
Neurons and astroglia govern microglial endotoxin tolerance 
through macrophage colony-stimulating factor receptor-
mediated ERK1/2 signals

Chun-Hsien Chu1,2, Shijun Wang1, Chia-Ling Li3, Shih-Heng Chen1, Chih-Fen Hu1,4, Yi-Lun 
Chung5, Shiou-Lan Chen6, Qingshan Wang1, Ru-Band Lu3,7,8,9, Hui-Ming Gao10,11,12, and 
Jau-Shyong Hong1

1Laboratory of Neurobiology, Division of Intramural Research, National Institutes of Health/
National Institute of Environmental Health Sciences, Research Triangle Park, North Carolina 
27709, USA

2Institute of Molecular Medicine, National Cheng Kung University Hospital, College of Medicine, 
National Cheng Kung University, Tainan 70101, Taiwan

3Department of Psychiatry, National Cheng Kung University Hospital, College of Medicine, 
National Cheng Kung University, Tainan 70101, Taiwan

4Graduate Institute of Medical Sciences, National Defense Medical Center, Department of 
Pediatrics, Tri-Service General Hospital, Taipei 11401, Taiwan

5Institute of Basic Medical Sciences, National Cheng Kung University, Tainan 70101, Taiwan

6Department of Neurology, School of Medicine, Kaohsiung Medical University, Kaohsiung 80780, 
Taiwan

7Institute of Behavioral Medicine, National Cheng Kung University, Tainan 70101, Taiwan

8Institute of Allied Health Sciences, National Cheng Kung University, Tainan 70101, Taiwan

9Addiction Research Center, National Cheng Kung University, Tainan 70101, Taiwan

10Model Animal Research Center, Nanjing University, Nanjing, Jiangsu 210061, China

11MOE Key Laboratory of Model Animal for Disease Study, Nanjing University, Nanjing, Jiangsu 
210061, China

12Nanjing Biomedical Research Institute, Nanjing University, Nanjing, Jiangsu 210061, China

Abstract

Endotoxin tolerance (ET) is a reduced responsiveness of innate immune cells like macrophages/

monocytes to an endotoxin challenge following a previous encounter with the endotoxin. Although 

ET in peripheral systems has been well studied, little is known about ET in the brain. The present 
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study showed that brain immune cells, microglia, being different from peripheral macrophages, 

displayed non-cell autonomous mechanisms in ET formation. Specifically, neurons and astroglia 

were indispensable for microglial ET. Macrophage colony-stimulating factor (M-CSF) secreted 

from these non-immune cells was essential for governing microglial ET. Neutralization of M-CSF 

deprived the neuron-glia conditioned medium of its ability to enable microglia to form ET when 

microglia encountered two lipopolysaccharide (LPS) treatments. Recombinant M-CSF protein 

rendered enriched microglia refractory to the second LPS challenge leading to microglial ET. 

Activation of microglial M-CSF receptor (M-CSFR; also known as CSF1R) and the downstream 

ERK1/2 signals was responsible for M-CSF-mediated microglial ET. Endotoxin-tolerant microglia 

in neuron-glia cultures displayed M2-like polarized phenotypes, as shown by upregulation of M2 

marker Arg-1, elevated production of anti-inflammatory cytokine interleukin 10, and decreased 

secretion of pro-inflammatory mediators (tumor necrosis factor α, nitric oxide, prostaglandin E2 

and interleukin 1β). Endotoxin-tolerant microglia protected neurons against LPS-elicited 

inflammatory insults, as shown by reduced neuronal damages in LPS pre-treatment group 

compared with the group without LPS pre-treatment. Moreover, while neurons and astroglia 

became injured during chronic neuroinflammation, microglia failed to form ET. Thus, this study 

identified a distinct non-cell autonomous mechanism of microglial ET. Interactions of M-CSF 

secreted by neurons and astroglia with microglial M-CSFR programed microglial ET. Loss of 

microglial ET could be an important pathogenetic mechanism of inflammation-associated 

neuronal damages.
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1. Introduction

In response to a potent immune challenge, activated innate immune cells (e.g. monocytes 

and macrophages) can produce various inflammatory mediators such as tumor necrosis 

factor α (TNF-α), interleukin 1β (IL-1β), IL-6, eicosanoids, nitric oxide (NO), and reactive 

free radicals. When in excess, these inflammatory mediators can cause serious systemic 

disorders with a high mortality rate (Gordon and Taylor, 2005). Pre-exposure to endotoxin 

can induce transient unresponsive or reduced sensitivity to a subsequent endotoxin 

challenge, as shown by decreases in production of inflammatory mediators, febrile reaction, 

and lethality rate (Mendez et al., 1999). This phenomenon is termed endotoxin tolerance 

(ET). Although the incidence of ET in peripheral immune systems has been observed both in 
vitro and in vivo (Lopez-Collazo and del Fresno, 2013), whether the central immune system 

exhibits similar immune tolerance has not been well investigated. Furthermore, the 

regulatory mechanism of ET in peripheral immune cells such as macrophages has been well 

established at multiple levels from negative signal transduction, transcriptional network to 

post-translational modifications (Biswas and Lopez-Collazo, 2009; Hoppstadter et al., 2015; 

Lopez-Collazo and del Fresno, 2013). However, molecular mechanisms by which microglia 

program ET are still unclear. In addition, the physiological and pathological role of 

microglial ET in brain health and diseases warrants further investigation.
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ET can be modeled by two consecutive lipopolysaccharide (LPS) challenges with an interval 

of hours to days. Historically, a large body of knowledge on the development of ET in 

peripheral innate immune cells, especially monocytes and macrophages, has been obtained 

through the study of responses of enriched cell culture systems or experimental animals to 

repeated LPS stimulation. Such experimental designs did not allow for a readily examination 

of the temporal and possibly causative relationship between non-immune cells and ET-

development immune cells. As a result, the contribution of non-immune cells to ET 

formation still remains an open question.

Ample evidence has demonstrated important functions of neurons and astroglia in keeping 

microglia in a quiescent state and reducing their activation upon immune challenge. Indeed, 

the low turnover rate and limited replenishment mechanism of microglia (the sole type of 

immune cells in the brain) demand tight spatial and temporal regulation for maintaining 

immune homeostasis as well as structural and functional integrity of the central nervous 

system (CNS). Up to now, how neurons and astroglia affect the response of microglia to 

repeat endotoxin exposure has not been investigated.

In this study, using various re-constituted primary cultures, we investigated roles of brain 

non-immune cells in microglial ET formation and further studied mechanism of microglial 

ET. We show for the first time that neurons and astroglia regulate microglial ET 

development through the release of macrophage colony-stimulating factor (M-CSF) and 

consequent activation of its receptor (M-CSFR; also known as CSF1R) and downstream 

ERK1/2 signals. This study identified a novel molecular mechanism for ET development in 

central immune system.

2. Materials and Methods

2.1 Animals

All the animals were treated humanely and with regard for alleviation of suffering following 

the National Institutes of Health Guide for Care and Use of Laboratory Animals (Institute of 

Laboratory Animal Resources 1996). All procedures were approved by the NIEHS Animal 

Care and Use Committee.

