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Fig. 2. Time course of dialysate epinephrine levels during coronary
occlusion, Valucs are incans=SE, $P<0.05 vs. concurrent vatue of vehicle
group.

3.3. Dialysate EPI levels in the ischemic region

Coronary occlusion significantly increased dialysate EPI
levels (Fig. 2). In the vehicle group, dialysate EPI levels were
59.6+39.8 pg/ml in the control and increased after coronary
occlusion. During 60 min coronary occlusion, dialysate EPI
levels markedly increased and reached 15030£7418 pg/ml
(n=6) at 45-60 min of occlusion. After reperfusion,
dialysate EPIl levels decreased to 719343722 pg/ml,
although their levels were higher than those in the control.
In the presence of SKF29661, dialysate EPI levels also
increased and reached 1493+ 196 pg/ml (n=6) at 4560 min
of occlusion. These increases in dialysate EPI levels after
30 min of coronary occlusion were significantly attenuated
by SKF29661.

3.4. Dialvsate EPI levels in the ischemic region during local
desipramine administration

Although coronary occlusion increased dialysate EPI
levels, these levels were suppressed during local desipramine
administration compared to the vehicle group (Fig. 3).
During 60 min coronary occlusion, dialysate EPI levels
increased and reached 743+171 pg/ml (n=6) at 4560 min
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Fig. 3. Tnfluence of desipramine on dialysate EPI@ levels during myocardial
ischemia with and without SKF29661. DMI = desipramine, DM]+
SKF=dcsipraminc+ SKF29661. Values arc means+ SE.
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Fig. 4. Dualysate norepineplivine responses to 60 min coronary occlusion.
SKF = SKF29661, DMI = desipramine, DMI+SKF=desipramine-+
SKF29661.Vulucs arc means£SE. *P<0.05 vs. valuc of vehicle group.
TP~ 0.05 vs. value of SKF group.

of occlusion. After reperfusion, dialysate EPI levels de-
creased to 400+ 181 pg/ml, although their levels were higher
than those in the control. Tn the presence of SKF29661,
dialysate EPI levels also increased and reached 725+ 154 pg/
ml (n=6) at 45-60 min of occlusion. These increases in
dialysate EPI levels were not attenuated by SKF29661.

3.5. Comparison of peak dialysate NE levels of the 4 groups

EP1 is synthesized from NE, and so myocardial interstitial
NE levels might affect myocardial interstitial EPI levels. We
compared with myocardial interstitial NE levels at 45—
60 min of coronary occlusion in the vehicle group, the
SKF29661 group, the desipramine group and the desipra-
mine and SKF29661 group (Fig. 4) (n=6-6-6-6). In the latier
two groups (desipramine, desipramine + SKF29661), ische-
mia-induced peak dialysate NE levels were significantly
suppressed in comparison with that of the vechicle or
SKF29661 group. Calculated ratios of interstitial EPI/NE
were 1.5£0.4 and 12+4% at NE infusion (250 ng) and 45—
60 min of occlusion, respectively.

4. Discussion

4.1. Changes in myocardial interstitial EPI levels during
local administration of NE through a dialysis probe

Local administration of NE dose dependently increased
dialysate EPI tevels. The pretreatiment with PNMT inhibitor
SKF29661 significantly suppressed these increases. There-
fore, the EPI levels in dialysate could serve as an index of
PNMT activity during local administration of NE. To our
knowledge, this is the first direct assesstment of cardiac
PNMT activity in in vivo heart. These results mdicate that
EPI can be regionally synthesized from NE with PNMT
activity in the heart. Regionally administered NE in
myocardial interstitium was taken up by cardiac sympathetic
nerve endings via the uptake, carrier or by extraneuronal
cells via uptakes carrier [19--21]. Several studies demon-
strated the existence of PNMT in the myocardium rather than
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sympathetic nerve endings [17,22]. Tn sympathetic denerva-
tion with 6-OHDA, the dialysate EPI response to NE
infuston was preserved. The dialysate EPI response was
suppressed by pretreatment with corticosterone (an NE
uptake, inhibitor). OQur data were also consistent with those
studies. NE might be taken up by myocardial cell via uptake,
carrier and converted to EPI with PNMT. Recent study has
shown that gene expression of the PNMT is localized not in
cardiac ganglion, but in cardiomyocytes [23]. Therefore, our
data suggest that high NE level in myocardial interstitium
yields EPT synthesis by regional PNMT activity. NE that was
taken up by extraneuronal cells was metabolized mainly to
normetancphrine (NMN) or 3-methoxy-4-hydroxyphenyl-
glycol (MHPG) by catechol O-methyltransferase (COMT)
[19], but high NE was partly available for EPI synthesis with
PNMT. These elevated NE levels were similar to the levels
of myocardial ischemic regions in our previous studies
[6.24). Therefore, EPI synthesis with PNMT may gain
relevance during myocardial ischemia.

4.2. Myocardial interstitial EPI levels during coronary
artery occlusion

Coronary occlusion-induced progressive increases in
dialysate EPI levels. These increases corresponded to increases
in dialysate NE levels. Our data suggest that the high NE level
evoked by myocardial ischemia yields EPI synthesis by
regional PNMT activity. During myocardial ischemia, calcu-
lated ratio of interstitial EPI/NE was eight-times higher than
that of NE infusion. In the ischemic heart, notal transport of
NE is impaired because of a reduced sodium gradient [5],
whereas another uptake system is operative by extraneuronal
cells via the uptake, carrier which is independent of the sodium
gradient [25]. Actually myocardial ischemia evoked increases
in myocardial interstitial NMN or MHPG via the uptake,
carrier [26]. The time course of dialysate EPI levels
corresponded to increases in dialysate NE and NMN levels.
Therefore, we consider that released NE is taken up by
extraneuronal cells and PNMT activity for EPT synthesis is
operative at high concentration of NE.

To confirm EPI synthesis via PNMT activity, we
examined ischemia-induced dialysate EPI levels in the
presence and absence of a PNMT inhibitor. PNMT inhibition
suppressed the increase in dialysate EPI (synthesis by
PNMT) and augmented the increase in dialysate NE
(substrate of PNMT) levels. Thus, in the ischemic period
as well as local administration of NE, PNMT activity plays
an important physiological role in NE gradation and EPI
synthesis. The PNMT activity in the ischemic left ventricle
augmented EPI production by excess of substrate. The
increased PNMT activity might reflect compensatory or
adaptation processes secondary (o impairments of the
catecholamine uptake system and its degradation via
monoamine oxidase [6].

At the myocardial interstitial space, local m-conotoxin
GVIA treatment attenuated the EPT release in response to

cardiac sympathetic nerve stimulation [18]. Furthenmore,
local tyramine administration caused an increase in dialysate
EPI level via a non-exocytotic mechanism. The previous
study demonstrated that EPI is released from vesicle and
axoplasma via exocytosis and carrier-mediated transport in
the cardiac sympathetic nerve endings. In the resting state,
myocardial interstitial EPI is extracted mainly from circu-
lating EPI and taken up via catecholamine transporter to
nerve endings. Therefore, in the sympathetic nerve endings
containing EPI, the non-exocytotic release via outward
transport would be involved in EPI release evoked by
myocardial ischemia.

Myocardial ischemia-induced increases in dialysate EPI
levels were suppressed by the pretreatment with desipramine.
Desipramine suppressed peak EPI levels by 5% of vehicle
group. Marked suppression of EPTrelease can be explained by
two possible mechanisms. First, desipramine inhibits both
directions of NE transport through uptake, carier [5,27].
Ischemia-induced outward NE transport through uptake,
carrier is inhibited by desipramine, and so myocardial
interstitial NE levels are also attenuated [6]. Tn this way,
desipramine reduced the substrate of EPI via PNMT and EPL
synthesis in extrancuronal cells. Alternatively, EPI is released
via carrier-mediated outward transport of EPI from sympa-
thetic nerve endings. The present study could not clasify
whether EPI specific transporter or NE transporter is involved
in carrier-mediated outward transport of EPI. But desipramine
inhibits transports of both EPI and NE. Thus, both actions of
desipramine on NE and EPT caused a marked decrease in the
EPl release evoked by myocardial ischemia. Although
desipramine markedly suppressed the EPI release evoked by
myocardial ischemia, it is uncertain which factor is more
responsible for EPI release.

