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Neuronal EphA4 Regulates OGD/R-Induced Apoptosis
by Promoting Alternative Activation of Microglia

Hui-Xing Wei,1 Pei-Sen Yao,2 Ping-Ping Chen,1 Jian-Hua Guan,1 Jin-Hong Zhuang,1

Jia-Bin Zhu,1,3 Gang Wu,1,4 and Jin-Shan Yang1,4

Abstract— Accumulating evidence indicates that post-injury inflammation character-
ized by activated microglia contributes much to the neuropathology of ischemic injury.
Several studies have demonstrated that microglia exhibit two entirely different functional
activation states, referred to as classically activated (M1) and alternatively activated
(M2) phenotype. Promoting microglial phenotype to switch from M1 dominant to M2
dominant might be a promising approach for handling ischemic injury. However, the
comprehensive mechanism that underlines microglia polarization in ischemic brain
remains unclear. Neuronal erythropoietin-producing human hepatocellular carcinoma
cell receptor 4 (EphA4), the richest Eph receptor in the central nervous system (CNS),
upregulate after ischemia and may have the potential to regulate microglia activation. We
hypothesized that modulating EphA4/ephrin signaling could affect ischemic injury
through controlling microglia polarization. We therefore knocked down neuronal EphA4
with short hairpin RNA (shRNA) and determined the role of EphA4/ephrin signaling in
oxygen-glucose deprivation and reperfusion (OGD/R)-induced injury. We found that
EphA4 shRNA treatment attenuated OGD/R-induced apoptosis and microglia prolifer-
ation. Neuronal EphA4 knockdown also promoted microglial M2 polarization, which
reduced pro-inflammatory mediators and released anti-inflammatory cytokines as well as
neurotrophic factors. We further revealed that EphA4 shRNA treatment functioned
through RhoA/Rho-associated kinase 2 (ROCK2) signaling, a key mediator of microglia
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alternative activation. Together, these data suggested that blockage of EphA4/ephrin
signaling between neuron and microglia decreased OGD/R-induced injury by promoting
alternative activation of microglia via RhoA/ROCK2 signaling.

KEYWORDS: Ischemia; inflammatory injury; EphA4/ephrin signaling; microglial polarization; RhoA/ROCK2
signaling.

INTRODUCTION

Post-injury inflammation, which is characterized by
microglial activation and circulating immune cell infiltra-
tion in the brain, plays a critical role during the pathological
process of ischemia. Microglia, as brain resident macro-
phage, represent the first line of defense against brain
injuries such as ischemia. Activated microglia accumulate
at the border zone of injury and exhibit double-edged
sword effect in neurological recovery. On the one hand,
activated microglia can amplify the ischemic lesion
through producing pro-inflammatory mediators and toxic
molecules, but on the other hand, microglia may also set
the stage for tissue remodeling by clearing cellular debris
and release neurotrophic factors [20].

Different polarization of microglia could likely ex-
plain the biphasic role of microglia after brain injury. The
classical M1 phenotype, also known as inflammatory phe-
notype, is characterized by the production of a variety of
pro-inflammatory cytokines. On contrast, the alternative
M2 phenotype contributes to inhibiting inflammation and
promoting tissue repair through expressing scavenge re-
ceptors, as well as producing anti-inflammatory cytokines
and neurotrophic factors [3]. Promoting alternative activa-
tion of microglia, switching phenotype from M1 dominant
to M2 dominant, might be a promising approach for han-
dling ischemic injury [13]. Microglia polarization is a
comprehensive process that can be affected by surrounding
cells such as neurons. The interaction between neuron and
microglia is complicated and found to be involved in
microglia polarization [14].

Eph proteins constitute the largest known receptor
tyrosine kinase family. Eph receptors are activated when
bound to membrane-combined ephrin ligands. The forma-
tion of the Eph/ephrin complex initiates bidirectional sig-
naling, which acts upon both Eph-expressing and ephrin-
expressing cells at the same time [37]. EphA4, the most
abundantly expressed Eph receptor in the central nervous
system (CNS), is mainly distributed in neurons [2, 8, 23].
Our previous study showed that EphA4 upregulated and
was involved in the pathological process of ischemic brain
injury [36]. Furthermore, EphA4/ephrin signalingmay also

function through microglia and regulate inflammatory in-
jury after ischemia [15, 26, 35], but the specific mechanism
remains unclear.

