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ABSTRACT 
 
 
As tissue macrophages of the central nervous system (CNS) microglia are critically involved 

in neurodegenerative, inflammatory, psychiatric and oncological diseases of the CNS. 

However, it remains unknown what controls their maturation and activation under 

homeostatic conditions behind an intact blood-brain-barrier. Here we reveal significant 

contribution of the microbiota to microglia homeostasis as germ-free mice displayed global 

defects in microglia with altered cell proportions and an immature phenotype that leads to 

impaired innate immune responses. Temporal eradication of commensal microbiota severely 

changed microglia properties. Notably, limited complexity of microbiota resulted again in 

immature and malformed microglia. In contrast, recolonization with complex microbiota was 

able to partially re-establish microglia features. Finally, microglia defects were found to be 

independent from the Toll-like receptors (TLR)2, TLR3, TLR4, TLR7 and TLR9. These 

findings reveal that commensal bacteria vitally regulate microglia maturation and function, 

whereas microglia impairment can be restored to some extent by commensal microbiota. 

 

 

 

 

 

 

 

 

 

Key words: microglia, bacteria, gut, germ-free, inflammation, Toll-like receptors, altered 

Schaedler flora, blood-brain-barrier 

 

 

 

 



Microbiota regulate microglia function 

 

 3 

INTRODUCTION 

 

Microglia are the tissue macrophages of the brain, crucially involved in maintaining tissue 

homeostasis and scavenging of dying cells, pathogens, and molecules through 

phagocytosis, endocytosis as well as the use of pathogen-associated molecular pattern 

receptors1-3. Besides their established role in host defense microglia are also tremendously 

important for the proper development of the brain. There, microglia have been found to play 

a crucial part in synaptic pruning and remodeling during development and adulthood4.  

Given the importance of microglia in physiological brain function, it is not surprising that an 

increasing number of microglia-related genes have now been associated with 

neuropsychiatric or neurological disorders in humans. These include roles for CD33 in 

Alzheimers disease5, 6, TREM2 in frontotemporal dementia7, CSF1R in hereditary diffuse 

leukencephalopathy8 and several others. Moreover, mice lacking the microglia receptor 

CX3CR1 exhibit defective neuron-microglia signaling that results in impaired functional brain 

connectivity and altered social behavior9. In addition to those intrinsic factors that regulate 

microglia vulnerability we urgently need to understand which environmental cues shape 

microglia function under homeostatic and diseased conditions. It is tempting to speculate that 

we shall soon be confronted with more neurodegenerative and neuropsychiatric disorders 

that can be considered as “microgliopathies” in which microglia dysfunction is the primary 

disease causing-condition3.  

Despite their unique localization in the central nervous system (CNS), microglia are 

ontogenetically and functionally related to their peripheral counterparts of the mononuclear 

phagocytic system in the body, namely tissue macrophages and circulating myeloid cells10. 

Similar to other tissue macrophages, microglia develop early during embryogenesis from 

immature yolk sac progenitors11-14. But in contrast to most of their tissue relatives, microglia 

persist throughout the entire life of the organism without any significant input from circulating 

blood cells due to their longevity and their capacity of self-renewal15, 16. Therefore, microglia 

have several unique features among the other tissue macrophages that are also due to their 

seclusion behind the blood–brain-barrier (BBB) that ensures the integrity of the CNS17. 

http://www.ncbi.nlm.nih.gov/pubmed/24487234
http://www.ncbi.nlm.nih.gov/pubmed/24487234
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Despite the brains’ separation from the rest of the body, numerous studies highlighted mutual 

interactions of the CNS with the gastrointestinal system. Bacterial colonization of the 

intestine has a major role in the postnatal development and maturation of the endocrine 

system18 which underpins CNS function and is of particular relevance to the developing 

neurochemical (e.g. serotonergic) systems19. In fact, germ-free mice have been shown to 

exhibit exaggerated stress responses that obviously modulate mouse behaviour20-22. These 

studies suggest that brain levels of several neurochemical mediators, important for neuronal 

function, are under the influence of the resident flora. However, the interaction of the CNS 

endogenous immune system such as microglia with complex microbiota has not been 

investigated so far. 

The commensal gut microbiota profoundly influences cellular proportions, migration and 

functions of various immune subsets in general23. Recent studies have provided numerous 

examples illustrating how gut bacteria modulate innate and adaptive immune responses at 

mucosal surfaces during infection, inflammation and autoimmunity24, 25. Even outside the gut, 

commensal microbes regulate immune responses that influence organ-specific autoimmunity 

in animal models of rheumatoid arthritis and type I diabetes26, 27. Interestingly, autoimmune 

inflammation of the brain is also dependent on the presence of a complex microbiota 28. In a 

relapsing-remitting mouse model of multiple sclerosis it was recently shown that the 

commensal gut flora is essential in triggering a peripheral immune processes, leading to a 

relapsing-remitting autoimmune disease driven by myelin-specific CD4+T cells28. Yet, it is 

conceivable that gut microbiota metabolites stimulate CD4+ T cells to achieve their 

encephalitogenic properties outside the brain, e.g. in the lymphoid tissues of the intestine or 

in the local draining lymph nodes. Thus, it is well established that gut bacterial dynamically 

influence innate immune cell proportions at secondary immune sites in the periphery. In 

contrast, whether they can shape the maturation and maintenance of the innate immune 

system in the non-diseased brain behind an intact BBB is unknown so far. 

We report herein that commensal microbes promote the maintenance of microglia during 

steady-state conditions. The absence of complex microbiota leads to defects in microglia 
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maturation, differentiation and function. By controlling microglia innate immune function, the 

gut microbiota prepares the brain to rapidly mount immune responses upon pathogen or 

danger encounter, as germ-free and antibiotic-treated mice are impaired in microglia 

function. Our study reveals that environmental microbes contribute to actively shaping CNS 

immunity at its core - the “never resting” microglia. 
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RESULTS 

 

Germ-free animals display global defects in microglia  

Initially, to determine if microbiota have any effects on the brain innate immune system under 

steady-state conditions, we profiled microglia from brains of colonized (specific pathogen-

free, SPF) and germ-free (GF) animals. In general, GF animals exhibited enlarged caeca 

with increased weights and dark-coloured cecal contents as consequence of their absent gut 

microbiome as described before29 (Fig. 1A). In flow cytometry-isolated CD11b+CD45lo 

microglia from seven biological replicates of SPF and GF mice we measured the genome-

wide mRNA expression profiles by quantitative deep sequencing of the RNA transcripts 

