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ouabain-induced ACh release was suppressed by TTX
and w-conotoxin MVIIC, indicating that ouabain-
induced depolarization and subsequently ACh release
via P/Q type Ca®* channel opening. TTX sensitive or
resistant response may be interpreted as two different
types of neurotransmitter release mechanisms. Alterna-
tively, ouabain may have induced increases in intraneu-
ronal Na' accumulation and elevation of extraneuronal
K* levels by inhibition of Na*,K*-ATPase (D’Ambrosio
et al. 2002). Elevations of both intracellular Na* and
extracellular K* exerted regional depolarization follow-
ing exocytosis via different mechanisms. In the previous
study, we demonstrated that high K*-induced NA release
was insensitive to TTX but sensitive to w-conotoxin
GVIA. Furthermore, high K* caused a marked increase in
dialysate NA but little increase in dialysate Ach {(Yama-
zaki et al. 1998, Kawada eral. 2001). Thus high
K*-induced neurotransmitter release might greatly con-
tribute to the increase in dialysate NA evoked by ouabain
but might contribute little to the increase in dialysate
ACh.

In conclusion, ouabain alone causes a brisk efflux of
NA and ACh from cardiac sympathetic and parasym-
pathetic nerve endings respectively. The ouabain-
induced ACh release contributes to the mechanism of
ACh exocytosis, which is triggered by centrally medi-
ated or regional depolarization. The regional exocytosis
is caused by opening of P/Q type Ca®* channels and/or
intracellular Ca®* mobilization from the stored ACh
vesicle. The ouabain-induced NA release contributes to
the mechanisms of regional exocytosis and/or carrier-
mediated outward transport of NA, from stored NA
vesicle and/or axoplasma respectively. The regional
exocytosis is caused by opening of N type Ca®* channels
and intracellular Ca** mobilization.
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Rationale: Although prostacyclin is 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,
i-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-1301MSs.

Methods: After MCT injection, rats were randomized toreceive 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 muscle cells via inhibition of ERK phosphorylation.

Keywords: pulmonary hypertension; prostacyclin analog; sustained-
release preparation; extraceliular 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 Field
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 (epoprosteno})
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. inhaied
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).
Recently. 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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Prostacyclin ONO-1301

(Epoprostenol)

Figure 1. Chemical structures of ONO-1301, epoprostenol
(prostacyclin analog), 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 aliow long-lasting prostacyclin activity.

:Prostacyvelin activity

‘Five-membered ring
Thromboxane synthase inhibitor

(Ozagrel) :Allvlic alcohol

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. ONQO-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 Jong-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 follows: (I) 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

O cThromboxane synthase
inhibitory activity

Ve \".

4 )

S

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 aqueous 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 (mode! 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 somnicator. 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 mol/L
salt concentration, pH 6.8) containing 0.2% Tween-80 to adjust the
concentration of ONO-1301 to 100 wg/ml. This solution was aliquoted
into 1 ml and incubated at 37°C. At various time intervals, one of the
aliguots 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-1301MS or 0.9% saline. This protocol resuited 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 ipjection 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 arlerial 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 chioride 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 + §) 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-um 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-um 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-130] level was mea-
sured by liquid chromatography tandem mass spectrometry assay.
Plasma cAMP level was measured with a radiocimmunoassay kit (cAMP
assay Kil: 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 (b = 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 ONQ-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-130IMS (sample 2) studied by
scanning electron microscopy. Scale bar = 50 um. (B) Particle diameter
of ONO-1301MS (sample 2) obtained by a laser diffraction particle size
analyzer. (C) 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 5). However. the increase in RV
systolic pressure was significantly attenuated in the treated
group. Similarly, the increases in RV/BW and RV/LV + S 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
rena) function among the three groups (mean value = SEM in
sham. control, and treated group were. respectively: 139 = 14,
145 = 20. and 102 = 12 JU/L in aspartate aminotransferase; 53 =
3.54 = 5 and 45 = 31U/L in alanine aminotransferase: 0.1 = 0.
0.1 = 0. and 0.1 = 0 mg/d} in total bilirubin: 16.2 = 1.1. 16.2
0.4. and 154 = 1.2 mg/d} 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 ERK?2 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-

2.4 7 130TMS on thromboxane

3 L, * synthesis. Changes in uri-
PR T nary 11-dehydro throm-
,_._':'E 16 boxane By (11-DTXB,)
o= __ level on Day 14. Sham =
= g 12 sham rats given vehicle;
T control = monocrotaline
;i 0.8 - (MCT)-treated rats given
£E vehicle; treated = MCT rats
S5 04 treated with ONO-1301MS.
0 Dataaremean = SEM.*P <

Sham Control  Treated 0.05 versus sham; P <

0.05 versus control.
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Figure 5. Effects of ONO-1301MS on pulmonary hemodynamics. (A)
Effects of ONO-1301MS on right ventricular (RV) systolic pressure, (B)
RV weight to body weight (RV/BW), and (0) RV weight to left
ventricular plus septal weight (RV/LV + S). Sham = sharn rats given
vehicle; control = monocrotaline (MCT)-treated rats given vehide;
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 M
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 1M =3 107 =2
LV + S/BW, mg/g 2.23 £0.02 2340028 23420045

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.

