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

Expression of VEGF in the heart has been documented, '# 72
and cardiomyocytes have been reported as a major
source of VEGF in the heart.'® Skeletal muscles ex-
pressed VEGF, ' and M-CSF increasad 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 activatar 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 cuitured cardiomyocytes
and myotubes from cell death stimulation by Akt and ERK
activation and by up-regulation of downstream anti-ap-
optotic protein Bel-xL. Margover, 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). 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/m! 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 nmol/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 collected 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

H9c? cells (5 x 10 cells) were plated on 96-well plates
and differentiated to cardiomyocytes or myotubes, and
the assays were performed as praviously shown.®® For
proliferation assays, H9c?2 cardiomyocytes ar 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 H9¢2
cells were incubated with M-CSF in the presence or
absence of PD98059 (at 30 or 6 pmol/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 unlapeled anti-CD16/32
monaoclonal 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 iesions
was determined as previously shown by immunohisto-
chemical staining of goat hearts with polyclonal rabbit
anti-human factor Vlli-related antigen antibody (DakoCy-
tomation, Carpinteria, CA) at 1:200 dilution.”*2* 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
guantify 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

Western 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 inh'bitors. 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 dodecy! sulfate-
palyacrylamide 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,
phosphe-Bad, Bel-xL (Cell Signaling Technology, Beverly,
MA), phospho-Jak1, or M-CSF-R (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). The membranes blolted wilh 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 C578L/6 mice, 7
to 9 weeks old, were injected intramuscularly with M-CSF
(200 pg/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 thoracotemy 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 ug/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 Soros 5500
(Hewlett Packard, Andover, MA).
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Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse hearls 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 ant-mouse
CD11b monoclonal antibody (Serotec, Oxford, UK) treat-
ment was performed as previously reported ™ Culture
medium of mouse primary cardiomyacytes (2 x 10° cells)
was changed daily. H9c2 myaoblasts (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-1est,
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. Slalistical 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 n 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
expressior was confirmed by conventicnal RT-PCR, and
placenta-darived 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 YEGF 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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cells."’ Therefore, the cell survival effect of M-CSF an
differentiated H9c2 cells from cytotoxic H,0, exposure
was examined. H9¢c2 cardiomyocyles were incubated
with M-CSF and then exposed to H.O.. M-CSF signifi-
cantly protected H9¢2? 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-xI. Expression in
Differentiated H9c2 Cells

The cell signaling pathways of M-CSF in cardiomyocytes
and H9¢2 myotubes have not been investigated. To elu
cidate molecular mechanisms of the M-CSF-induced cell
survival, differentiated H9c? 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 H9¢?Z cells
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(Figure 5, A and C).?° In H9¢c2 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% Akt activation im
proves cardiomyocyte survival, but the main downstream
signaling pathways of Akt for cardiemyocytes survival
has not been clarified ** To clarify the target molecules of
ERK in H9c? cardiomyocytes, Bcl-xL expression was
examined. Bel-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 58).
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 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 H3c2 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 Aki-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 leve! (Figure 6A). To
determine the role of ERK and Akt activation after M-CSF
treatment in differentiated H9c2 cell survival, differenti-
ated H9c?2 cells were treated with LY294002 or the ERK-
specific inhibitor PD98059. 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). PD98059
enhanced H,0,-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 H9¢c2
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 T19¢2 cells. Az H9c2 cardio-
mvocytes were cultured with M-CSF and 10 pmol/L LY294002 for the indi
cated time periocds. The cultore mediom was changed daily and ELISA
determined the VEGF level B: 119¢2 cardiomyocytes were incubated with 30
pmol/L PDOSO39 (PDY or 10 pmol/L LY294002 (Ly) for 30 minutes, then
stimulated with M-CSF €100 nygsml and inhibitors, and analyzed as described
in Figure 5. G Difterentiated 119¢2 cells were stimulated with indicated
amount of M-CSF wiath PNORO59 (30 pmol L) or LY294002 (10 gmol/L) for 24
hours, Then the cells svere stimulated with 11,0, (40 gmaol /L) for 8 hours, and
WST assav determined the dead cells, M-CSF (0 ngrml) in each group is
consicdered 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: HO9¢2 cardiomyocytes
were incubated with reduced concentrations of PD9YS059 (6 pmol/L) or
LY294002 (2 pmol/L). Left: HY%2 cardiomyocytes were treated with PD9805Y
or LY294002 for 30 minutes, sumulated with M-CSF (100 ng/ml} and inhib-
itors, and then analyzed as described in Figure 5. Right: 119¢2 cardiomyaocytes
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by WST assayv. 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, *F < 0.02 compared with 0 ng/ml M-CSF in
cach group

