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Abstract

Rationale: Peripheral blood monocytes are recruited into the ischemic brain and transform into
macrophages after stroke. Nevertheless, the exact role of CCR2-dependent monocytes/
macrophages in brain injury after stroke remains elusive.

Methods: We used CCR2 knockout (KO) mice and the CCR2 pharmacological inhibitor,
propagermanium (PG), to address the role of CCR2-dependent monocytes/macrophages in the
acute stage and neurological functional recovery after middle cerebral artery (MCA) occlusion and
reperfusion.

Results: CCR2 KO resulted in smaller infarct size and lower mortality than in wild type (WT) mice,
when measured 3 days after stroke. However, from 5 to 28 days after stroke, the KO mice had
higher mortality and showed no obvious neurological functional recovery. In addition, WT mice
treated with PG had similar stroke outcomes compared with CCR2 KO, as measured by T2
weighted MRI. Flow cytometry and real-time PCR analyses suggest that monocyte-derived
macrophages (MoDMs) in the stroke brains mainly polarized to pro-inflammatory macrophages at
the early stage, but gradually switched to anti-inflammatory macrophages at 7 days after stroke. In
addition, adoptive transfer of anti-inflammatory macrophages into CCR2 KO mice at 4 and 6 days
after stroke alleviated mortality and promoted neurological recovery.

Conclusion: CCR2-dependent monocytes/macrophages are a double-edged sword; they worsen
acute brain injury, but are essential for neurological recovery by promoting anti-inflammatory
macrophage polarization.
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Introduction

Acute ischemic brain injury and functional
recovery  after  stroke are mediated by
neuroinflammation [1]. Macrophages are a major
modulator of this neuroinflammation, which include
monocyte-derived macrophages (MoDMs) and their

brain resident counterparts, microglia-derived
macrophages (MiDMs) [2-3]. Microglia contribute to
brain homeostasis, which are immediately activated
after ischemic stroke [4-7]. In addition to microglia,
blood monocytes are recruited into the ischemic brain
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a few hours after stroke, where they transform into
macrophages, and may modulate both acute brain
injury and functional recovery.

The chemokine receptor CCR2, when activated
by the ligand CCL2 and expressed on monocytes, is
responsible for monocyte emissions from the bone
marrow, and migration into the ischemic brain [8-9].
A number of studies have explored the role of
CCR2-dependent monocytes/macrophages in acute
brain injury after stroke, but the results have been
controversial. Some studies have shown that CCR2
KO and pharmacological inhibition of CCR2
attenuated acute brain injury [10], while others have
shown that a selective CCR2 antagonist resulted in a
more extensive lesion in a mouse ischemic model [11].
Therefore, the exact role of CCR2-dependent MoDMs
remains elusive. Furthermore, how MoDMs regulate
brain functional recovery after stroke remains largely
unexplored. Only recently, Wattananit et al. reported
that the anti-CCR2 antibody, MC-21, abolished
long-term behavioral recovery. They reported that
MC-21 inhibited the anti-inflammatory genes TGF-f,
CD163, and Ym-1 expression, but the underlying
protective mechanisms are unknown [12]. Therefore,
whether monocytes are detrimental or beneficial
factors in stroke remains controversial, and whether
they have distinctive effects in the acute and delayed
phase are not known. In this study, we used CCR2 KO
mice and the CCR2 pharmacological inhibitor,
propagermanium (PG) to clarify the role of
monocytes/macrophages in both acute brain injury
and delayed functional recovery in a mouse MCA
occlusion model.

Methods
Animals

C57BL/6] wild-type (WT) and CCR2/-
(B6.129(Cg)-CCR2<tm2.1Ifc>/]) (CCR2 KO) mice

from Jackson Laboratory (Bar Harbor, ME, USA) were
bred and housed in the Stanford Medical School
Animal Care Facility. Experimental protocols were
approved by the Stanford University Administrative
Panel on Laboratory Animal Care, and experiments
were conducted in accordance with the guidelines of
Animal Use and Care of the National Institutes of
Health and Stanford University.

A total of 167 out of 237 WT mice, and 153 out of
207 CCR2 KO mice were included for data analyses.
The causes of animal exclusion include: 1) Mice that
showed no neurological deficits. 2) Brains with
evidence of surgical subarachnoid hemorrhage. Only
0 to 2 mice were excluded in each group due to
surgical subarachnoid hemorrhage. Mice with
secondary hemorrhage after stroke were not
excluded. 3) Mice that died 1-3 d after MCAO.

In the long-term behavior and Nissl staining
study, there were some mortalities, especially in
CCR2 KO mice and PG treated WT mice. 30 WT mice
and 10 CCR2 KO mice were used to culture bone
marrow derived macrophage (BMDM) for the
adoptive transfer experiment. Monocytes were
separated from the spleens and bone marrow from
these same animals for the migration assays.

All animal experiments were conducted in a
blinded fashion. The researcher performing the
surgeries was unaware of the animal groups, and the
researcher analyzing the data was unaware of the
group conditions.