2.2 Recombinant proteins, protein kinase inhibitors, and other reagents

LPS (E. coli O111:B4, Cat# 437627, protein contaminants ≤2.0%, nucleic acid contaminants 

≤2.5%), SP600125, and Bay 11-7821 were obtained from EMD Millipore Corporation 

(Darmstadt, Germany), Abcam Inc. (Cambridge, MA), and TOCRIS bioscience (Bristol, 

UK), respectively. U0126 and SB203580 were purchased from Cell Signaling Technology, 

Inc. (Danvers, MA). The following reagents were purchased from R&D Systems 

(Minneapolis, MN): anti-M-CSF antibody, recombinant mouse TNF-α, M-CSF, interleukin 

34 (IL-34), and IL-1β. Cycloheximide, cytosine arabinoside (Ara-C), and L-leucine methyl 

ester (LME) were from Sigma-Aldrich (Saint Louis, MO).
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2.3 Preparation of primary neuron-glia, mixed-glia, neuron-microglia, neuron-enriched, 
microglia-enriched, and astrocyte-enriched cultures

To investigate roles of different brain cells in the regulation of microglial ET, we prepared 

enriched cultures of single cell type and co-cultures/reconstituted cultures of multiple cell 

types. As seen below, although the percentage of microglia in different cultures seems quite 

different, the number of microglial cells in different cultures is similar. This makes TNF-α 

measurement and evaluation of microglial ET formation in the different experiment settings 

comparable. In addition, to reduce any possible influence of serum components on cell 

response to various treatments, we lowered serum concentration in the treatment media of 

various cultures to one fifth of their respective culture media, except where indicated 

otherwise.

2.3.1—Mesencephalic neuron–glia cultures were prepared from the mesencephalon of 

embryos at gestation day 14 ± 0.5 C57BL/6J mice as previously reported (Gao et al., 2002). 

Briefly, mesencephalic tissues were dissected and dissociated with a mild mechanical 

trituration. Cells were seeded to 24-well (5 × 105 cells/well) culture plates pre-coated with 

poly-D-lysine (20 μg/ml) and maintained in 0.5 ml/well of MEM supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), 10% heat-inactivated horse serum (HS), 1 g/L 

glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1mM nonessential amino acids. 

Cultures were maintained at 37°C in a humidified atmosphere of 5% CO2/95% air and were 

replenished with 0.5 ml/well fresh medium 3 days later. Seven-day after seeding, cultures 

were treated with vehicle or desired reagents in MEM treatment medium containing 2% 

FBS, 2% HS, 2 mM L-glutamine, and 1 mM sodium pyruvate. Immunocytochemical 

analysis indicated that, at the time of treatment, the neuron–glia cultures were made up of 

about 11% microglia (~5.5 × 104 microglia/well), 50% astrocytes, and 39% neurons that 

were immunoreactive (IR) to the antibody against ionized calcium binding adaptor molecule 

1 (Iba1), glial fibrillary acidic protein (GFAP), and neuron-specific nuclear protein (NeuN), 

respectively.

2.3.2—Neuron-enriched cultures were prepared by using cytosine arabinoside (Ara-C; 5 

μM) to suppress the proliferation of glial cells 2 days after seeding of disassociated 

mesencephalic cells as described above (Gao et al., 2011). At 4 days after the initial plating 

the cultures consisted of 1% GFAP-IR astrocytes, <0.1% OX-42-IR microglia, and ~99% 

NeuN-IR neurons.

2.3.3—Primary mixed-glia cultures were prepared from whole brains of postnatal day 1 

pups from C57BL/6J mice (Chu et al., 2015). Disassociated brain cells were seeded onto 24-

well (2.5 × 105 cells/well) and 6-well (1 × 106 cells/well) culture plates and maintained in 1 

ml/well DMEM/F-12 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium 

pyruvate, and 0.1 mM nonessential amino acids. The medium was changed every 3 days. 

After reaching confluence at 11–12 days after plating, the cultures were treated with vehicle 

or desired reagents in DMEM/F-12 treatment medium containing 2% FBS, 2 mM L-

glutamine, and 1 mM sodium pyruvate and 0.1 mM nonessential amino acids. At the time of 

treatment, the cultures contained about 80% GFAP-IR astrocytes and 20% Iba1-IR microglia 

(~6 × 104 and ~2.5 × 105 microglia per well of 24-well plate and 6-well plate, respectively).
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2.3.4—Astroglia-enriched cultures were prepared from mouse mixed-glia cells that were 

treated with 1.5 mM LME 2 day after cell seeding (Chu et al., 2015). After incubation with 

LME for 3 days, these cells were replaced with fresh medium without LME. Two days later, 

the cultures, which contain ~0.1% Iba1-IR microglia and 99.9% GFAP-IR astroglia, were 

used for treatment.

2.3.5—Microglia-enriched cultures were prepared from the whole brains of 1-day-old 

C57BL/6J mouse pups as previously reported (Chen et al., 2013). Briefly, brain tissues, 

devoid of meninges and blood vessels, were dissociated by a mild mechanical trituration. 

The isolated cells (5 × 107 cells) were seeded in 150 cm2 culture flasks in DMEM/F12 

culture medium containing 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM 

nonessential amino acids, 50 U/ml penicillin, and 50 μg/ml streptomycin. The cultures were 

maintained at 37°C in a humidified atmosphere of 5% CO2/95% air, and the medium was 

changed 4 days later. On reaching confluence (12–14 days), the microglia were separated 

from astroglia by shaking the flask for 30 minutes at 180 rpm and plated into 24-well plates 

(6 × 104/well). The enriched microglia were 98% pure.

2.3.6—Neuron-astroglia cultures were prepared from mouse neuron-glia cells. When 

neuron-glia cultures reached confluence 5 days after the initial seeding, microglia were 

depleted by 0.5 mM LME for 3 days. The cultures, which contain less than 0.1% Iba1-IR 

microglia, 44% NeuN-IR neurons, and 56% GFAP-IR astroglia, were changed to fresh 

MEM treatment medium and used for preparation of reconstituted cultures as described 

below.

2.3.7—Neuron-microglia cultures were reconstructed by adding 5 × 104 microglia into 

neuron-enriched cultures (Gao et al., 2011) and neuron-astroglia cultures in 24-well plates. 

Two different types of reconstituted cultures containing microglia and neurons were 

prepared by plating highly enriched microglia directly on top of the neuron layer prepared in 

regular 24-well culture plates or into transwells (HTS 24-well multiwell insert systems, 1.0 

μm pore size, polyethylene terephthalate membrane) that were placed above the existing 

neuron-astroglia cultures. After 24 hours, the reconstituted cultures were ready for 

treatment.

2.4 Preparation of peritoneal macrophages

Peritoneal macrophages from C57BL/6J mice were induced and harvested, as previously 

described. Briefly, C57BL/6J mice were administered with 2 ml 3% sterile thioglycollate by 

peritoneal injection. After 4 days, peritoneal macrophages were collected by lavage in 5 ml 

ice-cold RPMI 1640 medium, washed twice, and pre-incubated in serum-free RPMI 1640 

medium for 1 hour. The culture was then washed twice to remove non-adherent cells. 

Adherent macrophages were cultured in RPMI 1640 medium containing 10% FBS, 50 U/ml 

penicillin, and 50 μg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2.