Finally, to elucidate which of these two mechanisms is
mainly involved in the EPI release evoked by myocardial
ischemia, we compared ischemia-induced EPI release
between desipramine alone and the combination of desipra-
mine and SKF29661 preteatments. Myocardial ischemia-
induced EPT release did not differ between the two groups.
This result indicates that the EPI synthesis by PNMT might
not be involved in the EPI release evoked by myocardial
ischemia. In the presence of desipramine, myocardial
interstitial NE levels were markedly suppressed. These NE
levels might not be operative as the substrate of EPT whereas
only the markedly higher NE level in vehicle group might be
operative-as the substrate of EPI and yield EPI synthesis via
PNMT activity. Thus, PNMT in the left ventricle is capable
of synthesizing EPI with markedly elevated NE in the
myocardial interstitial space. As well as COMT system [28],
cardiac PNMT plays an important physiological role in NE
degradation during high concentrations of myocardial
interstitial NE. Since EPI preferentially interacts with
betas-adrenergic receptors in heart [29]. Regional EPI
might promote exocytotic NE release by activating presyn-
aptic betaz-adrenergic receptors. - Future work should con-
centrate on these aspects of cardiac PNMT.
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4.3. Methodological considerations

In general, EPI is released from the adrenal medulla and
carried to the heart via the bloodstream [9]. In the present
study, we administered a PNMT inhibitor SKF29661
intraperitoneally to block EPI synthesis. SKF29661 may
inhibit EPI synthesis at the adrenal grand and reduce blood
EPI levels. In this way, administration of SKF2966! might
affect EPI uptake and the content of EPI at the cardiac
sympathetic nerve endings. There was no significant
difference in the control dialysate EPI level between vehicle
and SKF29661 group. Therefore, we believe that extraction
of EPI from plasma EPI does not change the quantitative
results obtained from the cardiac dialysis.

Animal studies demonstrated that two enzymes are involved
in EPI synthesis: PNMT and nonspecific N-methyitransferase
[30]. Nonspecific N-methyltransferase is less inhibited by the
PNMT inhibitor SKF29661. This nonspecific N-methyltrans-
ferase was reported to be present in the heart, but the
predominant cardiac enzyme is apparently PNMT. Acwally
pretreatment with SKF29661 suppressed NE-induced EPI
release by 10% of vehicle group. Therefore, it is thought
that nonspecific N-methyltransferase exerts little effect on
the EPT release evoked by NE administration or myocardial
ischemia.

In conclusion, there is a PNMT activity in the heart.
Under local administration of NE or ischemic conditions,
PNMT in the left ventricle is capable of synthesizing EPI
with markedly elevated NE in the myocardial interstitial
space. We consider two mechanisms to be involved in the
increment of EPT during myocardial ischemia, namely EPI
synthesis by cardiac PNMT in extraneuronal cells and the
non-exocytotic release from the sympathetic nerve endings.
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Visualization of Intracerebral Arteries by
ORIGINAL ) . e . .
researcH | Synchrotron Radiation Microangiography
K. Myojin BACKGROUND AND PURPOSE: Small cerebral vessels are a major site for vascular pathology leading to
A. Taguchi cerebral infarction and hemorrhage. However, such small cerebral vessels are difficult to visualize by
. using conventional methods. The goal of our study was the development of methodology allowing
K. Umetani N e . .
visualization of small cerebral arteries in rodents, suitable for experimental models.
K. Fukushima
N. Nishiura MATERIALS AND METHODS: Using barium sulfate as a contrast material, we obtained microangio—l
graphic images of physiologic and pathologic changes consequent to cerebral infarction in mouse brain
T. Matsuyama by monochromatic synchrotron radiation (SR). To achieve high-resolution and high-contrast images, we
H. Kimura used a new x-ray camera with a pixel size of 4.5 um, and we set the energy level at 37.5 keV, just
D.M. Stern above the K absorption of barium.
Y. Imai RESULTS: Small intracerebral arteries {-~-30 um in diameter) were clearly visualized, as well as the
H. Mori cortical branches (50-70 um in diameter) at the brain surface. The limit of detection appeared to be
vessels ~-10 wrn in diameter. Compared with the noninfarcted side, the number of intracerebral
arteries was dramatically decreased in the middle cerebral artery area affected by stroke.
CONCLUSIONS: These results indicate the potential of SR for evaluating pathologic changes in small

c erebrovascular disease is one of the major causes of death
and disability in developed countries. To evaluate cerebral
vasculature, conventional angiography and MR angiography
are commonly used in clinical practice. The development of
these imaging methods has allowed analysis of the pathologic
features of cerebrovascular lesions and has guided therapeutic
strategies. However, small cerebral vessels, including those
known to harbor causative lesions in cerebral infarction and
hemorrhage (due to lipohyalinotic changes and/or microan-
eurysm formation),' such as intracerebral arteries and perfo-
rators, are below the detection limit of conventional imaging
techniques. An important step in developing therapeutic strat-
egies effective against disease in small cerebral vessels is en-
hanced visualization of this vasculature, especially in experi-
mental models.

Recently, ex vivo and in vivo microangiography using
monochromatic synchrotron radiation (SR) has been sug-
gested as a tool capable of visualizing pathophysiologic
changes in small arteries. Using this system has made possible
the detection of microcirculation in the dermis,” tumors,” and
collateral microvessels in ischemic hind limbs.* Although flu-
orescence microscopy has also been used to image small arter-
ies,>” SR imaging has the advantage of visualizing microves-
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cerebral arteries and for monitoring the impact of pro- and antiangiogenic therapeutic strategies.

. sels, even after they enter the parenchyma of an organ. In

contrast, fluorescence techniques do not allow adequate visu-
alization of small arteries once a vessel is deep within brain or
other parenchymal tissue. On the basis of these observations,
we have developed a microangiographic system using SR and
have investigated physiologic and pathologic features of ro-
dent cerebral microvasculature.

Materials and Methods
All procedures were performed in accordance with the National Car-
diovascular Center Animal Care and Use Committee.

Preparation of Contrast Medium

For high-contrast images of the microcirculation, contrast agents in-
cluded microspheres (Techpolymer I-2, Sekisui Plastics, Shiga, Japan)
and barium sulfate (BarytgenSol, Fushimi, Tokushima, Japan). How-
ever, because the diameter of microspheres was 15 pm, whereas that
of barium sulfate particles varied from 1-100 wm, the microcircula-
tion of cerebral arteries could not be visualized by using these contrast
media (not shown). Ta perfuse such microvessels (diameter <10
um), we filtered barium sulfate (pore size 5 um; Millex-SV, Millipore,
Bedford, Mass) and obtained particles <5 pm in diameter. Filtered
barium sulfate particles were then centrifuged (3000 G, 60 minutes)
and concentrated to 50% by weight following removal of the

supernatant.

Injection of Contrast Medium

Male severe combined immunodeficient (SCID) mice (6 weeks old;
weight, 25-30 g; Oriental Yeast, Tokyo, Japan) were anesthetized by
using inhaled diethyl ether and were perfused systemically with phos-
phate-buffered saline (PBS) containing heparin (40 U/mL) viathe left
ventricle of the heart with a peristaltic pump (Iwaki, Asahi Techno
Glass, Chiba, Japan). Filtered barium sulfate particles (<5 wm in
diameter, prepared as described previously; 50% by weight) were in-
fused (0.7 mL), followed by isolation of the brain and fixation in

formalin,
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Microangiography and Image Analysis

Microangiographic images of mouse brain were obtained by using
monochromatic SR in the Japan Synchrotron Radiation Research In-
stitute (SPring-8, Hyogo, Japan).*® There are 3 large 3rd-generation
synchrotron radiation facilities in the world: the Advanced Photon
Source in Argonne (United States), the European Synchrotron Radi-
ation Facility in Grenoble (France), and SPring-8 (the latter was used
for the studies described herein). These facilities are open to scientists
in many fields, including material, chemical, and life sciences inves-
tigators. The experimental setup for x-ray imaging by using mono-
chromatic SR at the SPring-8 BL28B2 beamline is shown in Fig 1A
The storage ring was operated at 8-GeV electron beam energy, and
beam current was 80~100 mA. The distance between the point source
in the bending magnet and the detector was ~~45 m. A nearly parallel
x-ray beam was used for imaging without blurring because of the
small size of the X-ray source and the very long source-to-object dis-
tance. The single crystal monochromator selects a single energy of
synchrotron radiation. The shutter system is located between the
monochromator and the object. X-rays transmitted through the ob-
jectare detected by an x-ray direct-conversion-type detector ihcorpo-
rating the x-ray saticon pickup tube. Monochromaric x-ray energy
was adjusted to 37.5 keV, just above the barium K-edge energy, to
produce the highest contrast image of the barium (Fig 1 B). X-ray flux
at the object position was around 1 % 10" photons/mm? per second
in imaging experiments. The images were acquired as 1024 X 1024
pixels with 10-bit resolution after analog-to-digital conversion. The

FOV was 4.5 X 4.5 mm”, and pixel size was ~4.5 pm.**°
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Mammographic Images

To compare spatial and contrast resolution, we obtained mammo-
graphic images, which are known for having the highest resolution in
clinical applications,'' of murinebrains. Digital images were captured
at an energy level of 24 kV by using a molybdenum target and a
molybdenum ftilter with 90° cranial projection. Source-to-image dis-

tance was 65 cm.