Focal cerebral ischemia

Male mice aged 8 to 10 weeks, weighing 24-28 g,
were randomly assigned to experimental groups.
Mice were anesthetized with 5% isoflurane and
maintained at 1% to 2% isoflurane during surgery.
Body temperature was maintained at 37 £ 0.5 °C with
a surface heating pad during the entire procedure.
Focal cerebral ischemia was induced by transient
MCA occlusion for 45 min by inserting a
silicone-coated 6-0 monofilament (Doccol Corp,
Redlands, CA, USA) into the left CCA to block the
MCA, as we have reported previously [13-14]. For the
sham group, surgeries were conducted, but without
monofilament insertion into the left CCA.

Infarction size was detected by using the 2, 3,
5-triphenyltetrazolium chloride (TTC) staining. At 72
h after ischemia, the mice were deeply anesthetized
with isoflurane and euthanized. The brains were
rapidly removed and coronally sectioned into 5 slices
with 2 mm thickness, stained in 2% TTC (Sigma, St.
Louis, MO) at 37 °C for 15 min, and fixed in 4%
paraformaldehyde for 24 h. The brain slices were
scanned and infarctions were measured using NIH
Image] software. To avoid the influence of cerebral
edema, the infarction in each section was normalized
to the non-ischemic contralateral side and expressed
as a percentage of the contralateral hemisphere with
the following formula:

Infarct size = (contralateral area - ipsilateral
non-infarct area) / contralateral area x 100%.

Brain atrophy at 14 or 28 days after stroke was
measured with Nissl staining. Mice were euthanized
at 14 or 28 days after ischemia, and then perfused with
ice-cold PBS  followed with 4%  (w/V)
paraformaldehyde in PBS [13]. Using a vibratome
(Leica VT1000, Wetzlar, Germany), 50 pm coronal
brain slices were cut after post-fixation with 4% (w/v)
paraformaldehyde for 72 h. Brain slices were stained
in 0.1% cresyl violet solution for 30 min, and then
rinsed in distilled water. Stained sections were fixed
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by serial dehydration in ethanol (70%, 90%, 100%) and
xylene [15]. Fixed slices were then scanned and
quantified with NIH Image] software, as mentioned
above. Tissue loss in each section was expressed as a
percentage of the contralateral hemisphere with the
following formula:

Tissue loss = (contralateral area - ipsilateral
non-infarct area) / contralateral area x 100%.

Magnetic resonance imaging (MRI)

MRI was performed repeatedly at 3 and 14 days
after stroke on a dedicated small animal 7 T MRI
system (PharmaScan, Bruker, Ettlingen, Germany)
[16]. The image protocol consisted of a T2-weighted
sequence to assess the location and extent of
infarction. T2w TSE sequence parameters were: TE =
36.8 ms, TR = 5000 ms, FA = 132.6°, FOV = 1.34/1.62
cm, 30 slices, and 0.4 mm slice thickness with 0.4 mm
gap. MRI pictures were then scanned and quantified
with NIH Image] software, and hemisphere volume
was calculated as: Y hemisphere area x slice thickness
(0.4 mm).

Infarct or atrophy size = (contralateral area -
ipsilateral non-infarct area) / contralateral area x
100%.

Primary culture of bone marrow-derived
macrophages (BMDMs) and adoptive transfer
of anti-inflammatory macrophages

Bone marrow cells were collected by flushing out
the femoral and tibial bone cavities of male C57BL/6]
mice, aged 8-10 weeks [17]. The cells were treated
with ACK lysing buffer (GIBCO; Invitrogen,
Carlsbad, CA, USA) to eliminate red blood cells. The
remaining cells were cultured at 37 °C in 5% CO; in
Dulbecco's Modified Eagle Medium (DMEM, GIBCO),
supplemented with 10% fetal calf serum (GIBCO),
and 20 ng/mL murine macrophage-colony
stimulating factor (M-CSF) (PeproTech Inc., Rocky
Hill, NJ, USA) [18]. Seven days after plating, the
BMDM were stimulated with murine IL-4 (20 ng/mL)
(PeproTech Inc., Rocky Hill, NJ, USA) for 48 h to
polarize the macrophages into anti-inflammatory
phenotypes. To prove that the anti-inflammatory
macrophages might be essential for neurological
recovery, the in vitro polarized anti-inflammatory
macrophages or vehicle PBS were adoptively
transferred into CCR2 KO mice (2x10¢ cells/mouse,
0.2 mL via retro-orbital injection) at 4 and 6 days after
ischemic stroke, respectively.

Behavioral tests

To evaluate the role of CCR2 on neurological
deficits after stroke, we used three behavioral tests to
measure neurological function, as described below:

Rotating beam walking test

The rotating beam walking test was used to
evaluate neurological deficits in coordination and
integration of movement in mice after ischemic stroke
[19]. The mice were trained to walk along a 100 cm
rotating wood beam (80 mm in diameter,
approximately 80 cm above the floor, at 3 rpm
rotation) for 7 days (3 trials per day), then tested
before and at 2, 4, 7, 10, 14, 21, and 28 days after
stroke. The walking time at each time point for each
mouse was then recorded.

Pole test

The pole test was conducted by placing a 50 cm
vertical pole (1 cm diameter) in a mouse cage. A
mouse is placed, with its head upward, so that it
climbs to the top of the pole, then it turns around and
descends to the cage floor. “Time to turn around” and
“time to reach the floor” are recorded [20]. Mice were
trained for 3 days (5 trials per day) and then tested
before and 2, 4, 7, 10, 14, 21, and 28 days after stroke.

