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SUMMARY

Aims: This study explored sFasL expression in neurons and the potential role of neuronal

sFasL in modulating the microglial phenotypes. Methods: In vivo, middle cerebral artery

occlusion (MCAO) was induced in both FasL-mutant (gld) and wild-type (wt) mice. In vitro,

primary cortical neuron or microglia or coculture from wt/gld mice was subjected to oxygen

glucose deprivation (OGD). sFasL level in the supernatant was evaluated by ELISA. Neu-

ronal-conditioned medium (NCM) or exogenous sFasL was applied to primary microglia

with or without FasL neutralizing antibody. Protein expression of JAK2/STAT3 and NF-jB
pathways were determined by Western blot. The effect of microglia phenotype from wt/gld

mice on the fate of ischemic neurons was further elucidated. Results: In vivo, compared

with wild-type mice, M1 markers (CD16, CD32 and iNOS) were attenuated in gldmice after

MCAO. In vitro, post-OGD neuron released more sFasL. Both post-OGD NCM and exoge-

nous sFasL could trigger M1-microglial polarization. However, this M1 phenotype shift was

partially blocked by utilization of FasL neutralizing antibody or gld NCM. Consistently,

JAK2/STAT3 and NF-jB signal pathways were both activated in microglia after exogenous

sFasL treatment. Compared with wild-type mice, M1-conditioned medium prepared from

gld mice protected neuron against OGD injury. Conclusions: Ischemic neurons release

sFasL, which contributes to M1-microglial polarization. The underlying mechanisms may

involve the activation of JAK2/STAT3 and NF-jB signaling pathways.

Introduction

After heart disease, stroke is the second leading cause of

death worldwide and is a major cause of adult disability [1,2].

Ischemic stroke, the most common type, accounts for approxi-

mately 85% of acute cerebral vascular diseases [1]. Inflamma-

tion occurs throughout the progression of cerebral ischemia/

reperfusion and appears to play important roles in the patho-

genic process [3]. At early stages, inflammation may amplify

ischemic injury, but set the stage for tissue repair in later

periods [4], which is related to the different phenotypes and

functions of microglia. Microglia respond by switching from a

surveillance state to various types of activated phenotypes,

referred to as classical activation phenotypes (M1) typically

releasing pro-inflammatory mediators, and alternative activa-

tion phenotypes (M2), which possess antiinflammatory proper-

ties [5]. However, the underlying mechanisms of how

microglia to shift phenotypes after ischemia are largely

unknown.

It is well known that microglia constitute the first line of

immune defense in the brain, neurons also have the ability to

sense changes in the brain, contributing to maintenance of CNS-

homeostasis in the normal condition [6]. Substantial evidence

shows that neurons can control microglia by both contact-depen-

dent and contact-independent mechanisms [7]. Healthy neurons

produce calming signals preventing inappropriate microglial acti-

vation. However, in some pathological conditions, such as ische-

mia and trauma, the interactions between neurons and microglia

are disturbed [7].

Fas ligand (FasL) is a member of the TNF protein family and

exists in two distinct forms: a membrane-bound form (mFasL)

and a soluble form (sFasL) generated from the cleavage of mem-

branous molecules by matrix metalloproteinases [8]. Although

mFasL is a primary mediator of apoptosis, emerging evidence
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suggests sFasL is chemotactic and is characterized by a pro-inflam-

matory, instead of apoptosis-related function [9,10]. Mice with

FasL mutant (gld) or inhibition of FasL activity with neutralizing

antibody treatment is neuroprotective and reduce inflammatory

cell infiltration in experimental stroke models [11,12]. In our pre-

vious study, we revealed gld mice attenuate the recruitment of

neutrophil and inhibit the microglial activation after ischemia,

which might involve the decreased sFasL expression compared to

wild-type mice [12]. However, little is known about the effect of

sFasL in the phenotypes and functions of activated microglia

and its role in regulation of interactions between neuron and

microglia.

In this study, we explored the polarization of microglia in

FasL-mutant (gld) mice and the involvement of neuronal

sFasL in modulating microglial polarization after ischemia. The

effect of M1/M2-conditioned medium from wt/gld mice on

the fate of ischemic neurons was also elucidated. In addition,

the potential mechanisms of sFasL in triggering JAK2/STAT3

and NF-jB signal transduction pathways were demonstrated in

this study.

