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Abstract— This report deals with the scanning acoustic micro-
scope for imaging cross sectional acoustic impedance of biological
soft tissues. A focused acoustic beam with a wide frequency range
up to about 100 MHz was transmitted to the tissue object in con-
tact with the "rear surface" of plastic substrate. The reflected
signals from the target and reference are interpreted into local
acoustic impedance. Two-dimensional profile is obtained by
scanning the transducer. As the incidence is not vertical, not only
longitudinal wave but also transversal wave is generated in the
substrate. The error in estimated acoustic impedance assuming
vertical incidence was discussed. The error is not negligible if the
angle of focusing is large, or the acoustic impedance of the refer-
ence material is far different from the target. However it can be
compensated, if the beam pattern and acoustic parameters of
coupling medium and substrate were known. The improvement
of precision brought by the compensation was ensured by using a

droplet of saline solution of which acoustic impedance was known.

Finally, a cerebellum tissue of rat was observed with a good pre-
cision.

Keywords: biological tissue; acoustic impedanc; micro-scale
imaging.

L INTRODUCTION

In most optical microscopic observation of biological tissue,

the specimen is sliced into several micrometers in thickness,
and fixed on a glass substrate. The microscopy is obtained by
transmitted light through the specimen. As it is normally not
easy to have a good contrast by local difference in refraction
and/or transmission spectrum, the specimen is usually stained
before being observed. It can be classified as a kind of chemi-
cal imaging, since only a portion that has a specific chemical
property can be stained by selecting an appropriate staining
material. However, the staining has some disadvantages. It
normally takes several hours to several days to finish the proc-
ess. Furthermore, the tissue, after being stained, often com-
pletely loses its biological functions. For this reason, observa-
tion with staining process is chemically destructive.

On the other hand, acoustic micro-imaging can be per-
formed without staining process. In this sense it is chemically
non-destructive. The observation can be finished in a very
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short time, as it does not need the staining process. It is con-
sidered to become a powerful tool for tissue characterization
that can image elastic parameters. Most of ultrasonic micro-
scopes are scanning type, in which the response to a focused
acoustic signal is successively acquired while the beam is me-
chanically scanned [1-4]. The authors have recently proposed
the acoustic impedance microscope that can image local distri-
bution of cross sectional acoustic impedance of soft tissues
[5,6]. In this report, its methodology and improvement for es-
tablishing precision of measurement will be described. As an
specimen for observation, cerebellar tissue of a rat was ob-
served.

II.  SYSTEM SETUP

Fig. 1 illustrates the outline of the acoustic impedance mi-
croscope. Distilled water was used as the coupling medium
between the substrate and transducer. The transducer was
PVDF-TrFE type. It was 2.4 mm in aperture diameter, and 3.2
mm in focal length, its angle of focusing being 22 deg. The
acoustic wave, being focused on the interface between the sub-
strate and tissue, was transmitted and received by the same
transducer. The acoustic pulse had a wide frequency range
from 10 to 100 MHz. Two-dimensional profile of acoustic im-
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Fig. 1. Schematic diagram of the measurement system
and acoustic waveform reflected from the target.
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pedance was obtained by mechanically scanning the transducer
using the stage driver, maintaining the focal point on the "rear
surface" of the substrate. A typical field of view of 2 mm x 2
mm was covered with 200 x 200 pixels. It took typically 1 -
1.5 minutes for one observation. All the measurements were
performed at room temperature.

II.

As shown in Fig. 2, the signal reflected from the target is
compared with that reflected from the reference material. If the
incident angle can be approximated to be perpendicular to the
substrate, the target signal compared with the reference signal
is interpreted into acoustic impedance as;

CALIBRATION ASSUMING VERTICAL INCIDENCE

1+ ngf s SE . M
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where S, is the transmitted signal, 5, and S,,, are reflections
from the target and reference, Z,, , Z,, and Z,,; are the acoustic
impedances of the target, reference and substrate, respectivel!v
[5]. As for the substrate, polystyrene dish (Z,,, =2.46 MNs/m’)
with 0.8 mm in thickness was chosen, and as for the reference
material, either distilled water (Z,, =1.49 MNs/m’) or air (Z.y
=0.4 kNs/m’) was employed.

Zgy
Reference

Fig. 2. Illustration for calibration of the acoustic imped-
ance.

IV. OBLIQUE INCIDENCE

The estimation of acoustic impedance based on eq.(1) as-
sumes that a plane wave is transmitted onto the target, although
in fact the acoustic beam has a finite angle of focusing as
shown in Fig. 3. The apparent reflection constant at the target
may be different from that calculated by eq. (1), when the angle
of focusing is large. In addition, when the incident angle is not
zero, a part of longitudinal wave may be converted into trans-
versal wave. This may bring an additional error in estimation
of the acoustic impedance. For these reasons, error estimation
was performed.
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Fig. 3. Illustration of focused acoustic beam.
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Fig. 4. Propagation of the acoustic wave with an incident
angle 6. Solid and broken lines represent longitu-
dinal and transversal waves, respectively. Z and ¢
represent acoustic impedance and sound speed. |
and t in the suffix indicate longitudinal and trans-
versal waves.

Figure 4 illustrates the propagation of an acoustic wave
with an incident angle of 8,. The direction of the longitudinal
wave propagating through the substrate obeys the Snell's law
as;

v =] C,sub I .
BM_, (8,)=sin" (——sinB,)
€y

As is seen in the figure, three transversal waves are gener-
ated before the echo comes back to the transducer. These affect
the apparent reflectance, however, as their sound speed is dif-
ferent from that of the longitudinal wave, they are not received
in the limited width of the time-window.

(2).

In this report, it is assumed that transversal wave can
propagate neither in the soft tissue nor the reference material.
Subsequently, on the "rear surface", three modes of waves,
transmitted longitudinal, reflected longitudinal and reflected
transversal, are generated by the incident longitudinal wave.
The reflection constant (ratio of reflected longitudinal and inci-
dent longitudinal) at the "rear surface" is represented as;
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Transmission of the longitudinal wave through the "front

surface" takes place twice, and affects the apparent reflection
constant as;

i
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Assuming that the aberration is negligible, the apparent re-
flection constant (ratio of received and sent waves) is described
as;

lg.'(ngr’ .'gi"e )’,SD

. [~ 2nsing,R

0_ max

(06)T" o, (8B,

sub—stgt

[" = 2nL? sin@ a8,

Apparent (MNs/m3)

14 15 16 17 18
True (MNs/ni )

Fig. 5. Relation between true and apparent values of acous-
tic impedance. Angle of focusing: 22 deg. Z,, ~2.46
MNSs/m?, cqp ~2.34 ks, ¢, ,=1.15 km/s.
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where L is the focal length in the coupling medium.

The reflected signal from the reference material is calcu-
lated in the same manner as S,.(Z.s Cren 80 max) / So. Referring
to eq. (1), the apparent acoustic impedance assuming vertical
incidence is estimated as;

[ _S_fgr (Zlgr ’Crg1 2 0 _max ) Z Z:ub = |
7 . Sre’f (Zref’ Cref * 0 _max ) Z + Zmb L
! - ub 1
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(6).

Figure 5 shows the relation between the "true" and "appar-
ent" values of acoustic impedance. As the result is dependent
0N ¢, it is parameterized by the density, which is given by Z,,
/ €. The true and apparent values coincide when Z,.~Z,,
=1.49 MNs/m (calibrated by water), and the gap increases as
Z, becomes distant from Z,., . Using the air as the reference
brings more significant gap, as its acoustic impedance is far
more distant from the tissue. As the acoustic impedance of soft
tissue 15 distributed approximately between 1.4 and 1.7
MNs/m’, the error gap with these conditions is not negligible.
On the ot.her hand, the apparent value does not significantly
change even if the density changes from 0.9 to 1.1 kg//, in
which the value of soft tissues is distributed.