Flow cytometry analysis for functional
macrophage phenotypes

To analyze pro- and anti- inflammatory
functional macrophage phenotypes from monocytes,
we conducted FACS analysis for cell surface (PD-L1
and PD-L2) and intracellular markers (iNOS and
Arg-1) to identify pro- and anti- inflammatory
phenotypes. All antibodies were purchased from
BioLegend (San Diego, CA, USA), unless stated
otherwise. Immune cells were isolated from the brain
tissues, as described previously [21-22]. In brief, mice
were deeply anesthetized with isoflurane, euthanized,
and then transcardially perfused with cold PBS. The
ischemic hemispheres were collected in flow
cytometry staining buffer (PBS with 1% FBS and 0.1%
sodium azide), mildly homogenized on ice, and
centrifuged (514 rcf) for 10 min. 6 mL of 37% Percoll
was then added to the cells, vortexed, and loaded
with 2 mL of 70% Percoll under the cell suspension.
The samples were then centrifuged (514 rcf) for 30
min at 4 °C. The mononuclear cells at the interphase
were isolated, washed 3 times in the flow cytometry
staining buffer, filtered through a 70 pm strainer,
re-suspended, and counted.

For cell surface marker staining, the cells were
blocked with serum, Fc Block, and then stained on ice
for 30 min in the dark with FITC-anti-CD45,
PE/Cy7-anti-CD11b, Pacific blue-anti-Ly6C, APC/
Cy7 anti-Ly6G, APC-anti-PD-L1, and PE-anti-PD-L2
antibodies, respectively. For intracellular iNOS and
arginase 1 (Arg-1) staining, after staining with
anti-CD45, anti-11b, anti-Ly6C, and anti-Ly6G, cells
were fixed and permeabilized with BD Cytofix/
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Cytoperm solution (BD Biosciences, No. 554714, San
Jose, CA, USA) for 20 min on ice, followed by staining
with APC-conjugated arginase 1 (R&D system, No.
IC5868A, Minneapolis, MN, USA,) and FITC-
conjugated iNOS (BD Biosciences, No. 610330)
antibodies, or isotype, as controls [23]. Samples were
run on a BD LSR 1II flow cytometer using Diva
software (v6.1.2; Becton Dickinson, San Jose, CA,
USA) and data were analyzed using Flow]Jo software
(v7.6.2; Tree Star, Ashland, OR).

In vivo monocyte migration assay in stroke
mice

To analyze how CCR2 affects monocyte
migration after stroke in mice, we conducted a
post-stroke, in vivo monocyte migration assay by flow
cytometry. Monocytes (2x108 cells/mL) extracted
from bone marrows and spleens of 8-10 week old
CCR2 KO mice were incubated with the red
fluorescent dye, TRITC, (0.8 ng/mL) in labeling buffer
(50% RPMI, 48.5% HBSS without calcium and
magnesium, 1.5% bovine calf serum, and 10 mM
HEPES) at 37 °C for 15 min. Monocytes from bone
marrows and spleens of WT mice were labeled with
green fluorescent dye CFSE (3 pM) under the same
conditions [24]. Then 1x108 mixed labeled monocytes
were transferred via retro-orbital injection in each WT
mouse at 3 or 7 days after ischemic stroke,
respectively. Two hours after adoptive transfer,
monocytes isolated from brain and blood suspensions
in host mice, as well as donor monocytes used for the
transfer (input cells), were incubated for 30 min at 4
°C in 100 pL of 0.5 pg/mL PE/Cy7-anti-CD11b,
APC/Cy7-anti-CD45, and Pacific blue-anti-Ly6C.
FACS assay was conducted to identify CFSE* and
TRITC* MoDMs, and data was analyzed, as
described, in the flow cytometry analysis section. Data
are expressed as the ratio of the TRITC* cell number
from CCR2 KO divided by the FITC* cell number
from WT monocytes in the blood and ischemic brain.

Quantitative real-time PCR

To evaluate the pro- and anti- inflammatory
macrophage functional gene phenotypes from
monocytes and microglia, we conducted real-time
PCR to identify the mRNA gene expressions of pro-
and anti- inflammatory phenotypes. The ischemic
cortex of mice were collected after transcardial
perfusion with cold PBS, and immediately placed in
RNAlater (Qiagen, No. 76104) [25]. Homogenates and
RNA were purified using the RNeasy Plus Mini Kit
(Qiagen, No. 74134, USA). Reverse transcription was
performed using the Superscript III First-Strand
Synthesis System for PCR (Invitrogen Life
Technologies, No. 18080-051, Grand Island, NY,

USA). Real-time PCR was performed with SYBR
GreenER qPCR SuperMix Universal (Invitrogen, No.
11762-100) on a Stratagene Mx3000p QPCR System
(Stratagene, La Jolla, CA, USA). PCR primer probe
sets were predeveloped and produced by BIO-RAD
(PrimePCR™ PreAmp for SYBR® Green Assay:
TNEF-a, mouse; IFN-y, mouse; IL-4, mouse; TGF-1,
mouse). The expression levels of target genes were
normalized to that of the p-actin. Quantities of
products were determined by the comparative
threshold cycle (CT) method using the equation, 2724
CT, to determine the fold change (as relative to sham
controls).

