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SUMMARY

Aim: To study whether inhibiting microglia migration to the ischemic boundary zone (IBZ)

at the early phase could improve neurological outcomes after stroke. Methods: The tran-

sient middle cerebral artery occlusion (tMCAO) was induced in adult male Sprague-Dawley

rats. AMD3100, a highly selective CXC-chemokine receptor 4 (CXCR4) antagonist, was

used to inhibit microglia migration. Microglia was evaluated by immunofluorescence

in vivo, and their migration was tested by transwell assay in vitro. Expressions of cytokines

were detected by real-time PCR. Infarct volume was determined by triphenyltetrazolium

chloride (TTC) staining. Functional recovery of tMCAO rats was evaluated by behavior

tests. Results: M1 microglia in the IBZ was rapidly increased within 3 days after tMCAO,

accompanied with enhanced expression of CXCR4. Chemokine CXC motif chemokine

ligand 12 (CXCL12) was also increased in the IBZ. And AMD3100 could obviously decline

M1 microglia migration induced by CXCL12 and secretion of related inflammatory cytoki-

nes in the IBZ after stroke. This was accompanied by significant attenuated infarct volume

and improved neurological outcomes. Conclusion: This study confirms the protective effi-

cacy of inhibiting microglia migration at the hyperacute phase as a therapeutic strategy for

ischemic stroke in tMCAO model of rats, and its therapeutic time window could last for

24 h after cerebral ischemia reperfusion.

Introduction

Stroke is envisioned to be a pathophysiological multiphase pro-

cess. It is known that cerebral infarction expands slowly over

24 h from the core to the peripheral area after ischemic stroke,

and the peripheral area which is also called ischemic boundary

zone (IBZ) is a potential therapeutic target [1,2]. Nowadays,

massive studies support the conception that inflammation is a

major cause in propagating tissue damage after cerebral ische-

mia [3,4]. Within the first hour after stroke, inflammatory

response was rapidly initiated and various inflammatory cells,

especially microglia, flocked to the ischemic cerebral parench-

yma [3,5]. Then, considerable proinflammatory cytokines were

released from microglia and contributed to severe brain damage

[6]. Thus, it is very important and beneficial to patients to

intervene in the inflammatory responses at the early phase

after stroke.

Microglia, which is the resident immune cell of the central ner-

vous system (CNS), plays a critical role in the progress of inflam-

matory response after cerebral ischemia [7]. In rodent models,

microglia began to produce proinflammatory cytokines very early

after stroke. It is reported that microglia started to increase at 12 h

after ischemia and proliferated largely after 24 h in the IBZ

[3,8].Microglia is categorized into a classic proinflammatory (M1)

or an alternative antiinflammatory (M2) polarization [9,10]. M1

microglia mainly expresses proinflammatory molecules, such as

TNF-a, IL-1b, IL-18 and CCL2 and iNOS, which can aggravate

inflammation [7,11]. M2 microglia can secrete TGF-b, BDNF,

NGF, IL-10, and IL-4 which shows antiinflammatory and neuro-

protective effects [11,12]. At present, accumulative evidences

show that M1 microglia contributes to the inflammatory cascade

and further propagates cell death beyond the initial ischemic

region [13]. In this study, we also found the number of microglia,

especially the M1 phenotype was rapidly increased in the IBZ
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several hours after transient middle cerebral artery occlusion

(tMCAO), accompanied with increased expression of proinflam-

matory cytokines. This may be the primary cause of brain damage

at the hyperacute period after ischemic stroke. However, the

pathogenesis that induced the M1 microglia stream into the IBZ

during the hyperacute phase is yet to be characterized.

Early work demonstrated that rodent microglia express CXC-

chemokine receptor 4 (CXCR4) [14–16]. CXCR4 and its ligand

CXC motif chemokine ligand 12 (CXCL12) are key regulators of

microglia migration and recruitment [14,17]. Emerging evidences

showed that the expression of CXCL12 was increased in the IBZ

after ischemia [18,19]. Our previous study also confirmed that

CXCL12 expression in the IBZ was increased as early as 3 h after

permanent MCAO of rats [20]. So it naturally reminds us to won-

der whether inhibiting CXCR4 at the very early phase after

ischemic stroke could attenuate the inflammatory response initi-

ated rapidly after ischemia.

In the present study, we used a rat tMCAO model to investigate

(1) whether CXCL12 could induce M1 microglia migration and

proinflammatory cytokine production, and (2) whether inhibiting

the migration of M1 microglia could diminish the infarct volume

and improve long-term outcome after transient focal ischemia.

We aimed to provide the available intervention time window of

CXCR4 antagonist and a feasible stroke treatment strategy.

Materials and Methods

Animals

Adult (7–8 weeks old) male Sprague-Dawley rats weighing 250–

280 g were used and housed individually under standard condi-

tions of temperature and humidity and a 12 h of light/dark cycle

(lights on at 08:00) with free access to food and water. Adequate

measures were taken to minimize pain or discomfort during surg-

eries. All the experiments were carried out in accordance with the

Institutional Guidelines of the Animal Care and Use Committee

(Huazhong University of Science and Technology).