In this paper, we aim to determine the role played by
EphA4/ephrin signaling between neuron and microglia in
ischemic inflammatory injury. The EphA4 shRNA was
applied to manipulate EphA4/ephrin signaling. The role
of EphA4/ephrin signaling in ischemic injury was investi-
gated in vitro by detecting changes in neuron damage,
microglial alternative activation, and RhoA/ ROCK2 sig-
naling. Our results showed that blockage of EphA4/ephrin
signaling between neuron and microglia decreased OGD/
R-induced apoptosis through promoting microglia M2 po-
larization via RhoA/ROCK2 signaling.

MATERIALS AND METHODS

EphA4 shRNA Lentiviral Vectors Construction and
Neuronal Infection

Three candidate sequences were designed basing on
the mouse EphA4 mRNA gene sequence (NM_007936.3)
in the GenBank database (http://www.ncbi.nlm.nih.gov/
genbank/) according to shRNA design principles [5]. The
EphA4 shRNA template oligonucleotides were cloned into
the pGreenPuro vector (System Biosciences) in accordance
with the manufacturer’s protocol. Positive clones carrying
the target shRNA template were identified by real-time
reverse transcription-polymerase chain reaction (RT-
PCR). The positive plasmid was then transformed into
Escherichia coli DH5α competent cells (TransGen Bio-
tech) for plasmid amplification. For lentivirus production,
plasmids containing the EphA4 shRNA template were
transfected into 293T cells (System Biosciences) using
Lipofectamine 3000 (Invitrogen). Primary neurons were
infected (viral titer 2 × 108 TU/ml) at day in vitro (DIV) 2
for 24 h at 37 °C. Cultures were incubated in normal
culture medium for a further 2 days before further experi-
ments [12]. The transfected cells were identified by green
fluorescent protein (GFP) staining. The silencing efficien-
cy of different EphA4 shRNA was estimated by
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determining the concentration of target mRNA using RT-
PCR as well as assessing the amount of target protein by
Western blot. The two more efficient silencing sequences
of EphA4 shRNA were selected for subsequent studies.
The sequence 5′-TTCTCCGAACGTGTCACGT-3′ was
used as nonspecific negative control.

Hippocampal Neuronal Culture

All animal experiments were performed in accor-
dance with the guidelines for the animal care and use of
laboratory animal protocols approved by the international
guidelines for the ethical use of laboratory animals and the
Institutional Animal Care and Use Committee at Fujian
Medical University.

Hippocampal neurons were obtained from
C57BL/6 mice as described before [39]. Briefly, both
hippocampi of P0 mouse were dissected and dissociat-
ed with 0.125% trypsin (Invitrogen), and then cells
were plated in poly-L-lysine (Sigma) coated 96-well
plate (5 × 104 cells/well) or 24-well plate (105 cells/
well) with neurobasal medium containing 2% B27
(Gibco) supplement, 1% antibiotic-antifungal mixture,
and 0.5 mM L-glutamine (Sigma). A double immuno-
fluorescence staining of anti-microtubule associated
protein-2 (MAP-2) (1:200, Abcam, Cat. No. ab96378,
RRID: AB_10678243) and 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) (1 g/ml,
Sigma) was used to determine the purity of primary
neurons, cultures of more than 95% purity were used
for further experiments.

Primary Culture of Microglia

Microglia were isolated from mixed glial cultures
according to the method described previously with slight
modifications [10]. Briefly, the cerebral cortices of P0-P1
C57BL/6 mouse were dissociated and digested with 0.25%
trypsin (5 min, 37 °C). The cells were seeded in 75 cm2

poly-L-lysine-coated culture flasks and cultured with
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1)
containing 100 U/ml penicillin, 100 μg/ml streptomycin,
and 10% fetal bovine serum (FBS). After being confluent
cultured for 10 days, flasks were gently shaken by an
orbital shaker (37 °C, 200 rpm, 1.5 h). The supernatant
containing the microglia was collected, and the cells were
then plated onto poly-L-lysine-coated glass coverslips at a
density of 5 × 106 cells/cm2. Thirty minutes later, the
medium was refreshed, and microglia were isolated as
strongly adherent cells. A double immunofluorescence
staining of Iba-1 (1:400, Wako Pure Chemical Industries,

Cat. No. 019-19741, RRID: AB_839504) and DAPI was
used to determine the purity of microglia cultures. The
results showed that more than 95% of the primary cultures
were Iba-1-positive microglia.

