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Summary 

Aging is characterized by a progressive loss of cell, tissue and organ functions and is a main risk 

factor for many diseases. Recently it has been shown that aging is accompanied and possibly 

induced by accumulation of senescent cells. Senescent cells are cells which lost their proliferation 

potential but are hyperfunctional and secrete many potentially detrimental cytokines and growth 

factors. Senescence of macrophages, so called macroph-aging, seems to be especially involved 

in several age-related diseases like Alzheimer or atherosclerosis. Microglia cells as main immune 

cells  and  brain  macrophages  play  an  important  role  in  brain  development,  homeostasis  and 

defense against pathogens. The role of microglia in brain aging as well as the factors regulating 

their  response  to  pathogens  are  not  well  understood.  Whether  microglial  cells  develop  a 

senescent phenotype has also not been fully addressed.  

The aims of this study were: 1) to develop an in vitro model to better characterize the senescent 

phenotype of murine brain microglia; 2) to determine the impact of aging and senescence on 

phenotype and function  of microglia; 3) to evaluate the impact of pathogen-dose, maturation 

state, aging and senescence on microglial response in vitro. 

We found that microglia develop a senescent phenotype after long-term culture characterized by 

telomere  shortening,  increased  expression  of  p16Ink4a,  p21/p53,  and  altered  response  to  the 

prototypical pathogen-associated molecular pattern (PAMP) LPS. Aged microglia in vivo showed 

increased p16 expression, enhanced activation and dysfunctional profiles, however did not show 

typical senescence-associated changes like DNA damage or p21/p53 pathway activation.  

In  order  to  further  characterize  the  impact  of  aging  on  the  immune  response  from  murine 

microglia, we tested the effect of increasing doses of typical PAMPs (1fg-100 ng of LPS and 1fg-

1µg for β-glucan) on naive, adult and aged microglia. Naive microglia showed a dose-dependent 

stimulation with adaptive responses, while adult or aged microglia did not exhibit a similar pattern. 

A stronger response after the  repeated stimulation, so called sensitization,  was only found in 

neonatal  or  naive  microglia  cells.  Reduced  responses  after  a  second  stimulation,  so  called 

tolerance occurred in all groups. 

Our study shows that murine microglia respond to pathogen stimulation in a dose-dependent and 

unspecific manner, possibly involving a hormetic mechanism. These findings are highly relevant 

to the medical community since provoking trained responses might promote resistance against 

pathogens, which may be useful in cancer therapy or vaccine development. On the other hand, 



5 
 

tolerance induction  might induce an anti-inflammatory  response, and  might influence  the 

progression of autoimmune or hyperinflammatory diseases. 

In conclusion, we found that aging of microglia was followed by cellular dysfunction but not by 

typical  senescent  changes  as  shown  in  other  studies.  Response  of  microglia  to  pathogen 

molecules was found to be dose-dependent, maturation and age-dependent but not pathogen 

specific. 

Zusammenfassung 

Das Altern geht mit einem fortschreitenden Funktionsverlust von Zellen, Gewebe und Organen 

einher  und  ist  ein  Hauptrisikofaktor  für  verschiedenste  Krankheiten.  Kürzlich  konnte  gezeigt 

werden, dass das Altern von der Akkumulation seneszierender Zellen begleitet und 

möglicherweise sogar induziert wird. Seneszierende Zellen definieren sich über den Verlust ihres 

Proliferationspotentials, sind allerdings überfunktionell und schütten vermehrt potenziell 

schädliche  Zytokine  und  Wachstumsfaktoren  aus.  Die  Seneszenz  von  Makrophagen,  die  als 

'macrophaging' bezeichnet wird, scheint mit mehreren altersbedingten Erkrankungen wie 

Alzheimer oder Arteriosklerose assoziiert zu sein. Mikrogliazellen als wichtige Immunzellen und 

Hirnmakrophagen  spielen  eine  wichtige  Rolle  bei  der  Entwicklung  und  Alterung  des  Gehirns 

sowie der Abwehr von Krankheitserregern. Die genaue Rolle von Mikrogliazellen im gealterten 

Gehirn ist allerdings aktuell noch immer unzureichend verstanden. Ebenfalls existieren bisher 

keine Untersuchungen darüber, ob Mikrogliazellen einen seneszenten Phänotyp entwickeln.  

Ziel der Studie war die Entwicklung eines in-vitro-Modells zur Untersuchung des 

Seneszenzphänotyps  muriner  Mikroglia.  Darüber  hinaus  sollte  der  Einfluss  des  Alterns  auf 

phänotypische  und  funktionelle  Veränderungen  der  Mikroglia  von  Mäusen  in  vivo  bestimmt 

werden. Zuletzt wurden die Auswirkungen von Erregerdosis, Reifung, Alterung und Seneszenz 

auf die Reaktion der Mikrogliazellen untersucht.  

Es  stellte  sich  heraus,  dass  die  Zellen  der  Mikroglia  nach  einer  Langzeit-Kultivierung  einen 

Seneszenzphänotyp entwickelten. Dieser war charakterisiert durch eine Verkürzung der 

Telomere, eine gesteigerte Expression von p16Ink4a und p21/p53 sowie einer veränderten Antwort 

auf Lipopolysaccharide (LPS), einem Pathogen-asoziierten-molekularen-Muster (PAMP). 

Gealterte Mikroglia zeigte in vivo erhöhte p16, Aktivierungs- und Dysfunktionsprofile, jedoch keine 

typischen  seneszenten Veränderungen  wie  DNA-Schäden  oder  eine  Aktivierung  des p21/p53 

Signalweges.  



6 
 

Um  den  Einfluss  des  Alterns  auf  die  Immunantwort  muriner  Mikroglia  zu  charakterisieren,  

testeten wir Effekt ansteigender Dosen typischer PAMPs (1fg-100ng LPS und 1fg-1µg β-Glucan), 

auf  naive,  adulte  und  gealterte  Mikroglia.  Die  naive  Mikroglia  zeigte  eine  dosisabhängige 

Stimulation mit adaptiven Reaktionen. Ähnliche Auswirkungen konnten in adulten und gealterten 

Zellen  nicht  nachgewiesen  werden.  Eine  stärkere  Reaktion  nach  wiederholter  Stimulation, 

Sensibilisierung  gennant,  zeigte  sich  nur  bei  naiven  neonatalen  Mikrogliazellen.  Reduzierte 

Reaktionen nach der zweiten Stimulation, auch als Toleranz bezeichnet, traten jedoch in allen 

Gruppen auf.  

Unsere  Studie  zeigt,  dass  murine  Mikroglia  in  Abhängigkeit  der  Dosis  unspezifisch  auf  die 

Erregerstimulation  reagiert  und  möglicherweise  einen  hormetischen  Mechanismus  beinhaltet. 

Diese  Erkenntnisse  können  für  die  medizinische  Fachwelt  von  hoher  Relevanz  sein,  da  das 

Auslösen  trainierter  Reaktionen  die  Resistenz  gegen  Krankheitserreger  fördern  kann.  Dies 

könnte bei der Entwicklung von Impfstoffen oder Krebstherapien hilfreich sein. Auf der anderen 

Seite  könnte  eine  Toleranzinduktion  eine  antientzündliche  Reaktion  auslösen  und  auf  diese 

Weise das Fortschreiten von autoimmunen oder hyperinflammatorischen Erkrankungen 

beeinflussen. 

Zusammenfassend konnten wir feststellen, dass die Alterung der Mikroglia mit einer zellulären 

Dysfunktion  einhergeht,  jedoch  typische  senenescente  Veränderungen  nicht  auftraten.  Die 

Reaktion  von  Mikroglia  zeigte  sich  sowohl  dosis-  als  auch  reifungs-  und  altersabhängig,  war 

jedoch nicht erregerspezifisch. 
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Introduction 

Aging and senescence 

Aging  is  currently  defined  as  a  multifaceted  process  with  progressive  loss  of  physiological 

functions over time, culminating in death of the individual (Tosato, Zamboni et al. 2007). Aging is 

the  main risk factor for most  of the  chronic  diseases  accounting  for  the  increasing  morbidity, 

mortality, and health in both developed and developing countries (Kirkland and Tchkonia 2017). 

Increasing aging population represents an economical challenge for health care systems all over 

the world. Aging research investigates mechanisms of aging in order to develop strategies aimed 

to prevent age-related disorders and eventually death. There are currently several theories on the 

causes and mechanisms  of aging discussed in the literature: 1) the  oxidative theory of aging 

postulates  that  accumulation  of  oxidative  radicals  leads  to  macromolecular  (DNA,  proteins) 

damage in the cells and to cellular dysfunction (Harman 1956); 2) the Immune theory of aging 

focuses  on decline  in  immune  system function  leading  to  increased  vulnerability  to  infectious 

diseases with age (Walford 1964); 3) inflammaging and oxi-inflammaging theories postulate that 

aging is caused by increased accumulation of low level inflammation due to oxidative damage to 

the  cells,  eventually  leading  to  tissue  aging  and  disease  (De  la  Fuente  and  Miquel  2009, 

Franceschi and Campisi 2014); 4) the programmed theory of aging indicates that aging results as 

a consequence of programmed gene on/off switching with age or due to an existing biological 

clock that controls the pace of aging through hormones (Longo, Mitteldorf et al. 2005); 5) the 

senescent  theory  of  aging,  one  of  the  most  recent  aging  theories,  tries  to  unify  all  of  them. 

According  to  this  theory,  there  is  a  significant  accumulation  of  senescent  cells  with  age  that 

induces loss of regeneration potential, inflammation and organ dysfunction (López-Otín, 2013, 

Bhatia-Dey, 2016).  

Cellular senescence is defined as a stress response whereby cells lose their proliferation capacity 

in an irreversible manner (Campisi 2013). The concept was introduced more than 50 years ago 

for human diploid cells grown in vitro (Hayflick 1961, Hayflick and Moorhead 1961) and it has 

been mainly thought to represent an evolutionary mechanism of tumor suppression. Senescent 

cells are normally removed by immune cells in a process called immunosurveillance. It is thought 

that with age it comes to reduced removal of senescent cells, and accumulation of these cells 

may  induce  cellular  dysfunction  in  neighboring  cells  and  eventually  whole  organ  or  system 

dysfunction  (Ovadya,  Landsberger  et  al.  2018).  Although  senescence  represents  a  crucial 

mechanism to prevent malignant transformation of damaged cells, accumulated senescent cells 

are able to support tumor cell growth and metastasis (Schosserer, Grillari et al. 2017). This fits 
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well  to  the  antagonistic  pleiotropy  theory  of  aging,  postulating  that  one  mechanism  that  is 

beneficial in young individuals becomes detrimental in aged ones (Giaimo and d’Adda di Fagagna 

2012). Cellular senescence is currently considered a hallmark of aging, and has been proposed 

as a major factor responsible for previously discussed aging-associated chronic and systemic 

low-level  inflammation  (“inflammaging”)  (Franceschi  and  Campisi  2014). Tissue  macrophages 

seem to be the major players in this constant low level inflammation during aging, a process 

termed macroph-aging (Prattichizzo, Bonafè et al. 2016).  

The current concept of cellular senescence has been extended to include four major types of 

senescence: replicative senescence  characterized  by  telomere  shortening,  oncogene-induced 

senescence, mitochondrial-damage induced senescence, and DNA-damage induced 

senescence (Lowe, Horvath et al. 2016). More recently, the term premature cellular senescence 

(Stress-induced premature senescence or SIPS) has also been included (Sapieha and Mallette 

2018, Schmeer et al. 2019).  

