on-off switching without PID control in order to
examine the capability of supporting natural cardiac
contractile function.

Left ventricular (LV) pressure was measured by a
catheter tip transducer (Millar, SVPC-664A), and LV
volume was obtained by a conductance catheter
(Taisho-Ika, Sigma-5). Each sensor was inserted at the
left atrial portion through the mitral valve. The data was
recorded by a digital recording unit (TEAC, LX-10) and
the sampling frequency was 1.5kHz.

3. RESULTS AND DISCUSSION
3.1 PID control for the displacement

As shown in Fig. § and 6, the accurate displacement
control could be achieved in each shape memory alloy
fibre by the PID control under the different tensile
forced condition by using different bias spring, as well
as the different ambient heat transfer condition, which
was obtained from the test circuit as shown in Fig. 2.

3.2 Pressure-volume relationships in a goat

Fig. 4 shows that the external cardiac work was
elevated by the mechanical assistance using a
myocardial assist device. As a result, it was indicated
that the synchronous mechanical assistance by using the
system might be effective for the artificial circulatory
support for the patients with chronic heart failure or
angina of effort.

4. CONCLUSION

Functional changes of the covalent type shape
memory alloy fibre were examined. And it was
indicated that the capability of the sophisticated
functional reproduction of natural myocardial
contraction could be represented by using the PID
control method.

As the contractile tensile force and shortening of
myocardial tissues might be adopted to each
hemodynamic condition, it was suggested that these
methods for the control of the fibres might be useful to
achieve more effective assistance by the artificial
myocardium system.

And myocardial assistive device has been developed
and it was suggested that the effective assistance could
be achieved in goats. When it is attached onto the
ventricular wall, it should be considered the forced
refrigerant effect by blood circulation such as coronary
perfusion during the PID control..
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Fig. 5 Changes in displacement obtained from the
shape memory alloy fibre tested with the PID control
under the different bias spring condition: a) open-loop,
b) PID control.
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Fig. 6 Changes in displacement obtained from the
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Fig. 7 Hemodynamic waveforms obtained from a
goat; ‘Aol’: aortic flow at ascending aorta, ‘AoP’:
aortic pressure measured at ascending aorta, ‘PAP’:
pulmonary arterial pressure. The red arrows indicated
the mechanical assistance by the artificial myocardial
support.
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Fig. 8 Pressure-volume relationships obtained from
a goat;, ‘Control’: without assistance, ‘Assisted’: with
mechanical assistance by the myocardial assist device
developed.

ACKNOWLEDGEMENT

The authors would like to extend their appreciation to
Mr. Kimio Kikuchi and Mr. Tomio Kumagai for their
cooperation in the animal experiments. This study was
supported by Grant in Aid for Scientific Research of
Ministry of Health, Labour and Welfare (H17-nano-009),
and Ministry of Education, Culture, Sports, Science and
Technology (17790938). And this study was partly
supported by Grant in Aid for Scientific Research of
Pharmaceuticals and Medical Devices Agency (02-1).

1737

REFERENCES

HOSENPUD D, et al. (1998): “The registry of the

international  so-ciety for heart and lung

transplantation: fifteenth offi-cial report-1998°, J

Heart Lung Transplant, 17, pp. 656-68.

SHIMIZU T, et al. (2002): ‘Fabrication of pulsatile

cardiac tissue grafts using a novel 3-dimensional

cell sheet manipulation technique and
temperature-responsive cell culture surfaces’, Circ

Res, 90(3), e40.

ANSTADT GL, et al. (1965): ‘A new instrument

for prolonged mechanical massage’, Circulation,

31(Suppl. 1), p.43.

ANSTADT M, et al. (1991): ‘Direct mechanical

ventricular actruator’, Resuscitation, 21, pp. 7-23.

KAWAGUCHI O, et al. (1997): ‘Dynamic cardiac

compression improves contractile efficiency of the

heart’, J Thorac Cardiovasc Surg, 113, pp. 923-31.

SAWYER PN, et al. (1976): ‘Further study of

NITINOL wire as contretile artificial muscle for an

artificial heart’, Carrdiovasc Diseases Bull. Texas

Heart Inst 3, p. 65.

WESTABY S (2000): ‘Non-transplant surgery for

heart failure’, Heart, 83: pp. 60310

SUMA H, et al. (2000): “Non transplant cardiac

surgery for end-stage cardiomyopathy’, J Thorac

Cardiovasc Surg, 119, pp. 123344,

RAMAN JS, et al. (2005): ‘The mid-term results of

ventricular containment (Acormn Wrap) for

end-stage ischemic cardiomyopathy’,

[10] PILLA JJ, et al. (2002): ‘Ventricular constraint
using the cardiac support device reduces
myocardial akinetic area in an ovine model of
acute infarction’, Circulation, 106[Suppl 1],
1207-1211.