To further determine the cytokine gene
expressions in MoDMs in the ischemic brain after
stroke, immune cells were collected and incubated
with FITC-anti-CD45, PE/Cy7-anti-CD11b, Alexa
Fluor 647-anti-Ly6G, and Pacific blue-anti-Ly6C, as
described in the flow cytometry section. MoDMs
(CD11b*CD45Migh Ly 6G-Ly6Chish) were then sorted into
tubes by FACSAria (BD Biosciences) for analysis, as
described above. The purity of CD11b*CD45highLy6G-
Ly6Chish sorted monocytes/macrophages was >97%
[26]. For sham mice, MiDMs (CD11b*CD45"t) were
sorted into tubes as control. The target gene
expression levels were normalized to the p-actin
endogenous control. Quantities of products were
determined by the comparative threshold cycle (CT)
method using the equation, 2722 CT, to determine fold
changes. The expression levels are displayed as
relative to that of microglia (CD45"CD11b*) from the
sham group.

Immunostaining

To study macrophage expressions after stroke,
immunohistochemistry and immunofluorescence
staining were performed. Mice were transcardially
perfused with ice-cold PBS and PBS containing 4%
(w/v) paraformaldehyde, respectively, after being
fully euthanized [13]. Tissues were post-fixed with 4%
(w/v) paraformaldehyde for 72 h and snap-frozen in
OCT-freeze medium, after which a freezing
microtome (Leica 3050, Wetzlar, Germany) was used
to cut 10 pm coronal brain slices.

For immunochemistry staining, acetone-fixed
frozen sections were stained using a three-stage
immunoperoxidase system, as previously described
[27]. Briefly, the brain slices were incubated at room
temperature for 1 h with primary anti CD68 antibody
(BIO-RAD, No. 0713R Hercules, CA, USA), or Iso type
control antibody (BioLegend, Biotin Rat IgG2a). Then,
the brain slices were incubated at room temperature
for 30 min with biotin-conjugated anti-rat IgG
secondary antibody. Slices were then incubated with
Peroxidase-conjugated Streptavidin (Jackson
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ImmunoResearch, No. 016-030-084, Suffolk CB8 7SY,
UK) and Peroxidase substrate kit AEC (Vector
laboratories, SK-4200, Burlingame, CA, USA)
sequence with 3 PBS washes between each step. Slides
were examined by light microscopy. The number of
positive cells in the ischemic area were counted using
Image] software. Counts were performed on coded
sections by an investigator who did not know the
codes.

For immunofluorescence staining, brain slices
were incubated for 1 h with blocking solution (0.1 M
PBS, 0.3% Triton X-100, and 5% normal goat serum),
and then incubated at 4 °C for 24 h with anti CD68
antibody, anti Ym-1 antibody (Stemcell Technologies,
No. 01404. Vancouver, Canada). Brain slices were
washed 3 times with PBS, and incubated at room
temperature for 2 h with goat anti-mouse Ym-1, or
Alexa Fluor 633-conjugated goat anti-rat (CD68)
antibodies, all diluted to 1:400 (Invitrogen, Carlsbad,
CA, USA). Brain slices were then washed and
mounted on glass slides with 4',6-diamidino-
2-phenylindole  (DAPI,  Vector  Laboratories,
Burlingame, CA). Negative controls without primary
antibodies were performed in parallel and showed no
staining. Fluorescent imagines were taken by a
confocal microscope (Zeiss LSM510, Jena, Germany).
Three sections (-1.70 to -2.18 relative to Bregma) /
mouse were randomly chosen and the number of
positive cells in the core were counted using Image]
software. Counts were performed on coded sections
by a blinded investigator.

Drug administration

For MRI assay, the CCR2 inhibitor,
propagermanium (PG, 50 mg/kg/day) or the vehicle
PBS was administered, via oral gavage, to WT mice
one day before MCAO surgery, until 14 days after
stroke. Freshly prepared PG in PBS was administered
three times a day (50mg/kg/day). In the vehicle
control group, an equal volume of PBS was
administered using the same regimen. For behavioral
tests, PG (50mg/kg/day) or the vehicle PBS was
administered, via oral gavage, to WT mice from 4
days until 14 days after stroke.

Statistics

Results are shown as mean + SD. The specific
statistical methods are described in each figure
legend. One-way ANOVA was performed when
comparing different groups, and the Mann-Whitney
U test was used for analysis on real-time PCR data. P
values of < 0.05 denote significant changes.

Results

CCR2 KO protects against acute brain injury,
but worsens delayed damage after stroke

The TTC results showed that infarct sizes
measured 3 days after stroke in CCR2 KO mice were
significantly smaller than in WT mice (Figure 1A),
which suggests that CCR2 KO is neuroprotective at
the acute stage after stroke.

To examine the effect of CCR2 KO on brain
injury at later time points, animals were euthanized at
14 and 28 days after stroke, and the brain injury sizes
were measured by cresyl/violet staining. In contrast
to the acute phase, a significantly larger atrophy in
CCR2 KO mice was observed compared to WT mice
(Figure 1B), suggesting that CCR2 depletion resulted
in brain injury deterioration in a delayed pattern.

We then compared the mortality rate of the
CCR2 KO and WT stroke mice. The results suggest
that CCR2 KO resulted in lower mortality at the early
stage (1 to 4 days) but higher mortality at the delayed
stage (after 5 days) compared with WT mice (Figure
1C).