Cell  culture  stress  is  a  strong  inductor  of  premature  senescence  without  relevant  telomere 

shortening,  caused  by  contact  with  plastic  and culture  serum,  and  hyperphysiological  oxygen 

levels (Campisi 2013). According to the inducing stressor, senescence can be divided into seven 

types: 1) DNA damage-induced senescence, caused by irreparable DNA damage often on the 

telomeres; 2) Oncogene-induced senescence (OIS), caused by oncogene activation; 3) Oxidative 

stress-induced  senescence,  caused  by  macromolecule  damage  as  a  result  of  excessive  free 

radicals; 4) Chemotherapy-induced senescence, caused by inhibition of cyclin-dependent 

kinases; 5) Mitochondrial dysfunction-associated senescence, 6) Epigenetically induced 

senescence, caused by inhibitors of DNA methylases or histone deacetylases and 7) Paracrine 

senescence,  induced  by  the  senescence  associated  phenotype  (SASP)  produced  by  primary 

senescent  cells  (Hernandez-Segura,  Nehme  et  al.  2018).  Recently,  clinically  more  relevant 

inducers of senescence including hyperglycemia, hypertension and high fat diet were discussed 

(van  Deursen  2014).  Interestingly  senescent  cells  are  characterized  by  a  gain  of  function  - 

senescent cells are hyperfunctional and characterized by hyperproduction of cytokines and other 

molecules. Aging, on the other hand, is characterized by loss of function. Hyperactive senescent 

cells may induce dysfunction or aging of healthy neighboring cells by promoting an inflammatory 

environment, Therefore, aging tissues may contain both senescent and aged cells (Schmeer et 

al., 2019). 
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Senescent cells share several common characteristics in addition to irreversible cell cycle arrest, 

e.g. (1) a flat, enlarged, often multinucleated morphology, (2) induction of senescence-associated 

β-galactosidase (SA-β-gal) activity, (3) appearance of senescence-associated heterochromatic 

foci  (SAHF)  and  DNA  segments  with  chromatin  alterations  reinforcing  senescence  (DNA-

SCARS), (4) activation of tumor suppressor network, such as p16INK4a and p19ARF, and (5) 

secretion of pro-inflammatory mediators so called senescence associated secretory phenotype 

(SASP). Secreted factors included interleukins and chemokines, e.g. IL-1α/β, IL-6, growth factors, 

such  as  EGF  and  VEGF,  and  several  matrix  metalloproteinases  (Rodier  and  Campisi  2011, 

Salminen, Kauppinen et al. 2012). Several of these markers have to be used in combination in 

order to investigate cellular senescence since none of them are fully specific. 

Microglia cells in the aging brain 

Microglia cells, the main brain macrophages, are involved in brain protection against infection but 

also in complex-processes like brain plasticity (Casano and Peri 2015). Microglia are long lived 

cells,  originating  from  yolk  sack  primitive  macrophages.  They  have  a  very  low  turnover  and 

therefore  are  exposed  for  an  extended  time  to  the  damaging  agents  like  oxidative  stress, 

cytokines but also antigen stimulation with pathogen-associated molecular patterns (PAMPs) or 

damage-associated molecular patterns (DAMPs) (Ginhoux and Prinz 2015). Furthermore, 

microglia prune synapses, a physiological process of removing unnecessary synapses/dendrites 

in development, however, possibly detrimental in aging (Paolicelli, Bolasco et al. 2011, Rajendran 

and Paolicelli 2018). Two recent studies reported a very long microglia lifespan between 15 and 

41 months in the mouse brain, which seem to be brain region specific (Füger, Hefendehl et al. 

2017, Tay, Mai et al. 2017). In the aging brain there is an excessive synapse loss and reduced 

brain  plasticity  which  has  been  associated  with well-known  neurodegenerative  disorders  (von 

Bernhardi, Eugenín-von Bernhardi et al. 2015). Following activation, microglia exhibit changes 

characterized by alterations in their morphology, decreased branching, synthesis of  certain cell 

surface  and  intracellular  molecules,  and  increased  proliferation (Perry  and  Teeling  2013, 

Morrison, Young et al. 2017). Simplistically, there are currently two states of microglia described: 

M1,  characterized  by  production  of  pro-inflammatory  factors  and  M2  associated  with  anti-

inflammatory cytokine release. While data are still limited, some reports indicate that aging shifts 

the sensitivity of activated microglia towards a diminished anti-inflammatory and M2-promoting 

phenotype  (Norden  and  Godbout  2013).  Activated  microglia  cells  in  the  aged  brain  produce 

cytokines which, in excessive amounts, may damage the sensitive brain tissue. Changes in long-

lived microglia cells with brain aging could be therefore involved in decreased brain plasticity and 
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cognitive decline. The mechanisms by which microglia aging leads to decreased brain plasticity 

are not completely understood. Recently, it was found that microglia phagocytize synapses by a 

complement-based mechanism. Complement factors seem to accumulate at the synapses with 

age, leading to an increased microglia-based synapse removal (Stevens, Allen et al. 2007, Shi, 

Chowdhury et al. 2017). 

Previous  research  has  described  microglia  in  aged  brain  as  dystrophic  or  dysfunctional,  with 

increased basal levels of activation. Dystrophic microglia are characterized by abnormalities in 

their  cytoplasmic  structure,  such  as  deramified,  atrophic,  fragmented  or  unusually  tortuous 

processes, frequently bearing spheroidal or bulbous swellings and membrane blebbing (Streit 

2006).  

Dystrophic  or  senescent  microglia  exhibiting  reduced  phagocytosis  could  be  responsible  for 

diminished removal of cell debris. On the other hand, the SASP could induce the dysfunction of 

neighboring neuronal cells. Neurons in the mouse brain are known to show certain senescence 

typical  changes  with  age  with  increased  DNA  damage  and  p21  expression,  possibly  due  to 

dysfunctional autophagy (Jurk et al. 2012, Moreno-Blas et al. 2019). It is feasible that neuronal 

senescence partially occurs as a bystander effect due to microglial senescence. Appearance of 

dystrophic microglia have been shown to precede neuron loss, synapse loss and tau pathology 

in Alzheimer disease as well as in Down`s Syndrome dementia (Streit et al., 2009, Xue and Streit 

2011). 

Microglia  may  thus  be  the  primary  drivers  of  impaired  brain  plasticity  in  the  aged  brain. 

Interestingly, there is very little known about changes in microglia with age. It is unclear whether 

microglia show signs of senescence under pathological conditions and due to aging, and one 

reason for this is the lack of a proper model to investigate aging of these cells. Furthermore, the 

role of microglia in the aging brain is still not well understood. 

Innate immune memory of microglia. Impact of pathogen dose 

As the resident macrophages of the CNS, microglia are the main cell type responsible for the 

innate immunity in the brain (Hanisch and Kettenmann 2007, Ransohoff and El Khoury 2015). 

Microglia are highly plastic and responsive after lesion or disease (Kettenmann, Kirchhoff et al. 

2013). As mentioned before, activated microglia display characteristic morphological and 

functional changes. Similarly to other, innate immune cells such as dendritic cells or 

macrophages,  microglia  also  express  pattern  recognition  receptors  (PRRs)  which  recognize 



11 
 

conserved  molecular  structures  known  as  PAMPs  (Janeway  and  Medzhitov  2002,  Esen  and 

Kielian, 2006; J. Immunol).  

Until  recently  it  was  assumed  that  only  the  adaptive  immune  system  possesses  the  ability to 

mount  a  memory  response  and,  therefore  improve  the  immunological  reaction  to  a  second 

infection.  However,  increasing  evidence  suggests  that  also the  innate  immune  system  shows 

adaptive memory like characteristics (Netea, Quintin et al. 2011). Several studies demonstrate 

that  the  innate  immune  system  can  also  adapt  after  a  previous  challenge  through  metabolic 

changes and epigenetic reprogramming, a process that has been termed trained immunity or 

innate  immune  memory  (Netea,  Quintin  et  al.  2011,  Netea,  Joosten  et  al.  2016).  This  rather 

unspecific  innate  immune  memory,    characterized  by  increased  or  decreased  production  of 

proinflammatory  mediators,  was  shown  in  mice  strains  with  known  deficiencies  in  adaptive 

immune response (Quintin, Cheng et al. 2014).  

Classically,  macrophages  and  macrophage-like cell  lines  have  been used  as  a  model  for  the 

assessment of innate immune reactions. Two archetypal PAMPs commonly used as stimulating 

agents are lipopolysaccharides (LPS), endotoxins found on the cell membranes of gram-negative 

bacteria  and  β-glucans,  polysaccharides  occurring  in  the  cell  walls  of  bacteria  and  fungi. 

Nonspecific enhanced (training) or diminished (tolerance) cytokine production in monocytes and 

macrophages upon secondary stimulation with different PAMPs, including LPS, was thought to 

be  ligand  specific (Ifrim, Quintin  et  al.  2014).  Recently,  short  exposure to  LPS  was  shown to 

induce  tolerant  macrophages  while  priming  with  β-glucans  from  the  fungus  Candida  albicans 

induced a trained state (Cheng, Quintin et al. 2014, Saeed, Quintin et al. 2014).  One study has 

shown that microglia stimulation in vitro only induces a tolerant state in these cells (Schaafsma et 

al. 2015). More recently it was shown that LPS stimulation  in vivo may achieve both immune 

training and tolerance in microglia cells. The study also showed that peripheral LPS stimulation 

and microglia innate memory may influence brain pathology in diseases like stroke or Alzheimer’s 

(Wendeln et al. 2018). 

Moreover, the concept of hormesis has been recently revived due to fundamental discoveries in 

pharmacology and toxicology after applying very low doses of several substances (Calabrese and 

Mattson  2011,  Schmidt,  Schneble  et  al.  2014,  Weis,  Rubio  et  al.  2017).  Whether  hormetic 

mechanisms  are  involved  in  the  adaptive responses  to  pathogens  observed  in  cells from the 

innate immune system has not been fully addressed.  A new study suggests that induction of 

adaptive responses in microglia might involve a hormetic mechanism (Lajqi et al. 2019). However, 
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the factors involved in the induction of innate immune responses in microglia are not yet  fully 

investigated.  In  particular,  the  impact  of  maturation  and/or  age-related  differences  in  dose-

dependent responses of microglia still has to be elucidated. 

Here,  we  hypothesized that  microglia  are  able to respond  in  a  ligand-specific  and  also  dose-

dependent as well as maturation dependent manner. Furthermore, we propose the existence of 

a hormetic mechanisms underlying the immune response to pathogens and stressors. 

There is increasing evidence for an age-associated immunosenescence of the innate immune 

system (Gomez, Nomellini et al. 2008). Cells of the aging innate immune system are 

characterized  by  altered  expression  and/or  function  of  innate  immunity  receptors  and  signal 

transduction,  leading  to  defective  activation  and  decreased  chemotaxis,  phagocytosis  and 

intracellular  removal  of pathogens.  In  particular,  in  vivo  studies  show  that  the  ability  of  aging 

macrophages  and  microglia  to  acquire  a  regulatory  phenotype  may  be  compromised  (Rawji, 

Mishra  et  al.  2016).  In  particular,  macrophages  are  less  able  to  produce  a  functional  pro-

inflammatory response (Shaw, Goldstein et al. 2013). On the other hand, microglia exhibit an 

inflated  pro-inflammatory  response,  a  phenomenon  referred  to  as  microglia  priming,  which 

renders them more susceptible to a secondary stimulation (Perry and Teeling 2013, Rawji, Mishra 

et al. 2016). 

In  aged  individuals,  the  secondary  stimulus  mostly  arises  from  a  systemic  disease  with  an 

inflammatory component and might contribute to the progression of chronic neurodegenerative 

diseases (Perry and Holmes 2014). In addition, both senescent microglia and microglia from the 

aged mouse brain show an altered immune response after stimulation with LPS (Stojiljkovic, Ain 

et al. 2019). 

A better characterization of the impact of trained immunity  on the persistence of inflammation 

induced by PAMPs may help to explain why microglia can be either neuroprotective or neurotoxic, 

resulting in containment or disease progression (Hanisch and Kettenmann 2007) and would also 

provide new possibilities for intervention in aging and autoinflammatory disorders. 
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Aims of the study 

 

The present study aimed to: 

 

1) Determine the impact of aging and senescence on phenotypic and functional properties of brain 

microglia both in vitro and in vivo. For our study we developed an in vitro system to characterize 

microglia  from  newborn,  adult,  aged  and  senescent  microglia  by  means  of  well  recognized 

senescence markers including p16 Ink4a, p21/p53, telomere length and telomerase activity, and 

inflammation as well as functional markers.  

