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ABSTRACT

A fundamental study on quasi-monochromatic parallel radiography using a polycapillary plate and a copper-target
x-ray tube is described. The x-ray generator consists of a negative high-veoltage power supply, a filament (hot
cathode) power supply, and an x-ray tube, The negative high-voltage is applied to the cathode electrode, and the
anode electrode is connected to the ground. In this experiment, the tube voltage was regulated from12 to 22 kV, and
the tube current was regulated within 3.0 mA by the filament temperature. The exposure time was controlled in order
to obtain optimum x-ray intensity, and the maximum focal spot dimensions were approximately 2.0X 1.5 mm. The
polycapillary plate was J5022-16 (Hamamatsu Photonics Inc.), and the plate thickness was 1.0 mm. The outer,
effective, and hole diameters were 33 mm, 27 mm, and 10 pm, respectively. Quasi-monochromatic x-rays were
produced using a 10 pm-thick copper filter with a tube voltage of 17 kV, and these rays were formed into parallel
beams by the polycapillary, The radiogram was taken using a computed radiography system utilizing imaging plates.
In the measurement of image resolution, the resolution hardly varied according te increases in the distance between
the chart and imaging plate using a polycapillary. We could observe a 50 um tungsten wire clearly, and fine blood
vessels of approximately 100 pm were visible in angiography.
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1. INTRODUCTION

Menochromatic parallel x-ray beams are typically produced by a synchrotron in conjunction with single crystals and
have been applied in high contrast micro-angiography' and x.ray phase imaging’* In order to produce
quasi-monochromatic x-rays without using the synchrotron, we developed a transmission type molybdenum x-ray
tube.® Subsequently, flash x-ray tubes are employed to primarily perform high speed radiographies with biomedical
applications. In particular, plasma flash x-ray tubes are very useful to produce intense and sharp characteristic
x-rays” 1! such as lasers.

With recent advances in x-ray optics, several different x-ray lenses'>" have been developed, and a polycapillary
plate>®* has been shown to be useful to realize a low-priced x-ray system and to perform parallet radiography.
Therefore, we performed parallel radiography using a tungsten-target x-ray tube and an x-ray film because the film is
conventional and is useful to cbtain a high image resolution.

In biomedical radiography, because both the brighiness and the contrast of radiograms can be controlled by a
Computed Radiography (CR) system' utilizing imaging plates, the CR system is useful to perform
quasi-monochromatic parallel radiography, regardless of whether the image resolution falls. Therefore, in
conjunction with the CR, we have to measure the fondamental characteristics of the polycapillary radiography.

In this paper, we describe a quasi-monochromatic parallel radiography system utilizing a fine polycapillary plate with
a hole diameter of 10 jtm, a CR system, and a copper-target radiation tube in order to create a conventional x-ray
system to be used instead of the synchrotron.

2. EXPERIMENTAL SETUP

Figure 1 shows the circuit diagram of the x-ray generator, which consists of a negative high-voltage power supply, a
filament (hot cathode) power supply, and a copper-target x-ray tube. The negative high-voltage is applied to the
cathode electrode, and the anode (target) is connected to the ground. In this experiment, the tube voltage was
regulated from 12 to 22 kV, and the tube current was regulated by the filament temperature and ranged from 1.0 to
3.0 mA. The exposure time was controlled in order to obtain optimum x-ray intensity.

The experimental setup for performing paralle! radiography is shown in Fig. 2. Quasi-monochromatic x-rays are
produced using a 10 pm-thick copper filter, and these rays are formed into paralle! beams by a polycapillary plate
(Fig. 3). The polycapillary is 1502216 (Hamamatsu Photonics Inc.), and the thickness and the hole diameter of the
polycapillary are 1.0 mm and 10 um, respectively. Radiography was performed by a CR system (Konica Regius 150)
utilizing imaging plates.

The distance between the x-ray source and the polycapillary was 1.08 m, and the polycapillary plate was set on the
aluminum plate. The distance between the polycapillary and imaging plates was regulated by the height of
polymethyl methacrylate (PMMAY) spacers of 30 mm in height. At a constant distance between the polycapillary and
the imaging plate, the distance between the imaging plate and the chart was regulated by pipe-shaped brass spacers
of 30 and 60 mm in height.
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Figure 1: Circuit diagram of the x-ray generator. Figure 2: Experimental setup for parallel radiography utilizing a
polycapillary plate and a CR system,
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Figure 3: Polycapillary plate.
3. CHARACTERISTICS

3.1 Focal spot

In order to measure images of the x-ray source, we employed a pinhole camera with a hole diameter of 50 pm (Fig.

4). When the tube voltage was increased, the spot intensity increased, and spot dimensions increased slightly and had
values of approximately 2.0 X 1.5 mm.

3.2 X-ray spectra
X-ray spectra from the copper-target tube were measured by a transmission-type spectrometer with a lithium fluoride

curved crystal 0.5 mm in thickness (Fig. 5). The spectra were taken by the CR system with a wide dynamic range,
and relative x-ray intensity was calculated from Dicom digital data. Figure 6 shows measured spectra from the
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copper target. When the tube voltage was increased, the bremsstrahlung x-ray intensity increased, and the
characteristic x-ray intensity of K, and Kg lines also increased. Following insertion of the copper filter, the
bremsstrahlung x-rays with energies higher than the K-absorption edge were absorbed effectively.
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Figure 4: Images of the x-ray source measured by a 50 Figure 5: Transmission-type spectrometer with a
prn-diameter pinhole with changes in the tube lithium fluoride curved crystal and an imaging plate.
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Figure §: Measured x-ray spectra according to changes in the tube voltage.

Proc. of SPIE Vol. 5196 415

— 381 —



4. RADIOGRAPHY

The quasi-monochromatic radiography was performed with a tube voltage of 17 kV using the filter. Figure 7 shows
radiography for imaging a polycapillary plate, and the radiograms of the polycapillary are shown in Fig. 8. The
center of the black spot in the polycapillary radiogram was mainly imaged by direct transmission beams through
capillary holes. As shown in this figure, the spot dimensions increased slightly according to decreases in the PMMA
spacer height.

