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Abstract

Cell death and subsequent inflammation are 2 key pathological changes occurring in cerebral ischemia. Active
microglia/macrophages play a double-edged role depending on the balance of their M1/M2 phenotypes. Necrosis is the
predominant type of cell death following ischemia. However, how necrotic cells modulate the M1/M2 polarization of
microglia/macrophages remains poorly investigated. Here, we reported that ischemia induces a rapid RIPK3/MLKL-
mediated neuron-dominated necroptosis, a type of programmed necrosis. Ablating RIPK3 or MLKL could switch the
activation of microglia/macrophages from M1 to the M2 type in the ischemic cortex. Conditioned medium of oxygen-
glucose deprivation (OGD)-treated wild-type (WT) neurons induced M1 polarization, while that of RIPK3™~ neurons
favored M2 polarization. OGD treatment induces proinflammatory IL-18 and TNF« in WT but not in RIPK3~~ neurons,
which in turn upregulate anti-inflammatory IL-4 and IL-10. Furthermore, the expression of Myd88—a common
downstream adaptor of toll-like receptors—is significantly upregulated in the microglia/macrophages of ischemic WT
but not of RIPK3™/~ or MLKL ™~ cortices. Antagonizing the function of Myd88 could phenocopy the effects of RIPK3/MLKL-
knockout on the polarization of microglia/macrophages and was neuroprotective. Our data revealed a novel role of
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necroptotic neurons in modulating the M1/M2 balance of microglia/macrophages in the ischemic cortex, possibly

through Myd88 signaling.
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Introduction

Cell death and inflammation are the 2 hallmark pathological
changes occurring after an ischemic stroke (Vidale et al. 2017).
Innate immunity, characterized by the activation of resident
microglia and recruitment of bone marrow-derived macro-
phages, is the first line of postischemic inflammation in the
brain (Stoll et al. 1998; An et al. 2014). Microglia and macro-
phages are activated and recruited by injury signals, such as
ATP released from damaged cells (Yenari et al. 2010; Ma et al.
2017). Activated microglia/macrophages usually switch their
phenotypes between 2 polarized conditions (Lan et al. 2017,
Ma et al. 2017). One is the M1 type, which expresses proinflamma-
tory factors and functions to remove dead cells and clear tissue
debris. The other is the M2 type, which expresses anti-inflammatory
and growth factors to help with the reparation of damaged brain
tissue. The M1 type of polarization is usually regarded as neuro-
toxic, whereas M2 is considered neuroprotective. Several studies
have focused on elucidating the mechanism of M1/M2 polariza-
tion and aimed to regulate this phenotype shift to facilitate repair
(Amantea and Bagetta 2016).

Apoptosis and necrosis are 2 major types of cell death occur-
ring after cerebral ischemia. Apoptosis is usually regarded as non-
inflammatory, while necrosis is proinflammatory because it
releases damage-associated molecules, such as HMGB1, that trig-
ger inflammation (Scaffidi et al. 2002). For a long time, necrosis
was thought to be uncontrollable. Recently, a type of programmed
necrosis, named necroptosis, has been defined, and the
corresponding molecular mechanism been gradually revealed
(Degterev et al. 2005; Sun and Wang 2014). Upon stimulation of
death signals, in cases where apoptotic signaling is inhibited, cells
upregulate levels of receptor interacting protein kinase 1 (RIPK1)
and receptor interacting protein kinase 3 (RIPK3), which activate a
signaling cascade involving phosphorylation of the mixed lineage
kinase domain-like protein (MLKL) and result in necrosis of the
cell (Christofferson and Yuan 2010; Grootjans et al. 2017; Weinlich
et al. 2017). Interestingly, necroptotic cells not only release
damage-associated molecular patterns (DAMP) but also upregu-
late inflammatory cytokines, indicating an active role in the regu-
lation of inflammation (Murakami et al. 2014; Chan et al. 2015;
Wallach et al. 2016). Although early studies in necroptosis have
involved ischemic stroke (Degterev et al. 2005), and later studies
reported that p53-mediated programmed necrosis also contri-
butes to the neuronal loss following ischemia (Vaseva et al. 2012),
it is still unknown whether necroptotic neural cells regulate the
M1/2 polarization of microglia/macrophages.

In the present study, we addressed this question by analyz-
ing the cellular type of necroptosis in wild-type (WT) animals
and investigating microglia/macrophage activation in RIPK3™/~
and MLKL™~ mice. Our data demonstrated that necroptotic
neurons play a crucial role in modulating M1/M2 polarization
of microglia/macrophages, possibly through Myd88 signaling.

Materials and Methods
Photochemical Ischemia and Mice Treatment

Focal cortical ischemia was induced by photothrombosis of the
cortical microvessels as described (Lee et al. 2007). Rose bengal

(Sigma) was injected through the tail vein at a concentration of
20-25 mg/kg. A skull window was carefully made without hurt-
ing the brain tissue. The brain was illuminated for 10 min using
a cold light source (Zeiss FL1500 LCD).

For behavioral tests, the skull widow was made 0.3-2.3 mm
anterior to the Bregma and 0.5-3.0mm right of the midline.
Behavioral tests were performed at 1, 3, 7, and 14 dpi.

For interfering with Myd88 signaling, Myd88 inhibitory pep-
tide (MIP, R & D system) was administered i.p. at 10 mg/kg per
day from 3 to 6 dpi.

For in vivo propidium iodide (PI) staining, 20 mg/kg of Pl in a
total volume of not more than 100 uL was administered (i.p.) to
mice 1h before sacrifice as described (Fan et al. 2015, 2016).