Induction of Focal Cerebral Ischemia

Permanent focal cerebral infarction was induced by ligation and dis-
connection of the left MCA of male SCID mice (# = 3), as de-
scribed.'> ' Briefly, under inhaled halothane (3%) anesthesia, ani-
mals were placed on their right sides and a skin incision was made at
the midpoint between the left orbit and the external auditory canal.
The temporalis muscle was incised, and the zygomatic arch was re-
moved to expose the squamous portion of the temporal bone. Using a
dental drill, we made a small hole above the distal portion, M1, of the
MCA, which could be seen through the exposure in the skull. The
dura mater was opened, and the left MCA was electrocauterized and
disconnected just distal to its crossing of the olfactory tract. Body
temperature wits maintained at 36.5°-37°C by using a heut lamp dur-
ing the operation and for 2 hours after MCA occlusion. Cerebral
blood flow (CBF) in the left MCA area was measured by laser-Doppler
flownietry (Advance, Tokyo, Japan). The holding device of the luser
probe (ALF probe; Neuroscience, Osaka, Japan) (1.5 mm in diameter,
7.0 mm in length) was secured on the cranium at 4 site located above
the ischemic core of the left MCA area (approximately 1 mm anterior
and 5 mm distal to the bregma), and CBF was monitored during the
procedure and 24 hours atter ligation of the MCA. Mice displaying a
decrease in CBF by ~75% immediately after the procedure and there-
after for an additional 24 hours were used for experiments.'® Nine
days after induction of cevebral ischemia, the cerebral microciveula-
tion was examined by SR imaging.

MR Iinaging System

To confirm cerebral infarction consequent to ligation of the MCA, we
performed MR imaging on day 2 poststroke. MR imaging used a 2T
compact MR imaging system with a permanent magnet (MRmini
SA206, Dainippon Sumitomo Pharma, Osaka, Japan) by using a ra-
dio-frequency solenoid coil for signal-intensity detection. For each
imaging sequence, 15 coronal images were acquired with a section
thickness of 1 mm, gapped at 0.5 mm. T1-weighted spin-echo MR
images were acquired with a TR/TE of 500/9 ms, a FOV 0f 36.6 % 18.3
mim, an image acquisition matrix of 256 X 128, and NEX, 4. T2-
weighted spin-echo MR images were obtained with TR/TE, 3000/69,
256 % 128, and NEX, 2. Because the sequences to obtain diffusion-
weighted inmages by using this machine are still in development, we
evaluated the cerebral ischemia by T2-weighted images on day 2
puststroke.

Data Analysis
In all experiments, the mean * SE is reported.

Results

Visualization of Cerebral Arteries by SR Imaging

After cuthanasia and systemic perfusion with PBS, barium sul-
fate particles were infused via the left ventricle of the heart. As
shown in Fig 24, cerebral arteries on the brain surface were
filled with contrast medium. First, we investigated vascular
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images by mammography (Fig 2B). However, sufficient spatial
and contrast resolution was not obtained by mammographic
imaging to evaluate the angioarchitecture of small cerebral
vasculature. Peripheral branches of the MCA (75-100 pwm in
diameter) and small vessels emerging from peripheral
branches were barely visualized.

Next, we investigated the vascular profile by using SR (Fig
2C, normal view; -D, enlarged view). At the brain surface,
cortical arteries branching from the MCA and pial arteries,
~-30 pwm in diameter, were clearly visualized. Within the brain
parenchyma, penetrating intracerebral arteries, branching or-
thogonally from cortical or pial arteries, were also observed.
The interval between intracerebral arteries was 126.1 £ 35.5
pm (1 = 20), the diameter of the proximal side of the intra-
cerebral arteries was 29.5 = 3.1 um (n = 20), and each intra-
cerebral artery was observed to progressively narrow to a di-
ameter below the limit of resolution (10 pm). Vascular
diameters determined by SR imaging of intracerebral arteries

and small arterial branches were identical to those observed in

previous pathologic studies of murine brain.'® Using SR im-
aging, we could discern 2 types of intracercbral arteries: super-
ficial penetrating arteries perfusing only the cortical area and
penetrating arteries reaching the subcortical area and perfus-
ing the deep white matter. These vascular structures observed
in murine brain by SR imaging are similar to previous obser-
vations in human anatomic studies.'”* Compared with

mammographic images, SR imaging enabled visualization of

penetrating intracerebral artéries (diameter range of 10-30
wm), as well as small peripheral branches of MCA at the brain

Fig 2 Angiographic image of meuse cerebral artery. A, Macroimaye of the right brain hemisphere. The cerebrad arteries
{arrows), but not cerebral veins, are filled with the barium sultate. 8, Cersbral microangiogram (90° caudal projection) with
a mammographic soft x-ray machina. Mammography enables visualization of small cerehral arteries and penetrating
intracerebral arteries, st the image is nol sulficient to evaluate pathulogic changes. € and 0, Cerebral angiograms
abtained by SR. Note that small ceretral vessels, including penetrating intracerebral arieties, are clearly visuslized.
Microvascular structures, such as orthagonal branching of penetrating intracerehral arteries fram the cortical artery, are
clearly ohserved by the enlarged SR imaging {D). £, Coronal section of a cerehral microangiogram. Two distinet penetraling
intracerebral anteries, superficial penetrating arteries and deep penetrating arteries (arrowd, are clearly chserved by the SR
image. Scale bars; 1.mm (4 and B, 0.5 mm {C and 8, and 250 pm (DL

surface, with remarkable clarity. Using a coronal view for ce-
rebral microangiograms, we also discerned 2 distinct penetrat-
ing arteries, superficial and deep (Fig 2E).

SR Images after Cerebral Infarction

To evaluate cerebral vasculature in the context of pathologic
changes, cerebral infarction was induced by ligation of the
MCA. The area of cerebral infarction was visualized by MR
imaging on day 2 after induction of stroke. As we have shown
previously by 2,3,5-triphenyltetrazolium staining,'* limited
cortical infarction was observed in the MCA area on T2-
weighted images (Fig 3A). In contrast, no hyper- or hypoin-
tense region was observed on T1-weighted images (Fig 3B),
indicating the absence of bleeding or parenchymal injury. Al-
though no morphologic (Fig 3C) or vascular structural (Fig
3D) changes were observed in the right hemisphere (non-
stroke side), by day 9 after MCA occlusion, tissue degradative
changes were observed in the cortical and shallow white mat-
ter of the left MCA area (stroke side, Fig 3E). To evaluate the
integrity of the microvasculature after stroke, we obtained SR
images. The number of penetrating intracerebral arteries dra-
matically decreased, though cortical branches at the brain sur-
face could still be visualized (Fig 3F). On the coronal view, the
disappearance of the intracerebral arteries on the ischemic side
was also clearly observed (Fig 3G).