Neuron-Microglia Coculture and OGD/R Treatment

Purified microglial cells were resuspended in neuro-
nal medium and seeded into wells containing primary
neurons at DIV 5 at a cell density of 2.5 × 104 cells/well
(96-well plate) or 5 × 104 cells/well (24-well plate). To
mimic the pathological process induced by ischemia
in vitro, 3 h after plating, co-cultures were subjected to
hypoxia treatment. In brief, co-cultures were cultured with
serum and glucose-free DMEM in an anaerobic chamber
(Thermo Fisher Scientific) containing 93% N2, 5% CO2,
and 2% O2 for 60 min. After OGD/R, the co-cultures were
returned to neuron-conditioned medium and placed in a
normoxic chamber (95% O2 and 5% CO2). Cells were
collected 24 h after OGD/R intervention for subsequent
experiments. Primary neurons in the sh-EphA4 group,
OGD + Control shRNA group, and OGD + sh-EphA4
group were infected with EphA4 shRNA lentiviral vectors
before coculture.

Quantitative Real-time PCR

Total RNAwas extracted from cell cultures by using
an RNeasy Mini kit (Qiagen). The reverse transcription
reaction was carried out with a PrimeScript™ 1st strand
cDNA Synthesis Kit (Takara) according to the manufac-
turer’s protocol. PCR was carried out on ABI Prism7500
sequence detection system (Applied Biosystems) at 95 °C
for 10 min, then 40 cycles at 95 °C for 10 s, at 58 °C for
30 s, and 30 s at 72 °C. Amplification of specific PCR
products was detected using the SYBR Green PCRMaster
Mix (Takara) according to the manufacturer’s protocol.
Data were analyzed using a comparative 2-ΔΔ cycle
threshold (CT) method with the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as an endogenous
reference [19].

Western Blot Analysis

Western blot analysis was carried out to investigate
changes of the protein expression of EphA4, proliferating
cell nuclear antigen (PCNA), inducible nitric oxide synthase
(iNOS), arginase 1 (Arg1), Ym1, RhoA, GTP-RhoA, and
ROCK2. Briefly, cells were harvested and then homogenized
by sonication in CHAPS lysis buffer (50 mM Tris-HCl
pH 7.7, 150 mM NaCl, 1% CHAPS) with protease inhibitor
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cocktail. Tissue lysates were centrifuged at 12000g at 4 °C
for 10 min and then supernatants were carefully collected.
Protein concentrations were determined using a
bicinchoninic acid (BCA) protein quantitation kit (Boster)
according to the manufacturer’s protocol. Protein samples
were loaded and run on a 12% polyacrylamide gel, and then
proteins of specific molecular weight separated by electro-
phoresis were transferred to a nitrocellulose membrane
(0.45 μm, Millipore) using a wet transfer system (Bio-Rad
Laboratories). After blocking nonspecific binding sites with
5% non-fat milk (BD biosciences), 0.25% Tween-20
(Amresco) in Tris-buffered saline for 90 min at 20 to
25 °C, membranes were incubated with specific primary
antibodies (anti-GAPDH, 1:500, Boster, Cat. No. BA2913,
RRID: AB_2560936; anti-β-tubulin, 1:500, Abcam, Cat.
No. ab6046, RRID: AB_2210370; anti-EphA4, 1:500,
Abcam, Cat. No. ab5396, RRID: AB_304857; PCNA,
1:1000, Abcam, Cat. No. ab92552, RRID: AB_10561973;
anti-iNOS, 1:400, Abcam, Cat. No. ab3523, RRID:
AB_303872; anti-Arg1, 1:1000, Cell Signaling Technology,
Cat. 9819; anti-Ym1, 1 μg/ml, Abcam, Cat. No. ab93034,
RRID: AB_10863056; anti-RhoA, 1:1000, Abcam, Cat. No.
ab86297, RRID: AB_10675086; anti-ROCK2, 1:5000,
Abcam, Cat. No. ab125025, RRID: AB_10972853) at 4 °C
on a rocker platform overnight. Then, membranes were
incubated with the appropriate secondary antibodies which
were anti-rabbit horseradish peroxidase-conjugated (1:5000,
Santa Cruz Biotechnology, Cat. No. sc-2357, RRID:
AB_628497). Finally, membranes were detected by an en-
hanced chemiluminescence (ECL) kit (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol. The
resulting digital images were analyzed by Image J to obtain
the integrated optical density (OD) of signals. Either
GAPDH or β-tubulin acted as an internal control to normal-
ize the target protein expression.