Figure 9 shows the parallel radiography for imaging a test chart, and the polycapillary was set on the aluminum plate.
In this radiography, when the spacef height was increased, the image resolution hardly varied, and the image
dimensions decreased slightty (Fig. 10). Next, when the height of the brass spacer was decreased, the image
resolution hardly varied, and the dimensions again decreased slightly (Figs. 11 and 12).-

Figures 13 and 14 show radiography and the radiogram of tungsten wires on a PMMA spacer, respectively. Although
the image contrast increased with increases in the wire diameter, a 50 pm-diameter wire could be observed. An
angiography of a rabbit heart is shown in Fig. 15; iodine-based microspheres of 20 um diameter were used, and fine
blood vessels of about 50 pm were visible (Fig. 16).
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Figure 7: Radiography for tmaging a polycapillary plate according to changes in the
distance between the polycapillary and imaging plates.
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Figure 8: Radiograms of a polycapillary plate according to changes in the PMMA height.
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Figure 9: Radiography for imaging a test chart using a polycapillary plate according to the PMMA height.
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Figure 10: Radiograms of a test chart using a polycapillary plate according to the PMMA height.
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Figure 11: Radiography for imaging a test chart using a polycapillary plate according to the brass spacer height.
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Figure 12; Radiograms of a test chart using the polycapillary according to the brass spacer height.
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Figure 13: Radiography for imaging tungsten wires
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418 Proc. of SPIE Vol. 5196

Figure 14: Radiograms of tungsten wires on a PMMA

spacer.

— 384 —



20 mm

50 pm tungsten wire

X-ray
Po]ytapilin{&!sie ﬂ 1 mm-thick

aluminum

i
/,Henn

Imaging plate

LTIHM DU TH6)

-~

80 mun -~

Iron plate

Figure 15: Parallel angiography of a heart extracted from Figure 16: Angiogram of the heart using the
a rabbit using iodine-based microspheres. polycapillary.

5. DISCUSSION

In this research, we performed parallel radiography achieved with a polycapillary plate in conjunction with
quasi-monochromatic x-rays, and obtained slightly higher image resolutions as compared with those obtained
without using the plate, Currently, the image resolution of the polycapillary is primarily determined by the diameter
of the capillary hole and the thickness, and is improved with decreases in the diameter and increases in the thickness.
In cases where the CR system is employed, although the resolution of the CR system is primarily determined by the
minimum sampling pitch of 87.5 pm, we could observe 50 pm tungsten wires easily.

The photon energies of the characteristic x-rays are determined by the target element, and the capillary thickness
should be increased according to increases in the photon energy because the transmission intensity through capillary
glass increases. Subsequently, in order to increase the parallelity for phase imaging, single crystals should be
employed after passing through the polycapillary.

Because it is possible to increase the irradiation field by increasing the distance between the x-ray source and the
polycapillary, this system can be applied to image a wide variety of objects in various fields, including medical
radiography.
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Effects of Adrenomedullin Inhalation on Hemodynamics and
Exercise Capacity in Patients With Idiopathic Pulmonary
Arterial Hypertension

Noritoshi Nagaya, MD: Shingo Kyotani, MD; Masaaki Uematsu, MD: Kazuyuki Ueno, PhD:
Hideo Oya. MD: Norifumi Nakanishi, MD; Mikiyasu Shirai, MD; Hidezo Mori, MD;
Kunio Miyatake. MD; Kenji Kangawa. PhD

Background - Adrenomedullin ( AM} is a potent pulmonary vasodilator peptide. However, whether intratracheal delivery
of aerosolized AM has beneficial effects in patients with idiopathic pulmonary arterial hypenension remains unknown,
Accordingly, we investigated the effects of AM inhalation on putmonary bemodynamics and exercise capacity in
patients with idiopathic pulmenary arterial hypertension.

Methods and Resulis— Acute hemodynamic responses to inhatation of acrosolized AM (10 pg ke body wit) were ¢xamined
in 11 patients with idiopathic pulmonary arterial hypeniension during cardiac catheterization. Cardiopulmonary exercise
testing was performed immediately after inhalation of aerosolized AM or placebo. The work rate was increased by 13
Wimin until the svmptom-limited maximum, with breath-by-breath pas analysis. Inhalation of AM produced a 13%
decrease i mean pulimonary arterial pressure (54+3 to 4723 pun He, P<0.05) and a 22% decrease in pulmonary
vascular resistance (12,62 1.5 w0 9.8 1.3 Wood units, P<0.05). However, neither systemic arterial pressure nor heart
rate was altered. Inhatation of AM significantly increased peak oxygen consumption during exercise {peak Vo,
146206 10 157206 mL - k™! - min™}, P<0.035) and the ratio of change in oxygen uptake to hat in woerk rate
(AVOSAW ratio, 63204 (o 7.0205 mL - min™' - W P<0.05). These parameters remained unchanged during
placebo inhalation.

Conclusions—-Inhalation of AM may have bencficial effects on pulmonary hemodynamics and exercise capacity in
patients with idiopathic pulmenary anerial hypertension, (Circnlation, 2004:109:351-356.)

Kev Words: peptides m hypertension, pulmonary ® respiration m exercise s hemodynaics

diopathie pulmonary aneral hypertension s a rare bt

lie-threatening disease chavacterized by progressive pul-
monary hypertension, ultimately producing right heart fatlure
and death.t” Although a variety of vasodifators have been
proposed as potental therapy for this disease over the past 30
years.s T sone patienls ultimately require heart-lang or lung
transplantation #¥ Thus, u novel therapeutic strategy 1s
desirablye,

Adrenomedullin (AM) s o potent. long-lasitng vasodilator
peptide that was originally isolated from human pheochro-
moeviama f Immunoreactive AM has subsequently been
detected in plasma and a vargety of tissues, meluding blood
vessels and lungso b2 e has been reported that there are
abundant binding sites for AM in the lungs.* We huve shown
that the plusing AM level increases in propurtion (o the
severity of pulmopary hypertension and that curcnlating AM
is partially metabolized in the lungs.* 5 Tnerestngly, AM

hus been shown o inbibit the mugratton and proliferation of
vasvular smooth muscle vells <647 These lindings suggest thas
AM plays an important role in the regulation of pulmonary
vascular wne and vascular remodeling. In fact, we bave
shown that short-term intravenous infusion ol AM signidi-
cantly decreases pulnionary vascular resistance in paticnts
with congestive Tieart fadure™ or pulmonury arterial hyper-
tensien ' Unfortunately, however. intravenously admmis-
tered AM mduced svstemue hypetension in such patents
because of nonselective vasodidation w e pulmonary and
systenne vascular beds.