199

Control Treated

30 4

% Wall thickness
W
1

10

Treated

Sham Control

Figure 6. Effect of ONO-1301MS on vascular remodeling. (A) 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 long-lasting prostacyclin
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 PLG A 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
Jactate 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
ONQO-1301 was released for 3 weeks in vitro. producing a 3-week
elevation of its circulating 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. (A) Representative Western
biotting for ERK, phospho-ERK (P-ERK) and B-actin (protein foading
control) in lungs on Day 21 (n = 6 in each group). (8 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; TP < 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 paralle] to the change in
plasma ONO-1301 level. In addition. ONO-1301MS attenuated
the increase in urinary 11-DTXBs 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-1301IMS 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-1301IMS. 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-1301IMS 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 ONQO-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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Yada T, Shimokawa H, Morikawa K, Takaki A, Shinozaki Y,
Mori H, Goto M, Ogasawara Y, Kajiya F. Role of Cu,Zn-SOD in the
synthesis of endogenous vasodilator hydrogen peroxide during reactive
hyperemia in mouse mesenteric microcirculation in vivo. Am J Physiol
Heart Circ Physiol 294: H441-H448, 2008. First published November
16, 2007: doi:10.1152/ajpheart.01021.2007.—We have recently demon-
strated that endothelium-derived hydrogen peroxide (H»O-) is an
endothelium-derived hyperpolarizing factor and that endothelial Cu/
Zn-superoxide dismutase (SOD) plays an important role in the syn-
thesis of endogenous H>O- in both animals and bumans. We exam-
ined whether SOD plays a role in the synthesis of endogenous H2O-
during in vivo reactive hyperemia (RH). an important regulatory
mechanism. Mesenteric arterioles from wild-type and Cu,Zn-SOD ™/~
mice were continuously observed by a pencil-type charge-coupled
device (CCD) intravital microscope during RH (reperfusion after 20
and 60 s of mesenteric artery occlusion) in the cyclooxygenase
blockade under the following four conditions: control, catalase alone.
NS-monomethyl-L-arginine (L-NMMA) alone, and L-NMMA + cata-
lase. Vasodilatation during RH was significantly decreased by
catalase or L-NMMA alone and was almost completely inhibited by
t-NMMA + catalase in wild-type mice. whereas it was inhibited
by L-NMMA and L.-NMMA + catalase in the Cu,Zn-SOD ™/~ mice.
RH-induced increase in blood flow after L-NMMA was significantly
increased in the wild-type mice. whereas it was significantly reduced
in the Cu.Zn-SOD™’~ mice. In mesenteric arterioles of the Cu,Zn-
SOD ™'~ mice. Tempol. an SOD mimetic, significantly increased the
ACl-induced vasodilatation, and the enhancing effect of Tempol was
decreased by catalase. Vascular H,O-» production by fluorescent
microscopy in mesenteric arterioles after RH was significantly in-
creased in response to ACh in wild-type mice but marked}y impaired
in Cu.Zn-SOD ™/~ mice. Endothelial Cu.Zn-SOD plays an important
role in the synthesis of endogenous H-O2 that contributes to RH in
mouse mesenteric smaller arterioles.

nitric oxide; endothelium-derived hyperpolarizing factor: arteriole:
vasodilatation

THE ENDOTHELIUM SYNTHESIZES and releases endothelium-derived
relaxing factors (EDRFs), including vasodilator prostaglan-
dins, nitric oxide (NQ), and as yet unidentified endothelium-
derived hyperpolarizing factor (EDHF). Since the first reports
on the existence of EDHFs (4, 8). several candidates for EDHF
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have been proposed (9), including cytochrome P-450 metabo-
lites (2, 3), endothelium-derived K* channel (7), and electrical
communications through gap junctions between endothelial
cells and vascular smooth muscle cells (34). Matoba et al. (19a,
191, 20) previously identified thar endothelium-derived hydro-
een peroxide (H>0,) is a primary EDHF in mesenteric arteries
of mice, pigs, and humans. Morikawa et al. (24a, 25) subse-
quently confirmed that endothelial Cu/Zn-superoxide dis-
mutase (SOD) plays an important role in synthesizing EDHF/
H,0, in mice and humans. Recently, our laboratory (41a, 42)
confirmed that endogenous H,0O, plays an important role for
autoregulation and protection against reperfusion injury in
canine coronary microcirculation.

Reactive hyperemia (RH) is an important regulatory mech-
anism of the cardiovascular system in response to a temporal
reduction in blood flow for which both mechanosensitive (e.g.,
myogenic and shear mediated) and metabolic regulatory pro-
cesses may be involved (6, 14a, 28). For the RH response of
canine coronary microcirculation, NO, ATP-sensitive K™
channels, and adenosine may all be involved (11, 41). Shear
stress plays a crucial role in modulating vascular tone by
stimulating the release of EDRFs (8§, 32), and all three EDRFs
(PGl;, NO, and EDHF) are involved in flow-induced vasodi-
latation (15, 18, 33, 44).

However, it remains to be examined whether endogenous
H,0, is involved in the vasodilator mechanism of RH and, if
so, whether endothelial Cu,Zn-SOD plays a role in the synthe-
sis of endogenous H»0, during RH. The present study was thus
designed to address these important issues in mice. Our labo-
ratory (42, 44) previously reported that the contribution of
EDHF to the vasodilatory mechanisms increases as the diam-
eter of the vessel decreases. Thus, by employing a pencil-type
charge-coupled device (CCD) intravital microscope with a
high resolution, we focused on the arterioles with a diameter of
<50 um in vivo.

