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large variation (Figure 4). In the relationship
between CBF and CMRO,, all ROIs in the right
hemisphere showed severely decreased CMRO,
(Figure 5). These results indicated that the compen-
satory mechanism at 1h after MCAO onset had
collapsed at 24h and the progression of ischemic
injury was severer than at 1h.

In Figure 6 and Table 2, quantitative values and
standard deviations of CBF, OEF and CMRO, are
summarized. In the right hemisphere, CBF de-
creased slightly at 1h and severely at 24h. Both
values were significantly low compared with the
opposite sides (P<0.05) at both time points and the
difference between the 24h was also significant
(P<0.05). In the left hemisphere, CBF showed a
little decrease but was not significant during 24h
(P=0.0865). Since CMRO, expressed exactly the
same values at both time points, the decrease in CBF
might not mean a metabolic dysfunction but a
vascular disturbance at 24 h. Although blood vessels
in the left hemisphere should not be affected
directly in our MCAQO operation, the progression of
the ischemic damage in the right hemisphere
included both the spreading of the ischemic core
and the disturbance of surrounding blood vessels so
that it is considered that the decrease in CBF on the
opposite side could have occurred. Furthermore,
CMRO,; in the left hemisphere was close to the value
obtained previously in normal rats using ***Xe as a
CBF tracer and a surgical method for determining
OEF (6.34+0.3mL/min/100g) (Kozniewska and
Szczepanska-Sadowska, 1990). It underlined the
preceding discussion that the brain tissue in the
left hemisphere was not damaged at all during 24h
and the reason for the little decrease in CBF was
vascular disturbance.

In the right hemisphere, CMRO, decreased se-
verely during 24h in the same manner as CBF
(Figure 6, Table 2). Since these values did not
represent CMRO, in the ischemic core but just
values in the entire right hemisphere because of the
large size of ROIs, it is difficult to discuss the
progression of impairment. However, taken together
with the decreases in CBF in both hemispheres
during 24 h, the decrease in CMRO, might not mean
an ischemic core-specific progression of tissue
disturbance but a spreading of the ischemic damage
throughout the hemisphere. In fact, TTC staining
revealed no sign of disturbance at 1h but severe
disruption at 24 h in the right hemisphere.

Meanwhile, an obvious change of OEF was also
evident during 24 h (Figure 6, Table 2}. The increase
in OFEF in the right hemisphere compared with the
left side at 1h after the onset of MCAO (P<0.05)
showed that the metabolic compensatory mechan-
ism was working well. However, at 24h, the OEF
was the same in both hemispheres (P=0.7532),
which indicates that the compensatory mechanism
did not function at 24 h after the onset. Therefore,
considering that the condition in the left hemi-
sphere at 1h was actually normal or stage 1 in the
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course of the ischemic disorder (Nemoto et al, 2004;
Powers, 1991}, the right hemisphere at 1h might
include partly stage II and stage 1II {(Figures 2 and 3;
CBF was normal or decreased, OEF increased and
CMRO, was normal or slightly decreased), the left
hemisphere at 24h might be expressed at stage II
(Figures 4 and 5; CBF decreased, OEF increased,
CMRO, was normal) and the right hemisphere at
24 h might include early and severe phases of stage
III (Figures 4 and 5; CBF decreased, OEF increased
or decreased and CMRO; strikingly decreased).

Conclusion

In this paper, we estimated the changes in CBF, OEF
and CMRO, after the onset of MCA occlusion in rats
by PET using injectable **0-0,. In the early phase
after occlusion, a decrease in CBF and compensatory
increase in OEF were shown, and in contrast, CBF
and CMRO, were severely decreased in the late
phase. This is the first report to indicate reliable
oxygen metabolism in a MCAO rat model using PET.
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Objective: Nicotinic acetylcholine receptors have close in-
teractions with the dopaminergic system and play critical
roles in cognitive function. The purpose of this study was
to compare these receptors between living PD patients
and healthy subjects. Methods: Nicotinic acetylcheline re-
ceptors were imaged in 10 nondemented Parkinson’s dis-
ease patients and 15 age-matched healthy subjects using a
single-photon emission computed tomography ligand
[‘BH5~iodo—3-[2(6')-Z»azctidinylmcthoxy]pyridim:. Using
an arterial input function, we measured the total distri-
bution volume (V; specific plus nondisplaceable), as well
as the delivery (K,). Results: Parkinson’s disease showed a
widespread significant decrease (approximately 10%) of
Vin both cortical and subcortical regions without a sig-
nificant change in K. Interpretation: These results indi-
cate the importance of extending the study to demented
patients.

Ann Neurol 2006;59:174-177

In addition to the well-documented loss of dopaminer-
gic neurons, a number of animal and clinical studies
have shown that nicotinic acetylcholine  receprors
{(nAChRs) play cridcal roles in Parkinson’s disease
(PD). nAChR activation stimulates dopamine release
in the striatum,' and an agonist at nAChRs showed
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synergistic therapeurtic effects with t-dopa in a monkey
model of PD.* Epidemiological studics showed that
cigarctte smoking protects against PD.* Both animal
and human studies have shown that nAChR is one of
the central components in cognitive function,” and a
substantial number of PD patients become demented.
Finally, most posunortem studies showed widespread
decrease of nAChRs borh in striatum and cerebral cor-
tices of PD paticncs.s‘ ¥ However, as in most ocher
postmortem studies, many of these lacked critical clin-
ical information such as the presence of dementia and
a history of cigarette sinoking. Therefore, it is critical
to image nAChRs in living PD p;ntimts‘ whose dlinical
informadon is available to study changes and to ex-
plore possible therapeuric intervention at these recep-
tors. However, to our knowledge, such a study has not
been published.

Recently, 3-[2(8)-2-azetidinylmethoxy]pyridine  (A-
85380) has been developed,” which has high affinity to
the predominant type of nAChRs in the brain com-
posed of a, and B, subunits.'” A few analogs of
A-85380, including [1‘”HS—iodo—B-[2(5')—2-azctidinyl—
methoxylpyridine (5-1-A-85380). have been radiola-
beled and used successfully in humans.'''™ An ex vivo
study in nonhuman primace has shown that radiola-
beled metabolites of ['7?1] 5-1-A-85380 do not cross
the blood-brain barrier.'? 5-1-A-85380 labels several
B,-containing nAChRs, including o f,- (the most
predominant nicotinic receptor in human brain),
03B,-, and a6B2-containing subtypes.'”

The purpose of this study was to perform a pilot
study of nAChR imaging using ['2*1)5-1-A-85380 in
carly to moderate stage PD patients.