Immunofluorescent Staining

To detect the cellular protein expressions, immuno-
fluorescent staining was carried out. Briefly, the cell
cultures were post-fixed in 100% ice-cold methanol for
15 min. After blocking nonspecific antibody binding site
by 10% bovine serum albumin (BSA)/phosphate buff-
ered saline (PBS), cell cultures were incubated with
primary antibodies (anti-EphA4,1:400, Abcam, Cat.
No. ab5396, RRID: AB_304857; anti-MAP-2, 1:200,
Abcam, Cat. No. ab96378, RRID: AB_10678243; anti-
Iba-1, 1:400, Wako Pure Chemical Industries, Cat. No.
019-19741, RRID: AB_839504; anti-ROCK2, 1:200,
Abcam, Cat. No. ab125025, RRID: AB_10972853;

anti-Iba-1, 1:400, Abcam, Cat. No. ab5076, RRID:
AB_2224402) overnight at 4 °C. Then cultures were
incubated with mixed secondary antibodies containing
Cyanine 3 (CY3)-conjugated goat anti-rabbit IgG anti-
body (1:400, Jackson ImmunoResearch Laboratories,
Cat. No. 111–165-003, RRID: AB_2338000) or fluores-
cein (FITC)-conjugated donkey anti-goat IgG antibody
(1:200, Jackson ImmunoResearch Laboratories, Cat. No.
705–095-147, RRID: AB_2340401) for 1 h at 20 to
25 °C. After being washed three times in PBS for
5 min, the sections were dried and mounted, and then
covered with a coverslip. Finally, the Olympus BX51
fluorescent microscope (Olympus) was used to observe
the results of immunofluorescent staining. The average
number of Iba-1-stained cells in four randomly chosen
view fields out of each slide was counted for microglia
number quantification.

Flow Cytometry Analysis for OGD/R-Induced
Apoptosis

An Annexin V- Fluorescein Isothiocyanate (FITC)
Early Apoptosis Detection Kit (Cell Signaling Technolo-
gy) was used to detect early and late apoptotic cells ac-
cording to the manufacturer’s instructions. Briefly, cells
were trypsinized and washed twice in ice-cold PBS. Then
cells were resuspended at 1 × 106–5 × 106 cells/ml with 1×
Annexin V Binding Buffer. A total of 96μl cell suspension
was added into an assay tube. A mixture of 1 μl Annexin
V-FITC and 12.5 μl propidium iodide (PI) was added into
the cell suspension, and after incubation for 10min at room
temperature in the dark, the samples were immediately
analyzed by flow cytometry (Beckman FC 500). Early
apoptotic cells with high Annexin V-FITC staining but
low PI staining (Quadrant 3) and late apoptotic or necrotic
cells with high Annexin V-FITC and PI staining (Quadrant
2) and necrotic cells with high PI staining but low Annexin
V-FITC staining (Quadrant 1) were counted.

Enzyme-Linked Immunosorbent Assay

To detect the cytokine changes after treatment, cell
supernatants of co-cultures were collected. The levels of
IL-1β, IL-4, IL-6, IL-10, TNF-α, and TGF-β in the super-
natant of neuron-microglia co-cultures were measured by
using a sandwich ELISA kit (Invitrogen) according to the
manufacturer’s instructions. A standard reference curve
was prepared for each assay for accurate quantitation of
cytokine levels in samples.
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Nitric Oxide Assay Kit

The concentration of nitric oxide (NO) was deter-
mined by measuring the amount of both nitrate and nitrite
concentrations in the sample by using a NO assay kit
(Invitrogen) according to the manufacturer’s instructions.
Briefly, the nitrate in the sample was converted into nitrite
by nitrate reductase in the presence of nicotinamide ade-
nine dinucleotide phosphate (NADPH). Nitrite was then
converted into a chromophore compound based on the
Griess reaction. After incubation with Griess reagent (1:1
ratio) at room temperature for 15 min, the absorbance at
540 nm was measured with a microplate reader (Bio-Rad
Laboratories). Nitrite concentration was calculated with
reference to a standard curve of sodium nitrite generated
using known concentrations.

Activated RhoA Detection

GTP-Rho pull-down assays were performed to test
RhoA activation using Rho Activation Assay Kit accord-
ing to the supplier’s protocol (Upstate/Millipore). Briefly, a
total of 5 × 106 cell lysates from treated and control groups
were incubated with the Rhotekin RBD-agarose slurry at
4 °C for 45min with gentle agitation and then washed three
times with wash buffer. The bound proteins were boiled
and eluted with 2× sample buffer and detected by SDS-
PAGE as described above.