 

2) To evaluate the impact of maturation, aging, senescence and pathogen-dose on the innate 

immune response of microglia. Using our cell culture system, we analyzed the dose-dependent 

response  of  newborn,  adult,  aged  and  senescent  microglia  to  known  pathogen-associated 

molecular  patterns  (PAMPs)  including  LPS  and  β-glucan,  and  their  capacity  to  develop  an 

adaptive immune response in form of tolerance or sensitization.  

 

The following hypotheses were tested: 

1. Microglia become senescent in vitro after long-term culture due to telomere shortening 

and cell culture-associated stress 

2. Microglia in the aging brain in vivo show a dysfunctional phenotype that differs from the 

typical senescence pattern in vitro 

3. Microglia  show  a  pathogen  dose-dependent  innate  immune  memory  response  after 

stimulation with different stressors 

4. Maturation, aging and senescence differentially alter the innate immune response profile 

of microglia after repeated pathogen-induced stimulation 
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Summary of the manuscripts  

Manuscript 1: Phenotypic and functional differences between senescent and aged murine 

microglia 

Microglia cells have been reported to be involved in brain aging and neurodegenerative disorders; 

however,  few  studies  have  analyzed  microglia  senescence  and  the  impact  of  aging  on  the 

properties of these cells. Here, we developed an in vitro senescence model and characterized 

the senescence phenotype of microglia by means of well-accepted markers, including telomere 

length, telomerase activity, expression of p16INK4a, p21, p53, senescence-associated β-

galactosidase and senescence associated secretory phenotype. Quantitative real-time 

polymerase chain reaction analysis and a Telomeric Repeat Amplification Protocol (TRAP) assay 

were used to measure telomere length and telomerase activity in senescent microglia. We found 

that  microglia  cells  decrease  their  rate  of  proliferation,  show  telomere  shortening  and  typical 

induction of the SASP after approximately 8-10 weeks in vitro. Interestingly, these senescent cells 

also  increase migration rates without changes in  the phagocytosis  function. Senescence 

associated markers p16 Ink4a as well as p21/p53 pathway were strongly activated in these cells. 

Additionally, we established methods in our lab to isolate microglia from adult and aged mice and 

to culture these cells for functional analyses. Microglia from aged mice showed p16 Ink4a pathway 

activation  without  p21/p53.  They  also  showed reduced  phagocytosis  and  activation  of  SASP, 

however, at a much lower level. Furthermore, telomeres remained unaltered in aged microglia 

and there was no relevant sign of DNA damage. In contrast to senescent microglia, microglia from 

the aged brain did not show a decreased proliferation rate in vivo or in vitro. 

Senescent and aged microglia also exhibited differential activation profiles and altered responses 

to LPS or ATP stimulation.  

In this first part of the study, we have shown that microglial senescence in vitro and aging in vivo 

are  not  identical  processes,  since  aged  microglia  do  not  show  typical  senescent-associated 

changes. 
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Manuscript 2: Impact of maturation and pathogen-dose on immune adaptive responses in murine 

brain microglia 

The  concept  of  immune  innate  memory  in  macrophages  and  monocytes  has  recently  been 

established, also in the mature brain (Netea et al. 2016). However, innate immune memory in 

microglia cells and the putative factors determining its emergence have not been fully investigated 

yet. In particular, the role of maturation and aging for emergence of immunological memory within 

microglial cells, which constitute the first line of innate host defense response inside the CNS, is 

still unknown.  

One reason for this is the lack of a suitable model to investigate microglial immune memory in 

vitro.  Here,  we  implemented  the  so  called  ‘two  hit’  in  vitro  model  already  developed  for 

macrophages (Saeed, Quintin et al. 2014). We evaluated the effect of repeated challenge with 

varying doses of typical pathogen-associated molecular patterns (PAMPs) including LPS (1fg-

100ng) and β-glucan (1fg-1µg) on the emergence of innate adaptive memory like responses in 

microglia in vitro. Additionally, we evaluated the impact of the maturation state of microglia on 

induction of innate immune memory in these cells.  

We found that repeated administration of LPS to cultivated primary microglia induced pathogen-

dose- and developmental-dependent changes in gene expression and protein levels of pro- and 

anti-inflammatory mediators, BDNF, ROS, and led to a metabolic rewiring in both young neonatal 

as well as in adult microglia cells.  

A stronger response after the second stimulation (second hit), so called sensitization, was only 

observed in neonatal or naive microglia cells. Priming with ultra-low (1fg/ml) LPS significantly 

increased  levels  of  pro-inflammatory mediators TNF-, IL-6  and  iNOS, as  well  as  BDNF  and 

PFKFB3, whereas ROS levels were decreased in naive microglia derived from newborn mice, 

indicating  induction  of  trained  immunity  and  metabolic  rewiring.  In  contrast,  mature  microglia 

derived from adult mice failed to show such a sensitization response.  

Reduced  responses  after  second  stimulation,  so  called  tolerance  developed  in  both  groups. 

Stimulation  with  high  doses  of  LPS  led  to  a  several  fold  down-regulation  of  pro-inflammatory 

cytokines and iNOS in both newborn and mature microglia, indicating induced immune tolerance. 

Furthermore, there were specific differences in the induction of anti-inflammatory mediators and 

M2 microglia state including IL-10, IL-4, TGF- and Arg-1 in naive and adult microglia after a high 
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dose LPS. This indicated induction of tolerance associated with a M2-anti-inflammatory 

phenotype only in naive microglia.  

In  summary,  naive  microglia  showed  a  fine-tuned  immune  memory  as  compared  to  mature 

microglia, as indicated by LPS and β-glucan-dose-dependent changes in pro-and anti-

inflammatory response, resulting in trained immunity after priming with ultra-low LPS doses but 

tolerance after priming with high doses. Naive microglia cells are apparently prone to activate 

their proinflammatory response even after mild systemic inflammatory challenge, albeit exhibit 

robust  anti-inflammatory  capability  in  case  of  reinforced  systemic  inflammation.  Maturation  of 

microglia led to a lack of response to ultra-low LPS stimulation but to development of immune 

tolerance at high doses. We show here that  naive microglia primed with ultra-low LPS doses 

acquire a trained character and immune memory possibly associated with a long-term 

dysfunctional phenotype in certain neurodevelopmental diseases, and a strong stimulus leads to 

an immunosuppressed phenotype, possibly in order to prevent excessive damage to the sensitive 

brain tissue, in the case of recurrent local inflammation.  
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Manuscript 3 (Review): Pathogen-Induced Hormetic Responses 

Infectious diseases due to microorganisms are still one of the leading causes of death all over the 

world (Dye 2014). The constant contact with pathogenic microorganisms or saprophytes shapes 

the  immune  system  and  enables  a  broad  range  of  different  responses.  The  microbiome, 

consisting  of trillions  of bacteria,  and mycobiome  have  been recently found  to  be  involved  in 

maturation not only of peripheral gut immune cells but also microglia (Erny, Hrabě de Angelis et 

al.  2015).  Changes  in  the  microbiome  have  been  connected  to  several  age-related  diseases 

including neurodegeneration (Vogt, Kerby et al. 2017). On the other hand, pathogenic bacteria 

induce inflammatory responses by stimulation of innate immune cells. They are recognized by so 

called PAMPs using PRRs and induce a cascade of signaling pathways leading to appropriate 

responses and microorganism removal (Janeway and Medzhitov 2002). Innate immune cells are 

the first  line  of  defense against  invading  pathogens  and they support  adaptive  immune  cells, 

which  later  mediate  specific  responses  to  pathogens  and  develop  an  immune  memory.  This 

interplay between our immunity and microorganisms attracts scientific attention due to the prime 

importance of infectious diseases in human medicine.  

In  this  review,  we  discuss  four  major  aspects  embedding  pathogen  attacks  to  men  into  the 

ecological reaction pattern of higher organisms: 

(1) Pathogenic microorganisms typically provoke hormetic responses of the affected organism, 

i.e., stimulatory effects at ’low doses’ and tolerance or cell damage at high pathogen load. 

(2) The stimulatory effects of pathogens comprise increased resistance and tolerance responses 

of the innate immune system. 

(3) Analysis of signaling processes induced by pathogens in the affected host tissue discloses 

novel options for the treatment of infectious diseases. 

(4) Responses are dose-dependent and not pathogen-specific. 

In this review we also discussed some ideas about their medical relevance, and main recent 

discoveries regarding the innate immune memory.  

One study has shown that stimulation with Candida albicans led to increased survival in mice 

after a subsequent lethal infection with this pathogen (Quintin, Saeed et al. 2012). β-glucan alone 

could induce a sensitization effect and this has been thought to be responsible for the so called 

‘trained immunity’ (Di Luzio and Williams 1978, Quintin, Saeed et al. 2012). On the other hand, 

stimulation with LPS induces so called tolerance or paralysis of the immune response, a process 

well known for long time (Ziegler-Heitbrock 1995). It was thought that β-glucan induces training 

while LPS can induce only tolerance, which we have shown not to be accurate (Lajqi et al., 2019; 
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Lajqi,  Stojiljkovic  et  al.  in  preparation).  Whether  pathogens  will  induce  training  or  tolerance 

depends on the dose, time of exposure, and nature of the stimulus. Findings about the hormetic 

character of responses to microorganisms are highly relevant for medicine. In particular, inducing 

trained responses might promote resistance against pathogens, which may be useful in cancer 

therapy, vaccine development or infection treatment, especially in elderly and frail population. 

Tolerance induction might provoke an anti-inflammatory response, possibly useful in autoimmune 

diseases or in hyperinflammatory phase in sepsis. 

Neurodegenerative  diseases,  like  Alzheimer’s  disease  (AD)  have  been  also  connected  to 

hyperactive innate immune system (Sarlus and Heneka 2017, Wendeln, Degenhardt et al. 2018). 

We have shown that both aged and senescent microglia are hyperactive (Stojiljkovic, Ain et al. 

2019). Also here, induction of tolerance may be useful in preventing excessive response of these 

cells after repeated insult. 

Investigating the role of metabolic changes and reprogramming of our innate immune system is 

highly  relevant,  and  a  clear  understanding  of  mechanisms  and  key  players  in  the  signaling 

cascade could enable specific targeting not only with microorganisms but also with  drugs that 

mimic their effect by stimulating the same pathways. Further investigations of key pathways like 

autophagy,  mTOR,  AMPK,  DNA  damage-induced  stress  responses,  and  their  interplay  are 

needed  as  a  reasonable  strategy  to  design  targeted  therapies  selectively  inducing  trained 

immunity or tolerance responses. 
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Abstract 

Brain microglia, the innate immune cells of the central nervous system, were found to develop features 
of  adaptive  immune  memory,  with  implications  for  brain  pathologies.  However,  factors  involved  in 
emergence  and  regulation  of  these  opposing  responses  in  microglia  have  not  been  fully  addressed. 
Recently,  we  showed  that  microglia  from  the  newborn  brain  display  trained  immunity  and  immune 
tolerance after repeated contact with pathogens in a dose-dependent manner. Here, we evaluated the 
impact of developmental stage on adaptive immune responses of brain microglia after repeated challenge 
with ultra-low (1 fg/ml) and high (100 ng/ml) doses of the endotoxin LPS in vitro. We found that priming 
of naive microglia derived from newborn but not mature murine brain with ultra-low LPS significantly 
increased  levels  of  pro-inflammatory  mediators  TNF-,  IL-6  and  iNOS,  as  well  as  BDNF  and  PFKFB3, 
whereas ROS levels were decreased, indicating induction of trained immunity and associated metabolic 
reprogramming. In contrast, stimulation with high doses of LPS led to a robust down-regulation of pro-
inflammatory  cytokines  and  iNOS  in  both  newborn  and  mature  microglia,  indicating  induced  immune 
tolerance. In addition, high LPS doses upregulated anti-inflammatory mediators including IL-10, IL-4, TGF-
  and  Arg-1  in  newborn  microglia.  Our  study  shows  that  microglia  from  the  newborn  brain  exhibit  a 
remarkable fine-tuned innate immune memory compared with mature microglia. The trained character 
after priming with ultra-low LPS doses might be associated with dysfunctional phenotypes observed in 
certain neurodevelopmental diseases, whereas the immunosuppressed phenotype following stimulation 
with a high LPS dose might develop in order to prevent excessive damage after recurrent inflammation.  
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1. Introduction  

