. In vivo, LPS-preconditioning of microglia has been associated with neuroprotection in 

animal models of ischemia by prevention of an exacerbated inflammatory response during 

retinal (Halder et al., 2013) or cerebellar ischemia (Rosenzweig et al., 2004). Several other 

reports showed a long-term negative impact on learning and memory, and neuroanatomy of 

prenatal LPS exposure or preconditioning by i.p. LPS injection in adult mice (Graciarena et al., 

2010; Lin et al., 2012; Semmler et al., 2007). These observations indicate that the biological 

effects of LPS-preconditioning depend on the time of preconditioning and type of tissue 

challenged. Long term CNS tolerance to LPS or other inflammatory stimuli might serve as a 

means to prevent excess damage to the tissue caused by subsequent inflammatory insults. 

Preconditioned microglia still display an inflammatory response to a second LPS challenge, but 

much less pronounced, pointing to a means to limit excess damage that would be caused by 

repeated strong immune activation of microglia. The potentially detrimental effect of peripheral 

inflammation is illustrated by our observation that a single i.p. LPS injection affected the 

learning capacity of mice in a T-maze. 

Acute or chronic LPS prestimulation of primary microglia cultures and organotypic 

hippocampal slices induced a downregulation of pro-inflammatory genes like TNF- and IL6 

when being re-stimulated with LPS after 7 days (Ajmone-Cat et al., 2013, 2003). The molecular 

basis for this altered LPS sensitivity is however largely unknown. In macrophages, Deng et al 

(2013) showed that prestimulation with super low doses of LPS (5-50 pg/ml) or high doses of 

LPS (-100 ng/ml) have opposing effects in that low doses primes macrophages and high doses 

tolerizes them. They postulate that low dose of LPS increases the activation of IRAK-1, tollip 

and thereby induce the degradation of RelB. And it is thought that removal of RelB primes 

these cells. In contrast they show that high dose of LPS induces RelB production by activation 

of negative regulators such as PI3K and IRAK-M, which negatively regulate IRAK-1 (Deng et 

al., 2013). Although we did not check these upstream regulators by western blot analysis, the 

effect of low versus high LPS preconditioning on a second high LPS stimulus was assessed by 

quantitative RT-PCR. In primary microglia, we observed a concentration dependent tolerance 

induction. However, priming by low dose LPS (5-50 pg/ml) was not observed (Suppl. fig. 1). 

Using ligands for different TLR signaling pathways, we determined that LPS and Pam3CSK4 

preconditioning affected a common target downstream of TLR2 and TLR4. Western analysis 

and phosphoprotein-specific ELISAs showed that LPS-induced phosphorylation of the p65 

subunit of NF-B was similar in control and preconditioned microglia (Fig. 3). Together these 

data suggest that the long-term reduction in endotoxin responsiveness induced by LPS or 

Pam3CSK4 occurs downstream of NF-B in the TLR2/4 signaling pathways. Although these 

data strongly suggest that LPS-TLR4/Pam3CSK4-TLR2 signaling are mediating the observed 

preconditioning effects, non-TLR signaling could be implicated as well. Recently, an 

intracellular caspase 11 activation by LPS has been reported (Hagar et al., 2013). However, 
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TLR4-/- microglia are essentially not activated by LPS, indicating that TLR4 is the main LPS 

sensor of microglia. Taking together, for our paradigm, TLR4 would be the most relevant 

microglial ‘sensor’ of LPS. On the other hand, and most importantly, even if the phenomenon 

of LPS pre-conditioning would involve mechanisms additional to TLRs, the observed effect of 

LPS preconditioning would still be a finding of scientific and clinical relevance. 

TLR2 is activated by peptidoglycans of gram-positive bacteria and Zymosan of yeast and TLR4 

is activated by lipopolysaccharides of gram-negative bacterial cell walls, both yeast and 

bacteria-derived pathogen-associated molecular patterns (PAMPs). Interestingly, LPS 

preconditioning potentiated poly-I:C-TLR3 signaling, and poly-I:C mimics a viral PAMP, 

suggesting that LPS and Pam3CSK4 preconditioning might lead to an enhanced inflammatory 

response in case of a viral infection. 

The observation that a reduced LPS response was still observed 32 weeks after the first LPS 

challenge in mice led us to determine if this was possibly caused by a repressive epigenetic 

imprint. The epigenome is of major importance in (stable) regulation of gene expression like 

memory imprinting of the adaptive immune system. The major epigenetic events influencing 

gene expression are covalent histone tail modifications and DNA methylation (Kondilis-

Mangum and Wade, 2012). We assessed several histone tail modifications associated with 

transcriptionally active (H3K4me3 and AcH3) or repressed (H3K27me3, H3K9me2 and 

H3K9me3) chromatin to determine a possible epigenetic basis for the long-term effects of LPS 

stimulation on microglia responsiveness both in vitro and in vivo. Here, we show that 

enrichment of H3K4me3 and AcH3 at the promoter region of IL-1 in response to LPS was 

significantly lower in LPS preconditioned cells and mice when compared to control microglia. 

This observation is in agreement with the reduced IL-1 transcript levels in response to LPS in 

preconditioned microglia and mice. We did not observe an enrichment of H3K27me3 in 

chromatin of the IL-1promoter in LPS-preconditioned primary microglia or mice, which 

makes it unlikely that epigenetic silencing is mediated by the Polycomb repressive complex 2. 

Interestingly, a significant enrichment of “repressive” histone modification H3K9me2 was 

observed both in preconditioned primary microglia and in microglia acutely isolated from 

preconditioned mice. Mono- and di-methylation of H3K9 are mainly mediated by G9A 

(KMT1c), G9A-like protein 1 and SET domain bifurcated 1 and both these modifications have 

been associated with reversible gene silencing. H3K9me3 is regarded as a more constitutive 

mark of gene repression (Hirabayashi and Gotoh, 2010). In primary microglia, LPS-

preconditioning resulted in enriched H3K9me2 levels but not in H3K9me3 levels, suggesting 

that the observed reduction in LPS responsiveness might be reversible. 

Our data indicate that RelB is a key mediator of the reduced responsiveness to LPS in 

preconditioned microglia. In primary microglia, LPS induced a sustained expression of RelB, 

which was enriched at the promoter of IL-1 that also was enriched for H3K9me2, pointing to 

a similar mechanism of LPS-induced “tolerance” in microglia. Furthermore, expression of RelB 



 

69 

 

2 

shRNAs in the microglia BV2 cell line restored LPS sensitivity showing that RelB is required 

for tolerance induction. How RelB leads to gene repression in microglia is unclear, but in 

macrophages, a direct interaction between RelB and G9A, the enzyme that mono- and 

dimethylates H3K9 has been reported (Chen et al., 2009; El Gazzar et al., 2009). 

To determine if LPS preconditioning, in addition to altered inflammatory cytokine gene 

expression, affected other known microglia properties, phagocytic activity and 

electrophysiological characteristics of preconditioned primary microglia were determined. The 

expression of K+ channels which mediate the in- and outward currents that can be recorded with 

whole cell patch clamping has been shown to change under pathophysiological conditions such 

as injury and epilepsy models (Kettenmann et al., 2011). One day after a pathologic event or 

after stimulation by LPS, microglial cells express the potassium channels Kv1.3 and Kv1.5. 

The expression of these channels is required for microglia iNOS transcription and NO 

production (Pannasch et al., 2006). In agreement with these results, in vitro electrophysiological 

analysis of primary microglia showed that preconditioned microglia display enhanced outward 

currents and increased iNOS expression and NO secretion. Showing that although suppressed 

in pro-inflammatory cytokines, these LPS preconditioned cells are not completely blunted in 

inflammatory responses. Furthermore, phagocytosis of pHrodo E. coli conjugates was 

significantly increased in preconditioned primary microglia. Summarizing, preconditioned 

primary microglia are suppressed in their pro-inflammatory gene expression but they exhibit 

increased phagocytic activity and iNOS and NO secretion, properties associated with 

inflammation-resolving microglia (Brown and Neher, 2010). 

Changes in microglia morphology are associated with altered activity. As expected, a decrease 

in microglia ramification was observed in LPS-injected control mice. Microglia morphology in 

control mice and preconditioned mice was similar, although preconditioned microglia display 

a nearly significant increased degree of ramification. Most interestingly, LPS had no effect on 

microglia morphology in preconditioned mice; the degree of ramification and sum of 

intersections was not altered in preconditioned mice after a second LPS challenge. These data 

indicate that although preconditioned and control microglia are morphologically similar, in 

terms of endotoxin sensitivity they are very different. 

I.p. injection of LPS can cause neuroinflammation through the neural route, circumventricular 

organs, cytokine transport across the blood brain barrier and secretion of substances by 

epithelial cells of the blood brain barrier (Quan and Banks, 2007). To directly administer LPS 

to the CNS, mice were i.c.v. cannulated. I.c.v. injection of LPS resulted in increased 

inflammatory cytokine expression that was significantly reduced in mice receiving two LPS 

injections with a 1-week interval. These data indicate that preconditioning of microglia in vivo 

results in reduced responsiveness to a second stimulus, irrespective of an i.p. or i.c.v. 

administration of the endotoxin. This is of particular interest in relation to observation made in 

humans where sepsis or generalized peripheral infections have been shown to be associated 

with cognitive decline (Semmler et al., 2013). If and how microglia are involved in the human 
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situation is at present unclear, but our data demonstrate that peripheral inflammation has a long 

lasting blunting effect on microglia responsiveness in mice. 

Summarizing, our data show that stimulation of microglia with LPS resulted in an enrichment 

of “active” chromatin marks and increased expression these genes. After the initial pro-

inflammatory response, (some of) these genes are occupied by RelB, become enriched for 

“repressive” chromatin modification H3K9me2 and are attenuated in their response to a 

subsequent challenge with LPS (Fig. 8C). Where the peripheral immune response to LPS was 

progressively restored after an LPS injection, this reduced LPS responsiveness was still 

observed in mice 32 weeks after the first LPS challenge. This indicates that peripheral ET is 

transient in nature but that a single LPS stimulation induced a stable repressive epigenetic 

imprint in microglia in vivo. In the peripheral immune system, ET is viewed as a mechanism to 

limit the inflammatory response to subsequent stimuli to prevent excessive tissue damage 

(Foster et al., 2007). On the other hand, long-term endotoxin tolerance in the periphery might 

be a potentially detrimental condition as it could hamper the ability to elicit a required immune 

response. However, many peripheral innate immune cells, like monocytes, are relatively short 

lived and replenished from the bone marrow, possibly explaining the progressively restored 

inflammatory response observed in mice i.p. injected with LPS (Suppl. fig. 3D). In contrast, 

microglia are cell population from a different embryonic origin (Ginhoux et al., 2010; Gomez 

Perdiguero et al., 2015), with a low turn-over and no or very limited contribution from 

peripheral myeloid cells to the CNS microglia population during adult life  (Ajami et al., 2007). 

The observation that microglia display a sustained, altered LPS responsiveness might be a 

consequence of their low replacement rate, allowing for a long-term epigenetic imprint altering 

LPS responsiveness. Alternatively, repeated and extensive inflammatory activation of 

microglia is very detrimental for the CNS and should be avoided to prevent excess damage. So 

long-term tolerance might be a mechanism to prevent excess damage to the CNS in case of 

recurrent inflammatory stimulation. Importantly, our data show that LPS preconditioning 

results in a reduced, not a blocked, LPS response. We observed a long-term change in LPS 

preconditioned microglia from a pro-inflammatory to a more inflammation-resolving 

(increased outward currents, increased NO secretion and phagocytic activity) phenotype, 

possibly to limit potential excess CNS tissue damage as a consequence of repeated peripheral 

inflammation. 

We show for the first time that a single inflammatory episode in mice leads to stable and long 

lasting changes in the microglia epigenome, affecting endotoxin sensitivity and altering the 

response to a subsequent challenge. These observations might have significant implications for 

a better understanding of the long term cognitive effects observed in sepsis patients (Semmler 

et al., 2013) or the consequences of perinatal infections during pregnancy that are linked to 

reduced cognitive performance in the offspring (Williamson et al., 2011). Here, we show that 

a single i.p. LPS injection (1 mg/kg) of adult mice impaired T-maze learning 4 weeks post 



 

71 

 

2 

injection. This observation illustrates the effect of a single inflammatory event on learning and 

the necessity for a better understanding of the mechanisms that underlie this effect. 
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Supplemental figures and tables 

 

 

Suppl. Fig. 1) Microglia preconditioning is LPS dose-dependent. (A) An LPS dose-response curve 

was generated in primary microglia. Primary microglia were stimulated with the indicated LPS 

dose for 6 hr, RNA was isolated and IL-1mRNA levels were determined using quantitative RT-

PCR. Expression levels were normalized to HMBS, average expression with standard errors is 

depicted. (B) Microglia preconditioning is LPS dose-dependent. Microglia were preconditioned 

with the indicated LPS dose for 24 hr and after 6 days again stimulated with LPS for 6 hr. IL-

1mRNA levels were determined using quantitative RT-PCR, expression levels were normalized 

to HMBS and average expression with standard errors is depicted. 
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Suppl. Fig. 2) Viability of primary microglia cultures.  (A) Viability of long-term microglia 

cultures was determined using a MTT assay. Microglia were stimulated according to the scheme 

depicted in Fig. 1A. At day 9, cells were subjected to a MTT assay to determine mitochondrial 

activity, a measure for cellular viability and in parallel protein content was determine in a 

Bradford assay to correct for potential differences in protein content. The MTT converting 

activity is depicted per g of protein. (B) Microglia culture viability was determined using an LDH 

assay. Microglia were seeded in conditioned medium and stimulated with LPS at day 1. Medium 

was collected from wells without microglia, wells with control microglia and wells with LPS 

treated microglia at 1, 5, and 8 days after seeding. LDH activity is depicted as Absorbance at 490 

nm. Medium is conditioned medium without cells, control is unstimulated microglia, LPS is 

preconditioned microglia that received an LPS stimulus. (C) To determine if the number of 

microglia is very different between control and preconditioned conditions, microscopic images 

were taken of microglia cultures, stimulated according to the scheme depicted in Fig. 1A. Control:  

unstimulated microglia; LPS, day 8: microglia that received an LPS stimulus on day 8; LPS, day 

1: microglia that received an LPS stimulus on day 1; LPS, day1 & day 8: microglia that received 

LPS stimulations on day 1 and day 8. The average number of microglia is depicted with the 

standard deviation. Representative images of primary microglia at day 8 of culture, stimulated as 

indicated, are shown. 
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Suppl. Fig. 3) ET after multiple LPS stimuli, and peripheral inflammation in mice i.c.v. and i.p. 

injected with LPS. (A) The effect of multiple LPS stimulation on TNF secretion by primary 

microglia was determined. Cells were seeded and exposed to LPS for 24 hr at days 1, 3.5, and 6. 

At the end of each LPS stimulation, the supernatant was collected and TNF levels were 

determined by ELISA. * p≤0.05, ** p≤0.01, *** p≤0.001. (B) Mice were injected with PBS or LPS 

(i.c.v. 5 g, 1 l/min or i.p. 0.25 mg/kg) with different intervals (1, 4, and 32 weeks) as depicted. 

RNA was isolated 3 hr after the second LPS injection, protein samples were generated 24 hr after 

the second LPS injection. (C) In mice i.c.v. injected with LPS, TNF- serum levels were 

determined using an ELISA. Average serum levels with standard errors are depicted. A 

significant reduction in TNF- serum levels was determined in response to LPS in preconditioned 

mice; * p≤0.05 (D) In mice i.p injected with LPS, TNF- serum levels were determined using an 

ELISA. A significant reduction in TNF- serum levels was determined in response to LPS in 

preconditioned mice 1 and 4 weeks after the first LPS challenge. After a 32 weeks interval, TNF-

 serum levels in response to LPS are comparable in control and preconditioned mice. Average 

serum levels with standard deviations are depicted; ** p≤0.001, *** p≤0.0001. 
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Table 1. Primers used for quantitative RT-PCR and chromatin immunoprecipitations. 

 

Primer sequence (5'-3') 

Gene Forward Reverse 

HMBS CCGAGCCAAGCACCAGGATA CTCCTTCCAGGTGCCTCAGA 

HPRT1 GACTTGCTCGAGATGTCA TGTAATCCAGCAGGTCAG 

IFN- ACGTGGGAGATGTCCTCAACTGCT TCGGACCACCATCCAGGCGT 

IL-1 GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 

IL-6 CCTCTCTGCAAGAGACTTCCATCCA GGCCGTGGTTGTCACCAGCA 

iNOS AAGGCCACATCGGATTTCAC GATGGACCCCAAGCAATACTT 

Kv1.5 ACTGACAGTATCAGAAGGGGTAG ACAGAGGGCATACAGAGACCT 

TNF- TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 

IL-1(ChIP) TTAGCATGCCTGCCCTGAAC  GGTGGGCATCCAGCGTTA 
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Protein PBS-PBS LPS-PBS PBS-LPS LPS-LPS  

CXCL13/BLC/BCA-1 9879 ± 2749 10770 ± 395 12284 ± 872 9680 ± 952  

C5a 58838 ± 8037 34288 ± 1240 34067 ± 148 35803 ± 717  

G-CSF 6692 ± 194 3922 ± 51 4700 ± 492 4454 ± 505  

GM-CSF 29421 ± 1156 27945 ± 1084 41190 ± 2226 27889 ± 1927  

CCL1/I-309 9235 ± 431 8307 ± 225 10302 ± 995 6024 ± 209  

CCL11/Eotaxin 6076 ± 46 4249 ± 505 11364 ± 1703 4645 ± 457  

ICAM-1 11385 ± 132 11647 ± 415 18883 ± 1033 10641 ± 419  

IFN- 96397 ± 1503 56232 ± 3968 55935 ± 5852 51738 ± 3877  

IL-1  126082 ± 2746 137073 ± 219 170655 ± 310 124205 ± 1690  

IL-1  5108 ± 1296 3809 ± 362 29922 ± 3491 3377 ± 338  

IL-1r 2432 ± 324 2896 ± 405 3518 ± 357 3625 ± 2333  

IL-2 4273 ± 78 6633 ± 143 4604 ± 379 3283 ± 325  

IL-3 25547 ± 5227 6686 ± 1266 6683 ± 47 5337 ± 254  

IL-4 24017 ± 4856 10239 ± 750 9161 ± 416 9848 ± 1033  

IL-5 1092 ± 194 907 ± 52 1092 ± 720 1456 ± 237  

IL-6 2850 ± 714 2763 ± 116 5733 ± 1018 4979 ± 75  

IL-7 19543 ± 1285 15995 ± 794 17224 ± 1882 13800 ± 1814  

IL-10 8045 ± 723 8933 ± 235 13867 ± 198 7859 ± 376  

IL-12 p70 2370 ± 67 1606 ± 159 2904 ± 636 1352 ± 150  

IL-13 7475 ± 206 4401 ± 726 6755 ± 636 3901 ± 762  

IL-16 8469 ± 190 4157 ± 1054 9320 ± 906 3702 ± 946  
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Table 2. Mouse cytokine Antibody array, Panel A. Mice were twice i.p. injected with PBS or LPS 

with a 4 week interval between injections. Microglia were FACS isolated 6 hr after the second i.p. 

injection. Per condition, microglia from 3 mice were pooled and analyzed using the cytokine array. 

Results are shown as mean pixel density with standard deviations. 

 

  

Protein PBS-PBS LPS-PBS PBS-LPS LPS-LPS  

IL-17 14663 ± 313 5104 ± 213 7975 ± 39 4611 ± 163  

IL-23 11384 ± 110 13723 ± 120 17808 ± 724 8637 ± 1308  

IL-27 12969 ± 2423 13143 ± 2832 9083 ± 428 5992 ± 899  

CXCL10/IP-10 9237 ± 1158 6772 ± 152 41032 ± 852 7573 ± 492  

CXCL11/I-TAC 17699 ± 407 11024 ± 702 6671 ± 224 8162 ± 211  

CXCL1/KC 33742 ± 1452 20840 ± 191 25944 ± 484 21240 ± 1093  

M-CSF 10162 ± 1064 3892 ± 2281 6858 ± 60 5838 ± 299  

CCL2/JE/MCP-1 5453 ± 486 5400 ± 740 39559 ± 1257 7926 ± 445  

CCL12/MCP-5 8558 ± 67 8495 ± 792 70874 ± 2149 23459 ± 2683  

CXCL9/MIG 14532 ± 294 9282 ± 1552 14630 ± 887 8240 ± 1202  

CCL3/MIP-1 4890 ± 389 3831 ± 379 13375 ± 29 3364 ± 201  

CCL4/MIP-1 15187 ± 864 16029 ± 445 35678 ± 922 14665 ± 279  

CXCL2/MIP-2 4693 ± 381 1516 ± 481 3145 ± 156 1382 ± 411  

CCL5/RANTES 4589 ± 57 3807 ± 800 7024 ± 699 3096 ± 1022  

CXCL12/SDF-1 1085 ± 281 1301 ± 7 1616 ± 488 907 ± 512  

CCL17/TARC 6833 ± 812 12388 ± 479 18209 ± 1999 13355 ± 1939  

TIMP-1 38357 ± 2811 23873 ± 1574 21540 ± 1696 21999 ± 1495  

TNF- 86755 ± 73 87187 ± 130 106007 ± 1789 85022 ± 1054  

TREM-1 2776 ± 769 1754 ± 1356 2805 ± 581 2175 ± 635  
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Abstract 

 

Maternal inflammation during pregnancy can have detrimental effects on embryonic 

development that persist during adulthood. However, the underlying mechanisms and insights 

in the responsible cell types are still largely unknown. Here we report the effect of maternal 

inflammation on fetal microglia, the innate immune cells of the central nervous system (CNS). 