Mouore recently, mhalation of acrvsolized prostacyelin and
itz analngue Hoprost has been shown o cause pulmonary
vasodilation without systemic hypotension in patients with
idiopathic pulmonary arterial hypertension 202 Tn addibon,
mhalant application of vasedilators does ol hupair gus
exchange because the venulation-matched depasition of drug

<
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TABLE 1. Baseline Characteristics of Patients With Idiopathic
Pulmonary Arterial Hypertension

Demoegraphics

Age. y 39-3

Male/female. n 2/9
NYHA functional class. n

1 10

I 1
Brseline hemodynamins

MPAP, mm Hg 54=3

ClLL-min™" »pi? 7}.‘.4 -0

PVR, Wood units 12615

RAP, mm Hg 71

PCWP. mm Hg 71
Pulmanary functian

Sac. % 94=3

Svo. % 63-4

VG, % predicted 86 4

FEV,, % predicled 751
6-Minute walk lesi, s 35535
Medication use, n

Anticcagulant agents 10

Diuretics 9

Digitalis 7

Oral prostacyc/in analogise [

Calcium antagonists 2

NYHA indicates New York Heart Association; MPAP, mean pulmonary arterial
pressure; Gl cardiac index: PVR. puimonary vasculas resistance; RAP, mean
ticht atrial pressure: PCWP, pulmonary capiliary wedge pressure: 5a-,. arterial
oxyden pressure; Svo,. mixed venous oxygen saturation; FVC, forced wvital
capacity. and FEV,, forced expiratory volumme in 1 second Data are
mean : SEM.

in the alveoli causes pulmonary vasodilation matched (o
ventilated areas.2® In clinical settings. inhalation therapy may
be more simple, noninvasive, and comlortable than contin-
olts intravenous infitsion therapy. Thus, the purpose of the
present study was to investigate the effects of AM inhalation
on hemadynamics and exercise capacity in patients with
iivpathic pulmonary arterial hypertension.

Methods

Study Subjects

Fleven patients with idiopathic pulmonary arterial hvpertension (9
women and 2 men: age, 39£3 yeurs) were included in gus stody.
Idiopathic pulmoenary arterial hypertension was defined as pulmoe-
nary hypertension unexplained by any secondary cause, on the basis
ol the eriteria of the National Dnstitutes of Health registry.) Ten
palivits were classificd as New Yotk Heart Association (NY11A)
functional class 1M and 1 as class 1V (Table 1)1 Two of the 11
patients (18%0) were acute responders who showed a significant
deerease in mean pulmonary artenial pressure of =204 with a
decrease m mean prdmonary arterial pressure o < 3% mm Hg and no

chunge or an inerease in cardiae index during short-term infusion of

cpoprastenol. Long-term medication. including anticoagulant agents.
digitalis. and diuretics. was kepl constant. Vasadilator agents, such
as orad prostacyelin amlogue ad caleium antagenists, were stopped
=12 hours before the study procadure was begam, The ethics

commitice of the National Cardievascular Center approved the
sludy, and all patients gave writlen informed consent.

Preparation of Iluman AM

Human AM was dissolved tn saline with 4% p-mannitol and
sterilized by passage through a 0.22-pm filter (Millipore Col. At the
time of dispensing. randomly selected vials were submitted for
sterility and pyrogen testing. The chemical nature and content of the
human AM in vigfs were venfied by high-performance liquid
chromatogeaphy and radioimatmoeassay. All vials were stored frozen
at —807C from the time of dispensing until the time of prepartion
for administration,

Hemodynamic Studies

Acute hemodynamie respanses (0 AM inhatation were assessed in all
patients while they were in a stable condition during hospitalization.
Hemodynamic variables, including pulmomry arterial pressure, right
atrial pressure. pulmonary capillary wedge pressure, and cardiac
oulput tin triplicate). were determined with a themmadilution catheter
(TOO21H-T.5F. Baxter Cob™ A 22-gauge cannula was inseried into
a radial artery for hemaodynamic measurements and blood sampling.
After an equilibravon period of 30 minutes. baseline hemodynamics
wete measured. Theno AM (10 pa'ke body wty was inhaled as an
aerosol wilth a jet nebulizer (Porta-Nebu, MEDIC-AID} for 15
minutes, which resulted in a cumulative dose 0f 400 1 600 pp AM.
Hemodynamic parameters were mcasured at 15-minute intervals
starting 15 minutes belore AM inbalation until 60 minutes aller
inhalation, Blood samples for AM measurement were taken at
1S-minwe intervals from 15 minutes betore inhalation wntil 60
minutes alter the end of inhalation.

Cardiopulmonary Exercise Tesling

The effeets of AM inhatation on exereise eapacity were examined in
10 of 11 patients; 1 patient with NYHA class TV underwent the
G-minute walk lest aecording Lo deeision of atiending physicians.
CardiopuImenary exercise lesting was perfinmed mmediately afler
imhalation of acrosolized AM (10 ga’kp body wit or saline in a
double-blind. randomized. crossover design. This study was per-
formed on 2 sepurate Javs. 1 week apart, The first cardiopulmonary
cxercise testing was parformed within 10 days after the cardiae
catheterization. The patients performed exercise seated on a cycle
ergometer, They first pedabed at 55 pm without any added lead tor
1 minute. The work rate was then increased by IS Wmin up o the
symptom-timited maximum. Breate-by-breath gas anadysis was per-
formed with an AE280 (Minato Medical Science) connected 1o 2
persenal computer running analvzing software.” The ratio of change
in oxygen uptike to that in work rate (AVOJ/AW ratio}p was
caleulated as the slope of oxygen consumption per vnit workload
from 1 minute afler (e start of load addition until 85% maximal Vo..
Exercise capacity was evaluated by peak oxygen consumplion {peak
V0,). which was defined as the value of averaged data duning the
tinal 15 seconds of exercise. Ventilatory ctficiency during exercise
was represented by the VE-Voo, slope. which was determined as the
lincar regression slope of VE and Voo, from the start of exercise untl
the RC point (the tine tmtil which ventilation is stimulated by CO.
eutput and end-tidal CO; tension begins to decrease),

Measurement of Plasma AM, ¢cAMP, and ¢GMP

Blood samples were immediately transterred into chilied glass whbes
containing disodium EIDTA (1 mg'ml.) and aprotinin (200 Wml.)
ard centrifuged immediately at 4 C. and the plasma was Irozen and
stored at — 80 Cuntil assayved. Plasma AM level was measured by a
specific immunoradiometric assay kit (Shionogs Pharmacenticat Co
LA~ Plastma cAMP and ¢GMP were determined with radioimiu-
noassay Kits (cAMD assay kit eGMP assoy kit Yamasa Shoyu s

Statistical Analysis

All data were expressed as mean=SEM unless otherwise indicated.
Changes 1 hemodynamic and hormoenal patameters by AM inhalu-
tion were analyzed by I-way ANOVA for repeated measures.
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Figure 1. Changes in plasma AM level by inhalation of aerosol-
ized AM in patients with idiopathic pulmonary arterial hyperten-
sion. Normal value indicates plasma AM tevel derived frem 15
age-matched healthy subjects, Data are mean= SEM. "P<0.05
vs value at time Q.

followed by Newman-Keuls test. Comparisons of exercise paranie-
ters between the 2 groups were analyzed with paired Stodent™s £ tost.
A probabifity value of <0003 was considered  statistically
significant.