METHODS

The present study was approved by the Animal Care and Use
Committee of Kawasaki Medical School and conformed to the guide-
lines on animal experimenis of Kawasaki Medical School and 1he

The costs of publication of this article were defrayed in part by the payment
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H442
Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Animal preparation. Male Cu,Zn-SOD™'~ and control mice
(10-16 wk of age) derived from breeding pairs of heterozygous
{Cu,Zn-SOD™'~) mice (Jackson Laboratory, Bar Harbor, ME) were
used (25). They were placed on a heating blanket to maintain body
temperature at 37°C throughout the experiment. The animals were
anesthetized with 1% inhalational anesthesia of isofiurane. After
tracheal intubation, they were ventilated with a mixture of room air
and oxygen by a ventilator. The abdomen was opened, and a 24-Fr
catheter - was inserted into the abdominal aorta to measure aortic
pressure. Mesenteric arterioles were continuously observed by a
pencil-type intravital microscope (Nihon Kohden, Tokyo. Japan) (13).

Measurements of diameier by pencil-type intravital microscope.
Mesenteric arterioles were visualized using a pencil-type intravital
microscope (13). The system was modified for the visualization of
microcirculation from our previous needle-probe CCD videomicro-
scope system (40). The microscopic images were monitored and
recorded on a digital videocassette recorder (Sony. Tokyo, Japan)
every 33 ms (30 frames/s). The spatial resolution of a static image of
this system is 0.5 pm for X600 magnification. The field of view is
367 X 248 pum, and the focal depth is 50 pm.

Measurements of regional blood flow in mesenteric areries. Re-
gional blood flow in mesenteric arteries was measured by the nonra-
dioactive microsphere (15 um; Sekisui Plastic, Tokyo. Japan) tech-
nique at the end of the experiments. as previously desciibed (24).
Briefly. a bolus (50 wl) of the microspheres suspension (5 X 10°
spheres; Ce and Ba) were injected into the abdominal aorta at baseline
and 5 s after the reperfusion of the mesenteric artery with confirming
changes of the blood flow of the mesenteric artery by a CCD intravital
microscope and without inducing bemodynamic changes (14). Mice
were euthanized. and the mesenterium was extracted. The X-ray
fluorescence of the stable heavy elements was measured by a wave-
length-dispersive spectrometer {model PW 1480; Phillips, Eindhoven,
the Netherlands). The relative increase in blood fiow of mesenterium
[microsphere count/tissue weight (g)] during RH from baseline was
calculated.

Deirection of H-0> and NO production in mesenteric microvessels.
2',7'-Dichlorodihydrofluorescein diacetate (DCF-DA; Molecular Probes.
Eugene. OR) and diaminorhodamine-4M AM (DAR: Daiichi Pure
Chemicals, Tokyo, Japan) were used to detect H2O- and NO produc-
tion in mesenteric microvessels, respectively, as previously described
(41a). Briefly, fresh and unfixed mesenteric tissue was cut into several
blocks and immediately frozen in an optimal cutting temperature
compound (Tissue-Tek: Sakura Fine Chemical. Tokyo. lapan). After
washout of the mesenteric tissue with phosphate-buffered solution
under a normal temperature. fluorescent images of the microvessels

Table 1. Hemodvnamics during RH

Cu.Zn-SOD AND REACTIVE HYPEREMIA

were obtained 3 min after application of acetylcholine (ACh) by using
a finorescence microscope (Olympus BX51) (41a). We defined the
baseline fluorescent intensity as the response in the vascular endothe-
lium just after the injection of NO or H2O: fluorescent dye. The
fluorescence data at baseline (both DCF-DA and DAR) were obtained
after the RH.

Experimental proiocol. We performed four protocols. First, mes-
enteric arterioles in wild-type and Cu.Zn-SOD ™/~ mice were contin-
uously observed by a pencil-type intravital microscope during RH
(reperfusion after 20 and 60 s of mesenteric artery occlusion) with
cyclooxygenase blockade [indomethacin, 5 X 107° mol/] topical
administration (ta)] with the following four conditions: control. catalase
alone [1,500 U-min~-100 g body wt™! intra-arterial administration (ia)
polyethylene glycol-catalase, a specific decomposer of H20]. NO syn-
thase inhibitor alone (107 mol ta L-NMMA), and L-NMMA + catalase
(17). In the presence of indomethacin and L-NMMA, microspheres
were administered at baseline and 5 s after the reperfusion into the
abdominal aorta by bolus injection because RH peaked within 20-60
s after release from 20- and 60-s occlusion (29). Maximal vascolar
diameter was measured within 20 and 60 s after the reperfusion.
Second, ACh (10~7 to 1073 mol/] ta)-induced endothelium-dependent
vasodilatation was examined under the control conditions and in the
presence of Tempol, a SOD mimetic 4-hydroxy-2,2.6.6-tetramethylpi-
peridine-N-oxyl (50 pg-min~'-100 g body wi™! ia) (17), and Tem-
pol + catalase. In the combined infusion protocol (Tempol or Tem-
pol + catalase) in the presence of cyclooxygenase blockade +
L-NMMA, the combined infusion was performed simultaneously for
20 min, ACh was infused for 10 min. and the vascular diameter was
measured. Third, sodium nitroprusside (SNP: 1077 to 107> mol/l ta,
each 10 min)-induced endothelium-independent vasodilatation was
examined in wild-type and Cu.Zn-SOD™/~ mice. Fourth, fresh and
unfixed mesenteric tissue was then cut into several blocks and imme-
diately frozen in optimal cutting temperature compound.