[11] BUEHLER WI, GILFRICH I, WILEY KC (1963):
‘Effect of low-temperature phase changes on the
mechanical properties of alloys near composition
TiNi’, J Appl Phys, 34, p.1465.

[12] HOMMA D, MIWA Y, IGUCHI N, et al. (1982):
‘Shape memory effect in Ti-Ni alloy during rapid
heating,” Proc of 25th Japan Congress on Materials
Research.

[I3] NITTA S, et al. (1983): ‘Application of shape
memory alloy for an artificial heart driving system’,
MBE 83-49, pp. 45-51 (in Japanese)

[14] YAMBE T, et al. (2004): ‘Addition of rhythm to
non-pulsatile circulation’, Biomed Pharmacother,
58 Suppl 1:5145-9.

[15] YAMBE T, et al. (2004): ‘Artificial myocardium

with an artificial baroreflex system using nano

technology’, Biomed Pharmacother, 57 Suppl

(1]

(2]

(31

(4]
(]

(7]
(8]

9]

1:122s-125s.
[16] WANG Q, et al. (2004): An artificial myocardium
assist  system: electrohydraulic  ventricular

actuation improves myocardial tissue perfusion in
goats’, Artif Organs, 28(9), pp. 853-857.



The American Journal of Patbology. Vol. 171, No. 4, October 2007
Copyright © American Society for hivestigative Pathology
DO 10.2353/ajpath 2007.061191

Cardiovascular, Pulmonary and Renal Pathology

Macrophage Colony-Stimulating Factor Improves
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*
Hiroyuki Arai,* and Tomoyuki Yambe'

From the Department of Geriatrics and Gerontology,” Toboku
University School of Medicine, Sendai; and the Department of
Medical Engineering and Cardiology,' Institute of Development,
Aging, and Cancer, Toboku University, Sendai, Japan

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 H9¢2 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
antj-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
Pathol 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 reporied.’™ Hematopoietic
growth factors are potent therapeutic agents for myocar-
dial infarction. Erythropoietin improved cardiac function
after myocardial infarction.®® 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, 1o estimate growth
factor-induced therapeutic angiogenesis in hearts, large
animal models 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-

Supported by the Ministry of Education, Science, and Culture (grants
15590795, 18014004, 17590777, and 18790528); the Ministry of Health,
Labor, and Welfare of the Japanese Government (Grant for Longevity
Science grants 16C-1 and 18C-7); and by the Program for Promotion of
Fundamental Studies in Health Science of Organizing for Drug ADR
Relief, R&D Promotion, and Product Review of Japan.

Accepted for publication June 27, 2007.

Current address of T.0.: Department of Anatomy, University of California~
San Francisco, San Francisco, CA.

Address reprint requests to Satoru Ebihara, M.D., Ph.D., Department of
Geriatrics and Gerontology, Tohoku University School of Medicine, Seiryo-

machi 1-1, Aoba-ku, Sendai 980-8574, Japan. E-mail: s_ebihara@geriat.
med.tohoku.ac.jp.

10093



1094  Okazaki et al
AJP October 2007, Vol. 171, No. 4

tion, and differentiation of cells from mononuclear phago-
cyte lineage. '

Expression of VEGF in the heart has been documented, 23
and cardiomyocytes have been reported as a major
source of VEGF in the heart.'® Skeletal muscles ex-
pressed VEGF,"™ ' 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 freat 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."®~'8 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 Bel-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 1gG2a, and
unlabeled anti-CD16/32 monoclonal antibody were pur-
chased from eBioscience (San Diego, CA). H9¢c2 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¢c2 myoblasts were
cultured in differentiation medium (DM) with daily supple-
mentation of 10 nmolY/L al-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.®
Mouse primary cardiomyocytes were obtained from 1- to
3-day-old neonatal C57BL/6 mice ' 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 coliected every 15
minutes and centrifuged. To exclude nonmuscle 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, H9¢2 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 umol/L; Biosource, Cam-
arillo, CA) or LY294002 (at 10 or 2 pmol/L; Biosource) for
24 hours. Then the cells were stimulated with indicated
amount of H,O, 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).M

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 Vlil-related antigen antibody (DakoCy-
tomation, Carpinteria, CA) at 1:200 dilution.'*** 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
quantity 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