Statistical Analysis

Statistical analyses were processed by SPSS 19.0
(SPSS Inc.). All data were expressed as the mean ± SD
and evaluated by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test to compare differences
between groups. Statistical significance was considered at
a value of P < 0.05.

RESULTS

EphA4 shRNA Lentiviral Vectors Construction and
Selection

Primers for the designed EphA4-specific shRNAs
and control shRNA were shown in Fig. 1b. The silencing
efficiency of EphA4 shRNA is shown in Fig. 1c–e. The
screening results showed that all three EphA4 shRNAs
exhibited significant silencing effect on the EphA4 mRNA
expression levels than those of the control group (P < 0.01)
(Fig. 1c), with the higher inhibition rate in the EphA4
shRNA-1(84.68%) and EphA4 shRNA-3 group

(93.56%). Similarly, the expression levels of EphA4 pro-
tein in all the three shRNA groups were significantly lower
than those of the control group (P < 0.01) (Fig. 1d, e). The
EphA4 shRNA-1 and EphA4 shRNA-3 also showed more
significant silencing effect (75.29% and 80.21%, respec-
tively), and were selected for subsequent studies. In the sh-
EphA4 group, neuronal EphA4 was knocked down by
EphA4 shRNA-3 before coculture to evaluate the effects
of EphA4 at baseline. Co-staining of GFP and Iba1 con-
firmed that microglia in co-cultures were not infected by
EphA4 shRNA lentivirus (Fig. S1).

EphA4 Cellular Expression

The cellular distribution of EphA4 receptor was in-
vestigated by immunofluorescent staining. As revealed in
Fig. 1a, EphA4 receptor was found to be expressed in the
hippocampal neuronal culture. This was consistent with
our previous study in vivo which had confirmed the spe-
cific cellular distribution of the EphA4 receptor in NeuN-
positive pyramidal neurons throughout the hippocampus
[36].

EphA4 shRNA Decreased OGD/R-Induced Apoptosis
and Microglia Proliferation

To investigate the EphA4/ephrin signaling between
neuron and microglia, we used shRNA to knockdown
neuronal EphA4. As shown in Fig. 2a, b, both EphA4
shRNA-1 and EphA4 shRNA-3 application significantly
decreased OGD/R-induced early apoptosis as well as late
apoptosis and necrosis which were confirmed by flow
cytometry analysis (P < 0.01). Immunocytochemical stain-
ing with Iba1 showed that EphA4 shRNA treatment also
inhibited the microglia proliferation and activation induced
by OGD/R. In both two EphA4 shRNA-treated groups,
microglia in the co-cultures were lesser, smaller, and less
irregularly shaped than OGD and control shRNA-treated
group (Fig. 2c, d). We also found that PCNA protein
expressions, which upregulated after OGD, decreased sig-
nificantly in both EphA4 shRNA-treated groups (Fig. 2e,
f). This suggests that application of EphA4 shRNA de-
creased neuronal apoptosis as well as microglia prolifera-
tion and activation.