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 LY294002 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 cells from cell death.** To
confirm whether the cell survival effect of M-CSF de-
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pends on VEGF, H9c2 cardiomyocytes and myotubes animal model for myocardial infarction. Large animal

were cultured with an anti-VEGF antibody and M-CSF.
Incubation with anti-VEGF antibody did not impair the cel
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 vive were examined using goats as a large

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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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 immunochistochemically stained goat hearts with anti-
factor Vlll-related antigen antibody (Figure 8, K and
N).#3:21 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-
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-
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M-CSF Pretreatment Improved Cardiac
Function after Ischermic Injury Induced by

Coronary Artery Occlusion-Reperfusion

Erytnropoietin 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
cardial infarction.” To confirm further the effects of
M-CSF in myocardial infarction, goats were pretreated
with M-CSF for 3 i ial infarction
was induced by 30-minute lef
onary artery occlusion fc =83 Car
> function assessed by measuring hemodynamic
[ meters using catheterization analysis and examining
echocardiography. Echocardiographic examination showed
nt differences in basal findings in cardiac
ization analysis showed
of control and M-CSF-
LV end diastolic pressure

and

days, en myo

escC

d
wed by reperfusion

t anterior ending cor-

was

no signi
function in both groups. Catheter
V pressure (LVP) records

S

the

treated goats (Figure 8A)



(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 averall 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 occlusicn, and a dyskinetic
area could not be found (Figure 8D). In contral 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 imorovement
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 vive and in vitro. in vitro, M-CSF increased VEGF
production through Akt activation. Mereover, M-CSF di-
rectly protected cardiomyocytes from cell death by acti-
vating Akt and ERK resulting n up-regulation of the
downstream anti-apoptotic protein Bel-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 H9c2
myotubes were shawn. In viva, 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-
lion, 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. % 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 gere 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.®” 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 ar 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
nfarct repair and attenuate LV dysfunction in rats.®®
However, these authors did nat 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 cbserved 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 praduction and
thus suppressed ERK activation in M-CSF-stimulated
monocytes *® In murine myeloid cell line FDC-P1,
L¥294002 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 invalvement 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
supp'y.*® 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 guantification 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 bath 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  study focuses on the development of
self-training system for surgical operation and quantitative
evaluation of the surgical skills. Our group has developed a
self-training system for anastomotic technique in Coronary
Artery Bypass Grafting (CABG) to contribute the education of
cardiovascular surgery without a risk to patients. The
self-training system consists of following portions, 1)
“YOUCAN™, coronary and graft vascular silicone model, 2)
“BEAT", a device, simulating stabilized myocardial surface,
and 3) Quantitative evaluation system based on in vitre mock
circulatory system. The coronary and graft model has been
anastomosed by expert and trainee cardiac surgeon. The
anastomosed model was mounted onto test section of the in vitro
mock circulatory system then identical waveforms of coronary
artery was applied into the inlet of an anastomosis. The energy
loss was quantified as a pressure difference between proximal
and distal ends of anastomosis. The energy loss was obtained as
67.3£1.75mJ (trainee) and 41.3£3.08mJ (registered surgeon). It
was founded that average energy loss by expert surgeon was
lower by 38.6% than that by trainee surgeon. The major
difference among the models of expert and trainee was the
Effective Orifice Area (EOA) of the anastomosis. Through the
experiment, EOA was confirmed by image analysis as 2.73 mm’
for an expert against 0.534 mm’ for a trainee. In conclusion, it
was suggested that the anastomotic skill among expert and
trainee surgeons could be hydrodynamically differentiated by
using in virro mock circulatory system.