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

Waestern blot analysis was performed as shown previously.?®
H9c2 myoblasts (5 X 10° 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 8 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, Bcl-xL (Cell Signaling Technology, Beverly,
MA), phospho-Jak1, 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 Commitiee at Tohoku University
approved all animal experiments. Male C57BL/6 mice, 7
10 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 ng/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/mi 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. HOc2 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. H9c2 myo-
tubes were cultured with M-CSF for indicated time periods.
All of the supermnatants 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 RNA 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 mBNA 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, *°
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 hewrt VEGE production in pivo, Mice were in-
jected intramuscularly with M-CSF (200 pg/kg) or PBS (controb) for 3 con-
secutive days (7 = 3 per group). A: Quantitative RT-PCR determined the
VEGF mRNA expression. M-CSF wreatment significantly increused the VEGEF
mRNA expression in hearts (52 < 0.05). B: Conventional RT-PCR determined
the M-CSF receptor (M-CST-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 supernatants containing 10 mg/m}
protein. M-CSF significantly increased the VEGF level. M-CSF + carrageen:
anti-CHD11b 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 3. On day 6, the hearts were isolated. This veatment did not
alfect the VEGF level (7 <0 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 freatment 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-activaied cell
sorting analysis (Figure 2B).

Control
M-CSF

Control
Day 2 \i.csF

Control
M-CSF *

0 200 400 600 800
VEGF (pg/ml)

Day 1

Day 3

sf gy s atgg gl o

Cell number

Figure 2. M-CSF enhanced heart VEGF production i vitro. A: Cultured
cardiomyocytes from neonatal mice were stimulated with M-CSF (100 ng/mD
[or 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
stuining with M-CSF-R, and the blunk histogram indicates background
staining with control 1gG. Similar results were obtained lrom 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. H9c2 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 H9c2
cardiomyocyte VEGF production on days 2 (by 10%) and
3 (by 20%) (Figure 3A). M-CSF increased skeletal muscle
VEGF production.'* H9c2 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 H9c2 cells, we investigated whether M-CSF in-
creased the H3c2 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 119¢2 cells. Az
119¢2 myoblasts cultured in DM (changed every 2 days) with daily supple-
mentation of 10 nmol/L ATRA for 7 days were differentiated 1o H9¢2 cardi-
omyocytes. The cells were stimulated with the indicated amount of M-CSF for
indicated time periods, The cubture medium was changed daily. and ELISA
determined the VEGFEF level in the supernatant. M=CSF (100 ng/ml) increased
VEGF production on days 2 and 3 (/2 <00.03). B: 119¢2 myoblasts cultured in
the same DM for 11 days were differentiated to 119¢2 myotubes. Then the
cells were stimulated with the indicated amount of M-CSF for the indicated
time periods without medivm change. M-CSF (100 ng/mb significantly in-
creased VEGFE production on day 8 (772 <0 0.03). Similar results were obtained
[rom 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,O.. M-CSF signifi-
cantly protected H9c2 cardiomyocytes from H,O,-in-
duced cell death (Figure 4B). Similar 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 H9c2 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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death (2 < 0.03). Similar results were obtained fromy three independent
experiments.