2.5 Immunocytochemistry and immunofluorescence

Immunostaining was performed as previously described (Gao et al., 2011) with antibodies 

for NeuN (1:1000; EMD Millipore Corporation, Billerica, MA, USA), microtubule-

Chu et al. Page 5

Brain Behav Immun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated protein 2 (MAP-2; 1:400; EMD Millipore Corporation, Billerica, MA, USA), 

Iba1 (1:5000; Wako Chemicals, Richmond, VA, USA) and glial fibrillary acidic protein 

(GFAP; 1:10,000; Wako Chemicals, Richmond, VA, USA), respectively. Briefly, after 

blocking, formaldehyde-fixed cells were incubated overnight at 4°C with primary antibodies 

diluted in antibody diluent. The bound primary antibody was visualized by incubation with 

an appropriate biotinylated secondary antibody, followed by the Vectastain ABC reagents 

and color development with 3,3′-diaminobenzidine. Images were recorded with a CCD 

camera and the MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). For the 

quantification of protein expression levels in immunostaining images in each treatment 

group, Nikon NIS-Element BR software (Nikon Instruments Inc., Melville, NY, USA) was 

used to automatically circle the areas of positive staining cells under the consistent intensity 

criteria and to measure the value of mean intensity in circled positive-staining areas. Protein 

expression levels in each of staining images are calculated by positive-staining area multiply 

mean intensity. Data were expressed as percentage of the corresponding control. For visual 

enumeration of the immunostained microglia in cultures, 10 representative areas per well of 

the 24-well plate were counted under a microscope (20X power). Cell counting and 

quantification of immunstaining density were performed by 2–3 individuals. 

Immunofluorescence was performed as previously described (Zhou et al., 2013). Enriched 

microglia with or without M-CSF treatment for 24 hours were co-stained with anti-CSF1R 

(1:100) and anti-CD11b antibodies (1:100; Abcam, Cambridge, MA). Two second 

antibodies (Alexa Fluor® 488 and 596) were obtained from Abcam Inc. (Cambridge, MA). 

After mounting the sections onto glass slides with the Prolong Antifade reagents, fluorescent 

images were obtained with a Zeiss LSM 710 NLO laser scanning confocal microscope fitted 

with an Argon ion laser and a HeNe laser and recorded with the Zeiss LSM710 software. For 

each experiment, two to six wells per treatment condition were used and results from five 

independent experiments were obtained.

2.6 Gel electrophoresis and Western blot

Western blot analysis was performed using cell extract from either neuron-glia or enriched 

microglia cultures under multiple treatments (Gao et al., 2011). The whole-cell lysates from 

cultured cells were homogenized in radioimmunoprecipitation assay buffer (50 mM Tris-

HCl [pH 8], 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS, and 1:100 protease inhibitor mixture), sonicated, and boiled for 10 min. Protein 

concentrations were determined using the bicinchoninic acid assay (Pierce). Protein samples 

were resolved on 4–12% SDS-PAGE, and immunoblot analysis was performed using the 

following antibodies: anti-M-CSFR (Abcam, Cambridge, MA, USA), anti-ERK1/2 (Abcam, 

Cambridge, MA, USA), anti-pERK1/2 (Abcam, Cambridge, MA, USA), anti-MAP-2 (EMD 

Millipore Corporation, Billerica, MA, USA) and anti-NeuN (EMD Millipore Corporation, 

Billerica, MA, USA) antibodies. An antibody against GAPDH (Abcam, Cambridge, MA) 

was used as loading control to monitor loading errors. Densitometric analysis of 

immunoblots was performed using the AlphaImager 2200 digital imaging system (Digital 

Imaging System, CA, USA).
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2.7 Quantitative real time-PCR

Total cellular RNA of cells was isolated using RNeasy Mini kit (QIAGEN, Valencia, CA), 

and first-strand cDNA was synthesized using MuLV reverse transcriptase (Applied 

Biosystems, Foster City, CA) according to the manufacturer’s instruction. After reverse 

transcription reaction, quantitative real-time PCR analysis was performed to amplify cDNA 

by using SYBR-Green Master mix (Applied Biosystems, Foster City, CA). PCR condition 

was as follows: hold at 95 °C for 10 minutes and start 40 cycles at 95 °C for 15 seconds and 

60 °C for 1 minute. Data were normalized to GADPH expression. The primers were 

designed with Vector NTI software (Invitrogen). The sequences of the primers were the 

following: mouse TNF-α forward primer 5′ GAC CCT CAC ACT CAG ATC ATC TTC T 

3′; mouse TNF-α reverse primer 5′ CCT CCA CTT GGT GGT TTG CT 3′; mouse GAPDH 

forward primer 5′ TTCAACGGCACAGTCAAGGC 3′; mouse GAPDH reverse primer 5′ 

GACTCCACGACATACTCAGCACC 3′.

2.8 Nitrite measurement and ELISA of M-CSF, TNF-α, IL-1β, IL-10, and prostaglandin E2 

(PGE2)

The production of NO was determined by measuring the accumulated levels of nitrite in the 

supernatant with the Griess reagent (detection limit: 0.5 μM). Cytokine production and 

PGE2 release in the culture medium were measured with the commercial ELISA kits from 

R&D Systems (Minneapolis, MN).

2.9 Statistical analysis

Data were expressed as mean ± SEM. Statistical significance was assessed by ANOVA 

followed by Bonferroni’s t test using GraphPad Prism software (GraphPad Software Inc., 

CA). A value of p < 0.05 was considered statistically significant.

3. Results

3.1 Pre-treatment of neuron-glia cultures with LPS programs microglial ET

To investigate roles of different brain cells in the regulation of microglial ET, we prepared 

enriched cultures of single cell type and co-cultures of multiple cell types. Importantly, 

although the percentage of microglia in different cultures seems quite different, the number 

of microglial cells in these cultures is similar as shown in Materials and Methods. This 

makes our results on microglial ET formation in the different experiment settings 

comparable. Microglia coexist and constantly interact with neurons and astroglia in the 

brain, thus co-cultures better mimic the physiological microenvironment in the brain. We 

observed about 40% reduction in cell viability in microglia-enriched cultures 3 or 4 days 

after seeding. Microglia stay healthier and survive longer in co-culture with neurons and 

astroglia than in enriched cultures (Gebicke-Haerter et al., 1989; Zhang and Fedoroff, 1996). 

We pre-treated primary neuron-glia cultures with vehicle or 1–15 ng/ml LPS in the treatment 

medium for 1 to 6 hours. We then switched these cultures to fresh treatment media and 

incubated for additional 6 hours before challenging the cultures with 15 ng/ml LPS (Fig. 1a–

c). Adopted from published literature, a reduced production of TNF-α after the 2nd LPS 

challenge was used as the key readout for ET formation in the present study. Because mRNA 
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of LPS-induced pro-inflammatory factors was undetectable 6 hours after LPS was removed 

(data not shown), TNF-α production after the 2nd LPS treatment should be newly 

synthesized as a result of the 2nd LPS stimulation. LPS pre-treatment significantly 

diminished TNF-α secretion in a time- and dose-dependent manner in neuron-glia cultures 

exposed to the subsequent LPS challenge (Fig. 1b, c). For example, pre-treatment with either 

15 ng/ml LPS for 1 hour or 1 ng/ml LPS for 6 hours significantly reduced TNF-α 

production. LPS-induced TNF-α production decreased by about 90% by pre-treatment with 

15 ng/ml LPS for 6 hours (Fig. 1b, c). Such an optimized condition for ET induction was 

used for subsequent experiments. Collectively, microglia became tolerant to the repeated 

LPS stimulation in neuron-glia cultures.