Subjects and Methods
Subjects
The study was approved by National Insticure of Neurolog-
tcal Disorders and Stroke and Nacional Institute of Menecal
Health institutional review boards. Patients were recruited
from National Institure of Neurological Disorders and
Swoke clinics. Control subjects were healthy volunteers ve-
cruited from community via advertisement who did not have
a history or signs of neurological disorders. After complete
description of the study to the subjects, writeen informed
consent was obtained. Sample demographics and clinical
characteristics are shown in Table 1. For all partcipants, the
absence of axial focal lesions was confirmed by a neuroradi-
ologist using noncontrast magnctic resonance imaging. All
patients and healthy subjects had not smoked cigarettes for at
least 5 years. None of the patients had used cholinergic or
anticholinergic medications within 60 days of the single-
phocon emission camputed romography (SPECT) scan. On
the day of the SPECT scans, all particnts continued dapami-
nergic medicudons induding carbidopa/t-dopa. There was
no significant difference in age beoween PD patients and
healchy subjeces.
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Tuble 1. Sawmple Demographics and Clinical Characteristics

Characteristics Healthy PD

N 15 10

Mean age (£SD), yr 59 +5 56+ 3

Sex, F/IM 10/5 4/6

Cigarette smoking No No

Cholinergic medication No No

Dopaminergic medication No Yes

Mean ['*1]5-1-A-85380 dose 486 = 79 506 = 75
(£SD), MBq

Mean Hochn and Yahr staging 25+04
('i' SI)\

Mun total Unified Parkinson’s 46 = 5
Discase Rating Scale score
(£SD)

Mean Mini-Mental Status Ex- =27
amination score

Mean Martis Dementia Rating 135 = 4

Scale score {(£SD)

N = 9 BN = 8

P = Parkinson’s discase; SI) = standard deviation.

Clinical Ratings

Motor funcdon was evaluated by Unified Parkinson’s Dis-
case Rating Scale and Hochn and Yahr staging. Cognitive
function was measured with Mini-Mental Statis Examina-
ton and Mattis Dementia Rating Scale.

Single-Photon Ewission Computed Tomegraphy

[1*71]5-1-A-85380 was prepared as desaibed previously.
SPECT data were acquired using a wiple-headed camera
with low-cnergy, high-resolution, parallel hole collimarors
(Trionix XLT-20; Triad, Twinsburg, OH). Inidally, a trans-
mission scan was obtained using 1 7*Gd line source. Subse-
quendy, ['1]5-1-A-85380 was administered intravenously as
a bolus (injection dose: healthy, 486 £ 79MBq; PD, 506

12

75MBq; no significant difference, with these and subsequent

data expressed as mean * standard deviadon). SPECT data
were acquired at 0 to 40, 115 to 135, and 210 to 230 min-
utes. Arterial samples were obuained every 15 seconds for the
first 2 minutes and at 3, 4, 5, 10, 30, 80, 120. and 180
minuges.

Plasma Analysis
Plasma ['**1]5-1-A-85380 concentration and che free fraction
(f)) were determined as described previously.’*

Image Analysis

SPECT projection data were reconstructed on a 64 X 64
matrix with pixel size of 448 X 448 X 4.48mm in the x-,
-, and z-axis, respectively, with correction for attenuation
and scattered radiation.'” Parametric images of the delivery
of dhe radioligand (X)) and towl distribudon volume (V)
wete created using 4 muldlinear algorithm'(”'? implemented
in PMOD 2.55 (hutp:/fwww.pmod.com/technologies/index.
homl). Plasma free [P1]5-1-A-85380 levels were used to cal-
culate V instead of using plasma totad (free plus protein
bound) ['*1}5-1-A-85380 because patients were taking med-

ication and concomitant medication might change plasma
protein binding of ['**1]5-1-A-85380. Parametric tmages
were spatially normalized to a standard anatomic orientation
(Monureal Neurological Institute space) based on K, images
and using Seadistical Parametric Mapping version '02 (SPM2;
hnpil/\\\vw.{xl,x(m.ud.dc‘uk/spm;. Spatally normalized K
and V images were smoothed wich 10mm full-wideh ac half-
maximum. To confirm the magnitude of changes in V), we
obtained volume of interest daw from brain regions in Mon-
weal Neurological Instituce space listed on Table 2.

Statistical Analysis
SPM2'® was used for statistical analysis. Two-sample 7 test
was applied to compare K; and V' between padents and
healthy subjects, and simple regression analysis was applied
o study the reladonship benween Vand clinical ravings. Gray
mateer threshold was set at 20% for Vand 80% for K, im-
ages, respectively. Because each pixel had a measured value of
K, or V. global normalization was not applied. No sphericity
correction was applied by assuming replication over groups.
False- dxscove(y rate of p less than 0.05 and cluster-level cor-
rected p less than 0.05 were considered significant.

A two-sample 1 test was applied to compare plasma free
fraction of ['**1]5-1-A-85380 berween groups.

Results

Patients were in the early to moderate stages of PD and
were not demented (see Table 1). Patients tended to
show lower fi values than healthy subjects (p = 0.09;
see Table 2).

An SPM 1 test showed a significant decrease of 1Vin
many brain regions with the greatest 7T value of 4.96
(Fig). The decrease measured by the volume of interest
was 15% in thalamus, whereas occipital and frontal
cortices showed only 3 and 5% decreases, respectively,
where many voxels did not reach significance. De-
creases in parietal and temporal cortices were 8 to 9%
(see Table 2). SPM did not detect a significanc increase
of Vin any brain region in patients. There was neicher
a significant increase nor a decrease of K| in any re-

Table 2. Plasma-Free Fraction and Total Distribution
Volune of [ 115-1-A-85380

Measurements Healchy D
Plasma-free fraction, % 48.1 & 4.4 453 = 3.1
Total discribution volume,
ml/em?®
Thalamus 71.9 + 135 61.2 £ 10.7
Caudate 41.9 * 6.2 36.9 % 43
Puramen 444 * 6.7 40.2 £ 5.6
Pons 433 = 8.1 39.0 = 8.1
Frontal cortex 249 £ 3.1 23.7 £ 31
Parieral cortex 26.9 + 35 244 + 30
Temporal cortex 307239 281 4.0
Occipital cortex 27.1 3.6 26.3 £ 4.2
Cerebellum 338 + 6.2 292 + 59¢

“‘One pau;n( was excluded whose cercbellum was pardally ouc of
field of view
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Fig. Brain areas with a significant decrease of [12°1]5-1-4-85380 distribution volume (VY i1 Parkinson’s disease patients detected
with a nwo-swmple « test in Statistical Pavametric Mapping veision ‘02, Areas with a significant decrease are displayed in the glass
brain (lefi) and on transverse und covonal slices through thalwmus of a magnetic resonance (MR) image of a control subject (mid-
dle). Corresponding MR zwnages without superimposition are shown on the vight. Highlighted areas showed p less than 0.05 false-
discovery rate, which was corrected for multiple comparisons. The area also showed chuster-level corvecred p less than 0.001. Color
bar shows T values with the maxtimun value of 4.96. Note that the glass brain view displays decreases in the cutive brain superin-
posed 1o anteroposterior (1op lefi) or top-botiow (bottom left) views, wheveas the MR fmages with the superimposition display de-

creases on single slices.
8

gion. There was no significant regression between any
clinical rating scores and V.