Discussion

Cerebral artery disease in small vessels is a major cause of
cerebral infarction and hemorrhage. Although pathologic
changes in small arteries have been reported on the basis of
microscopic analysis, it has been difficult to assess the mor-
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phology of small cerebral vessels in situ through imaging stud-

les. Herein, we demonstrate that small cerebral vessels can be

clearly visualized by microangiography by using SR.
Conventional angiography is commonly used to evaluate

956 Myojin | AJNR 28 | May 2007 | www.ajnr.arg

Fig 3. A and B, Brain images after cerebral infarction. Induction of cortical cerehral infarction
withaut hemorrhage is confirmed by MR T2-weighted images {4} and T1-weighted images |5) on day
2 after induction of stroke. G-G, Vascular structure 9 days after cerebrgl infarction. Compated with
the contralateral nonischemic hemisphere (0), remarkahle atrophic changes are ohserved in the
ischemic hemisphere (£). With SH images, in contrast 1o the nonischemic side (0, degradative
changes in peneurating intracerelnal arteries are observed on the isthemic side, though surface
branches of the MCA are still visualized (A. In coranal sections of cerebral SR microangiugrams {6),
compared with the conuralateral nonischemic hemisphere, penetrating intracerebral arteries are
scarcely visualized in the ipsilateral ischemic hemisphere lie, the fatter appeared as an apparently
“avascular srea”). Scole bors: 1 mm (C and £, 500 um (D and A, and Z mm (G).

the vasculature. However, current angiographic methods, us-
ing conventional x-ray imaging, did not provide images of
arteries <200 wm in diameter.>*' Mammography, which has
the highest spatial resolution in clinical practice, also does not
have sufficient resolution to visualize small vessels with a di-
ameter of <30 um.'! Microangiographic techniques have
been developed by using fine-focus x-rays and sensitive films
to evaluate the microcirculation in the brain.™ These methods
enable visualization of human cortical perforating arteries and
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medullary long branches (100 pum in diameter) by using 1 -cm-
thick sections of brain.”® However, the limit of detection by
using these methods applied to thick sections has been re-
ported 1o be vessels of 50 um in diameter.”* Furthermore,
visualization of smaller arteries required thin sections cut with
a microtome.”” The latter method is not well-suited to the
evaluation of 3D cerebral vascular trees.

Compared with these conventional methods, the princi-
pal advantage of SR is the small size of the electron beam,
thereby providing a high-intensity x-ray point source. Us-
ing a nearly parallel beam of SR, along with a precise detec-
tion system (pixel size of 4.5 um), aliowed us to obtain
high-quality angiographic images with excellent spatial res-
olution. Furthermore, setting SR at an energy level just
above the K absorption of barium produced the highest
contrast images. SR imaging provides a powerful tool to
reveal the morphology of small cerebral arteries such as
superficial and deep penetrating arteries, allowing analysis
of their physiologic and pathologic properties under a va-
riety of conditions (ie, borderzone in infarction®™** and
microaneurysmn formation).

Fluorescence microscopy is another tool poteatially useful for
analysis of the microcirculation.?® Although fluorescence micros-
copy provides visualization of microcirculation at the brain sur-
face, the advantage of SR imaging is visualization of small vessels
that have penetrated into the brain parenchyma, such as the sub-
cortex. In addition, SR imaging allows performance of microan-
giography with an optimal projection. When the latter is com-
bined with a microinjector, sequential real-time images can be
obtained, providing the substrate for hemodynamic analysis.

In this article, we investigated SR imaging after stroke and
showed that the SR image reflects pathologic changes previ-
ously observed by using anatomic/microscopic analysis. On
day 9 after MCA occlusion, arteries on the surface of the cere-
brum were visualized by SR, though penetrating intracerebral
arteries were not detected. Previous studies have shown that
the integrity of the distal cortical artery is usually maintained
after occusion of the proximal artery and that collateral flow is
established through expansion of previously existing and/or
formation of new vascular chanuels.”>?® Analysis with en-
hanced MR imaging has shown cerebral parenchymal en-
hancement in the stroke area by 1 week after cerebral infarc-
tion,?” indicative of blood flow in the peri-ischemic area. In
contrast, penetrating intracerebral arteries were dramatically
decreased in number in the ischemic hemisphere, though cor-
tical branches on the brain surface were maintained after MCA
occlusion. It has previously been shown that microvasculature
in the ischemic territory displays adhesion of polymorphonu-
clear leukocytes in postcapillary venules, followed by the dis-
ruption of the microvascular network.”® These previous find-
ings are consistent with the results of our vascular images
obtained by SR after ligation of the MCA.

Conclusion

Our study demonstrates, for the first time, the morphologic
features of small vascular networks in murine brain by mi-
croangiography by using SR imaging. Our approach provides
a powerful tool for evaluating potential angiogenic/antiangio-
genic therapeutic strategies, as well as pathologic examination
of the cerebral microarterial tree.
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Single Injection of a Sustained-release Prostacyclin
Analog Improves Pulmonary Hypertension in Rats
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Rationale: Although prostacyclinis recognized as a therapeutic break-
through for pulmonary hypertension, it needs continuous infusion
because of its short action. Therefore, we developed a new drug
delivery system for prostacyclin. We prepared ONO-1301MS, a novel
sustained-release prostacyclin analog polymerized with poly(p,
L-lactic-co-glycolic acid) (PLGA) microspheres.

Objectives: We examined whether ONO-1301MS attenuates mono-
crotaline (MCT)-induced pulmonary hypertension in rats, and at-
tempted to elucidate the underlying mechanisms responsible for the
beneficial effects of ONO-1301MS.

Methods: After MCT injection, rats were randomized to receive asingle
subcutaneous injection of 100 mg/kg ONO-1301MS or vehicle.
Measurements and Main Results. We prepared ONO-1301MS, which
was polymerized with PLGA to release ONO-1301 for 3 weeks. A
single administration of ONO-1301MS achieved sustained elevation
of its circulating level and plasma cyclic adenosine 3',5'-monophos-
phate level for 3 weeks, and attenuated an increase in a metabolite of
thromboxane A; level. Rats had developed pulmonary hypertension
3 weeks after MCT injection; however, treatment with ONO-1301MS
significantly attenuated the increases in right ventricular systolic
pressure and right ventricular weight to body weight ratio. ONO-
1301MS significantly inhibited hypertrophy of pulmonary arteries.
Phosphorylation of extracellular signal-regulated protein kinase
(ERK) in the lung was significantly increased in the control group,
whereas this increase was markedly attenuated by treatment.
Conclusions: We developed a new drug delivery system for prostacy-
clin using PLGA and ONO-1301. A single injection of ONO-1301MS
resulted in sustained activity for 3 weeks, and attenuated pulmonary
hypertension, partly through its antiproliferative effect on vascular
smooth musde cells via inhibition of ERK phosphorylation.

Keywords: pulmonary hypertension; prostacydin analog; sustained-
release preparation; extracellular signal regulated kinase; poly(lactic-co-
glycolic acid) .
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Although prostacyclin is recognized as a therapeutic break-
through for pulmonary hypertension, it needs continuous
infusion because.of its short action. For patients with pul-
monary hypertension, development of a sustained-release
prostacyclin would be beneficial in terms of stable hemo-
dynamics and quality of life.

What This Study Adds to the Fleld

A single injection of ONO-1301MS resulted in sustained
activity for 3 weeks, and attenuated pulmonary hyperten-
sion in rats.

Pulmonary arterial hypertension is a rare but life-threatening
disease characterized by progressive pulmonary hypertension
that leads to right ventricular (RV) failure and death (1). Pro-
stacyclin, a metabolite of arachidonic acid, has vasoprotective
effects, including vasodilation, antiplatelet aggregation, and in-
hibition of smooth muscle cell (SMC) proliferation (2-4). Thus,
continuous intravenous infusion of prostacyclin (epoprostenol)
has become recognized as a therapeutic breakthrough for pul-
monary arterial hypertension (5-7). The dramatic success of long-
term intravenous prostacyclin has led to the development of

