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Abstract
CKLF1 is a chemokine with increased expression in ischemic brain, and targeting CKLF1 has shown therapeutic effects in 
cerebral ischemia model. Microglia/macrophage polarization is a mechanism involved in poststroke injury expansion. Con-
sidering the quick and obvious response of CKLF1 and expeditious evolution of stroke lesions, we focused on the effects of 
CKLF1 on microglial/macrophage polarization at early stage of ischemic stroke (IS). The present study is to investigate the 
CKLF1-mediated expression of microglia/macrophage phenotypes in vitro and in vivo, discussing the involved pathway. 
Primary microglia culture was used in vitro, and mice transient middle cerebral artery occlusion (MCAO) model was adopted 
to mimic IS. CKLF1 was added to the primary microglia for 24 h, and we found that CKLF1 modulated primary microglia 
skew toward M1 phenotype. In mice transient IS model, CKLF1 was stereotactically microinjected to the lateral ventricle 
of ischemic hemisphere. CKLF1 aggravated ischemic injury, accompanied by promoting microglia/macrophage toward M1 
phenotypic polarization. Increased expression of pro-inflammatory cytokines and decreased expression of anti-inflammatory 
cytokines were observed in mice subjected to cerebral ischemia and administrated with CKLF1. CKLF1−/− mice were used 
to confirm the effects of CKLF1. CKLF1−/− mice showed lighter cerebral damage and decreased M1 phenotype of microglia/
macrophage compared with the WT control subjected to cerebral ischemia. Moreover, NF-κB activation enhancement was 
detected in CKLF1 treatment group. Our results demonstrated that CKLF1 is an important mediator that skewing microglia/
macrophage toward M1 phenotype at early stage of cerebral ischemic injury, which further deteriorates followed inflammatory 
response, contributing to early expansion of cerebral ischemia injury. Targeting CKLF1 may be a novel way for IS therapy.
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Introduction

Ischemic stroke (IS), a debilitating and devastating dis-
ease, leads to severe morbidity and mortality worldwide 
(Cramer et al. 2017). Multiple mechanism is involved in 
this complex progression, including inflammatory reac-
tion (Jin et al. 2013), toxicity of excitatory amino acids 
(Huang et al. 2017), cellular signal transduction including 
Ca2+ overload and NO damage (Chen et al. 2017), oxy-
gen free radical production (Nash et al. 2018), etc. More 
recently, microglia/macrophage polarization dysregulation 
is found to be a novel mechanism for cerebral ischemia 
induced injury (Hu et al. 2012). Microglia/macrophage 
show two phenotypes, one is pro-inflammatory M1 phe-
notype characterized by releasing inflammatory cytokines 
like Interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-
α) and NO, which often associated with poor outcome. The 
other is anti-inflammatory M2 phenotype characterized by 
releasing anti-inflammatory cytokines like interleukin-10 
(IL-10) and transforming growth factor-β (TGF-β), which 
is considered with neuroprotective effects (Ma et al. 2017). 
The dual roles of polarized microglia/macrophages are 
seen in several CNS disorders including multiple sclerosis 
(Parsa et al. 2016), spinal cord injury (David and Kroner 
2011), and intracerebral hemorrhage (Lan et al. 2017). 
When cerebral ischemia occurs, the resident microglia 
and macrophages recruited from periphery to brain initiate 
polarization, causing deleterious pathological responses to 
aggravate the ischemic damage. Selective modulation of 
microglia/macrophage polarization by inhibiting M1 phe-
notype or skewing toward M2 phenotype may be a poten-
tial therapeutic strategy for treating cerebral ischemia. It 
is urgent to clarify the factors that dominate the microglia/
macrophage polarization in IS setting. The M1/M2 clas-
sification has served to set an experimental framework 
for examination of microglial/macrophage function and 
inflammation, while there is a growing literature demon-
strating different activation pathways outside the tradi-
tional M1/M2 phenotype. This has led to the proposal that 
microglia and macrophages be classified based on more 
complex standards (Murray et al. 2014). In this research, 
we studied the effects of CKLF1 in the established M1/
M2 experimental system and built a foundation for future 
detailed research.

Chemokine-like factor 1 (CKLF1) is a chemokine with 
multiple biological activities (Han et al. 2001). Our pre-
vious studies have found significant increase in CKLF1 
expression in damaged brain as early as 3 h after tran-
sient middle cerebral artery occlusion (MCAO), peak-
ing at day 2 in cerebral ischemic rats (Kong et al. 2011). 
Moreover, applying C19, an antagonist peptide of CKLF1, 
can improve cerebral ischemia injury in rats (Kong et al. 

2012). In addition, administration of anti-CKLF1 antibody 
also shows beneficial effects with decreased infarction and 
better neurological behavior in rats (Kong et al. 2014). 
According to these results, we postulate that targeting 
CKLF1 and decreasing its expression at acute stage may be 
a therapeutic way for IS. However, it still remains unclear 
the specific function of increased CKLF1 at acute stage 
in IS. In this study, we determined the effects of CKLF1 
from the aspect of microglia/macrophage polarization. 
We firstly demonstrated that CKLF1 can modulate micro-
glia/ macrophage toward an M1 phenotypic polarization 
at acute stage in IS and further deteriorates inflammatory 
response, leading to expansion of cerebral damage finally.

Materials and Methods

Reagents

The CKLF1 peptide (Aliyrkllfnpsgpyqkkpvhekkevl, AL-27) 
with a purity of 97.99% was provided by GL Biochem 
(Shanghai, China).