10 100 1000

(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, Statt, 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 Ser112.2"32 Akt activation im-
proves cardiomyocyte survival, but the main downstream
signaling pathways of Akt for cardiomyocytes survival
has not been clarified.® To clarify the target molecules of
ERK in HO9¢c2 cardiomyocytes, Bcel-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 Bel-xL expres-
sion through ERK activation. in H9¢2 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 Bol-xl expression in
differentiated 119¢2 cells. 119¢2 cardiomyocytes (A and B) or 119¢2 myotubes
(C and DY were stimulated with M-CSF (100 ng/mD for the indicated tme
periods. and then the cell lysates were bloted with antibodies specific for the
activated form of ERK (phospho-ERK), Akt (phospho-Akt, Juk1 (phospho-
Juk1), statl (phospho-Stath), Sttd (phospho-Stat3), or phosphorylated Bad
(phospho-Bad). The membranes were reblotted with antibodies to total ERK,
Akt Juk1, Statl, stat3, or Bad. respectively. Expression of M-CSF-R or Bel-xL
was confirmed by blotting the membrane with specilic antibodies. Similar
results were obtained [rom 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 8A). To
determine the role of ERK and Akt activation after M-CSF
treatment in differentiated H9c2 cell survival, differenti-
ated H9c2 cells were treated with LY294002 or the ERK-
specific inhibitor PDY8059. PDY8059 inhibited ERK acti-
vation and LY294002 inhibited Akt activation in H9c2
cardiomyocytes (Figure 6B). Similar results were ob-
tained from H9c2 myotubes (data not shown). PD98052
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. As 192 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 VEGE level. B: H9¢2 cardiomyocytes were incubated with 30
pmol/L PDYB03Y (PD) or 10 wmol/L LY294002 (Ly) for 30 minutes, then
stimudated with M-CSF (100 ng/ml) and inhibitors, and analyzed as described
in Figure 5. C: Differentiated 119¢2 cells were stimulated with indicated
amount of M-CSF with PD98039 (30 wmol/L) or LY294002 (10 umol/L) for 24
hours. Then the cells were stimulated with 11,0, (40 pmol/LY for 8 hours, and
WST y determined the dead cells. M-CSF (0 ng/mb) in cach group is
considered as 100%, and relative cell death rates in cach group are shown,
PP =2 0.03 compared with 0 ng/mi M-CSF in cach group. Similar results were
obtained from three independent experiments. D 119¢2 cardiomyocytes
were incubated with reduced concentrations of PDOS039 (6 pmol/L) or
LY294002 (2 pmol/L). Left: 19¢2 cardiomyocytes were treated with PIDOS0S9
or LY294002 for 30 minutes, stimulated wit CSF (100 ng/mb and inhib-
itors, and then analyzed as described in Figure 5. Right: 119¢2 cardiomyocytes
were treated with PPRI9KO3Y, LY 294002, or without inhibitors (control) with
(100 ng/mD or without (0 ng/mD M-CSF for 24 hours. Then the cells were
stimulated with 11,0, (40 umol/L) for § hours, and dead cells were asses:
by WST assay. In cach inhibitor group, dead cells ut 0 ng/ml M-CSF wre
considered as 100%, and relative cell death rates at 100 to 0 ng/ml ?
cach inhibitor group are shown. *£ < 0.02 compared with 0 ng/ml M-CSF in
cach group.
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abolished the protective effect of M-CSF (Figure 6C).
LY294002 enhanced H,O,-induced cell death in H9c2
myotubes; however, M-CSF significantly protected H9c2
myotubes from cell death (Figure 6C). Moreover, a dose-
response experiment of PD98059 or LY224002 was per-
formed to observe ERK or Akt phosphorylation and cel-
lular survival of H9c2 cardiomyocytes (Figure 6D). Similar
results were obtained from H9c2 myotubes (data not
shown). VEGF protected myogenic celis 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 shortly 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 Vlll-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 VllI-related antigen antibody. O: M-CSF significantly increased microvessel density in ischemic lesions (*P < 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 pum (X 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).

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).

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

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:
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nonischemic area at end systole, 1o 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 Vlii-related antigen antibody (Figure 8, K and
N).2%24 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 Cardliac
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.>3® 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



(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.

Discussicon

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 Bel-xL. M-CSF-R ex-
pression in the heart was shown both jn vivo and in vitro,
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and these resulls suggest that the expression is func-
tional. Similar cell-protective effects of M-CSF on H9c2
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.”#%8 Similar
to these VEGF transfer 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-
tivery 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.®” 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.®® 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 fransduction
pathways in cardiomyocytes in response to M-CSF. Fur-
ther experiments are required for pursuing the M-CSF-
induced intraceliular 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 quantifica-
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

This paper presents experimental data obtained from both in vivo and in virro compression of the large intestine of goat. In vivo experimental
data were obtained from compression tests on the large intestine of an anesthetized goat using force—displacement acquisition equipment. In
vitro experimental data were also obtained from tissue excised after the in vivo experiments, and two types of data were then compared. The
results demonstrated that the stress values had a strong dependence on the compressive rate in the in vivo experiments, although such effect
was not distinct in the in virro experiments. Additionally, at a lower compression rate, the intestinal tissues were found to be stiffer in the in
vitro experiments than in the in vivo ones. This paper is a preliminary report on the mechanical properties of the large intestine based on in

vivo and in vitro experimental data.
© 2006 IPEM. Published by Elsevier Ltd. All rights reserved.