- prostacyclin analogs (8-11). Nevertheless, treatment with pros-

tacyclin or its analogs has some problems in the clinical setting.
Epoprostenol therapy requires a continuous intravenous infusion
device, and is therefore more invasive and uncomfortable than
taking prostacyclin analogs. On the other hand, prostacyclin
analogs, such as subcutaneously infused treprostinil, inhaled
iloprost, and oral beraprost, need continuous infusion or frequent
administration because of their short duration of action (5-11). In
fact, epoprostenol has a very short half-life (<6 min) (12), tre-
prostinil has been reported to have a half-life of 4.6 hours after
cessation of continuous subcutaneous infusion (13), iloprost has
a serum half-life of 20 to 25 minutes, and the elimination half-life
of beraprost is 35 to 40 minutes after oral administration (12).
Receritly, we developed a new type of prostacyclin agonist,
ONO-1301 (Figure 1), which has long-lasting prostacyclin ac-
tivity and an inhibitory effect on thromboxane synthase (14).
ONO-1301 does not contain prostanoid structures, such as a
five-membered ring or allylic alcohol, which are digested by 15-
hydroxyprostaglandin dehydrogenase (Figure 1). These struc-
tures are considered to be crucial for the stable activity of
ONO-1301. This agent is metabolized by cytochrome P450, and
the half-life was about 5.6 hours in our previous study (14). In
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Figure 1. Chemical structures of ONO-1301, epoprostenol
(prostacyclin analeg), and ozagrel (thromboxane synthase
inhibitor). Epoprostenol shares common characteristics
with prostanoid structures, including a five-membered ring
and an allylic alcohol (blue and yellow circles, respectively).
In contrast, ONO-1301 has a carboxylic acid and a lipid-
soluble functional group that activates the prostacyclin
receptor (green circles), but does not have prostanoid
structures, which allow long-asting prostacyclin activity.
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addition, ONO-1301 has a 3-pyridine radical, which is known to
inhibit thromboxane synthase through interaction with carbox-
ylic acid via a hydrogen bond (Figure 1). Repeated administra-
tion of ONO-1301 attenuated monocrotaline (MCT)-induced
pulmonary hypertension and improved survival in rats. Although
the half-life of plasma ONO-1301 concentration is longer than
that of any other prostacyclin analogs, ONO-1301 still needs to
be administered twice a day subcutaneously to achieve a signif-
icant improvement in pulmonary hypertension. For patients
with pulmonary hypertension, development of a long-acting,
sustained-release prostacyclin analog would be beneficial in
terms of stable hemodynamics and quality of life. To overcome
these problems, we developed a new drug delivery system for
prostacyclin. We prepared a novel sustained-release prostacy-
clin analog polymerized with poly(p,L-lactic-co-glycolic acid)
(PLGA) microspheres (ONO-1301MS). PLGA microspheres,
which are biodegradable and biocompatible compounds, have
been used as a controlled delivery system for proteins and drugs
(15-20). The release of drug from PLGA microspheres occurs
through degradation of the polymeric matrix. Here, we showed
that a single subcutaneous administration of ONO-1301MS
achieved sustained elevation of its circulating level for 3 weeks.

Thus, the purposes of this study were as foltows: (1) to inves-
tigate whether a single subcutaneous administration of ONO-
1301MS attenuates MCT-induced pulmonary hypertension in
rats and (2) to elucidate the underlying mechanisms responsible
for the beneficial effects of this compound.

METHODS

Preparation of ONO-1301MS

ONO-1301MS is polymerized ONO-1301 with PLGA microspheres.
ONO-1301 and PLGA (polylactic acid to glycolic acid ratio of 50:50)
were dissolved in dichloromethane. The dissolved polymer was added

: Thromboxane synthase

Unlike epoprostenol, ONO-1301 has thromboxane syn-
thase inhibitory activity because of a 3-pyridine radical
and carboxylic acid within its molecule (red circles), similar
to ozagrel.

to polyvinyl alcohol agueous solution to form an oil-in-water emulsion.
Then, dichloromethane was evaporated by stirring. After centrifuga-
tion and washing, ONO-1301MS was isolated by lyophilization.

Morphologic Studies by Scanning Electron Microscopy

To evaluate the shape and surface morphology of ONO-1301MS, we
used a scanning electron microscope (model S-2460N; Hitachi, Tokyo,
Japan). After lyophilization, the microspheres were mounted on an
aluminum stub and coated with a thin layer (200 A) of gold by an ion
sputter (model E-1010; Hitachi). The surface morphology of the
microsphere samples was then visualized under a scanning electron
microscope.

Particle Diameter

ONO-1301MS was suspended in distilled water and dispersed by
sonication. The particle diameter was measured by a laser diffraction
particle size analyzer (model SALD-2100; Shimadzu, Kyoto, Japan).

Encapsulation Efficiency

Acetonitrile containing n-propyl 4-hydroxybenzoate served as an
internal control to obtain the encapsulation efficiency, and this solution
was homogenized by a sonicator. The concentration of ONO-1301 in
this solution was analyzed by high-performance liquid chromatography
(HPLC). The encapsulation efficiency was calculated as follows:

Encapsulation efficiency(%) = (measured value/theoretical value) X 100.

In Vitro Release of ONO-1301 from PLGA Microspheres

ONO-1301MS was suspended in phosphate-buffered saline (0.067 moV/L
salt concentration, pH 6.8) containing 0.2% Tween-80 to adjust the
concentration of ONO-1301 to 100 pg/ml. This solution was aliquoted
into 1 ml and incubated at 37°C. At various time intervals, one of the
aliquots was centrifuged for 5 minutes at 12,000 rpm. The supernatant
was discarded, the pellet was dissolved in acetonitrile, and the re-
maining amount of ONO-1301 was analyzed by HPLC.
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Animal Models

We used 5-week-old male Wistar rats weighing 95 to 110 g. The rats
were randomly given a subcutaneous injection of either 60 mg/kg MCT
or 0.9% saline, and assigned to receive a subcutaneous injection of 100
mg/kg ONO-130IMS or 0.9% saline. This protocol resulted in the
creation of three groups: normal rats given 0.9% saline (sham group,
n = 10), MCT rats given 0.9% saline (control group, n = 11), and MCT
rats treated with ONO-1301 MS (treated group, n = 11). We chose the
maximum dose that did not induce significant hypotension (see Figure
E1 in the online supplement).

In Vivo Experimental Protocol

After anesthetization by an intraperitoneal injection of 30 mg/kg
pentobarbital, rats were given a subcutaneous injection of either 60
mg/kg MCT or 0.9% saline. Subsequently, rats received a single sub-
cutaneous injection of 100 mg/kg ONO-1301MS or 0.9% saline. ONO-
1301MS was suspended with 0.9% saline containing 0.2% Tween-80
Hemodynamic measurements and histologic analyses were performed
on-Day 21. For hemodynamic measurements, rats were anesthetized by
intraperitoneal injection of 20 mg/kg pentobarbital, and the following
"indexes were recorded after an equilibration period. A polyethylene
catheter (model PE-50; BD Biosciences, San Jose, CA) was inserted into
the right carotid artery to measure heart rate and mean arterial pressure.
The catheter was inserted through the right jugular vein into the right
ventricle for the measurement of RV pressure. The values of heart rate,
mean arterial pressure, and systolic RV pressure were calculated from
a series of 20 consecutive heart beats in each rat. Finally, cardiac arrest
was induced by injection of 2 mmol/L potassium chloride through the
catheter. The ventricles and lungs were excised, dissected free, and
weighed. The RV weight to body weight ratio (RV/BW), left ventricular
plus septal weight to body weight ratio (LV + S/BW), and RV weight to
left ventricular plus septal weight ratio (RV/LV + S) were calculated as
indexes. of ventricular hypertrophy, as reported previously (21). All
protocols were performed in accordance with the guidelines of the
Animal Care Ethics Committee of the National Cardiovascular Center
Research Institute (Osaka, Japan).

Morphometric Analysis of Pulmonary Arteries

Paraffin sections of 4-pm thickness were obtained from the lower
region of the right lung and stained with hematoxylin and eosin. Anal-
ysis of the medial wall thickness of the pulmonary arteries was per-
formed as described previously (22). In brief, the external diameter and
the medial wall thickness were measured in 20 muscular arteries (25—
100-pm external diameter) per lung section. For each artery, the
medial wall thickness was expressed as follows:

% wall thickness = ([medial thickness X 2]/external diameter) X 100

A lung section was obtained from individual rats for comparison among
the three groups (n = 5 in each group).

Assay of Plasma Levels of ONO-1301 and Cyclic AMP

To investigate whether a single subcutaneous administration of ONO-
1301MS produces long-lasting prostacyclin activity in rats, we measured
plasma levels of ONO-1301 and cyclic AMP (cAMP) after ONO-
1301MS injection. Fourteen rats were assigned to receive a single sub-
cutaneous injection of 100 mg/kg ONO-1301MS or 0.9% saline (n = 7 in
each group), and blood was drawn from the tail vein on Days 0,7, 14, and
21. Blood was immediately transferred to a chilled glass tube containing
1 mg/ml disodium ethylenediaminetetraacetic acid and 500 U/ml apro-
tinin, and centrifuged immediately. Plasma ONO-1301 level was mea-
sured by liquid chromatography tandem mass spectrometry assay.
Plasma cAMP level was measured with a radioimmunoassay kit (CAMP
assay kit; Yamasa Co., Chiba, Japan), as reported previously (23).