Immunohistochemistry and H.E. Staining

For immunohistochemistry, mice were perfused intracardially
with 4% paraformaldehyde phosphate buffer. Serial coronal sec-
tions were prepared. Slides were blocked using PBS containing
0.3% Triton X-100 and 3% BSA, and incubated with primary antibo-
dies (detailed information provided in Supplementary Information)
overnight at room temperature. Corresponding secondary antibo-
dies conjugated with Alexa Fluor 594 (donkey antimouse, anti-
rabbit, or anti-goat IgG, 1:800, Jackson ImmunoResearch), Alexa
Fluor 488 (donkey anti-rabbit or donkey anti-goat IgG, 1:500,
Jackson ImmunoResearch), and Alexa Fluor 647 (donkey anti-rabbit
IgG, 1:1000, Jackson ImmunoResearch) were incubated with the
sections for 2-4 h at room temperature protected from light.

For TUNEL/NeuN double-staining, TUNEL staining was per-
formed first according to the manual of DeadEND™ TUNEL sys-
tem (Promega), and then followed by immunostaining of NeuN.

For H.E. staining, sections were incubated with Hematoxylin
for 5min, rinsed with tap water, and blued by 1% ammonia
water. Sections were then mordanted using 95% ethanol and
stained with Eosin for 10 min. Graded dehydration was finally
performed, and coverslips were mounted for observation.

Immunoelectron microscopy

The immune-electron microscopic study was performed as
described (Wang et al. 2006). Briefly, at 3 or 7 dpi, mice were
perfusion-fixed with a mixture of 4% paraformaldehyde, 0.05%
glutaraldehyde, and 15% saturated picric acid for 30 min. Next,
the cortex was removed and postfixed in the same fixative
without glutaraldehyde for 3h. Tissue sections were prepared
using a vibratome. Following one freeze-thaw treatment, the
sections were blocked using 5% bovine serum albumin and 5%
normal goat serum and then sequentially incubated with anti-
MLKL antibody and goat anti-rat IgG conjugated to 1.4 nm gold
particles (1:100, Nanoprobes), overnight at room temperature.
After rinsing, the sections were postfixed with 2% glutaralde-
hyde. Silver enhancement was performed with an HQ Silver Kit
(Nanoprobes). Sections were further fixed with 0.5% osmium
tetroxide, dehydrated with graded ethanol, replaced with
propylene oxide, and flat-embedded in Epon 812. Ischemic
regions were selected, trimmed under a stereomicroscope and
mounted for ultrathin sectioning. Ultrathin sections (70-80 nm)
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were prepared on an LKB Nova Ultratome. After being counter-
stained with uranyl acetate and lead citrate, the sections were
examined under an electron microscope (JEM-1230).

Primary Cell Culture and Treatments

For the culture of primary cortical neurons, brains of E15-E17
mouse embryos were removed under a stereomicroscope. The
cortex was dissected and digested in 0.125% trypsin for 10 min
at 37 °C. Neurons were cultured in Neurobasal medium supple-
mented with 2% B27 and 1% N2 for 5-6 days.

For the culture of primary cortical astrocytes, primary cells
were isolated from the cortices of P2-4 neonatal pups and cul-
tured in DMEM containing 10% fetal bovine serum. Astrocytes
were purified as described, with modifications (Hamby et al.
2006; Gingras et al. 2007). Briefly, when cells reached conflu-
ence, the culture was purified by shaking at 260 rpm overnight,
and the suspended microglia and oligodendrocytes were dis-
carded. The cells were then cultured with 8 M of arabinoside C
(Ara C) for 3 days, followed by a 1-h i-leucine methyl ester
(LME, 60 uM) treatment. The cell shaking, passaging, Ara C and
LME treatment were repeated once to ensure that 99% of the
cells used for experiments were GFAP-positive.

For the culture of microglia, primarily cultured astrocytes
were shaken at 260 rpm for 30 min. The cells in the suspension
were collected and replated. The purity of microglia was con-
firmed by immunostaining of Iba-1.

For the culture of macrophages, bone marrow cells were col-
lected from the femurs and tibias of mice by trituration using
26-gauge needles. Red blood cells were lysed by lysis buffer
before washing with DMEM. Cells were cultured in DMEM sup-
plemented with 10% FBS and 10-30ng/mL of macrophage
colony-stimulating factor (M-CSF). After 7-10 days of culture,
nonadherent cells were removed.

For oxygen-glucose deprivation (OGD), neurons and astro-
cytes were cultured with glucose-free DMEM in a hypoxic
chamber (95% N, and 5% CO,) at 37°C for 2 and 4h, respec-
tively. Twenty-four hours after OGD, the conditioned medium
(CM) and dying cells were collected for further experiments.

For the polarization study of macrophages in vitro, adherent
cells were treated with CM from control WT or RIPK3~/~ neu-
rons and OGD-treated WT or RIPK3™~ neurons. Forty-eight
hours later, the CM was removed, and macrophages were col-
lected for analysis.

For interfering with Myd88 signaling, MIP or control peptide
(CP) was added at a final concentration of 100 M.

Flow-Cytometry Analysis

Periphery blood was collected from WT, RIPK3™~ and MLKL™~
mice. After discarding lymphocytes and monocytes, single-cell
suspension was made and blocked with 25% rat serum for 20 min.
Cells were incubated with rat anti-mouse CD11b-FITC (1:100,
ebioscience), rat anti-mouse CD86-APC (1:100, ebioscience) and
rat anti-mouse CD206-PE (1:100, ebioscience) on ice for 30 min.
After washing with PBS containing 2% FBS, cells were analyzed
by Millipore flow cytometer (Guawa 6HT) with Flow Jo software
version 7.6.2 (Tree Star, Ashland, OR, USA).

Western Blotting

Cortical tissues or cells were homogenized in RIPA lysis buffer.
After SDS-PAGE and protein transfer, membranes were incu-
bated with primary antibodies (detailed information provided

in Supplementary Information) overnight at 4°C, followed by
incubation with HRP-conjugated anti-rabbit or anti-mouse IgG
(1:5000; Proteintech) for 1h at room temperature. Bands were
visualized with an ECL kit (Thermo).