(RNA-Seq) (Fig. 1B). We observed striking differences in the mRNA profiles of microglia 

genes between SPF and GF animals. In total, 198 genes were significantly down-regulated 

and 173 genes were up-regulated (P < 0.01, and two fold change) in microglia from GF mice 

compared to colonized SPF controls. Among the down-regulated transcripts in microglia from 

non-colonized GF animals we identified many genes that were linked to cell activation such 

as Mapk8, Fcgr2b, IL-1, Ly86, Cd86 and Hif1(Fig. 1C & D). Molecules that are required 

for signaling of the type I IFN receptors such as Janus kinase (Jak)3 and signal transducer 

and activator of transcription (Stat)1 were also diminished in GF microglia. As a sign of 

premature immune function of microglia, the MHC class I related β2 microglobulin (B2m) was 

also found to be reduced. Moreover, TRIM family members such as Trim30 were down-

regulated as well. TRIM proteins are involved in pathogen-recognition and by regulation of 

transcriptional pathways in host defense. In contrast, some up-regulated genes expressed in 

microglia from GF mice were inhibitors of transcription such as Nfkbia (that encodes IκBα) 

(Fig. 1B). Notably, the central microglia transcription and survival factors Sfpi1 (encodes for 

Pu.1) and Csf1r which are down-regulated in mature adult microglia14, 30 were significantly 

up-regulated in microglia from GF mice (Fig. 1E & F). Prominently, several genes associated 

with either activation of cell proliferation (e.g. Iqgap, Ddit-4 [Redd1]), stimulation of cell cycle 

(e.g. Cdk9, Ccnd3) or inhibition of apoptosis (Bcl2) were significantly increased under GF 

http://en.wikipedia.org/wiki/Janus_kinase
http://en.wikipedia.org/wiki/STAT_protein
http://en.wikipedia.org/wiki/STAT_protein
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conditions (Fig. 1B & E). In fact, the most amplified gene found in microglia from GF mice 

was the DNA damage-inducible transcript 4 (Ddit4 [Redd1] (11.2 ± 3.2 fold elevated 

compared to SPF microglia). Ddit4 fundamentally regulates cell growth, proliferation and 

survival via inhibition of the activity of the mammalian target of rapamycin complex (mTORC) 

1 and activation of mTORC231. 

Microglia can achieve polarized states that are characterized by specific genetic signatures 

that allow the distinction of M0, M1 and M2 microglia, respectively3, 32-34. Under GF conditions 

we found no bias towards a specific type of microglia polarization (Fig. 1I). In fact, M1 and 

M2-related genes were only marginally changed whereas most differently regulated genes 

were found to localize in the M0 cluster, indicating that microglia steady-state condition is 

severely altered in the absence of microbiota.  

We next measured by flow cytometry the levels of several microglia maturation and 

activation factors (Fig. 1J-K). In general, the surface molecules CSF1R, F4/80 and CD31 are 

strongly developmentally regulated with decreasing levels during maturation14. Interestingly, 

CSF1R (CD115), F4/80 and CD31 levels were increased in microglia from GF individuals 

whereas the activation molecules CD44, CD62L and MHC class II were not regulated 

suggesting an immature phenotype of GF microglia. In sum, comparison between the 

genome signatures and surface molecules of microglia from colonized (SPF) versus non-

colonized (GF) animals indicates that commensal microbes have an important role in 

shaping microglia maturation and steady-state conditions. 

To further investigate the mechanism of microglia immaturity when derived from sterile 

animals we performed a thorough histopathological analysis of different brain regions from 

adult GF and SPF mice (Fig. 2A). GF mice exhibited no abnormalities of the CNS gross 

anatomy on histological level. Notably, the amount of NeuN+ neurons, GFAP+ astrocytes and 

NOGO-A+ oligodendrocytes was not altered indicating a primary effect in the immune cell 

compartment of the CNS (Suppl. Fig 2).  Obvious accumulations of microglia were not seen. 

We found, however, significantly more Iba-1+ microglia in all brain regions investigated in GF 

animals (Fig. 2B). Increased microglia cell numbers were not restricted to the grey matter 
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and were also present in subcortical white matter regions (Fig. 2B, Suppl. Fig. 1). 

Accordingly, the expression level of the cell cycle and proliferation promoting gene Ddit4 was 

increased (Fig. 2C) and the number of proliferating Ki67+ microglia was elevated under GF 

conditions (Fig. 2D & E). Semi-automatic quantitative morphometric three-dimensional 

measurements of microglia revealed significantly longer processes and increased numbers 

of segments, branching and terminal points underscoring a dramatic change of microglia 

morphology in GF animals (Fig. 2F & G). Intriguingly, GF microglia do not respect the 

neighbouring cell territories anymore and frequently display physical contacts with adjacent 

microglia (Fig. 2H). Because homeostasis and development of microglia are dependent on 

specific survival factors such as IL-34, CSF-1, TGF1 or the transcription factor Pu.111, 12, 14, 

34, 35 we measured the mRNA-levels of these molecules in different brain regions of GF mice 

(Fig. 2I). Again in dissimilarity to the above mentioned study36, absence of complex 

commensal microbes did not result in decreased levels of Csf1 mRNA or other survival 

factors in the brain. In contrast, cytokine and growth factor levels were normal or even 

increased suggesting that global microglia defects in GF mice are not due to weakened 

production of the CSF1R ligands or Tgf by neuroectodermal cells. 

 

Lack of commensal microbes diminishes microglia innate immune response  

Microglia are the first responders to bacterial or viral infections of the brain, mediating early 

pathogen control and coordinating downstream immune reactions2, 37. In order to examine 

the functional consequences of microglial immaturity and malformation in mice lacking 

commensal microbes we employed a LPS stimulation protocol leading to a strongly activated 

CNS innate immune response 38. SPF and GF mice were challenged intracerebrally (i.c.) or 

intraperitoneally (i.p.) with the TLR4 agonist lipopolysaccharide (LPS) and microglia 

response was studied 6 hr thereafter. First, microglia from i.c. injected mice were isolated 

and whole-genome gene expression was determined by an Affymetrix Genome 430A 2.0 

array. In general, 1683 genes were similarly modulated under both conditions compared to 

PBS controls (Fig. 3A). Notably, microglia from SPF animals regulated 481 individual genes, 
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whereas microglia from GF mice exhibited expression changes in 273 unique genes. 