V. CONPENSATION

The apparent acoustic impedance calibrated by using eq.
(1) can be compensated by the curves shown in Fig. 5. In order
to ensure the improvement of precision brought by the above
compensation, droplets of saline solution were observed. The
acoustic impedance of these droplets were once estimated by
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Fig. 6. Result of measurement for droplets of saline
solution. True value, corresponding to salinity,
is taken from the database. Filled plots indicate
values as calibrated assuming vertical incidence,
and open plots indicate values after the compen-
sation considering oblique incidence. Solid lines
correspond to those in Fig. 5. Angle of focusing:
22 deg. Zus 7246 MNs/m’, ¢, =2.34 kmys,

=1.15 km/s. Assumed density: 1.0 kg/l.
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Fig. 7. Acoustic impedance micro-image of a cerebellar
tissue of a rat (indicated in MNs/m’, 2 mm x 2
mm) and cumulative probability of acoustic im-
pedance in the region indicated as the white
square, before and after the compensation: (a)
calibrated by distilled water (Z,.~1.49 MNs/m’,
c,q=1.49 km/s), (b) calibrated by air (Z,.=0.4
kNs/m’, ¢,.,/~0.34 km/s).

assuming vertical incidence, using either distilled water or the
air as a reference. As the acoustic impedance of these saline
droplets depending on salinity is known, these values were
assumed to be the "true" values. As shown in Fig. 6, the meas-
ured value depends on the reference material and whether or
not the compensation is performed. It is seen that the cali-
brated values assuming vertical incidence agree with the "ap-
parent values" in Fig. 5. The value calibrated by air is more
distant from the true value. The value calibrated by water is
the same as the true value when the target is identical to the
reference, and becomes more distant from the true value as the
target becomes more different from the reference. The values
after the compensation is very close to the true value, not de-
pending on the reference material.

The acoustic impedance image of a cerebellar tissue of a rat
shown in Fig. 7 was obtained after the compensation. In this
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report, the density was approximated to be 1.0 kg/l. Note that
the tissue was chemically fixed using formaldehyde, so the
value might be a bit higher than the fresh one. The graph for
cumulative probability in Fig. 7 shows the distribution of
acoustic impedance in the region surrounded by the white
square in the micro-image. The compensated value is distrib-
uted between 1.59 and 1.68 MNs/m’, regardless of the refer-
ence material. Before the compensation, it used to be distrib-
uted between 1.68 and 1.85 MNs/m® when calibrated by dis-
tilled water, and between 1.92 and 2.04 MNs/m® when cali-
brated by air. The result that the distributions after the com-
pensation agree quit well suggests the adequacy of the com-
pensation.

VI. CONCLUSIONS

Acoustic impedance microscope for biological soft tissues
is proposed. Cross-sectional profile of the acoustic impedance
of the tissue is obtained by mechanically scanning the trans-
ducer. The value calibrated assuming vertical incidence was
considered to have non-negligible error when the angle of fo-
cusing was as large as 22 deg. The error, however, can be
compensated by calculating reflection and transmission coeffi-
cients depending on the incident angle of each wave compo-
nent. The observation of cerebellum tissue of a rat proved the
adequacy of the compensation.
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Macrophage Colony-Stimulating Factor |mproves
Cardiac Function after Ischemic Injury by Inducing
Vascular Endothelial Growth Factor Production and

Survival of Cardiomyocytes

Tatsuma Okazaki,” Satoru Ebihara,*
Masanori Asada,” Shinsuke Yamanda,*
Yoshifumi Saijo,’ Yasuyuki Shiraishi,’
Takae Ebihara,” Kaijun Niu,* He Mei,*
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Medical Engineering and Cardiology,® Institute of Development,
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Macrophage colony-stimulating factor (M-CSF), known
as a hematopoietic growth factor, induces vascular en-
dothelial growth factor (VEGF) production from skeletal
muscles. However, the effects of M-CSF on cardiomyo-
cytes have not been reported. Here, we show M-CSF
increases VEGF production from cardiomyocytes, pro-
tects cardiomyocytes and myotubes from cell death,
and improves cardiac function after ischemic injury. In
mice, M-CSF increased VEGF production in hearts and
in freshly isolated cardiomyocytes, which showed M-
CSF receptor expression. In rat cell line H9c2 cardiomy-
ocytes and myotubes, M-CSF induced VEGF production
via the Akt signaling pathway, and M-CSF pretreatment
protected these cells from H,0,-induced cell death. M-
CSF activated Akt and extracellular signal-regulated ki-
nase signaling pathways and up-regulated downstream
anti-apoptotic Bcl-xL expression in these cells. Using
goats as a large animal model of myocardial infarction,
we found that M-CSF treatment after the onset of myo-
cardial infarction by permanent coronary artery liga-
tion promoted angiogenesis in ischemic hearts but did
not reduce the infarct area. M-CSF pretreatment of the
goat myocardial infarction model by coronary artery
occlusion-reperfusion improved cardiac function, as as-
sessed by hemodynamic parameters and echocardiog-
raphy. These results suggest M-CSF might be a novel
therapeutic agent for ischemic heart disease. (4m J
Patbol 2007, 171:1093-1103; DOI: 10.2353/ajpath.2007.061191)

The administration of angiogenic growth factors such as
vascular endothelial growth factor (VEGF) is an innova-
tive strategy to treat myocardial ischemia. VEGF has
been used in animal models and in clinical trials of myo-
cardial ischemia to develop growth of collateral blood
vessels and to promote myocardial perfusion, and its
therapeutic potential has been reported.' Hematopoietic
growth factors are potent therapeutic agents for myocar-
dial infarction. Erythropoietin improved cardiac function
after myocardial infarction.®5 Granulocyte colony-stimu-
lating factor (G-CSF) improved cardiac function and pre-
vented cardiac remodeling after myocardial infarction.® A
combination of stem cell factor and G-CSF treatment
improved cardiac function and survival after myocardial
infarction.” Macrophage colony-stimulating factor (M-
CSF) in combination with G-CSF improved ventricular
function after myocardial infarction in rats, but few results
were shown by M-CSF treatment alone, and their mech-
anism was not defined.® Moreover, to estimate growth
factor-induced therapeutic angiogenesis in hearts, large
animal modets are necessary, but the effects of M-CSF
in large animal models have not been reported. M-CSF
has been initially characterized as a hematopoietic
growth factor, and has been used to prevent severe
infections in myelosuppressed patients after cancer che-
motherapy.®'© M-CSF stimulates the survival, prolifera-
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tion, and differentiation of cells from mononuclear phago-
cyte lineage.""

Expression of VEGF in the heart has been documented, 22
and cardiomyocytes have been reported as a major
source of VEGF in the heart.’® Skeletal muscles ex-
pressed VEGF, 3" and M-CSF increased VEGF produc-
tion from skeletal muscles in vivo and in vitro,'* but it is
unknown whether M-CSF increases VEGF production
from cardiomyocytes. M-CSF treatment increased serum
VEGF levels in mice, ' and the level was in the potentially
therapeutic range that could treat ischemic diseases in
human patients.'®

Erythropoietin and G-CSF directly protected cardiomy-
ocytes from cell death stimulation.*® M-CSF improves the
survival of mononuclear phagocyte lineage cells,"’ but
the cell survival effect of M-CSF on cardiomyocytes is
unknown. As for their signaling pathways, M-CSF acti-
vates Akt, extracellular signal-regulated kinase (ERK),
and/or Janus-associated kinase (Jak)-signal transducer
and activator of transcription (STAT) cell signaling path-
ways in bone marrow-derived macrophages and macro-
phage cell lines.*®*~'® M-CSF increased VEGF production
in skeletal muscles via Akt activation in vitro.' However,
the cell signaling pathways of M-CSF in cardiomyocytes
have not been investigated.

In the present study, we investigated the angiogenic
and protective effects of M-CSF on cardiomyocytes in
vitro and in vivo, in mice, rats, and goats. We show that
M-CSF increases VEGF production in cardiomyocytes via
Akt activation, directly protects cultured cardiomyocytes
and myotubes from cell death stimulation by Akt and ERK
activation and by up-regulation of downstream anti-ap-
optotic protein Bcl-xL. Moreover, we show the benefits of
M-CSF treatment for ischemic heart diseases in vivo using
goats as a large animal model.