Establishment of tMCAO Model

Rats were anesthetized with 10% chloral hydrate (300 mg/kg,

intraperitoneal injection) and subjected to MCAO as described

previously [21]. Briefly, the right common carotid artery, external

carotid artery, and internal carotid artery were exposed via a mid-

line pretracheal incision. A poly-L-lysine-coated 4/0 monofila-

ment nylon suture with a rounded tip was inserted from the

lumen of right external carotid artery to the internal carotid artery

until a mild resistance was felt. Therefore, the origin of right MCA

was occluded. The filament was left in place for 2 h and then

withdrawn. The rectal temperature was maintained at

37.0 � 0.5°C with a feedback-regulated heating pad during sur-

gery. Sham-operated rats underwent the same anesthesia and sur-

gical procedures except MCAO.

Intracerebroventricular Injection of AMD3100

AMD3100, which was widely applied as CXCL12/CXCR4 blocker

[22–24], was chosen in this study to antagonize CXCR4.

AMD3100 (Abcam, Cambridge, MA, USA) was dissolved with

normal saline to a concentration of 3 lg/lL. Five microliters of

AMD3100 was injected into the right lateral ventricle at 1.0 mm

posteriorly to bregma, 2.5 mm laterally from midline, and

3.5 mm vertically from the skull surface. The same amount of

normal saline solution was used in the vehicle groups. Rats were

divided into four groups: 12-h-treated group, rats received twice

(6-h interval) AMD3100 or vehicle at 12 h after tMCAO; 24-h-

treated group, rats received twice (6-h interval) AMD3100 or

vehicle at 24 h after tMCAO; 48-h-treated group, rats received

twice (6-h interval) AMD3100 or vehicle at 48 h after tMCAO;

72-h-treated group, rats received twice (6-h interval) AMD3100

or vehicle at 72 h after tMCAO.

Evaluation of Infarct Volume

Twenty-four hours after the second injection, rat brain tissues

were rapidly removed and sectioned into six slices along the coro-

nal plane. The brain slices were then incubated with 2% triph-

enyltetrazolium chloride (TTC; Sigma-Aldrich, St. Louis, MO,

USA) at 37°C for 20 min in the dark as described previously [25].

Infarct brain was identified as an area of unstained tissue. Then,

the TTC-stained sections were photographed. Infarct volumes

were calculated using Image J (National Institutes of Health,

Bethesda, MD, USA) and expressed as the percentage of infarction

in an ipsilateral hemisphere.

Behavioral Tests

In another group of independent experiments, rats were allowed

for recovery after AMD3100 or vehicle injection. Then, each rat

was subjected to a series of behavioral tests to evaluate various

aspects of neurological functions. Measurements were performed

at 24 h before operation, 24 h, 3, 7, 14, and 28 days postischemic

injury by an investigator who was blinded to the experimental

groups.

Neurological Scores

Neurological performance was scored using modified neurological

severity scores (mNSS) [26,27]. Scores were ranked from 0 to 18

at an interval of 1. As shown in Table 1, the mNSS is a composite

of motor, sensory, reflex, and balance tests. In the severity scores

of injury, one score point is awarded for the inability to perform

the test or for the lack of a tested reflex; thus, the higher the score,

the more severe the injury is.

Rotarod Test

Motor coordination of the animals was measured using a rotarod

treadmill for rats under the accelerating rotor mode (speed

increased from 4 to 40 rpm within 5 min) [27]. The trial will be

ended if the rats fell off the rungs, or gripped and spun around for

two complete revolutions without attempting to walk on the

rungs. The time that the rat remained on the rung was recorded as

the retention time. The mean duration on the rod was recorded

with three rotarod measurements 1 day before surgery. Perfor-

mance on the rotarod test was measured three times a day in the
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following 4 weeks after ischemic injury and AMD3100 adminis-

tration. Motor test data are expressed as a percentage of mean

duration per day on the rotarod compared with the presurgery

control value.

M1 and M2 Microglia Polarization and Oxygen–
Glucose Deprivation (OGD)

The murine microglial cell line BV2 was cultured in Dulbecco’s

modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA) supple-

mented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA,

USA), 100 U/mL penicillin, and 100 lg/mL streptomycin. The

cells were cultured at 37°C in a saturated humidified incubator

with 5% CO2 and were passaged every 3 days. BV2 cells were dis-

tributed into six-well plates at the density of 1 9 106 cells/well,

and then lipopolysaccharides (LPS, 1 lg/mL, Sigma-Aldrich) or

IL-4 (20 ng/mL, Sangon Biotech, Shanghai, China) were used to

polarize microglia to M1 or M2 phenotype [28].

For exposure to OGD, M1, and M2 microglia were washed with

glucose-free phosphate-buffered saline (PBS) twice and were

placed in glucose-free medium. Then, they were incubated for 3 h

at 37°C in an anaerobic chamber (5% CO2, 10% H2, and 85% N2

atmosphere). After 3 h of OGD exposure, they were reoxygenated

with glucose-containing Dulbecco’s modified Eagle’s medium

(DMEM) and incubated under normoxic conditions for transwell

assay.

