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77+32% for pitavastatin, and 76=39% lor cerivastatin) or
LY294002 (69x23% for pravastatin, 702 27% for pitavasta-
tin, and 68 £21% for cerivastatin).

Discussion
The present study demonstrates that several statins provide
immediate infarct limitation of ditferent magmtudes and at
different optimal doses. Our results also sugpest that activa-
tion of ecto-5'-nocleotidase through the activation of PI3-K
afler ischemia was involved in this cardioprotective mecha-
nism of statins.

Cholesterol-Lowering Fffects and Immediate
Infarct Limitation of Statins

In this study, we set the doses of statms in Iing with their
clinical cholesterol-Jowering properties. In Japan, the stan-
dard clinical doses to obtain a 2094 to 30%% reduction of 10tal
plasma cholesterol levels were 10 mg/d for pravastatin, 2
mg/d for pitavastatin, and 0.15 mg/d for cerivastatin, Our
preliminary tials in the same dog mode! reveajed that a
single intravenous injection of 0.2 mg'ky pravastatin, 0.1
mg/ke pitavastatin, or 5 pg'ke cerivastatin approximated the
clinical cholesterol-lowering dose based on the maximal
plasma concentration of each statin (data not shown), Be-
cause (1) the maximal infarct Hmitation was achieved by a
higher dose of pravastatin than the clinical dose, whereas the
dose was similar o the clinical dose Jor pitavastatin and
lower for cerivastating, and (2) these statins showed early
cardioprotection within 2 hours o’ administration in this
model. il is strongly suggested that the magnitude of imme-
diate infaret limitation by each statin s not correlated with its
cholesterol-lowering effect.

Existence of Optimal Cardioprotective Doses lor
Each Statin

In the present report, we have direetly shown that pitavastatin
has the optimal dose 1o reduce infarcet size. Obviously, there
Is also an optimal dose for cerivastatin under the lowest dose
we tried,
cerivastatin near zero will converge with those of control
levels. In the case of pravastatin, our additional experiment,
within the himitation with regard 1o the wotal amount of the
drug we could obtain, showed that 100 mgkg pravastatin
administered in the same manner as in protocol I excried
similar (but a slightly weaker) magnitude of reducing infarct
size (20.924.5%, n=5) compared with that achieved with 10
mg'ke of this agenl. Although we could not show direct
evidence in this case, it would at least not deny the possibility
for the existence of an optimal dose of pravastatin, Further-
more, other reports also showed the existence of an optimal
dose of atorvastatin for infaret Hmitation® or of simvastatin
for PI3-K activation ® Taken together, the existence of opli-
mal doses should be ubiguitous among all (or at Teast all
liydrophobic) statins.

Although direet exhibition of the reason for (s phenon-
enon remains unclear in this study, there might be some
reasons 1o regulate the respective optimal windews for cach
statin, eg, differences in the ability 1o attenuate inflammatory
sespanse? or in the poteney of direct absorption into cellular
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membrane to modulate intracellular signaling systems. In
addition, vur present finding that infarct Jimitation completely
paralleled the activation of PI13-K leads us to hypothesize that
the lesser effects by the higher (‘()\L,b of statins should be
regulated upsiream of PI3-K. ()m_ possibility is that all
hydrophobic stating can dose- denndume activate apoplosis-
related signals,?’ which might also explain the wide range of
higher cardioprotective doses for pravastatin specifically.
Finally, additional studies will nccé[ tu be performed 1o obtain
direct evidence.

Cardioprotective Mechanisms

Our observations that (1) activation of PI3-K and ccto-5'-
nueleotidase was coincident with i substantial limitation of
infarct size, (2) either wortmannin or AMP-CP abolished
cardioprotection by all 3 statins, (3} different PI13-K inhibitoss
at reperlusion actnally inhibited PI3-K activity (Figure 4) and
subsequently reduced ecto-8"-nueleotidase activity (Figare
3}, and {(4) our preliminary documéntation that P13-K inhibi-
tion by either wortmannin of LY 21)4(1()2 before 1schemia did
nat abolish the infarct limilatinn‘hy slatins in the present
study (n=4 or 5, data not shown), together suggest that
infaret limitation in this model was linked 1o the activation of
PI3-K during reperfusion, not belpre ischemia, [ollowed by
ceto-5'-nucleotidase activation. ‘

In this study, we did not determine the exact mechanism of
how PI3-K activates ecto-5'-nucleotidase. Alhough we have
previously reported that phospborylation of ecto-5'-
nucleotidase might be crucial 2 other mechanisms may also
be invelved, such as endocytotic turnover.'” In addition,
although we did not evaluate real-time regional myocardial
production of adenosine in each group, treatment with a
potent adenosine receptor antagonist (8-SPT) during reperfu-
sion also blunted infarct limitation] by statins along with the
mhibition of ecto-5"-nucleotidase, further suggesting that
cardioprolection against ischemia-llcpcr!'usinn JUTY VI eClo-
5'-nucleotidase activation might be mediated by an increase
of adenosine, the main product of ecto-S"-nucleotidase. 11522
However, other implicated mechanism of enhanced activation
of the adenosine receptor (eg, ncreased receptor sensitivity)
should be determined by future stadies,

Possible Link Between C artlmpmlccllun by
Adenosine and NO i
Previous studies support our present findings that slatins
rapidly activate the PI3-K/Akt pziill\\'a)f,“-" and we obtained
another preliminary finding that the cotreatment with N°-
nitro-p -arginine methyl cester (10 pe - kg ' - min' ') in the
same manner as in protoeol 1, which we confirmed did not
altect baseline infarct size in e present model,2* blunted the
infarct imitation by pravastatin (36.8x4.1%, n=7), pitavas-
tatin (39.9*+3.9%, n=06), and cerivastatin (42.624.0%, n=5),
Therefore, there is a possibility that ccto-5'-nucteotidase and
NO act in series o cause statin-induced cardioprotection,
Although clucidation ofa direct effect should be the focus
of future studies, there are at least 2 lines of evidence to
support the explanation that adenosine and NCO synergisti-
cally caused infarct imitation in this study. First. NO direetly
exctts cardioprotection®: NO inhibits celi-to-cell adhesion.
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such as that between platelets™ or between neutrophils and
endothelial ceils, 627 by reducing expression of P-selectn,®
E-selectin, and imtercellular adhesion molecule-1,%% which
leads to attenuation of the inflammatory response??242% or
protects against ischentia-repertision mjury.2-2* In addition,
NO s reported to mlubit caspase-3 activity and to block
apoplosis of cardiae myocytes® On the other hand, adeno-
sine also rescues injured myocardium through activating
adenosine receptors.!*30- 32 Ejther administration of adeno-
sine or enhancement of endogenous adenosine release during
repertusion after sustained ischemia limits infarct size!%7
We and others have shown that (1) adenosine receptor (4,
and- A,) activation improves contractile dystunction atter
reperfusion,™ (2) inhibition of norepinephrine release from
the presynaptic vesicles and attenuation of caleium milux
vceur throagh the A receptor and the coupled inhibitory G
protein, =+ (3} inhition of platelet aggregation and keuko-
eyle activation occurs through the A, receptor and the
coupled stimulatory G protein,™-* and (4) activation of
extracellular signal regulated kinase, one of the reperfusion
injury survival kinase pathways,'? takes place during reper-
fusion through the A; receptor®® Therefore, either adenosine
or NO similarly and potentially protects injured myocardium
through multiple pathways.

Second, recent articles have shown that either adeno-
sine's ¥ or NO¥ can reactivate PI3-K downstream. How-
ever, increasing e production of buth agents is known to
nepatively repulate further increases of production of these
molecules, 324 sugpesting the requirenient of both pathways
to conter suflicient cardioprotection i the physiologieal
system. Taking all of these together, it is likely that adenosme
and NO synergistically confer the statm-derived immediate
cardioprotection shown in this study.

