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The monocyte/macrophage lineage might affect the
healing process after myocardial infarction (MI). Be-
cause macrophage colony-stimulating factor (M-CSF)
stimulates differentiation and proliferation of this lin-
eage, we examined the effect of M-CSF treatment on
infarct size and left ventricular (LV) remodeling after
MI. MI was induced in C57BL/6J mice by ligation of
the left coronary artery. Either recombinant human
M-CSF or saline was administered for 5 consecutive
days after MI induction. M-CSF treatment significantly
reduced the infarct size (P < 0.05) and scar formation
(P < 0.05) and improved the LV dysfunction (percent
fractional shortening, P < 0.001) after the MI. Immu-
nohistochemistry revealed that M-CSF increased mac-
rophage infiltration (F4/80) and neovascularization
(CD31) of the infarct myocardium but did not in-
crease myofibroblast accumulation (a-smooth muscle
actin). M-CSF mobilized CXCR4™" cells into peripheral
circulation, and the mobilized CXCR4* cells were
then recruited into the infarct area in which SDF-1
showed marked expression. The CXCR4 antagonist
AMD3100 deteriorated the infarction and LV function
after the MI in the M-CSF-treated mice. In conclusion,

M-CSF reduced infarct area and improved LV remod-
eling after MI through the recruitment of CXCR4"
cells into the infarct myocardium by the SDF-1-CXCR4
axis activation; this suggests that the SDF-1-CXCR4 axis
is as a potential target for the treatment of MI. (Am J
Pathol 2007, 171:755-766; DOI: 10.2353/ajpath.2007.061276)

Myocardial infarction (M) is accompanied by inflamma-
tory responses that lead to the recruitment of leukocytes
and subsequent myocardial damage, healing, and scar
formation. The recruitment and activation of monocytes/
macrophages in the infarct myocardium have been
shown to play an important role in the processes that
occur after MI. The activated macrophages lead to the
release of cytokines and proteinases that can induce
further inflammation and left ventricular (LV) remodeling.
Furthermore, recent evidence indicates that some endo-
thelial progenitor cells (EPCs) are derived from cells of
the monocytic lineage and participate in the neovascu-
larization of ischemic tissues."™ These cells have also
been reported to secrete a large amount of angiogenic
factors such as the vascular endothelial growth factor
and the hepatocyte growth factor®; this suggests that
monocytes/macrophages could influence LV dysfunction
and remodeling after MI.
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The macrophage colony-stimulating factor (M-CSF) is a
multifunctional proinflammatory cytokine that regulates the
differentiation, proliferation, and survival of monocytic pro-
genitor cells* and plays a role in various processes involved
in inflammatory diseases. Furthermore, it has been recently
demonstrated that M-CSF is expressed by nonhematopoi-
etic cells such as endothelial cells, smooth muscle cells,
and cardiomyocytes and that its function extends beyond
its role in monocytic progenitor cells. A recent investigation
demonstrated that M-CSF is expressed in the infarct heart
and plays an important role in myocardial healing postin-
farction.® However, the effect of M-CSF on cardiac dysfunc-
tion and remodeling after Ml is not entirely understood. In
the present study, we demonstrate that exogenous M-CSF
treatment induces macrophage infiltration and capillary for-
mation in the infarct myocardium, thereby improving LV
dysfunction and remodeling. This process is mediated
through a system that comprises a key stem cell homing
factor, the stromal cell-derived factor (SDF-1/CXCL12), and
the SDF-1 receptor CXCR4. The findings of this study may
provide new insights into the role of M-CSF and the SDF-1-
CXCR4 axis in the pathophysiology of MI.

Materials and Methods

Animals

All mice (C57BL/6J, male) were purchased from Japan SLC
Inc. (Hamamatsu, Japan). Their ages ranged from 8 to 12
weeks. Mice were fed a standard diet and water and main-
tained on a 12-hour light/dark cycle. All of the experiments
in this study were performed in accordance with the Shin-
shu University Guide for Laboratory Animals, which con-
forms to the National Institutes of Health Guidelines.

Experimental Protocols

In the preliminary experiments, we examined the effect of
M-CSF (5, 50, and 500 ug/kg, i.p.) on the number of pe-
ripheral monocytes in C57BL/6J mice. We found that the
administration of 500 ug/kg of recombinant human M-CSF
(kindly provided by Morinaga Milk Industry Co. Ltd., Kana-
gawa, Japan) significantly increased the number of periph-
eral monocytes; this finding was consistent with a previous
report.® Therefore, in the present study, we used this M-CSF
at a dose of 500 ug/kg per day. We also used recombinant
human granulocyte colony-stimulating factor (G-CSF; kindly
provided by Chugai Pharmaceutical, Co. Ltd., Tokyo, Ja-
pan) at a dose of 100 ug/kg per day.