[. INTRODUCTION

CCORDING to a statistical survey, there are 2.937
registered cardiac surgeons in Japan, whereas number of
CABG cases was 20,095 in 2002 in Japan [1]. In other word,

only 7 cases per one cardiac surgeon were performed in a year.

The above data shows that situation is difficult to train trainee
surgeons through the only clinical experience in operating
theater. Training surgeons in a routine surgical operation is
becoming difficult especially in a field of cardiovascular
surgery from the view point of risks of medical safety for
patients. To overcome the situation, alternative training
program has been started in Japan. Fig.] shows recently
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started surgical training program named WETLAB
Defrosted porcine hearts are installed into a simple cavity
model. Registered surgeons closely teach surgical techniques
to trainee surgeons. The advantages of the WETLAB are 1)
understanding anatomy, 2) a real tactile feeling, and 3) no risk
to patient, This training program is founded as effective and
continually organized by major medical device companies
under an indication of the academic society. Fig.2 shows the
concept of staged surgical training system, which our group
proposes. The DRYLAB stage has been set to complement
the WETLAB stage. Artificial patient models and simulators
are used instead of animal organs in the DRYLAB. The major
difference of the both stages is that the DRYLAB provides
self-training against the WETLAB provides group training.
In tact, the WE'TLAB is ettective training method. because
the evaluation has been immediately done by supervisors.
However, it is difficult to organize. daily. On the other hand.

M‘{ Y

Expert cardiac

surgeon Porcine heart

Fig.1.  WETLAB in ordinary seminar room:
Supervisor gives technical advice to trainee surgeons.
Past Present Ideal
Watching and Image Training ]
‘{ DRYLAB

| [ WETLAB |
: & . 2

Clinical Experience
The concept of staged surgical training system.
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the DRYLAB is adequate method for daily repetitive training
of basic surgical skills. However. an alternative is needed for
self-training in the DRYLAB stage instead of the supervisors.

II. OBIECTIVE

I'he purpose of this study 15 a development of the

self-training system for surgical technique. The first stage of’

the study. our group develops the self-training system for
anastomotic technique of CABG, which is used in the
DRYLAB then differentiates surgical skills of expert and
trainee surgeon by using newly developed evaluation system.

I1I. DEVELOPMENT

I'he selt-training system consists of following portions. 1)
“YOUCAN?", coronary and graft vascular silicone model. 2)
"BEAT™. a device, simulating stabilized myocardial surface,
and 3) Quantitative evaluation system based on in vitro mock
circulatory system.

A Coronary artery and graft model "YOUCAN'

l'hese models provide repetitive anastomotic training under
static condition as shown in fig.3. An anastomosis between
Left Anterior Descending coronary artery (LAD) as recipient
and Left Internal Thoracic Artery (LITA) as graft has been
simulated by these models, because it is the most common
combination for CABG. Inner diameter of the model is
2.0mm and the models are made of silicone rubber (KE1603
A/B. Shin-Etsu chemical co. Itd). Elasticity of the models was
controlled to satisfy the surgeons’ tactile feeling reasonably,
by the ratio of compounded silicone oil [2]. Tethering, a
self-expandable function of incised part was reproduced by
remaining stress in myocardial model. Therefore surgeon
could handle a surgical needle and strings as if under the
clinical condition.