Discussion

In this study, we detected a significant and widespread
decrease of nAChRs in early to moderately affected,
nondemented PD patients by applying accurace quan-
tification with the measuremenc of arterial inpur func-
tion and che plasma free fracdon (f) of ['*’I}5-1-A-
85380 in each subject. Such measurements made the
outcome of imaging studies free from intersubject and
between-group differences in the metabolism and the
protein binding of the imaging agent. Because patients
tended 1o show lower f] values. if total plasma parent
had been used instead of free [*??1]5-1-A-85380, the
decrease in V would have been overestimated. Further-
more, for accurate measurement, scatter correction®’
and a pixel-based modeling that minimizes noise-
induced biases'®"” were applied.

There are three possible reasons that the decreases in
V detected in chis study were smaller than those re-
ported at postmortem (>30% in most scudies). First,
because there is no large region devoid of nAChRs, it
was not possible to measure nondisplaceable radioacriv-
ity, which then could have been used to calculate spe-
cific binding of {'**1]5-1-A-85380. Because Vis a sum-

176 Annuls of Neurology Vol 59 No 1 January 2006

mation of specific and nondisplaceable distribution
volumes, a decrease of specific binding was underesci-
mated. Sccond, in this piloc study, only nondemented
PD patients were enrolled, whereas postmortem studies
found larger decreases in nAChRs in demenced pa-

tients.”” Therefore, postmortem studies including de-
mented patients showed greacer decreases in nAChR
than in this study. The lack of significant regression
between clinical ratings and V may also be explained
by a fairly uniform population of nondemented pa-
tients, Third, whereas B,
studies, B

max

is measured in postmortem
/Ky plus nondisplaceable activity is mea-
sured by iz vive imaging studies including this one. If
there were a decrease in K measured /1 vive in addi-
tion to a decrease in B, a decrease in B, /K, would
not be as grear as that in B . In fact, a postmortem
study reported a nonsignificant but substantal 10 to
40% decrease in K in both cortical and subcordcal
regions.”

There are a couple of factors that may confound in-
terpretation of the resules of this study. All patients were
taking 1-dopa-containing medicatons. -Dopa treat-
ment significandy decreased i wizo ['7°1]5-1-A-85380
binding in the striacum, but not in cercbral cortex in
normal squirrel monkeys.'” However, in the same study,
t-dopa treatment did not decrease ['7°1]5-1-A-85380
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binding in the same regions in 1-methyl-4-phenyl-
1,2,3,6-tetrahydsopyrnidine—treated animals whose dopa-
minergic terminals were almost completely destroyed.
Therefore, the widespread decreases in nAChRs found
in this study are more likely to be the resule of PD pa-
thology than t-dopa treatment. Brain atrophy can cause
widespread decrease in nAChRs detected in SPECT.
However, a voxel-based morphometric study on nonde-
mented patients did not detect a widespread decrease in
gray matter volume.™ By taking together the factors de-
scribed carlier, nondemented padents with PD did show
a widespread decrease of B, /K in {,-containing
nAChRs both in cortices and subcortical regions. Be-
cause postmortem studies have shown greater decreases
in nAChRs in demented patients, it would be interesting
to extend the study 1o include such patients.

This study was supported by the NIH (Inwamural Program,
2D1MH002796-04, R.B.1).
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Toshiyuki ENOMOTO, Eiichi SATO!, Yoshinobu SUMIYAMA, Katsuo AIZAWAZ,
Manabu WATANABE, Etsuro TaNAKA®, Hidezo MoRr1*, Hiroki KAWAKAMI®,
Toshiaki Kawar’®, Takashi INOUE®, Akira OGAWAS and Shigehiro SATO’

The 3rd Department of Surgery, Toho University School of Medicine, 2-17-6 Ohashi, Meguro-ku, Tokyo 153-8515, Japan
! Department of Physics, Iwate Medical University, 3-16-1 Honchodori, Morioka 020-0015, Japan

2Tokyo Medical University [emeritus professor], 6-1-1 Shinjuky, Shinjuku-ku, Tokyo 160-8402, Japan

3Departnent of Nutritional Science, Faculty of Applied Bio-science, Tokyo University of Agricuiture,

1-1-1 Sakuragaoka, Setagaya-ku, Tokyo 156-8502, Japan

“Department of Cardiac Physiology, National Cardiovascular Center Research Institute,
12 37 8y

5-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan

SElectron Tube Division #2, Hamamatsu Photonics K.K., 314-5 Shimokanzo, Iwata, Shizuoka 438-0193, Japan
SDepartment of Neurosurgery, School of Medicine, Iwate Medical University, 19-1 Uchimaru, Morioka 020-8505, Japan
"Department of Microbiology, School of Medicine, Iwate Medical Universiry, 19-1 Uchimaru, Morioka 020-8505, Japan

(Received April 10, 2006; accepted June 25, 2006; published online October 6, 2006)

A microfocus X-ray tube is useful for performing magnification radiography, and its X-ray generator (L9631, Hamamatsu
Photonics) consists of a personal computer for controlling the tube voltage and current, and a main unit with a high-voltage
circuit and a fixed-anode X-ray tube. The maximum tube voltage, current, and electric power were 110kV, 800 pA, and S0W,
respectively. The focal-spot size was proportional to the electric power of the tube, and the size was approximately 20 jum with
a power of 20 W. Using a 3-mm-thick aluminum filter, the X-ray intensity was 7.75 1Gy/s at 1.0 m from the source with a tube
voltage of 60kV and a current of 100 A, Because the peak photon energy was approximately 38 keV using the filter with a
tube voltage of 60kV, the bremsstrahlung X-rays were absorbed effectively by iodine-based contrast media at an iodine K-
edge of 33.2keV. Enhanced angiography was performed by fourfold magnification imaging with a computed radiography
system using iodine-based microspheres 15 pm in diameter. In the angiography of nonliving animals, we observed fine blood

vessels of approximately 100 pm with high contrast.

[DOI: 10.1143/1JAP.45.8005]

KEYWORDS: high-contrast angiography, magnification digital radiography, microfocus X-ray tube, energy-selective imaging

1. Imtroduction

To perform high-speed medical radiography, several
various flash X-ray generators using cold-cathode tubes
have been developed." In particular, quasi-monochromatic
flash X-ray generators®'? have been designed to perform
preliminary experiments for producing clean K-series X-
rays, and higher-barmonic hard X-rays have been observed
in a weakly ionized linear plasma of copper and nickel.
However, in monochromatic flash radiography, difficulties in
increasing X-ray duration and in performing X-ray com-
puted tomography (CT) have been encountered.

Synchrotrons are capable of producing high-dose-rate
monochromatic parallel X-ray beams using silicon crystals,
and the beams have been applied to phase-contrast radiog-
raphy!!"!? and enhanced K-edge angiography.'¥ In an-
giography, monochromatic X-rays with photon energies
ranging from 33.3 to 35keV have been employed because
the rays are absorbed effectively by iodine-based contrast
media with an iodine K-edge of 33.2keV.

Without using synchrotrons, phase-contrast radiography'®
for edge enhancement can be performed using a microfocus

- X-ray tube, and the enhancement has been achieved in
mammography'® with a computed radiography (CR) sys-
tem!” using a 100-pm-focus tube. Subsequently, we devel-
oped a cerium X-ray generator'®'? to perform enhanced
K-edge angiography using cone beams, and succeeded in
observing fine blood vessels and coronary arteries with high
contrast using cerium Ka-rays of 34.6keV.