In mice, a challenge with LPS during late gestation stages (days 15-16-17) induced a pro-

inflammatory response in fetal microglia. Adult whole brain microglia of mice that were 

exposed to LPS during embryonic development displayed a persistent reduction in pro-

inflammatory activation in response to a re-challenge with LPS. In contrast, hippocampal 

microglia of these mice displayed an increased inflammatory response to an LPS re-challenge. 

In addition, a reduced expression of brain-derived neurotrophic factor (BDNF) was observed 

in hippocampal microglia of LPS-offspring. Microglia-derived BDNF has been shown to be 

important for learning and memory processes. In line with these observations, behavioral- and 

learning tasks with mice that were exposed to maternal inflammation revealed reduced home 

cage activity, reduced anxiety and reduced learning performance in a T-maze. These data show 

that exposure to maternal inflammation during late gestation results in long term changes in 

microglia responsiveness during adulthood, which is different in nature in hippocampus 

compared to total brain microglia. 
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Introduction 

Microglia are the resident innate immune cells of the brain, and important to maintain or restore 

tissue homeostasis (Nimmerjahn et al., 2005). Microglia originate from progenitors localized 

in the embryonic yolk sac early during embryonic development, and colonize the neural 

epithelium, where they proliferate and mature during embryonic development. Microglia form 

a self-sustained cell population with, under physiological conditions, very little contribution of 

bone marrow-derived monocytes (Ginhoux et al., 2013). The microglial population in the 

mouse brain is replaced howver, the exact rate of turnover is unresolved. Where BrdU 

incorporation experiments indicated that the microglia population is replaced every 100 days 

(Askew et al., 2017), genetic labelling experiments showed that microglia turnover of with 

different rates in different brain regions. Hippocampal microglia completely turn over in 15 

months and cortical microglia in 41 months (Tay et al., 2017). Regional differences in microglia 

are also observed in gene expression profiles and in regional differences in age-related changes 

in gene expression (Grabert et al., 2016). When exposed to pathogens or tissue damage, 

microglia adopt a more activated state, release cytokines, chemokines, neurotrophic factors, 

and change in migratory and phagocytic behavior (Kettenmann et al., 2011). Since microglia, 

together with astrocytes, are the primary source of cytokine release in the brain, these cells are 

of main importance in basal functioning as well as pathologies of the brain. 

Microglia colonize the developing CNS early during mammalian embryonic development, a 

period wherein maternal inflammation can greatly affect fetal microglia. In this time, the 

placenta allows selective exchange of necessary factors including nutrients, endocrine factors 

and antibodies. At the same time, it protects the embryo against potential harmful factors in the 

maternal circulation. Although the placenta is an effective barrier, it can be disrupted by certain 

adverse conditions such as maternal inflammation. This may lead to improper placental 

functioning, which in turn can impair normal embryonic development (Hsiao and Patterson, 

2012). Maternal inflammation is a serious risk factor for several neurological pathologies and 

in humans, prenatal inflammation has been identified as a risk factor for developing autism 

(Meldrum et al., 2013; Patterson, 2011), schizophrenia (Patterson, 2009) and cerebral palsy 

(Yoon et al., 2000). Several animal models have been developed to study this relationship 

between maternal inflammation and development of these diseases. For example, to mimic a 

viral infection pregnant animals are treated with polyinosinic:polycytidylic acid (poly-I:C), or 

to mimic a bacterial infection they are treated with lipopolysaccharide (LPS), a cell wall 

component of gram negative bacteria. Although these models both induce maternal 

inflammation and fetal brain inflammation, the physiological consequences of LPS and poly-

I:C exposure are different in nature. Where poly-I:C is reported not to affect time of birth and 

survival of pups, both i.p. and i.v. injection of high dose LPS in pregnant mice had a detrimental 

effect on both the litter size and survival of the offspring (Arsenault et al., 2013). These 

observations emphasize that maternal inflammation is not a uniform phenomenon and that 

potential consequences for the offspring depend on the inflammatory stimulus.  
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We previously showed that i.p. injection of LPS in adult mice caused a long-term reduction in 

the pro-inflammatory response to a second LPS challenge in microglia (W Schaafsma et al., 

2015). Persistent changes induced in these cells by prenatal inflammation might have possible 

long-term effects in the offspring. Regarding LPS-induced prenatal inflammation, most data 

were generated using total brain and hippocampus tissue and hence cell type-specific 

information regarding (cytokine) gene expression and their effects is limited. Furthermore, the 

effect of LPS-induced maternal inflammation on fetal brain has only been assessed in total fetal 

brain, where increased levels of pro-inflammatory cytokines such as IL-1, TNF- and IL-6 in 

the mother as well as in the fetal brain were observed during pregnancy (Elovitz et al., 2011; 

Liverman et al., 2006). Activation of fetal microglia specifically has been shown in poly-I:C 

induced inflammation (Pratt et al., 2013). However, it is unknown whether LPS-induced fetal 

brain inflammation can be attributed to maternal factors, or that fetal microglia themselves are 

immune activated by LPS, and moreover if this results in an altered response to LPS by these 

microglia during adulthood. Detrimental effects of prenatal inflammation on behavior, 

structural changes in the brain, and neurogenesis are reported (Boksa, 2010; Chlodzinska et al., 

2011; Graciarena et al., 2010; Hao et al., 2010; Lin et al., 2012). In addition, prenatal 

inflammation has neuroprotective effects against ischemic events (Wang et al., 2007), which is 

linked to a more tolerant microglia phenotype with reduced expression of pro-inflammatory 

cytokines (Halder et al., 2013; Rosenzweig et al., 2004). Impaired learning and memory as a 

consequence of prenatal inflammation is related to increased pro-inflammatory gene 

expression, mainly IL-1 in the hippocampus (Bilbo and Schwarz, 2009b; Williamson et al., 

2011). The effect of prenatal inflammation seems to depend on the gestation time at the moment 

of inflammation, the brain regions analyzed and parameter tested.  In the study described here, 

the effect of prenatal inflammation, induced by injection of LPS during late gestation (GD 15-

16-17), was investigated in mice with a focus on microglia in fetal and adult brain, and its 

effects on behavior and learning performance of these mice during adulthood. Regarding 

learning and memory impairment, it was shown that microglia-derived BDNF is important for 

hippocampus-dependent learning tasks (Parkhurst et al., 2013). Here, the effect of prenatal 

inflammation on BDNF expression in total brain and hippocampal microglia was determined.  
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Materials and methods 

Animals 

Wild-type pregnant C57Bl/6JOlaHsd mice (E12) were purchased from Harlan (Harlan, Horst, 

the Netherlands). Animals were housed under normal conditions in a 12h:12h light dark cycle 

at the central animal facility or in the animal facility of the Center for Lifesciences of the 

University of Groningen. Pregnant animals were housed individually as well as the offspring 

after weaning and their first treatment. Food and water were available ad libitum throughout 

the experiments, except during the T maze learning task (see below). Basal home cage activity 

of offspring mice was measured using a passive infrared monitoring system and analyzed using 

ACTOVIEW for excel programmed by Dr. C. Mulder (freely available on request). 

 

Animal treatments 

To avoid batch variations in experiments of different LPS lot numbers, one batch of LPS was 

used in all experiments (E. coli 0111:B4, Sigma-Aldrich, Cat#L4391). Prenatal inflammation 

was induced in pregnant mice by 3 injections with LPS (0.25, 0.10, and 0.05 mg/kg) at GD 15-

16-17, control animals were injected with PBS. Young adult offspring (2-4 months) were 

injected with either PBS or LPS (0.25 mg/kg) and microglia were isolated 3 h post injection. 

 

Open field test 

To assess whether prenatal inflamation affected the offsprings’ explorative activity in a novel 

environment, the mice were exposed to a so called open field test. Mice were placed in an open 

field arena with a diameter of 85 cm and height of 30 cm. The arena was subdivided in a center 

zone and border zone. Mice were introduced in the arena at the outer wall, were allowed to 

explored the arena for 5 minutes and were then returned to their home cage. Between sessions 

the arena was cleaned with 30% ethanol for removal of olfactory cues. The movement of the 

animals was tracked using ethovision XT videotracking software (Noldus, The Netherlands).  

 

Elevated Plus Maze 

To assess whether maternal LPS injection affected anxiety levels in the offspring, the mice were 

subjected to an elevated plus maze test, a commonly used and well-validated anxiety test in 

rodents. The elevated plus maze consisted of four 90° angle arms with a center region (5 cm x 

5 cm), two open arms (5 cm x 29 cm) and two closed arms (5 cm x 29 cm x 16 cm) and the 

maze was elevated 80 cm above the floor. The experiments were performed in a separate 

experimental room during the light phase under bright light conditions (100 lux). Mice were 

placed in the center region, allowed to explore the plus maze for 5 minutes, and videotaped for 

later analysis. In between testing animals, the plus maze was cleaned with 30% ethanol to 

eliminate olfactory cues. The recordings were analyzed for number of entries into open and 

closed arms and time spent in open and closed arms. An entry was scored when all 4 paws were 
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in the arm. Entries into open and closed arms and time spent into open and closed arms were 

expressed as a percentage of total entries and total time spent in the open and closed arms. 

 

T-maze 

To test whether maternal LPS injection affected cognitive performance of the offspring later in 

life, the offspring mice were subjected to a T maze learning task. The T-maze consisted of 3 

tubular, transparent Plexiglas arms (diameter 5cm, length 27,5 cm): a start arm connected to a 

start box and two test arms at a 90° angle (left and right test arm). One of the test arms was 

baited with a food reward consisting of a small crumb of the regular food (0.05-0.1g). Food 

crumbs were also placed below perforations at the end of the other test arm to prevent mice 

from discriminating between baited and non-baited arms by olfactory cues. A 1 cm high rim, 4 

cm before the end of the tests arms prevented visual inspection for food presence from a 

distance. A guillotine door located halfway each arm could be operated manually from the 

experimenter’s position and was used to allow animals only one choice in each training trial. 

Once the animals chose one arm, the other arm was closed. To motivate animals for the task, 

they were food restricted to 90% of their individual body weight, starting 1 week before the 

beginning of the training. On the starting day, the mice received two habituation trials, where 

in the first trial one testing arm was baited and open while the other testing arm was closed. 

After consuming the food, mice were allowed to return to the starting box. A second habituation 

trial was performed with the other arm open and baited. After habituation, mice were daily 

subjected to 1 training session consisting of 6 trails. In these trainings sessions, the same arm 

was baited and randomly assigned to test animals. When a mouse accessed an arm, the opposing 

arm was closed, and entry into the baited versus non-baited arms were scored as correct or 

incorrect, respectively. Training was continued until the animals reached an average of 85-90% 

correct trails per day. All T-maze sessions were performed in a separate room during the 

animals’ light phase. 

 

Acute live microglia isolation from adult murine brain  

Isolation of live microglia for in vivo studies were performed as described previously (Galatro 

et al., 2017) with some adjustments. After perfusion with PBS, brains were mechanically 

dissociated with a glass tissue homogenizer in dissection medium consisting of Hanks bovine 

salt serum, PAA, Cat.nr. H15-010; D-(+)-Glucose solution, Sigma, Cat.nr. G8769; HEPES, 

PAA, 311-001) and passed over a 70 µm cell strainer (BD Falcon, Cat.nr. 352350). After 

centrifugation of the cell suspension (220 RCF, 4°C) the supernatant was discarded and myelin 

was removed by centrifugation (20 min. 950 RCF, 4°C, acceleration 4, brake 0) in a PBS/22% 

percoll (GE Healthcare, Cat.nr. 17-0891-01) gradient. The supernatant was discarded and the 

cell pellet was resuspended in dissection medium lacking phenol red. The cell pellet was stained 

with antibodies against CD11b (PE, eBioscience 12-0112), CD45 (FITC, eBioscience, 11-

0451) and Ly-6C for 20 min, washed and passed through a 5 ml polystyrene round-bottom tube 
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with a cell strainer cap (12x75mm style, Cat.nr.352235). Pure micoglia were obtained by FACS 

sorting sorted using a Mo-flo XDP FACS (Beckman Coulter). 

 

RNA isolation and quantitative RT-PCR  

RNA was isolated using the Qiagen RNeasy Micro Kit according to the manufacturer’s 

instructions. cDNA was generated using Random Hexamers (Fermentas), M-MuLV Reverse 

Transcriptase and Ribolock RNAse inhibitor (Fermentas). Quantitative PCR reactions were 

carried out using a SYBR supermix (BIORAD) using an ABI 7900HT real time thermal cycler 

(Applied Biosystems) and primers for genes of interest (see Table S1 for qPCR primer 

information). Q-PCR primers were designed in PRIMER EXPRESS 2.0. qPCRs were 

performed in triplicate in a minimum of three independent experiments. HMBS was used as an 

internal standard to calculate relative gene expression levels with the 2-CT method (Livak and 

Schmittgen, 2001). 

 

ELISA 

TNF-serum levels were determined by collecting blood samples in minicollect serum/plasma 

gel tubes (Greiner bio-one, Cat# 450472).  After collection, samples were placed at room 

temperature for 30 min, centrifuged (10 min, 2000 rcf, 4°C) and serum was collected. ELISAs 

were performed according to the manufacturer’s instructions (Mouse TNF-α ELISA MAX™ 

Deluxe, Biolegend, Cat# 430906; Mouse IL-1β ELISA MAX™ Deluxe, Biolegend, Cat# 

432606). 

 

Statistics 

All results are presented as means ± SEM. Data were analyzed using unpaired Student’s t-test 

when 2 groups compared or one-way ANOVA followed by a Fisher's Least Significant 

Difference (LSD) post hoc test to compare several groups. Home cage activity data was 

analyzed using a 2-way repeated measures ANOVA. Statistical significance was accepted as 

p≤0.05 and is indicated as * p≤0.05, ** p≤0.05 or *** p≤0.001.  
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Results 

LPS-induced inflammation in both pregnant mice and fetal microglia 

To study the effect of prenatal inflammation on offspring, pregnant mice received three i.p. 

injections with PBS or LPS at gestation days (GD) 15-16-17. In view of reported variability in 

LPS efficacy (Granholm et al., 2011; Roumier et al., 2008; Velten et al., 2010; Wang et al., 

2010), an LPS dosage titration was performed. Pregnant C57Bl/6JOlaHsd mice were injected 

with 0.05, 0.1 or 0.25 mg/kg LPS on GD 15, 16 and 17. Doses of 0.1 and 0.25 mg/kg LPS 

induced preterm birth or resorption of the fetuses but viable offspring was obtained with 0.05 

mg/kg LPS. This dose significantly elevated TNF- serum levels in the dams, indicative of an 

inflammatory response (Fig. 1A; n=4/group). To assess if embryonic microglia were affected 

by i.p. LPS (0.05 mg/kg) injection of the dam, microglia were FACS isolated from pooled fetal 

mouse brains, 3 h after the LPS injection on GD17, and RNA was extracted. The expression of 

pro-inflammatory genes IL-1TNF-and IL6 was significantly increased in embryonic 

microglia (Fig. 1B). Exposure to LPS during embryonic development did not affect offspring 
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body weight in the first 4 weeks. Prior to weaning, whole litter weights were determined in 

week 2 and 3. In this time period, no significant difference was observed in weight gain between 

litters of PBS and LPS injected dams (Fig. 1C; Ctr n=13, LPS n=9, 2-way ANOVA). After 

weaning, mice were individually monitored. No overall significant difference was observed 

between male offspring of PBS and LPS dams. However, an interaction effect of treatment x 

time was observed at days 22 and 29 (F10,80=4.32, p<0.0001). Male offspring of LPS dams 

gained less weight during this period then PBS offspring. No differences in weight gain were 

observed between female mice. As expected, male offspring gained significantly more weight 

than female offspring (Fig. 1D; Ctr female n=6, LPS female n=6, Ctr male n=7, LPS male n=3). 

Furthermore, LPS injection of dams did not significantly affect litter size (Fig. 1E; # of litters: 

Ctr n=6, LPS n=7). Based on these findings, in subsequent experiments pregnant mice were 

injected with PBS or 0.05 mg/kg LPS at GD 15, 16 and 17. Their progeny are respectively 

referred to as LPS or PBS/control offspring and were tested at the young adult age between 2-

4 months. 

 

Reduced LPS responsiveness in microglia prenatally exposed to LPS 

To determine the effect of prenatal LPS exposure on the response to a subsequent LPS 

challenge, a titration experiment was performed to determine the LPS dose that induced a robust 

inflammatory response in microglia in adult mice. Eight-week-old male mice were i.p. injected 

with 0, 0.25, 2.5, and 5 mg/kg LPS (n=4/group) and microglia were isolated 3 h later using 

FACS. IL-and TNF-mRNA expression levels were determined using quantitative RT-

PCR and to confirm the induction of systemic inflammation, TNF-serum levels were 

determined using ELISA. All LPS doses induced TNF- levels in serum and 2.5 and 5 mg/kg 

LPS induced comparable levels of TNF- (Fig. 2A). In isolated microglia, mRNA expression 

levels of IL-1and TNF- were significantly increased by all LPS doses used and reached 

 
 

Figure 1. LPS-induced inflammation in pregnant mice. (A) TNF- serum levels of pregnant mice 

injected with PBS or LPS at GD 15, 16 and 17 were determined by ELISA. Pregnant mice injected 

with LPS (0.05 mg/kg) showed significantly increased TNF- serum levels after 3 h. Average serum 

levels (mg/kg) with SEM are depicted; unpaired Student’s t-test, * p≤0.05; PBS n=4, LPS n=4. (B) 

Expression levels of pro-inflammatory cytokines IL-1, TNF- and IL-6 of microglia isolated from 

embryo’s from PBS or LPS injected mothers were determined 3 h after PBS/LPS injection and 

analyzed by quantitative RT-PCR. Expression levels were normalized to the housekeeping gene 

hydroxymethylbilane synthase (HMBS). Expression levels are depicted as fold of control with SEM; 

* p≤0.05, *** p≤0.001. (C) Embryonic exposure to LPS did not affect body weight gain during the first 

4 weeks of development (2-way ANOVA, F1,6=1.31, p=0.27) and no interaction effect of treatment x 

time was observed (F6,120=1.22,  p=0.30).  D) No overall significant difference was observed between 

PBS and LPS offspring groups in weight gain after weaning in male mice (F1,10=4.81, p=0.06). But over 

time, an interaction effect of treatment x time was observed (F10,80=4.32, p<0.0001), where posthoc 

testing showed significance at day 22 and 29 (*p≤0.05); as expected, male mice gained more weight 

than female mice. (E) LPS treatment of pregnant dams did not significantly affected litter size (litters: 

Ctr n=6, LPS n=7). 
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maximal levels at 2.5 mg/kg LPS. Injection of 0.25 mg/kg LPS induced a significant, 

submaximal inflammatory response in microglia (Fig. 2B; all groups n≥4). 

To determine the effect of prenatal LPS exposure on the LPS responsiveness of microglia 

during adulthood, pregnant mice were i.p. injected with LPS (0.05 mg/kg) at GD 15-16-17 and 

their offspring was injected with PBS or LPS (0.25 mg/kg) at the age of 2 months. Both PBS 

and LPS offspring showed significantly elevated TNF-serum levels in response LPS (Fig. 

2C; all groups n≥4). Three h after injection, microglia were acutely isolated and mRNA 

expression levels of IL-1TNF- and IL-6 were determined. In offspring of PBS-injected 

dams, LPS significantly increased expression of all three pro-inflammatory cytokines (Fig. 2D). 