B Off-Pump CARB watining device "BEAT"

Fig.4 shows Oftf-=Pump CAB training device named BEAT.
Off-Pump CAB is CABG under on-beating condition
avoiding the invasiveness derived from extracorporeal
circulation. The BEATT adds pulsatile up-and-down uniaxial
motion of stabilized myocardial surtace onto the coronary
model [3]. Biometal, shaped memory alloy developed by
TOKI Corp, has been employed as the actuator because of the
compactness and controllability. The heart rate and amplitude
were adjustable between 50~100 bpm (0.83-1.67 Hz) and
(0~3mm as a trainee surgeon desired by the controller. Various
coronary arterial positions. including LMT, LAD, RCA. and
Cx, could be set by the attitude adjuster. which is flexible ball
joint. The surgical field was simulated by cavity unit. By the
development of above portions, our group could provide a
DRYLAB environment to train the anastomotic technique
under the fixed condition.

C. invitro Coronary Circulatory System

Fig.5 shows the evaluation system for anastomosed model
based on in vitro Coronary Circulatory System (CCS). CCS
had been originally developed by Kawai et. al. in 2004]4]. It
is composed of the systemic circulatory system and the CCS.

Coronary arterial
model

Fig.3. Coronary arterial model” YOUCAN™ and graft
model of silicone rubber, which elasticity had been

e o ¥
® » @
100 mm

J3) Attitude adjuster

Fig.4. Off-Pump CAB training device "BEAT”

© Measurement of pressure E

O Measurement of Jow rate
Linesr ac uater

Pressure connol
Reservoir mnk

e

S

Fig.3.
hvdrodvnamic evaluation of the anastomosed model

2706

in vitro Coronary Circulatory System for



The CCS. driven by linear actuator composed of stepping
motor, has been designed to reproduce natural coronary
hemodynamics. Pressure and flow rate were measured at the
inlet and outlet of the test section. Differential manometer
(AP-12S, KEYENCE) was installed to measure pressure loss
of vicinity of the anastomosis.

IV. EVALUATION

Our group has conducted the experiment to clarify the
difference among expert and trainee surgeon’s skills by using
above newly developed self-training system as shown in
Fig.5. A registered cardiac surgeon was selected as the expert
surgeon. And a cardiac surgeon, who has never been an
operator in clinical has been selected as the trainee surgeon.
The both expert and trainee surgeon anastomosed the
coronary artery and graft model. which was set onto the
BEAT under non beating condition. The anastomosed model
the test section of the CCS. Identical

S were set onto

waveforms in coronary artery were applied into the inlet of

the anastomosis under the conditions,
120/80mmHg of pressure (normotension), 33ml/min of mean
flow rate. Pressure and flow rate were measured at proximal
and distal ends of the anastomosis. Then energy loss was
calculated by equation (1). using the following parameters:
pressure gradient A P and flow rate O,

B = §(AP'Q;.. Kt (1)

following

V. RESULT AND DISCUSSION

Our group considered the experimental results in terms of

relevance between morphological and hydrodynamics
characteristics of the bypass grafting anastomosis.

A Morphological characteristics

Fig.6. shows comparative visual inspection of the
anastomosis. which has been done by the expert and the
trainee surgeon. The both models were anastomosed by
continuous suture using PROLENE 7-0 (Ethicon Inc.). [n the
overhead view of anastomosis, it was observed that intervals
of each stitch were regular in expert surgeon’s anastomosis.
Morcover. a length of each stitch was nearly equal and its
direction was almost normal to the suture line. In contrast, the
orientation of each stitch was irregular in the trainee’s
anastomosis. The irregular stitch was caused to configuration
of the collapsed orifice area. which is pointed with dotted line
in Fig.6. In the frontal view of the anastomosis, expert model
has an outline of the graft model, which straightly and
smoothly connected to the coronary artery. On the other hand.
an outline of the graft model in trainee model was formed as
downbhill in part. It was observed that a cross-stitch was on the
suture line in collapsed orifice area in trainee’s anastomosis.
The cross-stitch may cause to stenotic pattern of an inner
lumen. In order to investigate a shape of inner lumen, wax
injection molding has done as shown in Fig.7. Then, Effective
Orifice Area (EOA) has been quantitied by image analysis on
cross-sectional surface of the anastomosis. As the result,
which was shown in TABLE [, an EOA of the trainee model

has been calculated as 19.4% of the expert model. The effect
of this difference of EOA to hydrodynamics in th
anastomosis has been considered in next section.