Although the magnification radiography is used to
improve the spatial resolution in angiography utilizing a
digital imaging system, it is difficult to design a small focus
cerium tube for angiography. Therefore, narrow-photon-

energy bremsstrahlung X-rays?®2? with a peak energy of
approximately 35keV from a tungsten tube are used to
perform high-contrast angiography.

In this research, we employed a microfocus tungsten tube,
and performed enhanced magnification angiography by
controlling bremsstrahlung X-ray spectra using an aluminum
filter.

2. Principle of Enhanced Magnification Angiography

Figure 1 shows the mass attenuation coefficients of iodine
at the selected energies; the coefficient curve is discontin-
uous at the iodine K-absorption edge of 33.2keV. The
effective bremsstrahlung X-rays for K-edge angiography are
shown above the K-edge. Using a 3.0-mm-thick aluminum
filter for absorbing soft X-rays, the peak photon energy of
the bremsstrahlung rays increases to approximately 38keV.
In angiography, iodine contrast media in blood vessels easily
absorb the rays, and soft bremsstrahlung rays are absorbed
effectively by objects (muscles). Therefore, blood vessels
are observed with high contrast. Subsequently, spatial
resolution is improved by fourfold magnification imaging
using a microfocus X-ray tube in conjunction with a CR
system (Regius 150, Konica Minolta) at a sampling pitch of
87.5um.

3. Experimental Methods

The microfocus X-ray generator (19631, Hamamatsu
Photonics) consists of a personal computer and a system
unit. The unit includes all the hardware in the X-ray °
generator, such as, a high-voltage circuit and a fixed anode
X-ray tube. Tube voltage, current, and exposure time can be
controlled by the computer. The maximum tube voltage,
current, and electric power were 110kV, 800 A, and 50W,
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Fig. 1. Mass attenvation coefficients of iodine and bremsstrahlung X-rays

for enhanced K-edge angiography.

respectively. The focal-spot size was proportional to the
electric power of the tube, and its size was approximately
20 um in diameter with a power of 20 W. In this experiment,
the tube voltage applied ranged from 45 to 70kV, and the
tube current was regulated to within 170 nA. The exposure
time is controlled to obtain optimum X-ray intensity for
angiography, and narrow-photon-energy bremsstrahlung X-
rays are produced using the aluminum filter.

4. Results

4.1 X-ray intensity

X-ray intensity was measured using a Victoreen 660
ionization chamber, with a volume of 400 cm?, at 1.0 m from
the X-ray source using the filter (Fig. 2). At a constant tube
current of 100pA, X-ray intensity increased when tube
voltage was increased. At a tube voltage of 60kV, the X-ray
intensity with the filter was 7.75 uGy/s.

4.2 X-ray spectra

To measure X-ray spectra using the filter, we employed a
cadmium telluride detector (CDTE2020X, Hamamatsu
Photonics) (Fig. 3). When tube voltage was increased,
bremsstrahlung X-ray intensity increased, and both max-
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Fig. 2. X-ray intensity (uGy/s) as a function of tube voltage (kV) with
tube current of 100 pA.
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Fig. 3. Bremsstrahlung X-ray spectra measured using cadmium telluride
detector with changes in tube voltage.

imum photon energy and spectrum peak energy increased.
To perform K-edge angiography, bremsstrahlung X-rays
of approximately 35keV are used; the high-energy brems-
strahlung X-rays decrease image contrast. When this filter
was used, because bremsstrahlung X-rays with energies
higher than 60keV were not absorbed easily, the tube
voltage for angiography was determined to be 60kV by
considering the filtering effect of radiographic objects.

4.3 Enhanced magnification angiography

The enhanced angiography was performed by fourfold
magnification imaging using the CR system and the filter at
a tube voltage of 60kV, and the distance between the X-ray
source and the imaging plate was 1.0m (Fig. 4). First, the
spatial resolutions of cohesion and magnification radiogra-
phies were realized using a lead test chart at an exposure
time of 30s. In the magnification radiography, 50-um-thick
lines (10 line pairs) were clearly visible (Fig. 5). Figure 6
shows radiograms of tungsten wires in a 25-mm-diameter
rod made of poly(methyl methacrylate) (PMMA) at an
exposure time of 30s. Although image contrast decreased
slightly with decreasing wire diameter owing to the blurring
of the image caused by the sampling pitch of 87.5 um, a 20-
um-diameter-wire could be observed.
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Fig. 4. Fourfold magnification imaging using imag-
ing plate in conjunction with microfocus tube.
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Fig. 5. Radiogram of test chart for measuring spatial resolution.
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Fig. 6. Radiograms of tungsten wires in PMMA rod.

100-pum-diameter wire

10 mm

Figures 7 and 8 show angiograms of a 19-mm-thick rabbit
heart specimen and a 41-mm-thick thigh specimen, respec-
tively. The exposure time was 30s, and these images were
obtained using iodine microspheres of 15 um diameter. The
microspheres are very useful for making the phantoms of
nonliving animals used for angiography. The iodine plastic

Fig. 7. Angiogram of extracted rabbit heart using
iodine microspheres.

spheres contained 37% iodine by weight, and the coronary
arteries and fine blood vessels were visible.

Figure 9 shows angiograms of a dog heart specimen of 65
mm thickness using iodine spheres with an exposure time of
60s. Although the image contrast decreased slightly with
increasing thickness of the PMMA plate facing the X-ray
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Fig. 8. Angiograms of rabbit thigh.

source, the coronary arteries of approximately 100um
diameter were observed using a 100-mm-thick plate.

5. Conclusions

We employed a microfocus X-ray generator . with a

tungsten target tube to perform enhanced macrmﬁcamon '

angiography using narrow-photon-energy bremsstrahlung
X-rays at a peak photon energy of approximately 38keV,
which can be absorbed easily by iodine-based contrast
media. Although bremsstrahlung X-ray intensity substan-
tially increased with increasing tube voltage, the optimal
tube voltage for increasing image contrast was determmed to
be 60kV.

Because the sampling pitch of the CR system is 87.5 um,
we obtained spatial resolutions of approximately 50um

using fourfold magnification imaging achieved with a.20-

pum-focus tube. To observe fine blood vessels of less than
100 um diameter, the spatial resolution of the CR system
should be improved to 43.8pm (Regius 190, Konica
Minolta), and iodine density should be increased.

In this research, we controlled bremsstrahlung X-rays to
the optimum spectral distribution for realizing enhanced
angiography using iodine-based contrast media. On the other
hand, gadolinium-based contrast media with a K-edge
energy of 50.2keV have been employed to perform
angiography in MRI, and the gadolinium density used has
been increasing. In view of this situation, tungsten Ko rays
(58.9keV) are useful for enhancing K-edge angiography,

because the Ko rays are absorbed effectively by gadolinium
media. As compared with angiography using iodine media,
the absorbed dose can be decreased considerably using
gadolinium media.