The behavioral results showed that the WT mice
walked a significantly longer time on the rotating
beam than CCR2 KO mice measured at 2 and 4 days
after MCAOQO, but showed a quicker recovery time
thereafter (Figure 1Da). For the pole test, the results
showed similar patterns to the beam test (Figure
1Db-c), suggesting that CCR2 depletion resulted in
neurological protection at the early time points after
stroke but did not offer recovery at the delayed time
points.

Inflammatory monocytes migrating into the
ischemic brain are CCR2 dependent

By using flow cytometry, MoDMs and MiDMs
were identified and quantified as CD45MCD11b* and
CD45nCD11b*, respectively [28-29]. The MoDM
numbers in CCR2 KO mice measured at 3 and 7 days
after stroke were significantly smaller than those in
WT mice (Figure 2B). However, the MiDM numbers
did not differ significantly between CCR2 KO mice
and WT mice (Figure 2C). The results of the
immunohistochemical staining indicate that the
numbers of CD68 positive cells at 7 and 14 days was
significantly lower in CCR2 KO mice than in WT mice
(Figure 2F).

We then compared the migrating ability of WT
monocytes vs. CCR2 KO monocytes from the blood
into the ischemic brain after stroke. The CCR2 KO
monocytes stained with TRITC fluorescent dye were
mixed with the WT monocytes labeled with CFSE
fluorescent dye, and then adoptively transferred into
the animals after stroke. We gated TRITC vs. CFSE
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Figure 1. The effect of CCR2 KO on stroke outcomes in mice. (A) Representative infarction by TTC staining. Bar graph showing infarct size expressed as percentages
measured at 3 days after ischemic stroke. n=6. (B) Representative coronal brain sections with cresyl/violet staining at 28 days after stroke. The bar graph shows quantification
of tissue loss expressed as percentage of hemispheric volume in WT and CCR2 KO mice. n=6. (C) Survival curve of mice from 0 to 28 days after MCAO in WT and CCR2 KO
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calculated by turnaround time. c. Pole test. Performance calculated by walking down time. n=6. *, ** vs. WT stroke, P<0.05, 0.01; one-way ANOVA performed to compare the

WT stroke and CCR2 KO stroke groups.

positive cells from CD45MCD11b*Ly6Chi  and
CD45*CD11b*Ly6Chi cell populations in the ischemic
brain and peripheral blood, respectively (Figure
3A-B). The results showed that the monocyte
migrating ratios of CCR2 KO monocytes compared
with WT monocytes in the ischemic brain were only
0.24 and 0.25 at 3 and 7 days, respectively (Figure 3C),
indicating that monocyte migration is CCR2
dependent.

PG shows similar effects as CCR2 KO in stroke

We used MRI to measure infarction in WT mice
treated with PG [30]. In order to compare it with
CCR2 KO mice, PG or PBS was administered one day
before MCAO surgery until 14 days after ischemic
stroke. The results show that, compared with PBS
treated animals, PG had smaller infarction at 3 days,
but larger infarction at 14 days, suggesting that PG
has similar effects as CCR2 KO (Figure 4A).

To test whether CCR2 inhibition alters animal
behaviors, PG was administered from 4 days until 14
days after stroke. Like CCR2 KO, PG treatment
resulted in a significantly higher mortality, starting
from 5 days to 12 days after stroke (Figure 4B), and
impaired behavioral recovery (Figure 4Ca-c). PG also
dramatically inhibited CD68 expression at 7 and 14
days (Figure 4D).

Macrophages convert from the
pro-inflammatory to anti-inflammatory
phenotype at recovery stage after stroke in
WT mice

The results showed that in WT mice, the mRNA
levels of the pro-inflammatory macrophage genes,
TNF-a and IFN-y, dramatically increased at 3 and 5
days, but then declined at 7 and 14 days. In contrast,
the anti-inflammatory macrophage genes, TGF-f1
and IL-4, in WT mice gradually increased up to 7
days, and then decreased by 14 days. Conversely, the
pro-inflammatory macrophage genes increased up to
7 days, while the anti-inflammatory macrophage
genes decreased from 3 to 14 days after stroke in the
CCR2 KO mice (Figure 5A).

Because the mRNA levels in the ischemic tissues
may not precisely reflect the gene expressions in
MoDMs, we used a flow cytometry sorter to isolate
MoDMs for gene expression quantification. TNF-a
mRNA was significantly elevated at 3 to 5 days, and
then decreased significantly at 7 days in the purified
MoDMs. In contrast, a significant increase of TGF-1
mRNA expression was observed from 3 days onward,
and remained high until 7 days (Figure 5B).