Microglia  are  the  resident  macrophage  population  and  the  principal  cell  type  responsible  for  innate 
immunity in the central nervous system (CNS) and constitute the first line of defense against invading 
pathogens  (Streit  and  Kincaid-Colton,  1995;Davalos  et  al.,  2005;Nimmerjahn  et  al.,  2005;Hanisch  and 
Kettenmann, 2007;Puntambekar et al., 2008;Ransohoff and Cardona, 2010;Kettenmann et al., 2011;Salter 
and  Stevens,  2017).  In  addition, microglia  play  an  important  role  in  the  development  of  the  neuronal 
network  by  eliminating  surplus  brain  cells  or  subcellular  structures,  especially  synapses  (Salter  and 
Stevens, 2017). Microglia contribute considerably to maintenance of tissue homeostasis, neuroplasticity 
and neuroprotection on the basis of their considerable adaptive capacity and ability to detect alterations 
in  their  surveilled  microenvironment  (Wolf  et  al.,  2017).  Accordingly,  microglia  are  activated  by  most 
pathologic events and changes in brain homeostasis. Their phenotype varies from pro-inflammatory to 
anti-inflammatory and tissue-supportive, thereby displaying specific adaptive functions, including 
migration  towards  injury,  phagocytosis,  antigen  presentation  and  synapse  remodelling  (Eggen  et  al., 
2013;Gertig and Hanisch, 2014;Ransohoff, 2016). Importantly, there is growing evidence indicating that 
microglial cells may not retransform to a completely naive status after activation, and may remain as 
‘post-activated’  or  ‘primed’  microglia,  which  could  have  a  neuropathological  relevance  (Hanisch  and 
Kettenmann,  2007).  In  the  same  context,  it  was  recently  demonstrated  that  peripheral  inflammatory 
insults in adult mice induce long-term alterations in microglial response, with two possible outcomes: 
either enhanced activation or suppressed activation, thereby exacerbating or alleviating brain pathology 
in mouse models (Schaafsma et al., 2015;Wendeln et al., 2018;Neher and Cunningham, 2019). These two 
phenotypes  seem  to  conform  to  the  concept  of  innate  immune  memory,  as  demonstrated  for  the 
peripheral immune system (Ifrim et al., 2014;Netea et al., 2016).It is known that innate immune memory 
in microglia is mediated by epigenetic and transcriptional changes (Wendeln et al., 2018), however, how 
these opposed phenotypes are regulated is yet not well understood. Microglia display characteristic gene 
expression profiles during different phases of development, in order to regulate brain homeostasis, and 
that prenatal and early postnatal brain microglia have a different morphology than microglia in the adult 
brain (Bennett et al., 2016;Matcovitch-Natan et al., 2016). Furthermore, no substantial gene expression 
overlap was found between lipopolysaccharide (LPS)-stimulated microglia from the adult and from the 
control neonatal brain (Bennett et al., 2016). Therefore, not only (micro)environmental conditions but 
also the inherent genetics may influence microglial fate throughout the organismic development. These 
findings  raise  the  question  whether  the  developmental  or  maturation  state  of  microglia  affects  their 
cellular responses also in the context of innate immune memory.  

Not only the developmental state but also the pathogen dose seems to influence the type of cellular 
response after repeated challenge. Nonspecific enhanced (training) or diminished (tolerance) cytokine 
production in monocytes and macrophages upon secondary stimulation with different PAMPs 
(prototypical pathogen-associated molecular pattern), including LPS, was often found to be dependent on 
the ligand concentration (Baker et al., 2014;Ifrim et al., 2014;Morris et al., 2014). A previous study in our 
lab  demonstrated  a  pathogen  dose-dependency  in  phagocytotic  and  proliferative  response  of  brain 
microglia after repeated LPS challenge in vitro (Schmidt et al., 2014). Moreover, we recently provided 
evidence for a pathogen-dose-dependent activation of adaptive immune responses in newborn microglia 



36 
 

in  vitro  (Lajqi  et  al.,  2019).  These  findings  strongly  suggest  the  existence  of  hormetic  mechanisms 
underlying the immune response to pathogens and stressors.  

Here, we investigated the effect of the developmental state on adaptive responses of newborn and adult 
murine brain microglia after repeated challenge with LPS.  

Our results indicate that newborn but not mature microglia primed with LPS at ultra-low doses develop a 
trained immune response characterized by a pro-inflammatory phenotype after renewed challenge with 
a “standard” high LPS dose. In contrast, repeated challenge of newborn or mature microglia with a high-
dose of LPS results in a tolerant (anti-inflammatory) state. Furthermore, we found that induction of innate 
immunity in newborn microglia was associated with a metabolic reprogramming, as already shown for 
other cells from the innate immune system (Bekkering et al., 2018). These findings clearly indicate that in 
brain microglia trained immunity but not immune tolerance is developmentally regulated.  

2. Materials and Methods  

Animals  

Neonatal (P0-P3) and young adult (3 months old) C57Bl/6 male mice (from a locally inbred mouse strain) 
were used. All experiments were carried out in accordance with the German legislation on protection of 
animals and with permission of the local animal welfare committee. Adult animals were sacrificed by an 
overdose of isoflurane anesthesia and brains were carefully removed after transcardial perfusion with ice 
cold PBS for 5 min. Neonatal primary microglial cells were isolated from cerebral cortex of newborn mice 
as described previously (Schmidt et al., 2013;Lajqi et al., 2019).  

Microglial cultures were maintained in Dulbecco’s Modified Eagle’s Medium (SIGMA #06429, endotoxin 
tested) and 10% heat-inactivated fetal bovine serum (FBS, SIGMA-Aldrich #F7524, endotoxin tested and 
sterile-filtered). After 14 days, adherent microglial cells were separated from astrocytes by adding PBS-
EDTA solution and carefully shaking. After harvesting, microglial cells were seeded in adherent well plates. 
Long-term cultures of adult microglia were performed as previously described (Moussaud and Draheim, 
2010;Stojiljkovic et al., 2019). Purity of microglia was always in the range of 95-98%, as confirmed by 
specific Iba1 staining.  

Microglia stimulation  

In order to induce adaptive responses, microglial cells were seeded in 12-well plates (75 000 cells/well). 
Microglia were stimulated twice following a two-step (“two-hit”) protocol as described elsewhere (Ifrim 
et al., 2014;Schaafsma et al., 2015). Microglia were first stimulated (“primed”) with different doses of LPS 
(“first hit”; 1 fg/mL – 100 ng/mL; E. coli serotype 055:B5 obtained from Sigma-Aldrich, St. Louis, USA) for 
24h. Cells were re-stimulated 6 days after the first challenge by a fixed dose of LPS (“second hit”; 100 
ng/mL). 

We  divided  our  naive  and  mature  microglia  cells  into  4  groups:  The  first  group  was  represented  by 
unstimulated microglia (US Group). The second group included unprimed microglia (UP Group, without 
the “first hit” on day 1 but stimulated on day 6 with a fixed dose of LPS, 100ng/ml). The third group (ULP 
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group) was represented by microglia stimulated with an ultra-low dose of LPS on day 1 (1 fg/mL – 100 
ng/mL) and re-stimulated at day 6 with a fixed dose of LPS, (100ng/ml). The fourth group was the high-
dose-primed group (HP group), stimulated with a high dose of LPS (100ng/ml) at day 1 and re-stimulated 
at day 6 with fixed dose of LPS 100ng/ml). To evaluate the effects of repeated stimulation with LPS, we 
normalized the data to the UP Group (in the case of mRNA expression). The US Group served as a negative 
control. To evaluate the developmental differences in microglial responses, we additionally compared 
naive microglia to adult microglia within the four mentioned groups. 

Measurement of the protein concentration 

Total protein concentration was determined using the Pierce™ 660 nm Protein Assay Kit (#22662) from 
Thermo  Fisher  Scientific  (Massachusetts,  USA).  Ionic  detergent  compatibility  reagent  (IDCR)  (#22663, 
Thermo Fischer Scientific) was used in order to reduce interference. Absorbance was measured at 660 nm 
using a TECAN Infinite 200 Plate reader (Tecan, Switzerland). Protein concentration was then calculated 
based on the values of the standard curve. 

Cytokine determination 

Cytokine levels in supernatants were measured using enzyme-linked immunosorbent assay (ELISA) kits for 
TNF-α  (#430902),  IL-6  (#431302)  and  IL-10  (#431412)  obtained  from  BioLegend  (San  Diego,  CA).  The 
absorbance was determined with a VersaMax Microplate Reader (Molecular Devices, USA) at 450 nm and 
a  second  reference  wavelength  at  570  nm.  Cytokine  levels  of  TNF-α,  IL-6  and  IL-10  were  normalized 
against the protein concentrations of each sample, and depicted as pg/µg of total protein  

Real-time qPCR  

To  determine  gene  expression  levels,  total  RNA  was  extracted  using  QIAzol  Lysis  Reagent  (#79306) 
purchased  from  Qiagen  (Hilden,  Germany).  RNA  concentration  and  quality  were  checked  by  using  a 
Nanodrop ND-1000 machine (Peqlab, Erlangen, Germany). cDNA was synthetized using RevertAid First 
Strand cDNA Synthesis kit (#K1612) from Thermo Fisher Scientific (Waltham, MA, USA). qPCR reaction was 
performed  by  using  LightCycler  480  SYBR  Green.  Primers  used  in  the  study  are  depicted  in  Table  1. 
Housekeeping  genes  GAPDH  and  HMBS  were  used  for  normalization.  Relative  gene  expression  was 
calculated by the comparative CT method (Livak and Schmittgen, 2001).  

 

Table 1. RT-PCR primers used in the study 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Tnf-α CTGTAGCCCACGTCGTAGC TTGAGATCCATGCCGTTG 

Gapdh CATGGCCTTCCGTGTTTCCTA CCTGCTTCACCACCTTCTTGAT 

IL-10 ACCAGCTGGACAACATACTGC TCACTCTTCACCTGCTCCACT 
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IL-1  GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 

IL-4 TGGGTCTCAACCCCCAGCTAGT TGCATGGCGTCCCTTCTCCTGT 

Arg1 TCACCTGAGCTTTGATGTCG CTGAAAGGAGCCCTGTCTTG 

Tgf-b TGCTTCAGCTCCACAGAGAA TACTGTGTGTCCAGGCTCCA 

BDNF GACAGTATTAGCGAGTGGGTCA CCTTTGGATACCGGGACTTT 

Pfkfb3 GGAGAGGTCAGAGGATGCAAA GCTGTTGATGCGAGGCTTTT 

IL-6 CCTCTCTGCAAGAGACTTCCATCCA GGCCGTGGTTGTCACCAGCA 

Hmbs GTTGGAATCACTGCCCGTAA GGATGTTCTTGGCTCCTTTG 

 

Measurement of reactive oxygen species (ROS)  

ROS were measured using the H2DCFDA-assay. The assay is based on the use of 2’,7’-
Dichlordihydrofluorescein-diacetat  (H2DCFDA; #D399,  Thermo  Fisher  Scientific,  Waltham,  MA,  USA),  a 
membrane-permeable reduced form of fluorescein which reacts with reactive oxygen species thereby 
emitting fluorescence light. For this, microglial cells were seeded into white clear bottom 96-well plates 
(30,000 cells/well). After becoming adherent, cells were stimulated, as described above. For 
measurement, the medium was aspirated and 200 µl of H2DCFDA-solution (stock 50 mM 1:1000 in 10 
mM HEPES/CaCl2) was added and cells were incubated for 20 min at 37°C. Thereafter, cells were carefully 
washed twice with an HEPES/CaCl 2 solution. Measurement of intracellular ROS levels was performed at 
485 nm excitation and 535 nm emission using a TECAN Infinite 200 Plate reader (Tecan, Switzerland).  