At a tube’ voltage of 60kV and a current of 170 uA, the
photon number was approx1mately 2% 107 photons/ {cm?-s)

.at 1.0m from the source, and photon count rate can be

increased easily using a rotating anode microfocus tube
developed by Hitachi Medical Corporation. Recently, the
maximum electric power of the microfocus X-ray tube has
been increasing, and ‘a kilowatt-range tube is realizable.
Therefore, real-time magnification radiography -will become
possible using a flat panel detéctor with a pikel size of less
than 100 pim. :
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Abstract

Beraprost sodium, an orally active prostacyclin analogue, has vasoprotective effects such as vasodilation and antiplatelet activities.
We investigated the therapeutic potential of beraprost for myocardial ischemia. Immediately after coronary ligation of Sprague-Dawley
rats, beraprost (200 ng/kg/day) or saline was subcutaneously administered for 28 days. Four weeks after coronary ligation, administra-
tion of beraprost increased capillary density in ischemic myocardium, decreased infarct size, and improved cardiac function in rats with
myocardial infarction. Beraprost markedly increased the number of CD34-positive cells and ¢-kit-positive cells in plasma. Also, four
weeks after coronary ligation of chimeric rats with GFP-expressing bone marrow, bone marrow-derived cells were incorporated into
the infarcted region and its border zone. Treatment with beraprost increased the number of GFP/von Willebrand factor-double-positive
cells in the ischemic myocardium. These results suggest that beraprost has beneficial effects on ischemic myocardium partly by its ability

to enhance neovascularization in ischemic myocardium by mobilizing bone marrow cells.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Prostacyclin analogue; Myocardial infarction; Neovascularization; Bone marrow mobilization

Interruption of myocardial blood flow leads to rapid
death of cardiomyocytes and vascular structures, resulting
in the development of heart failure [1]. Stem or progenitor
cells are mobilized from bone marrow into the peripheral
blood in response to tissue ischemia, migrate to sites of
injured tissues, and differentiate into endothelial cells and
cardiomyocytes [2-4]. However, the compensatory mecha-
nisms are insufficient to heal infarcted myocardium. Earlier
studies have shown that bone marrow cells artificially
mobilized by cytokines repair the infarcted heart and
improve cardiac function after acute myocardial infarction
[5,6]. Therefore, enhancement of bone marrow cell mobili-

" Corresponding author, Fax: +81 6 6833 9865,
E-mail address: nnagaya@ri.ncve.go.jp (N. Nagaya).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/].bbrc.2006.08.178

zation leading to neovascularization following revasculari-
zation would be beneficial for the treatment of acute
myocardial infarction.

Beraprost sodium (BPS) is a chemically stable prostacy-
clin analogue owing to its cyclo-pentabenzofuranyl struc-
ture [7]. It has been well established that BPS has
vasoprotective effects such as vasodilation and antiplatelet
activities [8-11]. Thus, BPS has been used in the treatment
of peripheral arterial disease {12,13] and pulmonary arterial
hypertension {14,15]. Although a limited number of studies
suggest therapeutic potential of prostacyclin for the treat-
ment of myocardial ischemia [16-18], the underlying mech-
anisms still remain unclear. In addition, little information
is available regarding the therapeutic potential of prostacy-
clin analogues such as BPS for myocardial ischemia. A
recent study has shown that BPS activates endothelial
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nitric oxide synthase {(eNOS) through the c-AMP/protein
kinase A pathway [19). Activation of eNOS is known to
contribute to bone marrow cell mobilization, leading to
neovascularization [20). These results raise the possibility
that BPS may have beneficial effects on the ischemic myo-
cardium through enhancement of bone marrow cell
mobilization.

Thus, the purposes of this study were: (1) to examine the
effect of BPS on mobilization and recruitment of bone mar-
row cells after acute myocardial infarction, (2) to investi-
gate whether BPS induces neovascularization in the
ischemic myocardium, and (3) to investigate whether treat-
ment with BPS improves cardiac function in rats with myo-
cardial infarction.

Methods

Model of myocardial infarction. We used male Sprague-Dawley rats
(Japan SLC Inc,, Hamamatsu, Japan) weighing 185-215 g. Myocardial
infarction was produced by left coronary ligation, as described previ-
ously {21]. Briefly, after rats were anesthetized with sodium pentobar-
bital (30 mg/kg), they were artificially ventilated with a volume-
regulated respirator. The heart was exposed via a left thoracotomy
incision. Then, the left coronary artery was ligated 2-3 mm from its
origin between the pulmonary artery conus and the left atrium with a
6-0 Prolene suture. Finally, the heart was restored to its normal posi-
tion, and the chest was closed. Experimental protocols were performed
in accordance with the “Guidelines of the Animal Care Ethics Com-

mitice of the National Cardiovascular Center Research Institute”,
which complies NIH Guidelines.

Administration of BPS. Immediately after coronary ligation, BPS
(200 ug/kg/day, Astellas Pharma Inc., Tokyo, Japan) was subcutaneously
administered to surviving rats using an osmotic mini-pump for 4 weeks
(BPS group, n=12). As a control, saline was similarly administered to
rats receiving coronary ligation (Control group, n = 12),

Echocardiographic studies. Echocardiographic studies were performed
4 weeks after coronary ligation. M-mode tracings were obtained at the
level of the papillary muscles using an echocardiographic system equipped
with a 7.5-MHz phased-array transducer (HP SONOS 5500; Hewlett
Packard Co., Andover, MA). Anterior and posterior end-diastolic and
end-systolic wall thickness, LV end-diastolic and end-systolic dimensions,
and LV fractional shortening were measured by the American Society for
Echocardiography leading-edge method in three consecutive cardiac
cycles. LV meridional wall stress was estimated as 0.344 x LV pressur-
ex {LV dimension/(1 + PWT/LV dimension)}, where PWT is posterior
wall thickness [22).

Hemodynamic studies. Hemodynamic studies were performed 4 weeks
after coronary ligation, following echocardiography. After anesthesia with
pentobarbital sedium, a 1.5F micromanometer-tipped catheter (Millar
Instruments Inc., Houston, TX) was advanced into the LV through the
right common carotid artery. Hemodynamic variables were measured with
a pressure transducer connected to a polygraph. After completion of these
measurements, the left and right ventricles and the lungs were excised and
weighed. Infarct size was determined as a percentage of the entire LV area
(n=5 in each group), as reported previously [23). Briefly, incisions were
made in the posterior LV so that the tissue could be pressed flat. The
circumference of the entire flat LV and of the visualized infarcted area, as
judged from both the epicardial and endocardial sides, was outlined on a
clear plastic sheet. The difference in weight between the two marked areas
on the sheet was used to determine infarct size and was expressed as a
percentage of LV surface area.

Measurement of plasma ANP level. Blood samples were obtained 4
weeks after coronary ligation. Plasma atrial natriuretic peptide (ANP), a
marker for heart failure, was measured by enzyme immunoassay (Penin-
sula Laboratories Inc., San Carlos, CA).