Primary Culture of Astrocytes and Cortical
Neurons

Brain tissue from Sprague-Dawley rats was used for primary cul-

ture of astrocytes as previously described [29]. Briefly, dissociated

cerebral cortices from neonatal rats were digested and cultured in

the high-glucose DMEM supplemented with 10% FBS (Gibco),

100 U/mL penicillin, and 100 lg/mL streptomycin (Gibco). After

14 days, cells were gently shaken at 260 rpm to remove the

loosely adhered oligodendrocytes and microglial cells. Then astro-

cytes were cultured in 24-well plate (5 9 105/well), subjected to

OGD for 60 min and then incubated under normoxic conditions

for transwell assay.

Neonatal rats were used for the culture of cortical neurons. Rat

cortices were dissected and then dissociated in Neurobasal-A med-

ium (Gibco) containing 2% B27 (Gibco), 100 U/mL penicillin,

and 100 lg/mL streptomycin (Gibco). The cell suspension

(1 9 104 cells/cm2) was then plated on 96-well plate coated with

poly-D-lysine (0.1 mg/mL, Sigma) for about 8 days. Then, they

were prepared to perform the following experiments.

Coculture of Microglia-Conditioned Medium and
Neurons

BV2 microglia treated with LPS or IL-4 for 24 h to polarize

into M1 or M2 phenotype, and the culture medium (CM) was

collected. To generate microglia-conditioned medium and neu-

rons cocultures, 8-day-old neurons cultured in 96-well plate

were subjected to OGD for 60 min, and then, their medium

was changed with the CM from M1 or M2 microglia. Twenty-

four hours later, the cell viability assay and quantitative

enzyme-linked immunosorbent assay (ELISA) for MAP2 were

performed.

Cell Viability Assay

Cell viability assay was performed as previously reported with

some modifications [30]. The neurons were seeded onto 96-well

plates at a density of approximate 1 9 104 cells/well. After the

treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT, Sigma-Aldrich) was added to each well to reach a

final concentration of 0.5 mg/mL. After 4-h incubation at 37°C,

the medium was removed. Then, 100 lL dimethyl sulfoxide was

added to each well and left to stand for 10 min. The absorbance at

570 nm was measured with a microplate reader (iMarKTM, Bio-

Rad Laboratories, Inc., Hercules, CA, USA). Results were

expressed as the percentage of control.

Table 1 Modified neurological severity score points

Tests Points

Motor tests

Raising the rat by the tail

Flexion of forelimb 1

Flexion of hindlimb 1

Head moving more than 10° (vertical axis) 1

Placing the rat on the floor

Inability to walk straight 1

Circling toward the paretic side 1

Falling down to the paretic side 1

Sensory tests

Visual and tactile placing 1

Proprioceptive test (deep sensory) 1

Beam balance tests

Grasps side of beam 1

Hugs the beam and one limb falls down

from the beam

2

Hugs the beam and two limbs fall down

from the beam or spins on beam (>60 s)

3

Attempts to balance on the beam but

falls off (>40 s)

4

Attempts to balance on the beam but

falls off (>20 s)

5

Falls off: no attempt to balance or hang

on to the beam (<20 s)

6

Reflexes (blunt or sharp stimulation)

absent of:

Pinna reflex (a head shake when

touching the auditory meatus)

1

Corneal reflex (an eye blink when

lightly touching the cornea with cotton)

1

Startle reflex (a motor response to a

brief loud paper noise)

1

Seizures, myoclonus, myodystony 1

Maximum points 18

One point is awarded for the inability to perform the tasks or for the

lack of a tested reflex; 13–18 indicates severe injury; 7–12, moderate

injury; 1–6, mild injury.
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Quantitative ELISA for MAP2

Quantitative ELISA for MAP2 was performed as previously

described [31]. After fixed with 4% paraformaldehyde and

blocked with 10% bovine serum albumin, neurons were incu-

bated with MAP2 primary antibody (1:1000; Abcam) overnight at

4°C. Alkaline–phosphatase-labeled secondary antibody was then

applied (rabbit anti-mouse IgG, 1:1000; Jackson, West Grove, PA,

USA) for 2 h at room temperature. P-nitrophenyl phosphate sub-

strate was used to detect the expression of MAP2. The absorbance

was measured at 405 nm using a microplate reader, and the

enzyme activity was calculated according to p-nitrophenol stan-

dards.

Transmigration Assay

The transwell system with an aperture of 8 lm was purchased

from Millipore Inc. (Billerica, MA, USA). A total of 200 lL M1 or

M2 phenotype cells with the concentration of 1.5 9 105 cells/mL

containing 2.5 lg/mL AMD3100 or vehicle were placed in the

upper chamber and 600 lL medium containing 200 ng/mL

CXCL-12 (Millipore) or vehicle was placed in the lower chamber.