Interestingly, in the offspring of LPS-injected dams, a significantly lower induction of IL-1, 

TNF- and IL-6 expression in response to LPS was observed (Fig 2D; all groups n≥5). These 

data show that embryonic exposure to LPS resulted in a significantly attenuated response of 

microglia to a re-challenge with LPS during adulthood. 

 

Figure 2. Embryonic exposure to LPS resulted in reduced responsivity to LPS in adult offspring. 

(A) TNF-serum levels of adult mice injected with 0, 0.25, 2.5 and 5 mg/kg LPS were determined 

by ELISA. Average serum levels (pg/ml) with SEM are depicted; ** p≤0.01, *** p≤0.001 (n=4 for 

every group). (B) Expression levels of pro-inflammatory cytokines IL-1 and TNF- in microglia 

isolated from adult mice injected with 0, 0.25, 2.5 and 5 mg/kg LPS were determined using 

quantitative RT-PCR. Expression levels were normalized to the housekeeping gene HMBS 

synthase. Expression levels are depicted as fold of control with SEM; * p≤0.05, ** p≤0.01 (all 

groups ≥ n=4). (C) TNF-serum levels of control and LPS offspring that received a subsequent 

i.p. PBS or LPS (0.25 mg/kg) injection was determined by ELISA. Average serum levels (pg/ml) 

with SEM are depicted; ** p≤0.01, *** p≤0.001 (all groups ≥ n=4). (D) Expression levels of pro-

inflammatory cytokines IL-1, TNF- and IL-6 of microglia isolated from male PBS or LPS (0.25 

mg/kg) injected offspring were determined using quantitative RT-PCR. Expression levels were 

normalized to the housekeeping gene HMBS synthase. Expression levels are depicted as fold of 

control with SEM; * p≤0.05, ** p≤0.01, *** p≤0.001 (all groups ≥ n=5). 
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Increased LPS responsiveness in hippocampal microglia of prenatally exposed mice 

Microglia isolated from total mouse brain showed a reduced LPS responsiveness after prenatal 

LPS exposure. It is however possible that regional differences in microglia responsiveness 

exists. A significant body of literature has reported on the effect of pre- and perinatal LPS 

exposure on the hippocampus, in relation to its role in learning and memory processes. To 

determine the effect of prenatal LPS exposure on the LPS responsiveness of the hippocampus 

in adult mice, hippocampal mRNA was isolated from male PBS and LPS offspring 3 h after i.p. 

injection with LPS or PBS. Gene expression of pro-inflammatory cytokines IL-1TNF- IL-

6 and neurotrophin BDNF were determined in total hippocampal tissue by quantitative RT-

PCR. LPS induced significantly higher expression levels of IL-1 and TNF- in the offspring 

of LPS-injected dams compared to PBS-injected dams (Fig. 3A; n=4/group). In the 

hippocampus, BDNF has been reported to be important for synaptic plasticity in learning and 

memory formation (Parkhurst et al). BDNF mRNA levels were significantly reduced in total 

hippocampus tissue in response to LPS, both in the offspring of PBS and LPS-injected dams 

(Fig. 3A; all groups n=4).  
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Figure 3. Prenatal LPS resulted in an exaggerated inflammatory response to LPS and reduced 

BDNF expression in hippocampal microglia (A) Expression levels of pro-inflammatory cytokines 

IL-1, TNF-, IL-6 and neurotrophin BDNF in total hippocampus, isolated from PBS- or LPS-

injected control and LPS offspring was determined using quantitative RT-PCR. Expression levels 

were normalized to the housekeeping gene HMBS synthase. Expression levels are depicted as fold 

of control with SEM; * p≤0.05, ** p≤0.01, *** p≤0.001 (n=4 for all groups). (B) Expression levels 

of pro-inflammatory cytokines IL-1, TNF- and neurotrophin BDNF of microglia isolated from 

hippocampus of PBS- or LPS-injected control and LPS offspring was determined using 

quantitative RT-PCR. Expression levels were normalized to the housekeeping gene HMBS 

synthase. Expression levels are depicted as fold of control with SEM; * p≤0.05, ** p≤0.01 (n=4 for 

all groups). 

 

The increased inflammatory cytokine and reduced BNDF gene expression levels were 

determined in total hippocampus tissue. To determine the effect of prenatal LPS exposure on 

hippocampal microglia specifically, these cells were FACS isolated 3 h after PBS- or LPS-

injection from offspring of PBS and LPS injected dams. Where LPS in both PBS and LPS-

offspring induced TNF- levels to similar levels, it resulted in significantly higher levels of IL-

1 in LPS offspring (Fig. 3B; n=4/group). LPS injection of PBS offspring resulted in a 
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significant reduction of BDNF expression by hippocampal microglia. Interestingly, in 

hippocampal microglia isolated from LPS offspring, BDNF expression was significantly lower 

than in PBS offspring, and this was not further reduced by an additional LPS challenge (Fig. 

3B; n=4/group). These data show that prenatal exposure to LPS resulted in drastically reduced 

BDNF expression in hippocampal microglia; which was not further reduced by an LPS 

challenge during adulthood. 

 

 

 

 

Figure 4. Prenatal LPS exposure affects general homecage activity. (A) Basal homecage activity 

of control and LPS offspring was measured using a passive infrared monitoring system. A 24 h 

average was calculated over a period of 1 weeks during which no experimental procedures were 

performed. An overall difference in total activity between LPS and PBS offspring was observed 

using 2-way repeated measures ANOVA (F1,18=4.48, p=0.049) and an interaction effect of 

treatment x time was observed (F23,414=1.71, p=0.022) (n=10 for both groups) (B) Quantification 

of homecage activity shows no significant difference in activity during the light phase (p=0.07). 

During the dark phase the activity of LPS offspring was significantly lower. Activity is depicted 

as average counts per h with SEM; * p≤0.05 (n=10 for both groups). 

 

Prenatal LPS exposure reduced basal home cage activity 

Hippocampal microglia-derived BDNF is important for learning-induced spine formation and 

performance in various learning tasks (Parkhurst et al., 2013). Since BNDF expression was 

reduced in hippocampal microglia in LPS offspring, the effect of embryonic exposure to LPS 

on behavior and learning was determined. As a basal measure, the home cage activity of LPS 

(n=10) and control (n=10) offspring mice was determined using a passive infrared monitoring 

system. Mice were continuously monitored over the whole experimental period. Basal home 

cage locomotor activity is depicted as average activity over a 1week period without 

experimentation (Fig. 4A). No significant differences between control- and LPS offspring mice 

were observed during the light, or resting, phase (8 am to 8 pm). During the first 2 h of the dark 
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phase, both groups showed a similar peak in activity. However, during the rest of the dark 

phase, total activity was significantly lower in LPS offspring mice (Fig. 4B). A 2-way repeated 

measure ANOVA showed an overall difference between both groups (F1,18=4.48, p=0.049) and 

an interaction effect between treatment x time was observed (F23,414=1.71, p=0.022), indicating 

that over an averaged 24 h period, prenatal LPS exposure significantly reduced basal home cage 

activity of the offspring. 

 

LPS and PBS offspring do not differ in exploration behavior  

To determine whether prenatal LPS exposure affected general locomotor activity and anxiety 

to a novel environment, an open field test was performed with offspring from PBS and LPS 

injected dams. The open field test is commonly used to determine changes in general 

exploration behavior of novel environments, locomotor activity and is in some cases used as a 

mild anxiety test in rats and mice (Lipkind et al., 2004; Meerlo et al., 1999; Swiergiel and Dunn, 

2007). No differences were observed between PBS- and LPS offspring mice in total distance 

traveled in the open field test (Fig. 5A). As expected, the distance traveled in the center zone, a 

measure for mild anxiety for novel environments (Lipkind et al., 2004), was significantly less 

compared to the distance traveled in the border zone but not significantly different between 

PBS and LPS offspring mice (Fig. 5A). In addition, the percentage of time spent in the center 

zone did not differ between PBS and LPS offspring (Fig. 5B). These data indicate that prenatal 

exposure to LPS did not affect general locomotor activity and anxiety levels in an open field 

test. 

 

LPS offspring showed reduced anxiety in the elevated plus maze 

In mice, there is a conflict between exploratory drive and risk avoidance. Where mice prefer 

dark, protected areas, they also display novelty-seeking behavior. One of the measures for 

changes in risk taking behaviour, or anxiety, is to determine changes in time spent in the 

illuminated, unprotected and elevated area of an elevated plus maze. To test whether prenatal 

LPS exposure affected anxiety behavior, offspring of PBS- and LPS-injected dams were 

subjected to elevated plus maze testing (Hagewoud et al., 2010). The elevated plus maze is a 

widely used and validated test to measure anxiety behavior in rodents and to some extent 

exploration and locomotor activity (Lister, 1987; Pellow et al., 1985; Walf and Frye, 2007). In 

elevated plus maze testing of PBS (n=9) and LPS (n=9) offspring, LPS offspring showed a 

significantly higher percentage of time spent in the open arms compared to PBS offspring (Fig. 

5C, 11.7% ±1.7 vs 6.7 ±1.5, respectively; p= 0.04; 2 extreme statistical outliers were removed 

based on a Grubbs’ test for statistical outliers), suggesting a reduced level of anxiety in LPS 

offspring. The number of entries in the open and closed arms, which can be used as a measure 

for locomotor and explorative behavior, was not significantly different between groups (Fig 

5D), an observation in agreement with the results obtained in the open field test. 
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Impaired learning in prenatally LPS exposed offspring 

Previously, we reported that a single i.p. LPS injection in adult mice resulted in a reduced 

performance in a T-maze learning task (W Schaafsma et al., 2015). We assessed if prenatal LPS 

exposure also affected learning and memory in a T-maze. Control (n=9; 1 statistical outlier was 

removed based on a Grubbs’ test for statistical outliers) and LPS (n=10) offspring were 

subjected to 1 training session per day, consisting of 6 trials. For each group, the percentage of 

correct choices was calculated over each training day until the mice scored ≥90% correct 

choices or after 7 days of training. At the first training day, both control and LPS offspring 

started at chance levels (59.3% ± 4.9% and 46.7 ± 11.3%, respectively). Control offspring 

already showed a learning effect during the first day, to visualize this, the 6 learning trials of 

day one were separated in 1A (first 3 trials) and 1B (second 3 trials). After 4 days of training, 

control offspring reached a level of 94.4% ± 2.8% correct choices, which was significantly 

different from LPS offspring that reached a level of 56.7% ± 12% correct choices at day 4 

(p=0.011). LPS offspring required 3 additional training days to reach a level of 83.3% ± 7.9% 

correct choices (Fig. 5E). To determine memory retention, these mice were re-tested in the T-

maze 4 weeks after the last training session (day 40-41). Both the PBS and LPS offspring did 

not start at chance levels (88.9% ± 3.9% and 78.3 ± 6.6%, respectively) and scored above the 

90% criterion the next day (91.7% ± 4.2 and 95% ± 2.6%, respectively; Fig. 5E). These data 

indicate that T-maze learning developed slower in LPS offspring but memory retention for this 

test was not affected in these animals. 
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Figure 5. Prenatal LPS exposure reduces anxiety and performance in a spatial learning task. (A) 

Control (n=10) and LPS offspring (n=10) were subjected to an Open Field test in adulthood. Total 

distance traveled as well as distance traveled in center and border zones during a 5 minute trial is 

depicted with SEM; ** p≤0.01 (B) percentage of time spent in the center zone of the Open Field 

was quantified as a measure for anxiety. (C) Elevated plus maze testing was performed on control 

(n=9) and LPS (n=9) offspring as a specific measure for anxiety. Percentage of time spent in the 

open arm is depicted with SEM; * p≤0.05. (D) Locomotor activity in the elevated plus maze during 

a 5 minute trial showed no significant difference between control and LPS offspring. Data are 

depicted as total number of transitions with SEM. (E) T-maze learning; control (n=9) and LPS 

(n=10) offspring were subjected to 6 learning trials per day. Day 1 is depicted as day 1A and 1B 

to illustrate the learning effect observed within trials of day 1 in PBS offspring. Results are 

depicted as percentage of correct choices with SEM; * p≤0.05. 
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Discussion 

Detrimental effects of prenatal inflammation on neural development of the developing embryo 

has been described for a variety of animals including mice, rat, sheep (Boksa, 2010; Wang et 

al., 2006)  and primates (Willette et al., 2011). In humans, it has been identified as a risk factor 

for autism (Meldrum et al., 2013; Patterson, 2011), schizophrenia (Meyer et al., 2011; Miller et 

al., 2013; Patterson, 2009), and cerebral palsy (Yoon et al., 2000). Despite extensive description 

of animal models for prenatal inflammation, information about the effect of prenatal 

inflammation on specific cell types, such as microglia, is scarce, and models are mostly 

described in their effects on total fetal brain and behavior of adult offspring. When pregnant 

mice were injected with poly-I:C at E12.5, IL6 expression of fetal microglia was increased at 

E16 (Pratt et al., 2013). However, in a study performed by Smolder and co-workers, a single 

(E11.5) or two (E11.5 and E15.5) poly-I:C injections in mice did not result in fetal microglia 

activation (Smolders et al., 2015). The role of microglia in maternal inflammation-associated 

behavioral abnormalities induced by poly-I:C was recently demonstrated and could be 

completely reverted using the minocycline (Mattei et al., 2017). 

Thus far, the effects of LPS-induced prenatal inflammation specifically on microglia in 

offspring are poorly understood. Graciarena and colleagues (2013) showed long lasting effects 

of prenatal inflammation, it reduced neurogenesis in the dentate gyrus but not in other 

neurogenic regions such as the SVZ. Based on morphology, persistent microglia activation was 

reported, specifically in the dentate gyrus but not in other brain regions such as cortex 

(Graciarena et al., 2013). Furthermore, neonatal infection with E. coli was shown to induce 

exaggerated IL-1 expression by hippocampal microglia upon a subsequent LPS injection in 

adult mice (Williamson et al., 2011). Microglia are one of the primary sources of cytokines, 

chemokines and growth factors (Kettenmann et al., 2011), exercising a major influence on brain 

physiology, from the moment they populate the brain during early embryonal development 

throughout life. Especially in the case of LPS-induced prenatal inflammation, where cells are 

immune activated during embryonal development, it is of importance to determine if changes 

in these microglia persist during adulthood.  

 

Prenatal LPS exposure negatively affects learning and behavior in offspring 

A wide variety of behavioral changes have been reported to occur in prenatal inflammation 

models ranging from changes in locomotor behavior to alterations in learning and memory 

function. Overall, most studies consistently show that prenatal inflammation has detrimental 

effects on learning and memory. In the case of locomotor behavior, varying outcomes have 

been reported, depending on the maternal LPS injection paradigm, the age of the offspring at 

the time of behavioral testing, and the method used to assess behavior  (Boksa, 2010). To 

investigate the effect of our prenatal LPS injection paradigm, several behavior and learning 

performance experiments were performed. 
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In our study, when general home cage activity of mice was measured by means of a passive 

infrared monitoring system, a clear difference between LPS and PBS control offspring was 

evident. LPS offspring were less active particularly during the dark phase, which is the main 

circadian activity phase in these nocturnal animals. We also assessed locomotor activity of the 

animals when they were removed from their home cage and transferred to a novel environment. 

In both the open field test and the elevated plus maze test, the indicators of overall activity did 

not differ between control and LPS offspring (total distance covered in the open field and the 

number of arm crossings in the elevated plus maze test). In other words, the reduced 

spontaneous activity observed in LPS offspring was no longer present when the mice were 

placed in a new environment. One explanation might be that LPS offspring were less anxious 

and less inhibited than control mice when exposed to a novel and potentially threatening 

environment. Indeed, although the LPS and control mice did not differ in the time spent in the 

center zone of the open field, which is often used as a mild index of anxiety, there was a clear 

difference in the time spent on the open arms of the elevated plus maze, a more specific and 

well-validated indicator of anxiety. The finding that the groups showed no difference in the 

anxiety measure in the open field test but a clear difference in the more challenging and stressful 

plus maze test may suggest that this difference in anxiety is more clearly expressed under more 

stressful conditions.  

The T-maze learning paradigm was used to determine if maternal LPS treatment affected 

learning and memory processes in the offspring mice. LPS offspring showed impaired initial 

learning. Whereas control animals had clearly learned to locate the food reward in the maze 

within 4 days (>90% correct arm choices), the group of LPS offspring needed an additional 3 

days of training to reach >80% correct arm choices. This attenuated learning in the LPS 

offspring was likely not due to increased stress levels and anxiety in the T-maze environment 

because the results from the elevated plus maze test indicated that, if anything, LPS mice are 

less anxious. The difference in the T-maze performance thus appears to be a true learning 

deficit. Interestingly, both groups performed equally well after a 4-week interval. These results 

suggest that LPS offspring have attenuated learning, but their long-term memory consolidation 

does not seem to be affected.  

In summary, these results show that prenatal inflammation can have major developmental 

effects and ultimately lead to persistent changes in important basal behavior characteristics like 

spontaneous activity levels, anxiety levels and learning capacity. 

 

Embryonic microglia are immune activated in response to maternal i.p. LPS injection. 

Here we show that i.p. LPS injection of pregnant mice at GD 15-16-17 induced an inflammatory 

response in both the mother and the embryos. Previous research showed that LPS-induced 

prenatal inflammation caused an up regulation of pro-inflammatory cytokines in fetal brain in 

rat (Cai et al., 2000) and mice (Elovitz et al., 2011; Liverman et al., 2006). The imbalance of 

cytokines in the fetal brain, especially in the case of excess pro-inflammatory cytokines, has 
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been proposed to be a fundamental cause of the detrimental effects of prenatal inflammation 

(Boksa, 2010; Meyer et al., 2009). Whether or not these pro-inflammatory cytokines originate 

exclusively from the mother or also from the fetus (brain) is unknown. Here, for the first time, 

we show that maternal inflammation induced by i.p. injection of LPS during late pregnancy 

caused an increased expression of pro-inflammatory cytokines IL-1, TNF- and IL-6 in fetal 

microglia. This indicates that fetal brain microglia themselves are a source of pro-inflammatory 

cytokines in response to maternal inflammation, and might contribute to possible detrimental 

effects of prenatal inflammation. 

 

Total brain microglia and hippocampal microglia are differentially affected by prenatal LPS 

exposure  

Pre- and neonatal LPS exposure is mainly used to investigate its detrimental effects on learning 

and memory and neurodevelopmental aspects to model pathologies such as schizophrenia, 

autism and Parkinson’s disease. In these models, the hippocampus is the main point of focus 

since it plays a paramount role in learning and memory processes. Hippocampal microglia of 

perinatal LPS exposed offspring are in this respect described as highly activated cells that 

release a higher than normal amount of pro-inflammatory cytokines such as IL-1(Bilbo and 

Schwarz, 2009b; Graciarena et al., 2013; Williamson et al., 2011). A key issue of the research 

presented here was to gain more insight in the specific microglia response after LPS induced 

prenatal inflammation. We previously showed that microglia in vivo displayed a reduced 

inflammatory response to a second LPS challenge, up to 32 weeks after the first challenge (W 

Schaafsma et al., 2015). With the observation that fetal microglia were immune activated, based 

on these previous results, we hypothesized that microglia in adult LPS-offspring would be 

immune-suppressed. Indeed, our results show that total brain microglia from adult LPS-

offspring showed a reduced pro-inflammatory response to a subsequent LPS injection. Gene 

expression profiling of microglia isolated from different brain regions from mice of different 

ages revealed microglia heterogeneity both in relation to brain region and the effect of aging on 

gene expression (Grabet et al., 2016). In addition, microglia turnover rates differ between brain 

regions (Tay et al., 2017). The observation suggest that the effect of a prenatal LPS challenge 

on microglia might vary between brain regions. Indeed, most literature describes a more 

activated phenotype of microglia in the hippocampus in models of perinatal immune challenge. 

In agreement with this, in response to LPS, we observed that induction of pro-inflammatory 

cytokines IL-1, TNF-and IL-6 was more pronounced in total hippocampus tissue of LPS 

offspring compared to control mice. When pure hippocampal microglia samples from LPS 

offspring mice were analyzed, exaggerated IL-1transcription levels were observed in 

response to LPS challenge. Surprisingly, LPS-induced TNF- expression levels in microglia 

did not differ between control- and LPS-offspring (Fig. 3B) suggesting that the TNF- mRNA 

detected in total hippocampus tissue was, in part, not microglia-derived (Fig. 3A). Astrocytes 



 

 

102 

 

express TNF-in response to LPS (Chung and Benveniste, 1990), and can be primed in their 

inflammatory response to subsequent stimuli by preceding inflammatory challenges (Henn et 

al., 2011). Recently is was reported that activated, neuroinflammatory microglia can induce 

reactive astrocytes with neurotoxic properties (Liddelow et al., 2017). Embryonic exposure to 

LPS might have led to an altered inflammatory responsiveness of hippocampal astrocytes 

resulting in the observed exaggerated TNF- levels after a second LPS challenge. 