Materials and Methods

Middle Cerebral Artery Occlusion Model in Mice

The wild-type control C57BL/6J (wild-type) and FasL-mutant

(gld) mice (12–14 weeks, 22–24 g, male) were obtained from

the Animal Model Center of Nanjing University, in Nanjing,

China. For transient middle cerebral artery occlusion (MCAO),

intraluminal filament technique was utilized for 60 min as

previously described [13]. Animals were included if regional

cerebral blood flow was below 30% of baseline. Sham-operated

mice underwent the same surgery except the MCAO filament

inducement.

Cortical Neuronal Culture

Embryonic cortical neuronal cultures were prepared from 16-day-

old C57/BL6J or gld mice embryos as previously described [14].

The purity of neuronal cultures was more than 90%, as deter-

mined by immunocytochemical staining using an antibody

against microtubule-associated protein-2 (MAP-2).

Primary Microglia Cells Culture and Microglial-
Conditioned Medium Preparation

Primary microglia cells were isolated from glia cultures prepared

from newborn C57/BL6J or gld mice <48 h old as described pre-

viously [15]. Microglia cells were collected directly from the

mixed glia cells when most of them floating in the medium

(10–12 days after initial seeding) and seeded into 6- or 24-well

plates at a density of 5 9 105 cells/mL for 2–3 days. The purity

of the primary microglia cells was more than 95% as deter-

mined by Iba-1 immunocytochemical staining. Lipopolysaccha-

ride (LPS, 100 ng/mL) and IFN-c (20 ng/mL) were added to

medium for 48 h for M1 induction. In contrast, for M2 induc-

tion, IL-4 (20 ng/mL) was applied. The M1 or M2 microglial-

conditioned medium was then collected and stimulated post-

oxygen glucose deprivation (OGD) neurons in 96-well plates for

indicated times. Neurotoxicity and cell viability were assessed by

propidium iodide (Sigma, St. Louis, MO, USA) and calcein AM

staining (Molecular, Houston, TX, USA), lactate dehydrogenase

(LDH) assay (Beyotime Biotech, Nantong, China), and conven-

tional 3-[4,5-diethylthiazol-2yl]-2,5-diphenyltetrazolium bro-

mide (MTT) assay following the manufacturers’ protocols.

Neuron–Microglia Cocultures

To generate neuron–microglia cocultures, embryonic cortical neu-

rons were cultured in 12-well plates (1 9 106 cells/mL) for about

7 days. Primary microglia (1 9 105 cells/mL) were then seeded

and cultured together with neurons in the culture medium (mini-

mum essential medium containing 10% FBS, 2 mmol/L L-gluta-

mine, 1 mmol/L sodium pyruvate, and 100 lM/L nonessential

amino acids). After 3 days, the coculture system was subjected to

OGD treatment.

OGD of Cells and Neuronal-Conditioned Medium
Preparation

Oxygen glucose deprivation was performed in neurons and neu-

ron–microglia cocultures, as reported previously [16], with

minor modifications. Briefly, neuron or neuron–microglia cocul-

tures were initially maintained in an anoxic (95% N2 and 5%

CO2) and serum/glucose-free DMEM environment at 37°C for

30 min. The cells were then transferred to a normoxic incubator

(95% air and 5% CO2) with normal glucose medium without

B27 for reperfusion. Three to six hours after reperfusion, the

conditioned medium was harvested from neuron. Neuronal-

conditioned medium (NCM) from OGD-induced neurons was

cleared by centrifugation and was then diluted to 3:1 by mixing

with microglial complete medium prior to treating microglia

cells. The conditioned medium was applied fresh without stor-

age. For all experiments, conditioned medium from normal

neurons was collected simultaneously and used in parallel. In

some experiments, microglia were pretreated with and without

AG490 (10 lM; Santa Cruz Biotechnology Inc., Santa Cruz, CA,

USA), JSH-23 (10 lM; Selleck Chemicals, Houston, TX, USA),

anti-FasL neutralizing antibody of TNFSF6 Ab (0.1 lg/mL; R&D

Systems, Minneapolis, MN, USA), or rat IgG (0.1 lg/mL; R&D

systems) for 30 min and then incubated with recombinant mur-

ine sFasL (0.1 nM; R&D Systems) for 3–48 h.

ELISA Assay

The embryonic cortical neuronal cultures or neuron–microglia

cocultures were exposed to OGD as mentioned above, and super-

natants were evaluated using a mouse sFasL immunoassay kit

(R&D Systems) following the manufacturer’s protocol.