Keywords: Large intestine; Mechanical property: /n vivo test; Soft tissues

1. Introduction

Continucd developments of implantable artificial internal
organs and computer-aided surgery, as well as of virtual
reality techniques, will require closer examination of the
mechanical properties of soft tissues and, ultimately, the
construction of appropriate mathematical models. As a
completely implantable artificial organ, the authors are now
developing an artificial anal sphincter using shape memory
alloys with a structure that sandwiches the large intestine.
This device is being developed as a minimally invasive pros-
thesis with a simple structure to solve the problem of severe
fecal incontinence. Details have been presented in previous
reports [1,2]. Measuring the mechanical properties of the
large intestine will be very important for the development of
this device. In order to predict the tissue response by finite
element (FE) analysis, the intrinsic stress—strain behavior

* Corresponding author. Tel.: +81 79 267 4839; fax: +81 79 267 4839.
E-mail address: higa@eng.u-hyogo.ac.jp (M. Higa).

of the tissue must be determined. Many researchers have
examined the mechanical properties of soft tissues and some
reports have been published regarding the large intestine
[3-7]. However, most reports about the large intestine have
been based on tensile examinations, in which samples that
had been surgically excised from animals or humans were
pulled on a tensiometer, the tensile test being a well-used
technology in material characterization. It means in vitro
test. To date, very little quantitative information has been
available on the biomechanical properties of soft tissue in
vivo [8,9] and no studies have been undertaken to examine
the mechanical properties of the large intestine in vivo. The
biomechanical properties of soft tissues may show different
values depending on whether they are measured in vivo or in
virro because, the viability and mechanical properties of the
samples are affected when the neurovascular supply serving
the large intestine is impaired [10].

The purpose of this study is to measure the stress—strain
relations of the large intestine by both in vivo and in vitro
compression and to compare the resulting two types of data.

1350-4533/$ — see front matter © 2006 IPEM. Published by Elsevier Ltd. All rights reserved.
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The compression method was chosen to obtain comprehen-
sive information about the passive response of soft tissue to
contact with implantable artificial internal organs. Thesc data
are relevant to predict the stress distribution in the tissue when
the force value from prosthesis or other surgical instruments
was distinct.

2. Materials and methods
2.1. Specimen preparation

An adult nanny-Saanen goat was used in this experiment
because the diameter of the bowel in a goat is close to that
of the human bowel. After intramuscular administration of
atropine sulfate, anesthesia was induced via an endotracheal
tube and maintained with 2.5% halothane. Anesthesia was
maintained throughout the experiment. The respiration rate
was fixed at 15min~! by a respirator and the heart rate was
approximately 126 4 10min™'. The weight of the goat was
approximately 50kg. Before celiotomy, pancuronium bro-
mide was injected intravenously to block contractile activity
in the gastrointestinal tract. After achievement of smooth
muscle relaxation, a part of the descending colon was bilat-
erally exposed by celiotomy. The proximal part from the
arteria mesenlerica caudalis was used as an experimental
sample. A supporting plate required for the compression
experiment was inserted into the intestinal lumen through
a small incision in the intestinal wall. The residual con-
tents in the lumen were gently cleared using physiological
saline. Special care was taken to maintain the viability of
the tissue during the in vivo experiments by preserving the
neurovascular supply serving the large intestine. Compres-
sion experiments were performed in one animal in which
the position of applied compression was changed in each
test. After the in vivo procedure, a portion of the tissue was
excised for use in the in vitro experiments. The position of
compression differed in all the examinations compression
because compression damages the tissue. The tissue was
immediately immersed in iced physiological saline and the in
vitro experiments were performed within 6 h after the exci-
sion. We warmed the tissue up to 37 °C again before in virro
compression.

2.2. Experimental setup

Uniaxial compression of the large intestine was performed
using a testing device as shown in Fig. 1. The intestinal
wall was compressed between the supporting plate and a
cylindrical, movable platen (2mm in diameter) fixed to a
load cell (UT-500GR, rated capacity =4.9 N, Minebea Co.,
Ltd.). The load cell was fixed on the mover of a one-
axis stage controller (QT-CD1, Chuo Precision Industrial
Co., Ltd.). The supporting plate, inserted into the intesti-
nal lumen, was fixed to the stator of the stage conwoller
The compression loads and displacements were simultane-

Compressive axis Stage controller ( axis)

Laser displaccment

neier

Load cell

Tissue
Stage controller
%/ (N aNis)

Supponiing plate L.——/%

(b)

Fig. 1. In vivo experimental configuration: an overview of testing (a), and
a schematic illustration of the set-up (b). A supporting plate was inserted
in the intestinal lumen from the incision beside the compression position
oriented to the longitudinal direction.

ously recorded and the stage movement was controlled by
a personal computer connected to the stage controller. The
thicknesses of the tissue sample were measured before each
experiment by a laser displacement meter (LB-60, Keyence,
Co., Ltd.) attached to the stage controller. Both the support-
ing plate and the movable cylindrical platen were made of
acrylic resin.