Materials and Methods

Reagents and Cell Culture

Human M-CSF (Kyowa Hakko Kogyo, Tokyo, Japan) was
dissolved in saline for goat experiments described below
or in phosphate-buffered saline (PBS) for other experi-
ments. Phycoerythrin-labeled anti-M-CSF receptor (M-
CSF-R) monoclonal antibody, control rat IgG2a, and
unlabeled anti-CD16/32 monoclonal antibody were pur-
chased from eBioscience (San Diego, CA). H9c2 cells
(American Type Culture Collection, Manassas, VA) were
cultured in high-glucose Dulbecco’s modified Eagle's
medium containing 10% fetal calf serum, 100 U/ml pen-
icillin, and 0.1 mg/ml streptomycin (growth medium, GM).
To induce cardiac differentiation, H9¢2 myoblasts were
cultured in differentiation medium (DM) with daily supple-
mentation of 10 nmol/L all-trans-retinoic acid (ATRA)
(Sigma, St. Louis, MO), with medium changed every 2
days.'® The difference between GM and DM is 1% fetal
calf serum in DM. H9c2 myoblasts were differentiated to
myotubes by culturing in the same DM for 11 days.2°
Mouse primary cardiomyocytes were obtained from 1- to
3-day-old neonatal C57BL/6 mice.2' Heart ventricles

were washed in ice-cold Hanks' balanced salt solution
without either Ca®* or Mg?* and then minced. The cells
were dissociated with 0.25% trypsin in Hanks’ balanced
salt solution. The supernatants were collected every 15
minutes and centrifuged. To exclude nonmuscie cells,
the cells were cultured at 37°C for 2 hours. Then the
suspended cells were collected and cultured at 1 x 10°
cells/cm?. After 48 hours, more than 90% of the cells were
considered as cardiomyocytes by cross-striation struc-
ture staining with Bodipy FL phallacidin (Molecular
Probes, Eugene, OR).

Cell Proliferation and Cell Death Assays

H9c2 cells (5 x 10° cells) were plated on 96-well plates
and differentiated to cardiomyocytes or myotubes, and
the assays were performed as previously shown.?? For
proliferation assays, H9c2 cardiomyocytes or myotubes
were treated with M-CSF for indicated time periods, and
the cell numbers were counted by a water-soluble tetra-
zolium (WST) assay using a cell counting kit (Dojindo,
Tokyo, Japan). For cell death assays, differentiated H9c2
cells were incubated with M-CSF in the presence or
absence of PD98059 (at 30 or 6 wmol/L; Biosource, Cam-
arillo, CA) or LY294002 (at 10 or 2 umol/L; Biosource) for
24 hours. Then the cells were stimulated with indicated
amount of H,0, for 8 hours. The cell viability was deter-
mined by the WST assay.

Flow Cytometry

The cells were incubated with unlabeled anti-CD16/32
monoclonal antibody to block nonspecific binding and
then with phycoerythrin-labeled antibodies. Flow cytom-
etry was performed with a FACScan (BD Bioscience, San
Jose, CA)."

Histology

The goat hearts were fixed in 10% formalin, embedded in
paraffin, and sectioned. The sections were stained with
hematoxylin and eosin (H&E) or Masson's elastic stain.
The microvessel density in myocardial infarction lesions
was determined as previously shown by immunohisto-
chemical staining of goat hearts with polyclonal rabbit
anti-human factor Vlll-related antigen antibody (DakoCy-
tomation, Carpinteria, CA) at 1:200 dilution.’*22 The ap-
plicability of this antibody to goats was previously re-
ported.?* The image with the highest microvessel
density was chosen at X100 magnification, and the
vessels were counted at X200 magnification. Two in-
dependent investigators counted at least four fields for
each section, and the highest count was taken. To
quantify the infarct area, a standard point-counting
technique was used as previously described with mi-
nor modifications.?® In brief, the whole heart cross
section with highest infarct area was selected, and a
200-point grid was superimposed onto each captured
image using Adobe Photoshop (Adobe Systems Inc.,
San Jose, CA). The area fraction of infarction was
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calculated by dividing the number of infarct points by
the total number of points falling on the tissue section
and was expressed as a percentage.

Western Blot Analysis

Western blot analysis was performed as shown previously.?®
H9c2 myoblasts (5 X 108 cells) were cultured in GM on
day 0. From day 1, the cells were differentiated to cardi-
omyocytes or myotubes. After differentiation, the cells
were serum-starved for 6 hours and stimulated with M-
CSF. For inhibitor experiments, the cells were cultured
with inhibitors for 30 minutes and then stimulated with
M-CSF and inhibitors. PD98059 was incubated at a con-
centration of 30 or 6 umol/L, and LY294002 was incu-
bated at a concentration of 10 or 2 umol/L. The cell
lysates were subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membranes (Millipore, Billerica,
MA). The membranes were blotted with antibodies to phos-
pho-ERK, phospho-Akt, phospho-Stat1, phospho-Stat3,
phospho-Bad, Bcel-xL (Celt Signaling Technology, Beverly,
MA), phospho-Jaki, or M-CSF-R (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). The membranes blotted with antibod-
ies to detect phosphorylation were then reblotted with anti-
bodies to total ERK, Akt, Stat1, Stat3, Bad (Cell Signaling
Technology), or Jak1 (Santa Cruz Biotechnology).

Mouse and Goat Preparation

The Laboratory Animal Committee at Tohoku University
approved all animal experiments. Male C57BL/6 mice, 7
to 9 weeks old, were injected intramuscularly with M-CSF
(200 ug/kg body weight) or PBS (control) for 3 consecu-
tive days (n = 5 per group). Adult male goats (48 to 53 kg
body weight) were intubated and anesthetized with 2%
halothane as previously reported (n = 3 per group).?”
The goats were incised between the fourth and fifth ribs,
and a left lateral thoracotomy was performed. Myocardial
infarction was induced by left anterior descending coro-
nary artery ligation with some modifications.®® For the
permanent left anterior descending coronary artery liga-
tion model, left anterior descending coronary artery was
ligated at a point ~60% from the beginning of the left
coronary artery to the apex. M-CSF (40 ung/kg body
weight) intravenous injection began just after the ligation
and continued daily for 13 days; on day 14, the goats
were anesthetized with 2% halothane and sacrificed.
Control goats were injected with saline. For the ischemia-
reperfusion model, M-CSF was injected intravenously for
3 consecutive days. Then the left anterior descending
coronary artery was ligated at a point ~40% from the
beginning of the left coronary artery to the apex for 30
minutes followed by reperfusion.® A micromanometer
tipped catheter (Millar Instruments inc., Houston, TX) was
positioned in the left ventricle (LV). Hemodynamic param-
eters were recorded using a data recording unit (TEAC
Corp., Tokyo, Japan) with sampling frequency of 1.5 kHz.
Echocardiography was performed using a Sonos 5500
(Hewlett Packard, Andover, MA).
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Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse hearts were isolated, washed, homogenized in
ice-cold PBS, and centrifuged. The protein level in the
supernatant was adjusted to 10 mg/ml by the BCA pro-
tein assay kit (Pierce, Rockford, IL), and subjected to
ELISA using a VEGF ELISA kit (R&D Systems, Minneap-
olis, MN). Carrageenan (Sigma) and rat anti-mouse
CD11b monoclonal antibody (Serotec, Oxford, UK) treat-
ment was performed as previously reported.' Culture
medium of mouse primary cardiomyocytes (2 X 10° cells)
was changed daily. H9c2 myoblasts (5 X 10° cells) were
differentiated to cardiomyocytes or myotubes. H9c2 cardi-
omyocytes were incubated with M-CSF and ATRA in the
presence or absence of LY294002 (10 umol/L) for indicated
time periods with daily culture medium change. H9¢2 myo-
tubes were cultured with M-CSF for indicated time periods.
All of the supernatants were assayed by ELISA.

RNA Isolation and Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Total RNA was isolated using RNAzol B reagent (Tel-Test,
Friendswood, TX). Placenta total RNA was purchased
from BD Biosciences. Quantitative RT-PCR for VEGF and
conventional RT-PCR for M-CSF-R were performed as
previously shown.'#

Data Analysis

Data are presented as mean + SD. Statistical analysis
was performed using analysis of variance with Fisher's
least significant difference test. P values <0.05 were
considered as significant.