RNA Isolation and Real-Time PCR

Total RNA was extracted from the microglia and neuron–microglia

cocultures (with or without OGD treatment) using TRIzol (Invit-

rogen, Carlsbad, CA, USA) and was reverse-transcribed into cDNA

using a PrimeScript RT reagent Kit (Takara, Dalian, China)

772 CNS Neuroscience & Therapeutics 22 (2016) 771–781 ª 2016 John Wiley & Sons Ltd

sFasL Drives M1-Microglia Phenotype in Stroke H.-L. Meng et al.



according to the manufacturer’s instructions. Quantitative real-

time PCR (RT-PCR) was performed using SYBR Premix Ex TagTM

on an ABI 7500 PCR instrument (Applied Biosystems, Foster City,

CA, USA). Relative gene expression was analyzed by the 2�(DDCt)

with normalization to the expression of the internal control glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH). Correspond-

ing primers (Invitrogen) were as follows:

CD11b: F: CCA AGA CGA TCT CAG CAT CA, R: TTC TGG CTT

GCT GAA TCC TT; CD16: F: TTT GGA CAC CCA GAT GTT TCA G,

R: GTC TTC CTT GAG CAC CTG GAT C; CD32: F: AAT CCT GCC

GTT CCT ACT GAT C, R: GTG TCA CCG TGT CTT CCT TGA G;

CD86: F: GAC CGT TGT GTG TGT TCT GG, R:GAT GAG CAG CAT

CAC AAG GA; iNOS: F: CAG CTG GGC TGT ACA AAC CTT, R:

CAT TGG AAG TGA AGC GTT TCG; TNF-a: F: CAA GGG ACA

AGG CTG CCC CG, R: GCA GGG GCT CTT GAC GGC AG; IL-1b: F:
AAG CCT CGT GCT GTC GGA CC, R: TGA GGC CCA AGG CCA

CAG G; CD206: F: TTC GGT GGA CTG TGG ACG AGC A, R: ATA

AGC CAC CTG CCA CTC CGG T; IL-10: F: GGT TGC CAA GCC

TTA TCG GA, R: ACC TGC TCC ACT GCC TTG CT; Ym1/2:F: GGG

CAT ACC TTT ATC CTG AG, R: CCA CTG AAG TCA TCC ATG TC;

TGF-b: F: GGA GCC ACA AAC CCC GCC TC, R: GCC AGC AGG

TCC GAG GGG AGA.

Western Blot Analysis

Western blot analysis was performed as previously [17]. Cytoplas-

mic and nuclear protein extraction kit (Thermo Fisher Scientific,

Pittsburgh, PA, USA) was used to collect the cytoplasmic and

nuclear protein according to the manufacturer’s instruction. Equal

amounts of protein were separated by 8% SDS-polyacrylamide gel

and transferred to polyvinylidene difluoride (PVDF) membrane.

The membrane was blocked with 5% skim milk in TBST for 1 h at

room temperature and incubated with primary antibodies against

p-JAK2, JAK2, p-STAT3, STAT3 (1:500; Cell Signaling Technol-

ogy, Beverly, MA, USA), NF-jB p50 (1:200; Santa Cruz Biotech-

nology Inc.), NF-jB p65 (1:1000; Cell Signaling Technology),

IjBa (1:1000; Cell Signaling Technology, Beverly, MA, USA),

p-IjBa (1:1000; Cell Signaling Technology), iNOS (1:1000;

Bioworld, Louis Park, MN, USA), COX-2 (1:1000; Bioworld), and

b-actin (1:5000; Bioworld) overnight, followed by appropriate

horseradish peroxidase (HRP)-conjugated secondary antibody

(1:5000; Bioworld). The reaction was observed using chemilumi-

nescence reagents (Bioworld). The intensity of blots was quanti-

fied using densitometry.

Immunofluorescene Analysis

Brain slices were prepared as previously described [18]. After

being blocked with 5% goat serum (TBST), the slices were incu-

bated with CD16 antibody (1:500; BD Pharmingen, San Diego,

CA, USA), CD206 (1:500; Abcam, Cambridge, UK), and Iba-1

(1:500; Wako Chemicals USA Inc., Richmond, VA, USA) over-

night at 4°C. Primary microglia were seeded in cover slips in 24-

well culture plates and exposed to NCM or sFasL (0.1 nM) for

24 h with or without neutralization antibody. Briefly, cells were

washed twice with PBS and fixed in cold 4% paraformaldehyde

for 25 min at room temperature. After washing twice in PBS pH

7.4 containing 0.25% Triton X-100, cells were blocked in 3% BSA

in PBS for 1 h at room temperature. Subsequently, the cells were

incubated overnight with antibodies against CD16 (1:500, BD

Pharmingen, UK), CD206 (1:500; Abcam), and Iba-1 (1:500;

Wako Chemicals USA Inc.) at 4°C and then incubated with FITC-

conjugated goat anti-mouse IgG at room temperature for 2 h.