The mice were anesthetized with an intraperitoneal
injection of 50 mg/kg pentobarbital sodium and splenec-
tomized, not only to eliminate spleen-derived stem cells
(eg, EPCs and CXCR4™ cells) but also to prevent the
homing of bone marrow-derived stem cells to the
spleen.” The animals were allowed to recover for 14
days, after which Ml was induced. Either recombinant
human M-CSF (i.p., n = 60), G-CSF (s.c., n = 12), or
saline (i.p., vehicle, n = 53) was administered to the
splenectomized mice for 5 consecutive days after Ml
induction. The M-CSF treatment was well tolerated, and

no abnormal behavior was observed. AMD3100 (Sigma,
St. Louis, MO) was administered subcutaneously at a
concentration of 300 ng/kg per hour for 7 days after the
MI by using a micro-osmotic pump (Alzet model 1007D;
Durect Corporation, Cupertino, CA).

Ml Induction Protocol

A murine model of Ml was constructed as described
previously.? Intubation was performed after anesthetizing
the mice with isoflurane. The mice were ventilated with a
rodent ventilator (MiniVent Type 845; Harvard Apparatus,
Holliston, MA). A left thoracotomy was performed through
the fourth or fifth intercostal space. An 8-0 nylon suture
was placed directly beneath the left atrium in the inter-
ventricular groove. Successful coronary occlusion was
verified by observing the development of a pale color in
the distal myocardium after the ligation of the left coro-
nary artery. The lungs were re-expanded using positive
pressure at end expiration, and the thoracotomy and skin
incision were closed with a 3-0 silk suture. Extubation was
performed when spontaneous respiration resumed.

Histology and Immunohistochemistry

Histological and immunohistochemical analyses were
performed as described previously.® In brief, the mice
were euthanized after irrigation with saline (Otsuka Phar-
maceutical Co. Ltd., Tokushima, Japan), and their blood
was completely washed out. The hearts were embedded
in optimal cutting temperature compound (Tissue-Tek,
Sakura Finetechnical Co. Ltd., Tokyo, Japan) and frozen
on dry ice. They were then sectioned transversely from
the apex to the site of ligation beneath the left atrium.
Tissue sections (10-um thick) were cut on a cryostat
(CM-1900; Leica Microsystems GmbH, Wetzlar, Ger-
many) and histologically examined. Four sections were
selected from each heart to perform morphometrical
assessments of the LV myocardium and the infarct size.
The sections were stained with hematoxylin-eosin (H&E)
and Masson’s trichrome. Measurements were performed
using Scion Image software (Beta 4.03; Scion Corpora-
tion, Frederick, MD). The infarct size was calculated as a
percentage of the total LV area. The extent of fibrosis in
the sections was measured, and the value was ex-
pressed as the ratio of the Masson’s trichrome-stained
area to the total LV free wall area.

For immunohistochemical analysis, the heart sections
were incubated with primary antibodies against M-CSF
(kindly provided by Morinaga Milk Industry Co. Ltd.),
mouse CD31 (clone MEC13.3, BD Bioscience, San Jose,
CA), F4/80 (clone A3-1; RDI, Flanders, NJ), a-smooth
muscle actin (a-SMA; clone 1A4; Sigma), and CD184
(CXCR4, clone 2B11; BD Biosciences). This was followed
by incubation with biotin-conjugated secondary antibod-
ies. The sections were washed and treated with avidin
peroxidase (ABC kit; Vector Laboratories, Burlingame,
CA), and the stain was developed using the 3,3’-diami-
nobenzidine (DAB) substrate kit (Vector Laboratories).
The sections were then counterstained with hematoxylin.



Mouse on mouse (M.O.M.) basic kits (Vector Laborato-
ries) were used to specifically localize mouse primary
monoclonal antibodies in the tissues. No signal was de-
tected when an irrelevant IgG was used as the negative
control instead of the primary antibody. All of the mea-
surements were performed in a double-blind manner by
two independent researchers.

Cell Cultures and Hypoxia-Reoxygenation

Primary cultures of murine neonatal cardiomyocytes and
cardiac fibroblasts were prepared and cultured as de-
scribed previously.® For hypoxia-reoxygenation experi-
ments, cells were exposed to hypoxia induced with
AnaeroPack (Mitsubishi Gas Chemical, Tokyo, Japan) for
6 hours, followed by reoxygenation for 18 hours.

Flow Cytometric Analysis

Blood samples were collected from the mice at baseline, 7
days, and 14 days after the MI. Circulating cells were iden-
tified using a nucleated cell fraction. The nucleated cells
were double-labeled with the following antibodies: peridinin
chlorophyll protein-conjugated anti-CD11b (Mac-1, clone
M1/70; BD Biosciences), fluorescein isothiocyanate-conju-
gated anti-Ly-6G (Gr-1, clone 1A8), fluorescein isothiocyanate-
conjugated anti-CD34 (clone RAM34; BD Biosciences), phy-
coerythrin-conjugated anti-Flk-1 (VEGFR2/KDR, clone Avas
12a1; BD Biosciences), and phycoerythrin-conjugated
anti-CXCR4 (clone 2B11; BD Biosciences). For staining
with antibody against a«-SMA, cells were permeabilized
with Cytofix/Cytoperm (BD Biosciences) according to the
manufacturer’s instructions. The cells were examined by
flow cytometry (FACSCalibur; Becton Dickinson) and an-
alyzed using CellQUEST software version 3.3 (Becton
Dickinson).