Real-Time RT-PCR

Total RNA was extracted from cortical tissues at 7dpi, or
macrophages 48 h post-treatment with OGD CM. After reverse
transcription, real-time RT-PCR was carried out. mRNA levels
of target genes were normalized to the mRNA levels of Gapdh
using the ACt method. The detailed primer information for
individual genes is included in the Supplementary Information.

Behavioral Tests

Glass sliding and footfault tests were used to assess the asym-
metry in forelimb use as described (Baskin et al. 2003;
Sweetnam et al. 2012). Animals were videotaped in a transpar-
ent glass cylinder for 10 min. Two mirrors combined at an angle
of 90° were placed behind the glass cylinder to allow the
recording of forelimb movements when the animal turned
away from the camera. The numbers of contacts and the num-
bers of sliding movements of each forelimb at the wall of the
cylinder for every spontaneous stand-up were scored. Forelimb
activity (FLA) was evaluated using the following formula. FLA =
(first contact + horizontal + vertical)/number of rearings.
Percentages of sliding were calculated by number of sliding
movements/(number of contacts + number of sliding move-
ments) x 100. The asymmetry index was derived by subtracting
the % of ipsilateral sliding from the % of contralateral sliding.

For the footfault test, a camera was placed underneath a hor-
izontally placed ladder (1.5 cm wide between the rungs) to assess
the animals’ stepping errors (i.e., “footfaults”). Animals were
given 10 min to walk atop the elevated wire surface. A step was
considered a footfault if it was not providing support or a slip/
miss occurred. Footfaults for each limb were counted and com-
pared with the overall number of steps made by that limb.
Footfault scores were calculated as footfault per step/steps per
limb x 100. Percentages of footfaults was calculated as number
of footfaults/(number of steps+number of footfaults)x100. The
asymmetry index was derived by subtracting the % of ipsilateral
footfaults from the % of contralateral footfaults.

Image Collection and Statistical Analysis

All images of H.E. staining and immunofluorescent staining
were taken by Olympus BX51 and Olympus FV1000, respec-
tively. Images were analyzed by Image J or Photoshop CS 6.0. At
least 3 mice for each group were used for comparison. Data
were presented as the mean + standard error. Statistical com-
parisons were made using Student’s t-test or analysis of vari-
ance (ANOVA) with Student Newman-Keuls post hoc analysis.
P value less than 0.05 was considered as statistical significant.

Results

Ischemia Induces Rapid Neuron-Dominant Necroptosis
in Mice Cortex

A photothrombosis model was adopted to induce focal ische-
mia in the cerebral cortex of C57 mice (Yang et al. 2016). We
first examined the occurrence of necrosis in the ischemic cor-
tex by in vivo PI labeling (Fan et al. 2015, 2016). Starting from
24 h post-injury, plenty of PI-positive cells were observed in the
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Figure 1. Cellular necrosis following ischemia. (A) In vivo PI labeling and quanti-
fication of PI-positive cells at the lesion site. The number of PI-positive cells
reached a peak at 3dpi. (B) Combination of immunohistochemistry of neural
cell markers with Pl-labeling at 3dpi. Left panel shows the combination of
NeuN-staining with PI-labeling. Right panel shows the cell type composition of
Pl-positive cells. (C) Combination of immunohistochemistry of neural cell
markers with PI-labeling at 5dpi. Left panel shows the combination of GFAP-
staining with PI-labeling. Right panel shows the cell type composition of PI-
positive cells. Notice that the major cell types of PI-positive cells are neurons at
3dpi and astrocytes at 5dpi. Arrowheads in B and C indicate double-positive
cells. N = 5 mice per group. P < 0.01 compared with control group. **P < 0.001
compared with control group.

infarction area, and their numbers peaked at 3 days post-injury
(dpi) (Fig. 1A). Combined immunostaining of different neural
cell markers with PI demonstrated that at 3 dpi, approximately
71.4 + 5.8% of the PI-labeled cells were NeuN-positive (Fig. 1B).
From 5dpi onward, the number of Pl-labeled cells decreased
and cell types labeled with PI changed (Fig. 1B). At 5dpi, most
of the PI-positive cells were GFAP-positive (Fig. 1C). These data
indicated that after focal cerebral ischemia, there is a rapid
neuron-dominant necrosis followed by an astrocyte-dominant
necrosis in the later phase.

To explore whether necroptosis contributes to ischemia-
induced necrosis, we next examined the expression of RIPK3,
MLKL and phosphorylated MLKL (pMLKL) in the ischemic cortex.
Western blotting demonstrated that RIPK3, MLKL and pMLKL
were upregulated at 24 h postischemia, and this upregulation per-
sisted through 7 dpi (Fig. 2A). Consistent with PI-labeling, at 3 dpi,
most of the pMLKL-positive cells were NeuN-positive (Fig. 2B). At
5dpi, GFAP-positive astrocytes made up most of the pMLKL-
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positive cells in the ischemic cortex (Fig. 2C). To confirm the
occurrence of necroptosis, we performed immune-electron micro-
scopic study y of MLKL. At 3 dpi, nanogold labeled MLKL immu-
noreactivities were observed to be enriched in cells showing lysis
of the cytoplasmic content and ultrastructural features of neu-
rons (Fig. 2D). At 5dpi, most MLKL immunoreactivities were
observed in cells with lysis of the cytoplasmic content and glial
fibers (Fig. 2E). These data indicated that neuronal necroptosis
occurs in the acute phase after ischemia, and in the later phase,
astrocytes also undergo RIPK3/MLKL-mediated necroptosis.