In summary, our study is the first to report that the effect of LPS-induced prenatal inflammation 

on microglia is different in the hippocampus and the rest of the brain. Where whole brain 

microglia isolated from prenatally LPS stimulated mice showed a tolerant, immune-suppressed 

phenotype, hippocampal microglia showed a sensitized phenotype with regard to pro-

inflammatory cytokine IL-1 expression. These observations possibly explain how prenatal 

inflammation on the one hand provides neuroprotection against injury and ischemic events 

(total brain microglia) and on the other hands leads to learning and memory impairment 

(hippocampal microglia). 

 

Prenatal LPS causes a stable microglia-specific reduction in BDNF expression 

In agreement with previous studies, our LPS treatment paradigm caused significant behavioral 

changes. Where prenatal LPS inflammation induced reduced home cage activity, reduced 

anxiety and impaired learning in the T-maze paradigm but no changes in long-term memory 

formation. Together with these observations, we show that prenatal LPS exposure causes fetal 

microglia activation and thereby long-term and stable changes in microglial expression of 

cytokines important for learning and memory. In agreement with previous observations (Bilbo 

and Schwarz, 2009b; Williamson et al., 2011), hippocampal microglia of mice prenatally 

exposed to LPS showed an exaggerated IL-1 expression when receiving a subsequent LPS 

injection. However, it should be noted that this difference was only observed when mice were 

injected with LPS and no expression differences were observed in basal expression of IL-1 

between groups before the second LPS injection. Also in a study by Williamson et al. (2011), 

learning impairment was only observed when animals were subsequently injected with LPS, 

thereby causing exaggerated IL-1 expression in the hippocampus (Williamson et al., 2011). 

Our behavioral and learning tasks were performed before mice received a second PBS/LPS 

injection. These data indicate that the observed exaggerated IL-1 expression by microglia in 

the hippocampus after a second LPS challenge was not responsible for the observed impairment 

in T-maze learning in LPS-offspring. Interestingly, here we report that prenatal LPS-induced 

inflammation caused a persistent reduction in BDNF expression, specifically in microglia in 

the hippocampus. In total hippocampal tissue, a reduction in BDNF expression levels were only 

observed after LPS injection in both prenatally LPS- and control-offspring. Where control 

offspring and prenatally LPS exposed offspring, which received a PBS injection during 

adulthood, showed comparable levels of BDNF. This restoration of BDNF expression levels in 
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total hippocampus tissue of LPS offspring mice can probably be attributed to the production of 

BDNF by neurons and astrocytes, which in general express the highest levels of BDNF in the 

brain (Zhang et al., 2014). BDNF is a key player in neuronal survival, maintenance of neuronal 

circuits, is implicated in learning and memory and is highly involved in synaptic plasticity 

(Zagrebelsky and Korte, 2014). Although the critical role of BDNF in learning and memory is 

evident, the exact mechanisms of action of BDNF, mainly through signaling through the TrkB 

receptor, are still under extensive investigation. The fact that BDNF is able to regulate 

excitatory and inhibitory synapses (Bolton et al., 2000; Cunha, 2010) makes delineating these 

mechanisms even more complicated. In hippocampal synaptic plasticity, BDNF has been 

shown to promote LTP induction, which is considered to reflect learning and memory. 

Heterozygous BDNF KO mice display reduced LTP induction and impaired memory but also 

mice with BDNF overexpression showed impaired LTP induction and substantial learning and 

memory deficits in behavioral paradigms (Cunha, 2010). This shows that regulation of BDNF 

is a complex and tightly regulated process in learning and memory. In regard to microglia-

specific BDNF, Parkhurst and colleagues (2013) showed that microglia depletion in mice 

resulted in impaired learning and decreased motor learning-dependent synapse formation. 

Furthermore, removal of specifically microglial BDNF had similar effects (Parkhurst et al., 

2013). Because we only observed impairment in T-maze learning but not in memory retention, 

these data suggest that microglial BDNF is involved in learning, but possibly not in the 

formation of long-term memory. 
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Abstract 

Rodent models of both aging and obesity are characterized by inflammation in specific 

brain regions, notably the corpus callosum, fornix, and hypothalamus. Microglia are the 

resident macrophages of the central nervous system and important for brain 

development, neural support and homeostasis. However, the effect of diet and lifestyle 

on microglia during aging is only partly understood. Here, we report alterations in 

microglia phenotype and functions in different brain regions of mice on a high-fat diet 

(HFD) or low-fat diet (LFD) during aging and in response to voluntary running wheel 

exercise. We compared the expression levels of genes involved in immune response, 

phagocytosis, and metabolism in the hypothalamus of 6-month-old HFD and LFD mice. 

We also compared the immune response of microglia from HFD or LFD mice to 

peripheral inflammation induced by intraperitoneal injection of lipopolysaccharide 

(LPS). Finally, we investigated the effect of diet, physical exercise, and caloric 

restriction (40% reduction compared to ad libitum intake) on microglia in 24-month-

old HFD- and LFD mice. Changes in diet caused morphological changes in microglia, 

but did not alter the microglial reaction towards LPS-induced systemic inflammation. 

Expression of phagocytic markers (i.e., Mac-2/Lgals3, Dectin1/Clec7a, and 

Cd16/Cd32) in the white matter microglia of 24-month-old brain was markedly 

decreased in calorically restricted LFD mice. In conclusion, LFD resulted in reduced 

activation of microglia, which might be an underlying mechanism for the protective 

role of caloric restriction during aging-associated decline. 

 

Keywords: Aging, high-fat diet, low-fat diet, caloric restriction, physical exercise, 

microglia, neuroinflammation  
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1. Introduction 

Aging and obesity are worldwide health issues affecting millions of people (Han et al., 

2011). Both aging and obesity are linked to chronic low-grade inflammation that is 

associated with multisystem diseases (Lumeng and Saltiel, 2011; Woods et al., 2012). 

Aging is considered as a pro-obesogenic factor, associated with age-related metabolic 

decline, which is characterized by changes in fat distribution, obesity, and insulin 

resistance (Gabriely et al., 2002). Concurrently, obesity can aggravate age-related 

decline in physical function and cause frailty (Villareal et al., 2005). A number of 

obesity-associated comorbidities such as type 2 diabetes (Eckel et al., 2011), 

hypertension (Kotsis et al., 2010), and cardiovascular disease (Poirier et al., 2006) may 

ultimately contribute to premature aging and shortened lifespan. Importantly, obesity 

does not only affect the function of peripheral organs, but also influences the central 

nervous system (CNS). Previous studies reported that obesity is associated with synapse 

loss (Bocarsly et al., 2015), hypothalamic gliosis, and cognitive deficits (Kälin et al., 

2015; Thaler et al., 2013). It was also proposed that obesity and its direct comorbidities 

acts as a facilitator and predictor of neurodegenerative diseases (Cai, 2013; van Dijk et 

al., 2015). Metabolic dysfunction and obesity are associated with learning and memory 

impairment in early old age (Sabia et al., 2009; Singh-Manoux et al., 2012). It has been 

suggested that a high-fat diet (HFD) promotes the progression of obesity (Golay and 

Bobbioni, 1997). Thus, investigating the pathological alterations resulting from HFD 

in the aging brain will help to better estimate the role of obesity in neurodegeneration 

in the elderly. 

 

The brain has long been viewed as an immune privileged organ with limited access for 

peripheral immune signals. However, the differently structured blood-brain barrier in 

the hypothalamic arcuate nucleus-median eminence (ARC-ME) complex allows more 

blood-borne signals to enter the brain (Gross, 1992). Microglia, the tissue macrophages 

of the CNS, play a pivotal role in chronic inflammation observed in aging (Norden and 

Godbout, 2013; Galatro et al., 2017) as well as metabolic diseases such as obesity 

(Kälin et al., 2015). Increased inflammation in the aging brain is most predominant in 

the white matter, and includes loss of myelinated fibers and malformation of myelin 

sheaths (Gunning-Dixon et al., 2009). In addition to aging, an HFD induces brain 
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inflammation (Zhang et al., 2008). Young, wild-type mice on a short term HFD showed 

an increase in microglia numbers and proinflammatory factors in ARC-ME areas (Gao 

et al., 2014; Thaler et al., 2012), even before body weight was affected (Gao et al., 

2014). HFD may cause central leptin (Enriori et al., 2007; Münzberg et al., 2004) and 

insulin resistance (De Souza et al., 2005), which underlies increased food intake, body 

fat content (Rosenbaum and Leibel, 2010), and adaptive thermogenic responses aimed 

at maintaining the increased body fat content (Koch et al., 2014). Moreover, this 

condition in the CNS leads to increased hepatic glucose production (Pocai et al., 2005), 

and collectively this underlies an increased risk towards obesity, diabetes, and 

cardiovascular disease (Thaler and Schwartz, 2010). In contrast, a prolonged period of 

HFD was recently reported to induce mixed pro- and anti-inflammatory responses in 

the hypothalamus (Baufeld et al., 2016). Summarizing these observations, our 

understanding of the impact of HFD on inflammation and the role of microglia in 

different brain regions is incomplete. 

 

Lifestyle, e.g., diet pattern and physical exercise, considerably impacts aging 

phenotypes (Akbaraly et al., 2013; Woods et al., 2012), and indeed, caloric restriction 

has a preventive effect on age-related chronic diseases (Heilbronn and Ravussin, 2003) 

and accelerated aging (Vermeij et al., 2016). For example, MRI experiments show that 

caloric restriction can attenuate age-related deterioration in white matter (Bendlin et al., 

2011). The neuroprotective mechanisms of caloric restriction may include: 1) 

upregulation of brain-derived neurotrophic factor (BDNF) (Stranahan et al., 2009) and 

heat shock proteins, such as HSP-70 (Yu and Mattson, 1999); 2) increased neuronal 

resistance to excitotoxic damage (Bruce-Keller et al., 1999); and 3) inhibition of the 

increase in age-related lipid peroxidation (Sharma and Kaur, 2005; Sohal and 

Weindruch, 1996). Besides reduced intake of calories, there is also growing evidence 

suggesting that physical exercise induces loss of adipose tissue, decreases the 

expression of systemic markers of inflammation (Woods et al., 2012), upregulates the 

level of BDNF (Stranahan et al., 2009), and increases hippocampal neurogenesis (van 

der Borght et al., 2009; Van Praag et al., 1999). 

The dynamic communication between microglia and all other cell types in the CNS 

helps them perform both their immune and non-immune functions under homeostasis. 



 

 

111 

 

4 

Moreover, a variety of activation states has been described for microglia upon disease 

and injury, where the context dictates whether the outcome for the CNS is tissue-

supportive or detrimental (Li and Barres, 2017). Although the knowledge of microglia 

responses to CNS disease is rapidly increasing, the function and phenotype of microglia 

under conditions of caloric restriction and physical exercise are still poorly understood. 

Hence, the aim of this study was to investigate the effects of diet, aging, caloric 

restriction, and physical exercise on mouse microglia in a basal and inflammatory state 

induced by LPS. In different regions of the brain, microglia were characterized 

according to their gene expression pattern, expression of phagocytosis markers and 

morphology. 
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2. Materials and methods 

 

2.1 Mice 

All adult mice of different ages were used and kept under specified pathogen-free 

conditions on a 12-h light/dark cycle and lights switched on at 7:00 am. Animals were 

sacrificed in the morning, between 9:00 am and 11:00 am. Details on experimental 

design per mouse strain are described below and in Table 1 (i.e., animal strain, supplier, 

age, exercise, and diet). Throughout the experiments, mice were kept under close 

observation and regularly weighted. All animal work was approved by the Animal 

Ethics Committee of University of Groningen, and adhered to the European Directive 

(2010/63/EU) on the protection of animals used for scientific purposes.  

 

C57BL/6 OlaHsd (Harlan) 

C57BL/6 OlaHsd mice were obtained from Harlan and subsequently bred in house at 

the University of Groningen.  

 

Food composition and intake 

Male C57BL/6 OlaHsd mice were subjected to both low-fat (LFD; 6.5% fat, ab Diets 

2141 AM-II, supplemental file 1) and high-fat (HFD; 42% fat, ab Diets 4031.09, 

supplemental file 1) diets. The mice were exposed to the different diets and/or 

restriction from weaning until sacrifice. Weaning was performed at day 28 (day 0 was 

day of birth), after which mice were individually housed with ad libitum access to food 

and water. For the caloric restriction group, mice were exposed to 40% caloric 

restriction. The restricted mice received their food 3 h before lights were turned off 

(7:00 pm), they consumed the food within these 3 h, mostly faster. 

 

Wheel running and monitoring 

Mice had free access to the running wheels. Voluntary wheel running activity was 

recorded throughout the lifetime of the mice. The passing of a magnet embedded in the 

running wheel past the sensor on the cage would signal a wheel revolution. These 

revolutions were collected continuously and stored in one minute bins by a Circadian 

Activity Monitor System (CAMS, by H.M. Cooper, JA Cooper, INSERM U846, 
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Department of Chronobiology, Bon, France). Raw data was imported into a custom 

made excel macro package (ACTOVIEW, C.K. Mulder, Department of Molecular 

Neurobiology, Groningen, Netherlands). Initial imports condensed the data to 60-

minute bins, allowing for easy visual inspection of long-term recordings. 

 

C57BL/6J (Charles River) 

For the cohorts of C57BL/6J animals from Charles River, the mice were treated as 

described previously (van der Heijden et al., 2015a). Male C57BL/6J mice at the age 

of 6 weeks (20 ± 2 grams) were individually housed with ad libitum access to food and 

water. After arrival, all mice received a low-fat control diet (LFD; 10% lard; Research 

Diets, NJ, USA; D12450HY, supplemental file 1) for six weeks after which mice were 

either switched to a high-fat diet (HFD; 45% lard; Research Diets; D12451, 

supplemental file 1) or kept on the low-fat control diet. All animals were kept on their 

respective diets until time of sacrifice. 

 

2.2 LPS injection  

HFD and low-fat diet (LFD) mice (6 months) were injected intraperitoneally (i.p.) with 

1 mg/kg LPS (Sigma-Aldrich, L4391) or phosphate buffered saline (PBS). After 3 h, 

animals were anesthetized and perfused with 0.9% saline. The brains were sagitally 

separated and used for two purposes: 1) from ½ brain, microglia were acutely isolated 

and the RNA extracted (n = 5); 2) from the other ½ brain, the hypothalamus was 

dissected and RNA isolated (n = 5).  

 

2.3 Acute isolation of microglia and cell sorting 

Microglia were isolated as described in Galatro et al., 2016. Brain tissue (n = 5) was 

mechanically homogenized in HBSS with 0.6% glucose and 7.5 mM HEPES followed 

by centrifugation at 220 RCF, 4˚C for 10 min. In order to remove myelin, the pellet was 

resuspended in a mixture of 22% Percoll (GE Healthcare, 17-0891-01) and 77% myelin 

gradient buffer (5.6 mM NaH2PO4.2H2O, 20 mM Na2HPO4.2H2O, 140 mM NaCl, 5.4 

mM KCl, 11 mM glucose) and 40 mM NaCl, and centrifuged for 20 min at 950 RCF at 

4˚C. The remaining cell pellet was incubated with phycoerythrin (PE)-coupled rat anti-
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mouse CD11b (Clone M1/70, eBiosciences), fluorescein isothiocyanate (FITC)-

coupled rat anti-mouse CD45 (Clone 30-F11, eBiosciences). Forward and side scatter 

parameters were used to identify single cells and exclusion of DAPI was used to select 

live cells. Microglia were defined as Cd11bposCd45intDAPIneg, and sorted on a BD 

FACSAria II (BD Biosciences).  

 

2.4 Primary microglia culture and LPS stimulation 

Primary microglia cultures were prepared from brains of postnatal day 1 wild-type male 

C57Bl/6J mice as previously described (Schaafsma et al., 2015). Briefly, after the 

removal of the meninges and brain stem, the brains were triturated and washed in 

medium A (HBSS with 0.6% glucose [D-(+)-glucose solution, Sigma, G8769], 15 mM 

HEPES buffer (Lonza BE17-737E), 1% penicillin/streptomycin). The minced brains 

were incubated in 2.5% trypsin at 37˚C for 20 min. The enzymatic reaction was stopped 

by adding trypsin inhibitor medium, and followed by washing with medium containing 

medium A, 10% fetal calf serum (FCS), and 0.5 µg/ml DNaseI. Cells were triturated 

using a glass pipette in 25 ml normal medium (Dulbecco’s Modified Eagle Medium, 

Lonza, BE12-707F, 10% FCS, 1 mM sodium pyruvate, Gibco, 11360-070, and 1% 

penicillin/streptomycin), and centrifuged at 960 rpm at 12°C for 12 min. The 

supernatant was removed, and then the pellet was resuspended and plated as 1.5 brains 

per T75 culture flask in DMEM supplemented with 10% FCS. After 7 days of culture, 

5 ml L929 fibroblast-conditioned medium was added to 10 ml culture medium per flask 

to stimulate microglia proliferation. After around 10 days of culture, astrocytes reached 

100% confluence, and microglia were harvested at the 14th day by orbital shaking for 1 

h at 150 rpm at 37˚C. Microglia were seeded into 3.5 cm 6-well plates, and cultured in 

above-mentioned normal medium and medium collected from the mixed glial cultures 

in a ratio of 1:1 at 37°C with 5% CO2. Male and female pups were separated based on 

anogenital distance. The sex of te pups used for the cultures was confirmed by PCR on 

genomic DNA using primers for gene loci on X- and Y-chromosomes. 

Xist, fw:_ GCTTTGTTTCAGTTTCTCTGG; rev:_ATTCTGGACCTATTGGGA 

Sry, fw:_GCATTTATGGTGTGGTCC; rev:_CCAGTCTTGCCTGTATGTGA. 
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Cultured microglia were stimulated with leptin [recombinant mouse leptin protein, (1 

µg/ml, R&D, CF 498-OB-01M)] for 24 h, followed by 100 ng/ml LPS stimulation for 

3 h. 

 

2.5 RNA isolation and RT-qPCR  

RNA from sorted microglia and cultured microglia was extracted using the RNeasy 

Plus Micro Kit (Qiagen, 74034), RNA from hypothalamus was extracted using RNeasy 

Plus Mini Kit (Qiagen, 74134). After RNA isolation, reverse transcription PCR (RT-

PCR) was performed using Applied Biosystems Gene Amp 9700 thermal cycler, and 

quantitative PCR was performed as previously described (Raj et al., 2014). See primer 

information in supplementary Table 1. 

 

2.6 Tissue sampling for immunohistochemistry 

Animals (details are shown in Table 1) were sacrificed and transcardially perfused with 

saline. Brains were separated, then snap frozen in liquid nitrogen or fixed in 4% 

paraformaldehyde (PFA) in PBS fixed for 1 day (details are shown in Table 1), 

dehydrated with 25% sucrose in PBS overnight at 4 ºC, and then frozen at -50 ºC. All  

samples were stored at -80 ºC. 

 

2.7 Immunohistochemistry  

PFA fixed tissue 

Brain sections (30 µm) from 4% PFA-fixed mouse brains were pre-incubated in 0.3% 

H2O2 at room temperature (RT) for 30 min, and then in 10% serum at RT for 1 h. 

Sections were incubated with the primary antibody at 4°C overnight: Iba1 (1:1000, 

WAKO, 019-19741) or Mac-2 (1:1000, Cedarlane, CL8942AP). After PBS washing, 

sections were incubated with the secondary antibody: biotinylated goat anti-rabbit IgG 

(1:400, Vector Laboratories, BA-1000) or biotinylated rabbit anti-rat IgG (1:400, 

Vector Laboratories, BA-4001) at RT for 1 h, then with avidin-biotin-peroxidase 

complex (Vector Laboratories, PK-6100) at RT for 30 min, and finally visualized with 

3, 3'-diaminobenzidine (DAB, Sigma, D-5637).   
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Snap-frozen tissue 

Brain sections (14 µm) from snap-frozen mouse brains were acetone-fixed for 10 min, 

pre-incubated in Peroxidase Blocking Reagent (DAKO, K4009) for 15 min, and 

blocked in 5% fetal bovine serum for 30 min (RT). Sections were incubated with 

primary antibodies at RT for 2 h: Dectin-1 (1:100, AbDSerotec, MCA2289) or 

CD16/CD32 (1:100, eBioscience, 14-0161-82). Next, sections were incubated with 

unconjugated rabbit anti rat IgG (Vector Laboratories, AI-4001) at RT for 1 h. Then 

sections were incubated with labeled polymer-HRP anti-rabbit (DAKO, K4009) at RT 

for 30 min. The complex was visualized after 10 min incubation with 3-amino-9-

ethylcarbazole (AEC) substrate-chromogen solution (DAKO, K4009) and 

counterstained with hematoxylin. The visualization and counterstaining were both done 

at RT. 