In conclusion, vur findings suggest the ceflular mechanism
by which statins attenuate myocardial injury, which may
indicate the possibility of acule protective therapies  for
ischemia and associated myocardial stresses.
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Nagaya, Noritoshi. Takatumi Fujii, Takashi Iwase, Hajime
Ohgushi, Takefumi Itoh, Masaaki Uematsu, Masakazu Yama-
gishi. Hidezo Maori, Kenji Kangawa, and Soichire Kitamura. lnta-
venous administration of mesenchymal stem eells improves cardiac
function in rats with acute myocardial infarction through angiogenesis
and myogenesis. Am J Pinsiol Heanr Cire Physiol 287: 112670~
H2676. 2004, First published July 29, 2004 doi:101152/
ajpheart.01071.2003.—Mesenchymal stem celfs (MSCs) are pharipo-
tent cells that differentiate into a variety of cells, induding cardiomy-
ocytes and endothelial cells. However. litde information is available
regarding the therapeutic potency of systemically delivered MSCs for
myocardial infarction. Accordingly. we investigated whether intrave-
nously transplanted MSCs induce angiogenesis and myogenesis and
improve cardiac function in rats with acute myocardial infarction.
MSCs were isolated from bone ntarrow aspirates of isogenic adult rats
and expanded ex vivo, At 3 h after coronary ligation. 5 X 10° MSCs
(MSC group. » = 12) or vehicle (control group. # = 12) was
intravenously administered to Lewis rats. Transplanted MSCs were
preferentially attracted 1o the infarcted, but not the noninfarcted.
myocardium. The engrafied MSCs were positive for eardiac markers:
desmin, cardiac troponin T. and connexin43. On the other hand. some
of the transplanted MSCs were positive for von Willebrand facter and
formed vascular structures. Capillary density was markedly increased
after MSC transplantation. Cardiac infarct size was significamly
smaller in the MSC than in the contrel group (24 * 2 vs, 33 & 29,
P < 0,05, MSC wansplantation decreased left ventricular end-dia-
stolic pressure and increased left ventricular maximum dP/ds (both
P < 0.05 vs. control). These results suggest that intravenous admin-
istration of MSCs improves cardiac funetion after acute myocardial
infarction through enhancement of angivgenesis and myogenesis in
the ischemic myocardium.

left ventricular end-diastolic pressure: cell transplantation: differenti-
ation: homing

INTERRUPTION OF MYOCARDIAL blood flow leads to cardiomyocyle
death (20). Although myocyte mitosis and the presence of
cardiac precursor cells in adult hearls have recently been
teported (6, 17), death of kirge numbers of cardiomyocyles
results in the development of heart failure (16). Thus it would
be desirable (o induce angiogenesis and mvogenesis for the
treatment of ischemic heart disease.
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Mesenchymal stem cells (MSCs) are pluripotent adull stem
cells residing within the bone marrow microenvironment (11,
18). In contrast to their hematopoietic counterparts, MSCs have
an adberent nature and are expandable in culture. MSCs can
differentiate into not only osteoblasts, chondrocytes, neurons.
and skeletal moscle cells but also vascular endothelial cells
(19) and cardiomyocytes (23, 24). In vitro, MSCs have the
potential to induce a neovascular response in murine Matrigel
angiogenesis assay (2). In vivo, local MSC implantation in-
duces therapentic angiogenesis in a rat model of hindlimb
ischemia (1). On the other hand, MSCs directly injecied into
the infarcted heart have been shown to induce myocardial
regeneration and improve cardiac function (21). Stem or pro-
genitor cells have heen shown to circulate in peripleral blood
and home (¢ ischemic tissues (4). These results raise the
possibility that infravenously administered MSCs participate in
repair of the ischemic myocardium primarily by angiogenesis,
which prevents apopiosis of native cardiomyocytes. and by
direet regencration of lost cardiomyocytes. However, hile
information is available regarding the therapewtic potential of
systemically delivered MSCs for myocardial infarction.

Thus the purpose of this stady was 1o investigale whether 1)
intravenously administered MSCs are able to engraft in the
ischemic myocardium. 2) transplanted MSCs induce angiogen-
exis and myogenesis after myocardial infarction, and 3) trans-
plantation of MSCs decreases infarct size and improves cardiac
function.

METHODS

Animals. Male Lewis rats (n = 70) weighing 220-250 ¢ were used
in this study. These isogenic rats (n = 8) served as domors and
recipients of M3Cs (o simulate autologous implantation. The Animal
Care Committee of the National Cardiovascular Center approved the
experimental protocol.

Model of myocardial infarction and cell transplamtation. Fifty-one
rats underwent ligation of the left coronary arery to produce myo-
cardial infarction. as described previously (15). Briefly. after rals were
anesthetized by injection of pentobarbital sodium (30 mp/kg body wt
ip). they were artificially vemilated using a volume-regulated respi-
rator. The heart was exposed via a left thoracotomy. and the left
coronary artery was ligated 2-3 mm from its origin between the
pulmonary anery conus and the Jeft atrium using a 6-0) Prolene suture.
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At 3 h after coronary tigation, 40 rats survived (78% survival rate): 30
were randemized to receive an intravenous injection of MSCs (MSC
group, # = 14) or PBS (control group, n = 16). and 10 received
fuorescence-labeled MSCs for examination of MSC differentiation
(n = 5) and incorporation {# = 5}, Eleven rats underwent a sham
operation consisting of thoracotomy and cardiac exposure but without
coronary artery ligation. At 3 h after coronary ligation, we adminis-
tered 5 X 10° MSCs/100 plin PBS or PBS alone through a catheter
inserted into the left jugular vein in ~30 s, The subsequent mortality
for 4 wk was 25% in the control group and 14% in the MSC group.
This protecol resulied in the creation of three groups: narmal rats
given PBS (sham group. # = 11). myecardial infarciion rats piven
PBS (conurol group. # = 12). and myocardial infarction rats given
MSCs (MSC group, n = 12).

Expansion of bone marrow MSCs. MSC expansion was petformed
according to previously deseribed methods (18). Briefly, we killed the
male Lewis rats and harvested the bone marrow by flushing the cavity
of the femurs and tibias with PBS. Bone matrow cells were introduced
into 100-mm dishes and cultured in a-MEM supplemented with 10%
FBS and antibiotics. A small number of cells developad visible
symmetrical colonies by day 5—7. Nonadhetent hematopoietic cells
were removed. and the medium was replaced. The adherent. spindle-
shaped MSC population expanded o >5 X 107 cells by approxi-
mately four to five passages after the cells were first caltured.

Filow evtometry, Adherent cells were analyzed by fluorescence-
activated ccll sorting (FACS SCAN flow cylometer. Becton Dickin-
sor). Cells were incubated {or 30 min at 4°C with the FITC-conju-
gated mouse monoclkonal antibedies against rat CD34 (clone ICO-115.
Santa Cruz Biotechnology} and CD43 and CDY0 (clenes OX-1 and
OX-7, respectively. Becton Dickinson). FITC-conjugated hamster
anti-rat €129 monoclonal antibody (clone Ha2/5, Becton Dickinson)
and rabbit anti-rat ¢-Kit polyclonal antibody (clone C-19, Santa Cruz
Biotechnology) were used. Isotype-identical antibadies served as
controls.