Inhibition of Necroptosis Alleviates Injury and
Facilitates Functional Recovery

We next performed photothrombosis in the cortex of RIPK3™~
and MLKL™~ mice and measured infarction size at 7 and
14 dpi, respectively. The results demonstrated that compared
with WT mice, there was significant reduction in lesion size
in the cortex of RIPK3™~ mice by approximately 29% at 7 dpi
and approximately 45% at 14 dpi (Fig. 3A,B). Similarly, MLKL™~
mice showed a significant decrease in lesion size by approx-
imately 30% at 7 dpi and 48% at 14 dpi (Fig. 3A,B), suggesting
a role of necroptosis in lesion development in ischemia.
Further analysis showed that, at 7 dpi, there was significantly
less number of TUNEL/NeuN-positive cells in the cortex
of RIPK3™~ and MLKL™~ mice (Fig. 3C). Interestingly, more
hematoxylin-stained inflammatory cells were observed in the
ischemic regions of RIPK3™/~ and MLKL™~ cortices than those
in the WT cortex at 7 dpi and these cells diminished at 14 dpi
(Fig. 3A,B).

To evaluate whether blocking necroptosis helped functional
recovery following ischemia, we induced ischemia in the senso-
rimotor cortex and performed FLA assays and footfault assays
to assess the recovery of forelimb locomotion. Following ische-
mia, forelimb activities reduced immediately to approximately
<40% of baseline in WT, RIPK3™~ and MLKL™~ mice (Fig. 3D).
From 7 dpi onward, significant recovery of forelimb locomotion
was observed in both RIPK3™~ and MLKL ™~ mice compared with
WT controls, as indicated by the increase in forelimb activities
and reduction of sliding movements (Fig. 3D,E). The footfault
assay demonstrated that ischemia quickly resulted in obvious
stepping faults in all mice. A significant decrease in footfault
steps and reduction in the asymmetric index was observed in
RIPK3~~ and MLKL™~ mice from 7 dpi onwards (Fig. 3F,G). These
data suggested that blocking necroptosis reduced tissue damage
and was helpful in functional recovery.

Defective Necroptosis Induces Polarization Bias in
Macrophages/Microglia Toward M2 Phenotype in the
Ischemic Cortex

As we have noticed, there seems to be more inflammatory cells
in both RIPK3~~ and MLKL™~ cortices at 7 dpi (Fig. 3A). Since
the microglia/macrophage-mediated innate immune response
is the predominant immune reaction in the brain, we first
examined the expression of Iba-1—a marker of microglia/
macrophages—by immunohistochemistry and Western blot-
ting. In the WT cortex, Iba-1-positive cells were distributed pri-
marily surrounding the infarction core, while in both RIPK3 and
MLKL-deficient cortices, Iba-1-positive cells filled the infarction
core as well as the surrounding region (Fig. 4A). No significant
increase of Iba-1-positive cells was observed in the contralat-
eral cortex of RIPK3™~ and MLKL™~ mice, compared with that
in WT mice (Fig. 4A). Western blotting confirmed this increase
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Figure 2. Cellular necroptosis in the ischemic cortex. (A) Western blotting of RIPK3, MLKL and pMLKL in the ischemic cortex. (B) Double-immunostaining of pMLKL
with neural cell markers and quantification at 3 dpi. Left panel: representative image of NeuN/pMLKL-staining. Right panel: quantification of cell type composition of
PMLKL-positive cells. (C) Double-immunostaining of pMLKL with neural cell markers and quantification at 5dpi. Left panel: representative image of GFAP/pMLKL-
immunostaining. Right panel: quantification of cell type composition of pMLKL-positive cells. Notice that the major cell types of pMLKL-positive cells are neurons at
3dpi and astrocytes at 5dpi. (D, E) Immunoelectron microscopic (EM) study of MLKL at 3dpi (D) and 5dpi (E). Notice MLKL-positive neurons at 3dpi and MLKL-

positive astrocytes at 5 dpi with lysis of cytoplasm. Arrowheads in D and E indicate MLKL-positive nanogold particles.

of Iba-1 expression in the ischemic RIPK3- and MLKL-deficient
cortices (Fig. 4B, Supplementary Fig. S1A, B).

Considering that there are primarily 2 types of activated
microglia/macrophages, namely, M1 and M2, which exhibit dis-
tinct functions (Hu et al. 2015), we next examined the expression
of M1 markers and related cytokines. Immunohistochemistry
demonstrated that in uninjured WT, RIPK3™~ and MLKL ™~ corti-
ces, there were few iNOS/F480-positive cells (Fig. 4C, upper
panel). At 7 dpi, strong iNOS immunoreactivities were detected,
primarily overlapping with F4/80-positive cells in the ischemic
cortex. In RIPK3~~ and MLKL™~ mice, the number of F4/80-posi-
tive cells expressing iNOS significantly reduced at 7 dpi (Fig. 4C,
lower panel). Western blotting confirmed this upregulation of
iNOS by ischemia in the WT cortex and the compromised upre-
gulation of iNOS in RIPK3”~ and MLKL™”~ mice (Fig. 4D,
Supplementary Fig. S1C, D). Furthermore, real-time RT-PCR

demonstrated that the mRNAs of iNOS and proinflammatory
factors TNFa, IL-12 and IL-18 were all compromised in both the
RIPK3~~ and MLKL ™~ cortices, compared with those observed in
WT controls (Fig. 4EF). These data indicated that blocking
necroptosis attenuates M1 polarization of microglia/macro-
phages in the ischemic cortex.

We next examined the expression of the M2 phenotype-
associated markers and cytokines. Immunohistochemistry dem-
onstrated that in the uninjured cortices of WT, RIPK3™~ and
MLKL™™ mice, there were few Arginase-1 (Arg-1)-positive cells
(Fig. 5A, upper panel). At 7 dpi, there was a moderate increase in
Arg-1-immunoreactivities in the Iba-1-positive cells in the WT
cortex (Fig. 5A, lower panel). Stronger Arg-1-immunoreactivities
were observed in the ischemic cortices of RIPK3”~ and MLKL™~
mice (Fig. 5A, lower panel). Western blotting and real-time RT-
PCR confirmed the upregulation of Arg-1 in the ischemic RIPK3™~
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Figure 3. Effects of RIPK3- and MLKL-deficiency on lesion size and locomotion recovery. (A, B) Effects of RIPK3- and MLKL-deficiency on lesion size at 7 dpi (A) and
14 dpi (B), respectively. Notice the smaller lesion area in both RIPK3™~ and MLKL ™~ cortices. N = 8 mice in each group. Inserts are magnified lesion region. Notice the
blue-stained inflammatory cells. (C) Combination of TUNEL staining with immunohistochemistry of NeuN at 7 dpi in WT, RIPK3~~ and MLKL ™~ mice. Notice the less
number of TUNEL/NeuN-positive cells in RIPK37~ and MLKL ™~ cortices. (D, E) Spontaneous forelimb activity assays of WT, RIPK37~ and MLKL™~ mice following
ischemia. N = 6 mice in each group. (F, G) Footfault assays of WT, RIPK3~~ and MLKL ™~ mice following ischemia. N = 6 mice in each group. Notice that RIPK3~/~ and
MLKL™~ mice showed better locomotion recovery from 7 dpi onward. Arrowheads in C indicate double-positive cells. *P < 0.05. **P < 0.01.