We further investigated protein expressions by
flow cytometry to support the result of pro-
inflammatory vs. anti-inflammatory status in the
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ischemic brain. We gated CD45MCD11b*Ly6GLy6Chi 3 days, and then declined at 7 days, while the
cell populations as MoDMs in the ischemic brain  anti-inflammatory macrophage markers (PD-L2 and
(Figure 5C). Consistent with the real-time PCR  Arg-1) gradually increased at 3 to 7 days after
results, both the pro-inflammatory macrophage mar-  ischemic stroke (Figure 5C).

kers (PD-L1 and iNOS) were elevated significantly at
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Figure 2. Monocyte infiltration into the ischemic brain is CCR2 dependent. (A) CD45hCD1 1b*and CD45CD1 Ib* in the ischemic brain of WT and CCR2 KO mice.
(B) Bar graph shows the quantification of CD45NCD1 Ib* at 3 and 7 days after stroke in the ischemic hemisphere of WT and CCR2 KO mice. n=6. (C) Bar graph shows the
quantification of CD45nCD11b* at 3 and 7 days after stroke in the ischemic hemisphere of WT and CCR2 KO mice. n=6. (D) The box in the cresyl/violet stained section
indicates the ischemic core region where photomicrographs were taken to quantify cell numbers. (E) Representative images of CDé8 staining from the ischemic brains of WT
and CCR2 KO mice. Scale bar 100 um. (F) Bar graph shows the statistical results of CD68* cells at 7 and 14 days after stroke. n=6. **, vs. WT, P<0.01; one-way ANOVA was
performed to compare the WT stroke and CCR2 KO stroke groups.
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monocytes vs. WT monocytes in both the ischemic brain and blood at 3 and 7 days after stroke. The ratio was calculated by the WT number divided by the CCR2 KO number.
n=3; ¥ P<0.01 vs. input ratio where the value was set to | (one-sample t-test).
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Figure 4. Effects of the CCR2 inhibitor, propagermanium (PG), on infarction, mortality and behavior after ischemic stroke in WT mice. (A) Representative
MRI T2 images are shown. PG (50 mg/kg/day, three times a day) or vehicle PBS was administered via oral gavage to WT mice one day before MCAQO surgery until 14 days after
ischemic stroke. The bar graph shows the statistical results of atrophy size measured at 3 and 14 days after stroke. n=3. (B) PG (50 mg/kg/day, three times a day) or vehicle PBS
was administered via oral gavage to WT mice from 4 days until 14 days after stroke. Curve showing the mortality ratio from 0 to 14 days after stroke. n=12. (C) Behavioral tests.

PG (50 mg/kg/day, three times a day) or vehicle PBS was administered via oral gavage

to WT mice from 4 days until 14 days after stroke. a. Rotating beam walking test. b. Pole

test shows the average time walking to the top of the vertical pole. c. Pole test shows the average time walking from the top to the bottom of the pole. n=6. (D) Representative
CD68 immunohistochemistry staining. Scale bar, 100 pm. Bar graph shows the quantification of CD68+ macrophages at 7 and 14 days, treated with PBS or PG after stroke. n=6.
*, ** ys. vehicle, P<0.05, P<0.01, respectively; one-way ANOVA was performed to compare the PG- and PBS-treated groups.

Adoptive transfer of the anti-inflammatory
macrophages promoted functional recovery in
CCR2 KO mice after stroke

We have provided evidence that
CCR2-dependent MoDMs are vital for the neuroin-
flammatory responses of pro-inflammatory vs.
anti-inflammatory macrophages, and we speculated
that the anti-inflammatory macrophages might be
essential for neurological recovery. To prove this
hypothesis, anti-inflammatory macrophages or
vehicle PBS were adoptively transferred into CCR2
KO mice at 4 and 6 days after ischemic stroke. The
double immunostaining suggests that the adoptive
transfer of anti-inflammatory macrophages resulted
in increases of the anti-inflammatory macrophage
phenotype (Ym-1) in the ischemic brain (Figure 6A).
The increased anti-inflammatory microglia/macro-
phages lead to a lower mortality and improvement in
neurological recovery (Figure 6B-C).

Discussion

We unprecedentedly compared the effects of
monocytes in the acute and delayed phase after
stroke, and found that CCR2-dependent monocytes
are a double-edged sword: they exacerbate acute
brain injury but promote neurological functions at the
delayed phase after stroke. We showed that the
migration and infiltration of MoDMs into the ischemic

brain is CCR2 dependent, which has distinctive roles
in the acute and delayed phase after stroke. First, both
CCR2 KO and the administration of the CCR2
inhibitor, PG, resulted in larger injury and higher
mortality at the delayed stage after stroke compared
with WT mice. Second, MoDMs migration is CCR2
dependent, and functional recovery after stroke
required the infiltration of MoDMs into the ischemic
brain. Third, the role of MoDMs in promoting
functional recovery is anti-inflammatory macrophage
dependent, as the majority of macrophages converted
into the anti-inflammatory phenotype at the recovery
stage. In addition, the adoptive transfer of
anti-inflammatory macrophages promoted functional
recovery.