Echocardiographic studies. Echocardiographic studics were per-
formed by an investigator blinded 10 tremmem allocatien 4 wk afler
coronary ligation. Two-dimensional targeted M-muode traces were ob-
tained at the level of the papillary muscles using an echocardiographic
system eqyuippad with a 7.5-MIlz phased-artay transducer (SONOS
5500. Hewlew-Packard, Andover, MA). Anterior and posteror end-
diasiolic wall thickness and left ventieular (LV) end-diastolic and end-
systalic dimensions were measured by the American Saciety (or Echo-
cardiclogy leading-edpe method from at least thive consecutive carcliac
cycles. LV fractional shortening was caleulated as follows: (LVI)y —
LVD YLV, % 100, where LVDy is LV diastolic dimension and LVD.
is LV systolic dimension. LV volume and ejection fraction were caleu-
lated on the basis of the Teichholtz formula.
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Hemodynamic studies. lIemodynnmig:" studies were performed 4 wk
after coronary ligation. A 1.5-Fr micronmlnomclcr-lippcd catheter {Miliar
Instruments) was inserted in the right carotid wtery for measurement of
mean arterial pressure. Then the catheter was advanced into the LV for
measurement of LV pressure. Hemodynamic variables were measured
using a pressore transducer (mode) P23 1D, Gould) connecled to a
potygraph. After completion of these measurements. the lefi and right
ventricles were excised and weighed. Infabction size was determined as a
percentage of the entire LV area, as reporied previously (8). Briefly.
incisions were made in the LV, so that the tissue could be pressed flat.
The circumference of the entire fiat LV and the visualized infarcted area.
as judged from the epicardial and endocardial sides. was owtlined on a
clear plastic sheet. The difference in weight between the two marked
areas on the sheet was used to deterfune infarction Size and was
expressed as a percentage of LV surface area.

Histological examination. To detect fibrosis in cardiac muscle. the
LV myocardium {# = 5 cach group) was fixed in 10% formalin, cut
transversely. embedded in paraffin. and stained with Masson’s
richrome. To deteet capillary endothelial cells in the peti-infarct area,
samples of the harvested muscle (a = 5§ ach) were embedded in OCT
compound (Miles Scientific), snap frozen in liguid nitrogen. and cut
into transverse sections., Tissue sections were stained for alkaline
phosphatase with an indoxyltetrazolium method. The number of
capillary vessels was counted in the per-infarct area using a light
niicroscope at X200 magnification. The numbers in five high-power
fields were averaged and expressed as the number of capillary vesscls,
These morphometric studies were pcrii')mwd by two examiners who
were blinded to treatment. |

An additional five rats were used to examine whether transplanted
MSCs differentiated into cardiemyocytes or vascular endothelial cells.
Suspended MSCs were labeled with Ruorescent dyes with a PKH-26
red fluorescent cell linker kit (Sigma Chimical, St. Louis. MOQ) before
implantation. as reported previously (ISP. Fluotescence-labeled MSCs
were intravenously administered 3 b after coronary ligation. This
subgroup of rats was killed 4 wk after coronary ligation. Afier the LV
was excised and dissected free, musele samples were embedded in
OCT compound. snap frozen in Liquid nitrogen. and cut into sections.
Immunefluoreseent staining for cardiag and endothelial cell markers
was performed using monoclonal mouse antidesmin (Dako). anti-
cardiac troponin T (Novo), anticonnexind3 {Sigma Chemical). and
polyclonal rabbit anti-ven Willebrand factor (Dake). FITC-conjugated
1gG antibody (BD Pharmingen and Molecular Probes) was used as a
secondary antibody. .

AL 24 h after intravenous administration of PKI-26-labeled MSCs.
cardiac muscle was embedded in OCT L:ompound and snap frozen in
liquid nitrogen. Then the cardiac muscle from base to apex was
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Fig. 1. Flow cytometric analysis of adherent. spindle-shaped mesenchymal stem celt (MSC) population expanded to 4--3 passages.
Most of the ¢ells expressed CD29 and CD90 but were negative Tor CD34 and CDJS. Some cells were posilive for o-Kit. ML

myocardial infarction.
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Fig. 2. Effect of MSC transplantation on
myovardial infaret size 4 wk after myocar-
dial infwrction. A representative Masson's
frichrome-stained myocardial sections from
control and MSC groups. H: quantitative
analysis demonstrating that MSC transplan-
tation significantly decrensed inlurct size.
Values are means = SE. *P < 005 vs,
control.

Control

transversely cut into 3-pm slices for caleulation of the numbers of
transplanted MSCs in the heart (1 = 3),

Statistical analvsis. Numerical values were expressed as means =
SE unless otherwise indicated. Compatisons of parameters amony the
three groups were made using one-wav analysis of variance
(ANOVA) followed by Schelfé’s multiple comparizon test. Compar-
isons of parameters between lwoe groups were made by unpaired
Student’s f-test. P << 0.05 was considered stgnificant.

RESULTS

Characterization of culttired MSCs. Most ol celtured adher-
ent cells expressed CD2Y and CD90 (Fig. D. In contrast, a
majortty ol adherent cells were negative for C[234 and CD45. A
small fraction of the adberent cells expressed e-Kit. Thus we
confirmed that the major population of adherent cells was MSCs.

Reduetion of myecardial infarct size after MSC wransplan-
tation. Maderate-to-large infarcts were ohserved in Musson's
irichrome-stained myocardial seciions 4wk alter coronary
ligation (control group: Fia. 2A). TTowever, MSC transplanla-
ton markedly decreased the infarct size after myocardial in-
farction (MSC group). Quantitative analysis also demonstrated

P

MESENCHYMAL STEM CELLS IN MYOCARDIAL INFARCTION
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that cardiac infarct size was signiticantly smaller in the MSC
than in the control group: 24 £ 2 v 33 = 2% (n = 12
P < 0.05: FFig. 28).

Hewmodvnaniic effects of MSC ransplamiation. A1 4 wk after
coronary ligation, hemodynamie studies were performed in the
sham (1 = 11, control (7 = 12), and MSC (1 = 12) groups.
I.V end-diastolic pressure showed a marked elevation in ihe
control group (18 = | mmllg): the clevation was significantly
attenuated in the MSC group (13 = | mmHg, P < 0.05: Fig.
3AY LV maximum dP/dr was signilicantly higher in the MSC
than in the control group (Fig. 38). LV minimum JP/df lended
o be lower in the MSC than in the control group (Fig. 3¢7).
Although mean arterial pressure was significantly lower in the
control than in the sham group. no decrease was observed in
the MSC group (Table 1), Heart rate did not significantly ditfer
among the three groups,

LV diastolic dimension was signilicantly smaller in the MSC
than in the control group (Table 2). Fractional shortening was
significintly greater in the MSC than in the control group (Fig.
AN, LV gjection fraction was also higher in the MSC than in
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Table [ Characterization of animals

112673

Table 2. Echocardiographic daia

Slaun Comtecl MEC
fn = 1] e IN PN P
Bodv wi. ¢ LR Rt W=7 =7t
LV wi/bady wi. plky L8300 222201000 2477009
RY wibody wi. g2/kz 0555002 OX3-004  071..003%
Hewt rate. brats/min 40413 42817 41813
Mean wterial pressure, mmllg 1352 a4 1193

Sleun Contral MEC
L¥D.. mm nizel 8602 752023t
LVD.. nun 4001 GO 03~ 332055t
Lr3 RN 1 02 293+t
LVEL. % [(RI 3 3 hR RS o
AWT diastole. unn 16=01 L r=dt- L4010t
PWT diastole. mm 1601 1.7=z01 1.7=01

Yulues wre means = ST Shu, shm-operated rats given vehicle controk
myocwdial infarcuon vats miven veheele: MSCL myocardsal nlarction s
aiven mesenchyvmal atein cells, LV, Left venwicle, RV, night veninele P <
005 vs. sham. TP < .05 vs, comunl

the control group (Table 21 Diastolic anterior wall thickness
was sianificantly attenuated in the MSC groap compared with
the conirol group.