Images were taken using a fluorescence microscope (Olympus

PX51; Olympus Corporation, Tokyo, Japan) and analyzed with

Adobe Photoshop 5.5 software (Adobe Systems, San Jose, CA,

USA). The cell quantity calculation was made by counting three

randomly selected microscopic fields on the cover slips; fluores-

cent density was analyzed using ImageJ software (National Insti-

tutes of Health, Bethesda, MD, USA).

Statistical Analysis

Data were expressed as the mean � standard error of the mean

(SEM) of three to six independent experiments. Significant differ-

ences were evaluated using ANOVA test followed by Bonferroni

post hoc multiple comparison test using the SPSS software 18.0

(SPSS, Chicago, IL, USA). P-values <0.05 were considered as statis-

tically significant differences.

Results

gld Mice Attenuated M1 Microglia Polarization
in Ischemic Brain

To investigate whether sFasL is relevant to microglia polarization

after stroke, the gene expression of M1 markers (CD16, CD32,

CD86, iNOS, and TNF-a) and M2 markers (CD206, YM1/2, and IL-

10) of ipsilateral cortex in both wild-type and gld mice after MCAO

was measured by RT-PCR. The results showed that CD16, CD32,

CD86, iNOS, and TNF-a were increased from 24 to 72 h after

MCAO in wild-type mice (Figure 1A–C), which was consistent with

Hu’s study [19]. However, in comparison with wild-type mice, the

gene levels of CD16, CD32, and iNOS were decreased by 28.7%,

28.0%, and 23.7% at 72 h after MCAO in gld mice, respectively. In

contrast, the gene levels of M2 marker CD206 was increased by

27.5% and 14.0% at 24 and 72 h after MCAO (Figure 1D). In addi-

tion, as an antiinflammatory factor, another M2 marker, IL-10, was

upregulated by 42.2% in gldmice at 24 h (Figure 1D).

Consistent with gene expression, M1 microglial polarization, as

revealed by Iba1+/CD16+ staining in ischemic brain slices, was

prominent in wild-type mice after MCAO while greatly attenu-

ated in gld mice (Figure 1E,G). Iba1+/CD206+ cell number was

higher in gld mice at 24 and 72 h after MCAO (Figure 1F,H).

Taken together, these results suggest the protective function of gld

mice after ischemia mainly involves the microglial polarization

process by declining the pro-inflammatory M1 phenotype and

promoting the antiinflammatory M2 phenotype.

OGD-Induced Microglial Activation and M1
Microglial Polarization in Neuron–Microglia
Cocultures

To investigate the cross talk between neurons and microglia after

OGD treatment, neuron–microglia cocultures were constructed

in vitro to exclude interactions with other cell types. Microglial

ª 2016 John Wiley & Sons Ltd CNS Neuroscience & Therapeutics 22 (2016) 771–781 773

H.-L. Meng et al. sFasL Drives M1-Microglia Phenotype in Stroke



inflammatory activity was evaluated by mRNA or protein levels of

iNOS, IL-1b, or COX2. Meanwhile, the surface markers of M1

phenotype (CD11b) and M2 phenotype (CD206) gene expression

were tested to determine the microglial polarization. As evaluated

by RT-PCR (Figure 2A), the levels of M1-type gene CD11b were

increased at both 3 h (P < 0.05) and 6 h (P < 0.01) after OGD

reperfusion in neuron–microglia cocultures, accompanied by

upregulated pro-inflammatory cytokines iNOS (3 h: P < 0.01,

Figure 1 FasL mutation in gldmice reduces

microglial activation and M1 polarization after

middle cerebral artery occlusion (MCAO). (A)

The image showing the position of

immunofluorescent staining obtained from the

penumbra of the infarct brain, (B) RT-PCR for

mRNA expressions of inflammatory cytokines,

(C) M1 surface markers and (D) M2 markers of

ipsilateral cortexs at 24 and 72 h after MCAO.

n = 4 animals per group. (E) Cortex costained

for CD16 (M1 marker, green) and Iba-1 (red). (F)

Cortex costained for CD206 (M2 marker, green)

and Iba-1 (red). (G) Expression of the

percentage of CD16+/Iba-1+ cell. (H) Expression

of the percentage of CD206+/Iba-1+ cell. Scale

bar: 50 lM. n = 4 animals per group.