Lactate production measurement  

Supernatants from microglial culture were used to measure lactate production by sequential enzymatic 
reactions  (according  to  (Lin  et  al., 1999)).  Briefly,  lactate  is  converted  by  lactate oxidase  (LO; #L0638, 
Sigma-Aldrich)  to  pyruvate  and  H2O2.  In  a  second  reaction,  the  chromogenic substrate  ABTS  (#A1888, 
Sigma-Aldrich) is converted to a colored dye, catalyzed by horseradish peroxidase (HRP; #77332, Sigma-
Aldrich) in the presence of H 2O2 and measured at 405 nm. Lactate levels were normalized for protein 
concentrations of each sample.  

Statistical analysis  

Statistical analysis was carried out using SigmaPlot Software (SigmaPlot Software, San Jose, USA). Data 
are  presented  as  scatter  plots  showing  means  ±  SEM.  Experimental  groups  (adult  vs.  naive)  were 
compared using one-way ANOVA, followed by Holm-Sidak post-hoc test. Comparisons between groups 
(treatment vs. unprimed state) were performed with two-way analysis of variance (Two-way ANOVA), 
followed by Holm-Sidak post-hoc test. Differences were considered significant when P<0.05  
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3. Results  

Effect of repeated stimulation with LPS on cytokine and iNOS levels in newborn and mature microglia 

Expression  and  protein  levels  of  pro-inflammatory  cytokines  TNF-   and  IL-6  were  evaluated  after 
repeated LPS stimulation in newborn and mature microglia. As expected, unstimulated microglia (US), 
expressed low cytokine levels (Fig. 1A-D). Unstimulated mature microglia showed higher levels of TNF-  
and IL-6 as compared with mature microglia (Fig. 1B and D). Single challenge with 100 ng/mL LPS (UP) led 
to a marked increase in levels of TNF-  and IL-6 in microglia in both groups. Microglial priming with the 
ultra-low LPS dose (ULP) followed by a standard fixed LPS dose 6 days later further increased levels of 
both TNF- (Fig. 1A,B) and IL-6 (Fig. 1C,D) in newborn microglia, indicating trained immunity. No such 
effect was observed in mature microglia after stimulation (Fig. 1B and D), which is in accordance with 
findings from other tissue macrophages (Linehan and Fitzgerald, 2015). These results may suggest that 
induction of trained immunity leads to a M1-pro-inflammatory like phenotype in newborn microglia. In 
contrast, priming with LPS at high doses (HP group) led to a robust downregulation of pro-inflammatory 
cytokines in both groups 6 days after renewed challenge with LPS 100 ng/mL, indicating induced immune 
tolerance. A similar effect was observed for expression of iNOS mRNA, with newborn microglia displaying 
both trained immunity after priming with ultra-low LPS doses and tolerance after priming with high LPS 
concentrations (Fig. 1E). Mature microglia did not show a significant response neither at ultra-low nor at 
high LPS doses as compared with the unprimed group.  

In order to determine whether induction of trained immunity or tolerance shifts the microglial phenotype 
to a M2-anti-inflammatory state, we also assessed levels of anti-inflammatory cytokines IL-10, IL-4, Arg-1 
and TGF- in newborn and mature microglia. Single challenge with LPS 100 ng/mL markedly increased 
levels  of  IL-10  (Fig.  2A,B)  but  not  IL-4,  Arg-1  or  TGF-   (Fig.  2C,E)  in  both  microglial  populations. 
Interestingly,  priming  with  ultra-low  LPS  doses  had  no  effect  on  newborn  microglia,  but  significantly 
increased IL-4 gene expression in mature microglia (Fig. 2C). Priming with high LPS doses increased levels 
of IL-10, IL-4, TGF-  and Arg-1 in newborn, but not in mature microglia (Fig. 2A-E). This indicates that 
induction of tolerance in newborn microglia is associated with a M2-anti-inflammatory phenotype.  

Effect of repeated stimulation with LPS on ROS and BDNF levels in newborn and mature microglia 

Trained  immunity  has  been  associated  with  increased  levels  of  reactive  oxygen  species  (ROS)  and 
therefore  we  evaluated  the  impact  of  maturation  and  LPS-dose  on  ROS  production  in  microglia  from 
newborn and mature mice brains. As shown in Fig. 3A, unstimulated mature microglia showed 82% higher 
ROS levels as compared with newborn naive microglia. Single stimulation with LPS (priming) significantly 
increased ROS levels in both microglia populations (Fig. 3A). Priming with ultra-low LPS doses followed by 
a second challenge 6 days later further increased ROS levels in newborn but not in mature microglia. This 
response further supports induction of trained innate immunity only in newborn microglia. In contrast, 
priming  with  high  LPS  doses  reduced  ROS  levels  in  both  cell  populations,  supporting  induction  of  a 
tolerance  state.  Given  the  widespread  functional  role  of  brain-derived  neurotrophic  factor  (BNDF) 
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released by microglia in physiological processes involved in learning and memory (Parkhurst et al., 2013) 
and also in pathological events like neuronal disinhibition of the intrinsic inhibitory system after peripheral 
nerve injury, causing neuropathic pain (Beggs et al., 2012;Ferrini and De Koninck, 2013), we evaluated the 
impact of the developmental state on gene regulation of microglial BNDF after repeated challenge with 
LPS.  Priming  with  ultra-low  LPS  dose  increased  BNDF  expression  in  newborn  microglia  but  strongly 
reduced  it  in  adult  microglia.  Priming  newborn  microglia  with  LPS  at  a  high  dose  led  to  a  diminished 
response after the second LPS stimulus compared with the unprimed state. In mature microglia, high-
dose priming with LPS further decreased BDNF expression. Interestingly BDNF levels remained 
significantly higher in naive microglia when compared to mature microglia after stimulation with LPS at 
both  ultra-low  and  high  doses,  possibly  indicating  a  higher  plasticity  and  stronger  neuroprotective 
response of these cells in an inflammatory environment. 

Effect of repeated challenge with LPS on levels of metabolic enzymes in newborn and mature microglia 

Since metabolic reprogramming has been found to be a crucial step for the induction of trained immunity 
in  peripheral  innate  immune  cells  (Dominguez-Andres  et  al.,  2019),  we  assessed  the  expression  of  6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB)3, the rate limiting enzyme of glycolysis and 
lactate  production,  in  both  newborn  and  mature  microglia.  (PFKFB)3-driven  macrophage  glycolytic 
metabolism was found to be a crucial component of their innate immune response (Jiang et al., 2016). As 
shown  in  Fig.  3C,  there  was  no  significant  difference  in  expression  of  the  glycolytic  enzyme  PFKFB3 
between unstimulated microglia obtained from newborn and mature mice. Priming with the ultra-low LPS 
dose induced a marked increase in PFKFB3 gene expression in newborn as well as adult microglia (Fig. 3C). 
In contrast, priming with LPS at a high-dose reduced PFKFB3 gene expression in newborn but not in adult 
microglia (Fig. 3C).  

Effect of repeated challenge with -glucan on cytokine levels in newborn and mature microglia 

In order to further characterize the impact of maturation on microglial response after repeated challenge 
with PAMPs, cells were primed with different doses of -glucan, followed by a stimulation with LPS (100 
ng/mL)  at  day  6.  As  shown  in  supplementary  figure1A,  priming  with -glucan  induced  a  similar  pro-
inflammatory response as LPS in newborn but not mature microglia. Similar as for LPS, priming with ultra-
low -glucan doses further increased levels of TNF- and IL-6 and high concentrations reduced release of 
both  cytokines  in  newborn  microglia  (Suppl.  Fig.  1A,B).  In  contrast,  mature  microglia  did  not  show  a 
significant  response  to -glucan.  These  findings  suggest  a  pathogen-mediated  induction  of  trained 
immunity and tolerance only in newborn microglia in a dose-dependent manner, as previously shown for 
LPS.  

4. Discussion  

Our study supports recent evidences indicating that brain microglia are able to develop an innate immune 
memory after repeated immune challenge, probably involving an hormetic mechanism (Wendeln et al., 
2018;Lajqi  et  al.,  2019).  Furthermore,  we  show  here  for  the  first  time  that  the  pattern  of  adaptive 
responses in microglia is also regulated by the developmental state of these cells. In particular, we found 
that  ultra-low  PAMP  levels  prime  microglia  derived  from  newborn  mice  towards  an  enhanced  pro-
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inflammatory state as evidenced by an increase in levels of TNF-  and IL-6, ROS production and iNOS 
expression, which reflects induction of trained innate immunity, as already described for other immune 
cells from the periphery (Netea et al., 2016;Bauer et al., 2018). In contrast, microglia derived from mature 
mice brains did not exhibit a similar reinforced response after priming with ultra-low doses of prototypical 
PAMPs  This  findings  are  in  line  with  previous  studies  on  primary  microglia  isolated  from  adult  mice 
indicating a dose-dependent immune tolerance but not priming, after stimulation with low doses of LPS 
(5–50  pg/ml)  (Schaafsma  et  al.,  2015).  Intriguingly,  a  higher  LPS  dose  found  to  activate  a  robust  pro-
inflammatory response after a single administration (Kannan et al., 2013;Frister et al., 2014;Schaafsma et 
al.,  2015;Matt  et  al.,  2016),  induced  immune  tolerance  independent  of  the  developmental  state  of 
microglia after repeated challenge.  

Current  work  identifies  metabolic  reprogramming  as  a  key  hallmark  of  innate  immunity  along  with 
immune cell activation. It is characterized by a fine-tuned pattern of metabolic regulations that become 
rewired  after  repeated  immunological  challenges,  probably  via  epigenetic  modifications  (Arts  et  al., 
2016;Van den Bossche et al., 2017). Although the proposed causal relations between immunometabolic 
rearrangements and sustained adaptive responses are still not proven for microglial cells, we recently 
showed  that  systematic  application  of  LPS  dose-dependently  induces  innate  immune  memory-like 
responses in newborn microglia  (Lajqi et al., 2019). Long-term immune memory in microglia was also 
clearly  demonstrated  in  vivo  after  LPS  administration  in  a  mouse  model  of  Alzheimer’s  pathology 
(Wendeln et al., 2018). The study provided evidence for both trained immunity (in response to singular 
LPS challenge) and immune tolerance (after repeated consecutive challenge with LPS), as indicated by 
altered  microglial  cytokine  release  within  several  days  after  treatment.  This  altered  response  had  a 
marked impact on neuropathology several months later. In line with such evidences, we found here that 
trained immunity driven by repeated LPS challenges in newborn microglia was associated with a shift 
towards aerobic glycolysis as the dominating immunometabolic process herein. Both, induction of the 
glycolytic activator PFKFB3 and increased lactate production suggest a possible TCA-cycle remodelling, 
probably  by  itaconate,  as  previously  described  elsewhere  (Lampropoulou  et  al.,  2016).  Furthermore, 
itaconate pathway was found to play a central role linking innate immune tolerance and trained immunity 
in  human  monocytes  after  stimulation  with -glucan  (Dominguez-Andres  et  al.,  2019).This  metabolic 
switch feeds glycolysis-dependent pathways, especially the pentose phosphate pathway which supports 
inflammatory  responses  by  generating  amino  acids  for  protein  synthesis,  ribose  for  nucleotides  and 
NADPH for the production of reactive oxygen species by NADPH oxidase (Nagy and Haschemi, 
2015;Lampropoulou  et  al.,  2016;Borst  et  al.,  2018).  A  comparable  immunometabolic  switch  towards 
aerobic glycolysis occurred in mature microglia after priming with the ultra-low LPS dose and subsequent 
LPS stimulation as well, however, this did further increase pro-inflammatory cytokine levels.  

These  findings  highlight  the  particular  importance  of  trained  immunity  in  microglia  because  of  their 
longevity  and  it  may  be  responsible  for  permanent  modification  of  their  molecular  profile  (Prinz  and 
Priller, 2014;Tay et al., 2017).  

Markers  of  the  so-called  alternative  or  neuroprotective  microglial  phenotype  (also  known  as  M2), 
characterized by the release of anti-inflammatory molecules including IL-4, IL-10 and TGF-  as well as 
neurotrophic factors (e.g. BDNF), showed opposing responses owing to differential priming and 
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maturation.  Gene  expression  of  the  anti-inflammatory  cytokines  was  not  modulated  by  ultra-low  LPS 
priming. However, pre-stimulation of microglial cells derived from newborn mice with the standard LPS 
dose  exhibited  an  enhanced  gene  expression  of  the  anti-inflammatory  cytokines,  whereas  mature 
microglia remained unchanged. Mature microglia did not show increased levels of BDNF in an 
inflammatory environment, which might explain reduced neuronal and synapse recovery after 
inflammatory injury in the adult brain. 