Results
M-CSF Increases Heart VEGF Production in Vivo

Previous studies have shown that M-CSF increased
VEGF production in skeletal muscles, and the heart ex-
presses VEGF. Therefore, we examined whether M-CSF
increases heart VEGF production. Mice were treated with
M-CSF, and then the cytoplasmic BRNA in heart was as-
sessed by quantitative RT-PCR. M-CSF significantly in-
creased VEGF mRNA expression level in the hearts by
221% (Figure 1A). M-CSF receptor (M-CSF-R) mRNA
expression was confirmed by conventional RT-PCR, and
placenta-derived mRNA was used as a positive control
(Figure 1B). To confirm VEGF at the protein level, M-CSF
was injected into mice. The hearts were isolated, and
ELISA for VEGF was performed. VEGF was detected in
controls (Figure 1C). M-CSF significantly increased VEGF
in the hearts by 21% (Figure 1C). Because M-CSF in-
duces VEGF production in vitro from human monocytes,2®
we sought to clarify whether cardiomyocytes or the
monocytes/macrophages in the heart produced VEGF
after M-CSF treatment. Mice were treated with carra-
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Figure 1. M-CSF increased heart VEGF production in vivo. Mice were in-
jected intramuscularly with M-CSF (200 ug/kg) or PBS (control) for 3 con-
secutive days (n = S per group). A: Quantitative RT-PCR determined the
VEGF mRNA expression. M-CSF treatment significantly increased the VEGF
mRNA expression in hearts (*P < (.05). B: Conventional RT-PCR determined
the M-CSF receptor (M-CSF-R) expression (top), and B-actin expression
(bottom). C: The hearts were washed. homogenized in PBS, and centrifuged
ELISA determined the VEGF level in the supemnatants containing 10 mg/ml
protein. M-CSF significantly increased the VEGF level. M-CSF + carrageenan +
anti-CD11b Ab indicates mice injected with carrageenin (1 mg) on days 1 and 4,
with anti-CD11b monoclonal antibody (0.5 mg) on days 3 and 5, and with M-CSF
on days 3, 4, and 5. On day 6, the hearts were isolated. This treatment did not
affect the VEGF level (*P < 0.03). Similar results were obtained from two
independent experiments.

geenan and anti-CD11b monoclonal antibody to eliminate
the monocytes/macrophages, as shown previously.'* Macro-
phages were hardly observed in control mice hearts or in
treated mice hearts (data not shown). The treatment did
not affect M-CSF-induced VEGF production in the heart
(Figure 1C).

M-CSF Increases VEGF Production by
Cardiomyocytes in Vitro

To confirm the effect of M-CSF on heart VEGF production
in vitro, mouse neonatal cardiomyocytes were isolated
and stimulated with M-CSF. The culture medium was
changed daily to maintain cell viability. Control cardiomy-
ocytes produced VEGF, and M-CSF significantly in-
creased the VEGF level on days 2 (by 10%) and 3 (by
31%) (Figure 2A). The M-CSF-R expression on cardiomy-
ocytes was confirmed by fluorescence-activated cell
sorting analysis (Figure 2B).

A
Control
Day 1|"s.csF

Control
Day 2|'y.csF

Day |G

0 200 400 600 800
VEGF (pg/ml)

Cell number

ﬁ
M-CSF-R

Figure 2. M-CSF enhanced heart VEGF production in vitro. A: Cultured
cardiomyocytes from neonatal mice were stimulated with M-CSF (100 ng/mD
for the indicated time periods. Culture medium was changed daily, and the
supernatants were subjected to ELISA. M-CSF significantly enhanced
VEGF production on days 2 and 3 (*/ < 0.01). B: Cultured cardiomyocytes
from neonatal mice expressed M-CSF-R. The shaded histogram indicates
staining with M-CSF-R, and the blank histogram indicates background
staining with control 1gG. Similar results were obtained from two inde-
pendent experiments

M-CSF Increases VEGF Production from
Differentiated H9c2 Cells

To investigate the effects of M-CSF on cardiomyocytes
more precisely, rat H9c2 myoblast cells were differen-
tiated to cardiomyocytes. H3c2 myoblasts differentiate
to cardiomyocytes when they are cultured in DM with
ATRA.'® After differentiation, DM with ATRA was changed
daily to maintain cell viability. VEGF was detected in
supernatants from controls, and M-CSF increased HSc2
cardiomyocyte VEGF production on days 2 (by 10%) and
3 (by 20%) (Figure 3A). M-CSF increased skeletal muscle
VEGF production.' H3c2 myoblasts cultured in the DM
without ATRA for 11 days differentiate to H9c2 myo-
tubes ®® After differentiation, H9c2 myotubes were
treated with M-CSF. H9c2 myotubes produced VEGF,
and M-CSF significantly enhanced VEGF production on
day 8 by 29% (Figure 3B).

M-CSF Protects Differentiated H9c2 Cells from
H,O,-Induced Cell Death

Because M-CSF increased VEGF production from differ-
entiated H9c?2 cells, we investigated whether M-CSF in-
creased the H9c2 cardiomyocyte cell number and found
that it did not (Figure 4A). Similar results were obtained
from the H9c2 myotubes (Figure 4A). M-CSF improves
the survival of the mononuclear phagocyte lineage
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Figure 3. M-CSF increased VEGF production in differentiated H9c2 cells. A:
H9¢2 myoblasts cultured in DM (changed every 2 days) with daily supple-
mentation of 10 nmol/L ATRA for 7 days were differentiated to H9¢2 cardi-
omyocytes. The cells were stimulated with the indicated amount of M-CSF for
indicated time periods. The culture medium was changed daily, and ELISA
determined the VEGF level in the supernatant. M-CSF (100 ng/ml) increased
VEGF production on days 2 and 3 (* < 0.05). B: H9¢2 myoblasts cultured in
the same DM for 11 days were differentiated to H9¢2 myotubes. Then the
cells were stimulated with the indicated amount of M-CSF for the indicated
time periods without medium change. M-CSF (100 ng/ml) significantly in-
creased VEGF production on day 8 (*P < 0.03). Similar results were obtained
from three independent experiments.

cells.’" Therefore, the cell survival effect of M-CSF on
differentiated H9c2 cells from cytotoxic H,0O, exposure
was examined. H9c2 cardiomyocytes were incubated
with M-CSF and then exposed to H,0,. M-CSF signifi-
cantly protected H9c2 cardiomyocytes from H,O,-in-
duced cell death (Figure 4B). Simitar results were ob-
tained from H9c2 myotubes (Figure 4B).

M-CSF Activates ERK and Akt Signaling
Pathways and Increases Bcl-xL Expression in
Differentiated H9c2 Cells

The cell signaling pathways of M-CSF in cardiomyocytes
and H9c2 myotubes have not been investigated. To elu-
cidate molecular mechanisms of the M-CSF-induced cell
survival, differentiated H9c?2 cells were treated with M-
CSF and then activation of ERK, Akt, and Jak-STAT sig-
naling pathways was investigated. Western blot analysis
showed two forms of M-CSF-R in differentiated H9c2 cells
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Figure 4. M-CSF protects differentiated H9c2 cells from H,0,-induced cell
death. A: H9c2 cardiomyocytes were cultured with the indicated amount of
M-CSF and ATRA for the indicated time periods, and the culture medium was
changed daily. H9c2 myotubes were cultured with the indicated amount of
M-CSF for the indicated time periods. WST assay determined the cell number.
B: H9c2 cardiomyocytes or H9¢2 myotubes were cultured with the indicated
amount of M-CSF for 24 hours and then stimulated with H,O, (40 or 60
pmol/L) for 8 hours. The culture medium of H9c2 cardiomyocytes was
supplemented with ATRA. WST assay determined the cell viability. M-CSF
(100 and 1000 ng/ml) significantly protected the cells from H,0,-induced cell
death (*P < 0.03). Similar results were obtained from three independent
experiments.