Assay of Urinary Level of 11-Dehydro Thromboxane B,

To investigate the effect of ONO-1301MS on thromboxane synthesis in
rats, we measured urinary level of 11-dehydro thromboxane B, (11-
DTXB;), a metabolite of thromboxane A; (TXA,), after single sub-
cutaneous injection of ONO-1301MS (100 mg/kg) or vehicle (n = 8 in
each group). Urine samples were collected for 24 hours on Day 14 by
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using metabolic cages, and urinary concentration of 11-DTXB, was
measured with an enzyme immunoassay kit (11-DTXB, assay kit;’
Cayman Chemical Co., Ann Arbor, MI) The urinary level of 11-
DTXB, was expressed as the ratio of urinary 11-DTXB, concentration
to that of creatinine, as reported previously (24).

Western Blot Analysis

To investigate the effect of ONO-1301MS on proliferative signaling
pathways in homogenized lung tissue, the protein expression of extra-
cellular signal-regulated protein kinase (ERK) 1/2 and phospho-ERK1/
2 was determined by Western blotting. Western blotting was performed
using rabbit monoclonal antibodies raised against ERK1/2 and phospho-
ERK1/2 (Cell Signaling Technology, Danvers, MA). Peripheral samples
of lung tissue were obtained on Day 21 from individual rats for com-
parison among the three groups (n = 6 in each group). Positive
protein bands were visualized by means of chemiluminescence (en-
hanced chemiluminescence kit; Amersham Biosciences, Little Chalfont,
UK). Western blot analysis using a mouse polyclonal antibody raised
against B-actin (Sigma Chemical Corp., St. Louis, MO) was used as
a protein loading control. The resultant bands were quantified using
Image J 1.36 imaging software (National Institutes of Health; http//
rsb.info.nih.gov/ij/).

Statistical Analysis '

All data were expressed as mean * SEM. Comparisons of parameters
among the three groups were made by one-way analysis of variance
(ANOVA), followed by Newman-Keuls test. Comparisons of the time
course of parameters between the two groups were made by two-way
ANOVA for repeated measures, followed by Newman-Keuls test. A
value of P < 0.05 was considered statistically significant.

RESULTS

Characterization of ONO-1301MS

We prepared three kinds of ONO-1301MS (samples 1, 2, and 3).
The external surface morphology of ONO-1301MS (sample 2 as
a representative sample) exhibited a spherical shape with a
smooth and uniform surface (Figure 2A). The particle size in
samples 1, 2, and 3 was 21.2, 42.0, and 71.1 pm, respectively
(Figure 2B; sample 2 as a representative sample). Encapsulation
efficiency in each sample was 5.1, 21.8, and 17.4%, respectively.
In vitro, each sample had different time periods of ONO-1301
release at 2, 3, and 4 weeks, respectively (Figure 2C). These data
suggest that we were able to vary the release period of ONO-1301.

Long-lasting Activity of ONO-1301MS$

To investigate the pharmacokinetics in vivo, we measured
plasma ONO-1301 level after a single subcutaneous administra-
tion of ONO-1301MS, which was designed to release ONO-1301
for 3 weeks (sample 2). ONO-1301 was detected in plasma for
3 weeks, whereas plasma ONO-1301 level at baseline in the ONO-
1301MS group and at all times in the vehicle group was below the
detection limit (Figure 3A). In addition, plasma cAMP level after
a single subcutaneous administration of ONO-1301MS was
significantly higher than that in the control group (Figure 3B).
Interestingly, the increase in plasma cAMP level lasted for over
2 weeks in parallel with the change in plasma ONO-1301MS level
(Figure 3). These results suggest that subcutaneous administra-
tion of ONO-1301MS achieves long-lasting activity in rats.

Inhibitory Effect of ONO-1301MS on Thromboxane Synthase

Urinary level of 11-DTXB, was markedly elevated 14 days after
MCT injection (Figure 4). However, treatment with ONO-
1301MS significantly decreased urinary level of 11-DTXB; in
MCT rats. These results suggest that ONO-1301MS has a sus-
tained inhibitory effect on thromboxane synthase activity.
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Figure 2. Physicochemical characteristics and in vitro release of ONO-
1301. (A) Morphology of ONO-1301MS (sample 2) studied by
scanning electron microscopy. Scale bar = 50 pm. (B) Particle diameter
of ONO-1301MS (sample 2) obtained by a laser diffraction particle size
analyzer. (O Release profiles of ONO-1301MS in each sample.

Effects of ONO-1301MS on Pulmonary Hemodynamics and
Vascular Remodeling

Three weeks after MCT injection, RV systolic pressure was
markedly increased (Figure S). However, the increase in RV
systolic pressure was significantly attenuated in the treated
group. Similarly, the increases in RV/BW and RV/LV + § in
MCT rats were significantly attenuated by treatment with ONO-
1301MS (Figure 5). There were no significant differences in heart
rate or mean arterial pressure among the three groups (Table 1).
Histologic examination demonstrated that hypertrophy of the
pulmonary vascular wall was attenuated in the treated group
compared with that in the control group (Figure 6).

No adverse reactions, such as flushing, diarrhea, or hypoten-
sion, were observed in the treated group, and there were no
significant differences in blood biochemical markers of liver and
renal function among the three groups (mean value = SEM in
sham, control, and treated group were, respectively: 139 = 14,
145 + 20, and 102 = 12 IU/L in aspartate aminotransferase; 53 *
3,54 £ 5, and 45 + 3 TU/L in alanine aminotransferase; 0.1 + 0,
0.1 = 0, and 0.1 = 0 mg/dl in total bilirubin; 16.2 = 1.1, 16.2 =
0.4, and 15.4 = 1.2 mg/dl in urea nitrogen; 0.22 + 0.01, 0.21 =
0.01, and 0.21 +'0.01 mg/dl in creatinine; n = 5 in each group.).
Moreover, no abnormality was observed at the injection site.
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Figure 3. Time course changes in plasma ONO-1301 and cAMP. (A)
Plasma ONO-1301 concentration after a single subcutaneous admin-
istration of ONO-1301MS or vehicle. The shaded area indicates below
the lower limit of quantification (0.025 ng/ml) and is treated as 0 in the
statistical analysis. (B) Changes in plasma cAMP level after a single
subcutaneous administration of ONO-1301 MS or vehicle. Data are
mean + SEM. *P < 0.05 versus vehicle.

Inhibitory Effect of ONO1301-MS on Proliferative Signals

To investigate the effect of ONO1301-MS on proliferative
signals in the lung, Western blot analyses were performed.
There were no significant differences in the expression of ERK1
and ERK2 among the three groups (Figure 7). However, phos-
phorylation of ERK1 and ERK2 was significantly increased in
the control group, whereas these increases were markedly atten-
uated in the treatment group (Figure 7).

DISCUSSION

In the present study, we demonstrated that (I) a novel sus-
tained-release prostacyclin analog polymerized with PLGA -

Figure 4. Effect of ONO-
1301MS on thromboxane
synthesis. Changes in uri-
nary 11-dehydro throm-
boxane Bz (11-DTXB)
level on Day 14. Sham =
sham rats given vehicle;
control = monocrotaline
(MCT)-treated rats given
vehicle; treated = MCT rats
treated with ONO-1301MS.
Dataaremean * SEM. *P <
0.05 versus sham; tP <
0.05 versus control.
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Figure 5. Effects of ONO-1301MS on pulmonary hemodynamics. (A4)
Effects of ONO-1301MS on right ventricular (RV) systolic pressure, (B)
RV weight to body weight (RV/BW), and (C) RV weight to left
ventricular plus septal weight (RV/LV + S). Sham = sham rats given
vehicle; control = monocrotaline (MCT)-treated rats given vehicle;
treated = MCT rats treated with ONO-1301MS. Data are mean * SEM.
*p < 0.05 versus sham; TP < 0.05 versus control.

microspheres (ONO-1301MS) allowed a 3-week elevation of its
circulating level, (2) ONO-1301MS had a sustained inhibitory
effect on thromboxane synthase activity, and (3) a single sub-
cutaneous administration of ONO-1301MS attenuated MCT-
induced pulmonary hypertension in rats.

TABLE 1. PHYSIOLOGIC PROFILES OF THREE
EXPERIMENTAL GROUPS

Sham* Control Treated?
No. of rats 10 1 11
BW, g 203 = 4 165 * 7% 175 + 38
Heart rate, beats/min 454 + 7 441 + 10 445 + 6
Mean arterial pressure, mm Hg 110 + 2 1M1 =3 107 =2
LV + S/BW, mg/g 2.23 £ 002 234 +0.028 2.34 * 0.048

Definition of abbreviations: BW = body weight; LV = left ventricle; LV + S/BW =
LV plus septal weight to body weight ratio.