Interestingly,  these  data  underscore  the  inherent  neuroprotective  capacity  of  immature  microglia, 
presumably relevant in order to compensate for the vulnerability of the immature brain to the effects of 
inflammation (Hagberg et al., 2015). In line with these findings, inflammatory challenge by ultra-low LPS 
doses  sensitized  microglia  which  responded  with  upregulation  of  BNDF  expression.  On  the  contrary, 
priming with high-doses induced a downregulation. Studies on the effect of development and dose of 
PAMPs on microglia priming and BDNF expression or release were till now missing. 

Release  of  reactive  oxygen  species  was  significantly  altered  after  a  challenge  with  LPS  in  microglia 
obtained from newborn mice compared with mature microglia, and showed a dose-dependent response 
after priming (e.g. trained immunity and immune tolerance). These results are in line with the regulation 
in gene expression of iNOS also found in newborn microglia (Fig. 1E) whereby newborn microglia showed 
enhanced gene expression in response to ultra-low LPS priming but immune tolerance when cells were 
primed  with  the  standard  LPS  dose.  Mature  microglia  did  not  show  trained  immunity  but  tolerance, 
however,  levels  of  ROS  and  iNOS  were  already  higher  in  unstimulated  and  unprimed  microglia  as 
compared with newborn microglia. Even if the biological relevance of these findings cannot be drawn 
from our data, it has to be considered that the immature brain appears to be especially vulnerable against 
oxidative stress. There is compelling evidence that high concentrations of unsaturated fatty acids, high 
rate  of  oxygen  consumption,  low  concentrations  of  antioxidants,  and  increased  availability  of  “free” 
redox-active iron are responsible this effect (Siddappa et al., 2002;McQuillen and Ferriero, 2004;Saugstad, 
2005).  

Our finding that even ultra-low LPS doses (e.g., in the femtomolar range) are able to prime microglia raises 
the question whether this PAMP challenge is of physiological relevance, or it might result from particular 
experimental conditions. Previous studies revealed that as few as 100 invading Gram-negative bacteria, 
corresponding to femtomoles of endotoxins, are already able to stimulate host responses (Beutler and 
Rietschel,  2003;Weiss,  2003;Freudenberg  et  al.,  2008).  LPS  is  a  well-characterized  PAMP  found  in  the 
outer  leaflet  of  the  outer  membrane  of  most  Gram-negative  bacteria.  The  structurally  unique  lipid  A 
region of LPS is the principal determinant of this pro-inflammatory activity. LPS-immune cell activation is 
mediated by activation of TLR4 (Poltorak et al., 1998;Raetz and Whitfield, 2002) and by caspases of the 
non-canonical inflammasome, as a cytosolic LPS-recognition system (Shi et al., 2014). While the cytosolic 
LPS sensing mechanism has still to be identified, extracellular or intra-vacuolar LPS effect via TLR4 have 
been largely elucidated (Rosadini and Kagan, 2017;Weiss and Barker, 2018). Potent activation of TLR4 by 
LPS requires initial interactions of LPS-binding protein (LBP) and CD14 with LPS-rich interfaces followed by 
extraction and transfer of individual LPS monomers first to CD14 (Gioannini et al., 2004;Prohinar et al., 
2007;Ryu et al., 2017). Interestingly, enhanced TLR4 reactivity has been linked to a “two hit” response in 
a mouse model of thermal injury whereby burn mice showed an increased response when challenged 
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with LPS 7 days after injury (Murphy et al., 2005). Whether increased reactivity of TLR4 might underlie the 
potentiating  effects  found  in  newborn  mice  after  priming  with  ultra-low  LPS  doses  diserves  further 
investigation.  

Activation  of  MD-2/TLR4  by  LPS  requires  binding  of  an  individual  LPS  molecule  (LPS  monomer)  to 
MD2/TLR4 (Prohinar et al., 2007) and dimerization of the LPS.MD-2.TLR4 ternary complex (Park et al., 
2009). Recent studies revealed that as few as 25 LPS-MD-2.TLR4 complexes per cell can trigger measurable 
pro-inflammatory responses, implying very efficient dimerization of these ternary complexes (Teghanemt 
et al., 2013). Therefore, priming effects with ultra-low PAMPs doses might elicit intracellular regulatory 
mechanisms important for innate immune memory.  

Divergent immune responses observed between naïve and mature microglia might be explained on the 
basis  of  significant  differences  found  in  the  gene  signature  of  neonatal  (so  called  pre-microglia)  and 
mature microglia (Butovsky et al., 2014;Matcovitch-Natan et al., 2016). Neonatal mouse microglia are still 
immature and lack the typical microglial gene signature and are more similar to primitive macrophage 
populations (Butovsky et al., 2014). Recently, microbiome-microglia interactions were shown to be an 
important mechanism involved in the process of microglia maturation  (Erny et al., 2015). While adult 
microglia are continuously  exposed to microbiome products like short-chain fatty acids, naive microglia 
isolated from  newborn mice lack such a priming effect. Therefore, mature microglia might be already 
“pre-primed”, which would partially explain increased increased levels of ROS and TNF-α/IL-6 observed in 
unstimulated microglia, and the lack of response after priming with LPS or -glucan at ultra-low doses. 
This results support previous findings in our lab showing that in vitro and in vivo maturation and aging 
processes lead to priming of microglial cells with increased basal expression of inflammatory cytokines 
(Stojiljkovic  et  al.,  2019).  Such  observations  implicate  that  stimulation  or  infection  during  the  critical 
period of microglia development might have a crucial impact on the vulnerability to later brain pathologies 
after a second hit event. 

Findings from the present study are particularly relevant in the context of neuropathological conditions, 
as accumulating evidences point to a role of innate immune memory (trained immunity vs. tolerance) in 
neuroinflammation in association with neuropsychiatric issues including autism spectrum disorders (ASD) 
[for review see (Jyonouchi, 2019)]. 

In  summary,  we  found  a  differential  response  to  repeated  PAMP  challenges  between  naive  microglia 
obtained from newborn murine brain and adult microglia, leading to induced innate immune memory 
responses. Whereas naive microglia appear to be prone for an orchestrated pro-inflammatory response 
in  a  dose-dependent  manner,  resulting  in  trained  immunity  after  ultra-low  dose  priming  by  PAMPs, 
mature  microglia  did  not  show  trained  immunity.  In  contrast,  priming  with  high-LPS  doses  induced 
immune tolerance in both naive and mature microglia. Induction of trained immunity was accompanied 
by a metabolic reprogramming, in agreement with previous studies. 
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Figure legends:  

Figure 1.  

Effect  of  maturation  and  repeated  LPS  stimulation  on  pro-inflammatory  responses  of  murine  brain 
microglia. Microglia isolated from newborn (orange) and adult (green) mice were primed initially by ultra-
low (ULP, 1 fg/mL) or high (HP, 100 ng/mL) doses of LPS, followed by a second stimulation (day 6) with 
100 ng/mL LPS. The data were normalized and compared to unprimed microglia (UP Group-without any 
stimulation  at  day  1  with  stimulation  at  day  6  with  fixed  dose  of  LPS  100ng/ml).  As  negative  control 
unstimulated microglia was used (US Group-without LPS or β-glucan stimulation neither at day 1 or at day 
6). RNA samples (6h) and supernatants (24h) were collected after the 2nd stimulation and analyzed for 
gene expression of TNFα (A, n=5-6), IL-6 (C, n=4-5) and iNOS (E, n=4-5) and cytokine production of TNFα 
(B, n=7-8) and IL-6 (D, n=6-8) by ELISA (normalized to total protein concentration). Data are shown as 
scatter dot plots as means + SEM, # p <0.05 vs. unprimed conditions within each age group (naive or 
mature), § p <0.05 vs. adult microglia within each stimulation condition (US, UP, ULP, HP).  

 

 

Figure 2.  

Effect  of  maturation  and  repeated  LPS  stimulation  on  anti-inflammatory  responses  of  murine  brain 
microglia. Microglia isolated from newborn (orange) and adult (green) mice were primed initially by ultra-
low (ULP, 1 fg/mL) or high (HP, 100 ng/mL) doses of LPS, followed by a second stimulation (day 6) with 
100 ng/mL LPS. The data were normalized and compared to unprimed microglia (UP Group-without any 
stimulation  at  day  1  with  stimulation  at  day  6  with  fixed  dose  of  LPS  100ng/ml).  As  negative  control 
unstimulated microglia was used (US Group-without LPS or β-glucan stimulation neither at day 1 or at day 
6). RNA samples (6h) and supernatants (24h) were collected after the 2nd stimulation and analyzed for 
gene expression of IL-10 (A, n=4-5), IL-4 (C, n=3-4), Arg-1 (D, n=3-4) and TGF-β (E, n=3-5) and cytokine 
production of IL-10 (B, n=5-6) by ELISA (normalized to total protein concentration). Data are shown as 
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scatter dot plots as means + SEM, # p <0.05 vs. unprimed conditions within each age group (naive or 
mature), § p <0.05 vs. adult microglia within each stimulation condition (US, UP, ULP, HP). 

 

Figure 3.  

Effect of maturation and repeated LPS stimulation on ROS production, BDNF and metabolic rewiring of 
murine brain microglia. Microglia isolated from newborn (orange) and adult (green) mice were primed 
initially by ultra-low (ULP, 1 fg/mL) or high (HP, 100 ng/mL) doses of LPS, followed by a second stimulation 
(day 6) with 100 ng/mL LPS. The data were normalized and compared to unprimed microglia (UP Group-
without any stimulation at day 1 with stimulation at day 6 with fixed dose of LPS 100ng/ml). As negative 
control unstimulated microglia was used (US Group-without LPS or β-glucan stimulation neither at day 1 
or  at  day  6).    RNA  samples  (6h)  and  supernatant  (24h)  were  collected  after  the  2nd  stimulation  and 
analyzed for ROS production (A, n=3-4) and gene expression of BDNF (B, n=4-5) and PFKFB3 (C, n=4) as 
well as lactate concentration in supernatant (D, n=5-6). Data are shown as scatter dot plots as means + 
SEM, #  p  <0.05 vs.  unprimed  conditions  within  each age  group  (naive or mature), §  p  <0.05  vs.  adult 
microglia within each stimulation condition (US, UP, ULP, HP). 

Supplementary Figure S1.  

Effect of maturation and repeated .-glucan stimulation on pro-inflammatory responses of murine brain 
microglia. Microglia isolated from newborn (orange) and adult (green) mice were primed initially by ultra-
low (ULP, 100 fg/mL) or high (HP, 1 µg/mL) doses of -glucan, followed by a second stimulation (day 6) 
with 100 ng/mL LPS. The data were normalized and compared to unprimed microglia (UP Group-without 
any stimulation at day 1 with stimulation at day 6 with fixed dose of LPS 100ng/ml). As negative control 
unstimulated microglia was used (US Group-without LPS or β-glucan stimulation neither at day 1 or at day 
6).  Supernatants were collected 24h after the 2nd stimulation and analyzed for cytokine production of 
TNF. (A, n=4-8) and IL-6 (B, n=5-8) by ELISA (normalized to total protein concentration). Data are shown 
as scatter dot plots as means + SEM, # p <0.05 vs. unprimed conditions within each age group (naive or 
mature), § p <0.05 vs. adult microglia within each stimulation condition (US, UP, ULP, HP) 
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Closing Discussion 

 

Most if not all of age-related brain pathologies, including Alzheimer’s and Parkinson disease, are 

accompanied by activation of microglia cells, the main immune cell type in the brain (Rogers, 

Mastroeni  et  al.  2007).  When  activated,  microglia  can  reinforce  neuroinflammation,  ultimately 

leading  to  synapse  and neuronal  loss,  and  well-known  age-associated  cognitive  decline.  The 

disappointing  results  of  several  phase  III  clinical  trials  for  therapies  directed  to  the  above-

mentioned neurodegenerative disorders, clearly indicate the need for the development of new 

approaches  to  identify  candidate  mechanisms  involved  in  age-related  degenerative  diseases. 

