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Figure 2. Ex vivo gene transfer into EPCs based on phagocytosing action. a, EPCs were cultured with fonically linked GFP DNA-gelatin
complexes, b, GFP was highly expressed in EPCs (arrows) in same field as Figure 2a. ¢, Flow cytometric analyses of EPCs cultured
with GFP DNA-gelatin complexes. Negative controls (EPC isocontrol and gelatin background) are shown in left panels. d, Transmission
electron microscopy revealed that EPCs had phagocytosed GFP DNA-gelatin complexes (arrows). e, RITC-labeled DNA particles were
incorporated into gelatin. f, RITC-labeled DNA particles (red, arrows) were released from gelatin through its degradation. g, RITC-
labeled DNA particles released from gelatin (arrow) were distributed in cytoplasm of EPCs. Nuclei of EPCs were identified by DAPL

staining. Scale bars: 10 pm (a and b); 2 um (d and e); 5 um (f and g).

GFP-expressing EPCs were incorporated into the walls of
pulmonary arterioles in MCT rats and composed pulmonary
vasculature (Figure 4a). Transplanted GFP-expressing EPCs
were distributed on lung tissues (Figure 4b). AM gene-
transduced EPCs were similarly incorporated into the pulmo-
nary vasculature {(Figure 4c). Immunohistochemical analyses
of rat and human CD31 demonstrated that the transplanted
EPCs were of endothelial lineage and comprised a vessel
structure similar to rat endothelial cells (Figure 4c¢). However,
transplanted EPCs were rarely distributed to other tissues
such as cardiac ventricles, kidneys, aorta, and brain {data not
shown).
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Effects of Gene-Transduced EPC Transplantation
on Pulmonary Hypertension

Pulmonary hypertension developed 3 weeks after MCT in-
jection. Mean pulmonary arterial pressure was not strikingly
decreased in the EPC group (—14%) but was significantly
lower in the AM-EPC group {—29%) than in the conirol
group (Figure 5a). Pulmonary vascular resistance was signif-
icantly lower in both the EPC group (—16%) and the
AM-EPC group (—39%) than in the control group (Figure
5b). Importantly, the AM-EPC group showed significantly
greater improvement in pulmonary vascular resistance than
the EPC group. Right ventricular weight and right ventricular

Figure 3. AM gene transfer into EPCs. a,
Immunchistochemical analysis of AM in
EPCs after gene transfer. Intense immu-
nostaining for AM was observed in EPCs
{arrows). Scale bar: 10 pm, b, Time
course of AM secretion from EPCs dur-
ing coculture with AM DNA-gelatin com-
plexes. Data are mean=SEM. *P<0.05,
+P<0.001 vs EPCs.
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systolic pressure were significantly lower in the AM-EPC
group than in the control and EPC groups (Table). AM levels
in plasma and lung tissues were significantly higher in the
AM-EPC group than in the other groups 2 weeks after
transplantation. Unlike EPCs, transplantation of mature pul-
monary artery endothelial cells did not significantly influence
pulmonary hemodynamics in MCT rats.

Representative photomicrographs showed that hypertrophy
of the pulmonary vessel wall after MCT injection was
attenuated in both the EPC and AM-EPC groups (Figure 5¢).
Quantitative analysis also demonstrated a significant increase
in percent wall thickness after MCT injection, but this change
was markedly attenuated in the AM-EPC group (Figure 5d).
Kaplan-Meier survival curves demonstrated that MCT rats
transplanted with AM-expressing EPCs (AM-EPC group)
had a significantly higher survival rate than those given
culture medium {control group) or EPCs alone (EPC group;
Figure 5e).