Myogenesis and angiogenesis induced v MSCs. Red fluo-
rescence-labeled MSCs were intravenously administered 3 h after
coronary ligation (n = 3). Semiquantitative analysis demonstrated
that ~3% of the transplinted MSCs were incorporated into (he
heart 24 b after ransplantation. Al 4 wk alter transplantation (n =
5). MSCs were incorporated predominanily into the border zone
of infarcts (Tig. 4). whereas few MSCs were detected in Lhe
noninfarcted myocardium. Iimmunofluorescence analyses demon-
strated thit the engrafted MSCs were positive for desmin (Fig. 4),
cardiae troponin T (Fig. 54). and convexind3 {Fig. 5. These
results suggest the ability of MSCs to engralt in the ischemic
myocardium and differentiate into cardiomyocytes. On the other
hond, some ol the transplanted MSCs were posiive [or von
Willebrand facter and formed vascular structures (Fig. 6). Alka-
line phosphatase staining ol the ischemic myocardivm showed
marked anamentation of neovascularizalion in the MSC group

MSCs

Fie 1 Dustsbuuon of muavenously admimsicred MSCs i myocandoue afier acute myocadial mfcaon Red flooteseene

Desmin

Values are eeans = SELVD, LY dustobe dimension: LVD.. LV systolic
dumension: <6 FS. LV fractonal shonening: LVEEF, LV ¢jection fraction. AWT.
anterior wall thiecknzss; PWT. posterior wall ducknzss, *F <2 005 vs. sham.
P < (.03 vy, convol

(Fie. 7A4). Quuntitative analysis demonstrated that capillary den-
sity was sianificanily higher in the MSC than in the control group
(7 = 5 each: Fig. 78). !

DISCUSSION

I the present study, we dcnmns‘.lrLtai that intravenously ad-
ministered MSCs were capable of engraftment in the jschemic
myocirdium and that the engrafted MSCs differentiated  into
cardiomyocytes and vaseular endothelial cells, resulting in myo-
senesis and angiogenesis. We also demonstrated that MSC trans-
plantation decrensed myocardial infare] size and improved cardiac
function after acute myocardial infarclion in rats.

Earlier studies showed that MSCH direelly injected into the
myocardium or those injected inlo coronury arlertes improve
cardine function after myocardial infarction. However. dittle
information is available regarding the therapeutic potential of
syslemically delivered MSCs for myocardial infarction. This
study demonsirated that intravenous administration of MSCs

Merged

Infarcled
region

Noninfarcted '
region

lubeled MSCs were weorporated mio ischemic boundary zoue of e heart These cells were pasiive [or definin Curows) i cardiue

macker Magnificauon X400
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A

Transplanted MSC

B

Transplanted MSC

Troponin T

Connexin-43

MESENCHYMAL STEM CELLS IN MYOQCARDIAL INFARCTION

Merged

Fig. 3. Differentiation of transpkasted MSCs in ischemic myocardiom. Engratied MSCs were positive (arrows) for eardiac troponan

T (A} and connexindd (). Magnitication X400,

improves cardiac function alter acule myocardial infarction
through enhancement of angiogencsis and myogenesis in the
ischemic myocardium.

Earlier sludies showed that endolbelial progenitor cells are
mobilized from bone marrow inte the peripheral hloed in

Transplanted MSC

vWF

response 1o tssue ischemia and home 1o and incorporate into
sites of neovascularization (21). Similar to epithelial progenitor
cells, in the present study, transplanted MSCs were preferen-
tially attracted 10 and retained in the border zone of infarcts.
This is consistenl with recent findings in the ischemic heart (5)

Merged

Fig. 6. Transplanted MSCs were positive for von Willebrand factor (vWT and formed vascular structures. Magnification X361,

AIP-Tleart Cire Physiol - VOL 287 - BECEMBER 2004 - www.ajpheant.org

—~ 485 —



MESENCHYMAL STEM CLLLS IN MYOCARDIAL INFARCTION

Control
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or brain (7). Although the onderlying mechanisms renmwain
unclear, ischemic lissue may express specific receptors or

ligands to facilitate trafficking. adhesion. and infiltraion of

MSCs to ischemic sites.

[ the present study, some of the engrafted MSCs were stained
by cardiac proteins such as desmin and cardine troponin T,
Transplanted MSCs also expressed connexind3, a gap junction
prolein, at contact points with native cardiomyocytes. These
results supgest that MSCs dillerentiated into cardiomyocytes in
the lschunu. myocardim and formed connections with native
cardiomyocytes, In contrast 0 skeletal myoblasts, which have
been used ax a ool for myocardial repair, MSCs may have the
capacity for electromechanical coupling. Fatlier sludies demon-
strated the importance of the microenvironment for cardiomyo-
genic differentiation. Possible factors might include direct celi-cell
conlact {9, electrical and mechanical stimulation (10), and un-
known growth factors. On the other band, recent studies showed
that stem cells may fuse with exisling native ¢ells (22, 25),
Allhough the mechanisms by which MSCs develop into cardio-
myocyle-like cells remain unclear, it is possible that the direct
attachment with host cardivmyocyles in the ischemic myocardium
contributes to the cardivgenic dilferentiaton of  transplanted
MSCs. Purther studics are necessary 10 investiaate whether en-
griafled MSCs are actuafly becoming conlractile.

In the present study. some ol the transplonted MSCs were
positive for an endothelial cell marker and participated in vessel
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MSC
Fig. 7. A: representative samples of alkaline phosphatase staining in [)(.II mfarct area. Magnificalion X200, £ quantitative .llld]\“.ls

AR vs sham. 2P < 0.03 vs. control.

formation. MSC ransplantation significantly incressed the capil-
lary density in ischemic myocardium. JiIhL- recently reported phe-
notypic plasticity of MSCs to transtorm into endothelial-fike cells
provides a rationale for their potential role in neovascularization.
Hypoxia has been shown to induce MSC migration and capillary-
like structure formation by upu.uulauon ol membrane type 1
matrix metalloproteinase (3). MSC implantation has been shown
o induce therapeutic angiogenesis u!) a ral model of chronic
hindlimb ischemia (1) Ihuu. Ill]dm“\ support the theory that
intravenously administered MSCs are able to differentiate into
vascular endothelial cells in the ischemic myocardium. Interest-
ingly, MSCs enhamee angiogenesis paitly by increasing endoge-
nous levels of vascular endothelial gzlowlh factor and vascular
enduothelial growth fackor type 2 recd‘plor (7). Together, these
findings suggest that MSCs may comiribule 10 neovascalarizadion
in the ischemic myocardium not only through their ahility 10
generate capillory-like structures and [but also through growth
Lictor-mediated paracrine regulation. '

The present study showed thal MS( transplantation signifi-
cantly reduced infarel sive and attenuated wall thinming after acute
myocardial infarction. Cardiomyocyle apaptosis during ischemia
is one ol the major contributors to the development of myocardial
infurets (16, 20). I is possible thal néwly formed vessels afler
MSC transplantation improve tissue pulusnm around the ische-
mic boundary zone, resulting in [unulon.tl recavery afler acule
myocardial infarction. We also demonstrated that transplanted
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MSCs differentiated into cardiomyocytes in the ischemic myocar-
dium. These results suggest that the decrease in infarct size and
the increase in wall thickness may be atiributable not only to
MSC-induced neovascularization but also 1o myocardial regener-
ation. In the present study, MSC wansphntation improved cardiac
function after acule myocmrdial infarction, as indicated by a
significant decrease in LV end-diastolic pressure, a tendency for
an incrcase in maximum LY dP/dr, and a decrease in minitnum
LV dP/dr. Thus MSC-induced angiogenesis and myogenesis and
the resultant reduced infarct size may have contributed to the
hemodynamic improvement after acute myocardial infarction.

The low percentage of MSC migration to the heart is in
agreemen! with some previous studies (5, 14). The present study
also showed that only a small percentage of transplanted MSCs
were incorporated into the heart. This may be explained by MSC
apoptosis (12), tracking in the lung (5), and a dilution of the
fluorescent dyes as the ¢ells reproduce. Nevertheless, when MSCs
were intravenously administered in an acute phase of myocardial
infarction, MSCs induced angiogenesis and myogenesis and mod-
estly, but significantly, improved cardiac function. Thus systemic
delivery of MSCs may be heneficial for the treatment of myocar-
dial infarction.

A limitation of this study is that the cel] population may be
mixed, rather than limited to MSCs, although cell surface
markers of cultured cells were consislent with those of previ-
ously reported MSCs (12, 18).