 

2.8 Imaging analysis 

Immunohistochemically stained sections were imaged using a Hamamatsu 

Nanozoomer (Hamamatsu Photonics). The images of AEC-stained sections (Fig. 5) 

were analyzed with the positive pixel count algorithm (Imagescope). 5-10 pictures (20x 

magnification) from the internal capsule were quantified for each sample (n = 4-7). The 

average number of positive pixels were compared among different groups. The images 

of DAB-stained sections (Fig. 1) were analyzed using Image J. Microglia cell numbers 

were determined by binary thresholding in ImageJ followed by ‘analyze particles’ 

(pixels 10-infinity) and ‘cell count’ (n = 3-4 mice/condition).  

 

2.9 Statistical analysis 

Data were analyzed using GraphPad Prism software. For comparison of two different 

groups, a two-tailed Student’s t-test was used. Comparisons of multiple groups were 

analyzed by one-way analysis of variance (ANOVA) followed by post-hoc analysis 

using Bonferroni’s multiple-comparison test. Asterisks indicate: * p<0.05, ** p<0.01, 

*** p<0.001.3.  
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Results 

 

Figure 1 Microglia number in the cortex, hypothalamus, and cerebellum of HFD and LFD 

mice. (A) Representative images of brain sections of HFD and LFD mice at the indicated 

ages immunostained for Iba1, and counterstained with Cresyl violet. Iba1+ microglia in 

the cortex, hypothalamus, and cerebellum were analyzed. (B) The number of microglia 

were compared between HFD animals and LFD animals at the indicated ages. In both 

HFD and LFD mice, the number of microglia increased during aging. The number of 

microglia was significantly increased in the hypothalamus of 12-month-old HFD animals. 

n = 3 mice, grey boxes depict HFD samples, white boxes depict LFD samples, Student’s t-

test, *p < 0.05, **p < 0.01, ***p < 0.001). Scale bar: A = 100 µm. 

 

3.1 HFD augments the aging-induced increase in microglial cell number and 

morphological changes 

Here we evaluated regional differences in the number of microglia of 6-, 9-, and 12-

month-old HFD (45% fat) and LFD (10% fat) mice using Iba1 immunohistochemistry 

(Fig. 1A). Microglia numbers were determined in the cortex, hypothalamus, and 
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cerebellum (Fig. 1B). As described previously, Iba1 reactivity of microglia in the white 

matter of the CNS increases with age (Raj et al., 2017). In the cortex, no significant 
 

Figure 2 Expression of inflammatory, phagocytic and metabolism genes in LFD and HFD 

microglia. 6-month-old HFD and LFD animals were i.p. injected with LPS or PBS. 

Microglia were FACS isolated, RNA was extracted and quantified using RT-qPCR. RNA 

expression levels were normalized to Hmbs levels as in internal control and the expression 
levels in PBS-injected LFD mice were set at 1. Gene expression levels were compared 

between both PBS and LPS injected mice and between HFD and LFD animals. (A) 
proinflammatory cytokines (Il-1β, Il-6, and Tnf-α), (B) phagocytosis genes (Axl, Lgals3) 

and immune response gene (Spp1), and (C) energy metabolism genes (Apoe, Cybb). Genes 

were significantly upregulated after LPS injection, but no significant difference between 

HFD+LPS and LFD+LPS samples was detected. Open circles depict LFD and closed 
circles depict HFD samples, n = 5 mice, mean ± SEM is depicted, Student’s t-test, *p < 

0.05, **p < 0.01, ***p < 0.001). 
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differences in the number of microglia between LFD and HFD mice were detected at 

these respective ages (Fig. 1B). In the hypothalamus, microglia numbers were 

significantly higher in both HFD and LFD mice at 12 months of age compared to 6-

month-old mice; and at 12 months microglia numbers were significantly increased in 

HFD compared to LFD mice (Fig. 1B). In the cerebellum, microglia numbers were 

significantly increased in 12-month-old mice compared to 6-month-old mice for both 

HFD and LFD mice (Fig. 1B).  

 

3.2 The effect of HFD on LPS-induced gene expression in total brain microglia 

To assess if HFD affected the microglia response to an inflammatory challenge, 

microglia were isolated from the brain of 6-month-old LFD and HFD mice, 3 h after an 

intraperitoneal (i.p.) injection with PBS or LPS (1 mg/kg). The mRNA expression 

levels of pro-inflammatory-, phagocytic-, and metabolic genes were determined. The 

basal expression of pro-inflammatory genes Il-1b, Tnf-a, and Il-6 and other immune 

related genes Spp1 and Cybb was not significantly different between HFD and LFD 

microglia. As expected, i.p. injection with LPS resulted in a significant increase in 

proinfammatory and immune gene expression. However, this response was not 

significantly different between HFD and LFD microglia (Fig. 2A, B). Expression levels 

of phagocytic markers, Axl and Lgals3 (Mac-2) were induced by LPS but not 

significantly different between LFD and HFD conditions (Fig. 2C). Apoe, a gene 

involved in lipid metabolism, was induced by LPS, in both LFD and HFD microglia 

(Fig. 2D). Collectively, these data indicate that a 6-month HFD did not result in 

generalized microglial activation or an altered responsiveness to an inflammatory 

stimulus such as LPS. 
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Figure 3 Expression of immune-related genes in the hypothalamus of PBS/LPS-treated 

LFD and HFD mice. 6-month-old HFD and LFD animals were i.p. injected with LPS or 

PBS, total RNA was extracted from the hypothalamus and analyzed using RT-qPCR. The 
gene expression of (A) proinflammatory cytokines (Il-1β and Tnf-α), (B) genes relating to 
immune response (Cd44, Cryab, Sirpa, Spp1, Ifitm3, and Ifitm2), (C) phagocytic markers 

(Axl, Lgals3, Cd36, and Clec7a), and (D) genes relating to lipid metabolism (Apoe, Csf-1, 

Lpl, and Lrp12) were compared between HFD and LFD animals, but also between samples 

with or without LPS injection. Open circles depict LFD and closed circles  depict HFD 
samples, n = 5 mice, mean ± SEM is depicted, Student’s t-test, *p < 0.05, **p < 0.01, ***p 

< 0.001). 
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3.3 The effect of HFD on LPS-induced gene expression in total hypothalamus  

In microglia isolated from total mouse brain, no significant changes in LPS-induced 

inflammatory responses were observed under LFD and HFD conditions. However, it is 

possible that regional effects of LFD/HFD on microglia were obscured when analyzing 

total brain microglia. The hypothalamus for example is substantially affected by HFD 

(Gao et al., 2014; Thaler et al., 2012). Hence, gene expression levels of microglia-

associated genes were determined in the hypothalamus of 6-month-old LFD and HFD 

mice, which received an i.p. injection of PBS or LPS (1 mg/kg). LPS induced a 

significant increase in expression of the proinflammatory cytokine genes Il1-b and Tnf-

a in the hypothalamus of both HFD and LFD mice, but their expression was not 

significantly different between HFD and LFD mice (Fig. 3A). With the exception of 

Ifitm2, no significant effect of HFD on the expression of several immune response 

genes, Cd44, Cryab, Csf-1, Sirpa, Spp1, and Ifitm3 was detected. LPS significantly 

induced Cd44, Csf-1, and Ifitm3 expression levels in both LFD and HFD hypothalamus 

(Fig. 3B). No substantial differences in the hypothalamus were observed in the 

expression of phagocytic markers Cd36, Axl, Clec7a (Dectin1), and Lgals3 between 

LFD and HFD hypothalamus was detected. LPS significantly increased expression of 

Cd36, Axl and Lgals3 in LFD and HFD hypothalamus (Fig. 3C). No significant effect 

of HFD on Apoe, Lpl and Lrp12 was detected (Fig. 3D). In summary, these data indicate 

that LPS treatment resulted in increased expression of a range of immune-, 

phagocytosis- and metabolism-associated genes in the hypothamalus, but no significant 

differences were detected between LFD and HFD samples. 

 

3.4 Increase in leptin plasma levels does not induce hyperreactivity of microglia  

The effect of HFD or LFD on serum leptin levels and body weight in the C57BL/6J 

mouse cohort have been reported earlier (van der Heijden et al., 2015a, 2015b). In mice 

on a HFD (45% fat), leptin plasma levels strongly increased from 10 to 40 ng/ml, 

peaked around 28 weeks and remained elevated. Previous data indicated that in vitro 

pretreatment of rat microglia with leptin for 24 hours, was capable of potentiating a 

subsequent LPS response, resulting in approximately 2-fold higher Il-1 release 

(Pinteaux et al., 2007; Lafrance et al., 2010). However, a concomitant increase in Il-1b 

mRNA was not detected (Lafrance et al., 2010). As described above, we did not observe 
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an effect on LPS responsiveness in vivo. Therefore, we next evaluated if leptin (1 

µg/ml) altered the inflammatory response of male primary microglia in vitro. In primary 

microglia, LPS induced a significant upregulation of the pro-inflammatory genes Il1-b 

and Tnf-a. However, in agreement with the data from rat microglia (Lafrance et al., 

2010), pretreatment with leptin for 24 h did not alter the microglial response to LPS at 

the mRNA level (Fig. 4A). These data show that leptin preconditioning of microglia in 

vitro did not result in increased inflammatory gene expression nor in enhanced LPS 

sensitivity, which is in contrast to aging, where this microglial hyperreactivity was 

observed (Henry et al., 2009). 

Figure 5 Low-fat diet with caloric restriction reduces white matter microglia activation during 

aging. (A) Brain sections of 6 and 24-month-old mice on different diets and regimes were 

immunostained for Iba1 and Mac-2, and counterstained with cresyl violet. LFAL: low-fat diet ad 

libitum; HFAL: high-fat diet ad libitum; LFRW: low-fat diet with running wheel; HFRW: high-fat 

diet with running wheel; LFCR: low-fat diet with caloric restriction; HFCR: high-fat diet with 

caloric restriction. (B) Quantification of conditions depicted in the top panel of (A). The expression 

of Iba1 and Mac-2 increased during aging in both HFAL and LFAL groups (n = 3-7 mice, mean ± 

SEM is depicted, Mann-Whitney test, ns: not significant, *p < 0.05, **p < 0.01). (C) Quantification 

of conditions depicted in the bottom panel of (A). Compared to the LFCR group, the expression of 

Iba1 was significantly higher in HFAL, HFCR, LFAL, and LFRW mice. Mac-2 was significantly 

higher expressed in HFCR, LFAL, and LFRW mice (n = 3-7, Mean ± SEM, Mann-Whitney test, 

*p < 0.05, **p < 0.01). (D) Tissues from animals on different diets and regimes (LFAL, HFAL, 

LFRW, HFRW, LFCR, and HFCR) were immunostained for Dectin 1 and Cd16/Cd32 and 

counterstained with hematoxylin. (E) Dectin 1 and Cd16/Cd32 were significantly lower expressed 

Ilustración 1 Figure 4 Leptin does not alter microglia responsiveness to LPS. (A) Male primary mouse microglia 

were incubated with leptin (1 µg/ml) for 24 h, followed by an LPS stimulation (100 ng/ml) for 3 h. 

Gene expression of proinflammatory cytokines (Il-1b and Tnf-a) was compared between control 

and leptin-treated cells with or without LPS stimulation. Leptin treatment had no significant effect 

on the LPS-induced expression of proinflammatory cytokines. Open circles depict untreated and 

closed circles depict leptin-treated microglia (n = 3 microglia cultures, mean ± SEM is depicted, 

one-way ANOVA with Bonferroni post hoc comparison, ***p < 0.001). 
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in LFCR mice exclusively (n = 4-7 mice, mean ± SEM is depicted, Mann-Whitney test, *p < 0.05, 

**p < 0.01, ***p < 0.001). Scale bar: A, D = 40 µm. 
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3.5 Effects of running wheel exercise and caloric restriction on white matter 

inflammation? 

Increased inflammation in the aging human brain is most predominantly observed in 

the white matter (Gunning-Dixon et al., 2009). However, the effect of long-term diet 

pattern and exercise on the aging brain and white matter inflammation has not been 

assessed. We therefor evaluated microglia numbers and activation in white matter 

regions in 6-month-old and 24-month-old LFD and HFD mice. In addition, 24-month-

old mice were subjected either to a lifelong voluntary running wheel paradigm or 

lifelong caloric restriction (Fig. 5). At the age of 24 months, both HFD and LFD mice 

showed increased expression of Iba1. Clustering of microglia was also observed in 

fimbriae (Fig. 5A, B). Remarkably, in LFD mice, caloric restriction completely 

prevented this increase in Iba1 expression, whereas in HFD mice, caloric restriction had 

little effect (Fig. 5C). Microglial expression of the phagocytic marker Mac-2 (Lgals3) 

in the fimbria was increased in both 24-month-old HFD and LFD mice when compared 

to 6-month-old mice (Fig. 5A, B). Similar to Iba1, the expression of the phagocytic 

marker Mac2 was completely absent in 24-month-old LFD mice with caloric 

restriction, indicating that LFD plus caloric restriction reduces microglia activation 

(Fig. 5C). In another prominent white matter brain region, the internal capsule, we 

quantified the expression of phagocytic markers Dectin1 and Cd16/Cd32 in 24-month-

old HFD- and LFD mice. These mice either had access to a running wheel or were 

subjected to caloric restriction (Fig. 5D, E). Remarkably, significant expression of 

Dectin1 and Cd16/Cd32 was observed in the white matter bundle in all experimental 

groups except in caloric restricted LFD mice (Fig. 5D, E). 

 

  



 

 

125 

 

4 

4. Discussion 

In this study, we observed a marked effect of aging on microglia numbers in the 

hypothalamus and cerebellum. In HFD mice, the cell number of microglia increased 

compared to their age-matched LFD littermates, especially at the age of 9 and 12 

months. These results are in accordance with earlier studies. An increase in microglia 

cell number has been observed previously in the hypothalamus of mice subjected to 20-

week HFD (Valdearcos et al., 2014; Baufeld et al., 2016). The expression of 

inflammatory genes increased significantly in the cerebellum after a 16-week HFD, 

while those genes in cortex remained unchanged (Guillemot-Legris et al., 2016). 

Previous data has indicated that neuroinflammation can be influenced by caloric intake, 

where not only fat content, but also the source of the fat and carbohydrate content have 

been reported to influence microglia in the hypothalamus (Maric et al., 2014; 

Valdearcos et al., 2014; Gao et al., 2017; André et al., 2017). In particular, saturated 

fatty acids have been connected with microglia-induced inflammation (Valdearcos et 

al., 2014). More recently, it was shown that carbohydrates are mainly responsible for 

microgliosis in the hypothalamus of mice on a diet with high caloric content (Gao et 

al., 2017). However, the fact that we observed increased microglia numbers in mice 

subjected to caloric restriction in combination with high-fat diet, suggests that under 

our experimental conditions it is mainly the fat content and/or composition that dictated 

microglia activation. 

Basal expression levels of pro-inflammatory, phagocytosis, immune response, and 

energy metabolism markers did not differ in microglia isolated from total brain tissue 

of HFD and LFD mice. Furthermore, microglial responsiveness to LPS did not differ 

between HFD and LFD mice, in agreement with earlier results (Baufeld et al., 2016). 

In rats on an 8-week high saturated fat diet, hypothalamic inflammation markers were 

increased but no effect of diet on the change in core body temperature after a peripheral 

LPS challenge was observed (Maric et al., 2014). 

Previous experiments in HFD mice showed an increased expression of pro-

inflammatory cytokines and activation of NF-B in the hypothalamus (De Souza et al., 

2005). Microglia have been proposed to be important players in this inflammatory 

cascade, perpetuating hypothalamic injury (Milanski et al., 2009; Posey et al., 2009; 

Thaler et al., 2012; Zhang et al., 2008). Inflammation in the hypothalamus disrupts 
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feeding-related pathways, and promotes insulin and leptin resistance, thereby favoring 

an elevated body weight (De Souza et al., 2005; Posey et al., 2009; Spencer and 

Tilbrook, 2011). However, the exact role of microglia in HFD-induced 

neuroinflammation is still poorly understood. A recent study showed that HFD induced 

an acute inflammatory response in the hypothalamus after 3 days, but this increased 

expression of proinflammatory genes was no longer observed after 4 and 8 weeks. In 

contrast, at these time points a more pronounced anti-inflammatory gene expression 

profile was observed (Baufeld et al., 2016). However, the fact that microglia play 

critical roles in neuroinflammation in response to HFD has been clearly demonstrated. 

Depletion of microglia resulted in reduced hypothalamic inflammation (Valdearcos et 

al., 2014) and a similar effect was seen when proliferation of microglia was inhibited 

(André et al., 2017). 

 

The detrimental effect of HFD on the brain predominantly occurs in the hypothalamus. 

The hypothalamus has an important role in feeding behavior and 

neuroendocrine/autonomic outflow, where leptin and insulin play key roles in 

regulating hunger signals and energy expenditure, mainly by acting through neuronal 

subpopulations in the arcuate nucleus (Yi et al., 2012). In the hypothalamus, the 

expression of most genes involved in pro-inflammatory cytokine signaling, immune 

response, phagocytosis, and metabolism in HFD and LFD mice were not significantly 

different. However, a significant difference was observed in the expression of 

interferon-induced transmembrane protein 2 (Ifitm2), where HFD mice showed a 

significant higher expression compared to LFD mice. In addition, the expression of 

Ifitm3 showed a strong tendency of being increased in HFD mice compared to LFD 

mice after LPS injection, although the difference did not reach statistical significance. 

Ifitm proteins are important players in the type I interferon antiviral response. Deletion 

of Ifitm genes in mice, IfitmDel mice, results in an obese phenotype and metabolic 

dysfunction. Microglia in the hypothalamus of IfitmDel mice have an activated 

phenotype and an exaggerated pro-inflammatory response to Poly I:C, a viral mimetic 

and TLR3 agonist (Wee et al., 2015). 
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Leptin, referred to as the satiety hormone secreted by adipose tissue, is essential in 

regulating body weight and can enter the brain (Rivest, 2002). Since leptin is a 

prominent factor in the detrimental effects of HFD (Lin et al., 2000), the effect of leptin 

on microglia was analyzed both in vivo and in vitro. We observed that high peripheral 

levels of leptin in HFD mice were not paralleled by an altered responsiveness of 

microglia to a systemic inflammatory stimulus in comparison to microglia from LFD 

mice. Previous studies reported that in obesity, the ability of leptin to cross the blood-

brain barrier is reduced (Banks et al., 2006; Burguera et al., 2000). In order to test the 

effect of leptin on microglia directly, we pretreated primary microglia with leptin, 

which did not change basal inflammatory gene expression levels or the response to an 

LPS challenge. In summary, neither HFD nor leptin induced changes in the 

inflammatory responses of microglia in aging mice.  

 

Although no major differences were observed in cytokine expression levels in microglia 

isolated from total brain tissue and hypothalamic tissue from HFD- and LFD mice, we 

observed very profound differences in neuroinflammation and phagocytic markers in 

prominent white matter bundles between HFD- and LFD mice at different ages in 

combination with caloric restriction. Previous studies showed that dietary intervention, 

such as caloric restriction, slows down the aging process (Colman et al., 2014; Johnson 

et al., 2006). Indeed a lifelong reduction in caloric intake reduces the oxidative damage 

in the brain (Mattson et al., 2001), preserves long-term potentiation of synaptic 

transmission (Hori et al., 1992), and ameliorates cognitive decline (Pitsikas and Algeri, 

1992). In peripheral nerves, caloric restriction maintains the nerve structure, improves 

nerve function, and attenuates the age-associated reduction of myelin proteins and 

widening of the nodes of Ranvier (Rangaraju et al., 2009). The underlying mechanisms 

might be the expression of protein chaperones and activation of the autophagy-

lysosomal pathway (Rangaraju et al., 2009). Here, the reduction of phagocytic markers 

in white matter microglia of LFD with caloric restriction might reflect decreased axonal 

stress in the CNS. However, the pathology of axons at LFD vs HFD combined with 

caloric restriction conditions has not been examined yet. Physical exercise, which was 

provided by a running wheel in our study, reduced the risk of cardiovascular disease, 

type 2 diabetes, obesity, stroke, and is protective against age-related cognitive decline 
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(McKee et al., 2014). In our study, the expression of Mac-2 and Dectin1 remained high 

in the running wheel HFD group, only the expression of Cd16/Cd32 was partially 

decreased in LFD mice in the running wheel experiment. However, the expression of 

Cd16/Cd32 was still significantly higher in HFD mice than in LFD mice with caloric 

restriction. Although previous studies reported physical exercise plays an equivalent 

role in terms of energy balance (Redman et al., 2007) and regulating insulin resistance 

(Coker et al., 2009), our data suggest that in mice, caloric restriction might be a more 

effective intervention in protecting white matter structures than physical exercise.  