Mononuclear cell mobilization and FACS analysis. To investig: e
whether administration of BPS mobilizes bone marrow cells, an additior al
12 rats were randomized to receive BPS (200 pg/kg/day, BPS group, n = )
or saline {(Control group, n=6). On the third day of BPS or salie
treatment, 4 ml of blood was drawn from the inferior vena cava of ea:h
rat. Peripheral blood was obtained at the end of infusion. After mono-
nuclear cells were counted, they were incubated for 30 min at 4 °C wi.h
fluorescein isothiocyanate (FITC)-conjugated mouse monoclonal an .-
bodies against rat CD34 (clone ICO-115, Santa Cruz) and CD45 (clo e
OX-1), and FITC-conjugated rabbit anti-rat ¢-Kit polyclonal antibo iy
(clone C-19, Santa Cruz). Immunofluorescence-labeled cells were analyz :d
by quantitative flow cytometry with @ FACSCalibur flow cytometer (BD
Biosciences, Mountain View, CA). Isotype-identical antibodies served s
controls.

RT-PCR assay. To investigate whether bone marrow cells express t e
prostacyclin receptor (IP receptor), we analyzed expression of its mRN A
by reverse transcription-polymerase chain reaction (RT-PCR). In bri-f,
total RNA of bone marrow cells was extracted with guanidine isothio-
cyanate (RNeasy Mini Kit, Qiagen). Then, reverse-transcribed sing e-
stranded cDNA was subjected to PCR (PCR Amplification Kit, Takara)
using primer sets for the IP receptor (Hokkaido System Science Co., Lul.,
Sapporo, Japan, forward, 5-GGCACGAGAGGATGAAGTTTACC-,;
reverse, 5'-GTCAGAGGCACAGCAGTCAATGG-3') and G3PCH
(Clonetech Laboratories Inc., Mountain View, CA, forward, 5'-15
AAGGTCGGTGTCAACGGATTTGGC-3; reverse, 5'-CATGTAGS
CCATGAGGTCCACCAC-3").

Creation of bone marrow-chimeric rats. To assess recruitment »f
bone marrow cells after BPS administration, bone marrow transpla -
tation was performed by using male normal Sprague-Dawley rats as
recipients and male Green fluorescent protein (GFP)-transgenic reis
(SD-Tg [Act-EGFP] CZ-0040sb, Japan SLC Inc.) as donors, using a
previously described method [24]. Briefly, bone marrow was harvest:d
by flushing the cavity of femurs and tibias from GFP-transgenic r:ts
with phosphate-buffered saline. Then, 3 x 107 GFP-positive bone m r-
row cells were individually administered to 12 lethally irradiated (90)c
Gray) rats via the tail vein. Four weeks after transplantation, flowcy-
tometric analysis determined that 90% of peripheral blood mononuclear
cells from both donors and 8 of 12 chimeric rats were GFP-positi ¢,
suggesting the establishment of stable chimerism. These chimeric r:ts
were subjected to left coronary ligation, followed by administration of
BPS (200 pg/kg/day, BPS group, n=4) or saline (Control group, n = 4}
using an osmotic mini-pump for 4 weeks.

Histological examination. To detect fibrosis in the cardiac muscle, t1e
LV myocardium (n=35, each group) was fixed in 10% formalin, (ut
transversely in three sections, embedded in paraffin, and stained wih
Masson's trichrome. To detect capillary endothelial cells in the peri- n-
farct area, we performed DAB staining (LSAB2 System HRP, Da:o
Cytomation Co., Denmark) using rabbit polyclonal anti-von Willebra id
factor (vWF) antibody (Dako). A total of 10 different fields from thize
different sections were randomly selected, and the number of capiliar 25
was counted in the peri-infarct area using a light microscope at 20 ix
magnification. Capillary density was expressed as the mean number of
capillaries per square millimeter. Also, 4 weeks after coronary ligation :n
bone marrow-chimeric rats (n =4 in each group), the LV myocardiv m
was excised, embedded in OCT compound, snap-frozen in liquid nitio-
gen, and cut transversely into 6-pm-thick sections from base to api x.
Immunofiuorescent staining was performed using rabbit polyclonal arii-
vWF antibody (Dako), mouse monoclonal anti-cardiac troponin T
antibody (Neomarkers, Fremont, CA), and rabbit polyclonal Alexa 4{ 8-
conjugated anti-GFP antibody (Molecular Probes Inc., Eugene, OIi).
The nuclei were counterstained with 4/,6'-diamidino-2-phenylind:le
(DAPI). We measured the number of GFP/vWF-double-positive c¢ s
incorporated into vascular structures in 10 randomly selected fields in the
peri-infarct area per section in a blinded fashion using a fluoresce: ce
microscope.

Statistical analysis. Numerical values are expressed as means & SE
Comparisons of parameters between two groups were made by unpaii=d
Student’s ¢ test. A value of p < 0.05 was considered significant.
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Results
Cardiac structure

Body weight at 4 weeks after coronary ligation was sig-
nificantly greater in the BPS group than in the Control
group (Table 1). Right ventricular weight and lung weight
in the BPS group were significantly smaller than those in
the Control group, although LV weight did not differ
between the two groups. Moderate to large infarcts were

Table |
Physiological profiles of experimental groups
Control BPS

Number 12 12
Body weight {g)

Baseline 198 3 204 £3

After treatment 31946 352497
LV wi/body wt (g/kg) 2.28 £ 0.04 2.27 £0.04
RV wi/body wt (g/kg) 0.99 £ 0.05 0.61 £0.02
Lung wt/body wt (g/kg) 6.55 +0.62 3.8 0.1
Plasma AND level (pg/ml) 798 & 99 498 % 57°

Control, infarct rats without treatment; BPS, infarct rats treated with BPS
administration; AND, atrial natriuretic protein. Data are expressed as
means = SEM. "p <0.05, *"p < 0.01 vs. Control group.
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observed in the Control group (Fig. 1A). However, admin-
istration of BPS significantly decreased infarct size in rats
with myocardial infarction (Fig. 1A and B). BPS signifi-
cantly decreased LV end-diastolic dimension (LVDD)
(Fig. 1C).

Cardiac function

Neither heart rate nor mean arterial pressure differed
between the BPS and Control groups (Table 2). LV frac-
tional shortening and LV maximum dP/d: in the BPS
group were significantly greater than those in the Control
group (Fig. 2A and B). L'V end-diastolic pressure (LVEDP)
in the BPS group was significantly lower than that in the
Control group (Fig. 2C). LV minimum dP/d: was also
improved by BPS (Fig. 2D). Treatment with BPS attenuat-
ed the increase in plasma ANP level after myocardial
infarction (Table 1). BPS significantly increased anterior
wall thickening, although it did not significantly alter pos-
terior wall thickening (Table 2). Thickness of the anterior
and posterior walls tended to be greater in the BPS group,
but these changes did not reach statistical significance. LV
diastolic wall stress in the BPS group was significantly low-
er than that in the Control group.