Results
All patients tolerated his study protocol. One patient devel-
oped a headache, and another patient had mild anterial
hvpoxemia during AM inhalation. None ol them experienced
ather adverse effects, such as systemic hypotension, infee-
lion, or arrthythmia,

Plasma AM Level After Inhalation

Bascline plasma AM level in patients with idiopathic pulmo-
nary arterial hypertension was signiticantly higher than the
pormal value, which was determined Irem pooled data of 15
age-matched Dealthy subjects (119*08 versus 9.3x0.1
hmolml, <003 Inhalation of AM signilicamly mereased
the plasma AM level 1o 22,9221 mol mL immediately after
mmhalation (Figuee 1), The half-lite of plasma AM alter
inhakation was approximately 20 minutes, and the elevation
of AM lasted lor =435 minwtes. Plasma cAMP Tevel increased
significantly 30 minwtes afier the initiation of AM inhakation
(108207 10 12.020.6 pmolml, P<0.03), although plusma
¢GMP level was not significantly altered (6.5x1.0 10
6.8 1.0 pmolml., P=NS).

Hemodynamic Effects of AM Inhalation

Inhalation of AM sigmificantly decressed mean pulmenary
arterial pressure in patients with idivpathic pulmonary arterial
hypertension (34=3 10 473 mm Hg, P<<(.05) without a
sipniticam  decrease in mean arterial pressure {(R5*d4 10
831x4 mm He, #=Ns) (Figure 2). AM inhalation shightly but
significantly increased cardiae index by 12% (2401 10
27202 L - min ' - mY, P<003). Thus, AM inhalation
resulted in a0 22% decrease in pulmonary vascblar resistance
(12613 w v821.3 Wood units, P<0.05) (Figure 3).

Inhaled AM did not sigmficantly alter svstemic vascular

resistance. The ratlo of pulmonary vascular resistance {o
svslemic vaseular resistance was decreased significantty at
the end of iahalaton {63008 10 Q5352007 P<0.05).
These hemodynamic effects of AM lasted for =45 minutes,
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Figure 2. Changes in mean arterial pressure (MAP), mean pul-
monary arterial pressure {MPAP), and cardiac index (Cl) by inha-
lation of aerosolized AM in patients with idiopathic pulmonary
arterial hypertension. Data are mean - SEM. "P-0.05 vs value at
time 0.

No significant change in heart rate, pulmonary capillary
wedge pressure, or right atrial pressure was observed. There
was no signiticant change in arterial oxygen saturation

(9423% 1o 9323%).

Eflects of AM Inhalation on Exercise Capacity

and Ventilatory Efficiency

As the imiting symptom at the end ol exercise, ¢ paticnts
reported muscele weakness and 4 reported dyspiea. There was
no ditTerence m these symptoms when exercise testing was
perlormed with or without mhalation of AM. Inhalation of
AM altered neither heart rate noy blood pressure either at rest
or al peak exercise (Table 21 Inhalation of AM sigmficantly
increased peak workload (8625 o 9320 W, P<20.05) (Table
21 AM also significantly inereased peak Vo, (14.620.6 1o
157206 ml - kg ' - min % P<005) (Figure 43 Inhalation
of AM significantly increased AVo AW ratio (63204 o
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Figure 3. Changes in pulmonary vascular resistance (PVR}, sys-
temic vascular resistance (SVB), and ratic of pulmonary vascular
resistance to systemic vascular resistance (Rp/Rs) by inhalation
of aerosolized AM in patients with idiopathic pulmonary arterial
hypertension. Dala are mean=S8EM. "P<0.05 vs value at time 0.

70205 mL - min”t - W7, P<0.05). AM d&id not signifi-
cantly alter the VE-VCo, slope (Table 2). No signilicant
changes in arterial oXygen saturation were observed either at
rest or at peak exercise. In | patient with NYHA class IV who
did not underpo cardiopulmonary exercise testing, the dis-
tance walked in 6 minutes increased from 150 to 18( m by
inhalation of AM.

Discussion
In the present study, we demonstrated that inhalation of AM
improved hemodynamics with pulmonary selectivity and
exercise capacity in patients with idiopathic pulmonary arte-
rial hypertension.

AM is one of the most potent endogenous vasodilators in
the pulmonary vascular bed. 227 The vasodilatory effect is
mediated by cAMP-dependent and nitrie oxide- dependent
mechanisms. 282 Endogenous AM production 1s enhanced in
a varicty of cardiovascular diseases through a compensatory

mechanism. % Nonetheless, additional supplementation of

AM has beneficial eflects in these discases,'* 1 These results
suggest that endogenous AM level is pot sufficient to im-
prove deteriorated conditions despite the increased AM pro-
duction. Interestingly, Champion et al*' have shown that
imratracheal gene transfer of calcitonin pene -related peptide,
a member of the same peplide family as AM, o bronchial

TABLE 2, Changes in Exercise Parameters by Inhalation of AM
or Placebo

Variables Placebo AM P
Peak workload, W 86=-5 93+ 6 <0.05
HR, bpm

Rest 75=5 753 NS

Peak 144=6 148+ 6 NS
MAP, mm Hg

Rest 85 3 875 NS

Peak 108:=5 119=6 NS
Peak Borg score (D) 1718 18418 NS
Peak Vo, mL-kg™* - min~* 146=06 157206  <0.05
AVa/AW ratio, mL - min~' W 6.3-0.4 70205 <005
Ve-Vou, slope 27=2 362 NS
Sa0,, %

Rest 971 971 NS

Peak 85=1 g5=1 NS

HR indicates heart rate; MAP, mean arterial pressure; Peak Borg score (D/L),
Borg score at peak exercise {dyspnea/leg fatigue) Peak Vo,. peak oxygen
consumption; AVc,/AW ratio, Vo, increase per unit workload; Ve-Veo, slope,
slope of regression line of relation hetween Ve and Voo, and Sao,, arterial
oxygen saturation. Data are mean— SEM.

epithelial cells atienuates chroniec hypoxia-induced pulmo-
nary hypertension in the mouse. These results raise the
possibility that intratracheal delivery of a vasodilator peptide
may be sufficient 1o alter pulmonary vascular function. In
fact, in the present study, inhalation of AM signilicantly
decreased pulmonary vascular resistance, whereas it did not
alter systemic arferial pressure or systentic vascular resis-
tance. The ratio of pulmonary vascular resislance to systemic
vascular resistance was reduced significantly by AM inhala-
tion. These resulls suggest (hat inhaled AM improves hemo-
dynamics with pulmonary selectivity. This is consistent with
earlier findings that inhaled prostacyclin or its analogue
tloprost acts transepithelially with pulmonary selectivity and
improves pulmonary hypertension.?®' Inhalation of AM
slightly but significantly increased cardiac index in patients
with idiopathic pulmonary arterial hypertension. Consid-
ering the strong vasodilator activity of AM in the pulmo-
nary vasculature, the significant decrease in cardiac afier-
Joad may be responsible for increased cardiac index with