Data are mean + SEM. These measurements were performed on Day 21.

* Sham = rats given vehicle.

! Control = MCT rats given vehicle.

! Treated = MCT rats treated with ONO-1301MS.

§ p < 0.05 versus sham.
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Figure 6. Effect of ONO-1301MS on vascular remodeling. (4) Repre-
sentative photomicrographs of peripheral pulmonary arteries on Day
21. Scale bars = 50 pm. (B) Quantitative analysis of percentage of wall
thickness in peripheral pulmonary arteries. Data are mean * SEM *P<
0.05 versus sham; TP < 0.05 versus control.

Conventional prostacyclin and its analogs need continuous
infusion or frequent administration because of their short du-
ration of action. Previously, we reported a new type of prosta-
cyclin agonist, ONO-1301, which has leng-lasting prostacyelin
activity and an inhibitory effect on thromboxane synthase (14).
Although ONO-1301 has such interesting features, it still needs
to be administered twice a day to achieve a significant improve-
ment in pulmonary hypertension. To overcome this problem,
we developed a new drug delivery system for prostacyclin. We-:
polymerized ONO-1301 with PLGA microspheres to develop
a novel sustained-release prostacyclin analog.

PLGA microspheres have been used as a controlled delivery
system for bioactive agents (25). The release of bioactive agents
from PLGA microspheres occurs through hydrolytic degradation
of the polymeric matrix. Importantly, PLGA has already been
used in humans. PLGA microspheres containing leuprorelin,
a potent luteinizing hormone-releasing hormone analog, have
been administered to patients with prostate and breast cancer by
subcutaneous injection (26, 27). The rate of release of contents of
PLGA microspheres can be changed by varying the factors
affecting the hydrolytic degradation behavior of PLGA, such as
lactate acid to glycolic acid ratio, average molecular weight of
PLGA, and particle size (25). In the present study, we could
control the degradation rate of ONO-1301MS. ONO-1301MS
was designed to release ONO-1301 for 3 weeks, because it takes
3 weeks to induce pulmonary hypertension in rats after MCT
injection. The present study demonstrated that the contained
ONO-1301 was released for 3 weeks in vitro, producing a 3-week
elevation of its cnrculatmg level after a single administration
in vivo. It should be noted that only a single subcutaneous
administration of ONO-1301MS attenuated MCT-induced pul-
monary hypertension in rats. Thus, it might be possible to extend
the administration interval for ONO-1301MS considerably lon-
ger than that with current prostacyclin analogs, and this could
improve the quality of life in patients with pulmonary hypertension.
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Figure 7. Effect of ONO-1301MS on extracellular signal-regulated

protein kinase (ERK) phosphorylation. (4) Representative Western
blotting for ERK, phospho-ERK (P-ERK) and B-actin (protein loading
control) in lungs on Day 21 (n = 6 in each group). (B and C) Scatter
plot of quantitative analysis of P-ERK expression in lung tissue. Horizontal
linesin this figure show the mean value. *P < 0.05 versus sham; 1P < 0.05
versus control.

With regard to cAMP, which is a second messenger of pros-
tacyclin and its analogs, it has been reported that plasma cAMP
level remained increased after administration of prostacyclin
analogs (23, 28). In our results, administration of ONO-1301MS
increased the plasma cAMP level for over 2 weeks. This in-
crease in plasma cAMP level was parallel to the change in
plasma ONO-1301 level. In addition, ONO-1301MS attenuated
the increase in urinary 11-DTXB, level in MCT rats 14 days
after single administration. These results support that a single
administration of ONO-1301MS produced a sustained benefi-
cial effect for 3 weeks.

In the present study, we chose the maximum dose that did
not induce significant hypotension. We did dose-response
studies using ONO-1301MS (30, 100, and 300 mg/kg, respec-
tively) (see Figure E1). ONO-1301MS at 300 mg/kg has induced
significant hypotension. In addition, ONO-1301MS at 30 mg/kg
did not significantly decrease RV systolic pressure (see Figure
E3). On the other hand, ONO-1301MS at 100 mg/kg signifi-
cantly decreased RV systolic pressure without significant hypo-
tension. Furthermore, a single injection of 100 mg/kg ONO-
1301 without PLGA or PLGA without ONO-1301 to MCT rats
did not influence hemodynamics and vascular remodeling (see
Figures E1-E3). These results suggest that a single injection of
ONO-1301MS ameliorates MCT-induced pulmonary hyperten-
sion. Consistent with these hemodynamic data, RV/BW and

medial wall thickness of pulmonary arteries, as indexes of RV
hypertrophy and elevation of pulmonary arteriolar resistance,
respectively, were significantly attenuated by the treatment with
ONO-1301MS.

In histologic analysis, hypertrophy of pulmonary vessels after
MCT injection was significantly attenuated by treatment with
ONO-1301MS. An earlier clinical trial has shown that long-term
therapy with epoprostenol significantly reduces pulmonary vas-
cular resistance in patients who have no short-term response to
vasodilators (5). It is speculated that such a beneficial effect of
epoprostenol is caused not only by vasodilatation and antiplate-
let aggregation but also by an antiproliferative effect on SMCs
and reverse remodeling of pulmonary arteries. In the present
study, phosphorylated ERK1/2 in the lung tissue was significantly
increased after MCT injection. However, this increase was
markedly attenuated by treatment with ONO-1301MS. ERK is
the final component of the mitogen-activated protein kinase
cascade. Prostacyclin has been shown to inhibit phosphorylation
of ERK1/2 through the activation of cAMP (29). With respect to
this signaling, protein kinase A (PKA), an intracellular effector
of cAMP, has been shown to negatively regulate the Ras-ERK
cascade by phosphorylating Raf and by preventing its association
with active Ras (30). Furthermore, we previously reported that
ONO-1301 inhibited pulmonary fibroblast proliferation through
activation of the cAMP/PKA pathway (31). Therefore, it is
interesting to speculate that ONO-1301MS may have antiproli-
ferative effects on pulmonary vascular SMCs at least in part
through inhibition of ERK via a cAMP-dependent pathway,
although the precise mechanism remains to be elucidated.

ONO-1301MS significantly decreased urinary level of 11-
DTXB,, a metabolite of TXA,. TXA; is a vasoconstrictor and
a potent stimulator of platelet aggregation (32, 33). Moreover, it
has been demonstrated that TXA, induces mitosis in vascular
SMCs through activation of ERK (34, 35). It has been suggested
that imbalance of thromboxane and prostacyclin plays an
important role in the development of pulmonary hypertension
(36). Previous reports showed that administration of thrombox-
ane synthase inhibitor modestly attenuated pulmonary hyper-
tension (37, 38). Thus, an inhibitory effect of ONO-1301MS on
thromboxane synthase may also contribute to improvement in
pulmonary hypertension.

In the present study, no adverse reactions, such as flushing,
diarrhea, hypotension, renal dysfunction, or hepatic dysfunc-
tion, were observed in the treated group. However, further
preclinical studies are necessary to confirm the safety and
efficacy of ONO-1301MS before clinical trials start in patients
with pulmonary arterial hypertension.

We did not measure cardiac output because of technical and
mechanical problems. To support our hemodynamic data, we
evaluated a variety of indexes, such as RV/BW and medial wall
thickness of pulmonary arteries. These physiologic and histo-
logic findings have been consistent with data on RV systolic
pressure. Therefore, it is unlikely that the reduction in RV sys-
tolic pressure observed in the present study was related to the
reduced cardiac output.