Statistical analysis. The results are expressed as means * SE.
Dose-response curves were analyzed by two-way ANOVA followed
by the Scheffé’s post hoc test for multiple comparisons. Vascular
responses were analyzed by one-way ANOVA followed by the
Scheffé’s post hoc test for multiple comparisons. P < 0.05 was
considered to be statistically significant.

RESULTS

Hemodvynamics and blood gases during RH. Throughout the
experiments, mean aortic pressure and heart rate were constant
and comparable (Tables 1 and 2), and Po,, Pco,, and pH were
maintained within the physiological ranges (>70 mmHg Poa,
25-40 muHg Pco,, and pH 7.35-7.45). Baseline mesenteric

Control Catalase L-NMMA L-NMMA + Catalase
n B RH B RH B RH B RH
MBP. RH 20. mmHg
WT 10 83x7 859 817 8§2=x7 82=8 81x6 838 82+6
CwZn-SOD~’~ 10 8512 87=10 838§ 828 82+8 828 8§28 809 ~
MBP. RH 60. mmHg
WT 5 86*8 887 87=x7 88x7 88+8 8727 887 877
CwZn-SOD~'~ s 888 868 87*6 89=+9 88=7 88=8 89+6 90+ 11
HR. RH 20. beats/min ’
WT 10 34614 348=+14 335%15 33317 31515 310=x17 330=+18 330x18
CwZn-SOD~/~ 10 364x27 35422 35018 351=15 355+15 40=17 355x15 33517
HR. RH 60, beats/min
WT N 351x31 3619 353%2 35613 358=*10 36437 35422 355%15
CwZn-SOD~/~ ) 346x18 156+25 356=1] 361x19 351x3] 1619 AS8*10 364x27

Values are means * SE: 1. number of rats. RH, reactive hyperemia; L-NMMA. NS-monomethyl-L-arginine; B. baseline; MBP. mean blood pressure; HR. heart

rate; WT. wild-type.
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Table 2. Hemodynamics during admirnistration of ACh and SNP

SNP

Tempol + Catalase

Tempol

Control

ACh 10=6  ACh10=%  ACh 107 ACh10=%  ACh10-%  AChIn~7  ACh10-%  ACh 10~% B SNP 107  SNPiN~6  SNP I0-%

ACh 107

&

MBP. mmHg

90x11 84 % 91+8 868 BG+R

91x10
98+16

89:+6

877

10
10

wT

91x8

92*

1l
-

Cu/Zn-SOD~'~

HR, beats/min

33625
377%15

342+24
38611

17
13

+ 4
h=

40

Log B 2]

340x17
1

340*17
38611 381

361x9

10
10

Cuw/Zn-SOD~"~

WT

Cu,Zn-SOD AND REACTIVE HYPEREMIA

Values are means * SE; #. number of rats. SNP. sodium nitroprusside; ACh. acetylcholine.

H443
arteriolar diameter was comparable in the absence and pres-
ence of inhibitors under the four different experimental condi-
tions (Tables 3 and 4). Those different inhibitors (L-NMMA,
catalase, and Tempol) did not affect basal diameter.

Mesenteric vasodilatation during RH. We were able to
observe EDHF-sensitive smaller arterioles (18-66 pm) by
using a newly developed pencil-type CCD intravital micro-
scope with a higher resolution. In the mesenteric arterioles of
wild-type mice, vasodilatation during RH to 20- and 60-s
arterial occlusion was decreased by catalase or L-NMMA alone
and was almost completely inhibited by L-NMMA + catalase
(Fig. 1). In contrast, in mesenteric arterioles of Cu,Zn-SOD ™/~
mice, vasodilatation during RH to 20- and 60-s arterial occlu-
sion was decreased by catalase alone and was almost com-
pletely inhibited by L-NMMA alone or L-NMMA + catalase
(Fig. 1). Blood flow measurement by microsphere technique
showed that in the presence of indomethacin and L-NMMA,
RH-induced increase in blood flow was 232 * 4% (20 s) and
331 *+ 4% (60 s) of baseline in contro}! and was sensitive to
catalase (137 * 4%, 20 s; and 147 = 17%, 60 s) in the
wild-type mice, whereas in the Cu,Zn-SOD™'~ mice, the
vasodilator response was significantly reduced to 125 =
19% (20 s) and 145 %= 23% (60 s) in control and was
insensitive to catalase (120 = 24%, 20 s; and 139 *+ 19%,
60 s) (Fig. 2). With the longer occlusion of the mesenteric
artery, the shear stimulus for H,O, release was significantly
increased in the control condition and was significantly
decreased by catalase.

Endothelium-dependent vasodilatation. In mesenteric arte-
rioles of wild-type mice, endothelium-dependent vasodilata-
tion to ACh (10~7 1o 10~° mo}/] in the presence of indomethacin
and L.-NMMA) was unchanged with Tempol but significantly
inhibited by the addition of catalase (Fig. 3). In contrast, in the
mesenteric arterioles of the Cu,Zn-SOD ™/~ mice, the response
to ACh was significantly enhanced with Tempol, a response
that was sensitive to the addition of catalase (Fig. 3).

Endothelium-independent vasodilaiation. Endothelium-in-
dependent vasodilatation to SNP (1077 10 10™* mol/l in the
presence of L-NMMA + catalase) was comparable between the
two strains (Table 4).