In conclusion, intravenously administered MSCs were pref-
erentiafly attracted to the infarcted myocardium and differen-
itated into vascular endothelial cells and cardiomyocytes. MSC
transplantation decreased the infarct size and improved cardiac
function after acute myocardial infarction through enhance-
ment of angiogenesis and myogenesis. Thus MSC transplan-
tation may be a new therapeutic strategy for the treatment of
myocardial infarction.
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The cerium target x-ray generator is useful in order to perform enhanced K-edge angiography using
a cone beam because K-series characteristic x rays from the cerjum target are absorbed effectively
by iodine-based contrast mediums. The x-ray generator consists of a main controller, a unit with a
Cockeroft-Walton circuit and a fixed anode x-ray tube, and a personal computer. The tube is a
glass-enclosed diode with a cerium target and a 0.5-mm-thick beryllium window. The maximum
tube voltage and current were 65 kV and 0.4 mA, respectively, and the focal-spot sizes were 1.0
X1.3 mm. Cerium Ko lines were left using a barium sulfate filter, and the x-ray mtensny was
0.48 uC/kg at 1.0 m from the source with a tube voltage of 60 kV, a current of 0.40 mA, and an
exposure time of 1.0 s. Angiography was-performed with a computed radiography system using
iodine-based microspheres. In coronary angiography of nonliving animals, we observed fine blood
vessels of approximately 100 wm with high contrasts. © 2004 American Association of Physicists

in Medicine. {DOL: 10.1118/1.1803433]

Key words: x-ray source, x-ray tube, x-ray spectra, attenuation coefficient, angiography'

I. INTRODUCTION

Synchrotrons generate monochromatic parallel x-ray beams
using single crystals. These beams with photon energies of
approximately 35 keV have been employed to perform en-
hanced K-edge angiography,'™ since the beams are absorbed
effectively by iodine-based contrast mediums, However, it is
difficult to increase the irradiation field, due to the parallel
beam, and to obtain sufficient machine times for various re-
search projects, including medical applications.

Currently, flash x-ray generators ‘utilize cold-cathode ra-
diation tubes and produce extremely short x-ray pulses of
less than 1 us. So far, several different flash x-ray generators
have been developed,” and the generators with photon ener-
gies of lower than 150 keV®!! can be employed to perform

3017 Med. Phys. 31 (11), November 2004

0094-2405/2004/31(11)/3017/5/$22.00

biomedical radiography. In order to produce monochromatic
x rays, plasma flash x-ray generators are useful, since quite
intense and clean characteristic X rays have been produced
from weakly 1omzed linear plasmas of nickel, copper,'* and
molybdenum,”® while bremsstrahlung rays are hardly de-
tected at all. Using these generators. the characteristic x-ray
intensity substantially increased with corresponding in-
creases in the charging voltage,

Since K-series characteristic X rays from cerivm target are
absorbed effectively by iodine-based contrast mediums, a
cerium-target x-ray tube is very ‘useful in order to perform
high contrast angiography. On the other hand, cerium is a
rare earth element and has a high'reactivity, and it is difficult
to design the target. However, we are very interested in pro-

© 2004 Am. Assoc, Phys. Med. 3017
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. transfoTer

X-ray tube unit
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cireuit X-ray tube

Controller - PC

Fig. 1. Block diagram of the compact x-ray generator with a cerium-target
radiation tube, which is used specially for K-edge angiography using iodine-
based contrast mediums.

ducing cerium characteristic x rays to perform cone beam
angiography because the irradiation field can be increased
casily.

In the present research, we developed a compact x-ray
generator with a cerium target tube, and used it to perform a
preliminary study on enhanced K-edge angiography achieved
with cerium Ko rays.

Insulation transformer

to main controller g

L ——

Filament

X-ray tube

A

Copper anode

Cerium target .

X-ray

Negative
Cockeroft-Walton
circuit

Z

to main controfler

Fi6. 2. Main circuit of the x-ray generator.
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Fig. 3. X-ray intensity measured at 1.0 m from the x-ray source according
to changes in the tube voltage.

Il. GENERATOR

Figure 1 shows the block diagram of the x-ray generator,
which consists of a main controller, an x-ray tube unit with a
Cockeroft-Walton circuit, and a cerium-target tube, and a
personal computer. The tube voltage, the current, and the
exposure time can be controlled by both the controller and
the computer. The main circuit for producing x rays is illus-
trated in Fig. 2, and employed the Cockeroft-Walton circuit
in order to decrease the dimensions of the tube unit. In the
circuit, the condensers are always in series, and are charged
serially. In the x-ray tube, the negative high voltage is ap-
plied to the cathode electrode, and the anode (target) is con-
nected to the tube unit case (ground potential) to cool the
anode and the target effectively. The filament heating current
is supplied by an ac power supply in the controller in con-
junction with an insulation transformer which is used for
isolation from the high voltage from the Cockeroft-Walton
circuit. In this experiment, the tube voltage applied was from
45 to 65 kV, and the tube current was regulated to within
0.40 mA (maximum current) by the filament temperature,
The exposure time is controlled in order to obtain optimum
x-ray intensity. Monochromatic Ko lines were Ieft using a
5-mm-thick barium sulfate filter in which barium sulfate
powder was mixed with polymethyl methacrylate (PMMA)
resin, since both the bremsstrahlung and the KB rays were
absorbed effactively by the filter. In designing the filter, the
surface density of the bartum sulfate powder is important,
since the x rays are absorbed effectively by the powder as
compared with the PMMA resin. In this case, the density was
7.6 mg/cm?,

lil. CHARACTERISTICS
A. X-ray intensity

X-ray intensity was measured by a Victoreen 660 ioniza-
tion chamber at 1,0 m from the x-ray source using the filter
with an exposure time of 1.0 s (Fig. 3). At a constant tube
current of 0.40 mA, the x-ray intensity increased when the
tube voltage was increased. In this measurement, the inten-
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FiG. 4. Effective focal spots with changes in the tube voltage.

sity with a tube voltage of 60 kV and a current of (.40 mA
was 0.48 4C/kg at 1.0 m from the source with errors of less
than 0.2%.

B. Focal spot

In order to measure images of the x-ray source after the
barium sulfate filtration, we employed a pinhole camera with
a hole diameter of 50 pm (magnification ratio of 1:1) in
conjunction with a computed radiography (CR) systcmm‘15
with a sampling pitch of 87.5 um. When the tube voltage
was increased, spot dimensions seldom varied and had val-
ues of 1.0X 1.3 mm (Fig. 4).

C. X-ray spectra

In order to measure x-ray spectra, we employed a cad-
mium tellurium detector (CDTE2020X, Hamarnatsu Photon-
ics Inc.) (Fig. 5). Compared with a germanium detector, this
detector has a lower energy resolution of 1.7 keV. When the
tube voltage was increased, the characteristic x-ray intensi-
ties of Ke lines increased, and both the maximum photon
energy and the intensities of bremsstrahlung x rays in-
creased. The barium sulfate filter significantly attenuate the
spectra above the barlum K-edge energy of 37.399 keV. The
areas under the spectral curves correlate closely to the total
x-ray intensities shown in Fig. 3.

IV. ANGIOGRAPHY

Figure 6 shows the mass attenuation coefficients of iodine
at the selected energies; the coefficient curve is discontinu-
ous at the iodine K edge. The average photon energy of the
cerium: K lines is shown just above the iodine K edge.
Cerium is a rare earth element and has a high reactivity;
however, the average photon energy of Ka lines is
34.566 keV, and iodine contrast mediumns with a
K-absorption edge of 33.155 keV absorb the lines easily.
Therefore, blood vessels were observed with high contrasts.
Subsequently, in angiography testing, we usually employ
nonliving animal phantoms using microspheres.

The angiography was performed by the CR system
(Konica Regius 150) using the filter, and the distance (be-
tween the x-ray source and the imaging plate) was 1.5 m,
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FIG. 5. X-ray spectra measured by a cadmium tellurium detector with
changes in the tube voltage.

First, rough measurements of image resolution were made
using wires. Figure 7 shows radiograms of tungsten wires in
a rod made of PMMA with a tube voltage of 60 kV. Al-
though the image contrast decreased somewhat with de-
creases in the wire diameter, {fue to blurring of the image
caused by the sampling pitch ok 87.5 pum, a 50- um-diameter
wire conld be observed. !