Statistical analysis of the most differently expressed genes between both housing conditions 

revealed 21 and 57 significantly ( P< 0.01) and at least two-fold up and down regulated 

genes respectively in microglia from GF and SPF mice 6 hr after LPS treatment compared to 

PBS controls. Subsequent investigation of the gene ontology enrichment network on 

differentially expressed genes revealed that mostly cytokine and chemokine pathways were 

affected in GF microglia leading to a strongly reduced repertoire of the innate immune 

response (Suppl. Fig. 3) a finding that was clearly evident in the expression levels of the 78 

differently expressed genes (Suppl. Table). Gene array data could be confirmed by 

quantitative realtime PCR analysis of the LPS-induced genes (Fig. 3C). Notably, the cell 

cycle gene cyclin D2 was only weakly induced in GF microglia compared to SPF controls. In 

contrast, genes associated with early myeloid cell activation such as S100a4, S100a6, 

S100a8 and S100a10 were found to be increased in GF microglia. Similarly, i.p. injection of 

LPS resulted in an attenuated induction of several proinflammatory genes (Suppl. Fig. 4). 

Subsequent investigation of microglia morphology in GF individuals depicted still malformed 

microglia which fail to get an activated morphology with rounded perikarya and small 

processes like stimulated SPF microglia exhibit (Fig. 3D & E). However, less extensive 

differences were detectable compared to the non-challenged microglia (Fig. 2F & G).  

These data collectively suggest that in the absence of commensal microbes the innate 

immune response of microglia is strongly impaired and microbiota promote microglial 

resistance against bacterial challenge. 

 

Temporal depletion of commensal bacteria influences microglia homeostasis  

GF animals have never been exposed to complex microbiota and therefore microglia 

prenatal development might also be affected in those animals. In order to clarify whether 

microglia in colonized mice require a continuous input from commensal microbes, SPF 

animals were treated orally with broad-spectrum antibiotics for four weeks. As expected, 

depletion of intestinal microbiota induced a strongly enlarged and darkly discoloured caecum 
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(Fig. 4A). Thus, caeca of mice with the antibiotic concoction phenocopied macroscopically 

those of GF mice29. 

Overall, in antibiotic-treated animals the immature phenotype of microglia largely mirrored 

the results obtained in GF animals. However, the number of microglia was not changed by 

antibiotic treatment (Fig. 4B). In line with this observation, the cell cycle molecule Ddit4 was 

not altered (Fig. 4C). Direct immunofluorescence visualization of Iba-1+ labelled microglia 

and subsequent automatic morphometric measurements of individual cells showed 

statistically significant changes of cell morphology such as dendrite length, number of 

branching points and segments and cell volume, reminiscent of the malformed microglia 

found in GF animals (Fig. 4D & E). Furthermore, flow cytometric analysis revealed an 

increase of the microglia maturation marker F4/80 whereas expression levels for CD115 and 

CD31 did not reach statistically significant values albeit increased by trend (Fig. 4F & G).  

Collectively, these data suggest that a continuous contribution of commensal microbes is 

critical for the homeostasis of microglia under steady state conditions.  

 

Reduced complexity of microbiota impairs microglia features 

We next addressed the question whether the full repertoire of microbes found in colonized 

mice is required for microglia homeostasis. Depending on the analysis method, SPF mice 

usually carry between 400 and 1.000 bacterial strains 39. Starting with GF mice, Schaedler 

and colleagues carried out experiments in the 1960s in which they reintroduced simple 

mixtures of defined intestinal bacteria40. The mice, which were investigated in our study, are 

colonized with three strains of the altered Schaedler flora (ASF): Bacteroides distasonis 

(strain ASF 519), Lactobacillus salivarius (strain ASF 361) and Clostridium cluster XIV (ASF 

356)39. We took advantage of this mouse line that macroscopically displayed GF-like 

enlarged and darker caeca (Fig. 5A) and examined the microglia proportions under this 

specific condition. Iba-1+ microglia were readily visible in the cortex of ASF animals and were 

- like under GF conditions - present in higher numbers (Fig. 5B). In line with this observation 

Ddit4 mRNA was significantly increased in microglia from ASF animals (Fig. 5C). Similar to 
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the findings observed in GF mice, microglia from ASF animals displayed major alterations in 

their cell morphology, indicative of an immature phenotype (Fig. 5D & E) and suggesting that 

a microbiota with limited diversity is not sufficient to induce comprehensive microglia 

maturation. 

 

Defective microglia can be restored by a complex microbiota 

We then investigated whether reconstitution of the intestinal flora of ASF mice is sufficient to 

re-establish microglia features. For that purpose ASF mice were recolonized by co-housing 

with SPF mice and examined six weeks later. Notably, caecal dimensions were remarkably 

restored and revealed macroscopically a SPF-like phenotype (Fig. 5F) indicating successful 

microbial recolonization. Histopathological examinations of cortical specimens revealed a 

normalized microglia cell count (Fig. 5G). Furthermore, Ddit4 mRNA levels returned to levels 

perceived in SPF microglia (Fig. 5H). Similarly, unbiased automatic measurements of 

microglia cell morphology revealed largely, but not completely, restored defects in microglia 

proportions such as almost normal numbers of segments and branching points as well as 

normal cellular volumes (Fig. 5I & J). Together, these findings demonstrate that microglial 

defects are reversible and can be re-established by re-introducing live and complex 

microbiota. 

What are the signalling pathways by which commensal microbes promote steady state 

function and maturation of microglia? Microbial-associated molecular patterns (MAMPs) have 

been shown to modulate various aspects of the host immune response41, 42. Furthermore, 

MyD88 (an adaptor for recognition of many MAMPs) was recently shown to promote 

myelomonocyte expansion and differentiation43. Accordingly, we sought to address whether 

commensal-derived MAMPs are involved in the maintenance of microglia under naïve 

conditions. We therefore studied mouse mutants lacking Toll-like receptors (TLR)2, TLR3, 

TLR4, TLR7 and TLR9 that all mainly use MyD88- or TRIF-dependent pathways upon 

engagement44. Since these microglia are unresponsive to most bacterial MAMPs (such as 

bacterial lipoproteins (TLR2), double-stranded RNA (TLR3), LPS (TLR4), RNA (TLR7) and 
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CpG-DNA (TLR9)), they can be expected not to be activated by commensal bacteria. 

Nevertheless, TLR2/3/4/7/9-/- mice displayed normal caecal dimensions (Fig. 6A) and normal 

appearance, density, morphology and an unchanged maturation status of parenchymal 

microglia (Fig. 6B-F) suggesting that MAMPs are not necessary for the maintenance of 

microglia under steady-state conditions.  

Collectively, our data reveal that microglia maturation and function are tightly controlled by 

the microbiota and complex molecular signals promote microglia differentiation, ensuring 

their function as sentinels for the early detection and control of danger signals. Furthermore, 

TLR2/3/4/7/9 are not required for microglia maintenance under non-diseased conditions and 

impaired microglia maturation observed under GF conditions can successfully be rescued by 

re-establishment of complex bacterial colonization. 
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DISCUSSION 

 

Here we describe for the first time close interactions of commensal microbiota and the brain 

endogenous macrophages, called microglia. Complex microbial colonization essentially 

modulates microglia activation and maturation status during homeostatic conditions. 