In another independent experiment, post-OGD astrocytes were

seeded in the lower chamber. Cells were fixed for 1 h with 4%

paraformaldehyde after incubation for 16 h at 37°C. Then,

un-migrated cells were removed from the top by cotton swabs,

and the migrated cells on the bottom surface were stained with

0.1%crystal violet (Santa Cruz Biotechnology, Inc., Santa Cruz,

CA, USA) for 10 min and counted with Olympus LCX100 Imaging

system (Olympus Corporation, Tokyo, Japan). All experiments

were performed at least in triplicates.

Immunofluorescence

Rats were deeply anesthetized and transcardially perfused with

0.9% saline followed by ice-cold 4% paraformaldehyde in 0.1 M

PBS. A tissue block for standard paraffin-embedding was obtained

and cut into 4-lm-thick sections serially. After deparaffinization,

rehydration, and antigen retrieval, the sections were blocked with

10% donkey serum (Jackson Immunoresearch, West Grove, PA,

USA) for 30 min. For fluorescence imaging, the sections were

incubated with goat anti-Iba1 (1:200, Abcam), rabbit anti-iNOS

(1:100, Abcam), rabbit anti-CD206 (1:100, Abcam), or rabbit anti-

CXCR4 (1:100, Abcam) at 4°C overnight, then with fluorescence-

labeled secondary antibodies for 2 h. DAPI (1:1000, Sigma-

Aldrich) was used to label cell nuclei. Then mounted with Fluo-

rescence ProLong Gold antifade reagent (Beyotime, Jiangsu,

China), cover-slipped, and examined under a TCS SP5 multipho-

ton laser scanning confocal microscope (Nikon, Tokyo, Japan).

The cell number calculation was determined by counting three

randomly selected microscopic fields across five slides in the IBZ of

the ipsilateral cortex. Data were expressed as mean numbers of

cells per square millimeter.

Real-time Polymerase Chain Reaction (PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen), and

5 lg was used to synthesize cDNA using M-MLV reverse

transcriptase following the manufacturer’s protocol (Invitrogen).

Real-time PCR reactions were performed using SYBR� Green

Realtime Master Mix and ABI PRISM� 7700 (Applied Biosystems,

Waltham, MA, USA). Threshold cycle values were used to calcu-

late the fold change in the transcript levels using the 2�DDCt

method. The relative mRNA expression levels were normalized to

the b-actin gene. Primer sequences for the genes analyzed are

summarized in Table 2.

Statistical Analysis

All variance values are represented as mean � SEM. Unpaired t-

tests or one-way Analysis of Variance (ANOVA) were performed

for two groups or for multiple group comparisons (with a post hoc

Student–Newman–Keuls test), respectively. Two-way ANOVA

were performed for group comparisons with time course analysis.

Statistical processing was performed using SPSS 16.0 (IBM,

Armonk, NY, USA). All tests were two-sided. Statistically signifi-

cant differences were defined as P < 0.05.

Results

M1 Microglia Increased Over Time in the IBZ
within the First 72 h after Stroke

To evaluate the change of microglia in the IBZ (Figure 1A and Fig-

ure S1) after tMCAO, we investigated M1 and M2 phenotypes by

detecting coexpression of iNOS (M1 marker) or CD206 (M2

Table 2 Primers for real-time polymerase chain reaction (PCR)

Gene Primer (50-30)

Rats

TNF-a SENS: TGCCTCAGCCTCTTCTCATT

REVS: GCTTGGTGGTTTGCTACGAC

iNOS SENS: ACCTCTATGTTTGTGGCGATG

REVS: TCAACCTGCTCCTCACTCAA

IL-1b SENS: CCCTGCAGCTGGAGAGTGTGG

REVS: TGTGCTCTGCTTGAGAGGTGCT

IL-6 SENS: CGAGCCCACCAGGAACGAAAGTC

REVS: CTGGCTGGAAGTCTCTTGCGGAG

IL-10 SENS: CAACTGCATAGAAGCCTACGTG

REVS: GGGAACTGAGGTATCAGAGGTAA

CD206 SENS: CAAGGAAGGTTGGCATTTGT

REVS: CCTTTCAGTCCTTTGCAAGC

Arg-1 SENS: GGCGTTGACCTTGTCTTGTT

REVS: CTGTTCGGTTTGCTGTGATG

TGF-b SENS: TGCGCCTGCAGAGATTCAAG

REVS: AGGTAACGCCAGGAATTGTTGCTA

Mouse

TNF-a SENS: AGCCCACGTCGTAGCAAACCAC

REVS: AGGTACAACCCATCGGCTGGCA

iNOS SENS: CAAGCACCTTGGAAGAGGAG

REVS: AAGGCCAAACACAGCATACC

IL-1b SENS: CCTGCAGCTGGAGAGTGTGGAT

REVS: TGTGCTCTGCTTGTGAGGTGCT

CD86 SENS: ACGATGGACCCCAGATGCACCA

REVS: GCGTCTCCACGGAAACAGCA
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marker) with microglia marker Iba-1 within the first 72 h after