and MLKL™~ cortices (Fig. 5B,C, and Supplementary Fig. S1E, F),
suggesting that inhibiting necroptosis biased microglia/macro-
phages toward an M2 fate. In line with this observation, signifi-
cant increases in anti-inflammatory factors IL-4 and IL-10 were
detected by real-time RT-PCR in both RIPK3~~ and MLKL ™" corti-
ces at 7 dpi, compared with the levels observed in WT controls
(Fig. 5D).

The no changes of iNOS and Arg-1 in the contralateral
cortex of ischemic injury excluded a role of RIPK3 and MLKL
in naive microglia. To explore the effects of RIPK3- and
MLKL-deficiency on blood macrophages, we performed flow
cytometry analysis. The expression of M2 marker CD206 in
CD11b-positive cells were similar among WT, RIPK3”~ and

MLKL ™~ mice. The expression of M1 marker CD86 in CD11b-
positive cells of RIPK37~ and MLKL™~ mice was even higher
than that in WT mice (Supplementary Fig. S2A). These data
excluded the M2-inducing effect of RIPK3- and MLKL-deficiency
on naive macrophages. Further, we tested whether the switch
of M1/M2 microglia/macrophages in ischemic cortex was
related to apoptosis by examining polarization in Caspase-37/~
mice. Western blotting showed a moderate upregulation of
iNOS but no change of Arg-1 in the ischemic cortex of Caspase-
37~ mice (Supplementary Fig. $2B,C). Taken together, these
data indicated that necroptosis may play an important role in
regulating the M1/M2 polarization of microglia/macrophages in
the ischemic cortex.
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Figure 4. RIPK3- and MLKL-knockout attenuate M1 polarization of microglia/macrophages in the ischemic cortex. (A, B) Immunostaining and Western blotting of Iba-1 in
the contralateral (Con) and ipsilateral cortex (Ipsi) of WT, RIPK3~~, MLKL™~ mice at 7 dpi. Notice the increase of Iba-1 in the ischemic cortex of RIPK3™~, MLKL™~ mice
compared with that in WT mice. (C) Double-immunostaining of iNOS with F4/80 in the contralateral (Con) and ipsilateral cortex (Ipsi) of WT, RIPK37~, MLKL ™~ mice at
7 dpi. (D) Western blotting of iNOS in the contralateral (Con) and ipsilateral cortex (Ipsi) of WT, RIPK3~~, MLKL™~ mice at 7 dpi. (E, F) Real-time RT-PCR of iNOS (E), TNFq,
IL-12 and IL-18 (F) in the ischemic cortex of WT, RIPK3~~, MLKL ™~ mice at 7 dpi. Notice the relatively lower expression of iNOS, TNFa, IL-12 and IL-18 in the ischemic cor-
tices of RIPK3™~ and MLKL ™~ mice compared with that in WT mice. Arrowheads in C indicate double-positive cells. N = 3 mice in each group. *P < 0.05. P < 0.01.

Since M2 microglia/macrophages have been supposed to Double-immunostaining showed that there were more Iba-1-
be neuroprotective (Xiong et al. 2016; Ma et al. 2017), we next positive cells expressing brain-derived neurotrophic factor
investigated the effects of RIPK3- or MLKL-deficiency on the (BDNF, Fig. 5E). Western blotting confirmed the higher expres-
expression of neurotrophic factor in microglia/macrophages. sion of BDNF in the ischemic cortex of RIPK3™~ and MLKL™~
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Figure 5. RIPK3- and MLKL-knockout promote M2 polarization of microglia/macrophages in the ischemic cortex. (A) Double-immunostaining of Arg-1 with Iba-1 in
the contralateral (Con) and ipsilateral cortex (Ipsi) of WT, RIPK3™~, MLKL ™~ mice at 7 dpi. (B) Western blotting of Arg-1 in the contralateral (Con) and ipsilateral cortex
(Ipsi) of WT, RIPK3™/~, MLKL™~ mice at 7 dpi. (C, D) Real-time RT-PCR of Arg-1 (C), IL-4 and IL-10 (D) in the ischemic cortex of WT, RIPK3~~, MLKL™~ mice at 7 dpi.
Notice the relatively higher expression of Arg-1, IL-4, and IL-10 in the ischemic cortices of RIPK3~~ and MLKL™~ mice compared with that in WT mice. (E) Double-
immunostaining of BDNF with Iba-1 in the ipsilateral cortex (Ipsi) of WT, RIPK3~/~, MLKL ™~ mice at 7 dpi. (F) Western blotting of BDNF in the contralateral (Con) and
ipsilateral cortex (Ipsi) of WT, RIPK3~~, MLKL ™~ mice at 7 dpi. N = 3 mice in each group. **P < 0.01. Arrowheads in A and E indicate double-positive cells.

mice at 7dpi (Fig. S5F, Supplementary Fig. 3A, 3B). These data
indicated that blocking necroptosis might enhance the neuro-
protective phenotype of microglia/macrophages.