Importantly, constitutive (as found in GF mice) or induced (antibiotics) depletion of 

commensal microbes profoundly compromises microglia maturation and cell shape, leading 

to blunted early responses upon subsequent pathogen encounter such as exposure to LPS. 

  It has already been shown that the microbiota is necessary for maintaining systemic 

populations of neutrophils in the circulation by modulating hematopoietic stem cell (HSC) and 

myeloid precursors in the bone marrow45. In line with these observations mainly bone marrow 

derived splenic macrophage and monocyte populations were found to be reduced under GF 

conditions36. In both studies paucity of myelomonocytic cells was ascribed to impaired 

expansion and development of myeloid precursors in the bone marrow possibly due to 

reduced levels of survival factor CSF136. In contrast to these reports we found increased 

levels of parenchymal macrophages in the CNS and the expression levels of the CSF1R 

ligands Il-34 and Csf1 were not diminished in several brain regions suggesting other 

mechanisms of microbiota-driven maintenance of tissue macrophages in the CNS. However, 

several molecules positively regulating cell cycle, such as Dit4 were found to be elevated in 

the absence of microbiota. Dit4 is known to be induced  e.g. upon cellular stress and nutrient 

deficiency31. In line with the increased microglia cell number in GF and ASF animals we 

could observe enhanced levels of Ddit4, which is an actor of the mTor signaling cascade. 

How commensal microbes (presumably in the gut) are able to control microglia maturation 

and innate immune reaction in distant sites such as the brain remains incompletely 

understood. It has recently been shown that mice deficient in MyD88 signalling display 

reductions in systemic myeloid cell populations and myeloid precursors43. Further, as 

microbial ligands have been detected in systemic sites, including the bone marrow42, 

commensal-derived MAMPs that originate in the gut may mediate steady-state myelopoiesis 
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in primary immune sites. For microglia, however, we did not observe any changes of 

microglia maturation and morphology when the main MAMPs recognizing TLRs, namely 

TLR2, TLR3, TLR3, TLR7 and TLR9 were absent, suggesting other mechanisms for 

microbiota-driven microglia maturation. Whether MyD88-deficient animals have an altered 

quantity and maturation of microglia has not been described yet. There are several other 

potential mechanisms by which microbiota may affect microglia function within the CNS. 

Bacterial products or metabolites from gut commensals, such as short chain fatty acids 

(SCFAs), may translocate from the intestinal mucosa to the systemic circulation, where they 

could interfere with immune regulation and CNS function46. Additional, the gut communicates 

to the brain via hormonal signalling pathways that involve the release of gut peptides with 

modulatory functions from enteroendocrine cells46. Studies in GF mice suggested that the gut 

microbiota mediates and regulates the release of gut peptides47. Furthermore, microbiota can 

elicit signals via the vagal nerve to the brain and vice versa. The behavioural effects 

mediated by separate probiotic strains in rodents were dependent on intact vagal nerve 

activation48. In addition, indirect effects of the gut microbiota on the innate immune system 

can result in alterations in the circulating levels of proinflammatory and anti-inflammatory 

cytokines that directly affect microglia function. 

Our study indicates that especially microglia are affected when complex microbiota are 

absent. However, we cannot completely rule out the possibility that other CNS cells such as 

neurons, astrocytes or endothelia are affected as well and that microglia get signals via those 

cells. However, our detailed histopathological analysis including unbiased automatic 

measurement of cell structures revealed significant changes only in microglia in GF animals 

whereas other cell populations were virtually unaltered. 

When does the microbiota shape microglia functions? Microglia derive from early c-kit+ 

erythromyeloid precursors in the yolk sac around day 8.0 post conception (dpc) that 

subsequently mature into macrophages and populate the developing neuroectoderm starting 

from 9.5 dpc3, 14. It is nowadays generally accepted that all microglia in the adult brain are 

derived from this early wave of development and represent an extremely long-living cell 
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population without any input from the circulation after birth16. In turn, intrauterine environment 

and fetus are sterile until delivery and a first encounter with germs takes place within the first 

days when the BBB is already established46. On the other hand, prenatal immune activation 

by exposure of mothers to the viral mimetic poly(I:C) has recently been suggested to 

increase the vulnerability of the pubescent offspring to stress, resulting in behaviour 

abnormalities and aggravated neuroimmune responses in mice that are characterized by 

increased numbers of activated microglia in the hippocampus49. Our study, however, 

supports the idea that even during adulthood a continuous input from commensal microbiota 

is necessary for microglia maintenance. Notably, even preservation of the maturation status 

of microglia is obviously an active process controlled by microbiota-derived signals. If these 

input signals are lost, e.g. by antibiotic-induced eradication of bacteria, microglia regain an 

immature status reminiscent of developing juvenile microglia. Importantly, this juvenile 

phenotype of microglia can be overcome by recolonization of the gut with complex microbiota 

indicating a great plasticity of the gut-microglia connection. 

In summary, we report here a crucial function of microbiota in microglia maturation and 

activation during health and disease, and provide evidence for a constitutive activity of 

microbes on the brains innate immune system. These results may potentially assist our 

understanding and treatment of microglia-mediated inflammatory, neuropsychiatric and 

oncologic diseases of the CNS.  
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FIGURE LEGENDS  

 

Figure 1: Altered microglial gene profile and immaturity in germ-free animals. 

(A) Left: Macroscopy of caecum in specific-pathogen-free (SPF) animals (control, left) and 

germ-free (GF) mice (right). Representative pictures are shown. Ruler scale is shown. Right: 

Relative caecum weight (to body weight) of SPF controls and GF mice. Symbols represent 

individual mice. Means ± s.e.m are shown. Significant differences were determined by an 

unpaired t-test and marked with asterisks (***P < 0.001).   

(B) RNA-seq analysis presenting mRNA expression profile of genes, whose expression was 

either induced or reduced by a factor of at least 1.5 and with a P value <0.01 (unpaired t-test) 

in microglia from SPF or GF animals. Representative genes are noted on the right. One 

column represents microglia from one individual mouse. Seven mice in each group were 

investigated. Color code presents linear scale. 

(C) mRNA expression profile of genes that were at least 1.5 fold (P value <0.05, unpaired t-

test) down-regulated in microglia from GF animals compared to SFP mice. Color code shows 

linear values. Representative genes are noted on the right.  