Cell Culture

Primary cultures of microglial cells were obtained from 
brains of newborn C57BL/6 mice (0–24 h) by modified 
methods based on previous report (Shao et al. 2015). Briefly, 
brain cortices were mechanically dissociated and suspended 
in DMEM/F12 with Glutamax I (Gibco, CA, USA) supple-
mented with 10% FBS and 1% (v/v) penicillin–streptomycin. 
Cells obtained from three mice brains were seeded at a T75 
culture flask and incubated at 37 °C in 5% CO2 and 95% 
O2, with half medium replacement every 3 days. Microglia 
were shaken off at 200 rpm for 4 h after 10 days culture. The 
isolated primary microglia were seeded in 24-well plates or 
6-well plates at a desired density. For M1 induction, lipopol-
ysaccharide (LPS; 100 ng/ml, Sigma, St. Louis, MO, USA) 
and interferon-γ (IFN-γ; 20 ng/ml, PeproTech, NJ, USA) 
were added to the microglial cultures for indicated time. For 
M2 induction, IL-4 (20 ng/ml, PeproTech, NJ, USA) was 
used. For CKLF1 stimuli, 1, 10, and 100 nM CKLF1 were 
added in medium separately, and microglia were collected 
after 24 h for subsequent assays. C 021 dihydrochloride 
(Cat# 3581, Tocris Bioscience) 1, 10, 100 nM and DAPTA 
(Cat# ab120810, Abcam) 1, 10, 100 nM were applied at the 
same time with CKLF1 for 24 h in the inhibitors experi-
ments. For the experiments treated with both M1 and M2 
stimuli, microglia were first treated with IL-4 for 24 h and 
then LPS plus IFN-γ were added for 12 h with or without 
CKLF1 (100 nM).
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Animals

Male C57BL/6 mice (20–25  g) were purchased from 
SiBeiFu (Beijing). CKLF1−/− mice were kindly provided by 
Professor Zhang (Key Laboratory of Human Disease Com-
parative Medicine, NHFPC, Institute of Laboratory Animal 
Science, Peking Union Medicine College, Chinese Academy 
of Medical Sciences). All of the procedures were in accord-
ance with the standards established in the Guide for the Care 
and Use of Laboratory Animals published by the Institute 
of Laboratory Animal Resources of the National Research 
Council (US) and were approved by the Animal Care and 
Use Committee of the Peking Union Medical College and 
the Chinese Academy of Medical Sciences. Animals were 
housed in a climate-controlled room under a 12/12-h reverse 
light/dark cycle (lights off at 11:00 h), and food and water 
were provided ad libitum throughout the study.

Mice MCAO Model and Stereotaxic Microinjection

Mice were anesthetized with 2% isoflurane for induction and 
maintained with 1.5% isoflurane, 70% N2O, and 30% O2 via 
a face mask. Vehicle, CKLF1, and LPS plus IFN-γ were 
injected into the rat brain in the peri-ischemic lateral ventri-
cle before MCAO procedure. Briefly, Bregma was chosen 
as the origin of coordinate axis, and a tiny hole was drilled 
at the stereotaxic coordinates: (AP: 2.3 mm, LM: 3.0 mm). 
2 µl reagents was injected into the brain tissue at a depth of 
4.0 mm using a 5-µl microinjector at the rate of 0.4 µl/min. 
The needle remained in position for 5 min before removal 
to ensure a complete dispersion of the liquids.

Focal cerebral ischemia was produced by intralumi-
nal occlusion of the right MCA for 60 min as previously 
described (Jin et al. 2014). Anesthesia was maintained with 
1.5% isoflurane, 70% N2O, and 30% O2 via a face mask. The 
rectal temperature of mice was controlled at 37.0 ± 0.5 °C 
via a temperature regulated heating pad during surgery. The 
right MCA was occluded with a nylon monofilament with 
silicone-coated tip, resulting in severe reduction (> 70%) 
of blood flow to the MCA region, which was recorded by 
transcranial laser-Doppler flowmetry. The monofilament 
was retracted after 60 min, allowing reperfusion to occur. 
Reperfusion was confirmed by an increase in regional cer-
ebral blood flow, which was measured by transcranial laser-
Doppler flowmetry. Concurrent Sham-operated control ani-
mals underwent all procedures except ligation of arteries 
and insertion of the monofilament. Mice were monitored 
until they regained consciousness and were then returned 
to their cages.

In wild-type (WT) mice study, mice were randomly 
assigned to one of the following groups: (1) Sham (n = 18), 
non-MCAO controls given vehicle, (2) CKLF1-Sham (n = 18), 
non-MCAO controls given CKLF1 (10 µg), (3) model (n = 18), 

animals subjected to MCAO given vehicle, (4) LPS + IFN-γ 
(n = 18), animals subjected to MCAO given LPS plus IFN-γ, 
(5) CKLF1 0.1 µg (n = 18), animals subjected to MCAO given 
CKLF1 (0.1 µg), (6) CKLF1 1 µg (n = 18), animals subjected 
to MCAO given CKLF1 (1 µg), (7) CKLF1 10 µg (n = 18), 
animals subjected to MCAO given CKLF1 (10 µg).

In CKLF1−/− mice study, mice were randomly assigned 
to one of the following groups: (1) WT Sham (n = 9), non-
MCAO WT controls given vehicle, (2) WT CKLF1-Sham 
(n = 9), non-MCAO WT controls given CKLF1 (10 µg), 
(3) WT model (n = 9), WT animals subjected to MCAO 
given vehicle, (4) WT CKLF1-model (n = 9), WT animals 
subjected to MCAO given CKLF1 (10 µg), (5) KO Sham 
(n = 9), non-MCAO CKLF1−/− controls given vehicle, (6) 
KO CKLF1-Sham (n = 9), non-MCAO CKLF1−/− controls 
given CKLF1 (10 µg), (7) KO model (n = 9), CKLF1−/− ani-
mals subjected to MCAO given vehicle, (8) KO CKLF1-
model (n = 9), CKLF1−/− animals subjected to MCAO given 
CKLF1(10 µg).

Evaluation of Neurological Deficit

The neurological deficits of mice were assessed by Zea 
Longa test in a blinded manner as previously described 
(Wang et al. 2018). 0: no neurological deficit, 1: failure to 
extend left forepaw fully, 2: circling to the left, 3: falling to 
the left, 4: failure to walk spontaneously or no conscious-
ness, 5: death.

Infarct Volume by TTC Staining

Mice were sacrificed at 24 h after reperfusion, and the brains 
were cut into six 1-mm-thick slices. The sections were 
stained using 1% (w/v) 2, 3, 5-triphenyltetrazolium chloride 
(TTC, Sigma, St. Louis, MO, USA) for 5 min on each side 
at 37 °C and further fixed in 10% (w/v) paraformaldehyde 
(PFA) solution for 24 h. The brain slices were placed as fol-
lowed order: the first slice is the side of the olfactory bulb 
up, and the last one is the brainstem side down. The images 
were photographed, and the infarct and edema ratio were 
blindly analyzed across the sections with image analysis 
software by an experimenter who was blinded to the group 
information. The infarction was analyzed using Image-Pro 
Plus 6.0 software (Media Cybernetics, MD, USA): infarct 
ratio (%) = total infarct area/total section area × 100, edema 
ratio (%) = left brain area/right brain area × 100.