Detection of H.O» and NO production in the mesenteric
arterv. Fluorescent microscopy with DCF-DA showed that
vascular H,O, production in mesenteric arterioles was signif-
icantly increased in response to ACh in wild-type mice com-
pared with baseline but markedly impaired in Cu,Zn-SOD~/~
mice (Fig. 4). In contrast, vascular NO production in mesen-
teric arterioles, as assessed by DAR fluorescent intensity, was
significantly increased in response to ACh in wild-type mice
compared with baseline and was unaltered in Cu,Zn-SOD ™/~
mice (Fig. 5).

DISCUSSION

The novel finding of the present study with a newly devel-
oped pencil-type CCD intravital microscope in vivo is that
Cu.Zn-SOD plays an important role in the synthesis of endog-
enous H,0,, which is substantially involved in the mechanisms
of RH-induced vasodilaiation in mouse mesenteric circulation.

Impaired EDHF-mediaied vasodilatation in Cu,Zn-SOD ™"~
mice in vivo. Matoba et al. (19a, 20) have previously identified
that endothelium-derived H,O, is an EDHF in mouse and
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Table 3. Diameier change during RH

Cu,Zn-SOD AND REACTIVE HYPEREMIA

Control Catalase L-NMMA L-NMMA + Caialase
B RE B RE B RH B RH
RH 20, pm
WT 36+4 4947 36=x4 44*47 36*3 42%3* 36*4 38%3
CwZa-SOD~/~ 364 48*5% 36+4 42=5% 36+4 384 36x3 38+4
RH 60, um
WT 40+4 55+4% 40+4 51*4% 408 47+4* 19+4 414
Cw/Zn-SOD '~ 403 56x41 40%3 51%4% 39*4 42+3 40=5 42%3

Values are means = SE; n, number of arterioles per animal. *P < 0.01 vs. B.

human mesenteric microvessels. Subsequently, our laboratory
(42) and others (23) have confirmed that endogenous H.0-
exerts important vasodilator effects in canine coronary micro-
circulation in vivo and in isolated human coronary microves-
sels, respectively. H.O, can be formed from superoxide anions
derived from several sources in endothelial cells, including endo-
thelial NO synthase (eNOS), cyclooxygenase, lipoxygenase, Cy-
tochrome P-450 enzymes, and reduced NADP [NAD(P)H] oxi-
dases. Gupte et al. (10} demonstrated that cytosolic NADH redox
and Cu,Zn-SOD activity have important roles in controlling the
inhibitory effects of superoxide anions derived from NADH
oxidase. Morikawa et al. (24a, 25) have also demonstrated that
endothelial Cu,Zn-SOD plays an important role in the synthe-
sis of H-0O- in mouse and human mesenteric arteries in vitro.

In the present study, catalase or L-NMMA alone signifi-
cantly, but not completely, inhibited the RH-induced vasodi-
latation of mesenteric arterioles in wild-type mice in vivo,
whereas L-NMMA + catalase markedly attenuated the remain-
ing vasodilatation. In contrast, in Cu,Zn-SOD™/~ mice, L-
NMMA alone significanlly decreased the vasodilatation and
blood flow in response to 20- and 60-s arterial occlusion (Figs.
1 and 2). These results obtained using a pencil-type CCD
intravital microscope indicate that H,O, exerts important va-
sodilator effects on mesenteric smaller arterioles during RH
and that Cu,Zn-SOD plays an important role in the synthesis of
endogenous H»Os during RH in vivo. Koller and Bagi (14a)
showed that RH in rat isolated coronary arterioles was sensitive
to pressure/stretch and flow/shear stress. Miura et al. (23) also
showed the important role of endogenous H>O: in flow-
induced vasodilatation of human coronary arterioles. Koller
and Bagi (14a) also suggested that H.O, contributes to the
development of the early peak phase of RH but not the duration
of reactive vasodilatation, whereas NO prolongs the later phase
of RH in rat isolated coronary artericles, suggesting that H-O,
released endogenously within the vascular wall changes hemo-
dynamic forces. In the present study, peak blood flow was
significantly decreased after catalase (Fig. 2), suggesting that
flow-induced vasodilatation during the early phase of RH is

indeed mediated by H,O, in mouse mesenteric arterioles
in vivo.

Compensatory vasodilator mechanism between H>0: and
NO. It is well known that coronary vascular tone is regulated
by the interactions among hemodynamic forces and several
endogenous vasodilators, including NO, H,0,, and adeno-
sine (41a, 42). Koller and Bagi (14a) demonstrated that
mechanosensitive mechanisms were activated by changes in
pressure and flow/shear stress during RH in isolated coro-
nary arterioles. A superoxide anion is dismutated to H,O,
by manganese SOD (Mn-SOD, mitochondrial matrix) and
Cu,Zn-SOD. H,0- diffuses across the mitochondrial mem-
brane to act on vascular smooth muscle (45). Tsunoda et al.
(35) demonstrated that Mn-SOD augmented RH during 60-s
canine coronary ischemia and reperfusion. H.O, generated
in the arteriolar smooth muscle could cause the response of
activation of cGMP in rat skeletal muscle arterioles (38).
Kitakaze et al. (12) indicated that the augmentation of reac-
tive hyperemic flow caused by SOD is attributed (o the en-
hanced release of adenosine in canine coronary circulation.
These endogenous vasodilators may play an important role in
causing the compensatory vasodilatation of coronary microves-
sels during myocardial ischemia.