(Figure 5, A and C).%° In H9c2 cardiomyocytes, M-CSF
induced ERK activation, as indicated by its protein phos-
phorylation, whereas the protein levels of the total ERK in
cell lysates were not different (Figure 5A). M-CSF acti-
vated the Akt, but M-CSF did not activate Jak1, Stat1, or
Stat3 (Figure 5A). ERK activation protects cardiomyo-
cytes from cell death by up-regulating the anti-apoptotic
protein Bel-xL and inactivating the apoptotic protein Bad
by its phosphorylation at Ser112.3"32 Akt activation im-
proves cardiomyocyte survival, but the main downstream
signaling pathways of Akt for cardiomyocytes survival
has not been clarified.3 To clarify the target molecules of
ERK in HS9c2 cardiomyocytes, Bcl-xL expression was
examined. Bcl-xL was detected in cells without M-CSF
stimulation (Figure 5B). M-CSF up-regulated Bcl-xL ex-
pression, which peaked at 24 and 48 hours (Figure 5B).
M-CSF did not phosphorylate Bad at Ser112 (Figure 5B).
These results suggest M-CSF protected H9c2 cardiomy-
ocytes by activating Akt and up-regulating Bcl-xL expres-
sion through ERK activation. In H9c2 myotubes, M-CSF
activated ERK and Akt but did not activate Jak1 or Stat3
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Figure 5. M-CSF activated ERK, Akt, and up-regulated Bcl-xL expression in
differentiated H9¢2 cells. H9¢2 cardiomyocytes (A and B) or H9¢2 myotubes
(C and D) were stimulated with M-CSF (100 ng/ml) for the indicated time
periods, and then the cell lysates were blotted with antibodies specific for the
activated form of ERK (phospho-ERK), Akt (phospho-aAkt), Jak1 (phospho-
Jak1), Statl (phospho-Stat1), Stat3 (phospho-Stat3), or phosphorylated Bad
(phospho-Bad). The membranes were reblotted with antibodies to total ERK,
Akt, Jak1, Statl, Stat3, or Bad, respectively. Expression of M-CSF-R or Bcl-xL
was confirmed by blotting the membrane with specific antibodies. Similar
results were obtained from three independent experiments.

(Figure 5C). M-CSF gradually up-regulated Bcl-xL ex-
pression until 48 hours (Figure 5D) but did not phosphor-
ylate Bad at Ser112 (Figure 5D).

The Role of M-CSF-Induced Akt and ERK
Activation in VEGF Production and Cell Survival
in Differentiated H9c2 Cells

M-CSF increases VEGF production through Akt activation
in skeletal muscles. To determine the role of Akt activa-
tion in H9c2 cardiomyocytes VEGF production, H9c2
cardiomyocytes were treated with Akt-specific inhibitor
LY294002, and the culture supernatant was assayed by
ELISA. LY294002 and M-CSF treatment for 2 days signif-
icantly impaired VEGF production in H9c2 cardiomyo-
cytes (Figure 6A). LY294002 and M-CSF treatment for 3
days further decreased VEGF production, and the VEGF
level became less than the detection level (Figure 6A). To
determine the role of ERK and Akt activation after M-CSF
treatment in differentiated H3c2 cell survival, differenti-
ated H9c?2 cells were treated with LY294002 or the ERK-
specific inhibitor PD98059. PD38059 inhibited ERK acti-
vation and LY294002 inhibited Akt activation in H9c2
cardiomyocytes (Figure 6B). Similar resulis were ob-
tained from H9c2 myotubes (data not shown). PD98059
enhanced H,O,-induced cell death of H9c2 cardiomyo-
cytes (Figure 6C). The protective effect of M-CSF was
impaired by PD98059; however, M-CSF significantly pro-
tected H9c2 cardiomyocytes from cell death (Figure 6C).
A similar result was obtained from LY294002 in H9c2
cardiomyocytes (Figure 6C). In H9c2 myotubes, PD
98059 enhanced H,0,-induced cell death, and PD98059
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Figure 6.The role of M-CSF-induced Akt and ERK activation in VEGF
production and cell protection in differentiated H9¢2 cells. A: H9¢2 cardio-
myocytes were cultured with M-CSF and 10 pmol/L LY294002 for the indi-
cated time periods. The culture medium was changed daily and ELISA
determined the VEGF level. B: H9¢c2 cardiomyocytes were incubated with 30
umol/L PD98059 (PD) or 10 umol/L LY294002 (Ly) for 30 minutes, then
stimulated with M-CSF (100 ng/ml) and inhibitors, and analyzed as described
in Figure 5. C: Differentiated H9c2 cells were stimulated with indicated
amount of M-CSF with PD98059 (30 umol/L) or LY294002 (10 pmol/L) for 24
hours. Then the cells were stimulated with H,0, (40 pmol/L) for 8 hours, and
WST assay determined the dead cells. M-CSF (0 ng/ml) in each group is
considered as 100%, and relative cell death rates in each group are shown.
*P < 0.03 compared with 0 ng/ml M-CSF in each group. Similar results were
obtained from three independent experiments. D: H9c2 cardiomyocytes
were incubated with reduced concentrations of PD98059 (6 pumol/L) or
LY294002 (2 umol/L). Left: H9¢2 cardiomyocytes were treated with PD98059
or LY294002 for 30 minutes, stimulated with M-CSF (100 ng/ml) and inhib-
itors, and then analyzed as described in Figure 5. Right: H9¢2 cardiomyocytes
were treated with PD98059, LY294002, or without inhibitors (control) with
(100 ng/ml) or without (0 ng/ml) M-CSF for 24 hours. Then the cells were
stimulated with H,0, (40 umol/L) for 8 hours, and dead cells were assessed
by WST assay. In each inhibitor group, dead cells at 0 ng/ml M-CSF are
considered as 100%, and relative cell death rates at 100 to 0 ng/ml M-CSF in
each inhibitor group are shown. *P < 0.02 compared with 0 ng/ml M-CSF in
each group.

abolished the protective effect of M-CSF (Figure 6C).
LY294002 enhanced H,O,-induced cell death in H3c2
myotubes; however, M-CSF significantly protected H9c2
myotubes from cell death (Figure 6C). Moreover, a dose-
response experiment of PD98059 or LY294002 was per-
formed to observe ERK or Akt phosphorylation and cel-
lular survival of H3c2 cardiomyocytes (Figure 6D). Similar
results were obtained from H9c2 myotubes (data not
shown). VEGF protected myogenic cells from cell death.* To
confirm whether the cell survival effect of M-CSF de-
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Figure 7. M-CSF promotes angiogenesis in goat heart after myocardial infarction. The goat left anterior descending coronary artery was permanently ligated, and
the goats were sacrificed on day 14. M-CSF indicates goats intravenously injected with M-CSF shontly after the coronary artery ligation daily until day 13. Controls
were injected with saline. Paraffin sections were stained with H&E (A—C, E=G. L. J. L, and M). Masson’s elastic stain (D and H), and anti-factor VIlI-related antigen
antibody (K and N). A and E: Left anterior descending coronary artery ligation induced myocardial infarction. Arrowheads indicate cardiomyocytes in ischemic
lesions. (B. C, F. and G) Microscopic observations indicated the cardiomyocytes in the ischemic lesions were dead. D and H: The green staining indicates fibrosis
or scars in hearts. I, J. L. and M: The microvessels in ischemic lesions, K and N: The microvessels in ischemic lesions were immunohistochemically stained with

anti-factor VIlI-related antigen antibody. O: M-CSF significantly increased microvessel density in ischemic lesions (*F < 0,01, n = 3 per group). The images
represent one of three goats in each group. Scale bars: 200 um (B and F); 20 um (C. G, J. K. M, and N); 100 um (I and L)

pends on VEGF, H9c2 cardiomyocytes and myotubes
were cultured with an anti-VEGF antibody and M-CSF.
Incubation with anti-VEGF antibody did not impair the cell
protective effect of M-CSF from H,O, stimulation sug-
gesting that the effect of M-CSF was not VEGF-depen-
dent (data not shown).