Magnetic Resonance Imaging (MRI)

MRI Scans were Performed at 24 h After the Reperfusion

The animals were anaesthetized with 1.5% isoflurane 
and fixed in a body restrainer with tooth-bar in an MRI 
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spectrometer (PharmaScan 70/16, Bruker, Germany). 
Their brains were scanned using a mice head surface coil. 
T2-weighted images were acquired with the following 
parameters: repetition time 5 min, matrix size 256 × 256 
pixels, field of view 23 × 23 mm, acquisition time 10 min, 
slice thickness 0.5 mm, TR = 2800 ms, TEeff = 35 ms. Hyper-
intense infarct areas in T2-weighted images were assigned 
with a region of interest tool and analyzed using Image-Pro 
Plus 6.0 software: infarct ratio (%) = total infarct area/total 
section area × 100%, edema ratio (%) = left brain area/right 
brain area × 100%.

Nissl Staining

Nissl staining was performed with Cresyl Violet, which can 
selectively stain the Nissl body in survival neurons. Mice 
were sacrificed under anesthesia at 24 h after reperfusion, 
and then immediately perfused by cold phosphate-buffered 
saline (PBS, 0.1 M, pH 7.4) and 4% (w/v) PFA. The brains 
were removed and immersed in fixative and then embedded 
in paraffin. Paraffin sections (5 µm) were cut on glass slides, 
stained with 1% Cresyl Violet dissolved in 0.25% acetic acid, 
and examined under a light microscope (CKX41, Olympus, 
Tokyo, Japan) by a pathologist blinded to the study groups.

Immunohistochemistry and Immunofluorescence 
Staining

For cultured microglia, cell immunofluorescence stain-
ing was performed as follows: cells were grown on cover 
slips coated with poly-l-lysine (Sigma, St. Louis, MO) in 
24-well plates, fixed in 4% PFA for 20 min, and washed for 
5 min three times with PBS. Cells were permeabilized by 
0.1% (v/v) Triton-X-100 (Sigma, St. Louis, MO) for 10 min 
and blocked by 3% bovine serum albumin (BSA; Sigma, 
St. Louis, MO) for 1 h at room temperature. Then, cells 
were incubated overnight at 4 °C with the followed primary 
antibodies: rabbit anti-Iba1 (1:500, Cat# 019-19741, RRID: 
AB_839504, Wako Chemical), rat anti-CD16/32 (1:100, 
Cat# 553141, RRID: AB_394656, BD Biosciences Pharmin-
gen), and goat anti-CD206 (1:200, Cat# AF2535, RRID: 
AB_2063012, R&D Systems). After washed with PBS, cells 
were incubated with secondary antibody for 1 h at room 
temperature and sealed with 90% (v/v) glycerol. The second-
ary antibodies are Alexa 488-conjugated donkey anti-rabbit 
IgG (Invitrogen, Carlsbad, CA, USA), Alexa 546-conjugated 
donkey anti-goat IgG (Invitrogen, Carlsbad, CA, USA), and 
Cy3-labeled goat anti-rat IgG (Beyotime Biotechnology, 
Shanghai, China).

For brain tissues, the brains were fixed in 4% (v/v) PFA, 
routinely processed, and embedded in paraffin. After depar-
affinization, endogenous peroxidase was inactivated by 3% 
(w/v) H2O2 for 10 min at 37 °C (only immunohistochemistry 

need H2O2-block step). Then, the slices were permeabilized 
by 0.1% (v/v) Triton-X-100 in PBS for 10 min at room tem-
perature followed by PBS washing. After blocked with 5% 
(w/v) BSA for 1 h, slices were then treated with primary 
antibodies overnight at 4 °C. The primary antibodies are 
rabbit anti-CKLF1 (1:500, Cat# ab180512, Abcam) (for 
immunohistochemistry staining), and same as culture micro-
glia (for immunofluorescence staining). After washing three 
times in PBST (0.1% (v/v) Tween-20 in PBS), the slices 
were incubated with HRP-conjugated goat anti-rabbit Ig G 
(Santa Cruz, CA, USA) for 2 h (for immunohistochemis-
try staining) and for 1 h for secondary antibodies same as 
culture microglia (for immunofluorescence staining). The 
expression of CKLF1 was detected with 3, 3-diaminobenzi-
din (DBA) as the substrate. At last, cells or slices were cap-
tured using a microscope (CKX41, Olympus, Tokyo, Japan) 
(for immunohistochemistry staining) or a confocal laser 
scanning microscope (TCS SP2, Leica, Solms, Germany) 
(for immunofluorescence staining) in a blinded manner. The 
images were analyzed by using Image-Pro Plus 6.0 software.

Quantitative PCR (qPCR) Analysis

Total RNA was isolated from ischemic brains using Tri-
zol Reagent (Invitrogen, Carlsbad, CA, USA). RNA was 
reverse-transcribed to cDNA using TransScript One-
Step gDNA Removal and cDNA Synthesis SuperMix kit 
(TransGen Biotech, Beijing, China). First-strand cDNA 
was synthesized using 1 µg of total RNA according to the 
manufactures’ instruction. The amplification of cDNA was 
performed with Applied Biosystems 7900HT Fast Real-
Time PCR System (Foster City, CA, USA) using TransStart 
Tip Green qPCR Supermix kit (TransGen Biotech, Beijing, 
China). The PCR amplification conditions were as follows: 
94 °C for 30 s for pre-denaturation, 94 °C for 5 s and 53 °C 
for 30 s to denaturation, and at 72 °C for 10 s for 40 cycles to 
extension. The mRNA level of individual genes was normal-
ized to the expression of GAPDH housekeeping control gene 
for each sample and calculated using the ΔΔCT method. 
The primers used for each target gene are shown in Table 1.