Effects of EphA4 shRNA on Alternative Activation of
Microglia

As the morphological change could not always pre-
cisely reflect the microglia activation states, we further
investigated the influence of EphA4 shRNA on
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Fig. 1. Construction of lentiviral vectors expressing EphA4 shRNAs. a Expression of EphA4 on neurons identified by staining with anti-EphA4 antibody
(red) and DAPI (blue). Scale bar = 100 μm. b Primers for the designed EphA4-specific shRNAs and control shRNA. c The introduction of the EphA4-
specific shRNAs reduced the level of the EphA4 mRNA, as assessed by real-time PCR. EphA4 mRNA expression was normalized to GAPDH and
quantified. d The level of the EphA4 protein was assessed by Western blot. e Quantification of EphA4 protein levels. All three EphA4 shRNAs exhibited
significant silencing effect on the EphA4 protein expression levels than those of the control group. Protein expression was normalized to β-tubulin. The
results were presented as the means ± SD, and data were evaluated using one-way ANOVA and Tukey’s post hoc test (n = 5 samples per group, **P < 0.01
compared with the control group).
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Fig. 2. The application of the EphA4-specific shRNA reduced neuronal apoptosis and microglial proliferation. aRepresentative examples of flow cytometry
data showing the percentages of apoptotic cells. b The flow cytometry data indicated the percentage of apoptotic cells in each group. c The number and
morphology of primary microglia in co-cultures changed in response to the treatment. Microglia were stained with Iba1 (red). d Quantification of microglia
number. e The protein level of PCNAwas assessed byWestern blot. fQuantification of PCNA protein levels. Protein expression was normalized toβ-tubulin.
The results were presented as the means ± SD, and data were evaluated using one-way ANOVA and Tukey’s post hoc test (n = 5 samples per group,
**P < 0.01 compared with the control group; ##P < 0.01 compared with the OGD group).
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microglia-activation states by determining the levels of the
key microglial enzymes, iNOS, Arg1, and Ym1, which are
the best characterized molecule markers of the M1 (iNOS)
and M2 (Arg1 and Ym1) phenotypes, respectively [3, 4,
21]. With EphA4 shRNA application prior to OGD/R,
downregulation of iNOS (P < 0.01) and upregulation of
Arg1 and Ym1 (P < 0.01) were determined at mRNA
levels by using quantitative RT-PCR (Fig. 3a–d). As shown
in Fig. 3e, f, Western blotting revealed that iNOS protein
levels increased after OGD/R (P < 0.01) but decreased with
EphA4 shRNA treatment (P < 0.01). We further analyzed
Arg1 and Ym1 as markers for microglia alternative activa-
tion. On the contrary, Arg1 and Ym1 protein levels de-
creased slightly after OGD/R (P < 0.05) but increased sig-
nificantly with EphA4 shRNA treatment (P < 0.01)
(Fig. 3g–j). These results implicated that neuronal EphA4
knockdown converted microglia activation from classical-
ly activated states (M1) to alternative activated (M2) states.
To investigate secretory function of microglia, levels of
cytokines were further tested by ELISA kit. The secretion
of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-
α, which increased significantly after OGD/R (IL-1β:
83.64 ± 1.74 pg/ml vs 64.57 ± 3.10 pg/ml, P < 0.01; IL-6:
140.46 ± 6.03 pg/ml vs 117.33 ± 4.07 pg/ml, P < 0.01;
TNF-α: 367.09 ± 6.52 pg/ml vs 281.43 ± 7.61 pg/ml,
P < 0.01), were inhibited by both EphA4-1 and EphA4
shRNA-3 shRNA treatment (IL-1β: 83.64 ± 1.74 pg/ml
vs 72.15 ± 3.22 pg/ml, P < 0.01/ 66.82 ± 2.11 pg/ml,
P < 0.01; IL-6: 140.46 ± 6.03 pg/ml vs 125.49 ± 5.08 pg/
ml, P < 0.05/121.27 ± 7.07 pg/ml, P < 0.05; TNF-α:
367.09 ± 6.52 pg/ml vs 322.33 ± 11.94 pg/ml, P < 0.01/
310.67 ± 11.62 pg/ml, P < 0.01) (Fig. 4a–c). Moreover,
anti-inflammatory cytokines IL-4, IL-10, and TGF-β also
increased significantly after OGD/R (IL-4: 373.81 ±
4.17 pg/ml vs 218.45 ± 13.31 pg/ml, P < 0.01; IL-10:
87.63 ± 3.58 pg/ml vs 70.31 ± 2.09 pg/ml, P < 0.01; TGF-
β: 387.51 ± 19.83 pg/ml vs 220.78 ± 7.21 pg/ml, P < 0.01).
With EphA4 shRNA-1 or EphA4 shRNA-3 treatment prior
to OGD/R, IL-4 and TGF-β levels were significantly
higher than OGD group (IL-4: 405.43 ± 8.02 pg/ml or
418.76 ± 23.02 pg/ml vs 373.81 ± 4.17 pg/ml, P < 0.05;
TGF-β: 465.65 ± 14.30 pg/ml or 484.09 ± 20.06 pg/ml vs
387.51 ± 19.83 pg/ml, P < 0.01). The IL-10 level between
two EphA4 shRNA-treated groups and ODG group
showed no significance (88.55 ± 0.98 pg/ml vs 87.63 ±
3.58 pg/ml, P = 0.688; 90.34 ± 3.92 vs 87.63 ± 3.58 pg/
ml, P = 0.425) (Fig. 4d–f). NO assay revealed that NO
level in the culture medium increased after OGD/R
(57.06 ± 3.09 μmol/L vs 23.92 ± 1.88 μmol/L, P < 0.01)
but decreased with both EphA4 shRNA-1 and EphA4

shRNA-3 treatment (38.05 ± 2.08 μmol/L vs 57.06 ±
3.09 μmol/L, P < 0.01; 33.72 ± 4.70 μmol/L vs 57.06 ±
3.09 μmol/L, P < 0.01) (Fig. 4g). These findings indicated
the involvement of EphA4/ephrin signaling between neu-
ron and microglia in alternative activation of microglia.

