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Abstract

Objective Microglia/macrophage activation is previously reported to be involved in various ocular diseases. However, the
separate role of M1/M2 phenotype microglia/macrophage in the pathological process of oxygen-induced retinopathy (OIR)
remains unknown. In this research, we explored the role and regulatory mechanism of M1/M2 microglia/macrophage in
OIR in C57BL/6J mice. Furthermore, we demonstrated the time phase of M1/M2 shifting of microglia/macrophage during
the natural process of OIR, which is very essential for further investigations.

Materials and methods C57BL/6j pups were exposed to hyperoxia environment from postnatal 7(P7) to P12 then returned
to normoxia. The mice were then euthanized, and the eyes were harvested at a series of time points for further investigation.
The M1/M2 phenotype microglia/macrophage activity was presented by immunofluorescent staining and real-time quantita-
tive polymerase chain reaction (qQPCR). The NF-xb-STAT3 signaling and IL-4-STAT6-PPAR-y signaling pathway activity
was examined by western blot analysis.

Results The microglia/macrophage were activated when the OIR model was set up after P12. The M1 microglia/macrophage
activation was found in neovascularization (N'V) tufts in both central and peripheral retina, which started from P12 when
the mice were returned to normoxia environment and peaked at P17. During this period of time, the NF-kb-STAT3 signal-
ing pathway was activated, resulting in the upregulated M1 phenotype microglia/macrophage polarization, along with the
enhanced inflammatory cytokine expression including tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), and IL-1p.
Consequently, the NV tufts were observed from P12 and the volume continued to increase until P17. However, the M2 phe-
notype microglia/macrophage activity took over during the late phase of OIR started from P17. The IL-4-STAT6-PPAR-y
signaling activity was upregulated from P17 and peaked at P20, inducing M2 phenotype microglia polarization, which
consequently led to the inhibition of inflammatory cytokines and spontaneous regression of NV tufts.

Conclusions Microglia/macrophage participate actively in the natural process of OIR in mice, and two phenotypes exert dif-
ferent functions. Treatment modulating microglia/macrophage polarize toward M2 phenotype might be a novel and promising
method for ocular neovascular diseases such as retinopathy of prematurity (ROP), wet age-related macular degeneration
(WAMD), and diabetic retinopathy (DR).

Keywords Microglia/macrophage polarization - Retinal neovascularization - Inflammation cytokines - Oxygen-induced
retinopathy
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adequate to support the neural tissue in normoxia conditions.
This ischemic situation results in unregulated, abnormal
vascular growth. The pathological process of OIR perfectly
mimics the pathogenic mechanism of retinopathy of ROP,
making the OIR models very useful for studying various
ischemic retinopathies including ROP, wet age-related retin-
opathy, and diabetic retinopathy [2].

Microglia are resident immune cells located in the cen-
tral nervous system (CNS), and played important role in the
maintenance of the neuro-retinal microenvironment [3]. In
the retina, microglia/macrophage are reported to not only
keep the retina under immunological surveillance but also
exert multiple functions such as synaptic pruning, and regu-
lation of neurogenesis and axonal growth [4].

Microglia/macrophage are involved in various retinal
diseases, including pathological retinal angiogenesis [5],
retinal detachment [6], retinal degeneration [7], and autoim-
mune uveitis [8], However, activated microglia/macrophage
in ocular have variable functions, including phagocytosis,
antigen presentation, and production of inflammatory fac-
tors and it can be either beneficial or harmful to the affected
tissue [5, 9].

The polarization of macrophages is resulted from the
integration of the intracellular signals stimulated by their
microenvironment [10]. Similar to macrophages, microglia/
macrophage can be polarized to dual function phenotypes
that range from M1 (pro-inflammatory) to M2 (anti-inflam-
matory) phenotype [11]. M1, or classically activated micro-
glia/macrophage, produce inflammatory cytokines such
as TNF-a, IL-12, IL-23, IL-1p, IL-6 and are involved in
the inflammatory response. On the contrast, alternatively
activated microglia/macrophage (M2) secrete high levels of
arginase-1 (Arg-1) and IL-10 but low levels of IL-12 and
IL-23 and this phenotype is usually induced by the anti-
inflammatory cytokines such as IL-4 and IL-13 [12].