ischemic injury (Figure 1B). At 12 h after tMCAO, the number of

M1 microglia (iNOS+/Iba-1+ cells) increased obviously in the IBZ

(152.6 � 20.8/mm2 vs. 5.7 � 1.5/mm2; Figure 1C). Then, it

enhanced abundantly (224.9 � 32.3/mm2 at 24 h, 526.2 � 38.6/

mm2 at 48 h and 575.6 � 52.7/mm2 at 72 h after tMCAO, respec-

tively; Figure 1C). Inconsistently, the number of the M2 microglia

(CD206+/Iba-1+ cells) changed slightly at 12 h after tMCAO

(22.5 � 5.5/mm2 vs. 3.6 � 3.7/mm2; Figure 1C). It began to pro-

gressively increase 24 h later (54.0 � 17.5/mm2 at 24 h,

93.3 � 21.1/mm2 at 48 h and 159.2 � 39.1/mm2 at 72 h, respec-

tively; Figure 1C). Importantly, the count of M1 phenotype

increased more dramatically than M2 phenotype at each point in

time, implying the dominant presence of M1 microglia in the IBZ

during the early 72 h after ischemia.

Then, we detected the expression of M1-associated proin-

flammatory factors and M2-associated antiinflammatory cytoki-

nes by real-time PCR. We found that the expression of TNF-a,
iNOS, IL-6, and IL-1b, which were mainly secreted by M1 phe-

notype, enhanced as early as 12 h after tMCAO (*P < 0.05,

***P < 0.001, Figure 1D). However, M2-associated antiinflam-

matory cytokines including Arg-1, IL-10, CD206, and TGF-b

had no significant increase until 72 h after ischemia (Figure S2).

It is known that some of the M1 and M2 signature genes are

expressed not only in microglia but also in other brain cells or

infiltrating immune cells. But as shown in the immunofluores-

cence results, iNOS+/iba1+ cells were in the majority of iNOS+

cells in the IBZ. Taken together, these data suggested that

microglia initially flocking into the site of IBZ exhibited mainly

M1 phenotype. They increased over time and outnumbered

M2 phenotype largely within the first 72 h poststroke.

CXCR4 and CXCL12 were Upregulated after
tMCAO

Previous studies showed that rodent microglia expressed CXCR4.

CXCR4 and its ligand CXCL12 are key regulators of microglia

migration and recruitment. In tMCAO rats, we analyzed the

expression of CXCR4 in microglia in the IBZ by RT-PCR after 12,

24, 48, and 72 h of reperfusion. Results showed that CXCR4

increased significantly over time from 12 to 72 h after tMCAO

(*P < 0.05, **P < 0.01 and ***P < 0.001; Figure 2A). Then, we

did double immunofluorescence staining with anti-CXCR4 and

anti-iNOS and found that most of the CXCR4 were coexpressed

Figure 1 M1 microglia increased over time in

the IBZ within the first 72 h after ischemic

stroke. (A) Sketch picture illustrates the

ischemic core (black) and the IBZ (gray) after

tMCAO. (B) Representative images of the IBZ

after 12, 24, 48, and 72 h of reperfusion

double-stained with Iba-1 (red) and M1 marker

iNOS (green) or M2 marker CD206 (green)

antibodies. DAPI staining (blue) was used to

label the nucleus. Double positive cells

indicated by arrows are shown at higher

magnification in the left-bottom panels. Scare

bar: 40 and 10 lm, respectively. (C)

Quantification of iNOS+/Iba-1+ (M1 microglia)

and CD206+/Iba-1+ (M2 microglia) cells per mm2

in the IBZ (n = 5 per group). (D) Quantification

of M1-associated inflammatory cytokine

expression in the IBZ by real-time PCR at

indicated time points after tMCAO or sham

treatment (n = 5 per group). Data are

expressed as fold change versus sham.

*P < 0.05, ** P < 0.01 versus sham.
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with iNOS, a marker of M1 microglia (Figure 2B). In addition, the

number of CXCR4+/iNOS+ cells increased progressively in the IBZ

over time within 72 h after tMCAO (12 h: 94.3 � 10.8/mm2,

24 h: 191.7 � 15.2/mm2, 48 h: 551.2 � 53.5/mm2 and 72 h:

567.2 � 58.1/mm2, respectively; ***P < 0.001; Figure 2C) com-

pared with sham group (3.7 � 1.4/mm2). Concurrently, our

results revealed the expression of CXCL12, the ligand of CXCR4,

increased and peaked as early as 12 h after tMCAO and main-

tained at high levels within 72 h compared to the sham group

(***P < 0.001; Figure 2D).

Migration of M1 Microglia was Induced via
CXLC12/CXCR4 Pathway

To confirm the effect of CXCL12/CXCR4 pathway on M1 micro-

glia, we used the transwell assay in vitro to assess whether inhibit-

ing CXCR4 could disturb the chemotaxis of M1 microglia to

CXCL12. Firstly, BV2 microglia was treated by LPS for 24 h to

polarize them into M1 phenotype. Double immunostaining for

Iba-1 and iNOS showed that most of BV2 microglia was induced

to M1 phenotype (Figure 3A). Additionally, the mRNA expression

of M1-associated inflammatory factors (IL-1b, TNF-a, iNOS, and

CD86) also increased after LPS treatment (Figure 3B), which fur-

ther revealed that LPS-treated BV2 microglia acquired M1 pheno-

type characteristics.