3.2 Neurons and astroglia are required for the induction of microglial ET

It is well known that microglia tightly interact with non-immune cells in the brain. We next 

investigated whether neurons and astroglia modulated microglial ET using multiple co-

cultures or reconstituted brain cell cultures. Although the percentage of microglia in 

different cultures grown in 24-well plates is quite different, the number of microglia in these 

cultures is similar (5~6 × 104/well) as indicated in Materials and Methods. Microglia-

enriched cultures contain ~98% microglia and 2% astroglia, neuron-microglia cultures 

contain 90% neurons and 10% microglia, mixed-glia cultures contain 80% astroglia and 

20% microglia, neuron-enriched cultures contain 99% neurons, and astroglia-enriched 

cultures contain 99.5% astroglia. Interestingly, pre-treatment of microglia-enriched cultures 

with various doses of LPS for different periods of time failed to reduce TNF-α production 

induced by the subsequent LPS treatment (Fig. 1d, e). These results indicated that microglia 

were unable to form ET in the absence of neurons and astroglia. In contrast to brain 

microglia, peritoneal macrophages become refractory to the subsequent LPS treatment after 

LPS pre-treatment, as indicated by less TNF-α production in LPS pre-treatment group than 

the group without LPS pre-treatment (Fig. 1d, e). Here, our finding of ET in cultured 

peritoneal macrophages is consistent with previous studies (Kraatz et al., 1998; Zingarelli et 

al., 2008). Despite obvious differences in the turnover rate and antigen presentation, 

microglia share many similarities with macrophages (e.g. phagocytosis, cytotoxicity, 

scavenging, and cellular signaling) and are considered as “brain macrophages” (Gao and 

Hong, 2008; Gehrmann, 1996; Schmid et al., 2009). However, we found that microglia 

themselves, in the absence of neurons/astroglia, lacked the capacity to form ET when 

exposed to two consecutive LPS stimulations. This suggests a distinct regulatory mechanism 

of microglial ET by non-immune brain cells.

We further distinguish possible roles of neurons and astroglia in microglial ET. The results 

showed that pre-pretreatment of either neuron-microglia or mixed-glia cultures with LPS led 

to ~40% reduction in LPS-induced TNF-α production (LPS/LPS group) compared to the 

cells without LPS pre-treatment (LPS group) (Fig. 1f, g). Neuron-enriched and astroglia-

enriched cultures had no TNF-α production in responses to LPS (Fig. 1f, g). Our results 

suggested that neurons and astroglia both participated in microglial ET. Taken together, we 

found that the presence of neurons and astroglia was necessary for programing microglia to 

form ET.
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3.3 M-CSF secreted by neurons and astroglia modulates microglial ET

We next examined whether physical contact with neurons and astroglia was required for 

microglial ET using the transwell culture system (Fig. 2a). Although microglia in the upper 

inserts have no direct cell-cell contacts with neurons or astroglia grown in the lower 

compartment of the culture plate, soluble factors are permeable between the upper and the 

lower compartment of the plate. In this transwell culture system, LPS pre-treatment 

decreased TNF-α production from microglia triggered by the subsequent LPS treatment by 

50% (Fig. 2a). These results indicated that the physical separation did not totally deprive 

neurons and astroglia of their ability to program microglia to form ET. Thus, it must be 

secreted soluble factor(s) from neurons and/or astroglia that modulated microglial ET. To 

more rigorously evaluate this possibility, we incubated microglia-enriched cultures with 

neuron-glia conditioned medium (NGCM) for 24 hours. In the presence of NGCM, 

microglia-enriched cultures exhibited refractory to the repeated LPS stimulation, as shown 

by half amount of TNF-α production in microglia with LPS pre-treatment (LPS/LPS group) 

compared with microglia without LPS pre-treatment (LPS group) (Fig. 2b). Denatured 

NGCM by high-temperature failed to affect ET formation in enriched microglia (Fig. 2b), 

suggesting heat-sensitive soluble factor(s) from neurons and/or astroglia modulated 

microglial ET.

We then investigated what soluble factor(s) derived from neurons and/or astroglia modulated 

microglial ET. Among multiple factors secreted in our culture systems, M-CSF was detected 

in the supernatant of cell cultures containing neurons and astroglia, including neuron-glia 

cultures, mixed-glia cultures, and neuron-microglia cultures, but not in microglia-enriched 

cultures (Fig. 2c). Given the origin of M-CSF from neurons/astroglia and the requirement of 

neurons or astroglia for microglial ET, we studied whether M-CSF regulated microglial ET. 

Pre-incubation of microglia-enriched cultures with M-CSF recombinant protein for 24 hours 

endowed microglia with capacity of ET (Fig. 2d). We pre-treated M-CSF-derived microglia 

with LPS at doses of 1, 3, 10 and 15 ng/ml before stimulating the cells with 15 ng/ml LPS. 

The results showed that pre-treatment with LPS at 10 and 15 ng/ml significantly reduced 

LPS-induced TNF-α production in enriched microglia (Fig. 2d). These results indicated that 

M-CSF-treated microglia were able to form ET when they were exposed to two consecutive 

LPS treatments. To assess whether M-CSF is a key determinant of microglial ET in the 

neuron-glia cultures, we removed M-CSF from the NGCM by using M-CSF neutralizing 

antibody. While anti-IgG antibody did not affect the level of M-CSF in the NGCM, M-CSF 

was undetectable in neutralized NGCM by anti-M-CSF antibody (Fig. 2e). Pre-incubated 

with anti-IgG-neutralized NGCM, enriched microglia remained refractory to the second LPS 

challenge, as shown by reduced TNF-α production by 50% (Fig. 2f). In contrast, removal of 

M-CSF in the NGCM by neutralization reversed the reduced responsiveness of enriched 

microglia to the second LPS stimulation following a previous LPS pre-treatment (Fig. 2f). 

Therefore, M-CSF secreted by neurons and astroglia plays an important role in modulating 

microglial ET. Other common inflammatory factors detected in our neuron-glia culture 

systems, including TNF-α, IL-1β, PGE2, and NADPH oxidase-derived superoxide free 

radical, did not significantly affect microglial ET formation (Supplemental Fig. 1). Thus, M-

CSF appears an important determining factor for non-cell autonomous regulation of 

microglial ET formation.
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3.4 M-CSF receptor and its downstream ERK1/2 signals are responsible for M-CSF-
mediated microglial ET

To search for potential signaling pathways mediating the action of M-CSF on microglial ET, 

we first determined the expression of M-CSFR (also known as CSF1R) on microglia. 