In conclusion, we developed a novel sustained-release pros-
tacyclin analog polymerized with PLGA microspheres (ONO-
1301MS), which achieved a 3-week elevation of its circulating
level and simultaneously increased plasma cAMP levels for
over 2 weeks, and had an inhibitory effect on thromboxane syn-
thase. A single subcutaneous administration of ONO-1301MS
attenuated MCT-induced pulmonary hypertension in rats. ONO-
1301MS may have an antiproliferative effect through inhibition
of ERK phosphorylation. This drug delivery system for a prosta-
cyclin analog may be a new therapeutic strategy for the treatment
of pulmonary arterial hypertension.
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Abstract. In a flash x-ray generator, a 150-nF condenser is charged up

.to 80 kV by a power supply, and flash x-rays are produced by the dis-

charge. The x-ray tube is a demountable diode, and the turbomolecular
pump evacuates air from the tube with a pressure of approximately 1
mPa. Since the electric circuit of the high-voltage pulse generator em-
ploys a cable transmission line, the high-voltage pulse generator pro-
duces twice the potential of the condenser charging voltage. Because
bremsstrahlung rays are not emitted in the opposite direction of that of
electron trajectory, clean molybdenum K-series characteristic x-rays can
be produced without using a filter. When the charging voltage is in-
creased, the K-series characteristic x-ray intensities of molybdenum in-
crease. The K lines are clean and intense, and hardly any bremsstrah-
lung rays are detected. The x-ray puise widths are approximately 100 ns,
and the time-integrated x-ray intensity has a value of approximately
500 uGy per puise at 1.0 m from the x-ray source, with a charging volt-

age of 80 kV. © 2007 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.2541668] ’

Subject terms: flash x-ray; energy-selective radiography; characteristic x-rays;
quasi-monochromatic x-rays; bremsstrahlung x-ray distribution.
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1 Introduction

In recent years, there have been several investigations deal-
ing with the production of monochromatic x-rays in radiol-
ogy and cardiology. Particularly, monochromatic parallel
beams using synchrotrons have been employed to perform
enhanced K-edge angxography and x-ray phase
unaemo 4 In angiography, parallel beams with photon en-
ergies of approximately 35 keV have been employed. since
these beams are absorbed effectively by an iodine-based
contrast medium. Subsequently, in cases where phase im-
aging is employed, the spatial resolution can be improved,
and the number of tissues that can be cbserved using x-rays
increases.

We have developed several different soft flash x-ray
generators”” ! with photon energy of less than 150 keV cor-
responding to specific radiographic objectives, and a major
goal in our research is the development of an intense and
clean monochromatic x-ray generator that can impact ap-
plications with medical radiography. Recently, we have
succeeded in producing intense K-series characteristic
X-Tays from the axial direction of linearly evaporating
tarvets ® In metal vapor, bremsstrahlung spectra with
photon energies-of higher than the K-absorption edge are
effectively absorbed and are converted into fluorescent
x-rays. The vapor then transmits the fluorescent rays easily
However. the bremsstrahlung x-rays are produced using a
molybdenum target. 12" since high-photon-energy brems-
strahlung x-rays are not absorbed effectively in the linear
vapor.

To produce clean characteristic x-rays of molybdenum,
silver, cerium, ytterbium. and tungsten. we have developed
a compact and weak flash x-ray generator,17 and succeeded
in producing clean molybdenum K-series characteristic
x-rays of approximately 1 X 107 photons/cm? at 1.0 m per
pulse using the angle dependence of bremsstrahlung x-rays,
since bremsstrahlung rays are not emitted in the opposite
direction to that of clectron wrajectory. Therefore, the K
photons should be maximized by increasing both the tube
voltage and current, and monoehromatlc Ka rays are se-
lected using a zirconium filter.'® Furthermore. both the
bremsstrahlung and characteristic x-rays are produced in a
metal vapor, and the vapor transmits K-series characteristic
x-rays easily. Thus, we are very interested in the x-ray char-
acternistics of a diode with an evaporating target formed by
increasing the electrostatic energy in a high-voltage con-
denser.

In this work. we developed a new flash x-ray generator
utilizing a ring-cathode molybdenum diode, used to per-
form a preliminary experiment for generating intense and
clean K-series characteristic x-rays from an evaporated mo-
lybdenum target tip utilizing the angular dependence of the
bremsstrahlung x-ray distribution.

2 Generator
2.1 High-Voltage Circuit

Figure 1 shows a block diagram of an intense flash x-ray
generator. The generator consists of the following essential
components: a high-voitage power supply. a high-voltage
condenser with a capacity of approximately 150 nF, an air
gap switch. a turbomolecular pump. a thyratron pulse gen-
erator as a trigger device, and a flash x-ray tube. In this
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4 coaxial cables

Characteristic
X-Tays
4

Fig. 1 Block diagram of the intense characteristic flash x-ray gen-
erator with a ring-cathode molybdenum diode. -

generator, a four-cable transmission line is employed to in-
crease maximum tube voltage using high-voltage reflection
and to decrease the impedance of the generator. The high-
voltage main condenser is charged up to 80 kV by the
power supply, and electric charges in the condenser are
discharged to the tube through the four cables after closing
the gap sw1tch with the trigger device (Fig. 2).

2.2 X-Ray Tube

The x-ray tube is a demountable cold-cathode diode that is
connected to the turbomolecular pump with a pressure of
approximately 1 mPa (Fig. 3). This tube consists of the
following major parts: a ring-shaped graphite cathode with
an inside diameter of 4.5 mm, a stainless-steel vacuum
chamber, a nylon insulator, a polyethylene terephthalate
(Mylar) x-ray window 0.25 mm in thickness. and a rod-
shaped molybdenum target 3.0 mm in diameter. The dis-
tance between the target and cathode electrodes can be
regulated from the outside of the tube, and is set to 1.5 mm.
As electron beams from the cathode electrode are roughly
converged to the target by the electric field in the tube, the
vapor x-ray source forms at the solid target tip. Because
bremsstrahlung rays are not emitted in the opposite direc-
tion to that of the electron trajectory (Fig. 4), clean molyb-
denum K-series characteristic x-rays can be produced with-
out using a molybdenum filter.

Trigger input
Anode

— 4 coaxial cables

Target

Cathode

[ e
Characteristic
X-Tays

60~R0 kV

Fig. 2 Circuit diagram of the flash x-ray generator utilizing a coaxial
transmission line.

February 2007/Vol. 46(2)

—278—



Sagae et al.: Intense clean characteristic flash x-ray irradiation. ..

Stainlesstee] chamber

o 5
P72 777

A
4
Z
Z
7
/’
-
2%
7
Z
7
Z
2%

e i
210 mm ' 250 mm

Fig. 3 Schematic drawing of the flash x-ray tube with a rod-shaped
molybdenum target and a ring graphite cathode.

3 Characteristics
3.1 Tube Voltage and Current

In this generator, it was difficult to measure the tube volt-
age and current, since the tube voltages were high and there
was no space to set a current transformer for measuring the
tube current. The voltage and current roughly display
damped oscillations. When the charging voltage is in-
creased, both the maximum tube voltage and current in-
crease. At a charging voltage of 80 kV, the estimated maxi-
mum values of the tube voltage and current are
approximately 160 kV (two times the chargmo voltage) and
40 kA, respectively.

3.2 X-Ray Output

The x-ray output pulse was detected using a combination of
a plastic scintillator and photomultiplier (Fig. 5). Due to
photoelectric transfer characteristics, the pulse height was
not proportional to the x-ray intensity. The x-ray pulse
height increased with corresponding increases in the charg-

Graphite cathode

Molybdenum target

Chiracteristic
x-rays

) Electron beam
Molgbdenum vapor

Mylar k-ray whidow

( ...... ;
1L.Smm

Fig. 4 Irradiation of characteristic x-rays using the angle depen-
dence of bremsstrahlung x-ray intensity distribution. Bremsstrahlung
rays are not emitted in the opposite direction of that of electron
trajectory.
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Fig. 5 X-ray outputs detected using a combination of a plastic scin-
tillator and photomulttiplier.

ing voltage. The x-ray pulse widths were approximately
100 ns, and the time-integrated x-ray intensity measured by
a thermoluminescence dosimeter (Kyokko TLD Reader
1500 having MSO-S elements without energy compensa-
tion) had a value of approximately 500 uGy per pulse at
1.0 m from the x-ray source, with a charging voltage of
80 kV.

3.3 X-Ray Source

To observe the characteristic x-ray source, we employed a
100-um-diam pinhole camera and an x-ray film (Polaroid
XR-7) (Fig. 6). When the charging voltage was increased,
both spot dimension and intensity increased. Because the
maximum diameter was larger than the target diameter of
3.0 mm, the vapor x-ray source formed at the solid target

tip.
3.4 X-Ray Spectra

X-ray spectra were measured by a transmission-type spec-
trometer with a lithium fluoride curved crystal 0.5 mm in
thickness. The spectra were taken by a computed radiogra-
phy (CR) system (Konica Regius 150)"° with a wide dy-
namic range, and relative x-ray intensity was calculated
from Dicom digital data. Using this spectrometeré it is easy
to measure low intensity bremsstrahlung x-rays. » Figure

V.: Charging voliage
Target diameter = 3.0 mm

V=60 kv

V. =80 kV

/. =70 kV

Fig. 6 Images of the characteristic x-ray source measured using a
pinhole camera with changes in the charging voltage.
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