According to previous studies, microglia/macrophage are
activated throughout the natural history of OIR, including
both the hyperoxic period and hypoxia phase [13]. Also,
during our pervious investigation concerning OIR, we
found a close correlation between the pathological process
of OIR mouse model and the differentiation of microglia/
macrophage cells which has never been reported before [14,
15]. Moreover, the actual role and mechanism of M1/M2
microglia/macrophage in regulating retinal neovasculariza-
tion remain unclear. Thus, we think it is necessary to con-
duct this research to reveal the role of these two phenotypes
of microglia/macrophage during the whole process of OIR
and hopefully inspire novel treatment method for ocular neo-
vascular diseases.
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Materials and methods
Reagents

Primary antibody against Ionized calcium binding adap-
tor molecule-1 (Ibal), Isolectin-B4 (IB4), CD16, CD206,
and Trizol were purchased from Thermo Fisher Scientific
(Waltham, MA). IScript cDNA Synthesis Kit and SsoFast
EvaGreen Supermix was purchased from Bio-Rad Labo-
ratories (Hercules, CA). Primers were purchased from
TaKaRa (Japan). Antibody against NF-xb, p-NF-«kb, STAT3,
p-STAT3, STAT6, p-STAT6, PPAR-y, and secondary anti-
body against mouse and rabbit were purchased from Cell
Signaling Technology (Danvers, MA). Phosphate buffer
saline (PBS), 4% paraformaldehyde, TritonX-100, and
bovine serum albumin (BSA) were purchased from Beyo-
time Biothechnology (Dalian, China).

Mouse model of OIR

OIR was induced in C57BL/6J wild-type (WT) mice. All the
animals used in the study were approved by the Institutional
Animal Care and Use Committee of Zhongshan Ophthal-
mic Center. In this model, 7-day-old pups were exposed to
75% oxygen until postnatal day (P)12, which induced vas-
cular dysplasia of the central retina. At P12, the mice were
returned to room air, and the retina became hypoxic and the
expression of angiogenic factors was upregulated, conse-
quently leading to retinal neovascular growth.

Immunofluorescent staining of whole retina flat
mounts

BL57/6 J WT were subjected to the OIR model to assess
pathological hypoxia-driven angiogenesis and euthanized on
P5, 8, 12, 14, 17, 20, 22, 26, 30. The eyes were enucleated
and fixed in 4% paraformaldehyde for 30 min at room tem-
perature. On the next day, the retinas were carefully removed
and permeabilized overnight at 4 °C (PBS with 1% bovine
serum albumin, 0.5% triton X-100) and then incubated with
Ibal (1:100), isolectin B4 (1:200), CD16 (1:100), CD206
(1:100) at 4 °C overnight, followed by incubation with a
secondary antibody. After flat mounting, the retinas were
imaged with an Axiovert 200 inverted fluorescence micro-
scope (Carl Zeiss, Oberkochen, Germany) and Zen 2 (blue
edition; Carl Zeiss) image-processing software.

Real-time quantitative PCR

Total RNA from retinas was extracted with Trizol and
cDNA was synthesized with an iScript cDNA Synthesis Kit
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(Bio-Rad Laboratories, Hercules, CA), and mRNA expres-
sion levels for each gene were quantified by RT-qPCR using
SsoFast EvaGreen Supermix (Bio-Rad Laboratories) and a
Bio-Rad Laboratories cycler system and gene-specific prim-
ers (TaKaRa) and normalization to Tbp (TATA-box-binding
protein) mRNA. Primer sequences are included in Table 1.

Protein extraction and western blot analysis

Pooled retinas were lysed in ice-cold extraction buffer and
equivalent amounts of protein were resolved on a 10%
SDS—polyacrylamide gel and transferred by electrophoresis
to PVDF membrane. The protein bands were incubated with
antibody against NF-xb (1:1000), p-NF-xb (1:1000), STAT3
(1:2000), p-STAT3 (1:1000), STAT6 (1:1000), p-STAT6
antibody, PPAR-y (1:1000), followed by anti-mouse horse-
radish peroxidase-conjugated secondary antibody (1:5000).
Protein bands were visualized and quantified as described
previously [14].