Involvement of the RhoA/ROCK2 Signaling in EphA4
shRNA-Induced Changes in Alternative Activation of
Microglia

Previous studies have identified the link between
EphA/ephrin signaling and RhoA as well as its down-
stream effector ROCK. ROCK2 is highly expressed in
the brain, while ROCK1 expression is negligible. Several
lines of evidence have implicated that RhoA/ROCK2 play
an essential role in control of microglial morphology and
secretory function. In this study, we investigated whether
EphA4 shRNA regulated the alternative activation of mi-
croglia via RhoA/ROCK2 signaling. Double immunofluo-
rescent staining of ROCK2 and Iba-1 indicated that
ROCK2 was highly expressed in cultured microglia
(Fig. 5a). GTP-Rho pull-down assays were performed to
assess the activation of RhoA. Upregulation of RhoA
(P < 0.05), GTP-RhoA (P < 0.01), and ROCK2 (P < 0.01)
protein expressions was observed after OGD/R. However,
application of EphA4 shRNA prior to OGD/R inhibited
RhoA, GTP-RhoA, and ROCK2 upregulation induced by
OGD/R (P < 0.01) (Fig. 5b–e). Collectively, the above
findings indicated that the RhoA/ROCK2 signaling path-
way plays an important role in EphA4 shRNA-induced
changes in alternative activation of microglia.

DISCUSSION

EphA4, the most abundantly expressed Eph receptor
in the CNS, was mainly distributed in various neuronal
populations throughout adult rodent and human brains [2,
8, 23, 37]. Our previous study revealed that neuronal
EphA4 upregulated and affected ischemic brain injury
through controlling astroglial glutamate uptake capacity
[36]. Nevertheless, its role in microglial function and the
possible mechanism remain poorly understood. In the
present study, our results revealed that EphA4/ephrin sig-
naling could also function through microglia to regulate
ischemic injury. Here, we found that silencing neuronal
EphA4 reduced inflammatory injury through shifting M1-
state microglia to the M2-state via RhoA/ROCK2 signal-
ing after OGD/R.
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Fig. 3. Effects of neuronal EphA4 knockdown on the alternative activation of microglia. a Primers used for RT-PCR. b, c, d Quantitative RT-PCR of the
mRNA levels of the iNOS (b), Arg1 (c), andYm1(d) after OGD/R in cells treatedwith or without the EphA4 shRNA. e, g, iWestern blot revealed changes in
the protein levels of the iNOS (e), Arg1 (g), and Ym1 (i). f, h, jQuantification of the protein levels of the iNOS (f), Arg1 (h), and Ym1 (j). GAPDHwas used
as an internal standard to determine the protein level in each sample. The results were presented as the means ± SD, and data were evaluated using one-way
ANOVA and Tukey’s post hoc test (n = 5 samples per group, *P < 0.05 and **P < 0.01 compared with the control group; ##P < 0.01 vs OGD group).
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Previous studies have validated that the bidirectional
signaling existed between EphA4 receptor and ephrin li-
gands is involved in a series of neurological dysfunctions

including ischemia [6, 7, 9, 31, 32]. Accumulating evi-
dence suggests that EphA4 gene and protein expressions
upregulated after ischemia, and inhibition of EphA4 has