These LPS-treated BV2 microglia (M1 microglia) were exposed

under ODG condition for 3 h to imitate the ischemia-reperfusion

model. Then, we did the transwell assay with AMD3100 or vehicle

in the upper chamber and CXCL12 or vehicle in the lower cham-

ber. AMD3100 was used in this study as a highly selective CXCR4

antagonist. When adding vehicle to both chambers, only a few

M1 microglia could transmigrate to the opposite surface of the

upper chamber, while more M1 microglia migrated to the lower

chamber when CXCL12 was added to the lower chamber

(**P < 0.001; Figure 3C). However, after adding AMD3100 to the

upper chamber, the migration effect of M1 microglia induced by

CXCL12 was suppressed (Figure 3C).

Previous studies confirm that in stroke animal models, CXCL12

was released primarily by activated astrocytes and endothelial

cells [18,32]. Considered the abundant activated astrocytes in the

IBZ, post-OGD astrocytes were cultured and seeded in the lower

chambers of transwell system to imitate the in vitro ischemic envi-

ronment. Results showed that OGD astrocytes could induce more

M1 microglia to migrate to the opposite surface and AMD3100

could inhibit this phenomenon significantly compared with the

control group (Figure 3D).

Disturbing CXLC12/CXCR4 Pathway at the
Hyperacute Phase after Stroke could Inhibit M1
Microglia Migration and Inflammatory
Responses in the IBZ

Then, we confirmed the effect of CXCL12/CXCR4 pathway on M1

microglia migration to the IBZ after ischemic stroke. Rats started

to receive twice (6-h interval) AMD3100 or vehicle injection at

12, 24, 48, and 72 h after tMCAO and were sacrificed 24 h after

the last injection (Figure S3). The number of M1 microglia in the

IBZ was determined by double immunofluorescence staining of

anti-Iba-1 and anti-iNOS (Figure 4A). Results showed that

AMD3100 treatment at the hyperacute phase (12 and 24 h) after

stroke could significantly reduce the count of M1 microglia in the

IBZ compared to vehicle groups (12-h-treated group: 30.5 � 6.2/

mm2 vs. 75.1 � 10.0/mm2, 24-h-treated group: 162.8 � 27.2/

mm2 vs. 359.6 � 22.7/mm2; **P < 0.01; Figure 4B). While no

Figure 2 CXCR4 and CXCL12 were increased

after ischemic stroke. (A) Quantification of

CXCR4 mRNA expression in the IBZ by real-time

PCR after 12, 24, 48, and 72 h of reperfusion

(n = 5 per group). Data are expressed as fold

change versus sham. (B) Representative

images of the IBZ at indicated time points after

tMCAO double-stained with CXCR4 (green) and

iNOS (red) antibodies. DAPI staining (blue) was

used to label the nucleus. Double positive cells

indicated by arrows are shown at higher

magnification in the left-bottom panels. Scare

bar: 40, 10, and 20 lm, respectively. (C)

Quantification of CXCR4+/iNOS+ and CXCR4+/

iNOS� cells per mm2 in the IBZ at indicated

time points after tMCAO or sham treatment.

(D) Quantification of CXCL12 mRNA expression

in the IBZ by real-time PCR after 12, 24, 48, and

72 h of reperfusion (n = 5 per group). Data are

expressed as fold change versus sham.

*P < 0.05, **P < 0.01 and ***P < 0.001

versus sham.
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Figure 3 Migration of M1 microglia in vitro

was induced via CXLC12/CXCR4 pathway. (A)

Immunofluorescent double staining for iNOS

(green) and Iba-1 (red) of BV2 microglia in the

absence or presence of LPS. The nuclei were

stained with DAPI. (B) Quantification for mRNA

expression of M1-associated inflammatory

cytokine (IL-1b, iNOS, TNF-a, and CD86) in BV2

microglia stimulated by LPS (n = 3 per group).

Data are expressed as fold change versus un-

stimulated control. (C) Representative images

showing the migration of M1 microglia on a

transwell system affected by AMD3100 under

OGD condition with or without CXCL12 (upper

panel). Quantification of migrated M1 microglia

count on the opposite surface of the upper

chamber per mm2 (lower panel, n = 5 per

group). (D) Representative images showing the

migration of M1 microglia on a transwell

system affected by AMD3100 under OGD

condition with or without post-OGD astrocytes

(upper panel). Quantification of migrated M1

microglia count on the opposite surface of the

upper chamber per mm2 (lower panel, n = 5

per group). ** P < 0.01, ***P < 0.001 versus

control.
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obvious differences were observed in 48-h- and 72-h-treated

groups compared to vehicle groups (48-h-treated group:

578.9 � 50.7/mm2 vs. 582.8 � 39.4/mm2, 72-h-treated group:

552.6 � 37.9/mm2 vs. 564.2 � 26.5/mm2; Figure 4B).