=
»

_ : *
£ % s | —
3 X '
3 xE
. =%,
s ak
% 2%
g 1:‘l A
10 4 —
Placebo AM Placebo AM

Figure 4, Changes in peak oxygen consumption (peak \'{uz] and
ratic of change in oxygen uptake to that in work rate {AVo,/AW

ratic} by inhalation of aerosclized AM or placebo in patients with
idiopathic pulmonary arterial hypertension. Data are

mean+ SEM, "P<0.05 vs placebo,
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AM. Interestingly, the hemodynamic effects of inhaled
AM lasted for >45 minutes. A previous study demon-
strated that intravenous injection of AM produces a long-
lasting vasodilator response because of its long half-life
(=15 minutes).?? The half-life of plasma AM alter inha-
lation was longer (20 minutes). Thus, inhalation of AM
may cause relatively fong-lasting pulmonary vasodilator
activity in patients with idiopathic pulmenary arteriul
hypertension. In the present study, plasma cAMP level
increased afler AM inhalation, suggesting that the hemo-
dynamic eflects of AM may be mediated by activation of
cAMP.

Earlier studics have shown that peak Vo, during exercise
is markedly lower in patients with idiopathic pulmonary
arterial hypertension than in healthy subjects.3339 Peak Vo,
is determined primarily by the maximal cardiac output
during exercise and the potential for O, extraction by the
exercising muscle.’s Thus, the decreased peak Vo, may
reflect insufficient oxygen delivery to the body during
exetcise, at least in part because of an inadequate increase
in cardiac output under conditions of severe pulmonary
hypertension. In the present study, inhalation of AM
significantly increased peak Vo, in patients with pulmo-
nary hypertension. AM alsv increased the AVo./AW ratio,
which indicates oxygen transport per unit workload to the
excreising legs. These results suggest that inhalation of
AM improves exercise capacity in patients with idiopathic
pulmonary arterial hypertension. It is possible that an
increase in cardiac output during exercise may contribute
10 increases in peak Vo, and the AVe,/AW ratio,

The major limitation of this pilot trial relates 1o the lack of
a randomized. placebo-controlled group in acute hemody-
pamtic studies, which was as result not only of invasive
assessment of hemodynamices but also of the limited number
of patients available. Nevertheless, cardiopulmonary exercise
testing was performed in a double-blind, randomized, cross-
over design. Thus, it is unlikely that the hemodynamic effects
of inhaled AM are attributable to the placebo etfect.

Inhalaion therapy may be more simple, noninvasive, and
comlurtable than continuous intravenous infusion therapy.
An experimental study demonstrated that repeated inhalation
of AM (for 30 minutes, 4 times a day) inhibited
monuerotaline-induced pulmonary hypertension and mark-
edly improved survival in rats.*¢ Recently, pulmonary deliv-
ery of a dry-powder insulin has been shown to improve
glycemic control without adverse pulmonary effects.”” Al-
though [urther studies are necessary to maximize the effi-
ciency and reproducibility of pulmonary AM delivery, com-
bining AM inhalation therapy with other modalities that have
a different mode of action may have beneficial effecty in
patients with idiopathic pulmonary arterial hypertension.

Conclusions
These preliminary results suggest that inhalation of AM may
have bepeficial effects on pulmonary hemodynamics and
exercise capacity in patients with idiopathic pulmonary arte-
rial hypertension.
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Adrenomedullin Gene Transfer Induces Therapeutic
Angiogenesis in a Rabbit Model of Chronic Hind
Limb Ischemia
Benefits of a Novel Nonviral Vector, Gelatin

Noriyuki Tokunaga, MD; Noritoshi Nagaya, MD: Mikiyasu Shirai, MD; Etsuro Tanaka, MD;
Hatsue Ishibashi-Ueda, MD: Mariko Harada-Shiba. MD: Munetake Kanda, MD; Takefumi Ito, MD;
Wataru Shimizu, MD: Yasuhiko Tabata, PhD; Masaaki Uematsu, MD; Kazuhiro Nishigami, MD:
Shunji Sano. MD; Kenji Kangawa, PhD; Hidezo Mori, MD

Background -- Larlier studies have shown that adrenomedullin (AM), a potent vasodilator peptide, has a variety of
cardiovascular effects. Tlowever, whether AM has angiogenic potential remains unknown. This study investigated
whether AM gene transfer induces therapeutic angiogenesis in chronie hind limb ischemia,

Methods and Results—Ischemia was induced in the hind fimb of 21 Japanese White rabbits. Positively charped
biodegradable gelatin was used to produce ionically linked DNA-gelatin complexes that could delay DNA depradation,
Human AM DNA (naked AM group). AM DNA-gelatin complex (AM-gelatin group), or gelatin alone (control group)
was injected into the ischemic thigh muscles. Four weeks after gene transfer, significant improvements in collateral
formation and hind limb perfusion were observed in the naked AM group and AM-gelatin group compared with the
control group {(calf blood pressure ratio: 0.60%0,02, 0.7220.03, 0.4220.06, respectively). Interestingly, hind limb
perfusion and capillary density of ischemic muscles were highest in the AM-gelatin group. which revealed the highest
content of AM in the muscles among the three groups, As a result, necrosis of Tower hind limb and thigh muscles was
minimal in the AM-gelatin group.

Conclusions - AM pene transfer induced therapeutic angiogenesis in a rabbit model of chronic hind limb ischemia.
Furthermore, the use of biodegradable gelatin as a nonviral vector augmented AM expression and thereby enhanced the
therapeutic effects of AM pene transfer. Thus, gelatin-mediated AM gene transfer may be a new therapeutic strategy for
the treatment of peripheral vascular diseases. (Ciretlation, 2004:109:526-531.)

Key Waords: peripheral vascular discase w angiogenesis m gene therapy @ jschemia

drenomedullin (AM) is a potent vasodilator peptide that
was originally isolated front human pheochromocylo-
ma.t AM and s receplor are expressed mainly in vascular
endothelial cells and vascular smooth muscle cells = AM
nol only induces vasorelaxation but also regulates growth and
death of these vaseular cedls.® ™ These findings suggest that
AM plays anoimpertant role in mamtamimg vascul ho-
meostasis in an antocrine and/or paracrine manncr.
A recent study has shown that vascular abnormalities are
present in homorygous AM knockout mice, supgesting

that AM s indispensable for vascular morphogenesis, b M
Mare recently, AM has been shown to activate the PI3K
Akt-dependent pathway in vascular endothelial cells,
which 18 considered o regulute muluple crtical steps mn
angiogenesis, including endothelial cell survival, prefifer-
ation. migration, and capillary-like structure fomation.” 4
These results rase the possihility that AM plays a role
modulating vasculogencsis and angiogenesis. However,
whether AM induces therapeutlic angiogenesis remains
unknown,
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AERI
A

We prepared biodegradable gelatin that could hold nega-
tively charged protein or plasmid DNA in ns positively
charged lattice structure.’s% Biodegradable gelatin has been
widely used as a carrier of protein because of jis capacity to
delay protein degradation.?s Similariv, jonically hinked DNA-
gelatim complexes can delay gene degradation. ' These find-
mas raise the poxssibility tha
vector Tor gene therapy.