In the present study, endothelium-dependent vasodilatation
during RH (in the presence of L-NMMA) was almosi com-
pletely inhibited by catalase in wild-type mice. In the Cu,Zn-
SOD ™/~ mice, vasodilatation during RH remained under the
control condition but was almost completely inhibited by
L-NMMA (Fig. 1). The RH-induced increase in blood flow (in
the presence of indomethacin and L-NMMA) was significantly
inhibited by catalase in the wild-type mice but not in Cu.Zn-
SOD ™'~ mice (Fig. 2). RH-induced increase in blood flow (in
the presence of indomethacin and L-NMMA) remained in
Cu,Zn-SOD ™'~ mice (Fig. 2). H20; may compensate for the
loss of action of NO. H,0- produced by SOD other than
Cu,Zn-SOD may compensate for the loss of action of Cu,Zn-
SOD-derived H,0a.

Table 4. Diameter change during administration of ACh and SNP

ACh SNP
B ACh 1077 ACh 10-¢ ACh 1075 . B SNP 1077 SNP 10-¢ SNP 10-%
W, pm 36x3 41+3* 45*34 19+4% 15+4 A9+ 4* 43254 46+5%
Cu/Zn-SOD™/~. um 36+4 38x4 41 £ 4% 44+41 344 3§+ 4* 4141 4441

Values are means * SE; . number of arterioles per animal. *P < 0.05; 1 < 0.01 vs. B.
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Fig. 1. Mesenteric vasodilatation during reactive hyperemia (RH). In the wild-type (WT) mice, vasodilatation during RH was inhibited by catalase or

NS-monomethyl-L-arginine (L-NMMA)

and further inhibited by L-NMMA + catalase. In the Cu,Zn-SOD ™/~ mice (CuZn-SOD™'7), vasodilatation during RH

was inhibited by catalase and markedly inhibited by L-NMMA, and the remaining response was not inhibited by catalase. The number of arterioles per animals

used was 10/5 for each group. *P < 0.05; **P < 0.01.

Improvement of ACh-induced vasodilatation by Tempol in
Cu,Zn-SOD ™~ mice. It was previously reported that Tempol,
a cell membrane-permeable SOD mimetic 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl, decreased oxidative siress in the
spontaneously hypertensive rat (31). In the present study,
Tempol significantly improved the ACh-induced vasodilata-
tion in Cu,Zn-SOD™’~ mice, whereas catalase abolished the
beneficial effect of Tempol (Fig. 3), indicating that the effect of
Tempol was mediated by endogenous H,O, in vivo. In con-
trast, Tempol had no enhancing effect on the ACh-induced
vasodilatation in control mice (Fig. 3), suggesting that a suf-
ficient amount of SOD is present in this strain. In Cu.Zn-

SOD™'~ mice, L-NMMA did not abolish the ACh-induced
vasodilation, and the DCF-DA stain showed remaining fluo-
rescent intensity (Fig. 4). Thus the residua! vasodilatation
could be caused by the following possible mechanisms. First,
NO may also be synthesized in a nonenzymatic manner (27).
Nonenzymatic synthesis of NO could occur in the presence of
NADPH., clutathione, and L-cysteine, etc., opposing the effects
of NOS inhibition (27). Second, the effects of L-NMMA may
be limited since it is known that L-NMMA does not abolish NO
production (1). H,O, produced from vascular smooth muscle
cells and other tissues may also contribute to the residual
vasodilation (5, 30). Third, the contribution of other proposed

RH (20 s) RH (60 s)
Kk **
500 I *x % i 500 [ * %k il

-8 ] I %% i _ I %% !
[« f
o ... 400- 400 - . . . .
o 32 Fig. 2. The increase in mesenteric blood
5 :‘:-' h n flow during RH. In the presence of indo-
EX 300 300 methacin and L-NMMA, RH-induced in-
3 o crease in blood flow was sensitive to catalase
OEJ.g - — in the WT mice, whereas in the CuZpn-

E) SOD™'~. the vasodjlation was significantly
£ ; 200 4 200+ reduced in conwol and was insensitive 10
bt o B - catalase. The number of animals used was §
S*= for each group. **P < 0.01.
5 100 4
£

-
0 :
Control Catalase  Control Catalase Control Catalase Control Catalase
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EDHF candidates, such as P-450 metabolites (2, 3) and potas-
sium ion (7), may contribute to the residual vasodilatation.
Although RH and ACh have different mechanisms of vasodi-
lator effects, they also share the same flow-induced vasodilaror
mechanism.

Endothelium-independent vasodilaration in Cu,Zn-SOD
mice. Microvascular dysfunction in hypercholesterolemic rats
was confined to the endothelium because the dilator response
to SNP and adenosine was unchanged (37). In the present
study,. endothelium-independent vasodilatation in response to
SNP was comparable between the two genotypes, suggesting

—)—

WT (Baseline)

Fluorescent Intensity

Acetylcholine (-log mol/L)

that vasodilatation properties of vascular smooth muscle cells
were preserved in the Cu,Zn-SOD ™/~ mice in vivo.
Detection of vascular H-O» and NO production. Qur labo-
ratory (41a) has recently demonstrated that vascular production
of H>O, and NO after ischemia-reperfusion is enhanced in
small coronary arteries and arterioles in vivo, respectively. I
was previously shown that a ACh-induced increase in fluores-
cence intensity in endothelial cells of the mesenteric artery is
significantly reduced in Cu,Zn-SOD ™'~ mice (25). In the present
study, vascular H>O, production, as assessed by DCF-DA fiuo-
rescent intensity in mesenteric arterioles, was markedly impaired