M-CSF Promotes Angiogenesis in Goat Ischemic
Heart after Permanent Coronary Artery Ligation

M-CSF treatment elevated systemic VEGF level in mice
from a nondetectable level to potentially therapeutic lev-
els.''® The cell protective and angiogenic effects of
M-CSF in vivo were examined using goats as a large

animal model for myocardial infarction. Large animal
models are necessary for evaluating growth factor-in-
duced therapeutic angiogenesis,® and we have used
goats for developing artificial heart devices.®” We in-
duced myocardial infarction by permanent left anterior
descending coronary artery ligation. The coronary artery
ligation resulted in LV infarction (Figure 7, A, D, E, and H).
Macroscopically, M-CSF seemed to promote cardiomyo-
cyte cell survival in ischemic lesions in comparison to the
controls (Figure 7, A and E; arrowheads). Microscopy
indicated that cardiomyocytes in ischemic lesions were
dead cells in the controls (Figure 7, B and C). At low
magnification, M-CSF seemed to protect cardiomyocytes
from cell death in ischemic lesions (Figure 7F). However,
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Figure 8. M-CSF pretreatment improved cardiac function after ischemic injury. M-CSF indicates goats intravenously injected with M-CSF daily for 3 days, whereas
the control indicates goats injected with saline. The goat left anterior descending coronary artery was occluded for 30 minutes and then reperfused. A-C:
Hemodynamic parameters before and during 30 minutes of left anterior descending coronary artery occlusion followed by 90 minutes of reperfusion are shown
Representative LVP records (A). representative positive dP/dt (B). and representative negative dP/dt (C) of control and M-CSF-treated goats. LVEDP, positive and
negative dP/dt recovered in M-CSF-treated goats after reperfusion. D: Arrowheads indicate infarct areas. Compare arrows, which indicate wall contraction of
nonischemic area at end systole, to arrowheads. In the infarct area, echocardiography shows dyskinetic wall movement in controls, whereas akinetic wall
movement is shown in M-CSF-treated goats. Data are representative of three goats in each group

at high magnification, most of the cardiomyocytes were
dead (Figure 7G). Microvessels were observed in the
ischemic lesions of control goats (Figure 7, | and J), and
M-CSF treatment increased the number of microvessels
(Figure 7, L and M). To confirm the microvessel density,
we immunohistochemically stained goat hearts with anti-
factor Vlll-related antigen antibody (Figure 8, K and
N).2224 M-CSF significantly increased microvessel den-
sity in ischemic lesions by 226% (Figure 70). These
results suggest that M-CSF promoted angiogenesis and
induced collateral blood vessels in the ischemic heart.
The infarct area quantification showed no significant dif-
ference between control and M-CSF-treated goats (con-
trols, 30.4 = 5.2%; M-CSF, 24.3 + 2.1%). The residual
presence of nuclei and cross striations in dead cardio-
myocytes in ischemic lesions by M-CSF treatment (Figure
7G) suggests that the cardiomyocytes survived longer
than control cardiomyocytes (Figure 7, C and G), but
M-CSF-induced new vessels could not reach cardiomy-
ocytes in ischemic lesions before their death

M-CSF Pretreatment Improved Cardiac
Function after Ischemic Injury Induced by
Coronary Artery Occlusion-Reperfusion

Erythropoietin treatment did not change the infarct size,
but it improved cardiac function in the rat coronary artery
occlusion-reperfusion model.®> Pretreatment with stem
cell factor and G-CSF improved cardiac function after
myocardial infarction.” To confirm further the effects of
M-CSF in myocardial infarction, goats were pretreated
with M-CSF for 3 days, and then myocardial infarction
was induced by 30-minute left anterior descending cor-
onary artery occlusion followed by reperfusion.®=> Car-
diac function was assessed by measuring hemodynamic
parameters using catheterization analysis and examining
echocardiography. Echocardiographic examination showed
no significant differences in basal findings in cardiac
function in both groups. Catheterization analysis showed
the LV pressure (LVP) records of control and M-CSF-
treated goats (Figure 8A). LV end diastolic pressure
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(LVEDP), which can influence overall cardiac function,*
increased after the left anterior descending coronary ar-
tery occlusion in both groups. In controls, the LVEDP did
not recover after reperfusion, but in M-CSF-treated goats,
the LVEDP gradually recovered after reperfusion (Figure
8A), and at 90 minutes after the reperfusion, the LVEDP of
M-CSF treated goats was significantly better than that of
control goats (controls, 10.62 = 0.98 mmHg; M-CSF,
7.61 = 0.83 mmHg; P < 0.02). Positive and negative
dP/dt are measures of overall cardiac contractility and
relaxation, respectively.® Positive dP/dt decreased after
the left anterior descending coronary artery occlusion
both in control and M-CSF-treated goats (Figure 8B).
After reperfusion, positive dP/dt did not recover in control
goats (Figure 8B). In M-CSF treated goats, positive dP/dt
gradually recovered after reperfusion and finally reached
similar dP/dt levels before the occlusion (Figure 8B). At
90 minutes after the reperfusion, the positive dP/dt of
M-CSF-treated goats was significantly better than that of
control goats (controls, 886 = 103 mmHg; M-CSF,
1506 = 125 mmHg; P < 0.01). Moreover, recovery of
negative dP/dt after left anterior descending coronary
artery occlusion-reperfusion was observed only in M-
CSF-treated goats (Figure 8C). At 90 minutes after the
reperfusion, the negative dP/dt of M-CSF-treated goats
was significantly better than that of control goats (con-
trols, —1342 + 92 mmHg; M-CSF, —1570 = 108 mmHg;
P < 0.05). Echocardiographic examination showed a
paradoxical LV wall movement area indicated as a dys-
kinetic area after left anterior descending coronary artery
occlusion in control goats (Figure 8D). In M-CSF-treated
goats, echocardiography showed a LV wall movement
arrest area indicated as an akinetic area after left anterior
descending coronary artery occlusion, and a dyskinetic
area could not be found (Figure 8D). In control hearts, the
nonischemic wall contractions at end systole were en-
hanced. This suggested substitutive wall movement for
the dyskinetic area to keep cardiac output (Figure 8D).
These echocardiographic findings suggest improvement
of LV wall movement in M-CSF-treated goats during left
anterior descending coronary artery occlusion-reperfu-
sion. The LV ejection fraction (LVEF) was evaluated by
echocardiography, but LVEF did not significantly change
between before and after the occlusion; therefore, LVEF
between controls and M-CSF-treated ones were not com-
pared. Recovery of LVEDP, positive and negative dP/dt
after reperfusion, and improvement of LV wall movement
during the left anterior descending coronary artery occlu-
sion-reperfusion suggest M-CSF pretreatment improved
cardiac function after ischemic injury.

Discussion

In this study, M-CSF increased VEGF production in hearts
both in vivo and in vitro. In vitro, M-CSF increased VEGF
production through Akt activation. Moreover, M-CSF di-
rectly protected cardiomyocytes from cell death by acti-
vating Akt and ERK resulting in up-regulation of the
downstream anti-apoptotic protein Bcl-xL. M-CSF-R ex-
pression in the heart was shown both in vivo and in vitro,
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and these results suggest that the expression is func-
tional. Similar cell-protective effects of M-CSF on H3c2
myotubes were shown. In vivo, M-CSF treatment after the
onset of myocardial infarction promoted angiogenesis in
the ischemic heart, suggesting development of collateral
blood vessels. Furthermore, M-CSF pretreatment in the
goat myocardial infarction model improves cardiac func-
tion, as indicated by improvement of LVEDP, positive and
negative dP/dt, and LV wall movements.

Recent studies indicate intramyocardial transfer of
plasmid or adenoviral DNA-encoding human VEGF has
favorable effects in myocardial infarction animal models
and in patients with coronary artery diseases.-23¢ Similar
to these VEGF transter strategies, M-CSF directly up-
regulated VEGF production in cardiomyocytes. In addi-
tion, M-CSF significantly induced an increase in plasma
VEGF in mice to therapeutic levels that induced thera-
peutic angiogenesis.'*3® Therapeutic plasmid gene de-
livery to a target organ is difficult and often temporary.
However, M-CSF treatment was easily achieved by pe-
ripheral intravenous or intramuscular injection. These
data indicate a therapeutic potential of M-CSF in isch-
emic heart diseases. Basic fibroblast growth factor and
hepatocyte growth factor have also been applied to ther-
apeutic angiogenesis.3” We treated mice with M-CSF
and examined basic fibroblast growth factor and hepa-
tocyte growth factor mRNA levels by quantitative RT-
PCR. M-CSF did not increase basic fibroblast growth
factor or hepatocyte growth factor mRNA levels in the
heart (data not shown). We also examined plasma G-CSF
level after M-CSF treatment in mice by ELISA. M-CSF did
not increase plasma G-CSF level. However, there is still a
possibility that M-CSF induces other factors that are re-
sponsible for the effects shown in this article.