Statistical analysis

Results are presented as the mean + SEM format. Statisti-
cal significance was determined by the Student’s ¢ test for

Table 1 Primers for real-time qPCR

Genes Primers (5'-3")
Ibal
Forward ATGTCCTTGAAGCGAATGCT
Reverse TTCTCAAGATGGCAGATCTCTT
Arg-1
Forward TAACCTTGGCTTGCTTCGG
Reverse GTGGCGCATTCACAGTCAC
TNF-a
Forward TACTGAACTTCGGGGTGATTGGTCC
Reverse CAGCCTTGTCCCTTGAAGAGAAC
IL-1B
Forward GCACTACAGGCTCC GAGATGAAC
Reverse TTGTCGTTGCTTGGTTCTCCTTG
1L-6
Forward CCGGAGAGGAGACTTCACAG
Reverse GGA AATTGGGGTAGGAAGGA
YM-1
Forward AGTCATCAAATTCCTTCGCCAGTAT
Reverse GCCTTGGGATTTCTTGCTCAGT
1L-4
Forward AGCTAGTTGTCATCCTGCT
Reverse AGGAAGTCTTTCAGTGATGT
GAPDH
Forward ACCACAGTCCAT GCCATCAC
Reverse CACCACCCTGTTGCTGTAGCC

comparison between two groups or one-way ANOVA for
multiple-group comparison (Prism; GraphPad, San Diego,
CA). p<0.05 was considered statistically significant in all
statistical analyses.

Results

Microglia/macrophage cells activated in the retina
of OIR mice

To investigate whether microglia/macrophage are involved
in the pathological process of OIR, pups of different days of
age (P5, P8, P12, P14, P17, P20, P22, P26, P30) were eutha-
nized and their eyes were harvested for qPCR and whole
retina flat mount analysis. A significantly increased level of
Iba-1 mRNA expression was observed at P14, and peaked
at P17, (as shown in Fig. la) which was very consistent
with previous report [13] (p <0.01). Similarly, an imme-
diate activation of microglia/macrophage cells labeled by
Iba-1 antibody was observed in the NV tufts in both central
and peripheral retina as soon as the pups were taken out of
hyperoxic environment at P12 and peaked at P17 (Fig. 1b—j).
These results confirmed that microglia/macrophage cells
were involved in the pathological process of OIR.

Time course of mRNA levels of inflammatory factors
expressed by M1 phenotype microglia/macrophage
cells in the retina of OIR mice

To investigate the role of M1 polarization of microglia/
macrophage in the natural history of OIR, pro-inflam-
matory cytokines expressed by M1 phenotype microglia/
macrophage cells including TNF-a, IL-6, and IL-1p were
evaluated by RT-qPCR. As shown in Fig. 2, mRNA levels of
these pro-inflammatory cytokines were significantly higher
when the pups were taken out of hyperoxic environment
and peaked at P14 followed by a gradual decline until P30
(»<0.0001).

Time course of mRNA levels of anti-inflammatory
and pro-angiogenetic factors expressed by M2
phenotype microglia/macrophage cells in the retina
of OIR mice

To investigate the role of M2 polarization of microglia/
macrophage in the natural history of OIR, specific mark-
ers expressed by M2 phenotype microglia/macrophage cells
including Arg-1, YMI, and IL-4 were evaluated by qPCR.
As shown in Fig. 3, mRNA levels of these markers rose
gradually from P14 and peaked at P20, indicating a rising
trend of M2 microglia/macrophage functioning at this period
of OIR (p <0.001).
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Fig. 1 Microglia/macrophage activation after OIR onset. a Microglia/
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P30; b—d microglia/macrophage marked with ibal in normal retina at
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CD16 positive cells against ibal was significantly higher at
P14 than P20, indicating a dominant role of M1 phenotype
microglia/macrophage/macrophage at the early onset of OIR
in mice (p <0.01).

Differentiation of M2 phenotype microglia/
macrophage cells in the retina opposite to M1
phenotype microglia/macrophage cells

To investigate the M2-polarized microglia/macrophage/mac-
rophage polarization during the progress of OIR, the M2
microglia/macrophage cells in retina flat mounts at P14 and
P20 were marked by CD206 antibody, co-stained with ibal.
Unlike the M1 phenotype, the M2-polarized microglia/mac-
rophage/macrophage presented an ameboid shape featuring
fewer tentacles and a larger cell body. As shown in Fig. 5, a
significantly higher proportion of CD206 positive microglia/
macrophage/macrophage cells was observed at P20 than P14
(»<0.01). These results indicated that the M2 phenotype
microglia/macrophage/macrophage exert important func-
tions in the late phase of OIR in mice.