 

In this study, we show that HFD increased the number of microglia in the hypothalamus 

and both number and soma size of microglia were increased in the cerebellum during 

aging in HFD mice. Under basal- or LPS-induced inflammatory conditions, gene 

expression analysis of the total brain microglia population or hypothalamus tissue 

showed similar findings in HFD- and LFD mice. Caloric restriction in LFD mice 

prevented the increased expression of phagocytic markers in white matter microglia 

with aging, and this protective effect of caloric restriction was not observed in HFD 

mice. Because running wheel access did not affect white matter glia activation in either 

diet, dietary fat as well as caloric content may play an important role in the 

inflammatory process in brain aging. 

 

Abbreviations: CNS = central nervous system; HFD = high-fat diet; LFD = low-fat 

diet; i.p. = intraperitoneal; LPS = lipopolysaccharide; ARC-ME = arcuate nucleus-

median eminence; BDNF = brain-derived neurotrophic factor; RT-PCR = reverse 

transcription PCR; PBS = phosphate buffered saline; FCS = fetal calf serum; MRI = 

magnetic resonance imaging; PE = phycoerythrin; FITC = fluorescein isothiocyanate  
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Table 1 Mouse strain, supplier, group and treatment information 

 
Abbreviations: AL = Ad libitum; RW = Running wheel; CR = Caloric restriction; IHC = 

Immunohistochemistry; PFA = paraformaldehyde 
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Abstract 

 

Background: 

Western diet, limited in anti-inflammatory nutrients, is a risk factor for (neuro)-inflammation 

and neurodegenerative diseases. Therefore, anti-inflammatory nutritional intervention 

represents a potential strategy in treatment and/or prevention of these diseases potentially by 

targeting activation of microglia, resident macrophages of the brain. 

Objective: 

Developing a high throughput screening method for potential anti-inflammatory substances 

suppressing microglia activation. 

Methods: 

The NF-B pathway was used as an indicator of inflammation, confirmed by Q-PCR analysis 

of inflammatory markers. Using immortalized BV2 microglial cells, a NF-B luciferase 

reporter cell line and an assay for evaluation of anti-inflammatory nutrients were developed. 

Twelve nutrients with published anti-inflammatory activity (docosahexaenoic acid [DHA], 

curcumin, magnesium sulfate, mannitol, naringin, sodium selenite, taurine, vitamins A and C, 

vitamin E acetate), and two vitamin D metabolites (25-hydroxy-vitamin D, 1,25-dihydroxy-

vitamin D) were tested and results were confirmed using primary microglia cells.  

Results and conclusion: 

From 15 puromycin-resistant, lipopolysaccharide LPS (100 ng/ml) stimulated clones, 3 clones 

exhibited low basal reporter activity and vigorous induction of luciferase expression by LPS. 

Based on the robust expression of pro-inflammatory cytokine genes, IL-1TNF- and IL-6, 

and low variation between experiments, C1.16 was selected for further experiments. Vitamin 

D metabolites and vitamin E acetate did not reduce LPS (1 ng/ml) induced NF-B activity. In 

decreasing order of potency, magnesium sulfate, curcumin, vitamin A, sodium selenite, DHA 

and vitamin C were effective. Overall, magnesium sulfate acts as a potent reducer of microglia 

NF-B activation.  
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Introduction 

Lifestyle has been postulated to be a potential risk factor underlying chronic inflammation and 

chronic diseases. Personal hygiene, stress, smoking, and a diet leading to malnutrition or 

obesity, have all been identified as potential causes inducing a chronic inflammatory state. The 

high fat, high carbohydrate Western diet has emerged as one of the major influences in this 

respect (Ruiz-Núñez et al., 2013; Cordain et al., 2005).  Furthermore, low grade systemic 

inflammation has been associated with neuroinflammation and multiple neurodegenerative 

diseases such as Alzheimer’s and Parkinson’s disease (Cunningham, 2013; Holmes et al., 2009; 

Qin et al., 2007; Teeling & Perry, 2009). Nutritional intervention with anti-inflammatory 

nutrients, which are limited in the Western diet, could be important in the prevention and/or 

treatment of chronic inflammatory states (Seaman, 2002). A possible target for anti-

inflammatory nutritional intervention could be the activation of microglia. Microglia cells are 

resident innate immune cells of the central nervous system (CNS) that are involved in host 

defense and important in maintaining tissue homeostasis. In the healthy brain, microglia 

continuously scan their environment and react to changes in brain homeostasis (Nimmerjahn, 

Kirchhoff, & Helmchen, 2005), such as injury or invading pathogens, by producing pro-

inflammatory cytokines, nitric oxide, glutamate, reactive oxygen and nitrogen species, among 

others (Kettenmann, Hanisch, Noda, & Verkhratsky, 2011). Changes in physiology of 

microglia, by for example chronic inflammation, can possibly contribute to long term 

neuropathological events (Lehnardt, 2010; Lunnon et al., 2011; Qin et al., 2007; Teeling & 

Perry, 2009). The microglia population in humans has a very slow turnover, around 28% every 

year, and microglia cells can potentially be decades old (Réu et al., 2017). Thus, microglia 

represent an interesting target for possible nutritional intervention of chronic inflammation. 

The objective of this study was to develop a high throughput screening protocol for dietary 

compounds that could possibly suppress microglia activation. In previous reports, monitoring 

NF-B activation by use of NF-B reporter cell lines was used to screen anti-inflammatory 

properties of, for example, plant extracts that could be beneficial in prevention and treatment 

of cancer  (Paur et al., 2010), or vegetables and purified bioactive components to reduce 

metabolic inflammation (Meijer, Vonk, Priebe, & Roelofsen, 2015).  NF-κB signaling plays a 

complex and central role in inflammation in the innate and adaptive immune response.  The 

NF-κB family consists of five members, p65 (RelA), RelB, c-Rel, NF-κB1 and NF-κB2, of 

which the latter two are proteolytically processed to p50 and p52 (Hoesel et al., 2013). Where 

microglia activation is concerned, NF-κB is a key factor in the inflammatory response upon 

recognition of pathogen associated molecular patterns (PAMPS) or damage associated 

molecular patterns (DAMPS) by pattern recognition receptors (PPRs), such as Toll like receptor 

4 (TLR-4). Activation of microglia by TLR-4 ligand lipopolysaccharide (LPS), an outer cell 

membrane component of gram-negative bacteria, is a model often used to study microglia 

activation in vitro and in vivo (Kettenmann et al., 2011). Recognition of LPS by TLR-4 leads 
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to MyD88-dependent activation of NF-B, mainly through phosphorylation of p65 and nuclear 

translocation of the p65/p50 heterodimer, resulting in the transcription of proinflammatory 

cytokines such as IL-1, TNF- and IL-6 (Hanisch & Kettenmann, 2007; Kettenmann et al., 

2011; Schwartz, Kipnis, Rivest, & Prat, 2013) 

Here, we made use of this well characterized pathway and generated a lentiviral transfected 

NF-B luciferase reporter BV2 microglia cell line. Ten nutrients and two vitamin D metabolites 

were selected based on commercial availability, suitability for use as dietary components, and 

previously described anti-inflammatory effects (Table 1). The selected compounds were used 

to pretreat generated BV2 NF-B reporter cell lines in order to measure possible anti-

inflammatory effects by analysis of LPS induced expression of inflammatory markers.  As a 

validation of this high throughput screening method, results were verified using primary 

microglia cells. 
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Materials and methods 

 

BV2 cell culture 

BV2 cells, an immortalized microglial cell line, were cultured in DMEM medium supplemented 

with 10% FCS and 1% pen/strep in T25 flasks at 37°C in a humidified atmosphere at 5% CO2. 

Cells were passaged at ~80% confluence and plated in 96 wells (104 cells/well) or 6 wells 

(1.5x105 cells/well) for experimental use. 

 

NF-B luciferase reporter assay 

To generate a BV2 NF-B luciferase reporter cell line, BV2 cells were seeded in 12 well plates 

(5x104 cells/well) and transduced with lentiviral particles of the Cignal Lenti NFκB Reporter 

(luciferase) with a multiplicity of infection (MOI) of 5 in the presence of 8 µg/ml polybrene 

(Qiagen, cat#CLS-013L) according to the manufacturer’s protocol. To obtain clonal cell lines, 

BV2 cells were seeded in 6 well plates (5x103 cells/well) to acquire single colonies. Transduced 

BV2 cells were selected using 4 g/ml puromycin. After 3 days, single colonies were picked 

and expanded. Analysis of luciferase activity, indicative of NF-B activity, was performed as 

described previously (Benus et al., 2005; van den Boom et al., 2007). Shortly after experimental 

treatment, BV2 cells were lysed using 1x Promega reporter cell lysis buffer. Luciferase activity 

was measured using the steadylite plus reporter gene assay system (PerkinElmer). 

 

Treatment and compounds 

To activate mouse primary microglia, BV2 cells, or BV2 cell lines containing the NF-B 

luciferase reporter system, cells were treated with LPS (1 or 100 ng/ml) for 1 h and subsequently 

kept in fresh medium (no LPS) for an additional 2 h. Primary microglia or BV2 cells were 

pretreated with compounds of interest for 2 h, followed by a 1 h LPS (1 ng/ml) treatment and a 

subsequent 2 h of culture in fresh medium. The compound tested was present during the entire 

5h treatment. Based on commercial availability, suitability for use as dietary components, and 

published anti-inflammatory properties, 10 compounds were selected (Table 1): 

docosahexaenoic acid (DHA; 10 M), curcumin (16 M), magnesium sulfate (20 mM), 

mannitol (20 mM), naringin (100M), sodium selenite (2 M), taurine (100 M), vitamin A 

(retinoic acid; 10 nM), vitamin C (125 M), 25-hydroxy-vitamin D (25 OHD) (5 x 10-7 M), 

1,25-dihydroxy-vitamin D (1,25 (OH)2D) (40 pg/ml), and vitamin E acetate (100 M). 

 

RNA isolation and quantitative RT-PCR 

RNA was isolated using the Qiagen RNeasy Micro Kit according to the manufacturer’s 

instructions. cDNA was generated using random hexamers (Fermentas), M-MuLV Reverse 

Transcriptase and Ribolock RNAse inhibitor (Fermentas). Quantitative PCR reactions were 
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carried out using a SYBR supermix (BIORAD) using an ABI 7900HT real time thermal cycler 

(Applied Biosystems). For quantitative RT-PCR, the following primers were used: 

IL-1For-GGCAGGCAGTATCACTCATT, Rev-AAGGTGCTCATGTCCTCAT), 

TNF-(For-TCTTCTGTCTACTGAACTTCGG, Rev-AAGATGATCTGAGTGTGAGGG), 

IL-6 (For-CCTCTCTGCAAGAGACTTCCATCCA, Rev-GGCCGTGGTTGTCACCAGCA). 

Q-PCR primers were designed in PRIMER EXPRESS 2.0. qPCRs were performed in triplicate 

in a minimum of three independent experiments. Hydroxymethylbilane synthase (HMBS, For- 

CCGAGCCAAGCACCAGGATA, Rev- CTCCTTCCAGGTGCCTCAGA) was used as an 

internal standard to calculate relative gene expression levels according to the 2-CT method 

(Livak and Schmittgen, 2001). 

 

Primary microglia cell culture 

Compounds selected using the BV2 reporter cell line, were further studied and validated using 

primary microglia cultures. Mixed glia cultures were generated using neonatal brains of P1-P3 

C57Bl/6JOlaHsd mice. After removal of the meninges and brain stem, the brains were minced 

and washed in dissection medium (Hanks bovine salt serum, PAA, Cat.nr. H15-010; D-(+)-

Glucose solution, Sigma, Cat.nr. G8769; HEPES, PAA, 311-001). The total cell suspension 

was incubated in dissection medium supplemented with 2.5% trypsin for 20 min. The 

trypsinization process was stopped by addition of trypsin inhibition medium, followed by 

washing with dissection medium supplemented with 10% FCS and 1% DNase1. Cells were 

triturated using glass pipettes decreasing in diameter in 25 ml complete medium (DMEM; 

Gibco, Cat.nr. 41965-039, supplemented with 10% FCS, 1mM sodium pyruvate and 1% 

pen/strep) and centrifuged for 12 min, 960 rpm at 12°C. Post centrifugation, the cell pellet was 

resuspended in 1 ml complete medium and plated at a ratio of 1.5 brains per T75 flask. Medium 

was refreshed after 2 days and every 4 days thereafter. After 6-7 days of culture, medium was 

supplemented with 33% L929 fibroblast-conditioned medium to stimulate microglia 

proliferation. L929 fibroblast conditioned medium was produced by addition of 30 ml normal 

complete culture medium to 80% confluent L929 cells in T175 flasks; medium was collected 

and filter sterilized after 2 days. After 8-10 days, cultures reached 100% confluence and 

microglia were harvested 10-12 days after seeding by mitotic shake off for 1 h at 150 rpm in an 

orbital shaker. 

 

Statistical Analysis 

Statistical analysis was performed using Graphpad Prism software.  Data was subjected to two-

tailed Student’s t-test or one-way analysis of variance (ANOVA) followed by post-hoc analysis 

using Bonferroni’s multiple-comparison test. Results were considered significant when p<0.05 

and are depicted as * p<0.05, ** p<0.01, *** p<0.001. 

  



 

 

143 

 

5 

Results 

Generation of clonal BV2 NF-B reporter cell lines 

BV2 cell lines with an integrated NF-kB luciferase reporter were generated from BV2 cells 

transduced with Cignal Lenti NFκB Reporter lentiviral particles with a multiplicity of infection 

(MOI) of 5. Initially, 18 puromycin-resistant (4 g/ml) clones were selected (Table 2). Three 

cell lines (clone 5-7-14) did not proliferate. The remaining 15 clonal cell lines were stimulated 

with LPS (100 ng/ml) for 24 h, after which lysates were obtained; luciferase activity was 

determined and expressed as relative light units (RLU). Clones with a high basal NF-B 

reporter activity (clones 2, 6 and 8) were not used for further experimentation. From the 

remaining 12 clones tested, 3 clones (1-9-16) were selected based on low basal reporter activity 

and robust induction of luciferase expression by LPS (Table 2).  

 

 

Figure 1. LPS-induced pro-inflammatory gene expression in BV2 NF-B reporter cell lines. The 

parental BV2 cell line and three clonal BV2 NF-B reporter cell lines, Cl.1, Cl.9 and Cl.16, were 
stimulated with LPS (6 h, 100 ng/ml) and mRNA expression levels of the pro-inflammatory genes IL-

1TNF- and IL-6 were determined using quantitative RT-PCR. Expression levels were normalized 
to hydroxymethylbilane synthase, average expression with standard errors is depicted. To analyze 
statistical significance, a two-sided unpaired student’s T-test was performed; * p≤0.05, ** p≤0.01, 
*** p≤0.001 as compared to control. 

 

Wild type and BV2 clonal cell lines show comparable pro-inflammatory gene expression 

levels in response to LPS 

To determine if the observed increase in NF-B luciferase reporter gene activity induced by 

LPS was accompanied by pro-inflammatory gene transcription, the expression of three key pro-

inflammatory cytokine genes, IL-1TNF- and IL-6 was analyzed by quantitative RT-PCR. 

Wild type BV2 cells showed a significant increase in gene expression of all three pro-

inflammatory cytokines after LPS (100 ng/ml) stimulation for 6 h. In addition, the BV2 reporter 

cell lines Cl.1, Cl.9 and Cl.16 all showed significantly elevated transcription of the three pro-
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inflammatory cytokines after LPS stimulation (Fig. 1). Overall, mRNA induction levels were 

lower in Cl.9 compared to the other two cell lines tested. Clone Cl.16 cells (BV2 Cl.16 cells) 

were selected for further use in experiments since it exhibited a robust inflammatory response 

with the lowest variation between experiments. 

 

Response of the BV2 NF-B reporter cell line after in vitro low-grade inflammation 

To mimic low-grade inflammation, BV2 Cl.16 cells were treated with LPS (1 ng/ml) for 1 h. 

RLU were measured for 0-10 h after LPS treatment and expressed as fold increase of control. 

BV2 Cl.16 cells showed a gradual increase in NF-B activation reaching a maximum around 5 

h after LPS treatment. At all time-points, significantly increased NF-B activity was observed 

in LPS treated cells compared to non-stimulated control cells (Fig. 2A). For use in a high 

throughput-screening assay, a time point where luciferase activity was submaximal was 

selected in order to determine potential modulatory effects of compounds of interest on LPS-

induced NF-kB activity. An in vitro screening model was set up where BV2 Cl.16 cells were 

preconditioned for 2 h with a compound of interest, stimulated for 1 h with LPS (1 ng/ml), 

followed by 2 h of culture in fresh medium without LPS. The compound of interest was present 

in the medium during the whole process (Fig. 2B). 

 

Anti-inflammatory effect of Bay11-7082 on the BV2 NF-B reporter cell line 

To validate the high throughput screening setup discussed above, BV2 Cl.16 cells were 

pretreated with Bay11-7082, a known inhibitor of NF-B activation. Bay11-7082 has been 

reported to significantly suppress the production of NO, PGE2 and TNF-α in LPS (1 µg/ml) 

Figure 2. LPS induction of NF-B-luciferase reporter activity in BV2 NF-B line Cl.16. (A) Cells were 
treated with LPS (1 h, 1 ng/ml) and relative light units (RLU) were measured 0-10 h after LPS 
treatment, results are expressed as fold of control. To analyze statistical significance a one-way 
ANOVA with a Bonferroni’s post hoc test was performed; ** p≤0.01 compared to control. (B) 

Schematic representation of the BV2 NF-B reporter stimulation paradigm for testing the anti-
inflammatory capacity of compounds of interest. 
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stimulated RAW264.7 cells and peritoneal macrophages, without decreasing cell viability. It 

suppresses inflammation mainly by preventing phosphorylation and nuclear translocation of 

NF-B subunit p65 (Lee, Rhee, Kim, & Cho, 2012). BV2 Cl.16 cells were treated with Bay11-

7082 according to the scheme presented in Fig. 2B. Pretreatment with Bay11-7082 resulted in 

a concentration-dependent decrease in NF-B activation in LPS stimulated Cl.16 cells (Fig. 

3A). At a concentration of 6M, Bay11-7082 optimally reduced NF-B activation. However, 

at this concentration, cell viability was reduced to approximately 75% in LPS treated cells, 

indicative of cytotoxicity (Fig. 3B).  

 

Figure 3. Bay11-7082 reduced LPS-induced activation of the NF-B luciferase reporter in BV2 Cl.16. 

(A) BV2 NF-B reporter line Cl.16 was treated with LPS (1 ng/ml) and NF-B inhibitor Bay11-7082 
(with the concentrations indicated) according to the scheme presented in Fig. 2B, and luciferase 
reporter activation was determined. Relative light units (RLU) were measured and results were 
expressed as fold of control. To analyze statistical significance, a two-sided unpaired student’s T-test 
was performed; ** p≤0.01, *** p≤0.001 compared to control. (B) The effect of different 
concentrations of Bay11-7082 on cell viability was determined using and MTT assay. 