Immunofluorescence and Western blotting detected a low level of expression of M-CSFR in 

microglia-enriched cultures under resting condition (Fig. 3a–c). After M-CSF treatment, the 

expression of M-CSFR in enriched microglia dramatically increased (Fig. 3a–c), which is 

consistent with a previous publication showing M-CSF-elicited increase in M-CSFR 

expression in adult human microglia (Smith et al., 2013). M-CSFR was mainly expressed in 

the membrane that was indicated by immunostaining of CD11b (a surface integrin receptor) 

and to a lesser degree in the cytoplasm of primary microglia (Fig. 3a). The observed 

cytoplasmic staining of M-CSFR may partially result from possible receptor internalization 

after M-CSF binding. M-CSF-induced increase in microglial M-CSFR expression, combined 

with the demonstrated paracrine of M-CSF, strongly suggests a non-cell-autonomous 

requirement for M-CSFR activation in microglial ET. Anti-IgG antibody did not detect 

obvious immune-staining, indicating the specificity of anti-M-CSFR antibody (data not 

shown). Furthermore, interleukin 34 (IL-34), another ligand for M-CSFR, was used to verify 

the role of M-CSFR activation in modulating microglial ET. Similar to M-CSF, IL-34 

treatment led to ET formation in enriched microglia (Fig. 3d). These results pointed out a 

critical role of the activation of M-CSFR in the regulation of microglial ET.

Binding of M-CSFR by M-CSF has been reported to activate the MAPK pathway (Gobert 

Gosse et al., 2005; Huang et al., 2013). Treatment of microglia by M-CSF significantly 

increased the phosphorylation of ERK1/2 (Fig. 3e, f). Importantly, inhibition of ERK1/2 

activation by U0126 (a selective inhibitor of the MAPKK MEK1/2) prevented ET formation 

in M-CSF-treated microglia (Fig. 3g). By contrast, JNK inhibitor SP6000125 and p38 

inhibitor SB203580 failed to affect ET of M-CSF-treated microglia (Fig. 3g). Thus, 

activation of M-CSFR and downstream ERK1/2 signals by M-CSF secreted from neurons 

and astroglia modulates microglial ET.

3.5 Tolerant microglia appear M2-like polarized phenotype and are neuroprotective

Tolerant microglia released much less pro-inflammatory mediators, including TNF-α (Fig. 

1–3), NO, PGE2, IL-1β in neuron-glia cultures in response to the second LPS treatment 

compared with the first LPS treatment (Fig. 4a–d). However, immune-staining of microglial 

marker Iba-1 showed similar morphological alterations of activation in LPS and LPS/LPS 

groups (Fig. 4e). Interestingly, tolerant microglia expressed higher levels of mRNA and 

protein of anti-inflammatory cytokine IL-10 than microglia exposed to LPS once (Fig. 4f, g). 

Increased mRNA expression of Arg-1, a M2 marker, after the second LPS treatments of 

neuron-glia cultures suggested M2 phenotype of tolerant microglia (Fig. 4g).

ET is an important mechanism for host protection against over-exuberant inflammation and 

consequent tissue destruction and pathological manifestation, such as sepsis, acute coronary 

syndrome, and autoimmune diseases (Lopez-Collazo and del Fresno, 2013). We next found 

that tolerant microglia prevented neuroinflammation-elicited neuronal damages (Fig. 5). 

LPS treatment of neuron-glia cultures for 48 hours led to damages to neurons as shown by 
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decreased density of MAP-2-immunoreactive cells and their dendrites and NeuN-

immunoreactive cells, (Fig. 5a) as well as reduced expression of MAP-2 and NeuN (Fig. 5b–

e). However, LPS pre-treatment for 6 hours followed by wash and a recovery period of 6 

hours prevented neuron-glia cultures from neuronal injures elicited by the second LPS 

exposure for 48 hours (Fig. 5a–e). Thus, microglial ET can play a role in neuroprotection.

3.6 Recovery of microglial ET exacerbates inflammation-mediated neuronal injuries

It has been reported that ET of monocytes and macrophages is not permanent and it 

recovered days after ET induction (Fahmi and Chaby, 1994; Wysocka et al., 2005). It is 

important to test whether brain microglia recover from ET. We determined ET induction 

after two consecutive LPS treatments with different time intervals. Within 12 hours after the 

wash of the cultures (namely 18 hours after LPS pre-treatment), LPS-pre-treated neuron-glia 

cultures produced less TNF-α when encountered new LPS stimulation than the cultures 

without LPS pre-treatment (Fig. 6a), indicating the existence of ET. By contrast, at 24 and 

48 hours after the wash (namely 30 and 54 hours after LPS pre-treatment, respectively), 

neuron-glia cultures with or without LPS pre-treatment produced similar amount of TNF-α 

when stimulated with LPS, indicating no ET formation of microglia when two LPS 

challenges were separated by longer than 30 hours in our culture system (Fig. 6a). 

Consistently, measurement of TNF-α mRNA revealed recovery of microglia from refractory 

state in neuron-glia cultures at 48 hours after the wash of the cultures (namely 54 hours after 

initial LPS treatment) (Fig. 6b). Thus, microglia in neuron-glia cultures recovered from ET 

state within 2 days after tolerance induction and could respond to subsequent endotoxin 

stimulation. Furthermore, expression of MAP-2, NeuN, and GFAP was significantly 

decreased in neuron-glia cultures at 48 after the wash of the cultures following 6-hour LPS 

treatment (Fig. 6c–f). Iba-1 staining and counting of microglial cells revealed about 10% 

increases (insignificant) between the wash of the culture after 6-hour LPS treatment and 48-

hour incubation with fresh medium (Fig. 6c, g). Such an insignificant increase excludes the 

possibility that increased microglial proliferation is responsible for the recovery of ET (Fig. 

6a, b). Thus, after LPS challenge, microglia become tolerant at the early stage of 

neuroinflammation when neurons and astroglia remain healthy, and tolerant microglia 

recover from refractory state at later stage (Fig. 6a, b). Altogether, neuroinflammation 

mediates injuries to neurons and astroglia, which in turn damage the capacity of microglial 

ET. Loss of such tolerance deprives microglia of an essential immune-homeostatic response 

to repeat exposure to endotoxin thereby losing protection against excessive inflammation, 

which exacerbates inflammation-mediated neuronal injuries (Fig. 7). Loss of ET is an 

important pathogenetic mechanism of inflammation-associated neuronal damages. This 

could be an important mechanism of non-immune cells modulates brain immune 

homeostasis.

4. Discussion

In this study, we identified a distinct and essential role of non-immune brain cells (neurons 

and astroglia) in microglial ET development. In the absence of neurons and astroglia, 

microglia-enriched cultures failed to form ET. M-CSF secreted by neurons and astroglia 

acted on microglial M-CSFR (CSF1R) to activate ERK1/2 to program microglial ET. During 
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the neuroinflammatory process, the transition of microglia from tolerance to non-tolerance 

to repeated LPS exposure is strongly associated with decreased viability of neurons and 

astroglia. To the best of our knowledge, our study provides the first evidence that non-

immune cells, neurons and astroglia, are able to influence the capacity of microglial ET. 

Together, this study revealed a novel regulatory interaction among neurons, astroglia, and 

microglia in the development of microglial ET.