Serum Levels of Inflammatory Cytokines

The serum levels of monocyte chemoattractant protein-1
(MCP-1), interleukin (IL)-6, IL-10, IL-12p70, interferon-y
(IFN-vy), and tumor necrosis factor-a (TNF-a) were as-
sessed using the CBA Mouse Inflammation Kit (BD Bio-
sciences) according to the manufacturer’s instructions.

Echocardiography

Transthoracic echocardiography was performed at base-
line, 7 days, and 14 days after the Ml by using a Vivid Five
system (GE Yokogawa Medical Systems, Tokyo, Japan)
as described previously.'® Ketamine (50 mg/kg) and xy-
lazine (10 mg/kg) were administered intraperitoneally for
mild sedation. Two-dimensional targeted M-mode echo-
cardiograms were obtained along the short axis of the left
ventricle at the level of the papillary muscles, and at least
three consecutive beats were evaluated. The phases in
which the smallest and largest area of the left ventricle
were obtained were defined as the left ventricular end-
systolic diameter (LVESD) and left ventricular end-dia-
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stolic diameter (LVEDD), respectively. The percentage
fractional shortening (%FS) was calculated using the stan-
dard formula: %FS = [(LVEDD — LVESD)/LVEDD] X 100.
All measurements were performed in a double-blind man-
ner by two independent researchers.

Real-Time Reverse Transcription-Polymerase
Chain Reaction Analysis

Total cellular RNA was extracted using ISOGEN (Nippon
Gene Co. Ltd., Toyama, Japan) or RNA-Bee (Tel-Test,
Inc., Friendswood, TX), according to the manufacturer’s
instructions. Real-time reverse transciption-polymerase
chain reaction (RT-PCR) analysis was performed by us-
ing the ABI Prism 7000 system (Applied Biosystems, Inc.)
to detect the mRNA expression of c-fms, G-CSF receptor
(G-CSFR), collagen type | and type lll, transforming
growth factor-g1 (TGF-B1), and -actin.’” The following
primers (oligonucleotide sequences are provided in pa-
rentheses in the order of antisense and sense primers)
were used: c-fms (5’-CATGGCCTTCCTTGCTTCTAA-3’
and 5'-ACATGTCCGCTGGTCAACAG-3'), G-CSFR (5'-
GTCCAGCGAGTCCCCAAAG-3" and 5'-AGCATGGGA-
GGCTCCAATT-3'), collagen type | (5'-CGGAGAAGAA-
GGAAAACGAGGAG-3" and 5'-CACCATCAGCACCAG-
GGAAAC-3'), collagen type Il (5'-CCCAA CCCAGAGA-
TCCCATT-3" and 5’-GAAGCACAGGAGCA GGTGTAGA-
3"), TGF-B1 (5’-GCAACATGTGGAACTCTACCAGA-3’
and 5-GACGTCAAAAGACAGCCACTCA-3'), and B-a-
ctin (5’-CCTGAGCGCAAGTACTCTGTGT-3" and 5’-GC-
TGATCCACATCTGCTGGAA-3'). The expression levels
of each target gene were normalized by subtracting the
corresponding B-actin threshold cycle (Cy) values; this
was done by using the AAC; comparative method.

Apoptosis Assessment

Apoptotic cells were identified by the terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling staining kit
(Roche Diagnostics, Mannheim, Germany) performed
according to the manufacturer’s instructions.

Statistical Analysis

Data are represented as mean = SEM. Multiple group
comparison was performed by one-way analysis of vari-
ance (analysis of variance), followed by Scheffé’s F-test for
comparison of the means. The comparison between two
groups was analyzed by an F-test, followed by a two-tailed
t-test. Values of P < 0.05 were considered statistically
significant.

Results

Expression of M-CSF in the Myocardium after
Ml Induction

First, we examined whether the expression of M-CSF was
up-regulated in the infarct area after the permanent MI.
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Although no M-CSF expression was visualized in the
infarct myocardium and vasculatures at baseline, immu-
nohistochemical analysis revealed that the M-CSF ex-
pression was clearly up-regulated in these regions 6 to
24 hours after the MI, and it declined 3 to 7 days after the
MI (Figure 1A). To identify the cell types that express
M-CSF, double-immunohistological staining using anti-
bodies against M-CSF and the cardiac-specific marker
cTnl or the endothelial marker CD31 was performed. We
detected the coexpression of M-CSF and cTnl, but not
that of CD31 (Figure 1B). By using RT-PCR, we further
examined whether cardiomyocytes express M-CSF
mRNA and observed the expression of M-CSF mRNA in
the murine heart and cultured cardiomyocytes (Figure
1C). The J774 cell line was used as a positive control for
M-CSF expression. These findings suggest that M-CSF
plays a role in the processes involved in M.

Effect of M-CSF or G-CSF on the Infarct Area
and Scar Formation

Next, we examined the effect of exogenous M-CSF treat-
ment on the infarct area and scar formation after the MI.
As shown in Figure 2, A and B, the infarct area at 14 days
after Ml in the M-CSF-treated mice decreased signifi-
cantly compared with that in the vehicle-treated mice
(P < 0.01). Further, Masson'’s trichrome staining demon-
strated that scar formation was significantly reduced in
the former compared with that in the latter (P < 0.05)
(Figure 2, C and D). In addition, because the G-CSF has
been shown to improve LV dysfunction and remodeling
after MI,'2'3 we tested the effect of G-CSF and confirmed
that G-CSF treatment significantly reduced the infarct
area and scar formation after the MI (Figure 2). We also
assessed the infarct area at the early stage after Ml and
showed that M-CSF treatment appeared to decrease the
infarct area on days 3 and 7 after the Ml (Supplemental
Figure 1 at http://ajp.amipathol.org).