Western Blot Analysis

Ischemic brains were prepared for western blot as pre-
viously described (Zuo et al. 2016). Briefly, tissue sam-
ples were lysed in RIPA lysis buffer (Beyotime, Shang-
hai, China) for 30 min on ice. After centrifugation at 
12,000 rpm for 30 min, the supernatants were collected 
and protein concentrations were assessed with a BCA 
kit (Applygen, Beijing, China). Proteins (40 µg for each 
sample) were separated on 15% (w/v) SDS-PAGE gels 
and then transferred to PVDF membranes. After block-
ing with 5% (w/v) BSA, the membranes were blotted 
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with primary antibodies as follows overnight at 4  °C: 
anti-IL-1β (1:500, Cat# sc-7884, RRID:AB_2124476, 
Santa Cruz Biotechnology), and anti-TNF-α (1:500, 
Cat# ab6671, RRID:AB_305641, Abcam), anti-TGF-β 
(1:500, Cat# ab64715, RRID:AB_1144265, Abcam), 
anti-BDNF (1:500, Cat# sc-546, RRID:AB_630940, 
Santa Cruz Biotechnology), anti-NF-κB p65 (1:1000, Cat# 
sc-109, RRID:AB_632039, Santa Cruz Biotechnology), 
anti-Phospho-NF-κB p65 Ser536 (1:1000, Cat# 3036S, 
RRID:AB_331281, Cell Signaling Technology). β-Actin 
(1:1000, CST, Cat# sc-47778, RRID: AB_626632) was 
measured as loading control. Then secondary antibod-
ies Affinity Purified Antibody Peroxidase Labeled Goat 
anti-Rabbit IgG H&L and Peroxidase-Labeled Strepta-
vidin were incubated for 2 h at room temperature with 
shaking. The expression of each protein was detected 
with enhanced chemiluminescence plus detection system 
(Molecular Device, Lmax). The density of each band was 
quantified using image analysis software Gel-Pro Analyzer 
(Media Cybernetics, MD, USA).

Statistical Analysis

All of the data were expressed as the mean ± SD and 
analyzed by GraphPad Prism 7.0 (GraphPad Software, 
La Jolla, CA, USA). The statistical analysis used in this 
study is Student’s t test, one-way ANOVA followed by the 
Tukey’s test, and two-way ANOVA followed by Bonfer-
roni’s multiple comparison test. P < 0.05 was considered 
to be statistically significant.

Results

Increased Expression of CKLF1 in Ischemic Brains 
of Mice

We investigated the expression of CKLF1 in mice brain suf-
fered with MCAO treatment. qPCR analysis showed that the 
mRNA expression of CKLF1 in ipsilateral brains increased 
significantly poststroke compared with contralateral brains, 
initiating at 6 h and peaking at 2 day (Fig. 1a). CKLF1 
showed markedly higher expression in cortex and striatum 
of ipsilateral brain compared with the contralateral brain 
determined by immunohistochemistry staining (Fig. 1b, c).

CKLF1 Modulates Microglia Polarize Toward M1 
Phenotype In Vitro

To examine the effects of CKLF1 on microglia polariza-
tion, qPCR analysis and immunofluorescence staining were 
applied for detecting M1 and M2 markers. CKLF1 increased 
the mRNA expression of iNOS, CD16 and CD32, which 
characterized as M1 markers with a dose-dependent manner 
in microglia. The expression of Arg1, TGF-β and CCL-22 
characterized as M2 markers showed decreased expres-
sion when stimulated with CKLF1 (Fig. 2a). Moreover, 
the immunofluorescence intensity of CD16/32, a common 
marker for M1 polarization in immunofluorescence analy-
sis, showed enhancement after CKLF1 treatment. While the 
immunofluorescence intensity of M2 marker CD206 showed 
attenuation to CKLF1 stimulation (Fig. 2b, c). Further, we 
performed a study to determine the effects of CKLF1 on the 
dynamics between M1 and M2 polarization. We found the 
CKLF1 enhanced the LPS plus IFN-γ induced M1 polariza-
tion, suppress the IL-4 induced M2 polarization in primary 
microglia (Fig. 2d).

CKLF1 Aggravates the Cerebral Ischemia Injury 
at Early Stage in Mice MCAO Model

A study was designed to investigate the effects of excessive 
CKLF1 at early stage of cerebral ischemia. Mice were stere-
otaxic injected with vehicle, CKLF1 or LPS plus IFN-γ (pos-
itive control for M1 polarization), followed by MCAO, and 
then sacrificed after 24 h for outcomes measures (Fig. 3a). 
To investigate the effects of CKLF1 on cerebral ischemia 
injury, TTC staining and neurological behavior test were 
performed. LPS plus IFN-γ and CKLF1 treatment increased 
the MCAO induced brain infarction (Fig. 3b). The infarction 
ratio and edema ratio all increased in LPS plus IFN-γ and 
CKLF1 treated MCAO mice. LPS plus IFN-γ and CKLF1 
also significantly worsen the neurological deficits in MCAO 

Table 1   Primers for qPCR analysis

Genes Primers

M1
 iNOS SENS: CAA​GCA​CCT​TGG​AAG​AGG​AG

REVS: AAG​GCC​AAA​CAC​AGC​ATA​CC
 CD16 SENS: TTT​GGA​CAC​CCA​GAT​GTT​TCAG​

REVS: GTC​TTC​CTT​GAG​CAC​CTG​GATC​
 CD32 SENS: AAT​CCT​GCC​GTT​CCT​ACT​GATC​

REVS: GTG​TCA​CCG​TGT​CTT​CCT​TGAG​
M2
 Arg1 SENS: TCA​CCT​GAG​CTT​TGA​TGT​CG

REVS: CTG​AAA​GGA​GCC​CTG​TCT​TG
 CCL-22 SENS: CTG​ATG​CAG​GTC​CCT​ATG​GT

REVS: GCA​GGA​TTT​TGA​GGT​CCA​GA
 TGF-internal 

control
SENS: TGC​GCT​TGC​AGA​GAT​TAA​AA
REVS: CGT​CAA​AAG​ACA​GCC​ACT​CA

 GAPDH SENS: TCA​TTG​ACC​TCA​ACT​ACA​TGGT​
REVS: CTA​AGC​AGT​TGG​TGG​TGC​AG
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model compared with mice received vehicle (Fig. 3c). MRI 
scans showed similar results with the TTC shown (Fig. 3d, 
e). Normal neurons in cortex and striatum sharply decreased 
in mice of model group assayed by Nissl staining, and LPS 
plus IFN-γ and CKLF1 further significantly decreased the 
number of positive neurons. Although CKLF1 treatment 
alone could not lead to infarction, mice in CKLF1-Sham 
group showed significant neuron loss (Fig. 3f).

