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FIGURE 2. Area at risk (A) and collateral blood flow during ischemia (B) in the control group, ]\‘ATX group, MX-68 group,
MTX+8-SPT group, MX-68+8-SPT group, MX-68+AMP-CP group, MX-68(post) group, 8-SPT group, and AMP-CP group. There
were no differences of the area at risk and collateral flow during ischemia between these groups. Statistical significance was tested

by ANOVA.

blunted by infusion of either 8-SPT or AMP-CP. MTX also
reduced infarct size in a similar manner to MX-68, and its pro-
tective effect was blunted by 8-SPT. Even when MX-68 was
administered after the start of reperfusion, reduction of infarct
size was observed 1o a level between that in the control group
and that when MX-68 was administered before ischemia. Re-
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FIGURE 3, Infarct size expressed as a percentage of the area at
risk. Infarct size was markedly decreased in the MTX and MX-
68 groups compared with the control group, and this im-
provement was completely reversed by 8-SPT or AMP-CP. Sta-
tistical significance was tested by ANOVA,
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gression plots of infarct size versus collateral blood flow are
shown in Figure 4, which indicate that the infarct size-limiting
effect of either MX-68 or MTX was attributable to an adeno-
sine-dependent mechanism.
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FIGURE 4, Infarct size after 90 minutes of ischemia versus re-
gional collateral flow during ischemia. Infarct size is expressed
as a percentage of the area at risk. infarct size was markedly
decreased in the MTX and MX-68 groups compared with the
control group. This improvement was completely reversed by
8-SPT or AMP-CP. Statistical significance was tested by AN-
COVA,
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DISCUSSION
The present study demonstrated that either MTX or MX-
68 could markedly reduce infarct size and that the cardiopro-
tective effects of these agents were attributable to ecto-5'-
nucleotidase- and adenosine-dependent mechanisms.

Adenosine and the Cardioprotective Effect of
MTX or MX-68

Anti-inflammatory drugs such as steroids were thought
to have an infarct size-limiting effect”® because the patho-
physiology of myocardial infarction resembles tissue inflam-
mation and such drugs can potently ameliorate the tissue in-
flammatory process. However, steroids and related hormones
have been variously reported to decrease infarct size, have no
effect, or even increase infarct size.** On the other hand, other
anti-inflammatory agents seem to be effective against
ischemia/reperfusion injury. For example, 17B-estradiol is
known to have an anti-inflammatory effect'® and it markedly
reduces infarct size.!! Statins are known to improve vascular
inflammation and atherosclerosis, and these drugs also reduce
infarct size rnarkedly.’2 Therefore, we cannot necessarily con-
clude that all anti-inflammatory drugs will be effective for
ischemia/reperfusion injury, but we can suggest that these
drugs have the possibility of mediating cardioprotection.

MTX and its analog MX-68 are disease-modifying anti-
rheumatic drugs,”® and their mechanism of action on immune
cells was recently reported to be mediated via adenosine.'? If
this is the case in myocardial cells, either MTX or MX-68
would limit infarct size because adenosine markedly reduces
the size of infarcts and triggers/mediates the cardioprotective
effect of ischemic preconditioning.?*?% Indeed, the present
study revealed that MTX and its analog (MX-68) can amelio-
rate ischemia/reperfusion injury. We also showed that this ac-
tion is adenosine-dependent, because the effect of either MTX
or MX-68 was blunted by 8-SPT, an adenocsine receptor an-
tagonist. Accordingly, both MTX and MX-68 ameliorate
ischemia/reperfusion injury via adenosine-related mecha-
nisms. T

In immune system cells, the adenosine-related action of
MTX was reported to be attributable to ecto-5'-nucleotidase, '
and this also seems to be the case in the myocardium because
the effect of MX-68 and MTX was blunted by an ecto-5'-
nucleotidase inhibitor or an adenosine receptor antagonist.
Ecto-5'-nucleotidase produces adenosine, and adenosine in-
hibits norepinephrine release from presynaptic vesicles and at-
tenuates Ca®* influx into myocytes by acting on A, receptors
and inhibitory G protein.?®*” Adenosine also increases CBF,
inhibits platelet aggregation, and inhibits leukocyte activation
via A, receptors and stimulatory G protein,'*!® Since factors
such as an increase of norepinephrine, Ca?" overload, de-
creased CBF, and activation of platelets and leukocytes are
deleterious to the heart, control of these factors by adenosine
may help to minimize ischemia/reperfusion injury. Several
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studies have shown that adenosine administration markedly at-
tenuates ischemia/reperfusion injury. 357

Role of Adenosine in the Effect of MTX
or MX-68

How does MTX or MX-68 act on ecto-5"-nucleotidase?
Several possibilities can be suggested. First, activation of ecto-
5'-nmucleotidase may occur after phosphorylation, as seen with
ischemic preconditioning or treatment with phorbol ester,
where activation of protein kinase C possibly leads to the phos-
phorylation and activation of ecto-5’-nucleotidase.”®?° How-
ever, the in vitro activity of myocardial ecto-5'-nucleotidase
was not increased by brief exposure to MTX (data not shown),
whereas methoxamine and phorbol ester, which phosphory-
late and activate ecto-5'-nucleotidase, both activated myocar-
dial ecto-5'-nucleotidase in vitro.2®2° These results suggest
that MTX does not activate ecto-5"-nucleotidase via the pro-
cess of phosphorylation, so a direct interaction between MTX
and the active site of ecto-5"- nucleotidase may be responsible
instead. '

_ Second, MTX is reported to increase the tissue level of
AICA riboside by inhibition of AICA riboside deaminase,?
and we have previously shown that AICA riboside increases
the activity of ecto-5"-nucleotidase.'® Therefore, ecto-5'-
nuclectidase may be activated when the myocardial AICA ri-
boside is increased during administration of MTX in vivo.
However, it has not been ctarified how AICA riboside acti-
vates ecto-5"-nucleotidase in the heart. Since AICA riboside
activates AMP deaminase and inactivates adenosine deami-
nase, it may also modulate the enzymes related to adenosine
metabolism.*® Accordingly, AICA riboside could increase
adenosine production via activation of ecto-3'-nucleotidase,
and maintain a high adenosine level by inhibiting enzymes in-
volved in the metabolism of adenosine. In this context, there
are many reports that AICA riboside is cardioprotective
against ischemia/reperfusion injury via adenosine-dependent
mechanisms. '-3%3!