C 117
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= 10

£ -
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> 1

Tt §
8 \
i N

Control BPS

Fig. 1. (A) Representative examples of Masson’s trichrome staining of transverse sections of LV myocardium 4 weeks after coronary ligation. Scale
bars = 2 mm. (B,C) Quantitative analysis of infarct size and LV end-diastolic dimension (LVDD). Infarcted area and LVDD in the BPS group were
significantly smaller than those in the Control group. Data are expressed as means & SEM. "p <0.05, **p <0.0!1 vs. Control group.
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Table 2
Echocardiographic and hemodynamic data

Control BPS
AWT diastole (mm) 0.62 4 0.04 0.74 £ 0.05
AW thickening (%) 1743 34+ 6"
PWT diastole (mm) 1.55+0.07 1.70 £ 0.04
PW thickening (%) 43+ 4 49 +3
Heart rate (bpm) 458 &7 471 £ 10
Mean arterial pressure (mmHg) 103+5 15+4
LV systolic pressure (mmHg) 11344 127457
LV diastolic wall stress (kdyne/cm?) 24+ 4 SE£1°
LV systolic wall stress (kdyne/cm?) 267+ 18 225+ 14

AWT, anterior wall thickness; AW, anterior wall;, PWT, posterior wall
thickness; PW, posterior wall. Data are expressed as means & SEM.
'p <0.05, ”"p <0.01 vs. Control group.

Mobilization of bone marrow cells

RT-PCR demonstrated that IP receptor mRNA was
expressed in bone marrow cells (Fig. 3A), indicating a
direct effect of BPS on these cells. Three-day administra-
tion of BPS significantly increased the number of periphe-
ral blood mononuclear cells compared to saline
administration (Fig. 3B). Administration of BPS markedly
increased the number of circulating progenitor cells such as
CD34-positive cells and c-kit-positive cells (Fig. 3C and D).
BPS also increased the number of CD45-positive hemato-
poietic lineage cells (Fig. 3E).

BPS-induced neovascularization

Chimeric rats with GFP-expressing bone marrow were
used to assess recruitment of bone marrow cells. Four
weeks after coronary ligation, bone marrow-derived
GFP-positive cells were incorporated predominantly into
the infarcted region and its border zone (Fig. 4A), while
these cells were rarely detected in the noninfarcted myocar-
dium. Some of the GFP-positive cells stained for vWF and
formed vascular structures. Semi-quantitative analysis
demonstrated that the number of GFP-positive cells in
the myocardium was significantly greater in the BPS group

_
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than in the Control group (Fig. 4B). The number of GFP
vWF double-positive cells (bone marrow-derived endothe.
lial cells) in the ischemic myocardium was significanth
greater in the BPS group than in the Control group
(Fig. 4C). In addition, a small number of GFP-troponir
T-double-positive cells were observed in the BPS grou
(Fig. 4D).

Capillary density

In the peri-infarct area, clustering of relatively small ves
sels was seen in BPS-treated hearts, which is indicative o~
recent endothelial regeneration (Fig. 5A). Semi-quantita-
tive analysis also demonstrated that administration o
BPS significantly increased the capillary density in the
peri-infarct area compared to the Control group (Fig. 5B)

Discussion

In the present study, we demonstrated that treatmen:
with BPS (1) decreased infarct size and improved cardia:
structure and function in rats with acute myocardial infarc-
tion, (2) increased the number of circulating progenito-
cells such as CD34-positive cells and c-kit-positive cells in
rats, and (3) increased the number of bone marrow-derive«
endothelial cells and the capillary density in the ischemi:
myocardium. These results suggest that BPS may have ben-
eficial effects on ischemic myocardium at least in part
through enhancement of neovascularization by mobilizin ;
bone marrow cells.

Earlier studies have reported that prostacyclin has car-
dioprotective effects in ischemia-reperfusion injur/
through inhibition of neutrophil activation and migratio 1
[25,26]. BPS is also reported to inhibit chemotaxis an |
superoxide anion production of neutrophils which contrit-
ute to tissue damage by releasing tissue destructive lysc-
somal enzymes [27]. Infusion of BPS has been shown t>
reduce infarct size in the dog heart with left coronary occlu -
sion by reducing myocardial oxygen demand and by inhib -
tion of the migration of neutrophils [28]. However, thes:
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Fig. 2. Cardioprotective effects of BPS on echocardiographic and hemodynamic parameters. FS, fractional shortening; LVEDP, LV end-diasto ic
pressure; Max and Min dP/dt, maximum and minimum dP/d:. Data are expressed as means £ SEM. *p <0.05, *"p < 0.01 vs. Control group.
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Fig. 3. BPS-induced mobilization of bone marrow cells. (A) Expression of prostacyclin receptor (IP receptor) on bone marrow cells. (B-E) Quantification
of BPS-induced MNC mobilization by FACS analysis. Administration of BPS markedly increased the number of circulating progenitor cells such as

Ao

CD34-positive cells and c-kit-positive cells. BPS also increased the number of CD45-positive hematopoietic lineage cells, Data are expressed as

means - SEM. "p <0.05, ~"p <0.01 vs. Control group.

biological activities of BPS appear to be insufficient to
explain the decrease in infarct size as well as suppression
of LV remodeling.

Recent studies have shown that mobilization of bone
marrow cells by cytokines promotes myocardial repair
and regeneration after acute myocardial infarction [5,6].
In the present study, three-day administration of BPS
markedly increased the number of circulating progenitor
cells such as CD34-positive cells and c-kit-positive cells in
rats. In addition, treatment with BPS enhanced recruitment
of bone marrow cells to the ischemic myocardium and
increased capillary density in the peri-infarct area. Earlier
studies have shown that CD34-positive cells have angio-
genic potential to treat ischemic heart [29-31). Also, anoth-
er stem cell fraction, c-kit-positive cells have ability to
repair ischemic myocardium by differentiating into vascu-
lar endothelial cells [32,33]. These findings suggest that
administered BPS induces neovascularization partly via
enhancement of bone marrow cell mobilization. RT-PCR
demonstrated that IP receptor mRNA was expressed in
bone marrow cells, indicating a direct effect of BPS on
these cells. A recent study has shown that BPS increases
eNOS expression in cultured endothelial cells through acti-
vation of c-AMP/Protein kinase A signal transduction [19].
Also, earlier studies have shown that eNOS plays essential
role in the recruitment of EPCs to the ischemic myocardi-

m [20]. Taken together, administered BPS may act as a

228

potent stimulator of cell mobilization from bone marrow,
although further studies are necessary to examine the
underlying mechanisms.

In the present study, treatment with BPS significantly
attenuated infarct size after myocardial infarction. BPS
improved cardiac function and attenuated the development
of LV remodeling after acute myocardial infarction, as
indicated by increases in LV fractional shortening and
maximum dP/d:, and decreases in LVEDP and LVDD.
Taken together, BPS may attenuate myocardial infarction
through enhancement of neovascularization via modifica-
tion of bone marrow kinetics. Interestingly, a small frac-
tion of mobilized bone marrow cells expressed cardiac
troponin T in the ischemic myocardium in the BPS group,
suggesting that BPS may partially contribute to myocardial
regeneration after acute myocardial infarction. Earlier
studies have demonstrated that BPS has other beneficial
effects for ischemic heart disease including anti-thrombotic
activity [34], inhibition of reperfusion injury [35), and pre-
vention of coronary spasm [36), and re-stenosis [37]. These
findings suggest that administration of BPS may be a
promising therapy for acute myocardial infarction.