2.3. Experimental protocol

The compressive rate (Vg) was set at 0.02 mmy/s, 0.5 mm/s,
or 5mnV/s. The data sampling frequency was set at 100 Hz.
The movement of the movable platen began about 2mm
above the supporting plate, a sufficient distance compared
to the tissue thickness, and stopped at 0.2 mm above the
supporting plate. Measurements were performed at the dif-
ferent rates, three times each at different positions in one
tissue sample. Each three compressions result was aver-
aged using commercially available scientific graphing and
analysis software (ORIGIN (R) 6.1, OriginLab, Co., MA).
No preconditioning test was done. Throughout the entire
experiment, the large intestine was moistened by a jet of
physiological saline. At the end of the experiment, no signs
of dehydration were observed. Both the in vivo and in
vitro experiments were performed using the same protocol
described above.
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3. Experimental results

The data obtained from the experiments were forces and
displacements. To enable a comprehensive comparison, the
forces and displacements were converted to stress and strain
taking the compression platen area (2 mm in diameter circle)
and the thickness of the samples into account, respectively. In
this study, stresses in radial direction of the colon and nom-
inal strains were calculated. Fig. 2 shows the stress—strain
curves of tissues subjected to in vivo compression tests. In
Fig. 2(a)~(c) represent the data obtained at different com-
pressive rates, namely 0.02 mm/s, 0.5 mm/s, and 5 mm/s,
respectively. In each figure, the three curves represent the
experimental iteration. The differences in the end values of
strain between the curves are due to slight differences in the
tissue thickness at the corresponding compression position.

Fig. 3 shows the stress—strain curves obtained from the
in vitro compression. The experimental conditions were the
same as those used in the in vivo tests. In the case of
Vo =0.02 mm/s, one result was excluded because of exper-
imental error.

The average tissue thickness was 1.11 (£0.25) mm. Each
strain rate was 0.018 s~ (0.02 mmy/s), 0.45s™! (0.5 mm/s)
and 4505~ (5 mm/s), respectively. These strain values were
calculated from average tissue thickness. Real strain values
of each sample depended on each tissue thickness (not shown
in this manuscript).

A comparison of the stress—strain curves between the in
vivo and in vitro experiments is shown in Fig. 4. Each curve
represents the mean value of results obtained under the same
condition. It was found that, while the in vitro results were
less dependent on the compression rates, the in vivo results
were strongly dependent on the compression rates. There
was a significant difference between the results obtained at
the lower rates (0.02 mm/s and 0.5 mm/s), and those at the
higher rate (Smm/s) in the in vivo tests. Absolute stress
values at ¢=0.7 for instance, were 14.72 kPa (0.02 mm/s,
vivo), 25.45 kPa (0.5 mm/s, vivo), 120.46 kPa (5 mm/s, vivo),
136.23 kPa (0.02 mm/s, vitro), 133.97 kPa (0.5 mm/s, vitro)
and 204.76 kPa (5 mm/s, vitro), respectively.

4, Discussion

One difficulty in such measurement is to determine the
starting point of the stress-strain curves because the force
between the platen and the tissue in the case of soft tissue
appears negligibly small at the beginning of contact. Mis-
reading of the starting point may cause the omission of a
significant amount of information about the tissues. In this
work, the starting point was determined using the thickness
of the tissue al the targeted point, which was measured in
advance by a laser displacement meter.

The apparent limitation of this study is that experiments
were conducted on one animal though compressions were
repeated three times. We {inally want mechanical properties
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Fig. 2. Stress—strain curves under in vivo compression. Vo =0.02 mm/s (a),
Vo =0.5 mm/s (b) and Vp=35 mm/s (c).

of human organs. More animal experiments give us aver-
age mechanical properties of animal organs only. To know
mechanical properties of human organs in future, this study
was conducted using experimental animal as a first step. More
sacrifice of experimental animals will not be meaningful in
the next step. As mechanical parameters of human organs,
Carter et al. reported the measurements from human intra-
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Fig. 3. Swress—strain curves under in virro compression. Vo =0.02 mm/s (a),
Vp=0.5mm/s (b) and Vo =35 mm/s (¢).

abdominal organs in vivo. It was the first example of such
data had being obtained from living human subjects [9]. They
treated, however, only solid organs. The large intestine that
we wanted to measure is hollow organ. Histologicaily, hol-
low organs cannot be treated as isotropic and homogeneous.
So the data presented in this paper has to be considered that

the tissue response, the stress—strain behavior when load was
applied to radial direction. This data is meaningful because
tissue is loaded most frequently in this way when artificial
anal sphincter is implanted. The stress—-strain tissue response
with artificial anal sphincter is required {or us to develop this
prosthesis. Off course, to reveal the real stress distribution
considering anisotropy and heterogeneity is meaningful as a
future study.