Magnesium sulfate most effective anti-inflammatory compound 

After validation of the screening model with Bay11-7082, a preselected ‘top 12’ subset of 

compounds (Table 1) was tested for their potential anti-inflammatory effects on BV2 Cl.16 

cells (Table 3). With exception of vitamin D 25 OHD, vitamin D 1,25 (OH)2 D3 and Vitamin E 

acetate, all compounds caused a significant reduction of NF-B activity induced by LPS (1 

ng/ml) stimulation. Magnesium sulfate showed the strongest anti-inflammatory effect, reducing 

the initial LPS response to 31% ± 5.3%, p≤ 1 * 10^-9. Other anti-inflammatory compounds, in 

order of decreasing effectiveness, were curcumin, vitamin A, sodium selenite, DHA and 

vitamin C. Mannitol, naringin and taurine also showed anti-inflammatory effects in LPS 

stimulated BV2 Cl.16 cells. However, in the absence of LPS stimulation, treatment with 

mannitol, naringin, or taurine alone showed significant activation of BV2 Cl.16 cells when 

compared to non-treated controls (Table 4). Compounds inducing activation without LPS 

stimulation were not considered to be potential anti-inflammatory candidates.  
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Figure 4. Magnesium sulfate reduced LPS-induced activation of the NF-B luciferase reporter in BV2 

Cl.16.  (A) BV2 NF-B reporter line Cl.16 was treated with LPS (1 ng/ml) and magnesium sulfate (with 

the indicated concentration range) according to the scheme presented in Fig. 2B and NF-B 

luciferase activation was analyzed by a luciferase assay. Relative light units (RLU) were measured 

and results were expressed as fold increase of control. To analyze statistical significance, a two-sided 

unpaired student’s T-test was performed; ** p≤0.01, *** p≤0.001 compared to control.  (B) An MTT 

assay was performed to analyze the effect of different concentrations of magnesium sulfate on cell 

viability, presented as % viability of control. 

Magnesium sulfate reduces NF-B activity in a concentration dependent fashion 

BV2 Cl.16 cells were pretreated with increasing concentrations of magnesium sulfate (1-20 

mM), resulting in a concentration-dependent reduction in NF-B activity, as reflected by 

decreased luciferase activity (Fig. 4A). Magnesium sulfate did not affect cell viability (Fig. 4B). 

 

Anti-inflammatory effect of magnesium sulfate on primary microglia 

After identifying magnesium sulfate as an anti-inflammatory compound able to reduce the LPS-

induced inflammatory response in BV2 Cl.16 cells, the effect was further confirmed in LPS 

stimulated primary mouse microglia. Primary microglia were subjected to the same protocol as 

for BV2 Cl.16 cells (Fig. 2B). Significant increases in mRNA levels of pro-inflammatory 

cytokines IL-1andTNF- were observed after stimulation with LPS (1 ng/ml). In line with 

the results obtained in BV2 Cl.16 cells, pretreatment with magnesium sulfate resulted in a 

reduction of LPS-induced expression of these key pro-inflammatory cytokines in a 

concentration dependent manner (Fig. 5). 
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Figure 5. Magnesium sulfate reduced the LPS-induced pro-inflammatory response of primary 

microglia. Primary microglia were treated with LPS (1 ng/ml) and magnesium sulfate (with the 

indicated concentration range) according to the scheme presented in Fig. 2B. mRNA expression 

levels of the pro-inflammatory genes IL-1and TNF- were determined using quantitative RT-PCR. 

Expression levels were normalized to hydroxymethylbilane synthase, average expression with 

standard errors is displayed. To analyze statistical significance, a two-sided unpaired student’s T-test 

was performed; ** p≤0.01, *** p≤0.001 compared to control. 
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Discussion 

This study shows that the BV2 NF-B reporter cell line CI.16 is a good indicator for 

inflammatory microglia activity and can be used for the identification of compounds with anti-

inflammatory effects in microglia (Table 1). Basal and LPS-induced reporter activity differed 

considerably between the 18 initially generated BV2 NF-B reporter cell lines. This likely due 

to variations in the number of integrated reporter cassettes and integration sites. Final 

experiments were performed with BV2 Cl.16 cells because it showed a low basal reporter 

activity and a robust induction of IL-1, TNF- and IL-6 following LPS treatment (Fig. 3). In 

particular magnesium sulfate was effective in reducing LPS-induced (1 ng/ml) NF-B 

activation. In a substantial proportion of people on a western diet, the level of magnesium (in 

blood) is considered to be sub-optimal. This insufficiency has been correlated with a higher 

incidence of inflammation-related disorders, in part linked to an increase in the calcium-

magnesium intake ratio (Rosanoff, Weaver, & Rude, 2012). Other beneficial effects of 

magnesium sulfate have been shown in the treatment of preeclampsia (Pennington, Schlitt, 

Jackson, Schulz, & Schust, 2012), neurological outcomes of preterm offspring (Doyle, 

Crowther, Middleton, & Marret, 2009) and reduced risk for the development of cerebral palsy 

(Costantine & Weiner, 2009). In line with these protective effects, magnesium sulfate exhibited 

the most substantial anti-inflammatory effect in our BV2 NF-B reporter cell line, significantly 

reducing the initial LPS response to 31 ± 5.3%.  The anti-inflammatory effect of magnesium 

sulfate was further confirmed in primary mouse microglia, where it significantly reduced the 

transcription of pro-inflammatory cytokines IL-1andTNF. 

The Western diet is characterized by reduced intake of vitamins, antioxidants and high 

intake of omega-6 and low intake of omega-3 fatty acids (e.g. DHA) (Ruiz-Núñez et al., 2013; 

Seaman, 2002, Simopoulos, 2006, van Goor et al., 2008). Supplementation of the diet with 

limiting nutrients or restoring the balance between nutrients is therefore considered to be 

protective against degenerative diseases. For instance, the neuroprotective effect of DHA 

administration has been shown in a rat model for cerebral ischemia, where the administration 

of DHA for three consecutive days reduced neuroinflammation as well as microglia activation 

(Chang et al., 2013). In agreement with these observations, our results showed an anti-

inflammatory effect of DHA associated with an inhibitory effect on microglia activity (Table 

3).  

Previously, we showed the negative impact of prenatal LPS exposure on mouse 

offspring, in that they were impaired in learning and showed long-term (detrimental) changes 

in microglia physiology (Schaafsma et al., 2017). The hippocampal microglia from the 

offspring of LPS-treated mothers showed an exaggerated IL-1response following LPS 

treatment. Increased IL-1 is negatively implicated in learning and behavior (Williamson, 

Sholar, Mistry, Smith, & Bilbo, 2011). Inflammation during pregnancy negatively impacts 

neurodevelopment, learning, and behavior of offspring (Boksa, 2010). Elevation of brain 
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magnesium levels by supplementing drinking water with magnesium-L-threonate in rats 

improved learning and memory (Slutsky et al., 2010). These observations support the idea that 

supplementing diet with magnesium sulfate, thereby restoring or maintaining physiological 

magnesium concentrations, could be beneficial and protective against adverse effects of 

(prenatal) inflammation on mental health. 

In summary, here we present a validated and fast in vitro screening method for the 

identification of potential anti-inflammatory dietary compounds using a BV2 NF-B reporter 

cell line. We screened a ‘top 12’ of substances for possible anti-inflammatory properties; 

counteracting an inflammatory response induced by LPS (1 ng/ml) stimulation (Table 3). 

Profound anti-inflammatory effects were found for magnesium sulfate and DHA. In line with 

previous reports, this provides further substantial evidence that these two nutrients play an 

important role in the protection against neurodegenerative disorders.  
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Table 1. Nutrients with known anti-inflammatory properties 
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BV2 clone # proliferation Ctr (RLU) LPS (RLU) Read length (s) Fold of control 

1 yes 3552 ± 64 107468 ± 4164 3 30 

2 yes 11649 ± 473 Saturated 3 n/a 

3 yes 161 ± 2 1921 ± 55 3 12 

4 yes 388 ± 47 2899 ± 256 0.5 7 

5 no n/a n/a n/a n/a 

6 yes 13977 ± 400 21698 ± 703 0.5 2 

7 no n/a n/a n/a n/a 

8 yes 16657 ± 245 Saturated 0.5 n/a 

9 yes 281 ± 10 12827 ± 296 0.5 46 

10 yes 363 ± 29 18436 ± 617 0.5 51 

11 yes 447 ± 19 4330 ± 186 0.5 10 

12 yes 184 ± 18 8571 ± 927 0.5 47 

13 yes 306 ± 30 4350 ± 379 0.5 14 

14 no n/a n/a n/a n/a 

15 yes 938 ± 40 3397 ± 49 0.5 4 

16 yes 288 ± 10 8577 ± 118 0.5 30 

17 yes 304 ± 0,33 58022 ± 1231 0.5 191 

18 yes 1501 ± 134 10879 ± 764 0.5 7 

      

Table 2.  Characterization of clonal BV2 NF-B luciferase reporter cell lines. 18 clonal BV2 NF-B 
luciferase reporter cell lines were analyzed for proliferation in cell culture and basal luciferase 
activity and luciferase activity after 24 h LPS (100 ng/ml) stimulation. Last column shows induction 
after LPS stimulation as fold increase of control. (n/a- not available). 
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Compound Most effective concentration % of LPS response p value 

DHA 10 M 86% ± 3,85 0,014 

Curcumin 16 M 64% ± 7,28 0,0002 

Magnesium sulfate 20 mM 31% ± 5,29 1 * 10^-9 

Mannitol 20 mM 92% ± 2,18 0,032 

Naringin 100 M 68% ± 2,28 0,00039 

Sodium selenite 2 M 79% ± 1,20 0,00046 

Taurine 100 M 83% ± 1,87 0,0078 

Vitamin A (retanoic acid) 10 nM 79% ± 0,27 0,0045 

Vitamin C 125 M 91% ± 1,78 0,012 

Vitamin D 25 OHD 5 x 10^-7 M 99% ± 0,33 0,88 

Vitamin D 1,25 (OH) D3 40 pg/ml 103% ± 1,18 0,78 

Vitamin E Acetate 100 M 93% ± 2,59 0,18 

Table 3. Anti-inflammatory effect of selected compounds. Anti-inflammatory effect of a 2 h 
pretreatment with selected ‘top 10’ compounds. Results are shown as % of LPS (1 ng/ml) alone. 

  



 

 

156 

 

Compound 
Most effective 
concentration 

% Control p value 

DHA 10 M 82% ± 10,77 0,47 

Curcumin 16 M 99% ± 6,12 0,94 

Magnesium sulfate 20 mM 82% ± 8,25 0,34 

Mannitol 20 mM 121% ± 4,11 0,013 

Naringin 100 M 
583,7% ± 

25,63 
4,7*10^-5 

Sodium selenite 2 M 89% ± 7,82 0,29 

Taurine 100 M 135% ± 7,01 0,02 

Vitamin A (retanoic 
acid) 

10 nM 91% ± 4,75 0,14 

Vitamin C 125 M 107% ± 23,13 0,35 

Vitamin D 25 OHD 5 x 10^-7 M 92% ± 12,73 0,63 

Vitamin D 1,25 (OH) D3 40 pg/ml 79% ± 6,82 0,26 

Vitamin E Acetate 100 M 89% ± 4,56 0,35 

Table 4.  Effects of selected compounds on basal NF-B activity. Effect of a 2 h pretreatment with 

selected ‘top 10’ compounds on basal NF-B activity. Results are shown as % of control. 
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Chapter 6  
 

General discussion, summary and 
future perspectives 
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General discussion, summary and future perspectives 

 

The research topic of this doctoral dissertation concerns the acute and long-term consequences 

of microglia activation. Every person experiences episodes of inflammation in his or her life. 

Whether this is transient sickness, low-grade chronic inflammation or severe inflammatory 

events such as sepsis or traumatic injury, it impacts the adaptive and innate immune system, 

leaving behind a fingerprint within the epigenome of immune cells, possibly altering future 

responses. The results presented here show that microglia indeed retain imprints of previous 

experiences, which possibly permanently change their responsiveness and function.  

In the last decade, the knowledge of microglia activation pathways has increased tremendously. 

However, the exact role of microglia in degenerative changes during aging and 

neurodegenerative diseases is still a subject of intense investigation and the picture is far from 

complete. The role of microglia in aging is primarily addressed in scenarios of old age and 

neurodegenerative disease models, where microglia are often described as being primed cells 

(Norden et al., 2014; Perry and Holmes, 2014). In contrast, the microglia dystrophy hypothesis 

of Alzheimer’s disease (AD) postulated by Streit (2004), states that ageing-induced microglia 

senescence impairs microglia neuroprotective mechanisms, thus facilitating neurodegenerative 

events (Streit, 2004; Streit and Xue, 2009). Most likely, both priming and loss of specialized 

functions of microglia during old age and neurodegenerative disease have detrimental effects 

on the brain. The microglia population is renewed at a very slow rate, around 28% of the 

microglia population per year and microglia are thus far one of the slowest dividing immune 

cells described and some microglia can potentially be decades old (Askew et al., 2017; Réu et 

al., 2017). In this sense, ageing of microglia, starts from the moment they derive from the yolk 

sac and colonize the CNS during embryonic development. It is here where they are exposed to 

maternal factors, and where imprinting and adaptation of the microglial phenotype starts, 

followed by all the challenges experienced during their lifetime.  

 

Long-term effects of LPS on microglia phenotype 

Remarkably, very little is known concerning the long-term effects of immune challenges on 

microglial responses and research mostly addressed acute activation effects over relatively 

short time periods. In chapter 2, the effect of LPS pretreatment on microglia activation 

followed by a subsequent LPS stimulus was evaluated in vitro on primary mouse microglia and 

in vivo in young adult mice. The main goal was to obtain insights in the duration of the tolerance 

inducing effect of LPS pretreatment; how persistently does LPS influence the secondary 

response of microglia and what molecular pathways are involved in these changes? In 

macrophages, pre-stimulation with LPS induces a transient state, which is termed endotoxin 

tolerance and is viewed/considered to serve as a protective mechanism of innate immune cells 
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to prevent a secondary exaggerated and possibly damaging inflammatory reaction after a 

previous inflammatory event (Biswas and Lopez-Collazo, 2009). Using LPS to mimic bacterial 

infection, the mechanism of sepsis has been studied in both mouse macrophages and human 

promonocytic THP cells and macrophages isolated from sepsis patients. To mimick sepsis, 

cells were pretreated with LPS followed by a secondary stimulus (El Gazzar et al., 2007). 

Although not completely unraveled, these research data have provided mechanistic insights 

into the molecular processes concerning the unresponsive state of immune cells. In tolerant 

THP cells RelB initiates recruitment of a repressive complex, resulting in histone H3 lysine 9 

methyl-transferase G9a dependent H3K9 dimethylation and recruitment of DNA methyl-

transferase DNMT3a/b resulting in heterochromatin formation and silencing of TNF-and IL-

1 (El Gazzar et al., 2009, 2008; Kondilis-Mangum and Wade, 2012). Whether or not microglia 

develop a similar tolerant phenotype using similar mechanisms until thus far was unknown. In 

chapter 2, we showed that, similar to what was reported in macrophages, microglia have a 

blunted inflammatory response to LPS after a previous LPS stimulation, both in vitro and in 

vivo. Macrophage and monocyte phenotypes are often described and characterized according 

to the M1/M2 classification, i.e. the classically activated and alternatively activated, 

polarization paradigm. This paradigm finds its origin in the response of M1 macrophages and 

M2 macrophages upon factors released from Th1 and Th2 cells, respectively. Where M1 

macrophages are producing high amounts of proinflammatory cytokines and have microbicidal 

capacity, M2 macrophages are involved in resolving the inflammatory response preventing 

hyper inflammation and mediate tissue repair (Martinez and Gordon, 2014).  The phenotype of 

endotoxin tolerant macrophages resembles M2 macrophages, showing decreased expression of 

proinflammatory cytokines and chemokines and upregulated genes involved in phagocytosis 

(Pena et al., 2011). However, the M1/M2 paradigm is currently under revision and is 

considered an oversimplification of both macrophage and microglia classification (Ransohoff, 

2016). Macrophages and microglia polarize in response to microenvironmental cues, and can 

adopt phenotypic properties that cannot be categorized according to the M1/M2 classification 

(Heppner et al., 2015; Martinez and Gordon, 2014; Murray et al., 2014). Another pitfall is that 

M1/M2 classification of microglia in vitro cannot simply be extrapolated to the in vivo 

situation. Where the in vitro environment often is mediated by a single stimulus such as LPS, 

the in vivo surroundings are far more complex and will differ between pathological scenarios. 

With this in mind, in chapter 2, we showed that the blunted response of proinflammatory 

cytokine expression in LPS-tolerized microglia occurs both in vitro and in vivo. In vivo the 

effect of an LPS pretreatment by i.p. injection was still observed after 32 weeks, and possibly 

persists even longer. Since epigenetic modifications are highly involved in the regulation of 

the ET phenotype in monocytes (El Gazzar et al., 2007), we hypothesized that similar changes 

in microglia, which have long life span, will be able to induce long-term tolerance. In 

accordance with macrophages, we have shown that both in vitro and in vivo, epigenetic marks 

in tolerant microglia correlate with the blunted pro-inflammatory gene expression profile. 
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Where in tolerized microglia, activation marks AcH3 and H3K4me3 were reduced and the 

repressive mark H3K9me2 was increased at the IL-1 promotor. Interestingly, in chapter 2 we 

show that the tolerance in microglia only affects the expression of a small subset of 

proinflammatory genes in a heterogenous population of microglia collected from total brain. 

Due to the complex and regionally different environment and cues that microglia are exposed 

to in vivo, most likely specific subsets of microglia exist with their own transcriptome profile, 

within different brain regions (Grabert et al., 2016). In other words, it is possible that regional 

differences exist and not all microglia will express the same tolerant phenotype after a second 

LPS stimulation, as we have shown. With recent techniques, such as single cell transcriptomic 

profiling and single cell ATAC- and ChIP-seq a more detailed analysis of the phenotypes of 

microglia isolated from different region could be performed (Jaitin et al., 2014). The power of 

these techniques was recently shown, by Zeisel et al (2016), who identified 47 single cell 

subclasses in the mouse somatosensory cortex and hippocampal CA1 region by using large 

scale quantitative single cell RNA-sequencing. The resolution of this technique was shown to 

be remarkable, after clustering of cell types, ‘biclustering’ (where genes and cell types are 

simultaneously clustered) made it possible for example to identify and separate resident 

microglia from perivascular macrophages (Zeisel et al., 2015). With the use of single cell ChIP-

seq, Rotem et al (2015) were able to identify three subpopulations among thousands of mouse 

ES cells, with three distinct epigenetic signatures correlating to more naïve ES cells with high 

pluripotency and cell that exhibited signs of early differentiation. Taking possible regional 

differences into account, in chapter 3, the response to prenatally administered LPS has been 

assessed in microglia from offspring that were isolated from total brain as well as from 

hippocampus. It was observed that microglia samples from total brain showed a tolerant 

phenotype, but microglia isolated from the hippocampus showed a more primed phenotype, 

with increased expression of IL-1 in response to a second LPS challenge. 

 

Biological relevance? 

One of the unresolved questions is: what is the biological relevance of microglia tolerance? 

And is this microglial endotoxin tolerance adaptive or maladaptive? It seems that the discussion 

whether or not the ET response is physiologically ‘good’ or ‘bad’ cannot be answered with a 

simple yes or no. In contrast to macrophages, which have a high turnover and where the ET 

phenotype is transient, microglia are long-lived cells in a self-renewing population, with low 

turnover (Askew et al., 2017; Prinz and Priller, 2014; Réu et al., 2017). This raises the question: 

‘how long does ET last and what impact does it have on physiology?’. Although microglia are 

different to macrophages, ET is a mechanism that microglia as well can utilize in the CNS to 

prevent an exaggerated damaging inflammatory response to recurring stimuli. LPS-

preconditioning has been reported to have both beneficial as detrimental effects in the CNS. In 

vivo, LPS-preconditioning of microglia has been associated with neuroprotection in animal 
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models of ischemia by prevention of an exacerbated inflammatory response during retinal 

(Halder et al., 2013) or cerebellar ischemia (Rosenzweig et al., 2004). Several other reports 

showed a long-term negative impact on learning and memory, and neuroanatomy of prenatal 

LPS exposure or preconditioning by i.p. LPS injection in adult mice (Graciarena et al., 2010; 

Lin et al., 2012; Semmler et al., 2007). These observations indicate that the biological effects 

of LPS-preconditioning depend on the time of preconditioning and type of tissue challenged. 

As is the case for macrophages, the biological relevance of microglia ET is difficult to define 

as good or bad, and probably ET will be a case of trade-off between protection/survival vs 

learning impairment. Furthermore, one could speculate that in an initial phase of inflammatory 

necessity, other macrophage populations, such as meningeal and choroid plexus macrophages 

(Prinz and Priller, 2014), can serve as an additional source of cytokines and chemokines. In 

this case microglia ET would be beneficial since their inflammatory response is not excessive 

but sufficient. In addition, it should be noted, as shown in chapter 2 and 3, that microglia 

prestimulated with LPS in vitro and in vivo still show expression of proinflammatory cytokines 

and are not completely immune suppressed. This means they are still able to respond or to 

respond in a different way, but that the gene activation program has altered. Genome-wide gene 

expression profiling of microglia (subsets) would provide more insight in the exact functional 

changes in LPS-preconditioned microglia. Another possibility is that microglia tolerance is a 

remnant of evolution, where humans in the past were subjected to a higher bacterial infectious 

pressure, where ET functioned to prevent the brain from being inflamed very frequently and 

where survival probably had a higher priority than learning and memory. 