Thus, the purposes of this study were (1) 1o imvestigate
whether AM gene transter induces therapeutic angivgenesis
e a rabbit model of chromie hind limb ischemia and (2) ©
examine whether the use of biodegradable gelatin as a vector
avgments AM expression and thereby enhances the therapeu-
e effects ol AM gene fransier.

aelatin may serve as a noaviral

Methods

Animal Model

All protocels were performed in aecondunee with the guidelines of
the Animal Care Fihies Commitiee of the Natienal Cardioviscuolar
Center Researeh [nstitute. Twentv-one male Japanese White rabbits
thondy weight, 2292001 kg: lapan Animal Co. Oksaka, Yapant were
used For phasiologicad and morphological assessment. In addition, 20
rablits were used  for rdicimmunoassay, munohistochemicat
examination, and Western blot analvsis, Afer anesthetization with
pentebarbital sodiung (30 10 35 mg kgl a lomgitudinal incision wiss
made in the lelt thigh, exteading inlenerly Jrom the inguinad
ligument to @ peint just proximal o the patella. Hind Hmb ischemia
was indueed by higation of the distal felt external ihiae artery and
complete reseetion of the Teft Temorad artery. ax deseribed
previously.!”

Construction of Plasmid DNA

To construet the expression vector for human AM. the FeoRE Vet
fragment of the Tubl-length human AM ¢DDNA was higated into the
FeoRI-Xhol Tragment ol the pelINALT-CMN expresston plasmid
Uavitrogen). To verdy that the peDNATT-CMY vector encoding
AM cDNA produces a biologically active AN protein, the expres-
sion veelor was tanslected snte 293 eolls. amd AM activity in the
teanstected eolls was measured by high-performance liquid chiroma-
tography and radiommmunoassiey. The peDINATT-CMY vector en-
cadinng B-caluctosidase (acZ) CEINA wis used as o contiel INA,

Preparation of AM DNA-Gelatin Complex

Biodegraduble gelatin was prepared from pig skin, The gelatin was
characterized by spheroid shape with a diameter of approximately
30 pm. water content of 93w and anisoclectse pointiphy of % afier

swaelling o wates. 1 Gelann can hold segatisvely charged protem or

plasmid TINA m els positively charged Tttiee strictare (Figare 1A,
Dned gebatin (4 mg. pl 93 was added to haman AM INA selution
(500 g tou el in phosphate-buflered safine. ph 740 Aler mixture
ol DNA and gelatin, DN A-gelistin complexes were meubated at 37 ¢
for 2 hours.
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Figure 1. A, Schema of DNA-gelatin complex. Bio-
degradable gelatin can held negatively charged
plasmid DNA in its postively charged lattice struc-
ture. B, RITC-labeled AM DNA particies were
incorporated into gelatin.

Tovisualize ineorporation of DXNA into gelatin, AM plasmid DNA
wars lubeled with thedamine I3 asothiocyanate (RITC as reported
previouslv e Tn brict the coupling reaction ol RETC 1o plasmid DNA
was carricd oul by mixing the twa substances in 4.2 mol T, sodium
carbonate-buttered selution (pll 9.7) Tellowed by gel filiration with
a PI 10 calumn (Amersham-Pharmacia). RITC-lubeled AM NDXA
was incorporated into positively charged gelatin (Figure 1130,

Study Pretocol

Ten days alier the induction ef hind lmly ischemia (day [, AM
INA maked AM group, n=7), AM DNA-gelatin complex 1AM
gctatin group, 0=Tk or gelatin alone wontrol group, n=7} was
administered intrumuseularly into X different sites in the ischemie
adductor muscle amd 2 different sites o the semimembranous
musele. by wddition. Lae Z DNA-gelatin complex servad as a contmol
DNA (Lac Z-pelatn growp. n=5) The amount of plasmid was 300
pe 41 mby and thit of gelatin was 4 ma. Mophological and
angiographic analyses and measurements of calf biood pressuwre and
Jaser Doppler flow were perdormad 4 weeks after gene transfer day
38 Aller completion of these measurements, the adductor, semi-
membzanous. and gastrocnemins muxeles were weighed incach hind
IImb.™ The muscle weight mtio was caleulated for cuch muscle as
follows: muscle weight ratio=muscle weight in ischemic hind
lrnb muscle weight in nongschemic bind limb. Specimens ol the
adductor musele of the ischemie hisd imb were obtained for
histological examination.

Mcasurement of Call Blood Pressurc

Call’ Dloed pressure was measured on davs 10 and 38 in both hind
lfmbs with a Doppler Dowmeter (Havashi Denki Co.o Ldy and a
2imm-wide cutll The pulse of the posterior tbiab artery was
identified with the use of a Doppler probe. and the systolic blood
pressure in both hind Jimbs was determined by standard techniques,
The callDlood pressure vatio wies dehined Tor cach ralhit as the ratio
of systohie pressure of the ischemic hind mb o that ol the norma!
hind limb, '~

Laser Doppler Blood Perlusion Analysis

Blood flow of the ischemie hind limb was mcasured with the wse of
i Jaser Doppler bload perfusion image system (moorl.DL Moor
Instrumentsy on Jday 38,

Angiographic Analysis

Developmem ol collaterab arteries was evaloated by angiography on
duws O and 380 A 41 cathoter was placed i the feft internal iliae
artery through the commest carotid actery., and 2 ml. contrast medium
tHopamiton 300, SCHERING) was injected with an autonited
angioeraphy mjector al a rate o 2.8 ml < Quantitative angiogsaphic
amalysis of colinterad vessel development i the ischemie ind limls
was perlarmed with the use of o S-mm ™ gnid overfay. as deseribad
Previously.!” The angrographic score was caleslated for cach Nilm os
the ratio of grid intersections ceossed by opaeificd arteties divided by
the wtal nuuber ol grid istersections in the ischemic medisl thigh,
The angiogruphie score was determinad by 2 blinded observers.
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Muorphological and Histelogical Examination

The degree of fower hind limb neerosis and thigh muesele secrosis
wis macrascopically evaluated on griaded morphologieal scafes
farade 1w 3y for peripheral tissue damage amd muscle necrosis area
of’ the adductor. semimembranous. and medial large muscles. Cap-
lary density ot the ischemic hind limh wus evaluated by alkaline
phosphatase staining, as reported previouws!y ™ A total of TOdifferent
ficlds from three different sections were nndomly seleeted. and the
numbet of capillaries was counted under 2 X430 objective, Capillary
density was expressed as the mean number of capillaries per squanre
millimeter, The number of myvolibers in cach lield was also exam-
ined and the capillary mroscle fiber ratio caleulated,

Radioimmunaoassay for lluman AM

Truman AM producteon was examined 1. 20 and 3 weeks atler gene
transter tn dhe naked AN group. AN-gelatn group. and controel
grogrp (=5 cachl The muscles were harvested for radioimmunoas-
sav and immunchistochemical exanination. Immunoreactive human
AM fevel in rabbit muscles was determingd by immusoprasdiometric
assay with the use of a specilic kit 1Shionogi Co, L™ Tissue
content of vaseular endothelial rowth factor {VEGE) was examined
by LEISA Kit (R&TY systems).