Further, we assessed the LV function after the Ml by
using echocardiography. No significant difference was ob-
served in the %FS between the vehicle- and M-CSF-treated
mice at baseline. In the vehicle-treated mice, a marked
decrease in the %FS was observed 7 days after Ml, and this
decrease was sustained for 28 days. In contrast, the %FS
was maintained in the M-CSF-treated mice after the Ml
(Table 1; 14 days, vehicle: 25.8 = 1.0% versus M-CSF:
33.5 + 0.8%, P < 0.001). As expected, the %FS was also
maintained in the G-CSF-treated mice after the Ml (14 days,
G-CSF: 34.4 + 0.5%, P < 0.001 versus vehicle).

Expression of c-fms and G-CSFR in the
Myocardium

A previous investigation reported that G-CSF directly
activates the Jak-Stat pathway via the G-CSFR in car-
diomyocytes and exerts cardioprotective effects.'?
Therefore, we examined the expression of the M-CSF
receptor c-fms and G-CSFR in the myocardium after
the MI. Real-time RT-PCR analysis revealed that c-fms

A
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Figure 1. Expression of M-CSF in the myocardium after MI induction. A and
B: Heart sections were obtained from the mice at baseline, 1 hour, 6 hours,
24 hours, 3 days, and 7 days after MI; these sections were immunohisto-
chemically analyzed by staining with anti-M-CSF antibodies (A). Double-
immunohistochemical staining for M-CSF (green) and c¢Tnl or CD31 (red)
was performed (B). Further, nucleic acid was stained with 4,6-diamidino-2-
phenylindole (DAPID). The representative photographs are shown (7 = 3). C:
Total RNA was extracted from the murine heart (H), cultured cardiomyocytes
(CM), and J774 cell line and analyzed for M-CSF and B-actin by RT-PCR
analysis. DDW, deionized distilled water.
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Figure 2. Effect of M-CSF or G-CSF on MI area and scar formation. A and C:
Heart sections were obtained from the vehicle-, M-CSF-, and G-CSF-treated
mice at 14 days after the MI, and these were stained with H&E (A) and
Masson’s trichrome (C). B and D: Bar graphs indicate the MI area (B) and scar
formation (D). Results are expressed as mean = SEM (each n = 10). *P <
0.05 versus vehicle.

expression was decreased by 43% at 6 hours after the
MI, and this decrease was sustained for at least 7 days
(Figure 3A). In contrast, G-CSFR expression was in-

M-CSF-Mobilized CXCR4 Cell's in Ml 759
AJP September 2007, Vol. 171, No. 3

creased at 6 hours after the Ml and reached a peak at 24
hours (approximately 22-fold expression; Figure 3B). Immu-
nohistochemical staining showed the decreased expres-
sion of c-fms protein in the heart at 6 hours after the Ml
(Figure 3C). These results suggest that M-CSF might
improve LV dysfunction and remodeling after Ml via its
effect on monocytes/macrophages rather than that on
cardiomyocytes.

Macrophage Infiltration and Endothelial Cell
Density

To investigate the mechanism underlying the beneficial
effect of M-CSF, we performed an immunohistochemical
analysis to detect macrophages (F4/80) and endothelial
cells (CD31). The number of infiltrated macrophages in
the infarct area of the heart was greater in the M-CSF-
treated mice than in the vehicle-treated mice after the Ml
(P < 0.001, Figure 4, A and B). The density of endothelial
cells that was determined by CD31 expression increased
significantly in the M-CSF-treated mice compared with