Clinical Relevance and Limitations

In this study, we demonstrated that both MX-68 and
MTX can limit infarct size via adenosine-dependent mecha-
nisms. It would be of interest to test the cardioprotective effect
of MTX or MX-68 in the clinical setting of acute myocardial
infarction with coronary revascularization, since infusion of
adenosine during reperfusion has been shown to limit infarct
size.!” Furthermore, since administration of adenosine can
precondition the myocardium prior to sustained ischernia,®*
treatment with MTX or MX-68 may be useful in patients who
have coronary artery disease to precondition the myocardium
and improve resistance to acute myocardial infarction. How-
ever, further studies are necessary to develop either MTX or
MX-68 as a drug to treat acute ischemic heart disease.
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High-voltage condensers in a polarity-inversion two-stage Marx surge penerator are charged from —40 to —60kV using a

power supply, and the electric charges in the condensers are discharged to an X-ray tube after closing the gap switches in the

surge generator using a trigger device. The X-ray tube is a demountable diode, and the turbomolecular pump evacuates air

from the tube with a pressure of approximately 1 mPa. Sharp K-series characteristic X-rays of molybdenum are produced

without using a monochromatic filter, since the tube utilizes a disk cathode and a rod target, and bremsstrahlung rays are not

emitted in the opposite direction to that of electron acceleration. The peak tube voltage increased with increasing charging

voltage and increasing space between the target and cathode electrodes. At a charging voltage of —60kV and a target-cathode

space of 1.0 mm, the peak tube voltage and current were 110kV and 0.75 kA, respectively. The pulse width ranged from 40 to v
100 ns, and the maximum dimension of the X-ray source was 3.0mm in diameter. The number of generator-produced K

photons was approximately 7 x 10" photons/cm?-s at 0.5m from the soutce. [DOI: 10.1143/JJAP.43.7324]

KEYWORDS: flash X-ray, characteristic. X-ray, quasi-monochromatic radiography, bremsstrahlung X-ray distribution

1. Intreduction

Flash X-ray generators have been developed as a powerful
tool in high-speed radiography because they produce
extremely short X-ray pulses of less than 1us. Currently,
most generators utilize a multistage Marx surge generator™?
in order to produce high-photon-energy flash X-rays by
increasing the maximum tube voltage. On the other hand,
soft flash X-ray generators®” with photon energies of less
than 150keV can be applied to biomedicine, and the
repetition rate has been increased to the sub-kilohertz order.®)

High-dose-rate monochromatic X-rays are produced by a
synchrotron in conjunction with single crystals and have
been applied to X-ray phase imaging®'® and microangiog-
raphy.!? Subsequently, because extremely high-dose-rate
quasi-monochromatic X-rays are produced from the axial
direction of weakly ionized linear plasma,'*'¥) high-speed
biomedical radiography has been performed. However, the
bremsstrahlung X-rays are produced using targets of
molybdenum, silver, cerium, and tungsten, since high-
photon-energy bremsstrahlung X-rays are not absorbed
effectively-in the linear plasma. In addition, in cases where
cold cathode triodes are employed, it is difficult to increase
the condenser charging voltage to increase the photon
energies of characteristic X-rays due to vacuum breakdown;
the target voltage is equal to the charging voltage.

Because bremsstrahlung X-ray intensity varies with
changes in the angle and direction of electron acceleration,
characteristic X-rays are produced without using a mono-
chromatic filter by selecting the irradiation direction.
Although bremsstrahlung intensity is proportional to the
atomic number, the angle selection will be a useful
technique to produce quasi-monochromatic X-rays.

In this article, we describe a compact flash X-ray

e ' Vacuum
Trigger device pump
A

High-voltage
power supply

Fig. 1. Block diagram of compact quasi-menochromatic flash X-ray
generator.

generator utilizing a molybdenum-target radiation tube, used
to perform a preliminary experiment for generating quasi-
monochromatic X-rays using the angle dependence of
bremsstrahlung rays.

2. Generator

2.1 High-voltage circuit

Figure 1 shows a block diagram of a compact quasi-
monochromatic flash X-ray generator. This generator con-
sists of the following components: a constant high-voltage

- power supply, a polarity-inversion two-stage surge Marx

generator with a capacity during main discharge of 425 pF, a
trigger device for the surge generator, a turbomolecular
pump, and a flash X-ray tube. Since the electric circuit of the
surge generator employs a polarity-inversion two-stage
Marx line (Fig. 2), the surge produces twice the potential
of the condenser charging voltage. When two condensers
inside of the surge generator are charged from —40 to
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Cathode

- X-ray
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_Zy window PMMA tube bod/
’ Delrin ifisulater
10 vacuum pump
Fig. 3. Schematic drawing of flash X-ray tube,

=60KkV, the ideal output voltage ranges from 80 to 120kV.