Angiograms of rabbit hearts are shown in Fig. 8. These
two images were obtained using iodine and cerium micro-

B K-absorption :dge of iodine

Cerium Kgline

N B L O
L

Mass attenuation coefficient [ml.fkgl

10 20 30 40 50 60 70

Photon |energy [keV]

FiG. 6. Mass attenuation coefficients of iodine, and the average photon en-
ergy of the cerium Ke lines is shown just above the iodine K edge.
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100 pm wire

50 pm wire

25 mm

- L

Fic. 7. Radiograms of tungsten wires in 8 PMMA rod with a tube voltage of
60 kV.

spheres of 15 um in diameter at a tube voltage of 60 kV.
The iodine spheres contained 37% iodine by weight, and the
cerium spheres contained 18% cerium by weight. The con-
centration of spheres in the blood varies with the filling rate,
and the estimated densities of the iodine and the cerium of
blood are less than 0.44 and 0.17 g/cm?, respectively. In the
case where the cerium spheres were employed, the corenary
arteries were barely visible. Figure 9(a) shows an angiogram
of a larger dog heart using the cerivm target at a tube voltage
of 60 kV using iodine spheres. For comparison, we per-
formed angiography with a tungsten x-ray tube at a tube
voltage of 60 kV [Fig. 9(b)].

If we assume that the filling rate of the iodine micro-
spheres in a blood vessel is constant, the image contrast of
the blood is in inverse proportion to the vessel diameter.
Next, the density ratios (maximum density divided by mini-
mum density) obtained by the cerium and tungsten tubes
were 4.3 and 2.7, respectively. In angiography using the
tungsten target, blood vessels of approximately 100 um
were hardly observed at all.

V. DISCUSSION

In summary, we developed a x-ray generator with a
cerium-target tube and succeeded in producing cerium Ke
lines, which can be absorbed easily by iodine-based contrast
mediums. Both the characteristic and bremsstrahlung x-ray

100 um wire

Iodine microspheres Cerium microspheres

.

- 30 mm

L Lt

Fi6. 8. Angiograms of extracted rabbit hearts using iodine and cerium mi-
crospheres with a tube voltage of 60 kV.
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FiG. 9. Angiograms of an extracted dog heart achieved with (a) cerium and

(b} tungsten target x-ray tubes using iodine microspheres with a tube voltage
of 60 kV.

intensities increased with increases in the tube voltage, and
KB lines were absorbed effectively by the barium sulfate
filter. The x-ray intensity was limited because the thermal
contact between the target and the anode was not good.
However, the intensity can be increased by welding the target
or using a cerium-alloy target.

In this preliminary experiment, although the maximum
tube voltage and current were 65 kV and 0.40 mA, respec-
tively, the voltage and current could be increased. Subse-
quently, the generator produced maximum number of
characteristic  photons was  approximately 3X 107
photons/cm?® s at 1.0 m from the source, and the photon
count rate can be increased easily by improving the target.

Since the sampling pitch of the CR system is 87.5 um,
we obtained resolutions of approximately 100 um, and high-
contrast blood vessels could be observed using a CR system.
In order to observe fine blood vessels of less than 100 um,
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the image resolution of the CR system should be improved
as much as possible, and a flat panel system is useful to
observe blood flows for cases of cardiovascular disease.

ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for Scientific
Research and Advanced Medical Scientific Research from
MECSST (13470154, 13877114, and 16591222}, Grants
from Keiryo Research Foundation, JST (Test of Fostering
Potential), NEDQ, and MHLW (HLSRG, RAMT-nano-001,
RHGTEFB-genome-003, and RGCD13C-1).

Yauthor to whom correspondence should be addressed. Department of
Physics, Iwate Medical University, 3-16-1 Honchodori, Morioka 020-
0015, Japan; electronic mail: dresato@iwate-med.ac.jp

1A, Akisada, M. Ando, K. Hyodo, S. Hasegawa, K. Konishi, K. Nish-
imura, A, Maruhashi, E Toyofuku, A. Suwa, and K. Kohra, “An attempt
at coronary angiography with a large size monochromatic SR beam,”
Nucl. Instrum. Methods Phys. Res. A 246, 713-718 (1986).

a. C. Thompson, H. D. Zeman, G. S. Brown, J. Morrison, P. Reiser, V.
Padmanabahn, L. Ong, 8. Green, ], Giacomini, H. Gerdon, and E. Ruben-
stein, “First operation of the medical research facility at the NSLS for
coronary angiography,” Rev. Sci. Instrum. 63, 625-628 (1992).

3H, Mori, K. Hyodo, E. Tanaka, M. U, Mohammed, A. Yamakawa, Y.
Shinozaki, H. Nakazawa, Y. Tanaka, T. Sekka, Y. Iwata, 8. Honda, K.
Umetani, H. Ueki, T. Yokoyama, K. Tanioka, M. Kubota, H. Hosaka, N.
Ishizawa, and M. Ando, “Small-vessel radiography in sita with mono-
chromatic synchrotoren tadiation,” Radiology 201, 173-177 (1996).

“K. Hyodo, M. Ando, Y. Oku, S. Yamamoto, T. Takeda, Y. ltai, §. Oht-
suka, Y. Sugishita, and I. Tada, “Development of a two-dimensional im-
aging system for clinical applications of intravenous coronary angiogra-
phy using intense synchrotron radiation produced by a multipole
wiggler,” J. Synchrotron Radiat. 5, 1123-1126 (1998).

*R. Germer, “X-ray flash techniques,” J. Phys. E 12, 336-350 (1979).

Medical Physics, Vol. 31, No. 11, November 2004

— 492 —

: LV T Y

*E. Sato, H. Isobe, and F. Hoshino, "Higt‘x intensity flash x-ray apparatus
for biomedical radiography,” Rev. Sci. Instrum. 57, 1399-1408 (1986).
"E. Sato, §. Kimura, S. Kawasaki, H. Isobe, K. Takahashi, Y. Tamakawa,
and T. Yanagisawa, “Repetitive flash x-ray generator utilizing a simple
diode with a new type of energy-selective function,” Rev. Sci. Tnstrum.

61, 2343-2348 (1990).

%A, Shikoda, E. Sato, M. Sagae, T. Oizumi, Y, Tamakawa, and T. Yanag-
isawa, “Repetitive flash x-ray generator:having a high-durability diode
driven by a two-cable-type line pulser,” Rev. Sci. Instrum. 65, 850-856
(1994).

°E. Sato, K. Takahashi, M. Sagae, S. Kimura, T. Oizumi, Y. Hayssi, Y,
Tamakawa, and T. Yanagisawa, “Sub-kilohertz flash x-ray generator uti-
lizing a glass-enclosed cold-cathode triode,” Med. Biol. Eng, Comput,
32, 289-294 (1994).

Wy Takahashi, E. Sato, M. Sagae, T. Oizumi, Y. Tamakawa, and T. Yanag-
isawa, “Fundamental study on a long-duration flash x-ray generator with
a surface-discharge triode,” Jpn. J. Appl. Phys., Part 1 33, 4146-4151
(1994). |

UE. Sato, M. Sagae, K. Takahashi, A. Shikoda, T. Oizumi, Y. Hayasi, Y.
Tamakawa, and T, Yanagisawa, “10 kHz microsecond pulsed x-ray gen-
erator utilizing a hot-cathode triode with variable durations for biomedical
radiography,” Med. Biol. Eng. Comput. 32, 295-301 (1994).