Further, the mRNA levels of M1-associated inflammatory

cytokines in the IBZ were examined by RT-PCR. After AMD3100

treatment, the expression of TNF-a, iNOS, and IL-1b decreased

significantly both in 12-h- and 24-h-treated groups and IL-6

expression decreased in 24-h-treated group (*P < 0.05,

**P < 0.01; Figure 4C). However, there were no obvious changes

in 48-h- and 72-h-treated groups compared to vehicle-treated

groups (Figure 4C).

Disturbing CXLC12/CXCR4 Pathway at the
Hyperacute Phase after Stroke could Improve
Outcome of tMCAO Rats

We found that CM from M1 microglia significantly reduced the

cell viability and MAP2 expression of post-OGD neurons, while

CM from M2 phenotype improved the cell viability in vitro, sug-

gesting that M1 microglia could impede neuronal survival after

ischemia (Figure S4). Then, we detected the effect of AMD3100

on infarct volume and neurological outcomes of tMCAO rats. As

shown in Figure S3, rats were sacrificed 24 h after the last injec-

tion for TTC staining to quantify the infarct sizes (Figure 5A).

Results showed that infarct volumes of tMCAO rats in the 12-h-

treated group were attenuated significantly compared to the vehi-

cle rats (*P < 0.05; Figure 5B). For 24-h-treated rats, the infarct

size slightly decreased but had no significant differences compared

to the vehicle rats; for 48-h- and 72-h-treated groups, there were

no significant differences (Figure 5B).

Ischemia-induced neurological deficits were evaluated by modi-

fied neurological severity scores and an accelerating rotarod test.

We observed that among the AMD3100-treated groups, 12-h- and

24-h-treated rats had lower neurological severity scores at 3, 7,

14, and 28 days after stroke and a better rotarod performance at 7,

14, and 28 days after stroke compared to vehicle-treated rats

(*P < 0.05, 12-h-treated group vs. vehicle-treated group;

#P < 0.05, 24-h-treated group vs. vehicle-treated group; Fig-

ure 5C,D). However, 48-h-treated and 72-h-treated groups did

not exhibit better performance than vehicle-treated rats.

Discussion

Inflammation induced by stroke is regarded as a major factor con-

tributing to tissue damage [4]. Cerebral ischemia causes a robust

Figure 4 Disturbing CXLC12/CXCR4 pathway

at the hyperacute phase after stroke could

inhibit M1 microglia migration and

inflammatory responses in the IBZ. (A)

Representative images of the IBZ double-

stained with iNOS (green) and Iba-1 (red)

antibodies. DAPI staining (blue) was used to

label the nucleus. Rats received AMD3100 or

vehicle treatment twice with 6-h interval at 12,

24, 48, and 72 h after tMCAO, and brain slices

were prepared 24 h after last treatment.

Double positive cells indicated by arrows are

shown at higher magnification in the bottom-

left panels. Scare bar: 40 and 10 lm,

respectively. (B) Quantification of the M1

microglia cells (iNOS+/Iba-1+ cell) in the IBZ per

mm2 at indicated time points after AMD3100 or

vehicle treatment (n = 5 per group). (C)

Quantification of mRNA expression for TNF-a,

iNOS, IL-6, and IL-1b in the IBZ at indicated time

points after AMD3100 or vehicle treatment.

Data are expressed as fold change versus

sham (n = 5 per group). *P < 0.05, **P < 0.01,

AMD3100 versus vehicle.
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neuroinflammatory response that includes phenotyping of vari-

ous endogenous CNS cell types (astrocytes, neurons, and micro-

glia) and influx of leukocytic cells (neutrophils, macrophages, and

T-cells) from the periphery [33]. As the resident immune cells in

the CNS, microglia has versatile effectors under ischemic condi-

tions, which is known to secrete proinflammatory cytokines (M1

phenotype) contributing to tissue damage and phagocytose debris

(M2 phenotype) involving tissue repair [34]. Selective modulation

of microglia phenotype function could be a promising strategy to

improve recovery after stroke.

In this study, we found that microglia, mainly the M1 pheno-

type in the IBZ, began to increase rapidly several hours after

tMCAO. The main sources of M1 microglia cells in the IBZ within

48 h after stroke include both the activation of resident microglia

and chemotaxis from surrounding brain tissue [35]. Proliferation

of original microglia and infiltration of blood-derived macro-

phages were observed 48 h after ischemia, in which period the

number of M2 microglia began to increase [36–38]. Therefore, it

might be taking measures to inhibit the increase of M1 microglia

in the early phase of stroke in order to alleviate the subsequent

inflammatory injury of stroke.