2.2 X-ray tube _
The X-ray tube -is of the demountable diode type, as

illustrated in Fig. 3. This tube is connected to the turbomo- -

lecular pump with a pressure of approximately 1 mPa and
consists of the following major devices: a rod-shaped
molybdenum target, 'a-disk cathode made of graphite, a
polyethylene terephthalate (Mylar) X-ray window 0.25 mm
in thickness, and a polymethyl methacrylate (PMMA) tube
body. The target-cathode (T-C) space was regulated from
the outside of the X-ray tube by rotating the arode rod, and

Target-cathode space = 1.0 mm
V. : Charging voltage

AN

Z o =
> N

[

%ﬂ 0 / \ \MA‘- Vo= —SUKV /,
§ A N DN o

2 __/ \,\ Vo= -60KV

& 0 -

Time (100 ns/div.}
()

Fig. 5. Vadations in tube voltage with changes in (a) charging veltage and (b) space.
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Fig. 4. Bremsstrahlung X-ray intensity distribution vs angle,

the transmission X-rays are obtainedith:ough a 1.0 mm-thick
graphite cathode and an X-ray window. Because brems-
strahlung rays are not emitted in the opposite direction to
that of electron acceleration (Fig. 4), characteristic X-rays
can be produced.

3 Charactéristics

3.1 " Tube voltage and current ‘

Tube voltage and current were measured using a high-
voltage divider with an input impedance of 10k and a
current transformer, respectively :(Figs. 5 and 6). The
voltage and current roughly displayed damped oscillations.
At a constant T-C space of 1.0 mm,|pcak voltage increased

slightly with increasing charging voltage. In contrast, peak

Charging voltage =—60kV |
S: Target-cathode space

/ ,r\“\/

Tube voltage (40 kV/div.)

0 -/ N\ S=lomm ||
/ -\\ viaf
15 mm |
DN

Time (100 ns/div.
&




7326 Jpn. 1. Appl. Phys., Vol. 43, No. 10 (2004)

Target-cathode space = 1.0 mm
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Fig. 6. Tube currents with changes in (a) chargiﬁ_'gyonagc and (b) space. . _ .
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Fig. 7. X-ray outputs according to changes in (a) charging voltage and (b) space.

voltage substantially increased when T-C space was
increased at a constant charging voltage of —60kV.
Subsequently, peak tube current increased with increasing
charging voltage. When T-C space was increased, current
rise time increased, and peak current decreased. At a
charging voltage of ~60kV and a T-C space of 1.0mm,
peak tube voltage and current were 110kV and 0.75kKA,
respectively. ’

3.2 X-ray output :
X-ray output pulse was detected using a combination of
plastic scintillator and a photomultiplier (Fig. 7). When the
charging voltage was increased, the pulse height increased,
but the width seldom varied. Next, with increases in the T-C
space, the height was maximized, and the width increased. In
the present work, the width ranged from 40 to 100 ns. Next,
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the time-integrated X-ray intensity measured using a
thermoluminescence dosimeter (Kyokko TLD Reader 1500
having MSO-S elements without energy compensation) was
élp‘proximately 3.0uC/kg at 0.5m from the X-ray source
with a charging voltage of —60kV and a T-C space of
1.0 mm.

3.3 X-ray source 7

. In order to measure the images of the X-ray source, we
employed a pinhole camera with a hole diameter of 100 pm
(Fig. 8). When the charging voltage was increased, the
plasma X-ray source grew, and both spot dimension and
intensity increased. The maximum dimension was almost
equal to the target diameter and had a value of approx-
imately 3.0mm.
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V,: Charging voltage

V.=—40 kV V. =-50kV Ve =-60kV
© 5mm
——
Fig. 8. Images of X-ray source with changes in charging voltage at

constant space between target and cathode electrodes.

3.4 X-ray spectra

X-ray spectra were measured by a transmission-type
spectrometer with a lithium fluoride curved crystal 0.5 mm
in thickness. The spectra were measured using a computed
radiography (CR) system'” (Konica Regius 150) with a
wide dynamic range, and relative X-ray intensity was
calculated from Dicom digital data. Figure 9 shows the
measured spectra from the molybdenum target. We observed
sharp lines of K-series characteristic X-rays, while brems-
strahlung rays were hardly detected. The characteristic X-ray
intensity of the Koz and Kp lines substantially increased with
increasing charging voltage.

4. Radiography

Flash radiography was performed using the CR system at
0.5m from the X-ray source, and the charging voltage and
the T-C space were —60kV and 1.0 mm, respectively.

Firstly, rough measurements of spatial resolution were
made using wires. Figure 10 shows radiograms of tungsten
wires coiled around a pipe made of polymethyl methacry-

.
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100 pm wire 50 pm wire

. 30 mm

Fig. 10. Radiograms of tungsten wires of 50 and 100|.1m in diameter
coiled around pipes made of polymethyl methacrylate,

late. Although the image contrast increased with increasing
wire diameter, a 50-um-diameter wire could be observed.

“An image of plastic bullets falling|into a polypropylene
beaker from a glass test tube is shown in Fig. 11. Because
the X-ray pulse widths were approxirﬁately 60 ns, the stop-
motion image of bullets could be obtained. Figure 12 shows
an angiogram of a rabbit heart; iodine-based microspheres of
15um in diameter were used, and fine blood vessels of
approximately 100um were visible.