 

Microglial Endotoxin Tolerance: future “to do” list 

The studies performed in chapters 2 and 3 were focused on characterizing the effect of 

pretreatment with LPS with regards to phenotype and molecular mechanisms involved in 

microglial ET.  We have performed behavioral experiments, where young adult mice that were 

injected with LPS showed impaired learning in a T-maze up to 4 weeks after a single LPS 

treatment. Furthermore, offspring from LPS injected mothers showed reduced home cage 

activity, reduced anxiety in an elevated plus maze and impaired learning in a T-maze. These 

observed learning impairments are clearly the result of previous LPS treatment, but these 

results do not tell us whether the changed microglial phenotype underlies these learning 

impairments. However, in the hippocampus of prenatally LPS exposed offspring, stable 

downregulation of microglial BDNF was observed, whereas expression levels in total 

hippocampus tissue were only reduced after a second LPS injection. Behavior experiments 

were performed before the second LPS injection, and thus before any changes induced by it in 

total hippocampal BDNF expression. This led to the hypothesis that reduced expression of 

microglial BDNF impairs learning due to impaired synapse management by microglia, possibly 

perturbing synaptic pruning. This hypothesis is supported by observations made by Parkhurst 

et al (2013), who showed that microglia depletion in mice resulted in impaired learning, 
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whereas ‘genetic’ depletion of microglial BDNF had similar effects (Parkhurst et al., 2013). In 

order to clarify the exact role of microglia in the detrimental effects of LPS pre-exposure, 

microglial depletion experiments might prove useful. The tools for microglia depletion have 

improved considerably, and recently Elmore and colleagues (2014) reported an elegant way to 

deplete the microglia population by ~90% using an inhibitor of colony stimulating factor 1 

receptor (CSF1R) (Elmore et al., 2014).  

Depletion and subsequent replenishment of microglia in offspring that was prenatally treated 

with LPS could provide information about the microglia compartment involved in learning 

impairment induced by previous LPS exposure. Previously, pretreatment with LPS has been 

shown to induce a neuroprotective effect in retinal ischemia (Halder et al., 2013) and upon 

middle cerebral artery occlusion (Rosenzweig et al., 2004). To shed more light on the biological 

relevance of a tolerant microglia phenotype in the long run, it would be of interest to evaluate 

models for neurodegeneration in long-term LPS prestimulation paradigms as presented in 

chapter 2 and 3. In order to make more detailed predictions concerning advantages and 

disadvantages, analyzing genome-wide transcriptome and epigenome changes in tolerant 

microglia would be of great value. Using weighted gene correlated network analysis 

(WGCNA) of microglia expression data, Holtman et al (2015) identified the transcriptional 

signature of primed microglia (Holtman et al., 2015) . This same method could be utilized to 

characterize key “hub” genes in tolerant microglia. Currently, RNA sequencing data of tolerant 

microglia have been generated in our group, more tolerized genes have been verified, and 

genome-wide ChIP-seq data are being analyzed. These data sets will provide more insight into 

the complete tolerant microglia regulatory gene networks and epigenetic regulation of 

transcription of these genes and will allow us to do more realistic functional predictions. 

 

Importance of diet and microglial health 

In chapter 4, the effect of diet on the CNS and in particular on microglia is highlighted. 

Evidence is accumulating that microglia priming occurs during aging or under chronic 

neurodegenerative conditions and that this phenotype might contribute to CNS deterioration or 

disease progression (Perry and Holmes, 2014). Diet can be used to influence extracellular 

environment and thus prevent/delay or induce such phenotypes in microglia. Recently, In the 

mouse aging ERCC1Δmutant mouse model, caloric restriction tripled the mean lifespan of 

these mice. Mice under caloric restriction maintained motor control and their neuronal 

population was significantly protected. It was shown that caloric restriction does so by 

alleviating accumulating DNA damage (Vermeij et al., 2016). Previously, it was shown that 

specifically targeting neurons with this mutation, primes microglia in their environment (Raj 

et al., 2014). By alleviating this damage, caloric restriction may help to prevent microglia 

priming. In chapter 4, we studied the effects of high fat diet in combination with aging on 

microglia phenotype. In this study, we also investigated the putative intervening effects of 



 

 

163 

 

6 

caloric restriction and physical exercise, which both are implicated in contributing to 

neuroprotective mechanisms during aging and neurodegenerative diseases (Heilbronn and 

Ravussin, 2003; Ma et al., 2017). We did not detect increased transcription of microglia 

activation markers induced by HFD, as described in literature where the hypothalamus is 

described as a a site of microglia inflammation (Milanski et al., 2009; Posey et al., 2009; Thaler 

et al., 2012; Zhang et al., 2008). This is possibly attributable to the differences in age at which 

time experiments were conducted. Indeed, Baufeld et al (2016) showed that HFD elicited an 

acute response in the directly after the start of HFD, but a shift towards a more anti-

inflammatory profile was observed after 8 weeks (Baufeld et al., 2016). With increasing age at 

24 months we observed an increased activation of microglia in important white matter bundles, 

fimbria of the hippocampus and internal capsule, and this was aggravated by HFD. Decreasing 

white matter integrity has been correlated with increasing cognitive deficits in aging (Bennett 

and Madden, 2014) and increased inflammation and demyelination during aging are most 

prominent in white matter during ageing (FM et al., 2009).  In chapter 4, we showed that caloric 

restriction was able to prevent aging-induced activation of microglia in white matter only in 

LFD mice. This suggests that the neuroprotective actions of caloric restriction are inhibited by 

HFD. One proposed effect of caloric restriction is the upregulation of BDNF (Stranahan et al., 

2009). In chapter 3, along with another report (Parkhurst et al., 2013), it has been discussed 

that microglia-derived BDNF can have very important roles in cognitive processes. It would 

be interesting in future experiments to subject aged HFD and LFD mice to caloric restriction 

to determine whether or not caloric restriction improves cognitive performance. Also, it will 

be of importance to determine the gene expression- and epigenetic profile of microglia isolated 

specifically from the white matter of these mice. Another point of interest would be to assess 

how primed microglia respond to subsequent LPS injections at old age and whether or not 

primed microglia can adopt a tolerant phenotype as we observed in chapter 2 and 3 or that 

somehow this ability is lost during the process of aging. 

 

Intervention by dietary additives 

In chapter 3 we showed that prenatal treatment with LPS induced a more primed microglia 

phenotype, in the hippocampus. This has been associated previously with impaired learning 

and memory (Williamson et al., 2011). Diet has been suggested to be an interesting factor to 

reduce chronic microglial activation. Indeed, it has been suggested that dietary compounds 

such as flavonoids, n-3 PUFA’s and bioactive natural molecules such as resveratrol can reverse 

age-induced microglia priming (Johnson, 2015). In chapter 5, using a lentiviral in-vitro 

microglia reporter model (NF-B- reporter), we screened several substances that are naturally 

occurring in certain foods or are well known food additives. We identified that especially 

magnesium sulfate has anti-inflammatory properties. To verify that magnesium 

supplementation, or at least keeping magnesium levels sufficient, is beneficial for microglia 

and a healthy brain, in vivo experiments should be performed. In this respect, mice maintained 
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on a Mg2+ deficient diet for 10-21 days showed impaired fear conditioning compared to animals 

on a control diet (Bardgett et al., 2005). The data underscore the importance of maintaining 

Mg2+ levels in the body. [Mg2+] in cerebrospinal fluid/brain is high compared to plasma levels 

and is tightly regulated and limited by active transport. This makes the Mg2+ level in the brain 

difficult to increase by oral supplementation (Slutsky et al., 2010). To study the effects of 

magnesium in vivo, a magnesium depletion study would be the preferred method to use. In 

addition to microglia priming, preliminary experiments using our generated BV2 NF-B - 

reporter cell line, we showed that pretreatment with magnesium sulfate was able to prevent 

endotoxin tolerance of BV2 cells in sense of NF-B. 

 

Understanding microglia physiology key to healthy ageing? 

In this dissertation, several aspects of the regulation of microglia activity have been discussed. 

The role of microglia in a range of neuroinflammatory and neurodegenerative conditions has 

become increasingly clear. A key aspect of understanding how microglia are involved in these 

processes is to determine how microglia are affected by previous experiences and in recent 

years significant advances have been made on this topic, including research described in this 

dissertation. Data presented in this dissertation show that microglia in mice have a long-term 

´memory´ that determines their phenotype, which is regulated by epigenetic mechanisms that 

are possibly retained in a self-renewing microglia population. Modulating the inflammatory 

state and response of microglia continuously by a healthy diet and lifestyle might be an 

important key to healthy ageing. 
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Nederlandse samenvatting 

Het onderwerp dat in dit proefschrift centraal staat is de vraag wat de acute, maar vooral wat 

de langetermijneffecten zijn van microglia activatie op de microglia zelf en op het brein. 

Microglia maken deel uit van een groep cellen genaamd gliacellen, welke bestaat uit microglia, 

astrocyten en oligodendrocyten. Deze gliacellen hebben met name de taak om neuronen en 

neuronale functie te ondersteunen, zodat onze hersenen goed kunnen functioneren, maar ze zijn 

ook vaak geïmpliceerd in pathologieën in het brein. Microglia worden daarom soms wel de 

macrofagen van het brein genoemd. Macrofagen zijn immuuncellen die op veel plaatsen in het 

lichaam aanwezig zijn en daar in staat zijn dode of beschadigde cellen of schadelijke, 

lichaamsvreemde micro-organismen te herkennen en op te ruimen. Hierbij worden de immuun-

functies van deze cellen geactiveerd, en treed inflammatie op. In aanvulling op deze taken, zijn 

microglia ook betrokken bij processen die neuronen ondersteunen, waaronder de productie van 

factoren die gunstig zijn voor neuronale functie, en dit begint al ruim voor de geboorte, tijdens 

de embryonale ontwikkeling. In deze fase zijn microglia erg belangrijk voor het goed verlopen 

van de hersenontwikkeling, wat betekent dat vroegtijdige veranderingen in het functioneren 

van deze cellen tot ernstige problemen kan leiden later in het leven.  

Een belangrijk punt in de centrale vraagstelling van dit proefschrift, wat de 

langetermijneffecten zijn van microglia activatie, is dat microglia normaal gesproken niet 

vervangen worden door cellen vanuit elders in het lichaam. Ze kunnen zichzelf vervangen door 

middel van celdeling, maar ook dit gebeurt niet op grote schaal onder normale omstandigheden. 

Hierdoor kunnen microglia tientallen jaren oud zijn. Dit is van belang omdat ieder persoon op 

enig moment in zijn of haar leven te maken kan krijgen met ontstekingen in de hersenen waarbij 

deze oudere cellen betrokken kunnen zijn. Deze neuroinflammatie kan onder meerdere 

omstandigheden optreden variërend van tijdelijke ziektes als griep en verkoudheid tot  

langdurige chronische inflammatoire ziektebeelden of ernstige acute inflammatoire periodes 

zoals bijvoorbeeld bij een bloedvergiftiging (sepsis) gezien wordt. Zowel kortstondige als 

chronische neuroinflammatie kan een soort vingerafdruk achter laten in microglia, die de 

eigenschappen, de respons en het normaal functioneren van deze cellen in toekomstige 

ziektebeelden of tijdens normale veroudering kan veranderen.  

Om veranderingen in de eigenschappen van microglia en de gevolgen op het functioneren van 

de hersenen daarvan te bestuderen, is het belangrijk om deze veranderingen op moleculair 

niveau te bestuderen. Het functioneren en de specifieke eigenschappen van een cel worden 

bepaald door de aanwezigheid van specifieke combinaties van eiwitten. De informatie voor de 

productie van deze eiwitten zit opgeslagen in ons DNA, waar genen coderen voor alle 

mogelijke eiwitten die een cel nodig heeft. Deze genen worden door de cellulaire machinerie 

afgeschreven tot RNA moleculen, die vervolgens dienen als de blauwdruk om een specifiek 

eiwit te produceren. De keuze welke genen wel en welke genen niet afgeschreven worden 
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bepaalt dus de eigenschappen van een cel en dit kan in grote mate beïnvloed worden door 

factoren die aanwezig zijn door ziekte en/of veroudering. Er bestaan verschillende 

mechanismen voor regulatie van het wel of niet afschrijven van een gen. Een bepaalde groep 

eiwitten, transcriptie factoren, kunnen een complex vormen met het DNA en voor activatie of 

repressie van genen zorgen. Daarnaast drijft ons DNA niet los door de cel, maar is verpakt in 

een compacte vorm doormiddel van eiwitten die samen met het DNA een complex vormen, 

chromatine genaamd. De precieze structuur van dit chromatine draagt ook bij aan de regulatie 

van genexpressie. 

Epigenetica is het wetenschapsgebied dat zich bezig houdt met het bestuderen van 

veranderingen in genexpressie die niet direct bepaald worden door veranderingen in de 

sequentie van het DNA zelf. Het gaat hierbij om wijzigingen in de structuur van het chromatine 

en/of veranderingen in andere eiwit-DNA complexen, waardoor genen meer of minder 

beschikbaar worden voor genexpressie. In de afgelopen tientallen jaren is er grote vooruitgang 

geboekt in het identificeren van genen die belangrijk zijn in activatie van microglia. Er zijn 

veel genen die gebruikt worden om te bepalen of een microglia te voldoende of te sterk of te 

weinig reageert in respons op een ziekteverwekker of andere pathologische gebeurtenis. In dit 

proefschrift hebben we (epi)genetische regulatie van neuroinflammatie, alsmede het effect van 

inflammatie, dieet en maternale inflammatie op de functionaliteit van microglia onderzocht. 

In hoofdstuk 1 wordt een inleiding gegeven over de oorsprong van microglia en hun rol in het 

gezonde (ontwikkelende) brein en tijdens ziekte en veroudering. Ook wordt hier uitgelegd 

welke mechanismen voor de regulatie van microglia activatie al bekend zijn en welke factoren 

hierbij een hoofdrol spelen. Relevante literatuur aangaande de onderwerpen die in de 

opvolgende hoofdstukken beschreven worden wordt hier besproken en toegelicht. Bovendien 

worden de grondslagen van de epigenetica en dan met name de rol van histonmodificaties hier 

uitgelegd. 

Tot op heden is er verrassend weinig bekend over de langdurige effecten van activering van 

het immuunsysteem op de functie van microglia. En het meeste onderzoek tot dusver heeft 

betrekking op het acute effect van activatie en korte periodes daarna. In hoofdstuk 2 hebben 

we daarom gekeken hoe een bacteriële infectie microglia beïnvloedt. Dit hebben we gedaan 

door het effect van celmembranen van bacteriën (lipopolysaccharide; LPS) op de activatie van 

de immuun-functie van microglia te bestuderen. LPS  veroorzaakt een verhoogde expressie van 

proinflammatoire genen; we hebben gekeken naar Il-1Tnf- en Il-6.  Na een tweede 

behandeling met LPS zien we dat de microglia een tolerantie voor LPS hebben opgebouwd en 

niet meer dezelfde verhoogde transcriptie van proinflammatoire genen laten zien. Het 

hoofddoel van het in hoofdstuk 2 beschreven onderzoek was om inzicht te krijgen het 

mechanisme van deze microglia tolerantie en te achterhalen en vast te stellen welke moleculaire 

processen hiervoor verantwoordelijk zijn. We hebben we aangetoond dat Relb, een eiwit dat in 

tolerante macrofagen een hoofdrol speelt door onderdrukking van proinflammatoire genen, ook 

in microglia tolerantie een prominente rol speelt. Verder hebben we aangetoond dat de tolerante 
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genen geassocieerd zijn met histonmodificaties die genexpressie onderdrukken. De duur van 

deze tolerantie strekt zich ver uit in het leven van volwassen muizen. In muizen tonen microglia 

32 weken na de eerste LPS injectie nog steeds tolerantie. 

In hoofdstuk 3, in aanvulling op de effecten die we in hoofdstuk 2 hebben gezien in jong 

volwassen muizen, hebben we gekeken naar het effect van prenatale inflammatie. Omdat 

microglia al vroeg tijdens de embryogenese ontstaan, heeft ziekte van de moeder mogelijk 

effecten op deze jonge microglia van de nakomelingen later in het leven. In hoofdstuk 3 hebben 

we de hypothese geëvalueerd dat dit langdurige veranderingen zijn met als basis epigenetische 

regulatie zoals we reeds gezien hebben bij LPS-geïnduceerde tolerantie beschreven in 

hoofdstuk 2. Om dit te onderzoeken hebben we drachtige muizen op 3 opeenvolgende dagen 

een injectie met LPS gegeven tijdens het laatste stadium van de zwangerschap. We hebben we 

aangetoond dat inflammatie van de moeder een langdurig effect heeft op microglia van de 

nakomelingen. De genexpressie van inflammatoire genen in microglia in respons op LPS is in 

deze nakomelingen anders dan in nakomelingen van een controle moeder. In deze zelfde 

muizen hebben we aangetoond dat de inflammatie van de moeder aanzienlijke negatieve 

effecten had op het gedrag en leren en geheugen van de nakomelingen. In overeenstemming 

met literatuur die mechanismen beschrijft van de rol van microglia in leren en geheugen, 

suggereren de data in hoofdstuk 3 dat prenatale inflammatie de microglia van nakomelingen 

dusdanig kan beïnvloeden dat dit beperkend is voor leren en geheugen. 

Aangezien elke vorm van inflammatie mogelijk microglia functionaliteit beïnvloedt, is het van 

interesse om te weten in hoeverre ons dieet effect heeft op deze cellen. Vooral het huidige 

westerse dieet, waarin tekort is aan anti-inflammatoire componenten, is beschreven in de 

literatuur als een factor die bijdraagt aan een chronische inflammatoire staat. In hoofdstuk 4 

hebben we microglia onderzocht van muizen waarbij chronische perifere inflammatie werd 

geïnduceerd door voeding met een zeer hoog gehalte aan verzadigde vetten (een hoog vet 

dieet). Een additionele factor die onderzocht is in samenhang met het hoog vet dieet is 

veroudering. In de literatuur is veroudering van microglia beschreven als een factor die 

enerzijds hyperactiviteit van de immuunfunctie in microglia kan induceren maar anderzijds 

ook dystrofie en dysfunctionaliteit van microglia kan veroorzaken. Over het algemeen heerst 

de consensus dat veroudering een negatieve invloed heeft op het functioneren van microglia en 

wezenlijk kan bijdragen aan neurodegeneratieve ziekten. In hoofdstuk 4 hebben we aangetoond 

dat dieet een grote invloed heeft op de veroudering van microglia, veranderingen met name in 

de witte stof van het brein. Hierbij zorgt een hoog vet dieet met name voor een verslechtering 

van verouderings-gerelateerde witte stof pathologie. 

In hoofdstuk 5 werd een microglia cellijn ontwikkeld waarmee anti-inflammatoire voedsel 

componenten snel getest kunnen worden. In  een geïmmortaliseerde microglia cellijn die BV2 

genoemd wordt hebben we een NF-B luciferase reporter gen ingebracht. Dit houdt in dat we 
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de mate van activiteit van de NF-B route, die verantwoordelijk is voor de LPS geïnduceerde 

expressie van proinflammatoire genen, makkelijk kunnen meten. De beschikbaarheid van een 

dergelijke cellijn kan bijdragen aan de onrwikkeling van dieetformules door voedingsbedrijven 

om zo ‘gezonde’ aanpassingen aan te brengen in het huidige westerse dieet. In hoofdstuk 5 

hebben we aangetoond dat met behulp van deze NF-B reporter cellijn snel en gemakkelijk 

potentiële antiinflammatoire voedsel componenten onderzoecht kunnen worden. 

Concluderend, het onderzoek in dit proefschrif toont aan dat microglia in hoge mate beïnvloed 

worden door eerdere inflammatoire episodes. Met andere woorden, microglia hebben een 

langetermijngeheugen dat de functionaliteit van hun immunsysteem bepaalt. Dit geheugen 

wordt gereguleerd door epigenetische mechanismen die waarschijnlijk doorgegeven worden in 

de zichzelf vernieuwende populatie van microglia. Verder wordt de grote rol van voeding op 

microgia functie belicht in dit proefschrift. De data suggereren dat het beïnvloeden van de 

inflammatoire status van het lichaam en de respons van microglia door middel van een gezond 

dieet een belangrijke factor kan zijn in het gezond oud worden waarbij de hersenen zo optimaal 

mogelijk blijven functioneren. 
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