Macrophages play an important role in brain
injury after stroke, but whether macrophage-
mediated neuroinflammation has distinctive roles in
the acute and delayed phases of brain injury remains
elusive. Because MoDMs enter the ischemic brain in a
delayed pattern, it has been assumed that MoDMs are
more important in functional recovery rather than in
acute stroke. Our results suggest that MoDMs play a
detrimental role in acute brain injury measured at 3
days after stroke, but plays a beneficial role in
functional recovery measured 7 to 28 days after
stroke. The results refute the assumption that MoDMs
are not important for acute brain injury.
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Figure 5. Analyses of cytokine gene expressions and macrophage phenotypes. (A) Real-time PCR analysis of Pro-inflammatory and anti-inflammatory gene
expressions in the ischemic brains of WT and CCR2 KO mice at different time points after ischemic stroke. n=6. (B) Real-time PCR analyses of TNF-a and TGF-B1 gene
expressions in sorted MoDMs. CD45NCD1 1b* cells were first gated, and then Ly6G-Ly6Chi (CCR2-dependent inflammatory MoDMs) were gated and sorted (~50,000 cells in a
total of 6 mice) for real-time PCR analysis. n=4. (C) Flow cytometry analysis of pro-inflammatory and anti-inflammatory MoDMs phenotypes in the ischemic brain. Single cells
were obtained by gating with FSC-height vs. FSC-area, then live/dead cells were gated by using propidium iodide (PI) or Aqua to exclude dead cells; Pl and Aqua were used for
surface cell markers and intracellular staining antibodies, respectively. Microglia/macrophages were first gated as CD45™CD11b and CD45"CD11b*, respectively. Neutrophils
were excluded from MoDMs by gating with Ly6G-. The leftover MoDMs were further gated with Ly6C, and analyzed with the pro- inflammatory markers, PD-L1 or iNOS, and
the anti- inflammatory markers, PD-L2 or Arg-1. n=6; *P<0.05, **P<0.01; Mann-Whitney U test used for analysis of real-time PCR data.
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Figure 6. The protective effects of adoptive transfer of anti-inflammatory macrophages to CCR2 KO mice. Bone marrow derived monocytes were cultured and
stimulated with murine IL-4 to polarize into the anti-inflammatory phenotypes. The anti-inflammatory macrophages or vehicle PBS were adoptively transferred into CCR2 KO
mice (2x10¢ cells/mouse, 0.2 mL via retro-orbital injection) at 4 and 6 days after ischemic stroke, respectively. (A) a. A representative brain section with cresyl violet staining
indicates the ischemic region from which the immunostaining pictures were taken. b. Representative images of double immunofluorescence staining with Ym-1 (green), CDé68
(red), and DAPI counterstain (blue). Scale bar, 50 ym. c. Quantification of double-positive CD68 and YM-1 macrophage staining at 7 and 14 days after stroke in CCR2 KO mice
receiving adoptive transfer of anti-inflammatory macrophages or vehicle. n=6 mice/group, 3 sections/mouse. (B) The curves represent the survival ratio from 0 to 28 days after
MCAO in CCR2 KO mice receiving adoptive transfer of anti-inflammatory macrophages and vehicle. n=12. (C) Behavioral tests. a. Rotating beam test showing the average
walking time (seconds). b. Pole test showing the climbing time to the top of the vertical pole. c. Pole test showing the time to climb from the top to the bottom of the vertical
pole. n=6; *, ** vs. vehicle, P<0.05, 0.01, respectively; one-way ANOVA was performed for the study of adoptive transfer of anti-inflammatory macrophages.

After showing that monocyte migration is CCR2
dependent, we then examined the effects of MoDMs
on stroke outcomes. We show that MoDMs depletion
in the ischemic brain in CCR2 KO mice resulted in a
smaller infarct measured 3 days after stroke, but with
larger injuries, higher mortality, and less functional
recovery measured at 14 and 28 days. This
phenomenon is further strengthened by the use of the
CCR2 inhibitor, PG, which has relatively specific
effects on monocytes, rather than on other cell types.
Our collaborator, Dr. Baohui Xu, and colleagues, have
shown that PG treatment decreased monocytes solely
in bone marrow, but it did not affect the relative
numbers of leukocyte subsets in the blood, bone
marrow, lymph nodes, and spleen in normal mice or
with LPS stimulation. They concluded that PG
treatment produced similar effects as CCR2 KO [30];
thus, PG was used to verify our study of CCR2 KO
mice. Our results are supported by Wattananit et al.,
who recently reported that the anti-CCR2 antibody,
MC-21, abolished long-term behavioral recovery after
ischemic stroke [12], suggesting that MoDMs
contribute to spontaneous, long-term functional
recovery after stroke. Our results in the acute stage
after stroke conflicts with the findings of Chu and
colleagues [11], who showed that monocytes are
neuroprotective against acute infarction. The

discrepancy between our study and Chu et al. might
be due to differences in experimental designs, animal
strains and models, and the CCR2 inhibitors. We used
both WT and CCR2 KO mice, but Chu et al., only used
WT mice, which showed that CCR2 inhibition did not
affect the expressions of the CCR2 ligand, CCL2. In
addition, they used the CCR2 inhibitor, INCB3344,
which was administered 1 day before stroke. But in
our study, the CCR2 inhibitor, PG, was administered
1 day before MCAO surgery to 14 days after ischemic
stroke. INCB3344 differs from PG, but how these two
inhibitors differ in their pharmacological effects is not
known. Furthermore, in their study, the infarction
was measured only at 1 day after stroke, while we
measured infarct size at 3 and 7 days, and up to 1
month after stroke.