Table 1. Echocardiographic Findings in Vehicle and M-CSF-Treated Mice after MI Induction
Baseline Day 7 Day 14 Day 21 Day 28
Vehicle
n 24 24 23 6 6
B.W. (g) 251 +0.3 248 0.5 26.0 =04 28.3 = 0.2** 28.5 + 0.3**
B.W. (%) 100 98.8 = 0.9 102.5 0.9 107.6 = 2.0** 108.3 = 2.0**
IVSd (mm) 0.74 +0.02 0.67 = 0.03 0.65 = 0.03 0.60 = 0.02 0.55 + 0.05*
LVDd (mm) 4.04 =0.11 4.45 = 0.10 492 = 0.12** 513 = 0.17* 522 = 0.21*
LVPWd (mm) 0.82 = 0.03 0.90 = 0.05 0.85 = 0.04 0.71 £0.02 0.73 = 0.04
IVSs (mm) 1.36 = 0.03 1.12 £ 0.04* 1.04 = 0.04* 1.02 = 0.03** 0.99 = 0.04**
LVDs (mm) 2.24 +0.07 3.20 = 0.08** 3.66 = 0.12** 3.71 £ 0.14* 3.83 £ 0.18**
LVPWs (mm) 1.44 £ 0.02 1.27 = 0.05** 1.23 = 0.03** 1.07 = 0.03** 1.08 = 0.02**
FS (%) 449 + 0.7 28.2 = 0.9* 25.8 = 1.0** 27.6 = 0.7 26.7 = 1.0*
FS (% of baseline) 100 63.2 + 2.1** 58.8 + 2.3** 64.2 + 1.7** 61.9 + 1.9
M-CSF
n 25 25 23 5 5
B.W. (9) 24.8 +0.3 242 +0.6 252+ 04 27.8 £ 0.6 28.3 = 0.7*
B.W. (%) 100 97419 101.3 0.9 1056.2+1.2 107.0+x1.2
IVSd (mm) 0.71 £0.02 0.68 = 0.02 0.67 = 0.02 0.64 = 0.02 0.63 = 0.04
LVDd (mm) 4.10 = 0.06 4.52 + 0.06** 4.78 = 0.11** 4.97 + 0.26** 5.14 + 0.19**
LVPWd (mm) 0.80 = 0.02 0.79 = 0.03 0.80 = 0.02 0.72 = 0.05 0.70 = 0.04
IVSs (mm) 1.29 + 0.02 1.18 + 0.03 1.19 + 0.03'" 1.12 + 0.05 1.13 + 0.09
LVDs (mm) 2.32 +0.05 3.03 = 0.06™* 3.18 = 0.09** 1T 3.22 = 0.18* 3.44 + 0.14**
LVPWs (mm) 1.42 + 0.02 1.28 + 0.04* 1.36 + 0.03"" 1.24 + 0.0411 1.17 + 0.05*
FS (%) 43.6 £ 0.6 32.9 + 0.8 11T 33.5 + 0.8 11T 35.2 + 0.8 11T 32.9 + 1.4 11
FS (% of baseline) 100 759 = 2 111t 76.7 + 2.3 11 83.1 + 1.8 11T 77.7 = 3.4t
G-CSF
n 12 10 10
B.W. (9) 249 +0.3 24.0 0.3 24.8 + 0.3"
B.W. (%) 100 96.3 = 1.4** 100.3 £ 0.5
IVSd (mm) 0.71 = 0.04 0.77 = 0.027 0.72 = 0.04
LVDd (mm) 4.06 = 0.09 4.68 = 0.23* 5.04 = 0.15**
LVPWd (mm) 0.81 = 0.06 1.08 £0.12 0.98 = 0.08
IVSs (mm) 1.27 + 0.04 1.31 + 0.0411 1.37 + 0.04"1t
LVDs (mm) 2.32 +0.06 3.02 = 0.19* 3.31 £ 0.10*T
LVPWs (mm) 1.40 = 0.04 1.59 * 0.08"" 1.57 +0.08""
FS (%) 429 +05 35.9 = 15111 34.4 + 0.5 11T
FS (% of baseline) 100 83.4 + 3.0 11T 80.5 + 1.8~ 11T

Data represent the mean S.E.M. n, number: B.W., body weight; IVSd, interventricular septal diastolic thickness; LVDd, left ventricular diastolic
dimension; LVPWd, left ventricular posterior wall idastolic thickness; IVSs, interventricular septal systolic thickness; LVDs, left ventricular systolic
dimension; LVPWs, left ventricular posterior wall systolic thickness; FS, fractional shortening.

*P < 0.05 and ** P < 0.01 versus baseline.
TP <0.05 P <0.01, and T P < 0.001 versus vehicle.
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Figure 3. Expression of c-fms and G-CSFR in the myocardium. A and B:
Total RNA was extracted from the infarct and noninfarct areas of the heart
at baseline (sham operation), 6 hours, 24 hours, and 7 days after the MI
and analyzed for c-fms (A) or G-CSFR (B) by real-time RT-PCR analysis.
Results are expressed as mean = SEM (each n = 5). *P < 0.05 versus
baseline. C: Heart sections were obtained from the mice at baseline and
6 hours after MI; these sections were immunohistochemically analyzed by
staining with anti-c-fms antibody. Irrelevant IgG was used as a negative
control.

that in the vehicle-treated mice (P < 0.01, Figure 4, C and
D). These findings suggest that M-CSF treatment pro-
motes macrophage infiltration and neovascularization in
the infarct myocardium.

Effect of M-CSF on Differentiation into
Myofibroblasts and Cardiomyocyte Apoptosis

Cardiac fibroblasts have been shown to differentiate into
myofibroblasts during the process of myocardial repair
and remodeling after MI.'* Because myofibroblasts are
characterized by the presence of a-SMA, immunohisto-
chemical analysis of a-SMA was performed. The number
of a-SMA-positive myofibroblasts was notably increased
at the infarct area compared with that at the noninfarct
area (Figure 5, A and B). However, no change was ob-
served in the number of myofibroblasts in the M-CSF-
treated mice compared with that in the vehicle-treated
mice (P = 0.245).