Necroptotic Neurons Polarize Macrophages Toward M1
Phenotype in Vitro

Since neurons and astrocytes are the 2 major cell types that
undergo necroptosis following ischemia, we next investigated

whether necroptotic neurons or astrocytes modulated the
polarization of microglia/macrophages in vitro. Primary neurons
and astrocytes were subjected to oxygen and glucose depriva-
tion (OGD), and the CM was collected to stimulate primary
microglia/macrophages. Necroptosis of OGD-treated neurons
and astrocytes was confirmed by Western blotting of RIPK3 and
PMLKL (Supplementary Fig. S4A-D). Stimulating primary micro-
glia with CM of OGD-treated neurons resulted in significant
upregulation of iNOS (Supplementary Fig. S4E), suggesting a role
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Figure 6. Necroptotic neurons induce M1 polarization of macrophages in vitro. (A) Experimental design, and Western blotting of iNOS and Arg-1 in macrophages trea-
ted with the CM of control astrocytes (Con-As) and OGD-treated astrocytes (OGD-As). No significant changes in iNOS and Arg-1 were detected. (B) Experimental
design, and real-time RT-PCR of iNOS, CD86, Arg-1 and CD206 in macrophages treated with the CM of control WT neurons (Con WT N), OGD-treated WT neurons
(OGD WT N), control RIPK3~/~ neurons (Con RIPK3™~ N), and OGD-treated RIPK3~~ neurons (OGD RIPK3~~ N). Notice that the CM of OGD-treated WT neurons induced
relatively higher levels of M1 markers (iNOS, CD86), while the CM of OGD-treated RIPK3™~ neurons led to higher expression of M2 markers (Arg-1, CD206) in WT
macrophages. (C) Experimental design, and Western blotting of iNOS and Arg-1 in WT macrophages treated with different CM as above. (D) Experimental design, and
Western blotting of iNOS and Arg-1 in RIPK3™~ macrophages treated with different CM as above. (E, F) Real-time RT-PCR of TNFq, IL-18 (E), IL-4 and IL-10 (F) in control
WT neurons, OGD-treated WT neurons, control RIPK3~/~ neurons, and OGD-treated RIPK3~~ neurons. Notice that OGD-treated WT neurons expressed relatively high-
er levels of M1 cytokines (TNFq, IL-18), while the OGD-treated RIPK3™~ neurons expressed higher levels of M2 cytokines (IL-4 and IL-10). N = 3 batches of cell for each

experiment. *P < 0.05. **P < 0.01.

of necroptotic neurons on the M1-polarization of microglia/macro-
phages. Considering the easy availibility, we next mainly used
primary macrophages in the following in vitro study. Treatment
of macrophages with CM of OGD-treated astrocytes exerted no
significant effects on the expression of iNOS and Arginase-1 in
primary macrophages (Fig. 6A). To directly investigate the
effects of necroptotic neurons on the polarization of microglia/
macrophages, we treated WT macrophages with the CM of nor-
mal WT neurons, OGD-treated WT neurons, normal RIPK3™~
neurons and OGD-treated RIPK3™~ neurons (Fig. 6B,C). Real-time
RT-PCR demonstrated that the CM of OGD-treated WT neurons

significantly increased the expression of M1 markers, iNOS and
CD86, while the CM of OGD-treated RIPK3~~ neurons significantly
increased the expression of M2 markers, Arg-1 and CD206 in WT
macrophages at 48h after treatment (Fig. 6B). Upregulation of
iNOS by OGD-treated WT neurons and the induction of Arg-1 in
WT macrophages by OGD-treated RIPK37~ neurons were con-
firmed by Western blotting (Fig. 6C). We next used the above CM
to stimulate RIPK3™~ macrophages (Fig. 6D). The results showed
that OGD CM of WT and RIPK3™~ neurons induced upregulation
of both iNOS and Arg-1 in RIPK3™~ macrophages. However, the
folds of iNOS/Arg-1 upregulation in RIPK3™”~ macrophages were
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Figure 7. Myd88 mediates the effects of necroptotic neurons on the polarization of microglia/macrophages. (A) Western blotting of TLR2 in the contralateral (Con) and
ipsilateral cortex (Ipsi) of WT, RIPK3~~, MLKL ™~ mice at 7 dpi. (B) Western blotting of TLR4 in the contralateral (Con) and ipsilateral cortex (Ipsi) of WT, RIPK37~,
MLKL™~ mice at 7 dpi. Notice the compromised upregulation of TLR2 and TLR4 in the ischemic cortex of RIPK3”~ and MLKL™~ mice. (C, D) Immunostaining and
Western blotting of Myd88 in WT, RIPK3~~ and MLKL ™~ mice at 7 dpi. (E) Western blotting of Myd88 in macrophages treated with the CM of control WT neurons,
OGD-treated WT neurons, control RIPK3™~ neurons, and OGD-treated RIPK3~~ neurons. (F) Western blotting of iNOS and real-time RT-PCR of iNOS and CD86 in
macrophages treated with the CM of control neurons, CM of OGD-treated neurons plus control peptide (CP), CM of OGD-treated neurons plus Myd88 inhibitory peptide
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similar under stimulations of OGD CM from WT neurons or
RIPK3~~ neurons (Fig. 6D). These data indicated that the RIPK3
signaling in neurons was essential for inducing the Mi1-
polarization of macrophages. Further analysis demonstrated that
OGD treatment led to a dramatic increase in the mRNA levels of
proinflammatory factors TNFa and IL-18 in necroptotic WT neurons
(Fig. 6E). In contrast, remarkable upregulation of anti-inflammatory
cytokines IL-4 and IL-10 was observed in OGD-treated RIPK3™/~
neurons, compared with the levels observed in OGD-treated WT
neurons or normal controls (Fig. 6F). These data indicated that
necroptotic neurons may induce the M1 fate of microglia/
macrophages, while necroptosis-defective neurons may favor M2
polarization by releasing distinct inflammatory factors.