ET formation in the brain and cultured brain slices or microglial cells has been reported by a 

few recent studies (Ajmone-Cat et al., 2013; Ajmone-Cat et al., 2003; Beurel and Jope, 

2010; Schaafsma et al., 2015). However, the molecular mechanism underlying microglial ET 

has not been fully investigated. Dr. Eggen and his colleagues have recently reported for the 

first time that a single intraperitoneal or intracerebroventricular LPS injection leads to a 

reduced pro-inflammatory response to a subsequent LPS stimulation in mouse brain. Further 

mechanistic studies indicated that stable and long lasting epigenetical alterations in 

microglia modify their endotoxin sensitivity and tolerance to a subsequent endotoxin 

challenge (Schaafsma et al., 2015). In organotypic hippocampal slice cultures, LPS re-

stimulation after a recovery time of 7 days from the previous LPS stimulation(s) promotes 

an anti-inflammatory response and microglial polarization toward M2-like phenotype but 

suppresses inflammatory response (Ajmone-Cat et al., 2013). Thus, in vivo (Schaafsma et 

al., 2015), ex vivo (Ajmone-Cat et al., 2013), and in vitro (Fig. 1) findings consistently show 

microglial ET formation in the presence of neurons and astroglia.

In the present study, we found that non-immune brain cells, neurons and astroglia, are 

essential for brain microglia to form ET (Fig. 1). This is different from ET development in 

peripheral monocytes/macrophages, where other cell types are not required. It is generally 

believed that microglia arise from mesodermal (myeloid) tissues during embryonic and fetal 

development (Kreutzberg, 1996). Microglia and peripheral macrophages are derived from 

the same primitive myeloid progenitors and perform similar function upon activation (e.g. 

phagocytosis, proliferation, and inflammatory/cytotoxic secretion). However, microglia and 

peripheral macrophages are quite different in turnover rate, antigen presentation capacity, 

and spatial/temporal regulation (Gao and Hong, 2008; Kreutzberg, 1996). We found isolated 

peripheral macrophages formed tolerance when exposed to repeat LPS challenges (Fig. 1), 

which is consistent with reported studies (Kraatz et al., 1998; Zingarelli et al., 2008); 

however, enriched microglia failed to form ET (Fig. 1). The surrounding microenvironment 

may also contribute to the functional disparity of macrophages and microglia (Gehrmann et 

al., 1995). Tight interactions among neurons, microglia, and astroglia not only guarantee the 

effective network of energy metabolism and signal transmission, but also maintain the status 

of immune homeostasis in the brain. MCS-F secretion by peripheral macrophages/

monocytes (Rambaldi et al., 1987) but not by brain microglia (Fig. 2) may partially explain 

the observed difference in ET formation in cultured macrophages and microglia.

The distinct non-cell autonomous regulation of microglial ET found in our study (Fig. 1) 

seems to disagree with the autonomous regulation of microglial ET reported by three 

previous studies (Ajmone-Cat et al., 2003; Beurel and Jope, 2010; Schaafsma et al., 2015). 

Difference in LPS strain/contamination, culture methods, repeated treatment schemes (dose, 

duration, interval and recovery in fresh medium), sample collection times, and other 
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unrecognized reasons may contribute to the observed discrepancies in ET formation in 

microglia-enriched cultures. Microglia respond differently to the same stimulus if other 

stimuli precede, co-exist with or follow it. This prepares microglia for an enhanced or 

decreased response to a second challenge. Whether possible difference in contamination of 

nucleic acids (common contaminants of phenol-extracted LPS and known activators of 

innate immune cells including microglia) in different LPS in the four studies may differently 

affect microglial endotoxin sensitivity and ET formation is unknown. Interestingly, LPS-

preconditioning of neonatal or adult mouse microglial cultures results in reduced 

responsiveness to a subsequent LPS stimulation (Schaafsma et al., 2015). M-CSF-containing 

L929 fibroblast-conditioned medium (33% in the mixed glial medium) or conditioned 

medium collected from the mixed glial cultures (50% in microglial medium) was used to 

stimulate microglia proliferation during culturing neonatal microglia or treating microglia, 

respectively (Schaafsma et al., 2015). We found that microglia-enriched cultures, when 

incubated with NGCM or M-CSF protein, developed ET upon repeated LPS treatments (Fig. 

2b, 2d). Thus, we may speculate that the seemingly autonomous regulation of microglial ET 

(Schaafsma et al., 2015) may have involvement of astroglia-derived soluble factors (e.g. M-

CSF).

Accumulating evidence has demonstrated that both direct cell-cell contact and indirect 

volume transmission through soluble factors play important roles in regulation of 

neuroinflammation and progressive neuronal loss (Block and Hong, 2005; Fuxe et al., 2015; 

Gundersen et al., 2015; Jiang et al., 2015). In studying mechanisms of non-cell autonomics 

regulation of microglial ET, we found that pre-incubation of microglia-enriched cultures 

with NGCM partly restored the ET of microglia. The release of M-CSF from cultured 

neurons/astroglia but not microglia, the induction of microglial ET by M-CSF recombinant 

protein, and the attenuation in microglial ET by neutralization of M-CSF in NGCM together 

indicate an important role of M-CSF in modulating microglial ET (Fig. 2d–f). However, 

incomplete blockage of microglial ET (Fig. 2f) by complete neutralization of M-CSF in the 

NGCM (Fig. 1d), along with incomplete microglial ET in the presence of NGCM (Fig. 2b), 

suggests involvement of direct cell-cell contact or other soluble factor(s) in microglial ET 

formation. The finding that physical separation of microglia from neurons and astroglia did 

not abolish microglial ET development (Fig. 2a) indicates direct cell-cell contact is not 

absolutely required for microglial ET. But, direct cell-cell contact between microglia and 

neurons/astroglia might also contribute to microglial ET regulation. Future studies on effects 

of gene ablation of neuron-glia adhesion molecules such as CD200R, CD172a and CD45 on 

microglial ET will help to address this question. Several common inflammatory factors 

detected in our neuron-glia culture systems, including TNF-α, IL-1β, PGE2, and NADPH 

oxidase-derived free radicals, did not alter microglial ET development (Supplemental Fig. 

1). By contrast, these inflammatory factors have been reported to participate in the 

development of ET in peripheral macrophages (Medvedev et al., 2000). The disparity in ET 

regulation in macrophages and microglia not only supports a distinct non-cell autonomics 

mechanism of microglial ET but also indicates a unique role of M-CSF in microglial ET.

M-CSF and its receptor M-CSFR play critical roles in microglial differentiation and 

proliferation during the embryonic period (Otero et al., 2009; Sasaki et al., 2000; Smith et 

al., 2013). Elegant studies have revealed fewer brain microglia in M-CSF-deficient mice 
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than wildtype mice and no brain microglia in M-CSFR-deficient mice (Ginhoux et al., 

2010). Mutations in gene encoding M-CSFR cause hereditary diffuse leukoencephalopathy 

with spheroids (Rademakers et al., 2012). Inhibition of M-CSFR activity blocks glioma 

progression by altering macrophage/microglia polarization (Pyonteck et al., 2013) and slows 

neurodegeneration and disease progression by suppressing microglial proliferation in models 

of Creutzfeldt-Jakob disease and Alzheimer’s disease (Gomez-Nicola et al., 2013). M-CSF 

improves cellular growth, survival, and phagocytic activity of microglia under 

physiopathological conditions (Boissonneault et al., 2009; Elmore et al., 2014; Liu et al., 

1994; Mitrasinovic et al., 2001; Mitrasinovic et al., 2003). M-CSF suppresses microglial 

response to LPS (Lodge and Sriram, 1996), augments β-amyloid-induced IL-1, IL-6, and 

NO production by microglia (Murphy et al., 1998), and regulates programmed death of 

cultured rat microglia (Gehrmann, 1995). In the present study, we elucidated a novel 

function of M-CSF in modulating microglial ET formation beyond their known roles in 

early development. Our results also indicated that modulation of microglial ET by M-CSF is 

M-CSFR dependent (Fig. 3). We found exogenous IL-34, another ligand for M-CSFR, was 

also able to induce ET in microglia-enriched cultures (Fig. 3d). Recent studies have shown 

that IL-34 is primarily produced by neurons, specifically directs the differentiation of 

myeloid cells in the developing CNS and determines the phenotype discrepancy in M-CSF-

deficient and M-CSFR-deficient mice described above (Mizuno et al., 2011; Nandi et al., 

2012; Wang et al., 2012). IL-34 deficiency mainly affects development but not the ability of 

microglia to produce inflammatory cytokines (Greter et al., 2012; Nakamichi et al., 2013; 

Wang and Colonna, 2014). IL-34 was undetectable in our culture system (data not shown). 