The NF-kb-STAT3 signaling and IL-4-STAT6-
PPAR-y signaling regulated M1/M2 polarization
in the retina of OIR mice

To investigate the regulatory mechanism of M1/M2 micro-
glia/macrophage cells, eyes of P14 and P20 pups were har-
vested and retina was isolated for western blot analysis. As
shown in Fig. 6a—c, p-NF-xb and p-STAT3 were signifi-
cantly higher in OIR group than the control group at P14
(» <0.0001), while at P20, the NF-kb and STAT?3 signaling
activation declined dramatically (p <0.001). Meanwhile,
the IL-4-STAT6-PPAR-y signaling took over and polarized
microglia/macrophage toward M2 phenotype. At P20, the

DAPI

a CD206 iba1

Fig.5 M2-polarized microglia/macrophage/macrophage at P14 and
P20. a The proportion of M2 phenotype microglia/macrophage/
macrophage marked with CD206 in OIR mice at P20 is signifi-
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protein level of PPAR-y and p-STAT6 of OIR group was
significantly higher than the control group, (p <0.0001,
p<0.001, respectively), while at P14, these differences were
absent, and the PPAR-y was even lower in OIR group than
the control group. The time course of the STAT6-PPAR-y
pathway activation was closely related to the time points
of M1/M2 shifting of microglia/macrophage. These results
indicate a protective role of M2 phenotype microglia/mac-
rophage cells in the late phase of OIR pathological process.

Discussion

The microglia are the resident macrophage in the CNS and
are the predominant macrophage cell population in normal
conditions. However, distinguishing these two populations is
often challenging, owing to a paucity of universally accepted
and reliable markers [16]. Also, these two cell populations
share some similarities in the appearance and function, so
when investigating the microglia/macrophage polarization in
different pathogenic processes, researchers still tend to con-
sider microglia and macrophage to be homogeneous [17].
The microglia/macrophage constantly maintain the integrity
of the retina by constantly monitoring the local environment
for potential assault [15, 18]. However, the role of micro-
glia/macrophage in the pathological process of OIR has not
been extensively investigated since fewer studies specifically
examining microglia/macrophage in the retina than else-
where in the CNS despite the fact that the retina represents
an advantageous and unique system for studying microglia/
macrophage biology. Previous studies demonstrated that
microglia/macrophage activation involves in various ocular
diseases, including glaucoma, retinitis pigmentosa, and age-
related macular degeneration [19-21]. It is reported that the
products of microglia/macrophage activation can potentiate
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Fig.6 Activity of NF-kb-STAT3 pathway and STAT6-PPAR-y path-
way at P14 and P20 was investigated using western blot analysis. a
The protein level of p-NF-xb and p-STAT3 is significantly higher
in the retina of OIR mice than control group at P14, while at P20,
the trend is reversed; b and c statistical analysis of a; d the protein

RGC degeneration via proinflammatory and oxidative stress
pathways and can induce proliferation and neovasculariza-
tion as well [22, 23]. Based on these results, microglia/mac-
rophage ablation has already been suggested as a potential
treatment method for ocular inflammatory diseases [24].
However, studies investigating phenotypic changes in mac-
rophages/microglia/macrophage in peripheral inflammation
and immunity have shown that microglia/macrophage can be
differentiated into two main phenotypes. One is the classic
or M1 activation, characterized by high capacity to produce
high levels of nitric oxide (NO), reactive oxygen species
(ROS), and inflammatory cytokines such as TNF-a, IL-1f,
and IL-6, while the second phenotype (M2) is reported to
be more related to a fine tuning of inflammation, which
induced scavenging of debris, tissue remodeling and repair
[25, 26]. Considering that, maintaining the balance between
M1 and M2 might be even more crucial for the healing and
remodeling of damaged tissues, rather than mere microglia/
macrophage ablation.

In the OIR mouse model, the normal retinal vascular
development is suspended when the mice are placed in
hyperoxia environment from P7 to P12. When the mice
are returned to room air at P12, the central retina becomes

level of PPAR-y and p-STAT6 in the retina of OIR mice is signifi-
cantly higher than control group at P20, while the trend is opposite
at P14. Data are presented as mean+SEM. *p<0.05; **p<0.01;
*#%p <0.001; ****p <0.0001; ns not significant