(2]

B.  Hydrodynamic effect to an anastomosis

Fig.8 shows natural waveforms of pressure and flow rate ina
coronary artery. It was confirmed that the typical
double-peaked waveforms of flow rate and single-peaked
waveforms in coronary artery were reproduced by CCS as
shown in Fig.9. Pressure loss could be found from the
difference between waveforms of inlet and outlet pressure in
the both expert and trainee models. Then, energy loss was
calculated as 41.30 = 3.08m/ for the expert and 67.28 *
1.75ml for the trainee surgeon as shown in Fig.10. The
energy loss of the expert surgeon was 38.6% less than the
trainee surgeon. [t we discuss the anastomotic models as
bended tubular shaped elastic model, a drastic change of the
EOA may be cause of a significant pressure gradient on
tubular axis between inlet and outlet of the tube. It was
inferred that this pressure gradient affects to separate the local
flow of near vascular wall. Thus, it was thought as that energy
loss of the trainee model was higher than the expert model.

Expert surgeon
suture line

stitch

Trainee surgeon

PR i
Fig.6. Appearance of anastomosed model of the expert
and the trainee.

(b) Trainee model
Fig.7. Inner geometry of anastomosed model, fabricated
by wax injection molding.

(a) Expert model

TABLEI
EFFECTIVE ORIFICE AREA OF EXPERT AND TRAINEE MODEI
- EOA
Class )
(mm”)
Expert surgeon 2.73
Trainee surgeon 0.53
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Fig.10. Energy loss for the trainee and the expert
(registered) surgeon’s anastomosis.

This experimental result implies that the technique of

controlling EOA is relevant to improve the hydrodynamic
characteristics ol the anastomosis. The further study is
required to clarify the characteristics of these local flows by
using flow visualization technology such as Particle Image
Velocimetry.

VI.

In this study. a self-training system for the anastomotic
technigue in CABG has been developed. The selected expert
and trainee surgeon’s anastomotic  skill has  been
ditterentiated by using the coronary circulatory system.

CONCLUSION

Throughout the visual inspection, it was observed that the
orientation of the trainee surgeon’s each stitch was irregular,
comparing to expert surgeon. This has caused to narrow EOA.
and then the higher energy loss has been induced in the
trainee anastomosis. In conclusion, it has been suggested that
an expert and a lrainee surgeon’s anastomosis could be
difterentiated by using in vitre mock circulatory system. We
will continue studying to reveal an essence ol expert
surgeons’ skills by following approaches. The one is statistic
analysis of the anastomotic technique to find typical pattern
among expert and trainee surgeons. The other is considering
the relation between configuration of the EOA in an
anastomosis and the hydrodynamic characteristics by
analyzing local flow. It is expected that these study will
contribute to the establishment of an evaluative criteria for
human surgeons and robot surgeons in the future.
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Biochemical evaluation of an artificial anal sphincter made from shape

memory alloys

Abstract Severe anal incontinence is a socially incapacitat-
ing disorder and a major unresolved clinical problem that
has a considerable negative impact on quality of life. In this
study, we developed a new artificial anal sphincter using
shape memory alloys (SMAs) in order to improve the
quality of life of such patients and evaluated the influence
of this sphincter on blood serum chemistry in animal experi-
ments. The artificial anal sphincter was driven by two Ti-Ni
SMA actuators sandwiching the intestine and was implanted
in three female goats. Blood was collected from the jugular
vein on days 1 and 4; at weeks 1 and 2; and at months 1, 2,
and 3, postoperatively. Biochemical parameters including
total protein, albumin, total bilirubin, aspartate amino-
transferase, blood urea nitrogen, creatinine, and C-reactive
protein were examined. The time courses of total bilirubin
and aspartale amino transferase of the three goats were
within the baseline levels after 1 week of implantation and
remained normal, demonstrating no liver function compli-
cations. The blood urea nitrogen and creatinine levels
remained within the normal range. indicating no renal func-
tion complications. The total protein and albumin fluctuated
within the normal range throughout the duration of this
study. In these goats, it was also found that the level of C-
reactive protein did not increase and that there was no
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stricture of the intestine where the artificial sphincter was
attached. Our findings indicate that the artificial sphincter
SMA demonstrated no adverse influence on blood serum
chemistry and exhibited an effective system performance.