Discussion
In the present study, we present a new concept for cell-based
gene delivery into the pulmonary vasculature that consists of
3 processes. First, cationic gelatin is readily complexed with
plasmid DNA. Second, EPCs phagocytose ionically linked
plasmid DNA-gelatin complexes in coculture, which allows
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Figure 4. Distributicn of EPCs in tungs of
MCT rats. a, Intravenously administered
GFP-expressing EPCs were incorporated
into walls of pulmonary arterioles. b,
Transplanted GFP-expressing EFCs were
distributed on lung tissues. Pulmonary
vasculature was detected by RITC-

Il & conjugated anti-rat CD31 (red). ¢, Immu-
~ neohistochemistry for human CD31 (per-
oxidase, brown) and rat CD31 (alkaline

. phosphatase, pink). Scale bars: 50 pm.

nenviral gene transfer into EPCs with high efficiency. Third,
transplanted gene-modified EPCs are incorporated into pul-
monary vascular beds in MCT rats. This novel gene delivery
system has great advantages over conventional gene therapy:
nonviral, noninvasive, and highly efficient gene targeting into
the pulmonary vasculature, These benefits may be achieved
mainly by the ability of EPCs to phagocytose DNA-gelatin
complexes and to migrate to sites of injured endothelium.

Tabata et al” and Fukunaka et al® demonstrated that gelatin
can hold negatively charged protein or plasmid DNA in its
positively charged lattice structure. In addition, Tabata et al®
demonstrated that gelatin is promptly phagocytosed and
gradually degraded by macrophages. The present study first
demonstrated that EPCs phagocytosed icnically linked DNA-
gelatin complexes, dissolved gelatin, and freed the DNA.
Surprisingly, the transfection efficiency of this approach was
markedly high. FACS analysis demonstrated that EPCs, not
monocytes/macrophages, are the main coniributors of GFP
expression. These findings suggest that the phagocytosing
action of EPCs allows nonviral, highly efficient gene transfer
into EPCs themselves.

Recently, intravenously administered hematopoietic cells
have been shown to be attracted to sites of cerebral injury.1®
Intravenously injected EPCs accumulate in ischemic myocar-

155w .

Figure 5. Effects of AM DNA-transduced
EPC transplantation on mean pulmonary
arterial pressure (a) and pulmenary vas-
cular resistance (b) in MCT rats. ¢, Rep-
resentative photomicregraphs of periph-
eral pulmonary arteries in rats. Scale
bars, 20 pm. d, Quantitative analysis of
percent wall thickness of peripheral pul-
monary arteries. e, Kaplan-Msier survival
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curves of MCT rats transplanted with
AM-expressing EPCs (AM-EPC group,
@), EPCs alone (EPC group, o), or cul-
ture medium {contro! greup, ). Data are
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Physiclogical Profiles of 4 Experimental Groups

Sham Cantrol EPC AM-EPC
=38 {n=9) {n=8) {n=9)
Body weight, g 1914 1747 181x6 1828
RV weight, g/kg body weight 0.59+0.02 1.04x0.05 0.91+0.03 0.77x0.04%¢
Left ventricular weight, g/kg body weight 2.42+0.03 2.49+0.05 2.46x0.04 2.44+0.09
Heart rate, bpm 388+10 8011 39815 38711
Mean arterial pressure, mm Hg 112+4 1005 1043 a8+4
RV systalic pressure, mm Hg 32+2 63+3 561* 43+2*t
Plasma human AM, imel/mL 0 i} 0.3+0.1* 0.7x0.1*¢
Lung human AM, fmol/g tissue 0 0 11,906 23.0+£2.3'%

Control indicates MCT rats given culture medium; EPC, MCT rats given EPCs; AM-EPC, MCT rats given
AM-expressing EPCs; and RV, right ventricular, Data are mean=+SEM.