relatively hypoxic due to a lack of sufficient capillary per-
fusion, consequently induced neovascularization. However,
according to previous investigation, the NV tufts started to
regress spontaneously at P17, leading to a morphologically
normal retinal vascular system around P25 [27, 28]. Our
previous research reported that, when the OIR was induced,
microglia/macrophage in the retina are activated, along with
the upregulated expression of several inflammatory fac-
tors [14]. However, whether M2-polarized microglia/mac-
rophage are involved in the pathological process of OIR and
their regulatory mechanism remains unclear. In this very
study, we found that the M2 microglia/macrophage are also
involved in the natural process of OIR and exert anti-inflam-
mation effect. The M2 polarization of microglia/macrophage
stated to increase from P17 when the M1 polarization started
to decrease gradually until P30. More importantly, the time
phase of M1/M2 shifting is perfectly corresponded with the
time phase of spontaneous regression of neovascularization
tufts. These results suggest that M1/M2 shifting of micro-
glia/macrophage played an important role in the pathological
process of OIR, consequently inhibiting neovascularization
and promoting vascular normalization in the OIR mouse
model.
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Growing evidences suggested that many nuclear factors
were implicated in the M1/M2 phenotype transformation
[29, 30]. The NF-xB signaling and STAT3 signaling have
both been recognized as very much responsible for inflam-
mation response since they both induce the expression of
various inflammatory mediators [31, 32]. And it is reported
that STAT3 could interact with NF-kb at several levels as
several inflammatory factors encoded by NF-kb target genes,
most notably IL-6, are also important STAT3 stimulators
[33-36]. Also, it is demonstrated that NF-kb and STAT?3
activation could trigger the M1 polarization of microglia/
macrophage and induce pro-inflammation effects [37]. Dur-
ing our investigation, we found similar phenomenon in the
pathological process of OIR. The M1 polarization of micro-
glia/macrophage started at P12, when the NF-xb and STAT3
signaling is activated right after the mice were taken out
from the oxygen chamber. The M1-polarized microglia/mac-
rophage consequently express high levels of inflammatory
cytokines, inducing increased permeability of the vessel,
proliferation and finally, neovascularization.

In the contrast, IL-4, a pleiotropic cytokine involved
in the regulation of diverse immune and inflammatory
responses, is reported to enhance M2 polarization and exert
anti-inflammation and neuroprotection effects [38, 39]. It
is demonstrated that IL-4 has the ability to polarize micro-
glia/macrophage toward M2 phenotype. Consequently, M2
microglia/macrophage induced the resolution of inflam-
mation via increased trophic input and upregulated phago-
cytosis and proteolysis of dead, diseased cells, ultimately
inducing tissue normalization [10, 40]. Moreover, it has been
reported that activation of the IL-4 receptor by IL-4 itself
leads to activation of the PPAR-y through STAT6 activa-
tion [41, 42]. And the PPAR-y and its agonist are found
to modulate M2 microglia/macrophage polarization and
inhibit inflammation [43, 44]. Our experiment revealed
similar results in OIR: the M2 polarization of microglia/
macrophage started from P17, when the neovascularization
started to regress and peaked at P20, along with upregulated
expression of p-STAT6 and PPAR-y and inhibited NF-kb
and STAT3 activity.

This study provides new insight into the role of micro-
glia/macrophage in the pathological process of OIR. First,
our results confirmed that microglia/macrophage cells exert
various regulatory function during the whole procedure of
OIR in mice. Second, in the early stage of OIR, microglia/
macrophage cells gathered in the NV tufts and tend to be M1
polarized. The NF-xb and STAT3 activation triggered M1
phenotype microglia/macrophage polarization and upregu-
lated the expression of pro-inflammation cytokines. Such
inflammatory response started at P12 and peaks at P17 then
gradually declined until P30. On contrast, M2 polariza-
tion of microglia/macrophage, which resulted from IL-4-
STAT6-PPAR-y pathway activation, significantly inhibited
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inflammation at P20, and consequently inhibited prolifera-
tion and neovascularization. These results demonstrated that
M1/M2 shifting of microglia/macrophage is crucial for the
recession of NV tufts and promoted vascular normaliza-
tion during the natural process of OIR, which also suggests
modulating microglia/macrophage polarization towards M2
phenotype is a promising method for ocular inflammatory
diseases.

Conclusions

Microglia/macrophage participate actively in the natural
process of OIR in mice, and two phenotypes exert differ-
ent functions. These results indicate that ocular neovascular
diseases might be attenuated by inhibiting M1 polarization
or promoting M2 polarization of microglia/macrophage, but
further investigation is still needed to confirm such thera-
peutic effect.
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