Immunchistochemistry {or Human AM, Ki67
Antigen, and Phosphorylated Akt

Immunehistochemical studies were performed on formuhin-fixed.
patalfin-embedded 4-am sections ol ischomic thigh maseles 7 s
alter gene tunsler, To clucidate AN oxpresston atter gene therapy,
immunohistochemisty for human AM was performed with the use
of o monoclonal antibody recogaizing AM-(12-25) (111003, as
reportad previously ™ Te evaluate the proliterative petential of AN,
tissue seetions wete stained Tor Kio™.a marker for cell proliteradion.
with the use ol monoclonal ant-Ri67T anubody {1100y (DAKON,
AM has recently been shomon 1o promolte profiferation of vascular
cdothelial eolls at jeaxt in part thwugh the PEK-AKE patiway ™!
Thus. immunohisiochenustey for phosphonviated Akl was performed
with mostse moenoclonal anti-phosphorvlated Akt antibody (111
(Cell Sipnaling Technology).

]

Western Bt Anaiy
To identuly Ak phosphorviation i ischemic muscles after AM gene
transtey, Western Dlotting was perlirmed with the vse of u commur-
cially avanlable ki (Phosphoflus Akt [Serd73] Antibody Kit, Celt
Signaling Technologyvh Ischenue museles in the 3 groups were
obtained 7 davs after AN gone tansker. These samples were
hiomogentzed onee in (.16 Paeen 20 hoemogenization bulter with
o protesse inhibitor (Complete. Roche). Ater centrilugation for 2t
minutes 2t 4 C, the sepersatnt was used Tor Western Mot analysis.
The 30 pe of protein was transferred i sample buffer. loaded on
750 SDS-polvaceviamide gel. and blotted onto nitrocellulose mem-
Prane through the use of a wet biotling system. Atler Bocking for 60
minutes. the membranes were incubated with primary antibodies
(1:sony ard Covermght. The membranes were then incubated with
secondary atibiddios. which were conjugated with borseradish poer-
oxidase (Cell Signaling Technologyy at a final dilution ol 1:2001,
Siznals were detected through the nse of TumiCGLO chemilumiines-
vence reagents (Cedl Signaling Technelogy).

Statistical Analysis

All results are expressed as mean2SENL Statistical signilicance wax
cralvaied by f-way ANONVA Jolowed by Fisher's analysis. Schel-
Fhs 8 analvsis. o Kroskad-Wallis est. A value of Pro0.08 was
considerad statistically signilicant.

Results

Physiolozical and Morphological Assessment
Complete reseetion of the ket femoral artery resulied i a
similar decrease in call blood pressure tatio amony the 3
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Figure 2, A, Calf blood pressure ratio {ischemic/normal hind
limb) befere (on day 10) and after {on day 38) gene transfer. B,
Measurement of laser Doppler flow on day 38. Data are

mean . SEM. *P--0.05 vs control group; 1P-<0.05 vs naked AM
group. €. Number of cases of each grade of lower hind limb
necrosis on day 38. Lower hind limb necrosis was minimal in
the AM-gelatin group. Number of necrosis or toot detect is sta-
tistically significant among the 3 groups (P+-0.05 by Kruskal-
Wallis test).

wrotps betore the initiatien of therapy (day 103 (Figure 2A).
Hlowever, the call Blood pressure ratio on day 38 was highest
in the AM-gelatin groups, tollowed by the naked AM group
and subsequently the controb group, The Laser Doppler low in
lund limb was highest in the AM-gelatin group, Toflowed by
1he naked AM group and the contral groap (Figure 230, The
call Blood pressure ratio and Taser Doppler (low 4 weeks aller
gene tmsier did not signilicantly diftes between the control
eroup and Lae Z-gelatinn group. Lower ind Timb iseerosis was
minmiat in the AM-gelatin group, [ullowed by the naked AM
proup and the control group (Figure 201 Thigh muscle
neerosis was also minimal in the AMegelatin proup. Sini-
larly. the mascle weight ratio gschemic normaly on day 38
was Jighest in the AM-gelatin group (Pabledn Neither mean
aslertal pressure nor heart rate significantly ditlered among
the 3 groups.

Angiographic Analysis

Angiograms 4 weeks after gene tansler (day 381 showed the
development of collateral arteries in the naked AM and

Physiologieal Characteristics

Contral Naked AM AM-Gelatin
No. of ranbits 7 7 7
Body weight, kg 246 0.06 265 010 316 009
MAP. i Hy 1123 1143 116 -2
HR. beals/min 263 -12 253 5 262-7

Muscle weight ratic 0.71 .0.03 084 o002 0.95 - 0.024

MAP indicates mean arterial pressure: HR, heart rate: and muscle weight
tatio, ratio ol muscle weight in ischemic hind lim% to that in norischemic hind
linly Dala are thean SLM,

*P.20 01 vs contrat group: 1P-20.05 vs naked AM group.
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AM-gelatin groups compared with that in the control group
(Figure 3, A through C). Quantitative analysis of collaleral
vessels demonstrated that the angiopraphic score in both the
naked AM and AM-gelatin proups was significamly higher
than that in the control group (Figure 3D Angiographic
score did not significantly differ between the control group
and Lac Z-gelatin group,

To examine the development of collateral vessels in an
carlier stage, other rubbils (n=4 cach} were examined 2
weeks after gene transfer (day 24). Angiograms showed
significant collateral development in the naked AM and
AM-gelatin groups comparced with that in the contrel group.