5. Discussion

Concerning the spectrum measurement, sharp molybde-
num K-seties "characteristic X-rays | were obtained, and
monochromatic Ke lines can be obtamed using a zirconium
filter. The. photon encrgies of characterlstxc X-rays are
determined by the target element, and the X-ray intensity
increases with increasing tube voltage by increasing the
charging voltage. As compared with the plasma flash X-ray
generator utilizing a molybdenum target triode,'” brems-
strahlung X-rays were hardly observed at all even when
higher tube voltages were applied tol the diode, since the
characteristic X-rays were produced from the target tip.
Because the maximum tube voltage can be increased easily,

and high-photon-energy K-series characteristic X-rays from

Charging voltage = 40 kV Charging voltage = -50 kV Charging voltage= - 60kV
15 40 80 -
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& & 10 Bis 2 20
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Fig. 9. X-ray spectra from weakly ionized molybdenum plasma according to changes in charging voltage with space of 1.0 mm.
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7328

50 mm

Fig. 11. Radiograms of plastic bullets falling into polypropylene beaker
from glass test tube.

100 pim tungsten wire

30 mm

Fig. 12. Angiogram of rabbit heart.
the cerium or tungsten target can be produced. In particular,

the cerium target is very useful in order to perform
microangiography using iodine-based contrast medinms.
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In this research, although the number of generator-
produced characteristic K photons was approximately 7 x
10'* photons/cm?-s at 0.5m from the source, the number
can be increased easily by increasing the electrostatic energy
in the condensers.

Using this generator, because the photon energies of
characteristic X-rays can be selected, various quasi-mono-
chromatic high-speed radiographies, such as high contrast
microangiography and photon:counting radiography for
decreasing noise from radiograms, will be possible.
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Abstract

A fundamental study on quasi-parallel radiography using a polycapillary plate and a
copper-target x-ray tube is described. In the experiments, the tube voltage was regu-
lated from 12 to 22 kV, and the tube current was regulated within 3.6 mA by the fila-
ment temperature. The exposure time was controlled in order to obtai|n optimum x-ray
intensity, and the maximum focal spot dimensions were approximately 2.0 x 1.5 mm.
The thickness and the inner capillary tube diameter of the polycapillelry were 1.0 mm
and 25 um, respectively. Monochromatic x-rays were produced using a 10 um-thick
nickel filter with a tube voltage of 17 kV, and these rays were formed into quasi-

parallel beams by the polycapillary. The radiogram was taken uslgng a computed

EFERAEHIMYEER (T020-0015 EFEEBTARES-16-1) : Department of Physics, Iwate
Medical University
e-mail: msagae@iwate-med.ac.jp

78

— 466 —




Jpn. J. Med. Phys. Vol.24. No.2 (2004) e

radiography system utilizing imaging plates. In the measurement of image resolution, the spatial
resolution hardly varied according to increases in the distance between the resolution-test chart and
imaging plate using a polycapillary. A 50 um tungsten wire could be observed, and fine blood ves-
sels of approximately 100 ym were visible in angiography.

Recetved Jan. 7, 2004; revision accepted Jul. 5, 2004

1. Introduction

Monochrométie\ parallel radiography typically utilizes a synchrotron in conjunction with silicon
single crystals aﬁd it has been applied in x-ray phase imaging M 1t has also been applied in high
contrast micrq-angiography D because x—raye with energies of approximately 35 keV are absorbed
effectively by ;t'ﬁe iodine-based contrast medium.

In order to produce monochromatic x-rays without using the synchrotron we developed a molyb-
denum x-ray tube? with a transmission-type molybdenum target, Wh1ch is used as a monochromatic
filter for absorbing bremsstrahlung x-rays. In addition, from weakly 1omzed hnear plasma, we found
irradiations of intense and sharp characteristic x- rays9 2 R
- “Recently, several different x-ray lenses 1319 pave been developed and a polycaplllary plate& * has
been shown to be useful to perform quasi-parallel radiography with lower photon energy. For this,
the plate thickness is about 1 mm, and it is very difficult to design a thicker plate due to technical
limitation for increasing the strait capillary length.

‘In biomedical radiography, because the image processing can be done easily with a Computed
Radiography {(CR} system 1617 utilizing imaging plates, the CR system is useful for monochromatic
parallel radiography, regardless of whether the image resolution falls as compared with an x-ray
film; the spatial resolution is primarily determined by the minimum sampling pitch of 87.5 um.

Negative voltage power supply, a filament (hot cathode)
high-voltage

power supply

Ferrite core In this article, we describe a monochromatic
"~ / quasi-parallel radiography system utilizing a
Filament ‘@ polycapillary plate with an inner capilliary di-
power supply |- ¢
— ameter of 25 um, a CR system, and a copper-
WA }“"'m target radiation tube to realize a low-priced x-ray
X-ray fube e s
7 ~ // system utilizing an x-ray lens.
= 1 _4 ' :
7 2. Experimental setup
7% f E / Figure 1 shows the circuit diagram of the x-
Anode (capper target) ray generator, which consists of a negative high-

X-ray power supply, and a copper-target x-ray tube.

The negative high voltage is applied to the
7.
Fig. 1. Circuit diagram of the x-ray generator.

cathode electrode, and the anode (target) is con-
nected to the ground. In the experiments, the
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Capper target

Fitament
............. e
% X-ray tube
W 1
| Scticalony PR B SORTAG |
“ 10 um nickel filter
Beryllivm window
X-ray 1.08 m

Polycapillary

plate

Fig. 3. Polycapillary plate.