*P < 0.05, **P < 0.01, ***P < 0.001 versus

wild-type mice, respectively.
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6 h: P < 0.001) and IL-1b (3 h: P < 0.05, 6 h: P < 0.01) and

downregulated M2-type markers CD206 (3 h: P < 0.001, 6 h:

p < 0.05). Meanwhile, the protein levels of inflammatory media-

tor iNOS and COX2 were prominently increased after OGD treat-

ment in cocultures (Figure 2B,C). These results demonstrated that

the interactions between neurons and microglia changed after

OGD treatment, inducing microglial activation, generating more

inflammatory cytokines and shifting to M1 type.

Ischemic Neurons From gld Mice Decreased
Microglia Polarization Toward M1 in a Contact-
Independent Way in vitro

Neuron–microglia interaction through contact-dependent or con-

tact-independent mechanisms is involved in the regulation of

microglial phenotype in both physiological and pathological con-

ditions [6]. To investigate the different effects of the soluble fac-

tors released by ischemic neuron cultured between wild-type

and gld mice on microglia, microglia were treated with condi-

tioned medium collected from normal neuronal cultures (NCM)

or 6 h post-OGD neuronal cultures (OGD-NCM) of the two

genotype mice. As shown in Figure 3A, the gene expression of

M1 markers (iNOS, TNF-a, CD11b, CD16, CD32, and CD86)

were increased after OGD-NCM treatments for 24 h. Meanwhile,

M2 marker IL-10 was also downregulated after the OGD-NCM

stimulation, although no significant changes were found in

CD206 expression (Figure 3A). Consistent with the RT-PCR

results, immunofluorescent analysis confirmed a statistically

significant increase of CD16 expression in microglia 24 h after

OGD-NCM treatment (Figure 3B,C). Interestingly, compared

with OGD-NCM cultured from wild-type neuron, OGD-NCM

from gld neuron attenuated the gene expression of M1 markers

(iNOS, TNF-a, CD11b, CD16, CD32, and CD86) and release of

pro-inflammatory mediators (iNOS and COX2) (Figure 3A–E).

These results indicated that ischemic neuron could induce M1

polarization through contact-independent mechanism by releas-

ing soluble mediators, while ischemic neurons from gld mice

attenuated M1 polarization.

Neuron-Derived sFasL Plays Important Roles in
OGD-Mediated M1 Microglia Polarization

The pro-inflammatory function of sFasL after ischemia has been

described previously [9,12]. From ELISA assay results (Fig-

ure 4A), a significant increase of sFasL expression was observed in

the post-OGD neuronal medium at 3 and 6 h, indicating that neu-

ron-derived sFasL may be involved, in part, in the regulation of

microglia phenotype and function. To evaluate the potential and

degree of sFasL influence in pro-inflammatory responses of post-

OGD neuronal medium, sFasL-specific neutralizing antibody

(0.1 lg/mL) was added into post-OGD-NCM to inhibit its func-

tions. As shown by Figure 4B–D, inhibition of sFasL activity was

highly effective in inhibiting production of pro-inflammatory both

in mRNA (iNOS, TNF-a, and IL-1b) and protein (iNOS and COX-

2) levels, although inflammation was not totally blocked in post-

OGD neuronal medium.

Figure 2 Microglia shift to M1 phenotype in

neuron–microglia cocultures after oxygen

glucose deprivation (OGD). Cocultures were

exposed to OGD for 3 or 6 h. (A) mRNA

expression for iNOS, IL-1b, CD11b, and CD206

were evaluated by RT-PCR. (B) The protein level

of iNOS and COX-2 was determined by Western

blotting. (C) Statistical bar graph of protein

expression. *P < 0.05, **P < 0.01, ***P <

0.001 versus no-OGD cocultures. n = 12 per

group.
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Figure 3 Oxygen glucose deprivation (OGD)-treated neuronal-conditioned medium (NCM) primes microglial polarization toward M1 phenotype. Microglia

were subjected to normal NCM or 6 h post-OGD neuron-conditioned medium (OGD-NCM) prepared from wild-type (WT) or FasL-mutant (gld) mice for 24 h.

(A) RT-PCR quantification of mRNA expression of M1 surface markers (iNOS, TNF-a, CD11b, CD16, CD32, and CD86) and M2 markers (CD206 and IL-10). (B)

Representative double-staining immunofluorescence of CD16+/Iba-1+ cell. Scale bar: 20 lM. (C) Quantification of the percentage of CD16+/Iba-1+ cell. (D)

Protein expression of iNOS and COX2 were evaluated by Western blotting. n = 9 per group. Quantification of the percentage of CD16+/Iba-1+ cell and

CD206+/Iba-1+ cell (E) Statistical bar graph of iNOS, COX2 protein expression. *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding NCM group.
#P < 0.05, ##P < 0.01 versus WT OGD-NCM. n = 12 per group.