Granulocyte colony stimulating factor (G-CSF) is cur-
rently used agent for mobilization of bone marrow. Infu-
sion of G-CSF after myocardial infarction improves LV
function increasing peripheral stem cell fraction [5,38]. A
recent clinical trial, however, claimed the G-CSF therapy
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Fig. 4. BPS-induced neovascularization. (A) Representative immunofluorescent images stained with antibodies to von-Willbrand factor (vWF, red) anc
green fiuorescent protein (GFP, green). Nuclei were counterstained with DAPI (blue). (B,C) Semi-quantitative analyses of numbers of GFP-positive cell .
and GFP-vWF double-positive cells in the peri-infarct area. (D) Representative immunofluorescent image of GFP-positive cells (green) expressing cardia :
troponin T (red) observed in the BPS group. Scale bars = 50 pm. Data are expressed as means & SEM. ~*p < 0.01 vs. Control group.

has serious problem with re-stenosis after recanalization
(39]. On the other hand, the safety of BPS has been identi-
fied in the treatment of peripheral arterial disease [12,13]
and pulmonary arterial hypertension [14,15]. A random-
ized, controlled clinical trial failed to demonstrate thera-
peutic potential of prostacyclin for the treatment of
severe congestive heart failure [40], which has long discour-
aged the pursuit of prostacyclin as a therapeutic option for
the treatment of acute myocardial infarction. Interestingly,
however, double-blinded, randomized, placebo-controlled,
large-scale studies showed that treatment with BPS
decreased vascular events in patients with peripheral

arterial disease [41,42]. Thus, adequate use of BPS for onl
acute myocardial infarction may have beneficial effects on
ischemic myocardium, although further preclinical trial;
are required to verify the safety and efficacy of BPS.

Conclusion

In summary, administration of BPS improved cardiac
structure and function in rats with acute myocardial infarc-
tion. This beneficial effect of BPS may be mediated partly
by its ability to enhance neovascularization in ischem. ¢
myocardium by mobilizing bone marrow cells.

—175-



1243 Y. Miyahara e"t al. | Biochemical and Biophysical Research Communications 349 (2006) 1242-1249

£ 800
=
T 600
2]
=}
E 400 1
?§
QO 200+
0

7

Control

BPS

Fig. 5. (A) Representative samples stained with antibody to von Willebrand factor by bright-field DAB. (B) Quantitative analysis of capillary density in
peri-infarct area. Administration of BPS increased capillary density by 37%. Scale bars = 50 um. Data are expressed as means & SEM. *"p < 0.01 vs.

Control group.
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Monolayered mesenchymal stem cells repair scarred
myocardium after myocardial infarction

Yoshinori Miyahara'?, Noritoshi Nagayal®, Masaharu Kataoka!, Bobby Yanagawa!, Koichi Tanakal,
Hiroyuki Hao? Kozo Ishino’®, Hideyuki Ishida%, Tatsuya Shimizu®, Kenji Kangawa®, Shunji Sano?,

Teruo Okano®, Soichiro Kitamura’ & Hidezo Mori®

Mesenchymal stem cells are multipotent cells that can
differentiate into cardiomyocytes and vascular endothelial cells.
Here we show, using cell sheet technology, that monolayered
mesenchymal stem cells have multipotent and self-propagating
properties after transplantation into infarcted rat hearis. We
cultured adipose tissue—derived mesenchymal stem cells
characterized by flow cytometry using temperature-responsive
culture dishes. Four weeks after coronary ligation, we
transplanted the monolayered mesenchymal stem cells onto the
scarred myocardium. After transplantation, the engrafted sheet
gradually grew to form a thick stratum that included newly
formed vessels, undifferentiated cells and few cardiomyocyies.
The mesenchymai stemn cell sheet also acted through paracrine
pathways to trigger angiogenesis. Unlike a fibroblast cell sheet,
the monolayered mesenchymal stem cells reversed wall
thinning in the scar area and improved cardiac function in

rats with myocardial infarction. Thus, transplantation of
monolayered mesenchymal stem cells may be a new
therapeutic strategy for cardiac tissue regeneration.

Myocardial infarction, a main cause of heart failure, leads to loss of
cardiac tissue and impairment of left ventricular function. Therefore,
restoring the scarred myocardium is desirable for the treatment of
heart failure. Although needle injections of bone marrow cells into the
myocardium have been performed for cardiac regeneration!™, it is
difficult to reconstruct sufficient cardiac mass in the thinned scar area
after myocardial infarction.

Recently, our colleagues have developed cell sheets using tempera-
ture-responsive culture dishes®. These cell sheets allow for cell-to-cell
connections and maintain the presence of adhesion proteins because
enzymatic digestion is not needed’"!%. Therefore, cell sheet transplan-
tation may be a promising strategy for partial cardiac tissue recon-
struction. Skeletal myoblasts, fetal cardiomyocytes and embryonic
stem cells have been considered as candidates for an implantable cell

source! ", Tt is difficult, however, to produce a multilayered con-
struct requiring a vascular network. Thus, autologous somatic stem
cells with self-propagating properties that can induce angiogenesis are

‘a desirable cell source for a transplantable sheet.

Mesenchymal stem cells (MSCs) are multipotent adult stem cells
that reside within the bone marrow microenvironment!*!5, MSCs can
differentiate not only into osteoblasts, chondrocytes, neurons and
skeletal muscle cells, but also into vascular endothelial cells!® and
cardiomyocytes'”2°. In contrast to their hematopoietic counterparts,
MSCs are adherent and can expand in culture. Recently, MSCs have
been isolated from adipose tissue?~*4, which is typically abundant in
individuals with cardiovascular disease. Here, we investigated the
therapeutic potency of monolayered MSCs derived from adipose
tissue using cell sheet technology.

RESULTS

Characteristics of adipose tissue—derived MSCs

We isolated MSCs from subcutaneous adipose tissue of male Sprague-
Dawley rats on the basis of the adherent properties of these cells. We
obtained 1.7 x 10° £ 0.2 x 10° cells from 1 g adipose tissue in a 12-h
culture. By day 4 of culture of the minced adipose tissue, spindle-
shaped adherent cells were apparent and formed symmetric colonies.
After approximately three to four passages, most adherent cells
expressed CD29 and CD90 (Supplementary Fig. 1 online). In
contrast, the majority of adherent cells were negative for CD34 and
CD45. They were also negative for CD31, a marker for vascular
endothelial cells, and negative for o smooth muscle actin (aSMA), a
marker for smooth muscle cells. A small fraction of adherent cells
expressed CD71, CD106 and CD117. These results were similar to
those from bone marrow—derived MSCs!3?225 (Supplementary Fig. 1
online). Using previously described methods!6%2%5, we confirmed that
these adipose-derived adherent cells, like bone marrow-derived MSCs,
were multipotent, as judged by their ability to differentiate into
adipocytes, osteoblasts and vascular endothelial cells. Thus, we
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