Aluminum plate

tube voltage was regulated from 12 to 22 kV, and

{maging plate the tube current was regulated by the filament

temperature and ranged from 1.0i to 3.0 mA. The

exposure time was controlled in oTier to obtain op-

Lead plate

Fig. 2. Experimental setup for polycapillary timum x-ray intensity.
imaging utilizing a CR system. The experimental setup for performing poly-

capillary imaging is shown in Fig. 2. Monochromatic x-rays were produced usiﬂg a 10 um-thick
nickel filter, and these rays were formed into quasi-parallel beams by a polycapille‘lry plate (Fig. 3).
The polycapillary plate was J5022-21 (Hamamatsu Photonics Inc.}, and the plate thickness was 1.0
mm. The outer, effective, and inner capilliary diameters were 87 mm, 77 mm, and 25 um, respec-
tively. Radiography was performed by a CR system (Konica Regius 150} utiliziﬁé imaging plates.
The distance between the x-ray source and the polycapillary was 1.08 m, and the plolycapillary plate
was set on an aluminum plate. The distance between the polycapillary and imaging| plates was regu-
lated by the height (30 mm) of the polymethyl methacrylate (PMMA) spacers used.

Vi: Tube voltage

T: Exposure time 3. Characteristics

Tube current=1 mA,
3.1. Focal spot ‘
In order to measure images of the x-ray

source, we employed the CR laystem, a pinhole
|

camera with a hole diameter of 50 um, and a
filter (Fig. 4). When the tube voltage was in-

¥ =22kV
T=10¢

creased, the focal spot intensity increased;

— e spot dimensions also increased slightly and
Fig. 4. Images of the x-ray source measured using were approximately 2.0 * 1.5 mm.
a 50 um-diameter pinhole while changing
the tube voltage.

30
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Fig. 5. Measured x-ray spectra while changing the tube voltage.

3.2. X-ray spectra

Monochromatic x-ray spectra from the copper-
target tube were measured by a transmission-type
spectrometer with a lithium fluoride curved crystal
0.5 mm in thickness. The spectra were taken by
the CR system with a wide dynamic range, and
relative x-ray intensity was calculated from Dicom
digital data. Fig. 5 shows measured spectra from
the copper target. When the tube voltage was in-
creased, the characteristic x-ray intensity of Ke

lines increased.

4. Radiography

The monochromatic radiography was performed
with a tube voltage of 17 kV using the filter.
Figure 6 shows radiography for imaging a
polycapillary plate, and radiograms of the
polycapillary are shown in Fig. 7. The center
of the black spot in the polycapillary radio-
gram was mainly imaged by direct transmis-
sion beams through capillary holes. As shown
in this figure, the spot dimensions increased
slightly according to decreases in the PMMA
spacer height.

Radiography for imaging a test chart for

determining image resolution, and the radio-

H=60 mm

X-ray

J

Polycapillary plate

h

1 mmzthick

. aluminum plate
Imaging plate

80 mm

| PMMA spacer

L A K AIRRRR,
P Lead plate

Spacer height

Fig. 6. Radiography for imaging a polycapillary
plate while changing the distance be-
tween the polycapillary and imaging
plates using PMMA spacers.

H: PMMA spacer height

H=30 mm H=0 mm

60 mm
D ———

Fig. 7. Radiograms of a polycapillary plate while

changing the PMMA height.
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grams of 166 um width lead lines, are shown in Figs. 8 and 9, respectively. ‘ oth the image resolu-
tion and the line contrast fell with decreases in the spacer height. Figure 10 shows the polycapillary
radiography for imaging the test chart; the polycapillary was set on the aluminum plate. With this
radiography system, we obtained higher contrast lines as compared with tho'se in Fig. 9. When the
spacer height was increased, the image resolution hardly varied, and the image dxmensmns
decreased slightly (Fig. 11).

Figures 12 and 13 show radiography and the radiogram of tungsten wi‘res on a PMMA box,
respectively. Although the image contrast increased with increases in the wire diameter, a 50 ym-
diameter wire could be observed. The angiography for a rabbit heart is shown in Fig 14; iodine-
based microspheres of 15 um diameter were used, and fine blood vessels éf about 100 um were

visible (Fig. 15). . ‘

X-ray

g
W{\l mm-thick

\ aluminum plate
Imaging plate Resolution-test chart

466 g leadt lines

RE

Attachmen

-

PMMA spacer

¥ I RN
i T
Y

Lead plate
Spacer\]eight H=60 mm H=30mm H=0mm
H: PMMA spacer height
Fig. 8. Radiography for imaging a test chart . i | .
according to the PMMA spacer height. Fig. 9. Radiograms of a test chart according to
the PMMA height. \

X-ray A 166 pm leagh lines
Polycapillary plate
g i — ™1 mm-thick
P aluminum plate
Attachnlent . .
Imaging plate esolution-test chart

80 mm

PMMA spacer

R Lead plate

Spacer height

H=60 mm H=30 mm i H=0 mm

Fig. 10. Radiography for imaging a test chart o PMMMpacelhﬁgm

using a polycapillary plate according ‘

to the PMMA height. Fig. 11. Radiograms of a test chart using the poly-
capillary plate according to the PMMA
height
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X-ray
Polycapillary plate ﬂ' 1 mm-thick
'alumigum
., -
1 nm-thick T RTIL. _.x““’
i NN
80 mm | = :
1| PMMA pipe

39 mni | 11y 11 Imaging plate

)

Léad plate
Fig. 12. Radiography for imaging tungsten
wires using the polycapillary.

X-ray

1 mm-thick
aluminum

- mis
N~

Heart
7
o

Polycapillary plat ﬂ'
ycap "‘{Eae

$0 mm e
Imaging plate

Lead plate

Fig. 14. Angiography using iodine-based
microspheres of the heart extracted
from a rabbit.

5. Discussion

Bratam X

R

Fig. 13. Radiograms of tungsten wires on a
PI_VIMA_ spacer.

R B ‘:

100 pm tungsten wire ;... -t/ =

20 mm

o .
- g

Fig. 15. Angiogram of the heart using the
polycapillary.