776 CNS Neuroscience & Therapeutics 22 (2016) 771–781 ª 2016 John Wiley & Sons Ltd

sFasL Drives M1-Microglia Phenotype in Stroke H.-L. Meng et al.



Figure 4 FasL neutralization inhibited post-oxygen glucose deprivation (OGD) neuronal-conditioned medium (NCM) or sFasL-induced M1-microglial

polarization. (A) Neuronal sFasL expression after 3 h/6 h OGD was detected by ELISA assay. **P < 0.01, ***P < 0.001 versus no-OGD control group.

n = 12 per group. (B) Microglia were treated with 6 h NCM with or without sFasL neutralizing antibody (0.1 lg/mL). mRNA levels of inflammatory cytokine

iNOS, TNF-a, and IL-1b. *P < 0.05, **P < 0.01 versus OGD-NCM group. n = 12 per group. (C) Protein expression of iNOS and COX2 evaluated by Western

blotting. n = 9 per group. (D) Statistical bar graph of iNOS, COX2 protein expression. *P < 0.05, **P < 0.01, ***P < 0.001 versus control, #P < 0.05,
##P < 0.01 versus OGD-NCM group. (E) Microglia were pretreated with or without FasL neutralizing antibody (0.1 lg/mL) or rat Ig G(0.1 lg/mL, negative

control) for 30 min followed by 0.1 nM sFasL treatment for 24 h. mRNA expression of M1 markers and (F) M2 markers was analyzed by Q-PCR. n = 12 per

group. (G) Costaining of CD16 (M1 marker, green) and Iba-1 (red) for immunofluorescence pictures and (H) quantification of the percentage of CD16+/

Iba-1+ cell. Scale bar: 20 lM. *P < 0.05, **P < 0.01, ***P < 0.001 versus control, #P < 0.05, ##P < 0.01 versus sFasL and Ig G group.
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Figure 5 JAK2/STAT3 and NF-jB signaling pathways were involved in the sFasL-induced pro-inflammatory effects in microglia. Microglia were pretreated

with 0.1 lg/mL rat IgG or FasL neutralizing antibody for 30 min followed by challenge with sFasL for 24 h. (A) Immunoblot analysis for p-JAK2, JAK2, P-

STAT3, STAT3 and b-actin. (B) Representative image of Western blotting of p50, p65, p-IjBa, and IjBa in the cytosolic and p50 and p65 in nuclear. (C)

Quantitative analysis of Figure 5 A and B. *P < 0.05, **P < 0.01, ***P < 0.001 versus control, #P < 0.05, ##P < 0.01 versus sFasL + rat Ig G group. n = 9

per group. Microglia were pre-treated with or without JAK2 inhibitor AG490 (10 lM) or NF-jB inhibitor JSH-23 (10 lM)for 30 min and then stimulated with

sFasL (0.1 nM) for 24 h. Representative image of Western blotting of JAK2/STAT3. (D) and NF-jB (E) signaling pathways. (F) Quantitative analysis of

Figure 5D,E. *P < 0.05, **P < 0.01, ***P < 0.001 versus control, #P < 0.05, ##P < 0.01 versus sFasL group. n = 9 per group. (G, H) mRNA expression of

iNOS, TNF-a, IL-1b, IL-10, CD16, and CD32 were determined by RT-PCR at 24 h after stimulation of sFasL pretreated with or without AG490 or JSH-23.

*P < 0.05, **P < 0.01 versus sFasL group. n = 3 repeats.
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To better understand the direct effect of sFasL in microglia, cells

were treated with heterogeneous sFasL at different times. A

0.1 nM stimuli concentration was selected as most similar to the

expression level of post-OGD neuronal medium. As shown in Fig-

ure S1, M1 markers such as CD16 and CD32 were simultaneously

increased and peaked at 24 h, which suggests that sFasL-induced

microglia shifted to M1 type within 24 h. A 24-h period was

therefore selected for subsequent experiments.