(D) Functional networks of genes that were down-regulated (at least 1.5 fold, P value <0.05, 

unpaired t-test) in microglia from GF mice compared to SPF animals. Blue framed genes 

were found to be down-regulated whereas red framed genes were automatically predicted. 

(E) Expression profile of genes that were at least 1.5 fold (P value <0.05, unpaired t-test) up-

regulated in microglia from GF animals compared to SFP mice. Representative genes are 

noted on the right. Color code presents linear scale. 

(F) Functional networks of up-regulated genes (at least 1.5 fold, P value <0.05, unpaired t-

test). Blue framed genes indicate up-regulated molecules whereas red framed genes were 

automatically predicted. 

(G,H) Significantly down- (G) and up- (H) regulated genes subjected to functional GO cluster 

analysis. The significance of genes is indicated by the given P values.  

(I) mRNA expression values of genes from microglia in GF animals (white bars) or SPF mice 

(black bars) were categorized according to the M0, M1 or M2 phenotypes as described 

previously34. Bars represent means ± s.e.m. with seven samples in each group. Significant 

differences were determined by an unpaired t-test and marked with asterisks (*P < 0.05, **P 

< 0.005, ***P < 0.001).  

(J) Gating strategy for flow cytometric analysis of CD11b+CD45lo microglia from GF and SFP 

mice. Representative dot blots obtained from three independent experiments are shown. 

SSC: side scatter. 

(K) Representative cytometry graphs of the maturation and activation marker CSF1R, F4/80, 

CD31, CD44, CD62L and MHC class II on microglia from GF mice (red lines), SFP animals 
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(blue lines) and isotype controls (grey lines). In addition, quantifications of the percentages 

(%) of positively labelled cells and mean fluorescence intensities (MFI) are depicted. Each 

symbol represents one mouse. Means ± s.e.m are shown. Significant differences were 

determined by an unpaired t-test and marked with asterisks (*P < 0.05, **P < 0.005). Data 

are representative of three independent experiments. 

 

Figure 2: Lack of commensal microbes impairs microglia morphology and disturbs 

cellular network. 

(A) CNS histology of several brain regions that were stained with H&E or subjected to 

immunohistochemistry for Iba-1 to detect microglia. Scale bars: H&E: cortex, corpus 

callosum: 200 µm, hippocampus and olfactory bulb: 500 µm, cerebellum: 1 mm; Iba-1: 50 

µm. Representative pictures of nine examined mice per group are displayed.  

(B) Number of Iba-1+ ramified parenchymal microglia in different localizations of the CNS. 

Each symbol represents one mouse. Three to four sections per mouse were examined. 

Means ± s.e.m are shown. Significant differences were determined by an unpaired t-test and 

marked with asterisks (*P < 0.05, **P < 0.005, (***P < 0.001). Data are representative of two 

independent experiments. 

(C) Expression of DNA damage-inducible transcript 4 (Ddit-4) mRNA measured by qRT-PCR 

in microglia isolated from SPF (black bar) or GF (white bar) mice. Means ± s.e.m. with at 

least 5 samples in each group are displayed. Significant differences were determined by an 

unpaired t-test and marked with asterisks (***P < 0.001). Data are representative of two 

independent experiments. 

(D) Quantification of proliferating Iba-1+Ki-67+ double positive parenchymal microglia was 

performed on cortical brain slices. Each symbol represents one mouse. Three to four 

sections per mouse were examined. Means ± s.e.m are shown. Significant differences were 

determined by an unpaired t-test and marked with asterisks (**P < 0.005).  

(E) Fluorescence microscopy of Iba-1+ (red) microglia, the proliferation marker Ki67 (green) 

and DAPI (4',6-diamidino-2-phenylindole, blue). Overview and magnification are shown. 

Scale bar: 100 µm (overview), 20 µm (insert). 

(F, G) Three-dimensional reconstruction (scale bars: 15 µm) (F) and Imaris-based automatic 

quantification of cell morphometry (G) of cortical Iba-1+ microglia. Each symbol represents 

one mouse with at least three measured cells per mouse. Means ± s.e.m are indicated. 

Significant differences were determined by an unpaired t-test and marked with asterisks (*P 

< 0.05, **P < 0.005).   

(H) Imaris-based 3-D reconstruction of the microglia networks under SPF (left) or GF (right) 

conditions. GF microglia have no distances to neighbouring microglia and show partial 
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physical contacts to adjacent cells. Insert exhibits such an interaction. Scale bars: 20 µm 

(overview), 3 µm (insert). 

(I) Quantitative RT-PCR for the indicated mRNAs. Data are expressed as ratio of mRNA 

expression versus endogenous -actin relative to SPF conditions and exhibited as mean ± 

s.e.m. Bars (black: SPF, white: GF) represent means ± s.e.m. with at least four samples in 

each group. Significant differences were determined by an unpaired t-test and marked with 

asterisks (*P < 0.05, **P < 0.005, ***P < 0.001). Data are representative of two independent 

experiments. 

 

 

Figure 3: Diminished microglia response to bacterial danger signals under germ-free 

conditions. 

(A) Venn diagram depicting the differences and overlap between GF and SPF animals in 

significantly (P <0.01) up- or downregulated genes 6 hr after LPS treatment compared to 

PBS treated controls of the same housing conditions (GF/SPF). 

(B) The heatmap displays the mean centred and standard deviation scaled expression 

values for genes which are significantly and at least two-fold up- or downregulated in GF 

compared to SPF microglia 6 hr after i.c. treatment with LPS. Only genes also significantly 

up- or downregulated by LPS treatment compared to PBS treated controls of the same 

housing conditions (GF and SPF respectively) are included to account for differences in 

basal gene regulation. Expression levels exceeding the mean value are coloured in red while 

expression levels below the mean are coloured in green (standardized and scaled to linear 

expression). Values close to the median are coloured black. Random variance two-sample T-

Test as implemented in BRB-Tools was performed to test significance at a p-value <0.01. 

(C) Quantitative RT-PCR in microglia 6 hr after i.c. LPS exposure. Data are expressed as 

ration of the mRNA expression compared to endogenous -actin relative to control and show 

mean ± s.e.m. At least three mice per group were analysed. Data are representative of two 

independent experiments. Significant differences were examined by an unpaired t-test and 

marked with asterisks (**P < 0.005, ***P < 0.001). 

(D) Three-dimensional reconstruction (scale bar: 15 µm) and (E) Imaris-based automatic 

quantification of cell morphometry (D) of cortical Iba-1+ microglia. Each symbol represents 

one mouse with at least three measured cells per mouse. Means ± s.e.m are indicated. 