In this research, we carried out parallel radiography using a polycapillary plate in conjunction
with monochromatic x-rays, and we obtained higher image resolutions as compared with those
obtained without using the plate. Currently, the image resolution of the polycapillary is primarily
determined by the inner capilliary diameter and the thickness, and it is improved with decreases in
the diameter and increases in the thickness. In cases where the CR sysfem is employed, although

the resolution of the CR system is primarily determined by the minimum sampling pitch of 87.5 um,

we could observe 50 um tungsten wires.

.The photon energies of the characteristic x-rays are determined by the target element, and the

capillary thickness should be increased according to increases in the photon energy because the

transmission intensity through capillary glass increases. Subsequently, in order to increase the
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parallelity for phase imaging, single crystals should be employed after passing the x-ray beam
through the polycapillary.

Since it is possible to increase the irradiation field by increasing the distance between the x-ray

source and the polycapillary, this system can be applied to image a wide variety of objects in various

fields, including medical radiography.
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Optimal Windows of Statin Use for Immediate Infarct Limitation

5'-Nucleotidase as Another Downstream Molecule of
Phosphatidylinositol 3-Kinase |

Shoji Sanada, MD, PhD; Hiroshi Asanuma, MD, PhD; Tetsuo Minamino, MD, PhD;
Koichi Node, MD, PhD; Seiji Takashima, MD, PhD; Hiroko Okuda, PhD;
Yoshiro Shinozaki, MD, PhD; Akiko Ogai, PhD; Masashi Fujita, MD; Akio Hirata, MD;
Jiyoong Kim, MD;-Yoshihiro Asano, MD, PhD; Hidezo Mori, MD| PhD;
Hitonobu Tomoike, MD, PhD; Soichiro Kitanwura, MD, PhD;

Masatsugu Hori, MD, PhD; Masafumi Kitakaze, MD, PhD

Background—-Although statins are reported to have a cardioprotective effect, their immediate direct influence on
ischemia-reperfusion injury and the underlying mechanisms remain obscure. We invesligale(_ﬁ these Issues an in vivo
canine model. !

Methods and Results—Dogs were subjected to coronary occlusion (90 minutes) and repcrfmioh (6 hours) immediately
afler injection of pravastatin (12, 2, or 10 mg/kg), pitavastatin (.01, .1, or 0.5 mg’kg), or cun astatin (0.5, 5, or 50
peke). Then myocardial phosphatidylinositel 3-kinase (P13-K} and 5°-nucleotidase activities were measured, as well
as infarct size. Afier 15 minutes of reperfusion, pravastatin caused dose-dependent ac.uvat‘mn of Akt and ecto-5'-
nucleotidase in the ischemic zone, and the effect was significant at higher doses. Pitavastatin also significantly increased
these activities, and its optimal dose was within the clinical range, whereas cerivastatin caused activation at the lowest
dose tested. In all cases. both Akt and ecto-3"-nuclectidase showed activation in parallel, and this activation was
completely abolished by wortmamnin, a PI3-K inhibitor. The magnitude of the lnlam-]mm]m effect paralleled the
increase in Akt and ecto-5"-nucleotidase activity and was blunted by administration of w ortmangin, o, B-methyleneaden-
osine-5' -diphosphate, or 8-sullophenyltheophylline during reperfusion. Both collateral flow dnd the area at risk were
comparable [or all groups.

Conclusions—-Activation of eclo-5'-nucleotidase afler ischemia by PI3-K activation may be crucial for immediate
infarci-size limitation by statins. There seems to be an optimal dose for each statin that is independent of its clinical
cholesterol-lowering etfect. (Circulation. 2004;11(01:2143-2149,)

Key Words: statins ® myocardial infarction w adenosine m enzymes m phosphates

he 3-hydroxy-2-methylghutaryl coenzyme A reductase On the other hand. other studies revealed fhat stating also

inhibitors (statins) block the biosynthesis of cholester- actiiely acuvate ecto-5'-nucteatidase't which produces the
- - iy i et AL s g A . . ! . -
ol and are widely used clinically Lo decrease serum endogenous cardioprotective substance adenosine,'? espe-

chulesterel levels. Recent studies have focused on the clally i response 1o cerlain stresses.™ Leto-5"-nueleotidase
pleiotropie effects of either hydrophitic™* or hydropho- can acl only when localized on lhci cell membrane,'s and ke
1045 e z g - Yot > e . 3 sy . sl . L .
bigt* statins. which are mdependent of their cholesterol- density of this enzyme on the wembrane regulates us activ-
we 248 - Auaing schemia- K . : . K
lu\alr.m.g cleet. Pl(lIl‘LL]llt)Il "h"!"l;n‘.'t thu;n.; ity ¢+ ¥ Endocytatic wrnover of ‘ecto-5'-nucleotidase (5'-
reperfusion injury is one of theni, which is paricularly ‘ . . o
P lury . - P - nucleotidase localized on the ccll surface) 15 inhibited by
evident afier 12 howrs. 67 In addition, some studies showed '
) : T ) PI3-K activation.™ which ;uhst,qut,mly tncreases total 8'-
that staling activate the phosphatidvlinositol 3-kKinase (P13- teatid livity with i as sh 10 os 14
e : oo nucteatidase activity within a period as short as 10 minutes.
Kiakt pathway within | hour®® as well as activating Tl | Y | dpl o
endothelial nitric oxide synthase (¢NOSES U to cause ““‘m"" we “Y_F’”“_‘-"“ that]an merease UlA‘"“m" -
immediate infarel linitaton s nuclectdase activity might be crtical for early cardioprotec-
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tion mediated by stating and might be associated with rapid
activation of PI3-K. ‘

Here we used a dog model o determine whether 3 stating
with differem water solubilities (pravastatin, pitavastatin, and
cerivastating could acutely limit intaret size, as well as
whether adenosine and PI3-K were involved in the underly-
ing mechanism.