Whether IL-34 participates in microglial ET regulation warrants further investigation. 

Binding of M-CSF to M-CSFR triggers activation of several signal pathways such as PI3K-

Akt and ERK1/2 to turn on expression of genes that modulate multiple cellular behaviors 

(Imai and Kohsaka, 2002). Increased expression of M-CSFR (CSF1R) in microglia and 

neurons in patients and/or mouse models of ischemic or traumatic brain injury implies the 

clinical relevance of this receptor in CNS diseases (Du Yan et al., 1997; Mitrasinovic et al., 

2005). More interestingly, microglia with increased expression of M-CSFR are 

neuroprotective against NMDA-induced neurotoxicity in a microglial-hippocampal 

organotypic co-culture system (Mitrasinovic et al., 2005).

Tolerant microglia appeared M2-like phenotype and protected neurons against the LPS-

induced neuronal damage (Fig. 4). Those results, combined with a necessary role of 

neurons/astroglia in microglial ET formation (Fig. 1), imply that a positive self-protective 

cycle exists between healthy neurons and M2-like tolerant microglia in the early stage of 

neuroinflammatory process (Figure 7). Conversely, tolerant microglia lost their tolerance to 

the subsequent LPS stimulation when surrounding neurons and astroglia are injured (Fig. 6), 

thereby losing protection against excessive inflammation. Loss of ET may be an important 

pathogenetic factor of inflammation-associated neuronal damages. Our studies also describe 

a potential relationship among initial microglial activation, later microglial ET development, 

and possible prevention of excessive damages to the CNS in case of a recurrent immune 

challenge.

The present study revealed that astroglia by releasing M-CSF and other possible factors 

participated in the regulation of microglial ET (Fig. 1g and Fig. 2c). Data collected from 

Chu et al. Page 14

Brain Behav Immun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiments involving neuron-glia cultures or NGCM (Fig. 1b, c; Fig. 2b, e, f; and Fig. 4b–

d) also support involvement of astroglia in microglial ET regulation and neuroinflammatory 

process. Interestingly, a recent study has reported inflammatory tolerance in astroglia 

(Beurel and Jope, 2010). Further studies on molecular mechanisms of astroglial ET 

regulation will advance our understating of brain immune tolerance and its function in 

prevention of excessive neuronal damages.

In conclusion, our study identifies a novel non-cell autonomous regulatory mechanism of 

microglial ET by neurons and astroglia. Released M-CSF by these non-immune cells acted 

on M-CSFR and activated downstream ERK1/2 signals to regulate microglial ET. A better 

understanding of the heterogeneity of microglial activation including ET might provide a 

glia-based therapeutic strategy to prevent excessive damages to the CNS in case of a 

recurrent immune challenge.
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Figure 1. Neurons and astroglia are required for microglial endotoxin tolerance
(a, b) Neuon-glia cultures from C57BL/6J mice were pre-incubated with vehicle or different 

doses of LPS for 6 hours and then washed and incubated with fresh medium for 6 hours. 

LPS (15 ng/ml) was re-added into these cultures. TNF-a secretion was detected 6 hours later 

by ELISA assay. (c) Neuon-glia cultures were pre-treated with vehicle or 15 ng/ml LPS for 1 

to 6 hours. After wash and incubation with fresh medium for 6 hours, these cultures were 

treated with 15 ng/ml LPS. Supernatant levels of TNF-α of these cultures were detected 6 

hours later by ELISA assay. (d, e) Pre-treated with either 15 ng/ml LPS for 1 to 6 hours (d) 

or with different doses of LPS for 6 hours (e), brain microglia and peritoneal macrophages 

from C57BL/6J mice were washed and incubated with fresh medium for 6 hours. After that, 

LPS (15 ng/ml) was re-added into these cultures. TNF-α production in the supernatant of 

these cells was detected at 6 hours following LPS re-addition. Neuron-enriched (f), neuron-

microglia (f), astroglia-enriched (g), and astroglia-microglia (g) cultures grown in 24-well 

plates were pre-treated with vehicle or 15 ng/ml LPS for 6 hours and then replaced with 

fresh medium and incubated for 6 hours. LPS (15 ng/ml) was re-added into these cells. Six 

hours later TNF-α production in the supernatant of these cells was detected by ELISA assay. 

LPS group indicated the cells were treated with LPS once; LPS/LPS group indicated the 

cells were pre-treated with LPS and then re-treated with LPS after the wash of the cultures 

and 6 hours of recovery. Asterisk, p<0.05, compared with corresponding vehicle-treated 

control cultures. Number sign, p<0.05, compared with corresponding LPS-treated cultures 

without LPS pre-treatment.
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Figure 2. M-CSF secreted by neurons and astroglia governs microglial endotoxin tolerance
(a) Microglia were added into transwell inserts while neurons and astroglia grew confluent 

in the lower compartment of the 24-well plate as indicated. These cells were pre-treated for 

6 hours with vehicle (LPS group) or 15 ng/ml LPS (LPS/LPS group) followed with wash 

and incubation with fresh medium. After that, LPS (15 ng/ml) was re-added into these 

cultures. TNF-α production in the supernatant of these cells was detected by ELISA at 6 

hours following LPS re-addition. Asterisk, p<0.05, compared with corresponding LPS-

treated cultures without LPS pre-treatment. (b) Incubated for 12 hours in regular medium, 

neuron-glia conditioned medium (NGCM), or heat-denatured NGCM, microglia-enriched 

cultures were treated with 15 ng/ml LPS once (LPS group) or twice with a 12-hour interval 

and wash of the cultures at the middle of this interval (LPS/LPS group). TNF-α production 

in the supernatant of these cells was detected by ELISA at 6 hours after the last LPS 

treatment. Asterisk, p<0.05, compared with corresponding LPS-treated cultures without LPS 

pre-treatment. (c) ELISA assay detected M-CSF production in the supernatant of neuron-

microglia cultures, mixed-glia cultures containing microglia and astroglia, and neuron-glia 
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cultures containing microglia, neurons and astroglia, but not microglia-enriched cultures. (d) 

Microglia were incubated with vehicle or 500 pg/ml M-CSF for 24 hours. Pre-treatment of 

the M-CSF-stimulated microglia with LPS at indicated doses for 6 hours was followed by 

incubation with fresh media for additional 6 hours. LPS was re-added into these cultures. 