WT (ACh)

(3]
I

WT  WT Cu,Zn-SOD"
(Baseline) (ACh) (ACh)

Fig. 4. Detection of vascular H2O2 production. Vascular H2O2 production in mesenteric anerjoles was significantly increased in response 10 ACh in WT mice
but markedly impaired in Cu,Zn-SOD~/~. The number of arterioles per animals used was 10/5 for each group. *P < 0.05. HE, Hematoxylin eosin.
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WT
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Fluorescent Intensity

WT WT Cu,Zn-SOD+*
(Baseline) (ACh) (ACh)

Fig. 5. Detection of vascular nitric oxide (NO) production. Vascular NO production in mesenteric arterioles was significantly increased in response to ACh in
WT mice and unaltered in Cu,Zn-SOD~/~. The number of arterioles per animals used was 10/5 for each group. *F < 0.05.

in Cu,Zn-SOD ™/~ mice (Fig. 4). These findings indicate that
endothelial production of H»O; is significantly impaired in
Cu,Zn-SOD ™/~ mice, confirming the importance of the
enzyme in endothelial synthesis of H.O,.

In the previous study by Morikawa et al. (25), eNOS protein
expression was comparable between Cu,Zn-SOD ™/~ and wild-
type mice. In the present study, vascular NO production in
small mesenteric artery was unaltered in Cu,Zn-SOD ™/~ mice
compared with wild-type mice (Fig. 5). NO could compensate
for the loss of action of H,0Os,, although there are still many
uncertainties about the local cellular dynamics of superoxide
anions and NO.

Study limitations. Several limitations should be mentioned
for the present study. Furst, we estimated blood flow in the
mesenteric circulation using microspheres. We were unable to
calculate the absolute values of local blood flow or shear stress
because of the methodological limitations. However, since the
flow measurement with microspheres was performed at the end
of the experiments, it should not have influenced other results.
Second, we used Cu,Zn-SOD™/~ mice in (he present study,
where unknown compensatory mechanisms may be operative,
and we were unable to elucidate the mechanism(s) for the
remaining EDHF-mediated responses in those mice.

Clinical implications. RH is an umportant regulatory mech-
anism of the cardiovascular system, reflecting the flow reserve
in response to a brief period of cessation of fiow. An impaired
flow reserve in resistance vessels is a hallmark of microvascu-
lar dysfunction with coronary risk factors. Hypertension is
associated with structural alierations in the microcirculation
and a reduced endothelium-dependent dilation in conduit ar-

teries (19). It is well known that abnormality in Cu,Zn-SOD is
noted in several diseases, including hypertension and diabetes
mellitus (36, 39).

In conclusion, endogenous H,0O, exerts important vasodila-
tor effects of mesenteric smaller arterioles during RH, espe-
cially at the low level of NO, and that Cu,Zn-SOD plays an
important role in the synthesis of endogenous H>O» during RH
in vivo.
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Using a newly developed angiography system that combines monochromatic synchrotron
radiation (MSR) as an X-ray source with a high-definition camera or video system, we observed
superficial cortical and intracerebral microvessels simuitaneously in vivo during reperfusion
after transient forebrain ischemia. Transient brain ischemia was induced by 10-min four-
vessel occlusion in rats under general anesthesia. Angiographic images were then sequentially
obtained at 3 frames/s. The detector features a 7-um equivalent pixel size projected onto the
input area and a 7 mm x7 mm input field. Changes in the cerebral microvessels were observed
before and 1, 5, 10, 15, 20 and 30 min after transient cerebral ischemia using the MSR
angiography system. The calibers of the intemal carotid artery (ICA), middle cerebral artery
(MCA), and striate artery (SA) significantly increased 1 min after reperfusion, while the pial
arteriole (PA) caliber significantly decreased (76% of base line). The MCA, PA and SA were
significantly dilated 5 and 10 min after reperfusion. Although the caliber of the ICA significantly
decreased after 30 min reperfusion compared with the basal value, the calibers of the other
three vessels remained larger than the basal values throughout the experiment. Early venous
filling was observed at 5 and 10 min after reperfusion. The MSR angiography system is useful
for investigating morphological changes in both cortical and central branches of cerebral
vessels in rats during reperfusion after cerebral ischemia.

® 2007 Elsevier B.V. All rights reserved.

1. Introduction

reperfusion of the tissue (Marchal et al,, 1999). Recognition of
the actual behaviors of cerebral vessels during ischemia and

A rapid postischemic increase in cerebral blood flow relative to reperfusion is the first step to understanding the pathophysi-
control values, i.e,, hyperperfusion, has long been documented ologic events of the brain suffering from ischemic injury
in animal stroke models, and hyperperfusion is the hallmark of (Ginsberg et al., 1997). Various methods have been used to
efficient reopening of occluded arteries with subsequent achieve morphological observation of the cerebral vessels

* Corresponding author. Fax: +81 86 464 1044.