CKLF1 Modulates Microglia/Macrophage Polarize 
Toward M1 Phenotype in Mice MCAO Model

To examine the effects of CKLF1 on microglia/mac-
rophage polarization, we investigated the mRNA expres-
sion of M1 markers iNOS, CD16 and CD32, and M2 mark-
ers Arg1, TGF-β and CCL-22 in ischemic hemisphere by 
qPCR analysis. The mice in model group showed higher 
expression of both M1 and M2 markers compared with 
the mice in Sham group. LPS plus IFN-γ and CKLF1 sig-
nificantly increased the mRNA expression of M1 markers 
and decreased the mRNA expression of M2 markers in 
model mice compared with the vehicle-treated model mice 
(Fig. 4a). The immunofluorescence staining of M1 marker 
CD16/32 and M2 marker CD206 were also performed 
to study the polarization effects of CKLF1 in vivo. The 
results showed that LPS plus IFN-γ and CKLF1 treated 
model mice showed higher immunofluorescence intensity 
of CD16/32 and lower immunofluorescence intensity of 

CD206 in cortex (Fig. 4b, c) and striatum (Fig. 5a, b) com-
pared with model mice treated with vehicle.

CKLF1 Deteriorates Inflammatory Response in Mice 
MCAO Model

Western blot was used to assess levels of pro-inflammatory 
cytokine IL-1β and TNF-α, anti-inflammatory cytokine 
TGF-β, and brain-derived neurotrophic factor (BDNF). 
CKLF1-treated Sham-operated mice showed higher IL-1β 
and TNF-α levels compared with the Sham mice. IL-1β 
and TNF-α levels in ischemic brain showed significant 
increase in MCAO-operated mice compared with the 
Sham-operated mice. LPS plus IFN-γ and CKLF1 both 
intensified these increase in cytokines in ischemic set-
ting (Fig. 6a). For the TGF-β and BDNF, CKLF1 treat-
ment with and without MCAO operation both increased 
these cytokine levels compared with Sham animals. LPS 
plus IFN-γ and CKLF1 suppressed the levels of TGF-β 
and BDNF in MCAO-operated mice compared with the 
model mice (Fig. 6b). To determine the involvement of 
Nuclear factor-κB (NF-κB) pathway in the CKLF1-medi-
ated microglia/macrophage polarization, expression of 
p-NF-κB and NF-κB were examined by western blotting. 
Activated NF-κB pathway was observed in Sham mice 
given with CKLF1. MCAO operation activated NF-κB 
pathway, and CKLF1 enhanced this activation (Fig. 6c).

Fig. 1   CKLF1 increases 
in ischemic brain. a qPCR 
analysis of dynamic expres-
sion of CKLF1 in ipsilateral 
and contralateral brains of 
mice subjected to MCAO at 
different time points (n = 6 
mice). *P < 0.05, **P < 0.01, 
***P < 0.001 versus contralat-
eral. b Immunohistochemical 
staining of CKLF1 in cortex 
and striatum of ipsilateral and 
contralateral brains of mice 
24 h after MCAO. Scale bars 
100 µm. c Quantitative analysis 
of CKLF1 expression in cortex 
and striatum of ipsilateral and 
contralateral brains of mice 
24 h after MCAO (n = 6 mice). 
**P < 0.01, ***P < 0.001 versus 
contralateral
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Knock Out of CKLF1 Decreases Brain Damage 
and M1 Phenotypic Microglia/Macrophage, 
and Supplement with CKLF1 Aggravates the Injury 
and Increases the M1 Phenotypic Microglia/
Macrophage in Mice MCAO Model

Moreover, CKLF1−/− mice were used to further study the 
effects of CKLF1 on microglia/macrophage polarization, 
and treatment with CKLF1 in CKLF1−/− mice mimicked 
the increase in CKLF1 after cerebral ischemia. MRI scans 
were performed to determine the cerebral injury, and the 
outcomes are shown in Fig. 7a. CKLF1−/− mice showed 

decreased cerebral injury compared with the WT mice. 
CKLF1−/− mice received with CKLF1 suffered no MCAO 
showed no brain infarction and behavior abnormalities. 
After MCAO operation, CKLF1−/− mice received with 
CKLF1 showed increased infarction volume and edema 
volume than mice received vehicle and also exhibited 
more deleterious neurological performance. CKLF1-
treated CKLF1−/− mice also showed ameliorated dam-
age and better behavioral performance, compared with 
the CKLF1 treated WT mice after MCAO operation 
(Fig. 7b). Nissl staining showed CKLF1−/− mice had more 
alive neurons in cortex and striatum than WT mice in 

Fig. 2   CKLF1 modulates the microglia M1/M2 polarization in vitro. 
a qPCR analysis of mRNA expression levels of M1 markers (iNOS, 
CD16, CD32) and M2 markers (Arg1, CCL-22, TGF-β) in primary 
microglia treated with indicated concentration of CKLF1 for 24  h 
(n = 6 cell samples). *P < 0.05, **P < 0.01 versus control. b Repre-
sentative photomicrographs of double-staining immunofluorescence 
of CD16/32 or CD206 with Iba1 in primary microglia treated with 

CKLF1 for 24  h. c Quantitative analysis of CD16/32-positive and 
CD206-positive microglia (n = 6 cell samples). Scale bars 100  µm. 
*P < 0.05, **P < 0.01, ***P < 0.001 versus control. d qPCR analysis 
of mRNA expression levels of M1 markers in microglia treated with 
IL-4 (20 ng/ml) for 12 h and subsequent LPS (100 ng/ml) plus IFN-γ 
(10 ng/ml) with or without CKLF1 (100 nM) for 24 h (n = 6 cell sam-
ples). *P < 0.05, **P < 0.01, ***P < 0.001 versus CKLF1-
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ischemic setting. Model mice treated with CKLF1 showed 
decreased number of normal neurons compared with mice 
treated with vehicle. CKLF1 treated mice with Sham and 
MCAO operation both showed reduced alive neurons 
compared with the Sham mice received vehicle (Fig. 7c).

MCAO operation increased the immunofluorescence 
intensity of M1 and M2 markers in CKLF1−/− mice sig-
nificantly. CKLF1−/− mice showed fewer M1 phenotypic 
microglia/macrophage in cortex (Fig. 8a, b) and stria-
tum (Fig. 9a, b) compared with the WT mice subjected 
to MCAO operation. CKLF1 treated CKLF1−/− mice 
showed higher expression of M1 marker CD16/32 com-
pare with the vehicle treated CKLF1−/− mice. Moreover, 
CKLF1-treated WT mice showed higher CD16/32 immu-
nofluorescence intensity in cortex than CKLF1-treated 
CKLF1−/− mice suffered with MCAO operation (Figs. 8, 
9).