Fig. 4. Alterations in cytokine and NO concentrations after treatment. Neuronal EphA4was knocked downwith the EphA4 shRNAs or control shRNA prior
to OGD/R, and then the concentrations of IL-1β (a), IL-6 (b), TNF-α (c), IL-4 (d), IL-10 (e), and TGF-β (f) were assessed using ELISA. The concentration of
NO (g) was determined using a NO assay kit. The results were presented as the means ± SD, and data were evaluated using one-way ANOVA and Tukey’s
post hoc test (n = 5 samples per group, **P < 0.01 compared with the control group; #P < 0.05 and ##P < 0.01 compared with the OGD group).
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Fig. 5. Effects of the EphA4 shRNA on RhoA/ROCK2 signaling. a Expression of ROCK2 on microglia identified by staining with anti-ROCK2 antibody
(red) and Iba-1 (green). Scale bar = 100 μm. b, d RepresentativeWestern blots showing the changes in the levels of the RhoA, activated RhoA (GTP-RhoA),
and ROCK2 proteins in response to the EphA4 shRNA treatment after OGD/R. c, e Quantification of the levels of the RhoA, GTP-RhoA, and ROCK2
proteins. Protein expression was normalized to GAPDH. The results were presented as themeans ± SD, and data were evaluated using one-way ANOVA and
Tukey’s post hoc test (n = 5 samples per group, *P < 0.05 and **P < 0.01 compared with the control group; #P < 0.05 and ##P < 0.01 compared with the OGD
group).
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been shown to play protective role in ischemic injury [17,
18]. However, the precise mechanism of EphA4/ephrin
signaling in regulating ischemic brain injury remains con-
troversial and requires further investigation. Recent study
has implicated that EphA4 is involved in the inflammatory
response following spinal cord injury [22]. Consistent with
these findings, our results showed that neuronal EphA4
appeared to be instrumental for the modulation of the
microglial phenotype. Application of EphA4 shRNA to
silence neuronal EphA4 resulted in decreased neuronal
apoptosis through shifting microglia from M1-phenotype
to M2-phenotype, and provided a rather neuroprotective
environment by reducing pro-inflammatory cytokines
(e.g., IL-1, IL-6, TNF-α) as well as releasing anti-
inflammatory mediators (e.g., IL-4, TGF-β).

Both the Eph receptors and ephrin ligands are
membrane-binding proteins and the formation of the Eph/
ephrin complex initiates bidirectional signals. The activat-
ed receptor tyrosine kinase transduces intracellular signals
(Bforward^ signaling), while the ligand acts as a scaffold to
transmit signals in its host cell (Breverse^ signaling). The
Eph receptor family comprises 14 members in humans and
other mammals and is divided into two subfamilies based
on sequence conservation and ligand binding affinity:
EphA (EphA1-EphA8 and EphA10) and EphB (EphB1-
EphB4 and EphB6). Eph receptors are activated when
bound to membrane-combined ephrin ligands. A total of
nine EphA receptors preferentially bind to five
glycosylphosphatidylinositol-anchored ephrin-A ligands
(ephrin-A1-A5). In addition, five EphB receptors possess
high-affinity binding domains to three transmembrane
ephrin-B (ephrin-B1-B3) ligands [37]. EphA4 and EphB2
are exceptions, which can bind to both A-type and most B-
type ligands [16]. RhoA and its downstream effector,
ROCK, are one group of key components of ephrin reverse
signaling [33]. ROCK is a serine/threonine kinase that is
expressed as two homologs, ROCK1 and ROCK2. These
two isoforms share similar structure and function, but are
expressed at different levels in different organs. ROCK1 is
highly expressed in liver, lung, testes, blood, and the im-
mune system, whereas ROCK2 is the dominant form in the
brain and muscles [11, 24]. Activation of RhoA/ROCK2
pathway appears to be instrumental for themodulation of the
microglial phenotype [27, 38]. Here, we found that inhibi-
tion of neuronal EphA4 leads to decreased expression of
activated RhoA and ROCK2, which is believed to be re-
sponsible for alternative activation of microglia [1, 28, 34].

We cannot rule out the possibility that EphA4 shRNA
exerts its influence on neuronal protection through other
approaches, such as suppression of EphA4 forward

signaling. Besides, previous findings showed that activation
of EphA forward signaling can promotes Ephexin-
dependent RhoA/ROCK pathway [30]. However, RhoA/
ROCK activated by EphA forward signaling has been
proved to mainly function through manipulating cytoskele-
tal dynamics [25, 29, 30]. So, it is conceivable that alterna-
tive activation of microglia mediated by EphA4/ephrin sig-
naling between neuron and microglia is the major neuropro-
tective mechanism that underlines EphA4 shRNA treatment
after OGD/R.

In conclusion, application of EphA4 shRNA silencing
neuronal EphA4 reduced inflammatory injury through
shifting microglia M1 phenotype to M2 phenotype, and
providing neuroprotective environment via RhoA/ROCK2
signaling after OGD/R. A better understanding of the cellular
and molecular mechanisms regulating EphA4/ephrin signal-
ing may help researchers identify potential targets and devel-
op clinical therapies for various neurological diseases.
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