To examine the effect of M-CSF on the differentiation
into myofibroblasts in vitro, we used murine neonatal car-
diac fibroblasts. M-CSF accelerated the in vitro differen-
tiation of cardiac fibroblasts into myofibroblasts (Figure
5C). We performed flow cytometry analysis to quantify
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Figure 4. Macrophage infiltration and endothelial cell density. A and C:
Heart sections were obtained from the vehicle- or M-CSF-treated mice 14
days after MI; these sections were immunohistochemically analyzed by
staining with F4/80 (macrophages; A) and anti-CD31 antibody (endothelial
cells; ©). B and D: Bar graphs indicate the number of macrophages (B) and
endothelial cells (D) in the infarct (a and ¢) and noninfarct areas (b and d).
Results are expressed as mean £ SEM (each n# = 5). *P < 0.01, and **P <
0.001 versus vehicle.

this differentiation. Interestingly, M-CSF clearly stimulated
the in vitro differentiation of not only cardiac fibroblasts
but also peripheral blood cells and bone marrow-derived
cells (Figure 5, D and E).

To assess the involvement of apoptosis after Ml in
the vehicle- and M-CSF-treated mice, terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling stain-
ing was performed; however, no differences were
found in the number of apoptotic cells between the
vehicle- and M-CSF-treated mice (Supplemental Figure 2A
at http://ajp. amipathol.org). To investigate further whether
M-CSF confers an anti-apoptotic effect on cardiomyo-
cytes, in vitro experiments using murine cultured
cardiomyocytes were performed. We exposed cardio-
myocytes to hypoxia-reoxygenation in the absence
or presence of M-CSF and examined cardiomyocyte
apoptosis. Treatment with M-CSF reduced the number
of apoptotic cells induced by hypoxia-reoxygena-
tion compared with cells that were not treated
with M-CSF (Supplemental Figure 2B at http://ajp.
amipathol.org).
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Involvement of Inflammatory Cytokines,
Collagen, and TGF-B1

To investigate whether cytokines and collagen synthe-
sis are involved in reducing the infarct area and scar
formation after MI, we determined the serum level of
MCP-1, IL-6, IL-10, IL-12p70, IFN-vy, and TNF-a. Serum
IL-6 and MCP-1 levels tended to increase 24 hours
after the MI (Figure 6, A and B), whereas no increase
was observed in the IL-12p70 level (Figure 6C). The
other inflammatory cytokines were under detectable
limits (<20 pg/ml, data not shown). Real-time RT-PCR
analysis revealed that the mRNA expression of colla-
gen type | and type Il was clearly up-regulated in the
infarct area of the vehicle- and M-CSF-treated mice 14
days after the MI, and no difference was observed in
these expression levels between the two groups (Fig-
ure 6, D and E). In addition, no significant increase was
observed in the TGF-B1 mRNA expression in the infarct
area (Figure 6F).

SsC

Mobilization of Bone Marrow-Derived Cells

To determine the types of bone marrow-derived cells that
were mobilized by M-CSF treatment, we assessed the
percentage of Mac-17/Gr-1~ cells (monocytic marker),
CD34"/FIk-1* cells, and CXCR4™ cells. Flow cytometric
analysis revealed that M-CSF treatment resulted in a
significant increase in the Mac-1"/Gr-1~ (P < 0.05) and
CXCR4™" cells (P < 0.01) but not in the CD34*/Flk-1"
cells in peripheral circulation 72 hours after the MI (Figure
7, A-C). Furthermore, M-CSF treatment preferentially in-
creased the Mac-17/CXCR4™ cells (Figure 7D).

Involvement of the SDF-1-CXCR4 Axis

Because the peripheral CXCR4™" cells were observed to
increase substantially in the M-CSF-treated mice after the
MI, we performed an immunohistochemical analysis to
detect CXCR4 and its ligand SDF-1. The expression of
SDF-1 was predominantly observed in the infarct and
border areas but not in the noninfarct area (Figure 8A).
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Figure 6. Involvement of inflammatory cytokines, collagen, and TGF-B1.
A—C: Blood samples were obtained from the vehicle- or M-CSF-treated mice
at baseline, 24 hours, 3 days, and 7 days after the MI. Serum levels of IL-6 (A),
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mRNA expression by real-time RT-PCR analysis. Results are expressed as
mean * SEM (n = 3). *P < 0.05, and **P < 0.01 versus sham.

No difference was observed in the levels of SDF-1 ex-
pression between the vehicle- and M-CSF-treated mice.
Similarly, the number of infiltrated CXCR4™ cells in-
creased in the infarct and border areas but not in the
noninfarct area (Figure 8B). Quantitative analysis re-
vealed that M-CSF treatment significantly increased the
number of CXCR4™ cells increased in the border area of
MI mice (Figure 8C, P < 0.01).

To explore the role of the SDF-1-CXCR4 axis, we used
a novel CXCR4 antagonist, namely, AMD3100. AMD3100
was administered subcutaneously for 7 consecutive days
after the MI by using a micro-osmotic pump. The admin-
istration of AMD3100 significantly increased the number
of circulating white blood cells, particularly neutrophils
(data not shown); this finding was consistent with that in
previous reports.' As shown in Figure 8, D-F, M-CSF
treatment improved LV function at 7 and 14 days after the
MI, and additional treatment with AMD3100 deteriorated
the infarction (P = 0.054) and LV function (P < 0.05) in
the M-CSF-treated mice.
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Figure 7. Mobilization of bone marrow-derived cells. A-D: Blood sam-
ples were collected from the vehicle- or M-CSF-treated mice at baseline,
24 hours, and 72 hours after the MI. The percentage of Mac-1"/Gr-1",
CD34"/Flk-1", and CXCR4 ™" cells was assessed by flow cytometric anal-
ysis. Results are expressed as mean * SEM (n = 3). *P < 0.05, and *P <
0.01 versus vehicle.