Very recently, M-CSF was reported to accelerate
infarct repair and attenuate LV dysfunction in rats.®®
However, these authors did not investigate VEGF in-
duction or the cardioprotective effects of M-CSF and
did not use a large animal model. In the present study,
in the M-CSF-treated group, we observed an increase
in microvessel density, increased presence of dead
cardiomyocytes, and decreased presence of granu-
loma in ischemic lesions. The increased presence of
dead cardiomyocytes in ischemic lesions and improve-
ment of cardiac function after ischemia in M-CSF-
treated goats suggest a longer survival of cardiomyo-
cytes in M-CSF-treated goats than in the controls. This
finding and the decreased presence of granuloma
suggest that M-CSF reduced the progression rate of
ischemic injury in ischemic hearts in vivo.

In human monocytes, LY294002 suppressed M-CSF-
induced ERK activation.® This mechanism was ex-
plained as M-CSF stimulation-induced reactive oxygen
species, which activated ERK. The addition of Akt inhib-
itor prevented reactive oxygen species production and
thus suppressed ERK activation in M-CSF-stimulated
monocytes.3® In murine myeloid cell line FDC-P1,
LY294002 suppressed M-CSF-induced ERK activation,
but it was not significant.®® In H9c2 cardiomyocytes,
LY294002 seemed to impair ERK activation in part. To
suggest the involvement of Akt in M-CSF-induced ERK
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activation in cardiomyocytes, we may have to use other
Akt-inhibiting methods, as this time we could not reach a
clear conclusion. For VEGF production, PD98059 treat-
ment for 1 day did not affect M-CSF-induced VEGF pro-
duction in differentiated H9c2 cells, whereas LY294002
treatment impaired M-CSF-induced VEGF production,
suggesting M-CSF-induced VEGF production in differen-
tiated H9c2 cells were Akt-dependent. This is the first
report that suggested the presence of signal transduction
pathways in cardiomyocytes in response to M-CSF. Fur-
ther experiments are required for pursuing the M-CSF-
induced intracellular signaling pathways in cardiomyo-
cytes or in myotubes.

Goat hearts have a left coronary artery-dominant blood
supply.® The goat coronary artery anatomy was remark-
ably regular, and coronary artery collaterals could not be
demonstrated,*° indicating frailty after heart ischemic in-
jury. For the left anterior descending coronary artery oc-
clusion-reperfusion model, the goat left anterior descend-
ing coronary artery was ligated at a point ~40% from the
beginning of the left coronary artery to the apex, but LVEF
decrease could not be detected by echocardiography.
Occlusion of a more proximal site of goat left anterior
descending coronary artery has been reported to be
invariably fatal,*® and our preliminary experiments with a
more proximal left anterior descending coronary artery
ligation supported this finding. Therefore, using goats,
LVEF after myocardial infarction could not be evaluated.
We were not able to assess plasma VEGF and the in-
volvement of bone marrow-derived cells in the goat
model because the appropriate reagents are not com-
mercially available. We could not find a staining method
specific for cardiomyocyte viability in goat hearts. Infarct
area quantification suggested a trend that M-CSF might
decrease infarct area. However, infarct area guantifica-
tion showed no significant difference in control and M-
CSF-treated goat hearts. Further investigation is required
to clarify the roles and mechanisms of M-CSF in ischemic
diseases using other species and other M-CSF treatment
protocols.

The cell-protective and VEGF-inducing effects of M-
CSF both in cardiomyocytes and myotubes were shown,
and the effects were confirmed by improvement of car-
diac function and activated angiogenesis in goat isch-
emic hearts. M-CSF is already in use clinically, and data
from patients such as side effects are accumulating.
Moreover, M-CSF administration is easily performed with
minimal invasiveness in human patients. In this study, we
showed the potential benefits of M-CSF treatment and its
new mechanisms in ischemic heart diseases.
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Abstract

Objective: Fully automatic tissue characterization in intravascular ultrasound systems is still a challenge for the researchers. The pres-
ent work aims to evaluate the feasibility of using the Higuchi fractal dimension of intravascular ultrasound radio frequency signals as a

feature for tissue characterization.

Methods: Fractal dimension images are generated based on the radio frequency signals obtained using mechanically rotating 40 MHz
intravascular ultrasound catheter (Atlantis SR Plus, Boston Scientific, USA) and compared with the corresponding correlation images.
Conclusion: An inverse relation between the fractal dimension images and the correlation images was revealed indicating that the hard
or slow moving tissues in the correlation image usually have low fractal dimension and vice-versa. Thus, the present study suggests that
fractal dimension images may be used as a feature for intravascular ultrasound tissue characterization and present better resolution then

the correlation images.
© 2007 Elsevier B.V. All rights reserved.

PACS: 87.62; 87.59.M; 47.53.+n

Keywords: Intravascular ultrasound; Tissue characterization: Fractal dimension; Radio frequency signal; Coronary artery

1. Introduction

Intravascular ultrasound (IVUS) has been clinically
applied since early 1990s. The tomographic orientation of
ultrasound enables visualization of the entire circumference
of the vessel wall and provide information about tissues
beneath the luminal border. However. visual analysis of
IVUS images by experts is usually accompanied by limita-
tions associated with interpersonal variations, errors due to
fatigue, environmental distractions, etc. Computer-aided
tissue characterization of IVUS images has a potential to
add objective strength to the interpretation of the expert

" Corresponding author. Tel.: +81 22 717 8517; fax: +81 22 717 8518.
E-mail address: esmeraldo@ieee.org (E.S. Filho).

0041-624X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/}.ultras.2007.08.006

becoming an important tool for coronary diseases diagno-
sis. Analysis of IVUS radio frequency (RF) signal has
potential to provide powerful features for tissue character-
ization because it is the original source of information from
the backscattered ultrasound beam.

Nair et al. [1] successfully used spectral analysis of back-
scattered IVUS RF signals to classify plaque composition
by constructing classification trees. However, for test data,
in spite of presenting accuracy of 100% for calcified-necro-
sis, the accuracies for fibrolipid and collagen were 83%6 and
69%, respectively, showing that improvements and new sig-
nal processing techniques are still necessary for a full tissue
characterization in IVUS imaging.

Signal processing based on estimating fractal dimension
in a time series has been successfully applied in a number of

(2007), doi:10.1016/j.ultras.2007.08.006
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medical applications due to its capability of expressing sig-
nal irregularity [1-5].

Alacam et al. [6] showed that the features obtained by
statistical modeling of RF echo can be used as decision cri-
terion for tissue characterization in breast cancer diagnosis.
They proposed the fractional differencing auto regressive
moving average (FARMA) model which captures the frac-
tal and long term correlated nature of the backscattered
speckle texture. Using a linear classifier their method pre-
sented an area of 0.87 under the receiver operating charac-
teristic (ROC) curve.

Moradi et al. [7] have presented an innovative approach
for detection of prostate cancer based on the fractal analy-
sis of RF ultrasound echo signals. They used Higuchi’s [8]
method to calculate the fractal dimension over a region of
interest (ROI) and used it as feature to detect the prostate
cancer through a Bayesian classifier [9]. Their algorithm
presented accuracy of 86% indicating the feasibility of their
approach.

Saijo et al. [10,11], have developed a method for tissue
characterization based on two-dimensional correlation
between two consecutive frames of an IVUS sequence. This
technique was shown capable of distinguishing regions of
fast moving fluid like blood or surrounding tissue from
region of slow moving or stable like the vessel wall.

In this work, we investigate the feasibility of using the
Higuchi’s fractal dimension as a feature for tissue charac-
terization in IVUS through comparison with correlation
images.

2. Materials and methods

IVUS data were acquired with an IVUS console Clear
View Ultra (Boston Scientific Inc., Natick-MA, USA)
and 40 MHz mechanically rotating IVUS catheter Atlan-
tis SR Plus (Boston Scientific Inc., Natick-MA, USA)
and the pulse repetition rate was 7680 Hz. RF data were
digitized and stored in a personal computer (PC) (Dell
8250, Pentium 4, 2.4 GHz, 1.50 GB RAM, Dell Inc.,
Round Rock, TX, USA) using an A/D board GAGE
Compuscope 8500 (500 Msamples/s, with 8 bits of resolu-
tion, Gage Applied Inc., Montreal, Quebec, Canada) for
off-line analysis. The algorithms were developed using
MATLAB (The Mathworks Inc., Natick, MA, USA).
A single frame of the IVUS system consisted of 256 lines
so that 7680 pulses made 30 frames per second (f/s). RF
signal data were acquired in vivo from 14 human left
anterior descending (LAD) coronary arteries during per-
cutaneous transluminal coronary angioplasty (PTCA).
The patients average age was 72 + 12 years and six of
them presented detected calcification regions and one
detected soft plaque in their IVUS images. This process
was approved by a local investigation review board
and was performed in accordance with the ethical
principles for medical research involving human subjects.
We obtained written informed consent from all the
subjects.