Myda88 is Required for the Effects of Necroptotic
Neurons on the Polarization of Microglia/Macrophages

Toll-like receptors (TLRs) are key receptors on the surface of
microglia/macrophages to which most DAMP factors bind
(Piccinini and Midwood 2010). Under inflammatory conditions,
multiple TLRs are usually activated. To explore the mechanism
of the polarization-modulating effects of necroptotic neurons,
we first examined the expression of TLR2 and TLR4, 2 TLRs
which were reportedly upregulated by microglia/macrophages
after cerebral ischemia (Brea et al. 2011). Western blotting dem-
onstrated that deficiency of RIPK3 and MLKL significantly
blocked the upregulation of TLR2 and TLR4 in the ischemic
cortex (Fig. 7A,B, Supplementary Fig. S5A, B). We then focused
on Myd88, a common intracellular adaptor protein of all
TLRs (Deguine and Barton 2014; Narayanan and Park 2015).
Immunohistochemistry demonstrated an extremely low level
of Myd88 expression in the normal cortex. Following ischemia,
strong immunoreactivity of Myd88 was detected, primarily in
F4/80-positive cells (Fig. 7C). In the ischemic cortex of RIPK3™/~
and MLKL™~ mice, the number of F4/80-positive cells expres-
sing Myd88 significantly decreased, as compared with those in
the WT controls (Fig. 7C). Western blotting confirmed this upre-
gulation of Myd88 induced by ischemia in WT mice and the
compromised upregulation in RIPK3- and MLKL-deficient corti-
ces (Fig. 7D, Supplementary Fig. 5C). In vitro, the CM of OGD-
treated WT neurons significantly increased the expression of
Myd88, while the CM of OGD-treated RIPK3™~ only exerted a
moderate effect (Fig. 7E, Supplementary Fig. S5D). These data
suggested that Myd88 may be involved in the effects of necrop-
totic neurons on macrophage/microglia polarization.

To further probe this possibility, we added a Myd88 inhibi-
tory peptide (MIP), containing a TAT transmembrane peptide
and a domain that interferes with the dimerization of Myd88,
into the CM of OGD neurons when stimulating macrophages.
Western blotting demonstrated that the CP had no effects on
the induction of iNOS by the CM of OGD neurons, while MIP sig-
nificantly reduced the increase of iNOS (Fig. 7F, left panel,
Supplementary Fig. SSE). Real-time RT-PCR also demonstrated
that MIP significantly blocked the induction of iNOS and
another M1 marker, CD86, by OGD neurons (Fig. 7F, right panel).
With regard to M2 markers, MIP treatment resulted in higher

expression of Arg-1 as well as another M2 marker, CD206, at
both the protein and mRNA levels (Fig. 7G, Supplementary
Fig. S5F). These data indicated that inhibiting Myd88 may exert
a similar effect as RIPK3™~ and MLKL™~ on the polarization of
microglia/macrophages in the ischemic cortex.

To test this possibility in vivo, we injected MIP i.p. once per
day from 3 to 6 dpi and examined the polarization of microglia/
macrophages at 7 dpi. The results demonstrated that compared
with mice treated with the CP, MIP-treated mice showed signifi-
cantly lower levels of iNOS in the ischemic cortex (Fig. 7H,
Supplementary Fig. S5G). Regarding M2 markers, mice treated
with MIP showed significantly higher levels of Arg-1 in the ische-
mic cortex (Fig. 7I, Supplementary Fig. S5H). In addition, MIP sup-
pressed the induction of proinflammatory factors TNFa and IL-18
(Fig. 7]) and promoted the expression of anti-inflammatory fac-
tors IL-4 and IL-10 (Fig. 7K). These data indicated a M2 polariz-
ing effect of MIP treatment. In line with these results, MIP
treatment significantly reduced the number of TUNEL/NeuN-
positive cells and increased the expression of BDNF in micro-
glia/macrophages in the ischemic cortex (Supplementary
Fig. S5I-K). Taken together, these data indicated that Myd88 sig-
naling may be a key intracellular signaling which mediates the
effects of necroptotic neurons on the polarization of microglia/
macrophages.

Discussion

In the present study, we first analyzed the time course and cell
types involved in necroptosis in the murine cortex following
ischemia, by in vivo PI-labeling, immunohistochemistry of
RIPK3 and pMLKL, and immunoelectron microscopic studies.
Next, we assessed the effects of necroptosis on M1/2 polariza-
tion of microglia/macrophages by Western blotting and real-
time RT-PCR and further demonstrated that it was necroptotic
neurons, but not necroptotic astrocytes, that induce M1 polari-
zation of macrophages at the lesion site. Finally, our data dem-
onstrated that Myd88 signaling in microglia/macrophages
mediates the effects of necroptotic neurons on the fate switch-
ing of microglia/macrophages.

Previous studies have reported the occurrence of necropto-
sis and ferroptosis in the ischemic cortex and that RIPK1—a
molecule upstream of RIPK3 and MLKL—contributes to neuro-
nal and astrocytic death (Ni et al. 2017). Recent studies also
reported the occurrence of necroptosis in the ischemic cortex
(Yang, Lv, et al. 2017; Yang, Hu, et al. 2017; Yang, Yi et al. 2017).
However, the detailed time course and cell types involved in
necroptosis elicited by ischemia have not been fully analyzed.
In the present study, by examining the expression of RIPK3 and
MLKL, we observed that a neuron-dominant necroptosis occurs
in the first 3 days after ischemia. From 5 dpi onward, the major
cell types, which undergo necroptosis, changed to astrocytes.
This time-dependent switch of neuron-to-astrocyte necroptosis
reflects the pathological changes of cerebral ischemia and may
contribute to the development of secondary injury. Acute oxi-
dative stress and energy deprivation may account for the rapid
death of neurons. P53 has been reported to contribute to the

(MIP), and MIP. (G) Western blotting of Arg-1 and real-time RT-PCR of Arg-1 and CD206 in macrophages treated with the CM of control neurons, CM of OGD-treated
neurons plus control peptide (CP), CM of OGD-treated neurons plus Myd88 inhibitory peptide (MIP), and MIP. Notice that MIP treatment blocked the effects of the CM
of OGD-treated neurons on the polarization of macrophages in vitro. (H) Western blotting and real-time RT-PCR of iNOS in the ischemic cortex treated with MIP or CP
at 7 dpi. (I) Western blotting and real-time RT-PCR of Arg-1 in the ischemic cortex treated with MIP or CP at 7 dpi. (J, K) Real-time RT-PCR of TNFa, IL-18, IL-4, and IL-10
in ischemic cortex treated with MIP or CP at 7 dpi. Arrowheads in C indicate double-positive cells. N = 3 mice in each group or 3 batches of cells for each experiment.