Discussion

The major findings of this study are as follows: i) M-CSF
expression was up-regulated in the infarct myocardium; ii)
M-CSF treatment reduced the infarct size and scar forma-
tion and improved LV dysfunction and remodeling after the
MI; iii) c-fms expression decreased in the infarct myocar-
dium; iv) M-CSF treatment also induced macrophage infil-
tration and capillary formation but not myofibroblast accu-
mulation in the infarct area; v) M-CSF treatment mobilized
the number of CXCR4™ cells in peripheral circulation; vi)
SDF-1 expression was marked in the infarct myocardium,
and CXCR4" cells were recruited to the infarct area in the
M-CSF-treated mice; and vi) the CXCR4 antagonist
AMD3100 deteriorated the infarction and LV function after
the Ml in the M-CSF-treated mice. These findings suggest
that M-CSF reduces infarct size and scar formation and
improves LV dysfunction and remodeling after the Ml via the
activation of SDF-1-CXCR4 axis.

Effect of M-CSF Treatment on the Infarct Area
and LV Dysfunction after the Ml

Increasing evidence indicates the importance of bone mar-
row-derived stem/progenitor cells in the pathophysiology of
cardiovascular diseases. In particular, bone marrow stem
cells could promote neovascularization and cardiac regen-
eration after Ml and thereby improve LV dysfunction and
remodeling'®"”; this suggests the therapeutic potential of
bone marrow stem cell transplantation for the treatment of
cardiovascular diseases. Because colony-stimulating fac-
tors could mobilize bone marrow stem cells into periph-
eral circulation, the use of G-CSF and the granulocyte-
macrophage colony-stimulating factor has recently
been reported as a clinical application of stem cell
therapy'®'°; however, the effect of M-CSF treatment on
cardiac dysfunction and remodeling after permanent
MI has not been entirely understood.
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“P = 0.054, P < 0.05, and %P < 0.01 versus M-CSF.

We clearly demonstrated that M-CSF treatment im-
proved LV dysfunction, reduced the infarct size, and
improved LV remodeling after permanent MI. Recently,
Yano et al®® reported that M-CSF treatment attenuated
LV dysfunction after myocardial ischemia-reperfusion
in rats; however, M-CSF had no effects on the infarct
size, infarct transmurality, and the number of factor
VIll-positive vessels in the infarct and noninfarct myo-
cardium. In their study,?® because M-CSF treatment
increased TGF-B1 expression and the collagen content
in the myocardium, they speculated that the beneficial
effect of M-CSF was mediated through the acceleration
of the myocardial repair processes. Although the rea-
son for the discrepancy in the effect of M-CSF is un-
clear, there are a number of differences between the
pathophysiology of permanent Ml and ischemia-reperfusion
injury.2'~23 Reperfusion releases a large excess of oxygen-
derived free radicals and produces “reperfusion injury.”
Inflammatory responses such as the infiltration of neutro-
phils and macrophages are much stronger in the reper-
fused heart than in the infarct heart. Because the inflamma-
tory response after Ml is determinative for tissue healing,?®
the processes involved in myocardial healing, such as col-
lagen deposition, are accelerated in the reperfused heart.
Furthermore, reperfusion enhances neovascularization to a
greater extent in the reperfused heart than in the infarct
heart. Thus, we postulate that although M-CSF has benefi-
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cial effects on the repair processes of both permanent Ml
and ischemia-reperfusion, its mechanism of action might
differ between these two conditions.

Effect of M-CSF Treatment on Macrophage
Infiltration and Neovascularization

We demonstrated that M-CSF treatment increased mac-
rophage infiltration and endothelial cell density after the
MI. Monocytes/macrophages have been shown to pro-
mote the healing and repair processes of MI by several
mechanisms. Macrophages produce cytokines and growth
factors, which influence the process of myocardial heal-
ing.2* In addition, macrophages may regulate extracellular
matrix metabolism through the synthesis of matrix metallo-
proteinases and their inhibitors.?® Thus, M-CSF-induced
macrophage infiltration might play a role in the post-MI
healing process. Previous reports showed that myofibro-
blasts are the predominant source of collagen and that
TGF-B1 acts as a key mediator for myofibroblast differenti-
ation during wound healing by regulating a-SMA expres-
sion.?>2% Using a rat model of myocardial ischemia-reper-
fusion, Yano et al®® recently reported that M-CSF treatment
increased TGF-B1 expression and collagen content. How-
ever, in our study, M-CSF treatment did not increase
myofibroblast accumulation and the expression of colla-
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gen and TGF-B1 in the infarct area. Interestingly, M-CSF
accelerated the in vitro differentiation of cardiac fibro-
blasts, peripheral blood cells, and bone marrow-derived
cells. Furthermore, M-CSF decreased hypoxia-reoxygen-
ation-induced apoptosis in cultured cardiomyocytes, al-
though there was no difference in the number of apopto-
tic cells in the heart after MI between the vehicle- and
M-CSF-treated mice. Although the reason for the discrep-
ancy between in vitro and in vivo experiments is currently
unclear, further investigation is required to elucidate the
precise mechanisms underlying the beneficial effect of
M-CSF. Taken together, our findings suggest that in a
permanent Ml model, the beneficial effect of M-CSF
might at least in part depend on macrophage infiltration
and neovascularization.