E_Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, T. Ichimaru,
K. Takayama, and H. Ido, “Quasi-monochromatic flash x-ray generator
utilizing weakly ionized linear copper plasma,” Rev. Sci. Instrum, 74,
5236-5240 (2003). ‘

E. Sato, Y. Hayasi, R. Germer, E. Tanaka, H. Mori, T. Kawai, H. Obara,
T. Ichimaru, K. Takayama, and H. Ido, “Irradiation of intense character-
istic x-rays from weakly ionized linear| molybdenum plasma,” Jpn. J.
Med. Phys. 23, 123-131 (2003),

M. Sonoda, M. Takane, J. Miyahara, and H. Kato, “Computed radiogra-
phy utilizing scanning laser stimulated luminescence,” Radiology 148,
833-838 (1983). |

E, Sato, K. Sato, and Y, Tamakawa, “Film-less computed radiography
systemn for high-speed imaging,” Ann. Rép. Iwate Med. Univ. Sch. Lib.
Arts and Sci. 35, 13-23 (2000). \




1

FERYIER M R R G

External Physical Stimulation and its Reaction on Human Body
B E B EN®BR F B EEBE B B DR E O B

& &

AFR E8 : OHTHITLBRF R

- IIBFIIDAFO

— 493 —



g1

.= ]

AHZANAI 2T 2
HR IE Do T8

Tt Lﬁﬂﬁi‘fﬁﬁﬁﬁﬂﬁ ;

gt S o L Iy gt e
Ty Iy

=

FANE

A F A S =T AT, SRS L UL £
frL, +oiEfEEE, £4%5%, JIFELLICHT
ALV S Th B, <A A A =7 ADHE
BEBTH B D, FEOT—=Th 2 [ERIPIH
B EREE) 2 ADARTHF LT[ M
i (A A =202 v ZA) ST IR ED
FFEE]ICDWTEBAT 3.

T, DFEMEOERIEL L, 2FL~AT
DTN OENENRBEI WL A LA TS, £
AR L RACHT B ERSENEFNERD
EaD05h5, BRLAHA=ZANAILER, Hbn
BBV RIS S & B ESIE
CRITIEEEETRE, Zo5BOFRIEENLS
DEBIKTT B BFEROFELICIESBHATH B, 12,
I 3T L VHSTF UL TOMGE DR A
LA FZMIT, EHMEB0DENET TR L, £
Chnh 3 BRI O MENRELERL 220 5121 T
whdcn,

EEEZBWTE, A=A L AT 54
RO BWT, TOEEER, 7N EERY
FizonTd~ 3,

1B AFAAZIRER

AT A T T

TR

84 F 2 # =7 A (biomechanics) kit £k
B I URE 2 NHECITL, BOoNLRBREE
BT 3MRLETHD, I—wysicBnT, £
DT IMREFLELTNA A A H =T R
DRI TELE S TH DD, 1970 FHiE
LT 2N AIIBWTY.Clung #iig s

|

EaTH At A A= 7 RIKE L RBRERIT LY,
BETHAL T AH=7 ROPHER) LS LRT
SH, TRLELE(FhATHE,

SO, HH, B~ TR - SR
RNEMAT LS, EROBEREICIOMET
T TV B, 8 bz HEHROE b SR
LT, it b e BEI LS €52 ¢
TEEMELEREL TV, 20k, HEMNEN
Mt BEREIGN A H = X LD, S£ELEE

TE2IXATHEERERTH S,

SNAF AL AR TR EHEENTHS
B, M [ S A Ol & HA T MR
Ad b EbLRT, EENHT, W, A% 5T,
HBVED L EAEDIE T b & & KA £
TBE b, BoMLMREEES B0 5B
EE, TR & &0 B LA L EEOR
B ZICBETH I L L BT - RERP ¢
EHL T3, |

A B S N TSN O TEETH
b BB, AL MR T DR DR T b -
2o #ALZEKIT DV T ONEEMATIE AR OH
B, LA T & L TS B 0%
MTHN, ATHNLEDERE 2Tt ¥ ARl T
BT H o 127 ¥ DEAES b Th B,

N4 T A DT AL, EFETOMG - BRERRT
ATRENRL Y 2F5 5 L TRBCERTH D,
£z, EEOMEILEEDBRIC S TREE
AEBENE hHTERS, +OEEREOER
EERIRTSENEMORRK BT LSRN ED
DTHNEEL LD, %, +/F7/98=0
BEAELC, &0 WELDROMIHAIEEL
T fap, &2 EE L LRBREMANMERR S
LIEHELTW ( e FHENE, !

BlENE S HBEGL, S{FAH=7 AOFR
PEEMIE, 4%ETETE( L5 LELYND,

WA F A= ZANSTRERETH %ﬁ“. it

— 494 —




668 FAMW BT TEa

UToL 21 REL T 39,

1) SROBMBEH, 8, HEOME LR

HEETHHIT

2) KBRS & AR HEMTMA R R

&ET 542

3) & FodEm, Mk rENRETELY
AIUIHEVTL, 1)K HEW) LT3, 84
i, Dodge LTk, QEEEHSET IHE,
i, BEOMED LU, #iE BCh X ERE
Mt dME A an=27 2, @ ALBBNRSR,
IR E MR L & 2975 BEMER, @k T
L RPN L & 21T ) 3N 3
OGBS D L ENEY,
AEZBWTIL, ERAf A AH=72090E
CRBMMOATT (A 72202 v R) 22T 44
fast, ToRBN L THET 22V TR
3. AH=ANRP LT, HMiBEENER
BROSF L ~NToOfirt, Bk A H=ANR
PRI NS ERI SN IKBNRBBENRREL
LOUMBERYHNRSETH 5,
AHZHNZ L L REET LIS, FORBU
MLTHRET BRI RS LERIZBLNT
Wirnwies, 44, ERFMBINZEELHES
BTHD, STRFICMBEAD=ZH NIV R
PRI, Totgy ot sSEE SEK
-~ FT38ETE LI TNMEERTEIZONT
EHOmRE F EHTEMT S,

F2E EFERODFNENRE
BRI EDEFEE

1. &EFERoHE

EHREBRIITE LR L OBRDHE» LB
BRENDI2W, ERDANENBITOFTRTH » 12
BRI LHE &R ADENEEYEL(RYLY, ik
FRATEE 2 MAT B 0 E Db - 72,

ERNEHBER T OBE L MENERYRYL BN
&, SHBTNETAOBREEML 72 2 TRirE
TILEFB-2, 8512, HBFDLONKEED
A% b, 18RS Y OLERIMIC I B

— 495 -

EWTR, Mmoot e itk herrsy
ATRLEL S, ERABONENHRS & Uy
MRz FgiIcEdETh B, _
1970 FJ1#&» 5, TDHH LB EM OTFR:
&) RO RO A8 A, 0
OB SN EXWRICH D BEII BV
BEEHEED IR DWW TR L e vpe,
DML R ELEL SN F RO FBIR S
iz, :

2. & A

M, CERMRUEEERE LT bR, 114
EOERMB TN E ko TSh : LBz an
5. ¥ ORI EOED & TR om0 En
HRARTDHY, TOLHITERENDEIBAEn
b, TITIEESENFICOOTEL Bt
B, EAMBOME 2 BT 20 L2k
ENMEWE L URBARICL 28wk YoRMES2
MR B Izl SEMIK TS0 o BARr AR i 12 )
KB AERTIEN (R P VR)HHCLAB,

3. AHAZANRIPLRIZHT ZMEEE
DELE

EREECHE2OATOEETIZH N, TOHF
RHEET AL )R ENRTYE, S 542, +0R
FOBALI G L T, ARSI RS & AL fk
P ORHITES S, ABROFEHREEIT- THERIT
BT EAHMONTvE, ok ZiF, mike
MENZALICEE L TMERCRYIERE T 2
EMRLNTv3Y,

AHA=HNA v AIRRBREICFEET 228
L N@man, ) bR Z7FiE
WENT, BN RETFEREERT = & CElE
RERET 2, AREEOSEHRLITIB LT 24
BEAH=ANA L L ANBEICL TR LY,
HERMIEIBICHEET AT > b sy
Fi, ARHBEELF » At EhRAENBE
R#EBOTaEZELILATY 5,

Tk, VrBtickarrraEEIBwWT Y
NIZEN) B E AT DI, ¥+ —+ (kinase)
EVHIND 7% ) Vv ELT B ERTH B,
X+—tisid, S HEBRTAT I /B0t



MK #H=2HAR PV ARNT B RIBEEO S FHUT 66?