In following experiments, recombined sFasL (0.1 nM) was

added to microglia pretreated with or without FasL antibody

(0.1 lg/mL) or rat IgG (0.1 lg/mL). The bar graph in Figure 4E,F

demonstrates that sFasL significantly promoted the genes expres-

sion of M1 surface markers (CD11b, CD16, CD32, and CD86) and

pro-inflammatory cytokines (iNOS, IL-1b, IL-6, and TNF-a) and

attenuated anti-inflammatory cytokines (IL-10, Ym1/2, TGF-b).
Functionally, blockage of sFasL dramatically reversed the changes

of markers and cytokines. Consistent with the RNA results,

immunofluorescence indicated a significant increase of M1

polarization (Iba1+/CD16+ staining) at 24 h after sFasL treatment

(Figure 4G,H). Taken together, these data suggest that sFasL is an

important inflammatory mediator in microglia, which correlates

with its effect in M1 microglia polarization.

sFasL Activated the JAK2/STAT3 and NF-jB
Signaling Pathways in Microglia

Both the JAK2/STAT3 and NF-jB signaling pathways are strongly

connected to inflammation regulation in stroke. To determine

whether the two pathways play important roles in the pro-inflam-

matory functions of sFasL, the protein expression of

p-JAK2/STAT3 and activation of NF-jB p50/p65 were evaluated

by Western blotting. As indicated in Figure 5A–C, sFasL signifi-

cantly increased p-JAK2 to 197.3 � 37.5% of control and p-

STAT3 to 178.8 � 10.3% of control. Compared with negative

control group, inhibition of sFasL by its specific neutralizing anti-

body decreased the phosphorylation levels of JAK2/STAT3 in

Figure 6 Effect of M1 and M2 microglia on post-oxygen glucose deprivation (OGD) neuronal survival. Both wild-type and gld microglia were induced to

M1 or M2 phenotype using LPS (100 ng/mL) + IFN-c (20 ng/mL) or IL-4 (20 ng/mL) for 48 h, respectively. The microglial-conditioned medium were applied

over post-OGD neuron for 6 h. (A) Neuronal cell death was quantified by propidium iodide (red) and calcein AM (green) staining. Scale bar: 50 lm. (B)

Mean percentage of neuronal death. (C) lactate dehydrogenase (LDH) release of post-OGD neuron. (D) Cell viability was quantified by MTT assay.

*P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding M0 control group, #P < 0.05, ##P < 0.01 versus WT group. n = 9 per group.
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microglia exposed to sFasL. Meanwhile, sFasL treatment increased

the phosphorylation of IjBa (P < 0.01) and nuclear translocation

of p50/p65 (P < 0.05) in microglia. In addition, neutralization of

sFasL inhibited the sFasL-induced phosphorylation of IjBa
(P < 0.05) and translocation of p50/p65.

To validate whether the activation of JAK2/STAT3 and NF-jB
pathways were responsible for the pro-inflammatory function of

sFasL in microglia, AG490 (a tyrosine kinase inhibitor of JAK2) or

JSH-23 (an NF-jB nuclear translocation inhibitor) was pretreated

to sFasL-induced microglia. As shown in Figure S2, AG490 and

JSH-23 effectively inhibited the activation of p-JAK2/STAT3 and

NF-jB pathways, respectively, in microglia pretreated with sFasL.

Concomitantly, the M1 markers such as iNOS, IL-1b, TNF-a,
CD16, and CD32 were downregulated after JAK2/STAT3 or

NF-jB signaling pathway inhibition (Figure 5G,H). Collectively,

from these data, it is concluded that pro-inflammatory effect of

sFasL might be partially mediated by the JAK2/STAT3 and NF-jB
signal pathways in microglia.

To investigate the relationship between NF-jB and JAK2/

STAT3 signaling pathways activated by sFasL in microglia, we pre-

treated microglia with AG490 (10 lM) for 30 min before sFasL

stimuli. The phosphorylation of IjBa and translocation of p50/p65

were significantly blocked after microglia pretreated with AG490

(Figure 5E,F). These data suggested that NF-jB might act as a

downstream of JAK2/STAT3 pathway in mediating pro-inflam-

matory effects of sFasL in microglia.