2.1. Fractal dimension image

The concept of fractal dimension is based on the prop-
erty of self-similarity. In spite of not being self-similar over
all the scales, the IVUS RF signals usually present some
level of self-similarity within some range and thus the Hig-
uchi fractal dimension can be used as an efficient method to
express the irregularity of the RF signals in the ROIs of
appropriate size.

Higuchi’s algorithm [8] is proven to be a stable method
to estimate the fractal dimension of a time series and, more
importantly, works well for time series with few samples.
The algorithm, computes mean length of the signal at dif-
ferent scales, plots a log-log graph of length versus scale
and measures the slope of the linear fit of this graph as
the fractal dimension.

Thus, for generation of the fractal dimension images the
following algorithm was used.

Algorithm. For each ROI defined by the position of a 100
points wide sliding window, the following steps were used:

1. Extract the signal envelop through the calculation of the
absolute value of the Hilbert transform.

2. Normalize the envelop by dividing it by its maximum
value in that sample.

3. Calculate the fractal dimension of the normalized signal
using the Higuchi method.

4. The sliding window is shifted of 25 points and the above
steps are repeated for all RF lines that comprise the
IVUS image.

2.2. Correlation image

Conventional B-mode IVUS images were generated
from RF signals by software developed by our group
[10]. Then the IVUS image was divided into 64 x 64 square
shape ROIs. Template matching method was applied for
calculation of correlation and displacement of the ROIs
between the consecutive two frames. Template matching
is the process of determining the presence and the location
of a reference image or an object inside a scene image under
analysis by a spatial cross-correlation process. Fig. 1 shows
the schematic illustration of template matching method. If
the coordinates of the center of the ROI in the first frame
(a) are defined as p(0,0) and the most similar patterned
ROI in the next frame (b) is g(k, /), the correlation is given
by:

S =T =8
\/Z."a‘f 7 e - z)

where f; and g; are pixels inside the ROI in consecutive
frames, f, and g, are the corresponding mean gray level val-
ues of each ROI, and » is the length of the side of the
square shaped ROL

Ry (k. 1) (1)
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Fig. 1. Schematic illustration of template matching method. The coordi-
nates of the center of the ROI in the first frame (A) is defined as p(0, 0) and
the most similar ROI in the next frame (B) is g(k, /).

Based on our tests, we could observe that the moving
regions such as blood and surrounding tissues presented
correlation values below 0.5 and the regions of vessel wall
presented correlation values above 0.75. The vessel wall
was assumed stable during 1/30s.

3. Results

In Fig. 2, we can see an example of two samples of IVUS
RF signal extracted from the region of blood and the
region of vessel wall. It can be seen that the sample
extracted from the blood region presents a more irregular

shape than the sample from the region of vessel. As the
fractal dimension can be regarded as a measure of irregu-
larity, we used the fractal dimension as a feature for tissue
characterization.

In Fig. 3C and F, we can see two examples of fractal
dimension images. They are images whose pixel colors rep-
resent the fractal dimension of a 100 points wide sliding
window centered at the corresponding position in the RF
line. In spite of being quite noisy, we can observe that
the regions of lumen present fractal dimension values
higher (light blue and green) than the vessel wall region
(dark blue). More homogeneous regions, like calcification
regions for example, present a lower fractal dimension
value (dark blue).

Also, in Fig. 3B and E, we can compare the fractal
images with the correlation images, which are images
whose pixel value represents the correlation index calcu-
lated through Eq. (1). The correlation image shows its low-
est level in the regions of blood (light blue), which is the
most dynamic region. This fact is also detected through
the fractal dimension image.

In Fig. 3A, we can observe clearly the boundary lumen/
vessel that is confirmed in Fig. 3B, where the lumen region
presents correlation values usually below 0.5, represented
by light green or light blue, due to the fast moving blood.
The red region is the static or slow moving vessel wall. In
the fractal dimension image (Fig. 3C) we can observe that
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Fig. 2. Example of RF signal ROIs extracted from lumen region (A) and vessel wall region (D). The small regions in red in (A) and (D) indicate the
position from where the ROIs were extracted. They are 100 samples length ROIs. (B) and (E) are the graphs of the RF signals ROIs (in green) and their
respective envelop (in blue). (C) and (F) are graphs of the normalized envelops.
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Fig. 3. Comparison between correlation image and fractal dimension image. (A) and (D) are the original images. (B) and (E) are examples of correlation

images. (C) and (F) are example of fractal dimension images.

the lumen region is light blue whereas the vessel wall region
1s dark blue. This means that the fractal dimension in the
lumen region, usually between 1.25 and 1.5, is higher than
the fractal dimension in the vessel wall region that is usu-
ally below 1.20. This suggests that the irregularity level of
the RF signal expressed by Higuchi fractal dimension can
be used, to some extent, to characterize the moving tissues.
The region outside the vessel in Fig. 3C is quite yellow and
red, with fractal dimension values around 1.7, mainly
because this is a region of high noise level. The correspond-
ing area in Fig. 3B present low correlation level indicating
fast moving connecting tissues. Additionally, we can
observe in Fig. 3E and F that the region of calcium is also
a region of high correlation value and low fractal dimen-
sion. It can also be observed that the fractal dimension
images present better resolution than the correlation
images.

4. Discussion

The examples in Fig. 2 showed that, besides the differ-
ences in amplitude, the irregularity of the envelop is fairly
different in these both regions suggesting that a measure of
signal irregularity could be a useful discriminator for
regions of vessel wall and lumen. Saijo et al. [10] have
observed similar results through the two-dimensional cor-
relation analysis. Their results were validated by compari-
sons with histology data.

Accordingly to our tests, RF signal samples shorter
then 60 points did not provide acceptable results because
the images generated using a window of this width did

not present clear contrast between the lumen and the
vessel wall. The highest contrast is achieved for sliding
window with width of around 100 points. Sliding win-
dows wider than 100 points did not present visible
improvements.

As reported in [8], the Higuchi method presented more
stable results when compared with other methods based
on power spectrum. In tests performed with IVUS RF sig-
nals the power spectrum based fractal dimension did not
provide satisfactory results, probably, due to the large
amount of noise, suggesting the robustness of Higuchi
method.

Using the PC described in Section 2, the average pro-
cessing time needed to generate the fractal dimension
images was 128 s. This suggests that the proposed algo-
rithm may be used in real time if more powerful hardware
is used and the program is optimized.

The fractal dimension images presented an average con-
trast-to-noise ratio (CNR) of 3.73 whereas the correlation
image presented 3.05. However, together with lower
CNR, the correlation images present lower resolution.
Thus the fractal images with a CNR of 3.05 seen to present
a satisfactory trade-off between noise and resolution
because the resultant fractal dimension images presented
less distortion of the lumen contour than the correlation
images as can be seen in Fig. 3.

Comparing images from different patients, for exam-
ple, patients with calcification and patients without calci-
fication, we could observe that the fractal dimension
values in the calcification regions is similar to levels pre-
sented in the vessel wall region, as shown in Fig. 3. This
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suggests that the fractal dimension images may not be
useful in calcification detection. In tests with image con-
taining soft plaque, the resulting fractal dimension image
did not present clear contrast between the soft plaque and
blood. Thus, this method does not seem likely to be a
good discriminator for plaques. However, it may be use-
ful as a pre-processing stage toward luminal contour
detection.

5. Conclusion

A comparison between correlation images and fractal
dimension images was presented and we could observe
that, in general, the regions of high correlation values
in the correlation image correspond to the regions of
low fractal dimension in the corresponding fractal dimen-
sion image and vice-versa. This fact suggests that the
fractal dimension, as measure of irregularity of the RF
echo signal, can be also an indicator of the moving char-
acteristic of the interrogated tissue as well as the correla-
tion image. However, the fractal dimension image has the
advantage of presenting more clearly the fine details of
the luminal contour when compared to the correlation
images.
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