*P < 0.05. *P < 0.01.
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programmed necrosis of neurons postischemia (Vaseva et al.
2012). Inflammation may cause the necroptosis of astrocytes,
as we have reported that following spinal cord injury, M1
microglia induces chronic necroptosis of astrocytes (Fan et al.
2016). The difference of present study and our previous one
may lie in the type of injury and the difference in cellular com-
position between the cortex and the spinal cord. The reduction
in lesion size in RIPK3~”~ and MLKL™" mice strongly indicated
that RIPK3/MLKL-mediated necroptosis is an important patho-
logical change in the ischemic cortex.

Inflammation in the ischemic cortex is developed primarily
by activated microglia/macrophages, recruited mononuclear
cells and T lymph cells (Anrather and Iadecola 2016). Among
these cells, microglia/macrophages act as the first line of
immune response. Active microglia and macrophages adopt
almost the same phenotype in the ischemic cortex, playing
either damage-clearing/neurotoxic or reparative/neuroprotec-
tive roles depending on their M1/M2 polarization. Necroptosis
is characterized by the rupture of the cell membrane, which
releases large amounts of DAMP factors, for example, members
of the IL-1 family (Oberst 2016; Vince and Silke 2016). In addi-
tion, it was recently observed that MLKL not only forms chan-
nels on the cell membrane but also triggers the formation of
the nucleotide-binding oligomerization domain (NOD)-like
receptor protein 3 (NLRP3) inflammasome and regulates extra-
cellular vesicle generation (Conos et al. 2017; Huang et al. 2017,
Yoon et al. 2017). Our in vivo experiments depleting RIPK3,
MLKL and Caspase-3 suggested that RIPK3/MLKL signaling may
play an important role in modulating M1/M2-polarization of
microglia/macrophages in ischemic cortex. And, our in vitro
data that necroptotic neurons favor M1 polarization of micro-
glia/macrophages support a proinflammatory role of neuronal
necroptosis. Although we did not observe significant changes
in microglia/macrophage polarization by OGD-treated astro-
cytes, the possible effects of other cells is not excluded, as
necroptotic microglia/macrophages by themselves modulate
inflammation (Huang et al. 2018). There is emerging evidence
(Rickard et al. 2014) regarding the upregulation of mRNA levels
of inflammatory factors in OGD-treated neurons, indicating an
active role of necroptosis in regulating inflammation. Although
RIPK3 modulates inflammation independent of necroptosis
(Moriwaki and Chan 2013, 2014), no significant changes in basal
iNOS and Arg-1 expression in the uninjured cortices and blood
macrophages of RIPK3™~ and MLKL™~ mice indicated a role of
necroptosis in the polarization of microglia/macrophages upon
injury. The different profiles of cytokine expression between
OGD-treated WT and RIPK3™~ or MLKL ™~ neurons are interest-
ing. It is possible that the NF-kb signaling in WT, RIPK3- or
MLKL-deficient neurons may be differently regulated under
OGD stress, thereby leading to different cytokine expression, a
hypothesis that remains to be further explored. The reduction
of secondary neuronal apoptosis and upregulation of BDNF by
microglial/macrophages indicated a neuroprotective effect of
RIPK3- or MLKL-ablation. Nevertheless, our data suggested that
inhibiting necroptosis may exert more beneficial effects than
those exerted by reducing neuronal necrosis.

Polarization of microglia/macrophages is regulated by multi-
ple extracellular and intracellular factors. Previous studies have
demonstrated that IL-33 and IL-4 play a role in regulating polar-
ization of microglia/macrophages in the ischemic cortex (Zhao
et al. 2015; Liu et al. 2016; Yang, Liu, et al. 2017). Our data pro-
vided new mechanistic insights into the cellular origin of post-
ischemic IL-4. In the ischemic cortex, microglia/macrophages
are stimulated by numerous cytokines simultaneously, and

their phenotypes are determined by the balance of all stimulat-
ing factors favoring or against polarization. Considering the
facts that the expression of multiple TLRs was changed after
ischemia, and that Myd88 is a common adaptor of all TLRs for
transducing signaling downstream (Deguine and Barton 2014),
we focused on the role of Myd88 in this necroptosis-induced
polarization. Changes in Myd88 levels correlate well with
the expression of M1/M2 markers in both WT, RIPK3™~ and
MLKL ™~ mice, suggesting the possible involvement of Myd88 in
this process. Interfering with the function of Myd88 phenocop-
ied the effects of RIPK3- and MLKL-knockout, indicating an
essential role of Myd88 in the polarization of microglia/macro-
phages. It is possible that different levels of Myd88 signaling
differently regulate transcriptional factors, such as Stat1/6 and
interferon regulatory factor 7/8 (Saleiro and Platanias 2015),
thereby determining the fate of microglia/macrophages.
Alternatively, there may be a threshold of Myd88 for switching
M1/M2, a hypothesis that remains to be further investigated.
The neuroprotective effects of the Myd88 inhibitory peptide as
demonstrated by the reduction of secondary neuronal apopto-
sis and enhancement of BDNF expression, although not very
specific, suggested the future possibility of its therapeutic
application in stroke.
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Supplementary material is available at Cerebral Cortex online.
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