Key words Shape memory alloys - Artificial anal
sphincter - Biochemical evaluations - Implantation - Goat

Introduction

Severe anal incontinence (incontinence for gas, feces, or
both) is a socially incapacitating disorder and a major unre-
solved clinical problem that has a considerable negative
impact on quality of life. This condition is caused by colos-
tomy or ileostomy, neuromuscular disorders, congenital
anorectal malformation, and obstetric injury. As a treal-
ment for such patients, an artificial anal sphincter (AMS800,
American Medical Systems, Minneapolis, MN, USA) was
developed and has been implanted in animal models and
patients. However, it has been indicated that the artificial
sphincter may not withstand prolonged use because of
mechanical failure and structures using a liquid drive
mechanism.'”

Nickel-titanium (Ni-Ti) shape memory alloys (SMAs)
have many unique mechanical and material characteristics
combined with good biocompatibility. SMAs are attracting
considerable attention as core materials in medical applica-
tions because of their high ratio of recovery force to weight
and large recoverable strains. SMAs are durable and can
endure up to 50000 cycles of heating and cooling.™ We have
previously reported the development of artificial anal
sphincters using SMAs for treating patients with neuromus-
cular disorders. severe congenital anomalies, or colostomy.™
The artificial anal sphincter has only one deformable part
and therefore has a simple structure with good durability
and is expected to reduce the possibility of mechanical
failure. In this study, we evaluated the influence of the arti-
ficial anal sphincter on blood serum chemistry in animal
experiments.
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Materials and methods
Animals

‘Three [emale goats weighing 50-60 kg were used. The animal
experiments were performed after approval by the Research
Animal Resource Committee of the Institute of Experi-
mental Animals, Tohoku University School of Medicine,
Japan.

Artificial anal sphincter device

The artificial sphincter (AS) is driven by two Ti-Ni SMA
actuators sandwiching the intestine. The composition of
SMA used in this study was TiSlat%Ni on an atomic basis.
The actuator consists of two SMA plates (70 18.5x0.7mm)
jointed by hinges at their ends and foil type heaters attached
on the SMA plates. Silicone pillows were placed on the
surfaces of the SMA plates to prevent pressure concentra-
tion on the intestines, which may cause ischemia. The bilat-
eral ends of two SMA plates of circumferential shape were
fixed with latches, and the alimentary tract was placed
between the two SMA actuators.

To control the opening and closing of the anal canal, two
meander winding (.2-mm wires were attached on the surface
of each SMA plate as heaters. On heating, the reverse R-
phase transformation occurred in the SMA plates, accom-
panied by shape changes from a flat shape to an arc shape.
The shape change resulted in a lumen between the two
SMA plates, which allowed bowel movement to take
place.

Fig. 1. Implantable components
and transcutaneous energy
transmission system ot a shape
memory alloy (SMA) artificial
sphincter (AS). Top lefi,
implanted components: bottom
left, extracorporeal components:
top right, closed state; bottom
right, apen state

The power to heat the SMA plates can be provided per-
cutaneously by a DC/AC external power supply. A transcu-
taneous energy transmission system (TETS) was used to
supply power to the AS. This system consisted of two coils,
one outside the body (primary coil) and the other inside the
body (secondary coil). A temperature-responsive reed
switch (TRS, TDK, TR-55B50, Tokyo, Japan) was used to
prevent overheating of the AS. When an electric current of
4A at 4V was supplied, the temperature of the SMA plates
immediately started to rise, and the two plates bent to form
an almond shape at a temperature of 55°C with a maximal
gap of 33mm between the plates. When the electric current
was removed, the SMA plates recovered their initial shapes
on natural cooling, resulting in closure of the intestines once
again (Fig. 1).