Since one hallmark of the aging process is the aberrant accumulation of senescent cells, targeting 

these cells has an enormous biomedical interest. In this context, targeting senescent cells in mice 

was shown to be beneficial in several age-related diseases followed by senescent cell 

accumulation like atherosclerosis, diabetes, osteoarthritis, neurodegenerative and idiopathic lung 

fibrosis (Childs, Durik et al. 2015).  

Taking  into  account  that  the  prevalence  of  neurodegenerative  disorders  is  over  60%  in  the 

population  older  than  80  years,  and  that  aging  is  the  main  risk  factor  for  these  diseases, 

understanding  the  mechanisms  involved  in  brain  aging  and  the  contribution  of  individual  cell 

populations  including  microglia,  is  of  great  importance.  Previous  studies  reported  priming, 

activation  and  increased  ROS  production  in  aged  mice  microglia  (Njie,  Boelen  et  al.  2012). 

Furthermore,  microglia  in  the  aging  brain  have  been  described  as  dystrophic  or  possibly 

senescent (Streit 2006). However, it is still unclear whether these cells really become senescent, 

express accepted senescent markers, and whether senescence-associated changes in this cell 

population are then relevant in neurodegeneration. A study fully addressing the phenotype and 

expression of senescent markers in the aged microglia was missing. It is still unclear whether 

microglia  are  involved  in  the  pathogenesis  of  major  neurodegenerative  disorders  or  are  only 

activated as a consequence of the pathological microenvironment. Two studies have shown that 

signs of microglial activation and dysfunction appear well before development of amyloid plaques, 

a typical marker of Alzheimer’s disease (Streit, Braak et al. 2009, Boza-Serrano, Yang et al. 2018). 

These studies unravel a relevant role of microglia cells in neurodegeneration, however, the role 

of microglia cells in the healthy aging brain is still not completely understood. 

Senescent cells can be identified on the basis of a specific set of hallmarks including telomere 

shortening, expression of p16 Ink4a, p21, p53, SA-β-galactosidase as well as proliferation arrest 

and  DNA  damage.  Importantly,  available  evidence  indicates  that  expression  of  only  one 

senescent  marker  is  not  enough  to  identify  a  cell  as  senescent  and  rather  a  combination  of 
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markers, including irreversible blockade of cell proliferation and functional changes, are needed. 

One possible reason for the scarcity of studies addressing microglial senescence is the lack of 

suitable in vitro and in vivo models. Therefore, here we developed a senescent model in vitro and 

compared  changes  in  senescent  microglia  in  vitro  with  changes  occurring  in  microglia  in  the 

healthy aged murine brain. In addition, we evaluated the impact of aging and senescence on the 

innate immune memory in microglia. In this study, we describe for the first time how the maturation 

state  of  microglia  affects  the  pathogen-dose-dependent  activation  of  adaptive  tolerance  and 

sensitization responses in these cells. 

Our study significantly contributes to the understanding of phenotypical and functional changes 

that take place in senescent and aged murine microglia. 

 

Development of a senescent model in vitro 

 

There are several different models described in the literature to induce cell senescence. One of 

these models, the replicative senescence model, is based on the Hayflick limit of cell proliferation 

(Hayflick and Moorhead 1961). Other models require application of different stressors to the cells 

(oxidative with H2O2 or genotoxic by using cytotoxic drugs) and therefore are not physiologically 

relevant (Hernandez-Segura, Nehme et al. 2018). In order to induce replicative senescence, cells 

have  to  replicate  several  times  till  reaching  their  replication  limit,  due  to  critical  telomere 

shortening. A first problem in developing a microglia replicative senescent model is the fact that 

when pure isolated microglia cells in vitro do not proliferate, and after 7-14 days start losing their 

viability  and  become  dysfunctional  (Flanary  and  Streit  2004,  Caldeira,  Oliveira  et  al.  2014). 

Another important aspect is that after only 4-12h in vitro, when cultured alone, microglia cells lose 

their typical signature, acquiring a completely different expression profile and making it difficult to 

compare  data  from  in  vitro  and  in  vivo  analyses  (Bohlen,  Bennett  et  al.  2017).  In  order  to 

continuously proliferate as well as to keep their phenotype, microglia cells require growth factors 

produced by astrocytes (Bohlen, Bennett et al. 2017). However, delivery of growth factors like 

GM-CSF to keep microglia viable or to stimulate proliferation may change their phenotype (Esen 

and Kielian 2007). Therefore, we first cultured microglia isolated from neonatal mice brains in a 

more ‘physiological’ mixed cell culture, which has been previously described to contain astrocytes, 

olygodendrocytes and olygodendrocyte precursor cells (Saura 2007, de Vellis and Cole 2012). In 

this environment microglia cells showed initially a high proliferation rate of about 40%. We then 

separated a part these young microglia and used them to perform phenotypical and functional 

analyses. The remaining mixed cultures were splitted several times until we observed a significant 
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reduction  in the  proliferation  rates.  In  order  to  determine  whether  this  proliferation  arrest  was 

associated with a senescent or a quiescent state, we evaluated the expression of several well-

established senescence markers and showed that approximately 50% of the cells entered the 

senescent  state.  Non-proliferating  senescent  microglia  were  SA-β-gal  and  p21  positive,  and 

showed telomere shortening. Interestingly, migration rates of senescent microglia were 

increased, correlating with increased purinergic receptor expression. Basal expression levels of 

cytokines were increased, however, response to LPS was significantly reduced. This pattern of 

increased  basal  activation  and  reduced  LPS  response  is  also  found  in  aging  macrophages 

(Albright, Dunn et al. 2016). This obvious similarity may be due to the fact that young neonatal 

microglia are more similar to the primitive macrophages than to the microglia in the adult mice 

brain (Matcovitch-Natan, Winter et al. 2016). 

Interestingly, although expression of p16Ink4a was significantly increased in aged microglia, young 

microglia also showed a relevant basal expression of this marker. In this context, a recent study 

by  Hall  et  al.  (2017)  showed  that  expression  of  p16INK4a  and  SA-β-Gal  in  macrophages  was 

acquired as part of a reversible response to physiological immune stimuli. Importantly, 

macrophages were highly proliferative but lacked other properties of cellular senescence. In line 

with these findings, we found significant expression of p16 INK4a, both in newborn brain microglia 

and in microglia isolated from young adult brains. We therefore suggest that p16 INK4a as well as 

SA-β-Gal cannot be used as only and reliable markers to define microglial senescence. For the 

purpose of our study, we defined senescent microglia as cells showing replicative arrest, telomere 

shortening and high expression levels of p21 and p53 in addition to p16INK4a. 

In conclusion, we developed a reproducible senescent model which may be used to further study 

microglial  senescence  and  putative  mechanisms  involved.  This  is  highly  relevant  for  the 

establishment of therapeutic strategies aimed to prevent or postpone senescence development 

in this cell type. 

 

Aging microglia are not senescent 

 

It is becoming clear that senescent cells accumulate with aging. However, senescent cells appear 

also during development and are not specifically age-related. This so called ‘acute senescence’ 

is beneficial in wound healing or kidney development (van Deursen 2014). Acute senescence is 

a well-defined program where senescent cells appear, provide the necessary function and are 

removed within days. Recently a so called chronic or ‘deep senescence’ has been described, 

characterized  by  activation  of  p53  and  transposable  elements,  opening  of  heterochromatic 
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regions  and  extrusion  of  cytoplasmic  chromatin  fragments  (CCP)  leading  to  chromatin  loss 

(Sturmlechner, Durik et al. 2016). These deep senescent cells seem to be more relevant in age 

related pathologies and therefore constitute a real therapeutic target. One important difference 

between senescence cells and aged cells is that aged cells generally show reduced or loss of all 

functions  whereas  senescent  cells  show  a  hyperfunctional  phenotype.  Indeed,  in  our  study, 

senescent microglial cells showed increased migration rates, while aged cells showed a tendency 

towards decrease. 

One challenging possibility is that acute senescent cells just age as every other cell type, acquiring 

a dysfunctional phenotype which becomes detrimental. Another possibility is that they accumulate 

with age due to reduced removal, are exposed to different stressor for longer periods of time, 

consequently enter deep senescence and then become detrimental and disease relevant. This 

possibility deserves further investigation and could lead to new therapeutic avenues to reduce the 

negative impact of cellular senescence in aging tissues. 

It  is  unclear  which  cell  types  are  responsible  for  age-related  diseases  and  which  ones  may 

become senescent with age. It is possible that senescent cells are involved in many age-related 

diseases.  Recent  studies  show  that  several  cell  types  including  non-proliferative  neurons  or 

adipocytes may acquire senescent phenotypes in vitro and in vivo (Jurk, Wang et al. 2012, Ghosh, 

O’Brien et al. 2018). Some findings indicate that tissue macrophages are the most relevant cell 

population for induction of low level inflammation or parainflammation, and show a cytokine profile 

which is very similar to the SASP (Childs, Baker et al. 2016). These low levels of inflammation 

are then probably involved in pathogenesis of most of the age-related diseases, like 

neurodegeneration  and  atherosclerosis.  This  process  has  been  coined  as  macroph-aging 

(Prattichizzo, Bonafè et al. 2016). Interestingly, it is currently unknown whether macrophages or 

brain  microglia  become  senescent  or  just  dysfunctional  with  age.  Therefore,  we  determined 

expression levels of senescence markers in brain microglia at different ages. We established an 

acute isolation protocol to extract microglia from the adult brain tissue within 1h, thus reducing 

the  possibility  of  phenotypical  changes.  Similarly  as  for  microglia  from  the  young  brain,  we 

established a mixed culture protocol in order to maintain these cells for a longer time and obtain 

comparable results in functional tests like migration and phagocytosis. Aged microglia showed 

increased expression of cytokines with exacerbated response to LPS. Aged cells also displayed 

increased expression of p16INK4a, however, they did not show expression of other typical markers 

of senescence. As already mentioned, the problem is that microglia probably change the p16INK4a 

expression as a response to physiological stimulation due to an inflammatory environment and it 
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is not specifically senescence related. Furthermore, aged microglia showed significant lipofuscin 

accumulation.  Indeed,  lipofuscin  accumulation  was  recently  found  to  be  a  relevant  factor  of 

microglia dysfunction in the case of brain disease (Safaiyan, Kannaiyan et al. 2016).  

Proliferation of microglia isolated from aged mice brains was not decreased in vivo or ex vivo, and 

speaks against development of a senescence phenotype. Here, we have shown that microglia 

from aged brain have a dysfunctional phenotype, however, do not express a typical senescence 

signature.  

One interesting and important question remains of how aged or dysfunctional microglia cells are 

physiologically  removed.  Dysfunctional  tissue  macrophages  like  microglia  cannot  be  easily 

removed. Indeed, they are known as Trojan horses in many infectious disease since infected 

macrophages, the largest phagocytes, are not removed and spread the infection to other cells 

and tissues (ex. HIV, tuberculosis) (Herbein, Coaquette et al. 2002, Guirado, Schlesinger et al. 

2013). Chronically activated microglia, which reinforce inflammation in the brain, are very little or 

not replaced by cells from the periphery (Füger, Hefendehl et al. 2017). As a long-lived cell type, 

they are exposed to several well-known stressors for a prolonged period of time. We could only 

speculate that microglia, the brain macrophages, may spread low level inflammation or 

dysfunction to neighboring cells. 

Therefore, removing and replacing dysfunctional microglia in the aged brain is currently a major 

focus  of  interest.  Removal  of  dysfunctional  microglia  would  require  directed  strategies  to 

specifically eliminate these cells.  A recent study indicates that removal of microglia using the 

CX3CR1
CreER/+:R26iDTR/+mouse model leads to repopulation by the remaining pool of microglia, or by 

cells from the periphery, only in case of blood brain barrier damage (Bruttger, Karram et al. 2015). 