CKLF1 Modulates Microglia Toward M1 Phenotypic 
Polarization Partly Through CCR4

CCR4 and C-C chemokine receptor 5 (CCR5) are two 
receptors of CKLF1; we speculated that CKLF1 may exert 
its effects on microglia polarization via these two recep-
tors. To verify this hypothesis, we conducted experiments 
using C 021 dihydrochloride (CCR4 selective inhibitor) 
and DAPTA (CCR5 selective inhibitor). CCR4 and CCR5 
inhibitors both showed no effects on the mRNA expres-
sion of M1 marker iNOS, CD16 and CD32, and M2 mark-
ers Arg1, TGF-β and CCL-22 in primary microglia. C 021 
dihydrochloride blocked the increased mRNA expression 
of M1 markers and decreased mRNA expression of M2 
markers induced by CKLF1 (Fig. 10a). C 021 dihydro-
chloride also inhibited the increased immunofluorescence 
intensity of M1 marker CD16/32 and decreased immuno-
fluorescence intensity of M2 marker CD206 induced by 
CKLF1 (Fig. 10b, c). However, DAPTA showed no sig-
nificant suppression function on CKLF1 induced polari-
zation, determined in both qPCR analysis and immuno-
fluorescence staining (Fig. 10d–f).

Discussion

Despite the fact that anti-CKLF1 shows beneficial effects 
through multiple pathways, the role of CKLF1 in cerebral 
ischemia remains unclear. The rapid and severe increase 
in CKLF1 in brain when ischemia occurs suggests that 
CKLF1 may play an important role in early stage of IS; 
thus, we focused the effects of CKLF1 on microglia/mac-
rophage polarization at ischemic acute stage. In the present 
study, we found that CKLF1 modulated primary microglia 
polarization, driving toward M1 phenotype. In vivo, we 
demonstrated that increased CKLF1 at acute stage aggra-
vated the cerebral ischemia injury, partly via promoting 
the microglia/macrophage toward M1 phenotypic polariza-
tion and deteriorating subsequent inflammatory response 
(Fig. 11).

Previous studies have shown that selective inhibition 
of CKLF1 activity exert protective effects on rats suffered 
with cerebral ischemia, suggesting CKLF1 may play detri-
mental role in cerebral ischemia. In this study, we supplied 
CKLF1 in WT mice to investigate the effect of CKLF1 on 
microglia/macrophage polarization and cerebral ischemic 
injury. At 24 h, endogenous CKLF1 had not reached its 
peak, which at about 48 h according to our finding in this 
paper, and was in the ascending process; thus, CKLF1 
administration mimicked the later higher CKLF1 expres-
sion. CKLF1−/− mice have no endogenous CKLF1, and 
CKLF1 supplement mimics the CKLF1 increase in 
ischemic setting, which can be used to examine the role of 
CKLF1 and endogenous CKLF1 in short-term neurobehav-
ioral and neuropathological outcomes after focal cerebral 
ischemia. In the presence of endogenous CKLF1, supple-
ment with CKLF1 promotes M1 phenotypic polarization 
and aggravates ischemic injury; in the absence of endog-
enous CKLF1, supplement with CKLF1 also promotes M1 
phenotypic polarization and aggravates ischemic injury. It 
is worth noting that CKLF1−/− mice show slighter cerebral 
ischemic injury compared with WT mice, and M1 pheno-
typic polarization is also less. The results of two in vivo 
experiments indicate that the increase in CKLF1 in early 
cerebral ischemia plays an important role in promoting 
M1 phenotypic polarization, leading to the early damage 
of cerebral ischemia partly.

Microglia/macrophages are the primary mediators of 
the brain’s innate immune response to injury and dis-
ease (Hu et  al. 2012; Loane and Byrnes 2010). These 
primary immune cells of the CNS act not only as the 
major inflammatory cell type in the brain, but also as very 
important roles in maintaining the homeostatic environ-
ment. Recent research on the functions of microglia in 
the injured CNS provides strong evidence to support their 
phenotypic activation into M1 or M2 subtypes and their 

Fig. 3   CKLF1 aggravates cerebral ischemia in mice MCAO model. a 
Workflow of the animal experiment. b Representative images of TTC 
staining and white area represents the infarct area. c Infarction ratio, 
edema ratio, and Longa score of mice at 24 h after MCAO or Sham 
operation (n = 6–12 mice). ##P < 0.01, ###P < 0.001 versus Sham; 
*P < 0.05, **P < 0.01, ***P < 0.001 versus model. d Representative 
images of MRI and white area circled by dashed line represents the 
infarct area. e Infarction ratio and edema ratio of mice at 24 h after 
MCAO or Sham operation (n = 6 mice) ##P < 0.01 versus Sham; 
*P < 0.05, **P < 0.01 versus model. f Photomicrographs of Nissl-
stained coronal sections of cortex and striatum. Scale bars 100 µm

◂
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dual roles—both beneficial and harmful. As the micro-
environment changes, microglia/macrophages migrate 
to the site of injury and initiate the secretion of effector 

molecules rapidly, drastically altering their phenotypes 
and function. A large number of studies indicate that M1 
polarized microglia contribute to neuronal dysfunction 

Fig. 4   CKLF1 skews microglia/macrophage polarization toward M1 
phenotype in mice MCAO model. a qPCR was performed using total 
RNA extracted from ischemic hemisphere at 24 h after MCAO and 
from Sham-operated brains. Expression of mRNA for M1 mark-
ers and M2 markers (n = 6 mice). #P < 0.05, ##P < 0.01 versus Sham; 
*P < 0.05, **P < 0.01, ***P < 0.001 versus model. b Representa-

tive photomicrographs of double-staining immunofluorescence of 
CD16/32 or CD206 with Iba1 in the ischemic cortex. Scale bars 
100  µm. c Quantitative analysis of CD16/32-positive and CD206-
positive microglia/macrophages in the cortex (n = 6 mice). #P < 0.05, 
##P < 0.01 versus Sham; *P < 0.05, **P < 0.01, ***P < 0.001 versus 
model
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and cell death by releasing pro-inflammatory mediators 
such as cytokines, reactive oxygen species and MMPs 
(Espinosa-Garcia et al. 2017; Woo et al. 2008; Won et al. 
2015). However, M2 polarized microglial activation exerts 
beneficial effects in the injured brain through removing 
cellular debris and help to restore tissue regeneration (Pan 
et al. 2015; Lalancette-Hebert et al. 2007). Although both 
phenotypes of microglia exist during IS, the vulnerable 
brain environment favors M1 microglia, leading to dam-
age expansion and neurologic deficits (Xia et al. 2015; Hu 
et al. 2012). In contrast, the M2 phenotype shows inferior 
with the development of IS. Thus, modulating microglia/