FasL Mutant Attenuated M1 Microglial-Induced
Post-OGD Neuronal Death

Experiments in vitro previously revealed that conditioned medium

from M1-polarized microglia exacerbated OGD-induced neuronal

death, and in contrast, M2-conditioned medium protected neu-

rons against OGD [19]. To elucidate the effects of sFasL in M1- or

M2-polarized microglia induced neuronal death after OGD, M1,

or M2 microglial-conditioned medium from both wild-type and

gld were prepared (Figure S3) and applied to the post-OGD neu-

ronal cultures for 6 h. Consistent with the previous study, com-

pared with nonpolarized microglia (M0) and M2-polarized

microglia, M1-polarized microglial medium with or without FasL

mutant exacerbated OGD-induced neuronal death, as demon-

strated by increased percentage of PI-positive cells (Figure 6A,B)

and increased LDH release (Figure 6C). MTT assay further con-

firmed that M1 microglial-conditioned medium resulted in

reduced cell viability of post-OGD neuron (Figure 6D). Interest-

ingly, compared with wild-type primary microglia, microglia with

FasL mutant protected the survival and increased the cell viability

of post-OGD neurons under M1 microglial-conditioned medium

treatment (Figure 6A–D). These results suggest that as a soluble

factor, sFasL played important roles in M1 microglia exacerbated

neuronal death under ischemic/hypoxic conditions.

Discussion

The present study for the first time showed the following facts: (1)

M1-phenotype microglia of ipsilateral cortex decreased in the gld

mice after MCAO. (2) The ischemic neurons triggered microglial

pro-inflammation in a contact-independent way and sFasL

released by ischemic neurons took a significant role in M1-pheno-

type shift. (3) sFasL-induced morphological and biochemical reac-

tions in microglia might involve the activation of the JAK2/STAT3

and NF-jB signal pathways.

Fas-FasL signaling has been demonstrated in the apoptosis of

immune cells, but increasing evidence indicated its roles in apop-

tosis-independent processes such as proliferation, angiogenesis,

fibrosis, and particularly inflammation [20,21]. In our previous

study, we reported that the production of inflammatory cytoki-

nes and sFasL and the recruitment of peripheral inflammatory

cells were attenuated in gld mice after MCAO, accompanied by

reduced brain damage and improved neurological performance,

suggesting the inflammatory role of sFasL in experimental stroke

[12]. As reported, neutralizing FasL with antibody treatment had

neuroprotection in MCAO mice [11,22]. However, little is

known about the involvement of FasL in microglial activation

and polarization.

Increasing researches have suggested that damaged neurons

after stroke are not merely phagocytosed by microglia, but rather

regulate phenotypes and functions of microglia through cytoki-

nes, nucleotides, and chemokines [6]. We hypothesized that sFasL

released by neuron modulated functions of microglia, due to

FasL/Fas expresses on both neurons and microglia [23]. This study

showed that OGD neurons in wild-type mice produced higher

sFasL in vitro, which activated and shifted microglia to M1. M1

microglia produce inflammatory cytokines, such as IL-1b, TNF-a,
iNOS, and COX2, which could damage neuron and brain after

stroke [19]. sFasL-mediated inflammatory responses were

reversed partially at the presence of FasL antibody. sFasL mainly

accounts for inflammation and endothelial dysfunction, not only

in ischemic stroke [12], but also in coronary artery disease [24,25]

and chronic kidney disease [26]. Investigation in gld mice has

revealed that sFasL elevation promotes tumorigenesis and triggers

autoimmune reactions [27]. Based on these findings, many

researchers suggest sFasL may become a newmarker of inflamma-

tion and endothelial dysfunction in immune diseases [26].

How does sFasL mediate M1 microglia polarization after

ischemic stroke? Phosphorylation of STAT3 at tyrosine Y705 resi-

due is involved in microglial-mediated inflammatory processes.

JAK kinase-induced phosphorylation of STAT3 is triggered by

pro-inflammatory cytokines after brain injury [27]. Increased

phosphorylation of JAK2 and STAT3 appeared in the ipsilateral

cortex and striatum of rats after MCAO and inhibition of phos-

phorylated JAK2/STAT3 by AG490 or siRNA decreased infarct

volume, produced fewer apoptotic cells and improved neurolog-

ical function [28]. Both NF-jB and JAK2/STAT3 pathways can

regulate inflammatory process of many CNS diseases [29,30]. In

this study, we found that sFasL activated microglia and

increased M1 microglia polarization through phosphorylation of

JAK2/STAT3/NF-jB pathway. JAK2 antagonist AG490 could

inhibit not only phosphorylated STAT3/NF-jB, but also sFasL-

induced M1 microglia polarization and related inflammation.

In conclusion, the present study demonstrates that sFasL

released by neurons in vitro ischemic stroke model plays an impor-

tant role in mediating M1 microglia shift and microglial inflamma-

tory response, and the mechanisms may involve the

phosphorylation of JAK2/STAT3/NF-jB pathway. Neutralization

of sFasL may become a novel therapeutic strategy to suppress
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poststroke inflammation and M1 microglia polarization, which

may thus improve stroke outcomes.
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