E-mail address: nubo@fj8.so-net.ne.jp (M. Morita).
! Research and Utilization Division, Japan Synchrotron Radiation Research Institute, SPring-8, Mikazuki, Sayo, Hyogo, Japan.
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Before During After ischemia
ischemia ischemia - - - » - p
1 min 5 min 10 min 15 min 20 min 30 min
MABP (mmHg) 102+£11 37+20 99:11 109+12 108x14 107 £12 107 £11 10412

Data are means +SD. MABP: mean arterial blood pressure.

during ischemia and reperfusion, with each having its merits
and demerits. In animal models, pial microvessels are accessi-
ble by direct visualization using a cranial window technique
equipped with confocal laser microscopy/fluorescence video
imaging, but only to a depth of 250 um from the cortical surface
(Villringer et al., 1989). However, deeper microvascular beds
such as those of the striate artery, which are not accessible with
the cranial window technique, can be assessed using tracer
perfusion techniques and reconstruction by computer-assisted
static image analysis for study (del Zoppo et al., 1991). However,
passage of all currently used tracers through the blood-brain
barrier is limited, and as a consequence a nonlinear relationship
between tracer uptake and true cerebral blood flow is observed.
Accordingly, for study of ischemic injuries these techniques for
direct visualization of microvascular beds in the brain allow
only restricted observations of real-time events on the cortical
surface and the basilar artery.

A new angiography system, consisting of monochromatic
synchrotron radiation (MSR) as an X-ray source and a high-
definition camera with a video system as a detector, has been
developed in Hyogo, Japan (Umetani et al., 2002). This angiogra-
phy systern uses nearly parallel X-rays. Consequently, it can
visualize microvessels with a caliber of 20-30 pm (Kidoguchi
etal., 2006; Tokiya et al., 2004). Conventional X-ray imaging with
an X-ray tube can depict only vessels with a caliber larger than
200 um. This new system, therefore, offers higher resolution. In
this study, we attempted in vivo simultaneous observation of pial
arterioles and striate arteries in rats during reperfusion after
transient forebrain ischemia using this MSR angiography system.

2 Results
2.1.  Physiological variables

Six rats attained forebrain ischemia, but two did not. The
mean arterial blood pressure (ABP) significantly increased by

Before ischemia After ischemia

pH 7.405+£0.02 7.397+0.03
Pa0,;, mmHg 89+4 87:4
PaCO,, mmHg 38.1+2.7 39.1234
Na, mmoV/1 14012 139+2
X, mmol/l 4.0+£0.3 4204
Hematocrit, % 46.2+15 432+19

Data are means+SD. PaO,: arterial oxygen partial pressure; PaCO,:
arterial carbon dioxide partial pressure; Na: sodium concentration
in serum; K: potassium concentration in serum.

135+ 18% during ischemia and then returned to its basal level
immediately after reperfusion. There was no significant
change in mean ABP while microangiography was performed
(Table 1). The arterial blood gas levels were not significantly
different 15 min before ischemia and 30 min after reperfusion
(Table 2).

2.2 Basal conditions

The diagram in Fig. 1 demonstrates the stereotactic co-
ordinates of the image field of view in the rat brain. The MSR
angiography system could detect a tungsten wire 100 pm in
diameter and provided good visibility of the ICA, MCA, PA and
SA under basal conditions (Fig. 2A). Each image in Figs. 2A-D
depicts a temporal subtraction result for flat-field correction;
the image taken before injection was subtracted from raw
images taken after injection to eliminate the superimposed
background structure. This system could also detect micro-
vessels with a caliber of 20-30 um. The mean ICA caliber was
40144 um, the mean MCA caliber was 17921 um, the mean
PA caliber was 64+14 uym and the mean SA caliber was
53+18 um.

2.3. Reperfusion

The ICA caliber significantly increased at 1 min after
reperfusion, as shown in Fig. 2B, and those of the MCA and
SA significantly increased at 1, 5 and 10 min after

Fig. 1 - Diagram showing stereotactic co-ordinates of the
image field of view in the rat brain. The quadrangular area of
7 mmx7 mm in the diagram is the area included in the
photograph. CCA, common carotid artery; ECA, external
carotid artery; PPA, pterygopalatine artery; ICA, internal
carotid artery; MCA, middle cerebral artery.
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Fig. 2 - (A) Digitally subtracted images of monochromatic synchrotron radiation microangiography of normal rat cerebral
arteries. ICA: internal carotid artery; MCA: middle cerebral artery; PA: pial arteriole; and SA: striate artery. (B) Images obtained at
1 min after reperfusion. Pial arterioles were significantly constricted (arrows). In contrast, ICA, MCA and striate arteries were
significantly dilated at 1 min after reperfusion. (C) Images obtained at 10 min after reperfusion. Pial arterioles, MCA and striate
arteries remained dilated. Early venous filling was observed (arrows). (D) Images obtained at 30 min after reperfusion. The ICA
caliber was significantly decreased, but the other three vessels had retumed to basal values.

reperfusion, as shown in Figs. 2B and C. The extent of
vasodilatation immediately after reperfusion (at 1 min) was
130% for the ICA, 160% for the MCA and 140% for the SA
{p<0.005). In contrast, at 1 min after reperfusion (p<0.00001),
the PA caliber statistically significantly decreased by 24%,
and thereafter statistically significantly increased at 5 and
10 min after reperfusion, as shown in Figs. 2B and C. The
calibers of these vessels tended to return to base line values
at 15 min after reperfusion, as shown in Figs. 3, 4 and 5.
Although the ICA caliber at 30-min reperfusion had signifi-
cantly decreased as compared with the basal value, as shown

in Fig. 6, the other three vessel calibers were above their
basal values throughout the experiment. As shown in Fig. 2C,
early venous filling was observed at 5 and 10 min after
reperfusion.

3. Discussion

‘We successfully observed in vivo morphological changes in

both cortical and central branches of cerebral vessels in rats
during reperfusion after cerebral ischemia using the MSR
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