Methods

All priwedures were performed in conformity with the Guide for the
Care and Use of Lahvratory Animalds (NI publication No, 85.23,
1996 revision) amd were approved by the Osaka University Com-
mittee for Laboratory Animal Use. Pravastatin, pilavastating and
cerivastatin were ablained from Sankvo, Kowa, and Takeda Phar-
maceuticals. respectively. The other drugs were oblained  {rom
Sigma.

Instrumentation

Beagle dogs weighing § 1o 13 kg were anesthetized and connevied to
an eXtracorporeal bypass wbe as deseribed previeusly. 'S¢ |n all
experiments. the average bascline values o mean aortie blood
pressire (ABP). heart rate (HR). and arterial blood Po. were
162222 mm Mg, 129225 nan”', and 109241 mm g, respee-
tively, Both ABP and HR were measured continuousty Jduring the
study.

Experimental Protocols

Protocol 1: Measurement of Infarct Size and Myocardial
Collateral Blood Flow

Alter hemodynamie stabilization. we infused pravastatin 0.2, 2. or
10 mg'kgh pitavastatin (0.01.0.1, or 0.5 mekg L cerivastatin (0.5, 5,
or 80 up'ke) or saline intravenowsly for 10 minutes belore 90
minules of sustained ischemia, which was followed by 6 lowrs of
reperfusion (n=9 to 13 cachl. Some groups also reeeived imracoro-
nary administcation of a sclective weto-3"-pugleotidase jnhibitor
o g-methviencadenosine-3" diphosphate [AMP-CP: &0 pg - kg ' -
min ') a nonselective adenosing teceplor antagonist (8-
sulfophenyliheophylline [8-SPT: 80 pg - kg ' - min'{e or a
selective PI3-K inhilitor (wortmannin |5 pe - kg'' - min™'])
between & minutes befine and 60 minutes after reperfusion, We
meastred infarct size and regional myocardial colfateral blood flow
duning 90 miutes of ischamia as deseribed previously '

We have already confirmed in the same mode! that the doses of
AMP-CP.U 8-SPT.U8 o wortmannin!? used in this study were
appropriate 1o block eeto-5'-nucleotiduse, the adenosing reeeplors, of
P13-K. respectively. Figure 1 shows the details of this protocol. and
the Table lists all of the geoups studied,

Protocol 2: Myocardial Enzyme Assays

Another 54 degs wnderwent a procedure identical to that of some
eroups [rom protecol 1 and were studied for enzyme assays (n=3 or
4 cach). In this protecol, not ondy wortmannin (1.5 pg - kg ' min 'y
but also 1Y294002 (60 pp - kg™' - min’ 1) was used as another
selective P13-K inhibitor. Atler 15 minutes of reperfusion, a myo-
cardial tissue sample was obtained from the ischemic border zone o
ensure evaluation of viable ischemic myocardivm and was used for
e measurement ol PI3-K and ecto-‘endo-5"-nucleotidase activity.
The myocardial tssue was rapidly frozen in LN, and stored at
—80° ¢, Measurement of PI3-K and 5f-nucleotidase activity was
done as reported previeusly!®1# with minor moditications.

Criteria for Exclusion

To ensure that all of the animals included in analysis were healthy
and were exposed 1o a similar extent of ischemia, the cxclusion
criteria reported previously' for hemaodynamies. excessive collateral
flow, and Tethal arrhythmia were adopled.

Statistical Analysis

Resulls were expressed as meanxSEM. and the number of animals
or experiments is shown as n. Statistical analysis was performed by
ANOVA with a moditied Bonlerroni post hoe test. and significance
was defined al P<20.05,

Results

Mortality and Exclusions in Protocol 1

Among 222 dogs used in protocols 1, 56 dogs met the
exclusion criteria of ventricular lbrillation or cxcessive
myocardial collateral blood flow (>>15mL - 100 ¢ min™").
Therefore, 166 dogs completed these protocols satisfaciorily
and were included in the data analysis (Table).

Changes in Hemodynamic Parameters, Risk Arca,
and Collateral Blood Flow in Protecol 1

The changes i ABRP and HR were comparable among all
groups throughout the protoco] (data not shown), and both the
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TABLE 1. Mortality, Exclusion, Area at Risk, and Collateral Flow in Each Group
in Protocod 1
Excluded
Lelhial Arthytlnnia
Excessive Collateral
Initial - During § Aller Collaleral  Hinal  Areaat  Flow mL160 g

Groups Mo  schemia Reperfusion Flow No Risk, % per mingte
Control 13 1 2 1 9 4012t 8271.0
Prava

0.2 g o 1 ] 8 388=20 B4=3.2 ;

2.0 10 8 0 2 8 39122 89 1.1

10 10 it 0 2 8 39621 B9x14
Pilava

[IRI}] g9 1 1 0 7 38.7:22 81213

¢.1 1 0 1 2 8 39.3-20 92:15

0.5 10 1 0 2 7 389.18 88-15
Ceriva

05 11 0 1 2 8 39.2:-139 85-13

5.0 10 1 1 1 7 38921 8714

50 A 0 1 3 7 3.0 20 91115
AMP-CP

+~Prava 10 4 0 2 i} 7 40423 8613

+ Pitava 0.1 8 1 1 7 338-20 8415

+Ceriva 0 5 g 1 1 0 7 4p4-23 80-14
BSPT

+ Prava 10 10 1] 1 1 8 387-22 83:1.3

-+ Pitava 01 1 1 2 0 B 399:21% 8B2:16

-Cetiva @5 11 0 2 1 8 384-26 85215
WTMN

+Prava 0 10 {1 2 1 7 386223 95415

- Pitava 0.1 to a 2 1} 3 384921 42:1.6

~Cetivadd 10 g 1 H 8 33828 8814
AMP-CP g9 G 2 0 7 38B-25 85-18
8sPT n b 3 0 8 39625 82:15
WTMN 9 1 2 0 6 405:-23 86:16

Data expressed as mean= SEM Prava indicates pravastatin (mg/kg) Pitava pitavastatin (mg#g),
Ceriva, cerivastatin (pg/kgy; 8SPT 8-sultophenyitheophilline, and WTMN, worimannin |

area at risk and collateral blood flow were also comparable
{Tabley.