Significant differences were determined by an unpaired t-test and marked with asterisks (*P 

< 0.05).   
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Figure 4: Antibiotic treatment induces immature and malformed microglia. 

(A) Left: Gross morphology of caecum in untreated (left) and antibiotic (ABX) treated (right) 

SPF mice. Ruler scale is shown. One representative picture of at least six investigated mice 

is shown. Right: Relative caecum weight. Symbols represent individual mice. Means ± s.e.m. 

are shown. Significant differences were determined by an unpaired t-test and labelled with 

asterisks (***P < 0.001).   

(B) Immunhistochemistry for Iba-1+ parenchymal microglia (left) and quantification thereof 

(right) in the cortex of ABX-treated and untreated (control) SPF mice. Depicted symbols 

represent individual mice. Three to four sections per mouse were examined. Means ± s.e.m. 

are shown.  

(C) Expression of DNA damage-inducible transcript 4 (Ddit-4) mRNA measured by qRT-PCR 

in microglia isolated from untreated SPF (black bar) or antibiotics (ABX)-treated SPF (white 

bar) mice. Means ± s.e.m. with at least six samples in each group are displayed. No 

significant differences were detectable by an unpaired t-test. Data are representative of two 

independent experiments. 

(D) Three-dimensional reconstruction (scale bars: 15 µm) and Imaris-based automatic 

quantification of cell morphometry (E) of cortical Iba-1+ microglia in ABX-treated and 

untreated mice. Each symbol represents one mouse per group with at least three measured 

cells per mouse. Means ± s.e.m. are indicated. Significant differences were evaluated by an 

unpaired t-test and marked with asterisks (***P < 0.001, *P < 0.05).   

(F) Representative cytometry graphs of the maturation marker CSF1R, F4/80 and CD31, on 

microglia from ABX-treated mice (red lines), untreated SFP controls (blue lines) and isotype 

controls (grey lines). Data are representative of two independent experiments. 

(G) Percentages (%) and mean fluorescence intensities (MFI) of the maturation marker 

CSF1R, F4/80 and CD31 on microglia. Each symbol represents one mouse. Means ± s.e.m. 

are indicated. Significant differences were determined by an unpaired t-test and marked with 

asterisks (**P < 0.005, ***P < 0.001). Data are representative of two independent 

experiments. 

 

Figure 5: Only complex commensal microbiota can restore microglia insufficiency. 

(A) Left: Macroscopical view on caecum from SFP animal (control, left) and an individual with 

altered Schaedler flora (ASF). Ruler scale is shown. Representative pictures are displayed. 

Right: Relative caecum weight of ASF and control SPF mice. Symbols represent individual 

mice. Means ± s.e.m. are shown. Significant differences were determined by an unpaired t-

test and marked with asterisks (***P < 0.001). Data are representative of two independent 

experiments. 
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(B) Iba-1+ immunohistochemistry (left) in the cortex of ASF and control mice and 

quantification thereof (right). Every symbol represents one mouse. Three to four sections per 

mouse were examined. Means ± s.e.m. are indicated. Significant differences were evaluated 

by an unpaired t-test and marked with asterisks (*P < 0.05). Data are representative of two 

independent experiments.  

(C) Ddit4 mRNA measured by qRT-PCR in microglia from SPF (black bar) or ASF (white bar) 

mice. Means ± s.e.m. with at five samples in each group are displayed. Significant 

differences were determined by an unpaired t-test and marked with asterisks (***P < 0.001). 

Data are representative of two independent experiments. 

(D) 3-D reconstruction of representative Iba-1+ parenchymal microglia from ASF or SPF 

control mice, respectively. Scale bars: 15 µm. Automatic Imaris-based quantification of 

cortical microglia morphology (E) is shown. Each symbol represents one mouse per group 

with at least three measured cells per mouse. Means ± s.e.m. are indicated. Significant 

differences were evaluated by an unpaired t-test and labelled with asterisks (**P < 0.005).   

(F) Left: Macroscopical view of caecum from SFP (control, left), ASF (right) and recolonized 

ASF mice (right). Ruler scale is shown. Representative pictures are shown. Right: Relative 

caecum weight of ASF, recolonized (recol.) ASF and control SPF mice. Symbols represent 

individual mice. Means ± s.e.m. are shown. Significant differences were determined by an 

unpaired t-test and marked with asterisks (*P < 0.05, ***P < 0.001).   

(G) Left: Immunohistochemistry for Iba-1+ in the cortex of recolonized ASF and control mice. 

Right: quantification thereof. Three to four sections per mouse were examined. Every symbol 

represents one mouse. Means ± s.e.m. are indicated (**P < 0.005).  

(H) Quantitative measurement of Ddit4 mRNA by qRT-PCR in microglia from SPF (black 

bar), recolonized ASF (grey) and ASF (white bar) mice. Means ± s.e.m. with at least five 

samples in each group are displayed. Significant differences were determined by an 

unpaired t-test and marked with asterisks (***P < 0.001). Data are representative of two 

independent experiments. 

(I) 3-D structure of a representative microglia cell of recolonized ASF or SPF control mice is 

shown. Scale bars: 15 µm. (J) Imaris-based morphometric measurements of cortical Iba-1+ 

microglia. Each symbol represents one mouse per group with at least three measured cells 

per mouse. Means ± s.e.m. are displayed. Significant differences were evaluated by an 

unpaired t-test and labelled with asterisks (*P < 0.05, **P < 0.005).   

 

Figure 6: Microglia maturation is independent from the TLRs2,3,4,7,9. 

(A) Left: View of caecum from a SPF-TLRwt (control, left) and SPF-TLR2,3,4,7,9-deficient 

(SPF-TLRko) mouse (right). Ruler scale is shown. Representative pictures are shown. Right: 

Relative caecum weight of control SPF-TLRwt and SPF-TLRko mice. Symbols represent 
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individual mice. Means ± s.e.m. are shown. No statistically significant differences were found 

by an unpaired t-test. 

(B) Iba-1 immunohistochemistry in the cortex of SPF-TLRwt and SPF-TLRko animals (left) and 

quantification thereof (right). Every symbol represents one mouse. Three to four sections per 

mouse were examined. Data are representative of two independent experiments. Means ± 

s.e.m. are indicated. No significant differences could be determined. 

(C) Ddit4 mRNA measured by qRT-PCR in microglia from SPF-TLRwt (black bar) or SPF-

TLRko (white bar) mice. Means ± s.e.m. with at least three samples in each group are 

displayed. No significant differences could be determined. Data are representative of two 

independent experiments. 

(D) Three-dimensional reconstruction (Scale bars: 15µm) and Imaris-based automatic 

quantification of cell morphometry (E) of Iba-1+ microglia. Individual symbols represent one 

mouse per group with at least three measured cells per mouse. Means ± s.e.m. are 

indicated. No significant differences were detected by an unpaired t-test.   