Implantation of the artificial anal sphincter

The animals were placed on a surgical table in the lateral
position under general anesthesia and were prepped and
draped in sterile fashion. Anesthesia applied by halothane
inhalation via a respirator was maintained throughout the
procedure.

The creation of end-colostomy on the abdomen through
the oblique muscles and the implantation of the artificial
SMA anal sphincter were performed. The artificial anal
sphincter and overheating protector were implanted

between the peritoneum and abdominal wall. The colos-
tomy was reached via an extraperitoneal approach and a
space around it was created. The artificial anal sphincter was
attached to the intestine with latches, The secondary coil




was placed in the subcutaneous space near the colostomy,
and the primary coil was attached to the skin, aligned with
the secondary coil (Fig. 2). The lines to supply electric
current to the device were led outside through a subcutane-
ous tunnel. An antibiotic was administrated intravenously
for 3 days after surgery, and feeding was started on the day
after the surgery. The bowels of the goats were moved 10
times a day by supplying electricity to the primary coil for
10min.

Test of biocompatibility

Blood was collected from the jugular vein on days 1 and 4:
at weeks 1 and 2; and at months 1, 2, and 3, postoperatively.
The blood was centrifuged at 3000 rpm for 10 min to obtain
the blood components from the supernatant for hemato-
logical examinations. Biochemical parameters including
total protein, albumin, total bilirubin, aspartate amino-
transferase (AST), blood urea nitrogen, creatinine, and C-
reactive protein (CRP) were examined. The animals were
killed 3 months after surgery under anesthesia, and tissue
samples were collected from the intestine, liver, and kidneys
and were preserved in 10% formalin.

Primary coil

Secondary coil

[ Portable high frequency
Power supply system

1

Fig. 2. Chronic animal experiment of a goat implanted with the
AS-SMA

Fig. 3. Total bilirubin and
aspartate aminotransferase
(AST) levels as markers of liver
function

0.8

0.6

0.4

0.2

Total bilirubin (mg/dl)

Results

In this study, the duration of the three long-term implants
of the artificial anal sphincter (i.e., more than | week)
ranged from 30 to 90 days. The data at 3 months from two
of the goats could be recorded; however, the third goat was
eliminated from the trial one month after the procedure due
to failure of the electrodes.

The device was operated 300 times in 1 month; bowel
movements were observed and the stools appeared the
same as those seen before implantation. The stoma was
always continent in the resting position of the AS, and the
goats had a good appetite with no abdominal distension.
Macroscopically. the stoma had a ruddy complexion and
exhibited elasticity; there was no stricture of the intestine
where the AS was attached.

Throughout the study period, the major biochemistry
parameters were almost always within the normal ranges.
The time courses of total bilirubin and AST of the three
goats were within the baseline levels after 1 week of implan-
tation and remained normal, indicating that there were no
liver function complications (Fig. 3). The blood urea nitro-
gen and creatinine levels of the three goats remained within
the normal range, demonstrating no renal function compli-
cations (Fig. 4). The total protein and albumin levels fluctu-
ated within the normal ranges throughout the study period
(Fig. 5), and in these goats, we also found that the level of
CRP had not increased during the study.

The developed SMA artificial sphincter (AS-SMA) was
implanted in animal models for chronic experiments of up
to 3 months duration and exhibited good performance in
maintaining fecal continence.