macrophage polarization may be a therapeutic target for 
stroke therapy. We observed an increase in both M1 and 
M2 microglia/macrophage in mice subjected to MCAO 
operation at 24 h, which is in line with previous work in 
which microglia are activated and polarized to both phe-
notype at early stage of cerebral ischemia (Hu et al. 2012). 
Moreover, CKLF1-treated mice suffered MCAO showed 
more microglia/macrophage with M1 phenotype in both 
WT and CKLF1−/− mice. CKLF1−/−mice also showed 
fewer M1 polarized microglia/macrophage compared 
with the WT mice in similar ischemic setting. To us, it 
seems increasingly apparent that CKLF1 heightens the M1 

Fig. 5   CKLF1 skews microglia/macrophage polarization toward 
M1 phenotype in mice MCAO model. a Representative photomi-
crographs of double-staining immunofluorescence of CD16/32 or 
CD206 with Iba1 in the ischemic striatum. Scale bars 100  µm. b 

Quantitative analysis of CD16/32-positive and CD206-positive 
microglia/macrophages in the striatum (n = 6 mice). #P < 0.05 versus 
Sham; *P < 0.05 versus model
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microglia/macrophage reaction after stroke. These results 
demonstrated that both exogenous CKLF1 and endogenous 
CKLF1 modulated the microglia/macrophage polarization 
toward M1 at ischemic acute stage.

It is well known that microglia/macrophage polarization 
and the subsequent neuroinflammatory responses contribute 
to secondary brain injury after stroke. M1 phenotypic micro-
glia/macrophage polarization is involved in the initiation and 
perpetuation of neuroinflammation in other diseases as well 
as stroke, whereas M2 polarized microglia/macrophage is 
more related to the resolution of neuroinflammation through 
engulfment and degradation of invading pathogens, peptides 
and apoptotic cells. The proinflammatory cytokines includ-
ing IL-1β and TNF-α in ischemic brain were increased 
significantly with MCAO insult, and CKLF1 increased 
release of these proinflammatory mediators. TGF-β is an 
anti-inflammatory cytokine, and BDNF is a factor can pro-
tect damage neuron from death, improve the pathological 
morphology of neuron, and help to restore neurogenesis. 
CKLF1 decreased the expression of TGF-β and BDNF in 
mice MCAO model, which is detrimental for aggravating 
the excessive inflammatory response and inhibiting recov-
ery. NF-κB is considered the central transcription factor of 

inflammatory mediators, which plays a crucial role in micro-
glial activation (Lawrence 2009; Shih et al. 2015). Numer-
ous studies show that cerebral ischemia result in NF-κB 
activation (Clemens et al. 1997; Venna et al. 2012). Our 
finding is consistent with the former studies that ischemia 
leads to NF-κB activation. In addition, we further found that 
CKLF1-induced NF-κB activation at physiological state or 
enhance NF-κB activation in ischemic episode, which sug-
gested that CKLF1 may drive microglia/macrophage toward 
M1 phenotype through NF-κB pathway.

In the present study, CKLF1 increased the M1 markers 
and decreased M2 markers in primary microglia. However, 
CKLF1 showed different effects on microglia/macrophage 
polarization in in vivo study. In mice received with CKLF1 
and without MCAO operation, the M1 and M2 markers both 
showed significant increase. Interestingly, when CKLF1 
treated mice suffered the MCAO operation, despite WT or 
CKLF1−/− mice, CKLF1 seemed to enhance the expression 
of M1 markers but decrease the expression of M2 markers. 
This discordant effects of CKLF1 may due to the micro-
environment in which microglia are located. The in vitro 
environment of microglia is relatively simple compared 
with the in vivo condition. In Sham-operated mice, the 

Fig. 6   CKLF1 deteriorates inflammatory response in mice MCAO 
model. a Representative blots and densitometry data for IL-1β and 
TNF-α in the ischemic brain obtained from mice 24 h after MCAO, 
or from Sham animals (n = 6 mice). #P < 0.05 versus Sham; *P < 0.05 
versus model. b Representative blots and densitometry data for 

TGF-β and BDNF (n = 6 mice). #P < 0.05, ##P < 0.01, ###P < 0.001 
versus Sham; *P < 0.05, **P < 0.05 versus model. c Representative 
blots and densitometry data for NF-κB/p-NF-κB ratio (n = 6 mice). 
#P < 0.05, ##P < 0.01 versus Sham; *P < 0.05 versus model
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microenvironment of brain is stable and powerful to restore 
to the homeostasis when insulted by mild stress. CKLF1 
stimulation is slight compared with MCAO operation, and 
effects of CKLF1 stimulation may compensate by other 
factors with strong regulatory capacity. In ischemic setting, 
the brain suffers severe damage and the microenvironment 
homeostasis is totally disturbed. Another reason may be 
the pure primary microglia was used in vitro study, but in 
the mice, the population of microglia and macrophage was 

determined. The migrated macrophage may showed differ-
ent property of polarization with the resident microglia. For 
CKLF1 may play important role poststroke, it dominates the 
initiation and progression of cerebral ischemia at early stage, 
and its M1 polarized effects may amplified in this condition.

It is reported that CCR5 is closely related to IS, although 
with some contradictory outcomes (Sorce et al. 2010; Li 
et al. 2016, 2017; Victoria et al. 2017). Sorce et al. reported 
that mice lacking the chemokine receptor CCR5 showed 

Fig. 7   Knock out of CKLF1 decreases brain damage and supplement 
with CKLF1 aggravates the injury in mice MCAO model. a Repre-
sentative images of MRI and white area circled by dashed line repre-
sents the infarct area. b Infarction ratio, edema ratio, and Longa score 
of mice at 24 h after MCAO, or from Sham animals (n = 6–8 mice). 