Concerning the differences between the in vivo and in vitro
results of biological tissue, Miller et al. compared results of
in vivo compression of swine brain with in vitro experimen-
tal results [11,12]. They reported that the force predicted by
the FE model based on in vitro compression was about 31%
lower than that obtained by in vivo measurement. On the other
hand, the present results showed that the tissue was stiffer in
vitro than in vivo. The results had contrariety. There is fairly
general agreement that mechanical properties of soft tissue
show different values depending on whether the tissue is mea-
sured in vivo or in vitro. The difference between their results
and the present results is not surprising since changes may
occur when tissue is dissected from a living body, and such
changes may affect the intrinsic mechanical parameters of
the tissue. Thus, it is appropriate to consider that differences
in the experimental conditions, the tissue examined (brain or
large intestines), the species (pig or goat), the compression
rates, the experimental setup and the protocols could affect
the results. The difference of tissue region (brain or large
intestine) particularly may affect this contrariety. The differ-
ence of anatomical structure of each organ may affect the
mechanical propertics. This study was a first report about in
vivo lests of large intestine.

In Fig. 4, it can be seen that in the in vivo tests the tis-
sue have lower stiffness than in virro tests. An acceptable
supposition is that living tissues have viscoelastic properties
with shorter relaxation time than in vitro tissue. It is also
noteworthy that the results strongly depended on the starting

350—1
i = = -[] 0.02mm/s,vivo
3009 F--- O 05mm/s,vivo 'A
1 F-— /A 5mm/s,vivo '/'
250+ f=--— B 0.02 mm/s,vitro /-/
= 1 @ 0.5 mm/s,vitro ;@
f\l% 2004 leemim A 5mm /s, vitro 7 m
0
23
£ 150+
7]
100 ~
501
0+ . .
0.0

strain ¢

Fig. 4. Stress—strain curves of all compressive rates. Each graph represents
the mean values of each compressive rate both in vive and in vitro.
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point (or point of contact) of stress—strain data. That is, with-
out an accurate measurement of the point of contact in the
compression direction, it would be difficult to obtain reliable
information for comparison of results obtained at different
compression rates. As described above, the accurate mea-
surement of tissue thickness with a laser displacement meter
enabled us to avoid this difficulty.

5. Conclusions

In this paper, both the in vivo and in vitro compression
results of goat large intestine were presented. While the
in vitro results showed less dependence on the compres-
sion rates, the in vivo results were strongly dependent on
the compression rates. There was a significant difference
between the results at the lower and higher rates in the in
vivo tests. That is, at the lower rates, the tissue appeared
softer.

In conclusion, comparison of the in vivo and in vitro com-
pression results showed the risk of using only in vitro data
in numerical simulations or modeling of tissue. /n vivo data
must be taken into account in studies of the passive mechani-
cal response of the large intestine to contact with implantable
artificial organs such as an artificial sphincter. In order to sim-
ulate the stress—strain relations of the human large intestine in
vivo, further studies are required to clarify what happens his-
tologically or morphologically when tissue is excised from a
living body and how this affects the tissue stiffness.
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Liu, H., Sauo, Y., ZHANG, X., SHIRAISHL, Y., LU0, Y., MAarRUYAMA, M., HiGa, M., SEKINE,
K. and Yamse, T. Tmpact of Type A Behavior on Brachial-Ankle Pulse Wave Velocity in
Japanese. Tohoku J. Exp. Med., 2006, 209 (1), 15-21 — Pulse wave velocity (PWV) is
the velocity of a pulse wave traveling a given distance between 2 sites in the arterial sys-
tem, and is a well-known indicator of arteriosclerosis. Brachial-ankle PWV (baPWV) is a
parameter more simple to obtain, compared with the conventional PWV, and is an easy and
effective means of evaluating arterioscierosis. BaPWYV can be obtained by only wrapping
the four extremities with blood pressure cuffs, and it can be easily used to screen a large
number of subjects. Type A behavior has been confirmed as an independent risk factor for
the development of coronary heart disease. To examine the relationship between Type A
behavior and arteriosclerosis, 307 normal Japanese subjects were classified into either a
Type A group (n = 90) or a non-Type A group (n = 217) by using Maeda’s Type A Scale.
BaPWYV was evaluated using a PWV diagnosis device. The baPWV in the Type A group
was significantly higher than that obtained in the non-Type A group. The baPWV showed
a positive correlation with age both in the Type A group and in the non-Type A group;
however, the straight-line regression slope of baPWV versus age in the Type A group was
significantly larger than that in the non-Type A group. Therefore, our results suggest that
arteriosclerosis might be promoted earlier in subjects expressing the Type A behavior
pattern. Type A behavior pattern is confirmed as a risk factor for arteriosclerosis, and may
increase the risk of the cardiovascular disease related Lo arteriosclerosis. ——— Type A
behavior; Brachial-ankle pulse wave velocity; arteriosclerosis
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Type A behavior was first described by
Friedman and Rosenman in the late 1950s, and it
has since drawn considerable attention as a possi-
ble coronary risk factor. This behavior pattern
includes impatience, aggressiveness, a sense of
time urgency, an intense achievement drive, and a
desire for recognition and advancement. In the
Western Collaborative Group Study, the Type A
behavior pattern was shown to be predictive of
the incidence of coronary heart disease indepen-
dently of the traditional risk factors such as smok-
ing, hyperlipidemia, and hypertension (Buller et
al. 1998; Yoshimasu 2001). Type A behavior may
enhance the rate of development of coronary arte-
riosclerosis, and the presence and severity of cor-
onary arteriosclerosis as determined by angiogra-
phy have been investigated in relation to the
presence and severity of Type A behavior
(Sparagon et al. 2001). Type A behavior assessed
by a questionnaire modified to Japanese charac-
teristics and job strain has been linked to angio-
graphically determined coronary arteriosclerosis
(Yoshimasu et al. 2000; Gallacher et al. 2003).