Six hours later TNF-α production in the supernatant of these cells was detected by ELISA. 

Asterisk, p<0.05, compared with corresponding vehicle-treated control cultures. Number 

sign, p<0.05, compared with corresponding LPS-treated cultures without LPS pre-treatment. 

(e) ELISA detected M-CSF in NGCM and NGCM neutralized with anti-IgG or anti-M-CSF 

antibody. Asterisk, p<0.05, compared with regular medium group. Number sign, p<0.05, 

compared with NGCM group. (f) Microglia were incubated with regular microglial medium 

or NGCM that was pre-incubated with either anti-IgG or anti-M-CSF neutralizing antibody 

for 12 hours. These cells were treated with 15 ng/ml LPS once (LPS group) or twice 

(LPS/LPS group) as described in (b). Six hours later, TNF-α secretion was detected by 

ELISA. Asterisk, p<0.05, p<0.05, compared with corresponding LPS-treated cultures 

without LPS pre-treatment. Number sign, p<0.05, compared with LPS/LPS-treated cultures 

with anti-IgG antibody treatment group.
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Figure 3. M-CSF mediates microglial endotoxin tolerance through M-CSF receptor and its 
downstream ERK1/2 signaling pathways
(a, b) Microglia-enriched cultures were treated with vehicle or 500 pg/ml M-CSF for 24 

hours. Anti-M-CSFR (CSF1R) antibody was used to detect M-CSFR expression by 

immunofluorescence (a) and western blot (b). GAPDH was used as loading control (b). (c) 

The density of the CSF1R signals was quantified and normalized to the corresponding 

control. The results are expressed as a percentage of the vehicle-treated control group (mean 

± SEM) from three to four experiments performed in duplicate and are analyzed using 

Student’s t-test. Asterisk, P < 0.05 compared with vehicle-treated control. (d) Microglia-

enriched cultures were treated with 500 pg/ml IL-34 for 24 hours and then were treated with 

15 ng/ml LPS once (LPS group) or twice with a 12-hour interval and wash of the cultures at 

the middle of this interval (LPS/LPS group). TNFα secretion from these cells was detected 
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at 6 hours later by ELISA. Asterisk, p<0.05, compared with corresponding LPS-treated 

cultures without LPS pre-treatment. (e) Microglia-enriched cells were treated with vehicle or 

500 pg/ml M-CSF. Phospho-ERK1/2 (p-ERK1/2) and ERK1/2 were detected at 10 and 20 

minutes after M-CSF treatment by western blot. (f) The density of the p-ERK1/2 signals was 

quantified and normalized to the corresponding controls. The experiment has been 

performed three times. Results are shown as the mean ± SEM. Asterisk, p < 0.05, compared 

with corresponding vehicle-treated control cultures. (g) Microglia-enriched cultures were 

pre-treated with vehicle, SP600125 (5 μM; JNK inhibitor), SB203580 (5 μM; p38 inhibitor), 

and U0126 (5 μM; MEK1/2 inhibitor) for 1 hour, and then treated with 500 pg/ml M-CSF. 

Twenty four hours later, these cells were treated with 15 ng/ml LPS once (LPS group) or 

twice (LPS/LPS group) as described in (b). TNF-α production in the supernatant of these 

cells was measured at 6 hours later by ELISA. Asterisk, p<0.05, compared with 

corresponding LPS-treated cultures without LPS pre-treatment.
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Figure 4. Tolerant microglia display M2-like polarized phenotype
(a–g) Neuron-glia cultures were pre-treated with vehicle (LPS group) or 15 ng/ml LPS 

(LPS/LPS group) for 6 hours and then replaced with fresh treatment medium. Additional 6 

hours later, LPS (15 ng/ml) was added into the medium again. At 24 hours after LPS re-

stimulation, supernatant levels of nitrite (b) was measured with the Griess reagent, pro-

inflammatory factors PGE2 (c) and IL-1β (d) and anti-inflammatory cytokine IL-10 (f) were 

detected by ELISA at different time points indicated in (a). Levels of Iba-1 protein (e) and 

mRNA of M2 markers IL-10 and Arg-1 (g) were measured by immunocytochemistry (e) and 

real-time PCR (g), respectively. Asterisk, p<0.05, compared with corresponding LPS-treated 

cultures without LPS pre-treatment.

Chu et al. Page 24

Brain Behav Immun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Tolerant microglia protect neurons from repeated inflammatory insult
Neuron-glia cultures were treated with vehicle or 15 ng/ml LPS for 6 hours and then 

replaced with fresh medium. Additional 6 hours later, LPS (15 ng/ml) was added into the 

medium again. Expression of MAP-2 (a–c) and NeuN (a, d, e) in these cultures was 

measured 48 hours later by immunocytochemistry (a) and western blots (b, d). GAPDH 

served as an internal control. (c, e) The density of the MAP-2 and NeuN immunostaining 

was quantified and normalized to corresponding controls. The results are expressed as a 

percentage of the vehicle-treated control group (mean ± SEM) from three to four 

experiments performed in duplicate. Asterisk, p<0.05, compared with corresponding 

vehicle-treated control cultures. Number sign, p<0.05, compared with corresponding LPS-

treated cultures without LPS pre-treatment.
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Figure 6. Microglia loss their ability to form ET when surrounding neurons/astroglia were 
damaged
(a, b) Neuron-glia cultures were pre-treated with 15 ng/ml LPS for 6 hours. After washed 

and incubated with fresh media for indicated time, the cultures were treated with LPS and 

the expression of TNF-α at the level of protein (a) and mRNA (b) was detected 6 hours later. 

Asterisk, p<0.05, compared with corresponding vehicle-treated control cultures. Number 

sign, p<0.05, compared with corresponding LPS-treated cultures without LPS pre-treatment. 

(c–g) Neuron-glia cultures were treated with vehicle or 15 ng/ml LPS for 6 hours and then 

replaced with fresh medium. Additional 1 or 48 hours later, the expression of MAP-2, 

NeuN, GFAP and Iba-1 in those cells was measured by immunocytochemistry. (d–f) The 

density of MAP-2, NeuN and GFAP immunostaining shown in (c) was measured and 

quantified. (g) The number of Iba-1-immunoreactive microglia of each well was counted 

under the microscope. Data were shown as the percentage of vehicle-treated control and 

expressed as the means ± SEM from 5 independent experiments in triplicate. Asterisk, 

p<0.05 and Number sign, p<0.01, compared with corresponding vehicle-treated control 

cultures.
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Figure 7. Neurons and astroglia govern microglial ET through M-CSFR-mediated ERK1/2 
activation to prevent inflammation-induced neuronal damages
Under endotoxin challenge, resting microglia could transform into tolerant phenotype where 

they produce less pro-inflammatory factors such as TNF-α when encountered a new LPS 

stimulation. Different from peripheral macrophages, microglia form endotoxin tolerance via 

a non-cell-autonomous mechanism. Microglia lose their endotoxin tolerance capacity in the 

absence of neurons and astroglia. The tolerant microglia occur at early stage of 

neuroinflammation; however they become non-tolerant at later stage of neuroinflammation 

when neurons and astroglia are injured. M-CSF secreted by neurons and astroglia acts on M-

CSFR on microglia to modulate microglia endotoxin tolerance through downstream 

intracellular ERK1/2 signals.
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