Macrophages can polarize into pro-inflam-
matory and anti-inflammatory phenotypes [31].
Macrophage functional phenotypes include a wide
spectrum between the two extremes of M1 and M2
phenotypes, which might be over-simplified, as
pointed out by Murray et al. [32]. Therefore, we refer
to the M1 and M2 phenotypes as pro- and
anti-inflammatory phenotypes, respectively.
Macrophages may convert from one functional
phenotype into another in response to the local
microenvironment [33], and in response to the
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different time courses of tissue injuries [34-35]. We
found that the pro-inflammatory phenotypes were
dominant in the acute phase after stroke, while the
anti-inflammatory phenotypes accumulated in the
delayed phase. First, in WT mice, the
pro-inflammatory genes, TNF-a and INF-y, were
robustly increased in the acute phase, but declined at
7 days, while the anti-inflammatory genes, IL-4 and
TGF-f1, gradually increased and remained high until
7 days. Conversely, the pro-inflammatory genes
increased up to 7 days, while the anti-inflammatory
genes decreased from 3 to 14 days after stroke in the
CCR2 KO mice, indicating that the anti-inflammatory
macrophages are linked with functional recovery after
stroke. Therefore, macrophages may convert from
pro-inflammatory into anti-inflammatory phenotypes
along the time course after stroke. Second, the results
of TNF-a and TGF-p1 gene expressions in the sorted
MoDMs further confirmed that the pro-inflammatory
gene expressions declined at 7 days while the
anti-inflammatory gene expressions remained high.
Third, the flow cytometry results showed a similar
change pattern in the cell surface and intracellular
markers for both pro- and anti-inflammatory
phenotypes. Therefore, we conducted the experiment
by adoptively transferring the anti-inflammatory
macrophages into CCR2 KO mice at 4 and 6 days after
MCAQOQ, in order to supply more anti-inflammatory
macrophages at a later period. The results indicated
that the adoptive transfer of the anti-inflammatory
macrophages increased the anti-inflammatory
protein, Ym-1, in both MiDMs and MoDMs, improved
functional outcomes, and attenuated mortality in
CCR2 KO stroke mice.

The different gene expressions in the ischemic
brains between the WT and CCR2 KO mice may be
due to different cell compositions, as the CCR2 mice
have fewer macrophages in their ischemic brain.
Therefore, gene expressions measured in the CCR2
KO mice may reflect gene expression changes in other
cell types, such as microglia or astrocytes, which also
take part in neuroinflammation after stroke. Indeed,
A1l astrocytes, induced by activated microglia, might
be harmful, by secreting IL-1a, TNF and Clq [36]. In
addition, macrophage induced osteopontin, which
further activates astrocytes to repair ischemic
neurovascular units, suggests an interaction between
macrophages and astrocytes [37]. Therefore, the
reduced number of MoDMs would affect microglia or
astrocyte phenotypes.

Nevertheless, there was still about 25%
recruitment of MoDMs in the CCR2 KO mice,
suggesting that there are other receptors involved in
monocyte recruitment besides the CCL2/CCR2 axis.
Although we do not exactly know the non-CCR2

mechanisms, our previous works and others have
shown that CCR5 (CCL5/CCRb) are also expressed in
CD45MCD11b* MoDMs, both in the experimental
ischemic brain and aneurysm tissue [22, 27].
Therefore, CCL5, the CCR5 ligand, also recruits
inflammatory monocytes into target tissues, and
promotes macrophage induced inflammatory
conditions.

Our results on the early pro-inflammatory and
late anti-inflammatory activities after stroke are
similar to other non-stroke diseases, such as
musculoskeletal regeneration, spinal cord injury and
myocardial infarction [38-40]. Nevertheless, a report
from Chen et al., using reverse transcriptase PCR and
immunohistochemical staining methods, suggests
that microglia/macrophages primarily exhibit the
anti-inflammatory phenotype at an early phase after
stroke, and then convert to the pro-inflammatory
phenotype at a later phase [41], which differs from our
results. This may be due to the different models and
techniques used to identify the functional
macrophage phenotypes. For example, in our study,
we used the ischemic area and not the entire
hemisphere for real-time PCR. We used flow
cytometry to distinguish microglia from MoDMs, and
used cytometry sorting to purify inflammatory
monocytes to verify our real-time PCR results. Taken
together, our results suggest that MoDMs are the
main effectors of pro- and anti-inflammatory pattern
changes in the ischemic brain at the early and
recovery stages after stroke.

There are a number of limitations in our current
study. First, MiDMs and MoDMs are identified as
CD45nCD11b* and CD45"CD11b* cell populations,
but the CD45hCD11b* cell population in the ischemic
brain may also include neutrophils. Nevertheless, the
method of isolating leukocytes excludes most
neutrophils in the samples, thus the majority of
isolated cells are mononuclear cells. Although this cell
population mainly contains monocytes, we cannot
completely exclude the fact that the MoDMs
population is contaminated by some neutrophils.
Second, CD68 staining was used to verify the effect of
CCR2 KO on MoDMs recruitment in the ischemic
brain. However, CD68 is highly expressed in both
MoDMs and MiDMs after stroke, thus CD68 staining
cannot distinguish between MoDMs and MiDMs.
Third, we reported that the adoptive transfer of
anti-inflammatory macrophages improves the long
term behavior performance and animal survival ratio,
but brain atrophy sizes were not measured. Fourth,
we showed that the adoptive transfer of
anti-inflammatory macrophages promotes functional
recovery by enhancing Ym-1 positive macrophages.
Nevertheless, this treatment may also affect microglia,
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but we did not distinguish Ym-1 expressions between
MiDMs and MoDMs.

Summary

In conclusion, CCR2-dependent MoDMs play a
double-edged role in ischemic stroke, causing more
injury in the early phase after stroke, while promoting
functional recovery at the late stage. These MoDMs
may achieve their effects via a conversion of
pro-inflammatory to anti-inflammatory phenotypes.
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