Pulse wave velocity (PWV) is a well known
indicator of arteriosclerosis. Many reports have
described the relationship between PWV and the
development of arteriosclerotic disease. Recent
studies have demonstrated that PWV is not only a
risk marker of cardiovascular disease, but is also a
prognostic predictor (Altun et al. 2004; Fujiwara
et al. 2004; Tomiyama et al. 2004, 2005;
Woodside et al. 2004).

PWYV is the velocity of a pulse wave travel-
ing a given distance between 2 sites in the arterial
system. Recently, a new, simple device to mea-
sure brachial-ankle pulse wave velocity (baPWV)
has been developed using pressure cuffs wrapped
around the brachium and ankle. BaPWV has
potential as a new marker of cardiovascular risk
over conventional markers, as it is easy to obtain
and serves as an indicator of either arteriosclerotic
cardiovascular risk or severity of arteriosclerotic
vascular damage. Thus it can be useful in screen-
ing the general population (Yamashina et al. 2003;
Yokoyama et al. 2003; Ogawa et al. 2005).

Therefore, we hypothesized that if Type A
behavior could be a risk factor of arteriosclerosis,

subjects expressing the Type A behavior pattern
might show a higher baPWV. The aim of this
study was to compare differences of baPWV
between subjects showing Type A behavior and
those not showing Type A behavior.

MATERIALS AND METHODS

Subjects

Three hundreds and seven normal Japanese subjects
participated in this study. The data were collected at
Tohoku University, Sendai, Japan. The exclusion criteria
were the following: hypertension (defined as systolic
blood pressure [SBP] =z 140 mmHg, diastolic blood
pressure [DBP] 2 90 mmHg, or drug treatment for
hypertension), endocrine disease, significant renal or
hepatic disease, coronary artery disease, arrhythmias,
cerebrovascular disease, or use of medication for diabe-
tes mellitus or hyperlipidemia. Written informed consent
was obtained from all participants, and the study protocol
was approved by the Ethics Committee of Tohoku
University, Graduate School of Medicine and School of
Medicine, Japan.

Measurement of the Type A behavior pattern

Type A behavior was assessed by an abbreviated set
of 12 questions developed by Maeda (1991). This
assessment is considered to be very practical for epide-
miological investigations because of its convenience.
Each question is listed in Table 1. The subjects were
asked to answer all of the questions. Each guestion
allowed three responses. Two, |, and 0 points were
assigned, respectively, to responses of “always”, “occa-
sionally”, and “hardly” for questionnaire items 1, 2, 3, 4,
7,8, 10, 11, and 12, and the points were doubled for
questionnaire items 5, 6, and 9. A total score of 17 or
greater was defined as Type A.

Measurement of baPWV

The subjects were examined while resting in the
supine position. After at least a 5-minute bed rest,
baPWV was recorded using an automated device
(VaSeraVS-1000, Fukuda Denshi, Tokyo) (Liu et al.
2005; Watanabe et al. 2005). This device simultaneously
records baPWYV, blood pressure (BP), electrocardiogram,
and heart sounds. Electrocardiogram electrodes were
placed on both wrists, and a heart sound microphone was
placed on the lelt sternal border. Cuffs to measure
baPWYV were wrapped around both upper arms and
ankles, and connected to a plethysmographic sensor that