Vufav =Ry oRETA LY Y/ AV ER,
(-, Fo i) rBETEFOI
+—EHFET B, MEANBREERIE, 797
g ERIEEIC ) o BL - Y cELENDZ AR —
Ko AT LTH D,

E3En MlAHEGOBERTES LUV
t AT F v

1. m%m&mwuauaxﬁ:ﬁ»z}
L X DR & AR

LRI 2 A=A RA L LRICELET, Hg0
AT . FOHEL T, OEFITMb3ERN
offuic b L ThESEFE L L 3REL, LA
LEaTLBXHRETIRE L YIHmLNL T
A%, TSN, EKESH MR TREE
AT{LA T DAY ERE Lo THRI I T 3,
T, sRIAOERERET 2L L THL,Ic
Lo TWdHRIZOVWTIRN S,

HAGHIBIs 5T, ML EROECTFETS
AMENDPICHFET A 2T 70 DS,
AMOTEERELTWIEEILATWS, 55
[, WEBICTFAETIMNI v BB LTI+
YEHEA, A TSNS ERET D LMES
NTw3d, ZOHMAARVELTTHIY,

Bz 2 A=A L Adhd B kRIS
BtaZ bds, MEtBRny 2 STRFFEL,
SEEA AN L AR RS 7 i R R
R, e EESBILEZ LN 2. [ERA
*RIT & B EIEE{LF + & s (stretch-activated
hannel ;SA F A 0L) EIRTN D2 EFHEELD
BRHFET DI LA HBEL TN B,

SAFeadnady, Ca* B LirNa* 254
SEDEA A EREF AAPEETH S, M
DRI T AR IR L 23Eh % SA
FrdndBanl €, MENEEOLE(LE Catt ol
Brd E{RSES L 7F o i L TR RS
ETHEHEEBNTWE, LirL%udh, SAFx
MATRADER L, MlanBrE{bens 8%
EBIC TR T A MFRR LD L o Tl n®,

{2 0
———p
o] B L] S
n
L ErSA-?- x AN
actin
FAK XP Ca*
paxillin l

P ARz —Y

T~

|
B11 MEERIZEU SHERENI L 2 MRS EEIRNE
R { 27 70 2L TARKOMER L éA Farin
NIEELERETE, A2 F2U ESAFLILNZDoNL Y
FREERR BN TRS S A, (BIBTE, € Exansn
A, Vol.192, No. 13, pp. 1201-1205, §12, 2000 % 2)

WE AR AR REOPMICTET 5B Th
N, Bl E LEICS b EATwD, NENLE
PR, MEOHMCEELBENYE LENE
MILCHER 2 ¢ 2, FORE MBOTM HEY

E%N, R 5 SEOMEHE ORI S N kT

L B THFIT 2, ~EFAOLENFEEL LV RE

T, MEREAIRE S - LB LR T
BT ritmnY, EOBENKERET 3 7
EEESE, ERELIE, BTOLI2U0THE
LHEL T3 (1),

FIA8 AR — SA F ¢ A LEHEAL - HEILR
Ca* RENLR ~ # vy =a—1) ¥ OiEEAL
~Sre & - EE AL~ BRES I H

C(FAX, paxilinZ Yo Fo v o Bl -~
SIRBE L S OBME — Bz

MERLMEEIE, MRASHEENT D 2:|%0)1’$JE

FREBENHBIRET 394, FORME 2N =
ZLARTHTH D, SHEMLIL, SAFoRLEN
THL S FNERREA TN v /AREERE
AT B L O FIUBE RSB BV TRFL TR
BOLT(LE BT 5 L F/LTEY,

2. HBREEM%ECa* ERAFrFIMidl
IREF
SA Fxizi, Ca¥ 2EOm4 4 2EBE

L5474 2ERERI I/ T DA,
SAFrANLDBEICLD, B4 AV B LU T

-~ 496 —




670 48

LI pE-R g ¥

YL TFILORELBEORSEASEID EHEES N
5, SAF xRN, LEBLTARBICHFETHII LA®
BEANTERY, EREDEBVWTIESAF 2
LOBEFBIFI YN IBRLBEANT W h
2o LA LAd iR, EEREDTIIHS THTFE
30 SA Fx A 0 (Ca® EREF » A M) DERETF
LT MIDL #EFHHESNL,

L4 L 7 BRIz, Ca* 2HIMMICEEA S
AT EMTETICERTARRERNR, midl &
AHHFETEY, MIDIBEFOHEAL LT
midl ERBIBETEZ KT, Thhb, C*o
ﬁkkm%T%mm%tLTMmlﬁh%#%i
5“.7‘.1:)

ﬁﬁEElb'” 1I2k3E Midl F4 & o, 548

T /ERELLIEBRAN, 4 00KEREE
ﬁL,%mloumﬁmu%ﬁfanmm&ffw

NTFFThBEHEEENL, Midli2 CoRuic .

PrI 74 —-EF—-7RUNERERFL, £
N-Z0asv—2s v BEHFI6AHIFET o
Midliz 27 2 VEEFLL, FAEOBEZRET
Bdona=y b LEREN, Ca*2ERT 3
RHOOERPEETIEHREAN TS, Mid]
FaFnig, 1MADEA 2 2EBRIEE05 &4
FriEfseh v, S5k I 4204
Ca* £ &iB3¢ 5,

ALz, iELI2SA F v FAnBROREEND
5L ROV £ 3L N TR (, BINEENA
el aTLRINIDIEERHLEPIZ L, HFF
Bz B, Mid1 Fx FLHISEES 5 D)
BTz, MlRagdeictEd miEanfEIc X Y ERD
T3, oOMEREEROMELZS EEIL, 0
#BE, MdlFfeR L ERAD2E2LEI LN,
WM BT L, BERoMEL$I 8N
EHTC Ny I ANTEREANTWAEY, D
BEIZMb2F+ A LRBEEI TR,

BEEYS L SAF L RAABEFIHESN, &
LItk b7/ ANREMIIIEIBRT L OO 2BET
i1, L FNSAF X+ ANBEFORRINNREN
3,

3. RRESRMHC-Fran

ITEAYNSA Fx 2043, Nat R K* L ¥ i
A F A IEERMIGERT S, L Ludth, L

MBI HFET AMERREEEAF C) Fx20
3, ClAx o nboEd s 088 T I &0
227, MECHBRBIUCANERICENTIAE
zadnaRd A ERR, BERESECIFr2n
2IEHLLT COA bl niaeE
B3, ESE, BEEENIELL THMEOEY
BT LBAIS, MREEEC F R0t
MRS R L, MIAOFHMORIN & 1+ 513
Bl eEZTWARYY, MEREHEC Fri
i, D OoRE#EASEATLCCI ok
ot T2 THIRT B L EL LNT W B,

EA4E EERBICBUIXAAZHL

X P LXIZXT % RS

ML A A=ANLA PV RS LEND EXOE
REEZELE 3. JOBRICEIT, NERLE
DEENBIBECLERGNBEN TN S,

BEREEIIBWTRES LS & L TIIIEREGT
Wahifong, LRGSR BEAS, B
BEMTE v DEMNBFIC LTI EREZS
S B LlcmEREMIBICERT S, TOYEA
(2T AFVR)EMARENQRAFIIEEAEICE
BufERt2 52 Tn3Y,

M B AN AN L AOERE, 70
FBIASE D A 5 = L ORI HEHIE, Ah=Fn
A b L AR EEI THRRERNMEE DGR TN
BENBZI ERESINS,

1. & BB K

W is, ML O SR ko TL 3
5. FOROBEANEAE LB E, LEFMELE
MENEM LTI LT, LB 2 BUTARS
ROONEMATE RS EEDRY, 2% 0, LHIK
ORI 2 B AT B IEH (IR0 72 0 LG K I
TH 25, BHLAFOERI TR 28T
ZEpEb T3, LIEKOEREE LAY
LIk, Hiau BT 8RR 4
TEETH S,

DR, LBANBHZZ ¥ 7 HOMELE

— 497 —