Iistological Examination

Alkaline phosphatase staining ot ischemic hind linb muscle
showed marked avgmentation of neovascularization in both
the naked AM and AM-gclatin groups compared with the
control group (Figure 4, A through C). Quantitative analysis
demonstrated that capillary density of the ischemic adductor
muscle was highest in the AM-gelatin group (Figure 4D).
Analysis of the capillary/muscle liber ratio yielded similar
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Figure 3. Representative angiograms of control
group {A), naked AM group (B}, and AM-gelatin
group {C) on day 38. Collateral arteries were
well developed in the naked AM and
AM-gelatin groups, D, Angiographic score on
days 0 and 38 in each group. Angiographic
score on day 38 was significantly higher in the
naked AM and AM-gelatin groups than in the
controt group. Data are mean=SEM. *P<0.001
versus control group.

results. Seven days alier pene transfer, intense tmmunostaining
for Ki67 was observed in vascular endothelial cells of the naked
AM and the AM-gelatin groups (Figure 4, F through G).

AM Expression and Akt Phosphorylation Alier
Gene Transfer

Seven days aller gene transter, modest immunostaining for
human AM was observed in the naked AM group, whereas
AM immunoreactivity was intense surrounding the gelatin in
the AM-gelatin group (Figure 5, A through C). Tissue content
of human AM was significantly increased both in the naked
AM and the AM-gelatin gronps 7 days after pene transfer
(Figure 51, The AM level i the AM-gelatin group way
significantly higher that in the naked AM group. Two weeks
after gene transfer, AM overexpression was ohserved only in
the AM-gelatin group. The expression ol endogenous VEGE
and its receptors {FR-1 and Tlk-1) did not differ among the 3
groups (data not shown). Western blot analysis revealed that
phosphorylated Akt in ischemic muscles was increased in
both the naked AM and AM-gelatin groups 7 days after gene
transfer (Figure 31). [ntense immunostaining lor phosphory-

Figure 4. A through C, Representative
*t examples of alkaline phosphatase stain-
ing in ischemic hind limb muscles. Mag-
N nification x200. D, Quantitative analysis
of capillary density in ischemic hind mb
muscles. Data are mean = SEM. *P-=0.05
vs conirol group; TP<0.05 vs naked AM
group. E through G, Immunochistochemi-
cal analysis of Ki67 antigen, a marker for
cell proliferation. Magnification x400,
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- Figure 5. A through C, Immunchisto-
’ chemistry for human AM 7 days after
P gene transfer. Intense immunostaining

was observed surrounding gelatin in the

- AM-gelatin group. Magnification x200.
D, Time course of AM production in is-
chemic muscles alter gene transler. Dala
are mean=SEM. *P<0.01 vs control
group; 1P<0.01 vs naked AM group. E,

- Western blot analysis for Akt phosphory-
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lated Akt was observed at least in endothelial cells of the
Nzked AM and the AM-gelatin groups (Figure 5T).

Discussion

We demonstrated that (1) AM gene transter induced hemo-
dynamic and angiographic improvements i association with
an inerease in capillary density in a rabbit nodel ot chronic
hind limb ischemia, We also demonstrated that (2) adminis-
tration of AM DNA-gelatin complexes markedly avgmented
AM expression and thereby enhanced the therapeutic eflects
of AM gene transfer.

AM has a variety of effects on the vasculature that inelude
vasodilation,'* 7 inhibition of endothelial cell apoptosis
and regulation of smooth muscle cell prolileration, '™ How-
ever, whether AM has angivgenic potential has remained
unknown, In the present study. intramuscular administration
of naked AM DNA augmented AM production in skeletal
muscles, as indicated by increased tissue content and signif-
icant immunostaining of AM. As a resull, AM gene transter
increased hind limb perfusion and ameliorated lower hind
limb and thigh muscle necrosis in a rabbit model of hind fimb
jschemia. AM pene transter may proteet the ischemic hind
limb partly by improving the blood flow in the ischemic hind
limbh beeause AM s originally identified as a potent vasodi-
Tating peptide.’ Nevertheless, angiographic coblateral devel-
opment and high eapillary density were observed in ischemic
muscles afier AM pene transter. Kio7, a marker for cell
prolileration, was detected in endothelial cells of microves-
sels aller AM gene transfer. These results suggest that AM
overproduction resulting from gene transfer may  induce
angiogenesis in a rabbit mode! of hind mb schentia. Recent
studies using AM gene kneckout mice have shown that AM
is essential for development of the vasculature during embry-
ogenesis. '8 These studies support our results that AM may
be an angiogenic Tactor, VEGL is known (o induce angiogen-
esis and o regulate endothelial cell survival through the
phosphatidylinositol 3-kinase (PI3KVAKL pathway.?* Thus,
the PI3K/AKL pathway is considered to regulate multiple

F Control Naked AM AM-gelatin

Naked AM

cal staining for phosphorylated Akt 7
days after gene transfer. Phosphorylated
Akt was distributed at least in endothelial
cells. Magnification x400.

N

" AM-gelatin

crilical steps in angtogenesis, including endothelial eell sur-
vival, preliferation, migration, and capillary-like strocture
formation.’ A recent study has reported that AM promotes
proliferation and migration of human umbilical vein endothe-
lial cells at least in part through the PI3K/AKL patlrway .2 The
present study demonstrated that phosphiorylated Akt is in-
creased at least in endothelial cells after AM pene transier.
AM gene transter did not influence endogenous VEGE and its
receplors. Taken together, it is interesting 1o speculate that
AM may directly induce angivgenesis through the PISK/Akl
pathway.,

Tn the present study, we used positively charged biodegrad-
able gefatin as a nonviral vector. We have shown that basic
fibroblast growth factor (bFGT) is djonically linked with
pelatin, which enhances the angiogenic effects of bIGF by
delaying protein degradation.'s Thus, biodepradable gelatin
has been used as a carrier of protein. However, litde infor-
mation is available reparding the therapeutic potential of
pebatin as a nonviral vector tor gene transter, In the present
study, we demonstrated that RITC-labeled AM DNA was
incorporated into pusitively charged gelatin. In addition,
intramuseular administration of AM DNA-gelatin complexes
strongly enhanced AM production compared with that of
naked AM DNA. These results suggest that biudegradable
gelatin may serve as a vector for gene transfer, In fact, AM
DNA-gelatin complexes induced more polent angiogenic
etfects in a rabbit model of hind Hmb ischemia than naked
AM DNA, as evidenced by significant increases in histolog-
ical capillary density. call blood pressure ratio, laser Duoppler
flow, anted muscle weight ratio and a decrease in neerosis of
lower hind limb and thigh muscles. These results suggest that
the use of biodegradable gelatin as a nonviral vector aug-
ments AM expression and enhances AM-induced angiogenic
elfects, The angiogenic eflects of AM-gelatin complexes
were comparable to those of bFGE-gelatin complexes (data
na shown), AM DNA-gelatin compleses were distributed
muinly in connective tissues. We have recently demonsteated
that gelatin-DNA complex is readily phagocytosed by mac-
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