Recent evidence indicates that monocytes/macro-
phages promote neovascularization in ischemic tissues
through several possible mechanisms. First, recent re-
ports demonstrated that monocytes/macrophages pro-
duce matrix metalloproteinase-dependent tunnels and
directly promote neovascularization.”?”-?® Second, bone
marrow-derived cells of monocytic lineage are sug-
gested to function as EPCs and participate in the neo-
vascularization of ischemic tissues.®® In our study, M-
CSF treatment increased the Mac-1"/CXCR4™ cells but
not the CD34"/Flk-17 cells (ordinary EPC marker) in pe-
ripheral circulation after the MI. In this regard, Harraz et
al® reported that CD34~ angioblasts are a subset of
CD14* monocytic cells and that these monocytes have
the potential to transdifferentiate into endothelial cells;
this suggests that EPCs derived from monocytic cells
might have other surface markers.

There are several reports describing the role of SDF-
1-CXCR4 axis in neointimal formation after vascular in-
jury. Weber and his colleagues®®° reported that the
SDF-1-CXCR4 axis contributed to the recruitment of bone
marrow-derived smooth muscle progenitor cells and neo-
intimal formation after vascular injury in apoE~/~ mice.
Zhang et al®' also reported that the SDF-1-CXCR4 axis
contributed to neointimal formation after the ligation of
carotid artery in endothelial nitric-oxide synthase-defi-
cient mice. Furthermore, we recently reported that M-CSF
treatment accelerated neointimal formation after vascular
injury via the SDF-1-CXCR4 axis.®® These investigations
suggest that the CXCR4™" cells act as smooth muscle
progenitor cells. In contrast, Walter et al®*® reported that
impaired CXCR4 signaling contributes to the reduced
neovascularization capacity of EPCs, suggesting that the
CXCR4™ cells function as EPCs in ischemic tissue. Fur-
thermore, several studies demonstrated that bone mar-
row-derived CXCR4* cells promote neovascularization in
ischemic tissue by the release of angiogenic factors.343°
Thus, we speculate that M-CSF-mobilized monocytic
CXCR4™" cells are retained by SDF-1 and accelerate
neovascularization in the infarct area. Taken together, we
postulate that the CXCR4™" cells have the potential to
function as both EPCs and smooth muscle progenitor
cells according to the circumstances, and the SDF-1-
CXCR4 system may contribute to the pathogenesis of
cardiovascular diseases.

Role of the SDF-1-CXCR4 Axis in the
Pathophysiology of Ml

We demonstrated that M-CSF increased the CXCR4™
cells in peripheral circulation, whereas MI induced
SDF-1 expression in the infarct area. The mobilized
CXCR4™" cells were recruited to the infarct myocar-
dium, and they interacted with SDF-1. The inhibitory
effect of AMD3100 indicates the contribution of the
SDF-1-CXCR4 axis to the beneficial effect of M-CSF.
Interestingly, recent investigations demonstrated that
the AMD3100 treatment rapidly mobilizes CD34™ he-
matopoietic stem cells from the bone marrow into pe-
ripheral circulation®® and that G-CSF combined with
single injection of AMD3100 promoted angiogenesis in
a murine model of hindlimb ischemia.®” In our previous
study,®? however, continuous AMD3100 infusion had
no effect on the re-endothelialization after vascular
injury; this suggests that a continuous CXCR4 inhibition
abrogates the chemotactic activity of SDF-1 and hom-
ing of CXCR4™ cells to the SDF-1-expressing site. Sup-
porting this, a recent study demonstrated that CXCR4*
cells could not accumulate at the SDF-1-expressing
site in animals harboring an osmotic pump releasing
AMD3100.%°

Several previous studies demonstrated that the SDF-
1-CXCR4 axis participated in the neovascularization of
ischemic tissues.®**® Consistent with our finding, by
using a rabbit model of myocardial ischemia-reperfu-
sion, Misao et al®® very recently reported that the SDF-
1-CXCR4 axis might be responsible for the G-CSF-
induced improvement of LV dysfunction. Taken
together, these findings suggest that the SDF-1-
CXCR4 axis plays a crucial role in the beneficial effect
of M-CSF in MI. Further studies are required to eluci-
date its precise role of the SDF-1-CXCR4 axis in the
pathophysiology of MI.

Conclusion

We demonstrated that M-CSF treatment reduced infarct
area and scar formation and improved LV dysfunction
and remodeling after Ml through the recruitment of
CXCR4™* cells into the infarct myocardium by the activa-
tion of SDF-1-CXCR4 axis. These findings suggest that
M-CSF has a therapeutic potential for Ml and that the
SDF-1-CXCR4 axis could be new target for the treatment
of ischemic heart diseases.
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