#P < 0.05, ##P < 0.01, ###P < 0.001 versus WT or KO Sham; *P < 0.05, 
**P < 0.01 versus WT or KO model; $P < 0.05, $$P < 0.01 versus WT 
model; &P < 0.05, &&P < 0.01 versus WT CKLF1-model. c Represent-
ative photomicrographs of Nissl-stained coronal sections of cortex 
and striatum. Scale bars 100 µm



664	 Cellular and Molecular Neurobiology (2019) 39:651–669

1 3

increased brain damage after permanent IS (Sorce et al. 
2010). However, later study found knockdown of CCR5 is 
protective against cerebral ischemia and reperfusion injury 
(Victoria et al. 2017). Since complex participation of cel-
lular and humoral inflammations in ischemic brain injury, 
the neuroinflammation may various in different experimental 
models (Zhou et al. 2013), and these different outcomes may 
due to the different stroke model. In the present study, we 
found CKLF1 modulates microglia/macrophage polarization 
through the CCR4. There is no study suggests the function 
of CCR4 in cerebral ischemia yet. This finding may indicate 
us that CCR4 is also involved in IS, and further studies are 
needed to clarify its role in cerebral ischemia.

Despite in clinical investigations or basic animal studies, 
female showed significant difference in incidence, mortal-
ity and morbidity of stroke compared with male (Chauhan 
et al. 2017; Zuo et al. 2013). In the present study, we used 
only male subjects to minimize confounding variables such 
as hormonal cycling and estropause for this first series of 
experiments. We are very aware of potential sex differences 
in stroke outcome (Gibson 2013) and in immune responses 
(Bekhbat and Neigh 2018; Klein and Flanagan 2016). Our 
future research will enroll sex as a biological variable to 
clarify CKLF1 functions in IS.

In addition, this study only focused the role of CKLF1 at 
acute stage about 24 h after reperfusion, what is the role of 

Fig. 8   Knock out of CKLF1 decreases microglia/macrophage M1 
phenotype and supplement with CKLF1 increases the M1 phenotype 
in mice MCAO model. a Representative photomicrographs of dou-
ble-staining immunofluorescence of CD16/32 or CD206 with Iba1 
in the ischemic cortex. Scale bars 100  µm. b Quantitative analysis 

of CD16/32-positive and CD206-positive microglia/macrophages in 
the cortex (n = 6 mice). #P < 0.05, ##P < 0.01 versus WT Sham or KO 
Sham; *P < 0.05, **P < 0.01 versus WT or KO model; $P < 0.05 ver-
sus WT model; &&P < 0.01 versus WT CKLF1-model
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CKLF1 in a later stage needed further research. Studies have 
shown cerebral ischemia is associated with marked induction 
of chemokine which leading to extensive leukocyte infiltra-
tion to the ischemic brain, and worsening cerebral damage 
(Mirabelli-Badenier et al. 2011; Frangogiannis 2007). How-
ever, chemokine also show other functions such as promote 
neuroblast migration (Yan et al. 2007), neovascularization 
(Mao et al. 2014) and functional brain repair (Mori et al. 
2015). Thus, CKLF1 may mediate both beneficial and detri-
mental effects depending on pathophysiological conditions. 
Exploring whether CKLF1 play detrimental role in restora-
tive phase, or exert beneficial effects through other mecha-
nisms is of our great interest and future study aim.

Conclusions

In the present study, we demonstrated that CKLF1 modu-
lates microglia/macrophage toward M1 polarization and 
aggravates injury expansion at ischemic early stage in 
mice MCAO model. These findings are supported by data 
obtained from primary microglia in vitro. Our results con-
firm and extend findings that CKLF1 worsens the inflamma-
tory response to ischemia/reperfusion by priming microglia 
and exacerbating their activation, but also by inducing phe-
notypic and functional changes. We further find that this 
polarization-associated effects is partly dependent on the 
CCR4, which may be involved with the activation of NF-κB 

Fig. 9   Knock out of CKLF1 decreases microglia/macrophage M1 
phenotype and supplement with CKLF1 increases the M1 phenotype 
in mice MCAO model. a Representative photomicrographs of dou-
ble-staining immunofluorescence of CD16/32 or CD206 with Iba1 
in the ischemic striatum. Scale bars 100 µm. b Quantitative analysis 

of CD16/32-positive and CD206-positive microglia/macrophages in 
the striatum (n = 6 mice). #P < 0.05, ##P < 0.01 versus WT Sham or 
KO Sham; *P < 0.05 versus WT or KO model; $P < 0.05 versus WT 
model; &P < 0.05 versus WT CKLF1-model



666	 Cellular and Molecular Neurobiology (2019) 39:651–669

1 3

pathway, giving us more indications for the role of CKLF1 
in cerebral ischemia. These data may have implications for 
CKLF1 as a potential therapeutic intervention targeting the 

modulation of microglial/macrophage phenotypes and the 
inflammatory response following ischemic injury.

Fig. 10   CKLF1 modulates the microglia polarization through CCR4. 
a qPCR analysis of mRNA expression levels of M1 markers (iNOS, 
CD16, CD32) and M2 markers (Arg1, CCL-22, TGF-β) in primary 
microglia treated with CKLF1 and C 021 dihydrochloride for 24  h 
(n = 6 cell samples). #P < 0.05, ##P < 0.01, ###P < 0.001 versus con-
trol; *P < 0.05, **P < 0.01, ***P < 0.001 versus CKLF1 100  nM. b 
Representative photomicrographs of double-staining immunofluo-
rescence of CD16/32 or CD206 with Iba1 in the primary microglia 
treated with CKLF1 and C 021 dihydrochloride for 24 h. Scale bars 
100  µm. c Quantitative analysis of CD16/32-positive and CD206-
positive microglia (n = 6 cell samples). ##P < 0.01, ###P < 0.001 versus 

control; *P < 0.05, **P < 0.01, ***P < 0.001 versus CKLF1 100 nM. 
d qPCR analysis of mRNA expression levels of M1 markers (iNOS, 
CD16, CD32) and M2 markers (Arg1, CCL-22, TGF-β) in primary 
microglia after treatment with CKLF1 and DAPTA for 24  h (n = 6 
cell samples). #P < 0.05, ###P < 0.001 versus control. e Representa-
tive photomicrographs of double-staining immunofluorescence of 
CD16/32 or CD206 with Iba1 in the primary microglia after treat-
ment with CKLF1 and DAPTA for 24 h. Scale bars 100 µm. f Quan-
titative analysis of CD16/32-positive and CD206-positive microglia 
(n = 6 cell samples). ##P < 0.01, ###P < 0.001 versus control
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