Infarct Size
Figure 2 shows infarct size in the groups of protoco] 1.
Pravastatin ¢4.2. 2. and 10 mg'kg dose-dependently reduced
the infarcl stze (29.5£3.53%, 22.524.0%,. and 18.523.4%,,
respectively) compared with that in the control group
{(39.823.6":). and the diflerence was significant at 2 mp kg
or more. Pitavastatin (0.01, .1, and 0.5 mg'kgy also reduced
infarct size (32.939%. 23.6X3.8%, and 31.4=23.9%, re-
spectivelyy, although tle optimal dose was 0.1 mgkg (the
only dose that produced a significant diflerence). Although
cerfvastatin (0.5, 50 and 30 pa'kgh coused mfaret himitation
(2623 2%, 32.125.3%., and 37.124.4%, respectivelyi, it

was signilicant at the lowest dose only, and the effect was

— 476 —

. . i .
weaker at higher doses, Purthermore, cotreatment with AMP-

CP, 8-5PT, or wortmannin hutwcml 5 minutes before and 60
minutes afier reperfusion abrogated the infarct-limiting ettect
of pravastatin (39.9+4.0%, 4“_-_61‘:1.()“-'1:. o AK.6E3.6%, re-
spectively), pitavastatin (40.4=3.1%, 39.4+3.6%, or
39.Ex3.0%, respectively) and cerivastatin (411 £3.7%,
42.1%3.9%, or 404=4.0%, respectively), although these
drags per se did not affect in‘l'arct size (4274 5%,
40,323,850, or 42.7 24 5%, respectively),
|

5'-Nucleotidase Activity at Reperfusion

Figure 3 shows the activity of ecto-‘endo-3"-nucleotidase in
pratecol 2. Sustained schemia for 90 minutes and 15 minutes
of subsequent repertusion did pot|signilicamly change the
e

activily of ecto-Fonucteotidase (4E0257 versus 332212
mmel - mg protein™! - minT' at baseline). Preischemic treat-
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Figure 2. Infarct size in each group in protocol 1. Data are
expressed as mean=SEM. ‘P<0.05 vs control. Cpen circles
show infarct size in each individual. Prava indicates pravastatin;
Pitava, pitavastatin; and Cenva; cerivastatin. All other abbrevia-
tions are as defined in text.

ment with pravastatin caused a dose-dependent and acute
inerease of ecto-3'-nucleotidase activity in the ischemic zone,
which became significant af the highest dose (72.6£6.0 nmol
~mg protein™' - min~" at 10 ma’ke, £<0.05 versus control).
Pitavastatin also caused significant activation at its optimal
{medium) dose (66.726.1 nmol - mg protein™ - min™ ' ar 0.1
mg kg, P<<0.05 versus contre]), Cenvastatin caused activation at
the lowest dose (62.5+5.6 nmol - mg protein™ - min™ m 0.5
peke, P<0.05 versus control). All of these increases were
canceled by the selective PI2-K inhibitors wortmannin
(395268 nmol - mg protein ' - min ! for pravastatin, 37.0£7.1
nmol - mg protein™ - min” ' for pitavastatin, and 38.4+6.5 nmol

~mg protein” ' - min~! for cerivastatn) or LY 294002 (33,5265

nmal - mg protein”
I

"smin ' {or pravastatin, 35.026.2 nmol - mg

proiem ™ - min~' for pitavastating, and 37.5%6.7 nmol - mg
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Figure 4. Myocardial PI3-K activity represented by phosphory-
lated ratio of Akt in each group in protocol 2. Data are
expressed as meant SEM. n=4 each, 'P<0.05 vs control.
Abbreviations are as defined in text and in legend to Figure 2.

profetn™ - min™t for cerivastatin). The activity of endo-5'-

nucleotidase remained unchanged in all cases.

PI3-K Activily at Reperfusion

Figure 4 shows the activity of PI3-K in protecol 2. Sustained
ischemia for 90 minutes and subsequent reperfusion for 15
minutes did not change PI3-K activity signilicantly
(123+23% versus 100214% at baseline). Preischemic treat-
ment with pravastatin cavsed dose-dependent and acute
activalion of ecto-3'-nucleotidase in the ischemie zone, which
was sipnificant at the highest dose (249244% at 10 mg’ke,
P<0.05 versus control). Pitavastatin also caused significant
activation at its medium dose (218£34% at 0.1 mglke,
P<0.05 versus control), whereas cerivastatin caused activa-
tion at the lowest dose (214%31% at 0.5 ppke, P<0.05
versis control). We contirmed that all of these increases were
also blocked by wortmannin (81238% [or pravastatin,

Figure 3. Myocardial ecto-/endo-5"-
nucleotidase activity in each group in
protocol 2. Data are expressed as

mean =SEM. n.-4 each, "P<0.05 vs con-
trol. Abbreviations are as defined in text
and in legend to Figure 2,

Ecto-5'-Nucleotidase Activity {(nmol/mgprotein/min)
Endo-5'-Nucleotidase Activity (nmol/mgprotein/min}
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