Microglial removal and repopulation has also been achieved using the CSFR1 inhibitors PLX3397 

or PLX5622 (Elmore, Najafi et al. 2014, Spangenberg, Lee et al. 2016). In the aged mouse brain, 

newly  repopulated  cells  immediately  re-acquire  a  similar  dysfunctional  phenotype  with  a  pro-

inflammatory signature probably due to the pro-inflammatory microenvironment (Elmore, 

Hohsfield et al. 2018). The same study also showed that a single removal and repopulation of the 

aged microglia led to a certain improvement in cognitive flexibility. Another study showed that 

microglia depletion and repopulation reversed lysosome enlargement and lipofuscin accumulation 

in the aged microglia (O’Neil, Witcher et al. 2018). Here again, the response to LPS and so-called 

primed  state  of  the  ‘new’  microglia  was  unchanged,  pointing  out  the  important  role  of  the 

microenvironment.  
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Further studies showed that continuous removal of microglia without repopulation was beneficial 

in a neurodegenerative AD mouse model, as indicated by reduced amyloidal plaque formation 

and cognitive improvement (Spangenberg, Lee et al. 2016, Spangenberg, Severson et al. 2019). 

Furthermore,  neurogenesis,  dendritic  spine  formation  as  well  as  long-term  potentiation  were 

improved in aged microglia depleted mice (Elmore, Hohsfield et al. 2018). Drugs used in the study 

are  already  available  in  several  clinical  trials  investigating  novel  therapies  for  cancers  or 

autoimmune diseases, and are found to be relatively safe (Cannarile, Weisser et al. 2017). Other 

drugs  like  minocycline,  which  inhibit  microglial  function,  are  currently  in  clinical  trials  to  treat 

diseases like depression, where microglia activation is presumed (Rosenblat and McIntyre 2018). 

Therefore, microglia removal or inhibition might soon become clinically relevant as a side effect, 

or a therapeutic target of several drugs. Further research on the role of microglial cells in human 

diseases and age-related pathologies will allow the development of novel therapeutic strategies. 

Several of the above-mentioned studies performed microglia depletion for several weeks without 

serious side effects to the mice health. We may speculate that indispensable microglia role in 

early development becomes dispensable in adulthood and possibly even detrimental in the aged 

brain. 

It would be also important to consider therapies to target tissue microenvironment and not only 

senescent cells, in order to prevent reappearance of these cells after depletion. As aging is the 

leading  risk  factor  for  most  relevant  chronic  diseases  and  disabilities,  including  stroke,  heart 

diseases, cancer, dementia, osteoporosis, arthritis, diabetes, metabolic syndrome, kidney failure, 

blindness, and frailty, these therapies could then be utilized to prevent or postpone the occurrence 

of these inflammation-mediated and aged-related diseases (Galatro, Holtman et al. 2017). 

We  found  no  relevant  expression  of  p21  and  DNA  damage  in  the  normal  brain  aging  tissue, 

however, other studies have shown that microglia express this senescence marker in a mouse 

model of neurodegeneration (Raj, Jaarsma et al. 2014, Ritzel, Doran et al. 2019). A recent study 

showed  accumulation  of  senescent  microglia  after  traumatic  brain  injury,  possibly  in  order  to 

support the tissue repair (Ritzel, Doran et al. 2019). It is known that senescence cells may support 

wound healing (Demaria, Ohtani et al. 2014). Repeated small spontaneous injuries of the blood 

vessels may therefore be responsible for microglia activation and deregulation in diseases like 

vascular dementia. Senescence of microglia seems not to occur in the healthy murine brain aging 

(Stojiljkovic, Ain et al. 2019), however, may still be relevant in human brain aging, after repeated 

traumatic brain injuries and in neurodegenerative diseases. Indeed, a recent study has shown 
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that microglia aging was significantly different in humans and mice, probably due to longer lifetime 

of these cells (Galatro et al. 2017). 

Unraveling the mechanisms involved in age-related degenerative diseases and development of 

therapies  aimed  to  delay  disease-associated  pathophysiological  alterations  has  become  an 

important focus of interest for the biomedical community. Since cellular senescence or 

dysfunction seems to play a major role in age-associated changes, both under physiological and 

pathophysiological conditions, defining cellular mechanisms leading to microglia dysfunction is 

critical for the treatment of age-related brain pathologies. 

Pathogen-dose dependent response of microglia 

 

Accumulating evidence indicates that the innate immune system may develop long-term memory 

in the form of trained innate immunity or tolerance (Netea, Quintin et al. 2011). Innate immune 

memory  is  increasingly  becoming  the  focus  of  research  not  only  in  the  immunology  field. 

Elucidating mechanisms involved in training and/or tolerance of innate immune system could have 

a  significant  impact  on  our  understanding  of  age-associated  disorders  where  the  hyperactive 

innate immune system, including macrophages, is implicated. Microglia priming early in lifetime 

followed  by  a  second  challenge  is  thought  to  be  involved  in  neurodegenerative  as  well  as 

neuropsychiatric disorders later in life (Perry and Holmes 2014).  

The response of innate immune cells to repeated stimulation may be increased, so called trained 

immunity or ‘sensitization’, or decreased termed as ‘tolerance’, and these innate immune memory 

involves stable epigenetic changes and  a metabolic switch (Guirado, Schlesinger et al. 2013, 

Ifrim, Quintin et al. 2014, Netea, Joosten et al. 2016). It was thought that development of tolerance 

or sensitization was substance-specific; for example, β-glucan induces sensitization while LPS 

induce only tolerance (Schaafsma, Zhang et al. 2015, Netea, Joosten et al. 2016). Our hypothesis 

was that microglia sensitization/tolerance is dose-dependent and not substance-dependent. It is 

also unclear whether cells show a similar response at different maturation stages of development. 

In order to evaluate these open questions, we evaluated dose- and time-dependent effects of 

LPS and β-glucan on naive and adult microglia, and assessed immune, metabolic and functional 

responses of microglia after repeated challenge with variable doses of these activators (1fg/ml to 

1µg/ml). We found that microglia adaptive responses to repeated challenge are both dose- and 

maturation-dependent.  Interestingly,  mature  microglia  were unable  to develop features of 

sensitization. On the contrary, challenge with higher doses led to tolerance state independent of 

age.  A  major  finding  here  is  that  the  maturation  process  affects  microglia  ability  to  become 
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sensitized, but not tolerant. Our results show for the first time that trained immunity and tolerance 

can be induced by the same activator (LPS and β-glucan) in a dose-dependent manner, following 

a classical hormetical pattern. Our study showed that young microglia are highly plastic to different 

PAMPs stimulation while mature microglia is not.  

In our study, the dose-dependent responses of young microglia followed a  hormetic where very 

low doses  increase and high doses reduce cellular responses (Calabrese and Mattson 2011). It 

is  currently  unclear  whether  these  femtomolar  ultra-low  doses  of  LPS  are  clinically  relevant. 

However, previous studies show that even super low doses of LPS in the circulation may have 

effects on the health in connection with chronic infections, smoking or drinking (Goto, Edén et al. 

1994, Lira, Rosa et al. 2010). Another study confirmed that even as few as 100 bacteria or 25 

LPS monomers may induce a relevant response (Teghanemt, Weiss et al. 2013). Our study as 

well as the recent study by Lajqi et al (2019) show that even femtomolar concentrations may 

produce relevant physiological response (Lajqi, Stojiljkovic et al. in preparation). 

Low dose stimulation with 1fg LPS did not have an effect on so called alternative activation. An 

anti-inflammatory response, as shown by increased levels of IL-10, was only present in naive 

microglia after stimulation with high doses of LPS, probably as a mechanism to prevent further 

damage to a repeated challenge in an inflamed tissue. Our preliminary data show that aged and 

senescent microglia do not show adaptive responses, which may be due to the fact that aged 

microglia are already primed and resistant to regulation (Norden and Godbout 2013, Stojiljkovic 

et  al.  in  preparation).  Whether  modulation  of  training  or  tolerance  in  neonatal,  adult  or  aged 

microglia  may  have  an  effect  on  age  related  neuroinflammation  and  dysfunctional  microglial 

phenotype remains to be investigated. 

One of the beneficial effects of microglia on brain plasticity is mediated by BDNF released by 

these  cells  (Parkhurst, Yang  et  al.  2013).  Single  stimulation  with  a  low  dose  of  LPS  induced 

increased BDNF levels in naive microglia but decreased it in the adult counterparts. This fact may 

be relevant in different responses to inflammatory stimuli in the young and adult brain. While the 

young brain is able to promote BDNF-dependent plasticity and repair in the case of increased 

inflammation, the mature brain seems to be unable to do so. The role of BDNF in the adult and 

aged  brain  in  the  case  of  neuroinflammation  has  to  be  further  evaluated.  Microglia-centered 

therapies should therefore focus on supporting microglial beneficial roles like BDNF production, 

and inhibition of detrimental roles in hyperinflammation.  

 

A recent study has shown that inducing microglia tolerance may be beneficial, while inducing 

training may be detrimental in the case of β amyloid pathology (Wendeln, Degenhardt et al. 2018). 
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The  possible  explanation  for  the  different  responses  of  naive  and  adult  microglia  may  be  a 

different gene signature of the two cell populations. Up to postnatal day 14, naive or immature 

microglia  are more  similar to  primitive  yolk  sac macrophages  and  acquire  a typical microglial 

signature later during development (Matcovitch-Natan, Winter et al. 2016). The study speculates 

that naive microglia have a more macrophage-like than microglia-like phenotype. Additionally, 

microbiome-microglia interactions seem to be important for the maturation process (Erny, Hrabě 

de Angelis et al. 2015). We postulate that mature or aged microglia as compared to immature 

naive microglia (P0-P3) may be already pre-primed by products from the gut microbiome. Any 

stimulation of immature microglia during this critical maturation period in development may have 

long-term effects on microglia phenotypes (Matcovitch-Natan, Winter et al. 2016). 

Expanding the knowledge on pathogen-induced hormetic responses (like here to LPS, β-glucan) 

may open the way to novel treatment options for hyperactive or hypoactive immune responses. 

In  immunosuppressed  patients,  treatment  with  substances  which  induce  trained  immunity  is 

needed,  in  autoimmune  diseases  inducing  long-term  tolerance  to  the  specific  antigen  would 

constitute a desirable therapeutic target. The role of the innate immune system and its cellular 

components in these diseases has to be further investigated, as well as mechanisms involved, in 

order to test the putative therapeutic compounds in pre- and clinical settings. 

Innate immune memory duration in microglia is still unclear. Can one single challenge during the 

early  embryonic  period  be  enough  to  induce  a  lifelong  memory  in  microglia  and  lead  to 

neurodevelopmental and neurodegenerative diseases? A recent study confirmed that tolerance 

or sensitization of microglia had an effect on neuropathology months later (Wendeln, Degenhardt 

et al. 2018). These results highlight the relevance of microglial training due to their longevity and 

thus, the long-term effects of one single challenge.  

Knowledge acquired from studies on innate immune memory should be used for developing better 

drugs  and  vaccines.  Inducing  tolerance  in  hyperactive  immune  cells  in  normal  aged  brain  or 

during chronic inflammation in the brain and blood vessels could be a way to treat 

neurodegenerative diseases (i.e., Alzheimer’s, Parkinson’s) and atherosclerosis. A better 

understanding of tolerance and sensitization  may lead  to development of new drugs in 

pathologies like sepsis, where both processes occur simultaneously. 

There is still a long way before translation to the clinical settings.  
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In conclusion, our study revealed changes in microglia occurring over time in vitro and in vivo. We 

describe  a  novel  senescence  in  vitro  model  which  may  be  used  for  further  studies  aimed  to 

develop new senolytic and microglia centered therapies. We found that aged microglia in vivo 

showed a dysfunctional activated phenotype and increased p16 Ink4a expression, whose function 

in microglia cells needs to be further evaluated. Additionally, we found that responses to different 

stressors like LPS and β-glucan were not only dose-dependent but also maturation- and age-

dependent. Understanding of microglia senescence, age related changes, as well as 

inflammatory responses and memory of these cells is relevant for the elucidation of factors and 

mechanisms involved in the physiology and pathophysiology of brain aging and 

neurodegenerative diseases.  
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