Discussion

The normal biochemistry results observed throughout this
study bodes well for the future clinical use of the AS-SMA.
Different hematological parameters were evaluated for in
vivo assessment of biochemistry. The effects of the AS-SMA
on renal and liver functions were evaluated by changes in
total creatinine, blood urea nitrogen, bilirubin, and AST. In
one goat, abnormal AST and bilirubin levels were evident
on postoperative day 4, but these had returned to the normal
range by postoperative day 7. The use of halothane anes-
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thesia can induce an elevation of serum activities of liver
enzymes, often around 2 to 7 days after anesthesia, and the
leakage of enzyme into the serum may have come from
muscle damage at the time of surgery.

Chronic in vivo studies of the AS-SMA in three goats
demonstrated little influence on blood serum chemistry and
showed the reliability and effective performance of the
system. There were no incidences of bleeding, systemic
organ dysfunction, or mechanical failure in any ol the goats.
Of the three long-term implanted goats, one goal was ler-
minated after 30 days because of electrode-related issues.
and two goats were terminated after 90 days. The failure of
the electrodes was consistent with moisture permeation;
device-related difficulties were limited to just two cable-
related issues.”

Use of this AS-SMA will minimize the surgical invasive-
ness and compression of the surrounding tissues such as the
skin and gastrointestinal system, resulting in a rapid recov-
ery from the surgery and reduced risks of pocket bleeding,
wound infection, and malnutrition. Ni-Ti alloys have been
reported to exhibit good biocompatibility due to their high
corrosion resistance and Ni-Ti alloys have gained popularity
in the biomedical field because of their appealing
mechanical properties.' """ 'The SMA was covered with a
silicone pillow and exhibited conformity with the living
body in the contact point with the anal canal. The soft sili-
cone pillow covering material reduces the pressure concen-
tration on the contacting arca of the intestines and allows
good circulation.

In this study, the small loss of power by the TETS resulted
in sufficient capability for energy transmission. During the

Postoperative Days

experiment, the AS opened cach time energy was transmit-
ted; however, if the efficiency were improved, less AC power
would be required. The AS was kept open for 10min,
although the surface temperature was lower than 43°C
because the allowable body temperature was around 42°C.
The overheating protector was able to prevent burns around
the AS and extended the duration of AS opening.'*”

The AS was opened for a long enough period (10min)
to allow controlled fecal continence. Fecal movements were
regularly observed when the artificial anal sphincter was
activated, and the evacuated feces were confirmed as being
normal.

These biochemistry studies support the concept and
design of this implantable artificial anal sphincter. In
conclusion, this artificial anal sphincter demonstrated no
adverse influence on blood serum chemistry and exhibited
an effective system performance.
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Itis a long-term controversial point between the circulatory physiologists and the artificial heart
researchers whether the pulsatile flow is essential for the living body or not [1], In particular, since
the axial flow pump, a continuous flow pumnp, that could keep the patients alive for more than
a few years was introduced into use in clinical setting in 2001, this problem has been regarded
as a very importanlt physiological and pathophysiological issue. The objective of this study was
to develop an implantable probe to observe microcirculation in artificial circulation.

The principle of the probe developed in this study 1s the following: a thin living tissue 15 put
directly on a highly mtegrated CCD (charge coupled device), and it is illuminated from the
backside of the tissue with LED(light emitting diode). The microvascular nets in the tissue will
be projected on the CCD surface, like a contact photograph, which produces an image on the
TV screen. The problems are how to magnify them to be able to observe the erythrocyte flow,
how to control the focus, how to electrically insulate them and how to make them compact
After several attempts to magnify the image, a micro lens having 2 mm in diameter, 2 mm
long and 6 times magnification, was designed and made of acrylic resin. The lens was m-
stalled into a CCD camera with 8 mm in diameter and it was 60 mm long. The camera could
magnify the image about 650 times on the 14 inches TV screen. A distinct microcirculation
image, including the capillary flow, could be observed when the camera was implanted into
the connective tissue under the skin of the rabbit. Now the focus control system is being
developed with the camera to be implanted in animals on the long-term base.
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