(F) Flow cytometry of isolated microglia from control SPF-TLRwt and SPF-TLRko individuals. 

Percentages (%) and mean fluorescence intensities (MFI) of the indicated surface molecules 

on microglia are shown. Each symbol represents one mouse. Means ± s.e.m. are indicated. 

Significant differences were evaluated by an unpaired t-test and labelled with asterisks (*P < 

0.05). Data are representative of two independent experiments.  
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SUPPLEMENTAL FIGURES AND TABLE 

 

Suppl. Fig. 1: Increased microglia number in cerebellar grey and white matter of GF 

mice. 

Quantification of Iba-1+ parenchymal microglia from either SPF (black symbols) or GF (white 

symbols) mice was performed on cerebellar brain slices. Each symbol represents one 

mouse. Three to four sections per mouse were examined. Means ± s.e.m. are shown. 

Significant differences were determined by an unpaired t-test and marked with asterisks ((*P 

< 0.05, ***P < 0.001). Representative pictures of at least eight examined mice per group are 

displayed.  

 

Suppl. Fig. 2: Absence of commensal microbes does not alter the amount of neurons, 

astrocytes and oligodendrocytes. 

(A) CNS histology and quantitative assessment (B, C) of the neuroectodermal compartment 

of 6-8 weeks old GF or control SPF mice. NeuN labels mature neurons, Nogo-A 

oligodendrocytes and glial fibrillary acidic protein (GFAP) astrocytes. Hippocampal NeuN+ 

cells were counted in the gyrus dentatus. Cerebellar NeuN+ cells were counted in the 

granular cell layer. Each symbol represents one mouse. Means ± s.e.m. are indicated. No 

significant differences could be determined by using an unpaired t-test. Representative 

pictures are shown. n.d. = not detectable. Data are representative of two independent 

experiments. Scale bars: NeuN: 100 µm, Nogo-A and GFAP: 50 µm, H&E: 200 µm. 

 

Suppl. Fig. 3: Decreased inflammatory repertoire of microglia from GF mice upon 

intracerebral LPS challenge. 

Gene ontology enrichment network on differentially expressed genes in microglia from SPF 

(A) or GF (B) mice on the basis of an Affymetrix DNA microarray analysis. Diagram depicts 

functional results of GO clustering through GORilla. Only very highly significantly 

overrepresented GO terms are included with p-values ranging from p<10-9 (yellow) to p<10-24 

(red). White framed terms depict not significantly overrepresented parent terms of the 

colored terms. 

 

Suppl. Fig. 4: Diminished inflammatory response of microglia from GF mice upon 

peripheral LPS challenge. 

Quantitative RT-PCR of LPS-induced factors in microglia 6 hr after intraperitoneal LPS 

challenge. Data are expressed as ratio of the mRNA expression compared to endogenous -

actin relative to control and show mean ± s.e.m. At least three mice per group were 

analysed. Data are representative of two independent experiments. Significant differences 
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were determined by an unpaired t-test and marked with asterisks (*P < 0.05, **P < 0.005, 

***P < 0.001). 

  

Table 1 

Reduced gene induction in microglia from non-colonized GF animals. 

Affymetrix Genome 430A 2.0 array-based gene induction of microglia from SPF mice 

compared to GF individuals. 78 genes significantly differentially expressed in GF vs. SPF 

microglia 6 hr after i.c. LPS treatment are shown. Only genes also significantly up- or 

downregulated by LPS treatment compared to PBS treated controls of the same housing 

conditions (GF and SPF respectively) are included to account for differences in basal gene 

regulation. (P < 0.01). 
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MATERIAL AND METHODS 

 

Mice: Conventional SPF mice on C57BL/6 background were purchased from Janvier labs 

(Saint Berthevin, France). Germ-free mice were a kind gift from Andreas Diefenbach 

(University of Mainz, Germany) or purchased from the University Hospital Bern. All mice 

(females) were used at 6–8 weeks of age. ASF and ecolonized ASF1 mice (females) were 

provided by Bärbel Stecher (Max-von-Pettenkofer Institute, LMU Munich, German Center for 

Infection Research). ASF were housed under germfree conditions in a flexible film isolator 

with HEPA-filtered air and autoclaved chow and bedding. For recolonization, ASF mice were 

co-housed with conventional SPF donor mice in the same cage for six weeks. For substantial 

depletion of the microbiota, SPF mice were provided with drinking water containing 1 mg/ml 

Cefoxitin (Santa Cruz Biotechnology, Heidelberg, Germany), 1 mg/ml Gentamicin (Sigma-

Aldrich, Taufkirchen, Germany), 1 mg/ml Metronidazole (Sigma-Aldrich, Taufkirchen, 

Germany), and 1 mg/ml Vancomycin (Hexal, Holzkirchen, Germany) for 4 weeks ad libitum. 

Antibiotics were renewed every other day. 0.05 g of feces (2-3 pellets) were solubilized in 

1ml PBS and were plated on BHI and MHPB plates in order to track the success of the 

treatment.TLR2,3,4,7,9-deficient mice2 (mixed gender) were provided by Thorsten Buch (TU 

Munich, Germany). All animal experiments were approved by the Ministry for Nature, 

Environment and Consumers` Protection of the state of Baden-Württemberg and were 

performed in accordance to the respective national, federal and institutional regulations.  

 

Histology: Histology was performed as described recently3, 4. Brains were removed and 

fixed in 4% buffered formalin. Then brain tissue was dissected and parasagittal sections 

were embedded in paraffin before staining with H&E, Iba-1 (Wako, Osaka, Japan) for 

microglia, GFAP (Dako, Hamburg, Germany) for astrocytes, NeuN (LifeSpan BioSciences, 

Seattle, USA) for neurons and Nogo-A (kindly provided by Prof. Schwab, Zurich) for 

oligodendrocytes. At least 3-4 parasagittal brain sections per mouse were evaluated using 

analySIS software (Olympus, Hamburg, Germany). For Ki67 immunohistochemistry 14 µm 

frontal and parasagittal cryo sections from adult brain tissue were prepared and stained first 

with an anti-Ki67 antibody (Abcam, Cambridge, UK) for 24 hours (dilution 1:500 at 4°C), 

followed by Alexa-Fluor-647-conjugated secondary antibody (life technologies, Darmstadt, 

Germany) staining (2 hours, dilution 1:500, room temperature). Secondly they were stained 

with an anti-Iba-1 antibody (Wako, Osaka, Japan) for 24 hours (dilution 1:500 at 4°C), 

subsequently Alexa Fluor 568–conjugated secondary antibody (life technologies, Darmstadt, 

Germany) staining, which was added at a dilution of 1:500 for 2 hours at room temperature. 

Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). The pictures were 

taken with BZ-9000 Biorevo microscope (Keyence, Neu-Isenburg, Germany) and the number 
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of positive cells was determined using BZ-II Analyzer (Keyence, Neu-Isenburg, Germany). At 

least three brain sections per mouse were counted. 

 

3-D reconstruction of microglia: 30 μm parasagittal cryo sections from adult brain tissue 

were stained with anti-Iba-1 (Wako, Osaka, Japan) for 48 hours (dilution 1:500 at 4°C), 

followed by Alexa Fluor 568–conjugated secondary antibody (life technologies, Darmstadt, 

Germany) staining, which was added at a dilution of 1:500 overnight at 4°C. Nuclei were 

counterstained with DAPI. Imaging was performed on an Olympus Fluoview 1000 confocal 

laser scanning microscope (Olympus, Hamburg, Germany) using a 20 x 0.95 NA objective. Z 

stacks were done with 1.14-μm steps in z direction, 1,024 × 1,024 pixel resolution were 

recorded and analysed using IMARIS software (Bitplane, Zurich, Switzerland). Three cortical 

cells were reconstructed per analysed mouse. 

 

Microglia isolation and flow cytometry: Adult microglia were harvested using density 

gradient separation and were prepared as described before4. In short, Cells were stained 

with primary antibodies directed against CD11b, CD45, CD115, F4/80, CD31, MHC class II 

(eBioscience, San Diego, USA), CD44, CD62L (BD Bioscience, Heidelberg, Germany), at 

4°C for 15 min. Cells were washed and analyzed using a BD LSRFortessa™ (Becton 

Dickinson, Heidelberg, Germany) or were sorted with a MoFlo Astrios (Beckman Coulter, 

Krefeld, Germany) and further processed. Viable cells were gated by forward and side 

scatter pattern. Data were acquired with FACSdiva software (Becton Dickinson, Heidelberg, 

Germany). Postacquisition analysis was performed using FlowJo software (Tree Star Inc., 

Ashland, USA). 

 

RNA-seq: For RNA-seq 1000 microglia cells per brain were FACS-sorted directly into an 96-

well plate containing 4 µl lysis buffer (dd H2O, 0.1 % Triton-X (Roth, Karlsruhe, Germany) 

and 0.4 U/µl RNasin (Promega, Madison, USA)) as described above. Thereafter, the plate 

was centrifuged, snap frozen on dry ice and stored at -80°C. RNA-Seq library production, 

following sample preparation and analysis were carried out as described previously 5. 

 

Gene expression analysis: FACS-sorted microglial cell populations were collected directly 

in cell lysis buffer and subsequently RNA was isolated with the Arcturus Pico Pure RNA 

Isolation Kit (Life Technologies, Darmstadt, Germany) according to the manufacturer's 

protocol. Reverse transcription and real-time PCR analysis were performed using high 

capacity RNA-to-cDNA-Kit and Gene Expression Master Mix reagents (Applied Biosystems, 

Darmstadt, Germany) according to the manufacturer's recommendations. RT-PCRs were 

analyzed with a LightCycler 480 (Roche, Darmstadt, Germany). For gene expression 
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analysis, we used the following TaqMan gene Expression Assays: -Actin 

(Mm01205647_g1), Ccl2 (Mm00441242_m1), Ccl7 (Mm00443113_m1), Cxcl10 

(Mm99999072_m1), Il-1 (Mm00434228_m1), Il-6 (Mm00446191_m1), Il-12 

(Mm00434174_m1), Tnf (Mm00443258_m1), Marco (Mm00440265_m1), Csf1 

(Mm00432686_m1), cyclin D2 (Mm00438070_m1), S100a4 (Mm00803372_g1), S100a6 

(Mm00771682_g1), S100a8 (Mm00496696_g1), S100a9 (Mm00656925_g1), S100a10 

(Mm00501458_g1), Ddit4 (Mm00512504_g1). 

Brain tissue was removed and stored for 2-3 days in RNAlater (Qiagen, Hilden, Germany) at 

4°C. Different brain regions were dissected under a Bino microscope. Afterwards tissue was 

homogenised and RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s protocol. Reverse transcription and real-time PCR analysis 

was performed as described above. Following TaqMan Gene Expression Assays were used: 

-Actin (Mm01205647_g1), Csf1 (Mm00432686_m1), Csf2 (Mm01290062_m1), Tgf1 

(Mm01178820_m1), Il-34 (Mm01243248_m1) and Sfpi1 (Mm00488142_m1). 

 

Microarray Analysis: Transcriptional profiles of FACS-sorted microglia were assessed 

using Affymetrix® (Santa Clara, USA) GeneChip Arrays (Mouse Gene 2.1 ST Arrays). 

Affymetrix® GeneChip array data was pre-processed using Affymetrix® Expression Console 

and normalized through the Robust Multi-array Average (RMA) implementation in the 

Expression Console. Further analyses were performed using BRB-ArrayTools developed by 

Dr. Richard Simon and BRB-ArrayTools Development Team. Gene Ontology analysis and 

identification of differentially expressed genes belonging to specific pathways was performed 

through the DAVID online service and Gorilla (Gene Ontology enRIchment anaLysis and 

visuaLizAtion tool) online service 6-8. Venn diagrams were created by intersection of gene 

lists exported from BRB Tools into a Webtool provided by the Bioinformatics & Evolutionary 

Genomics group of Prof. van de Peer at the University of Ghent. 

 

LPS challenge: For acute inflammatory challenges, either 50 µg LPS (Sigma-Aldrich, 

Taufkirchen, Germany) were diluted in 150 µl sterile PBS and applied intraperitoneally (i.p.) 

or 5 µg LPS were diluted in 10 µl PBS and applied intracranially under isofluoran anesthesia. 

Animals returned to their cages once they had recovered their righting reflex. 6 hours later, 

animals were analyzed. Control animals were injected with 150 µl sterile PBS i.p. or 10 µl 

sterile PBS i.c. 

 

Statistical analysis: Statistical analysis was performed using GraphPad Prism (GraphPad 

Software, Version 6.0, La Jolla, USA). All data were tested for normality applying the 

Kolmogorov-Smirnov test. If normality was given, an unpaired t-test was applied. Differences 



Microbiota regulate microglia function 

 

 4 

were considered significant when P value < 0.05. To obtain unbiased data, experimental 

mice were all processed together by technicians and cell quantifications were performed 

blinded by two scientists independently and separately. 
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