Our previous study demonstrated that the expression of chemo-

kine CXCL12 in the IBZ was obviously increased over time after

permanent MCAO [20]. In this study, we also observed the same

phenomenon in tMCAO model. Most importantly, we found

CXCL12 could induce the migration of M1 microglia in vitro and

this effect could be inhibited effectively by the antagonist of

CXCR4, AMD3100. It reminded us that the migration of M1-

polarized microglia was carried out via CXCL12/CXCR4 signaling

pathway. Then, to determine whether disturbing CXCL12/CXCR4

pathway could inhibit M1 microglia recruitment to the IBZ in vivo,

we delivered AMD3100 to rats at different time points after

tMCAO. We discovered that only AMD3100 treatment at the

hyperacute phase (within 24 h after ischemia) could obviously

inhibit the migration of M1 phenotype to the IBZ and suppress

the production of inflammatory cytokines. Consistently,

AMD3100 administered at the hyperacute phase could attenuate

infarct volume and improve neurological outcomes of tMCAO

rats. However, when AMD3100 was used later than 24 h, around

48 or 72 h after ischemia, M1 microglia had been abundantly

recruited into the IBZ, and the benefits could not be achieved.

Zhao et al. [39] even found that AMD3100 abrogated the

enhanced neurogenesis and behavioral recovery by infusing of

AMD3100 for 14 consecutive days. AMD3100 could also inhibit

the migration of M2 microglia (shown in supplementary materials

5 and 6) which began to increase obviously 48 h after ischemia, as

we previously mentioned [36–38]. When AMD3100 was given

after the hyperacute phase (for example 48 h and 72 h after

tMACO), the count of M2 microglia could also be reduced; how-

ever, it had no significant change for AMD3100 treatment at

hyperacute phase (for example, 12 h and 24 h after tMACO;

shown in Figure S6). It indicated that inhibiting CXCR4/CXCL12

pathway after the hyperacute phase could inhibit M2 microglia

migration. Maybe this is the reason why rats had no better neuro-

logical outcomes if we inhibited CXCR4/CXCL12 pathway after

the hyperacute phase of stroke. Therefore, it highlights the impor-

tance of therapeutic time window which could last for 24 h after

cerebral ischemia reperfusion.

The effects of AMD3100 in ischemic stroke had been studied

previously [40–42]. By blocking CXCL12/CXCR4 signaling,

AMD3100 could contribute to attenuation of microglia activation,

immune cells infiltration, and leukocyte migration. Ruscher et al.

confirmed that AMD3100 treatment in mice 2 days after induc-

tion of photothrombosis could enhance recovery of lost neurologi-

cal function through attenuating microglia activation [40,41].

Huang et al. [42] found that AMD3100 treatment for three con-

secutive days could reduce blood–brain barrier disruption and

infarct volume in pMCAO mice by suppressing leukocyte migra-

tion, infiltration, and proinflammatory cytokine expression. In

this study, we underscored the effects of AMD3100 on microglia

Figure 5 Disturbing CXLC12/CXCR4 pathway

at the hyperacute phase after stroke could

attenuate infarct volume and improve

neurological outcome. (A) TTC staining for

brain coronal sections of rats received

AMD3100 (AMD) or vehicle (Veh.) treatment

twice with 6-h interval at 12, 24, 48, and 72 h

after tMCAO shows the area sizes of cerebral

infarct. Brain slices were prepared 24 h after

the last treatment. (B) Percentage of the brain

infarct volumes of tMCAO rats received

AMD3100 or vehicle treatment (n = 10 per

group). *P < 0.05 AMD3100 group versus

vehicle group. Overall neurological severity

scores (C) and the performance on rotarod

tests (D) were analyzed throughout the

indicated period of tMCAO rats treated with

AMD3100 or vehicle at different time points

(n = 10 per group). *P < 0.05, 12-h-treated

group versus vehicle group; #P < 0.05, 24-h-

treated group versus vehicle group.
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migration at the hyperacute phase after tMCAO. The various

mechanisms might be due to the different doses, concentrations,

and ways of delivery of AMD3100 used. Another reason might be

dependent on the experimental model (permanent vs. transient

model) and species, including specific pharmacokinetics in mice

and rats. Therefore, further studies are needed for elucidating the

exact roles of AMD3100 in ischemic stroke.

In addition, we found that there were a few CXCR4+ cells in the

IBZ which did not costain with microglia markers. Previous stud-

ies demonstrated that CXCR4 expression was increased in neural

progenitor cells, neuroblasts, neurons, and endothelial progenitor

cells after ischemic stroke [43,44]. In our study, which kind of

cells these noncollocated CXCR4+ cells belonged to and what

functions AMD3100 have on these cells during the hyperacute

phase after stroke still need further studies. However, considering

M1 microglia accounted for the majority percentage of CXCR4+

cells (above 80% shown in figure 2C), it is reasonable to think

that AMD3100 mainly affects the M1 microglia at the hyperacute

phase after stroke.

Collectively, our study provides evidence that inhibiting the

migration of M1 microglia to the IBZ at the hyperacute phase of

stroke could significantly reduce the infarct size and promote

recovery of neurological function. Our results support the idea

that CXCR4 antagonist AMD3100 might be exploited in future

approaches to improve rehabilitative treatment for stroke patients,

especially for thrombolysis patients with reperfusion injury.
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