*P<0.05 vs control; +P<(.05 vs EPC.

dium after acute myocardial infarction.¢ These findings sug-
gest that progenitor cells have the ability to sense injured
tissues. In fact, in the present study, intravenously adminis-
tered GFP-expressing EPCs were incorporated into pulmo-
nary arterioles and capillaries in MCT rats and differentiated
mature endothelial cells. MCT injures endothelial cells of
small arteries and capillaries in the lungs, resulting in pulmo-
nary hypertension.'” Taking these findings together, trans-
planted EPCs may circulate in the blood and attach to injured
pulmonary endothelia in MCT rats. Thus, EPCs may serve
not only as a vehicle for gene delivery to injured pulmonary
endothelia but also as a tissue-engineering tool in restoring
intact pulmonary endothelium. Transplantation of EPCs with-
out gene modification slightly but significantly decreased
pulmonary vascular resistance in MCT rats. EPCs have been
shown to express endothelial nitric oxide synthase and
produce nitric oxide.!* In the present study, we showed that
EPCs produce AM even when its gene is not transduced.
These results suggest that vasodilator substances secreted
from EPCs contribute to improvement in pulmonary
hypertension,

We also investigated whether transplantation of gene-
modified EPCs causes additional improvement in pulmonary
hemodynamics and survival in MCT rats. AM is one of the
most potent vasodilators synthesized by vascular endothelial
cells.! Interestingly, EPCs cultured with AM DNA-gelatin
complexes markedly secreted AM protein for more than 16
days, These results suggest relatively long-lasting AM secre-
tion from EPCs. The consequence of this synthesis in MCT
rats was a marked decrease in mean pulmonary arterial
pressure and pulmonary vascular resistance. Histological
examination revealed that transplantation of AM-expressing
EPCs inhibited an increase in medial wall thickness of
pulmonary arteries. Expectedly, transplantation of AM-
expressing EPCs caused significantly greater improvement in
pulmonary hypertension and vascular remodeling than trans-
plantation of EPCs alone. Given the known potent vasopro-
tective effects of AM, such as vasodilation and inhibition of
smooth muscle cell proliferation,1.20 it is interesting to spec-
ulate that AM secreted from EPCs may act not only as a
circulating factor but also as an autocrine/paracrine factor in
the regulation of pulmonary vascular tone and vascular

remodeling in MCT rats. Importantly, a single transplantation
of AM-expressed EPCs improved survival in MCT rats
compared with administration of EPCs alone or culture
medium, These results suggest that ex vivo gene transfer into
EPCs greatly enhances the therapeutic effects of EPC trans-
plantation. Additional studies are necessary to examine
whether repeated administration of EPCs produces an even
greater effect than single transplantation.

Conclusions

Human umbilical cord blood-derived EPCs have a phagocy-
tosing action that allows nonviral, highly efficient gene
transfer into EPCs. Transplantation of AM DNA-transduced
EPCs causes significantly greater improvement in pulmonary
hypertension and better survival in MCT rats than transplan-
tation of EPCs alone. Thus, the novel hybrid cell-gene
therapy based on the phagocytosing action of EPCs may be a
new therapeutic strategy for the treatment of pulmonary
hypertension.
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Nagaya, Noritoshi, Hiroyuki Okumura, Masaaki Ue-
matsu, Wataru Shimizu, Fumiaki Ono, Mikiyasu Shi-
rai, Hidezo Mori, Kunio Miyatake, and Kenji Kangawa.
Repeated inhalation of adrenomedullin ameliorates pulmo-
nary hypertension and survival in monocrotaline rats, Am J
Physiol Heart Circ Physiol 283: H2125-H2131, 2003;
10.1152/ajpheart.00548.2002.—Adrenomedullin (AM) is a
potent vasodilator peptide, We investigated whether inhala-
tion of aerosolized AM ameliorates monocrotaline (MCT)-
induced pulmonary hypertension in rats. Male Wistar rats
given MCT (MCT rats) were assigned to receive repeated
inhalation of AM (n = 8) or 0.9% saline (n = 8). AM (5 pg/kg)
or saline was inhaled as an aerosol using an ultrasonic
nebulizer for 30 min four times a day. After 3 wk of inhala-
tion therapy, mean pulmonary arterial pressure and total
pulmonary resistance were markedly lower in rats treated
with AM than in those given saline [mean pulmonary arterial
pressure; 22 * 2 vs. 35 * 1 mmHg (—37%); total pulmonary
resistance: 0.048 * 0.004 vs, 0.104 * 0.006 mmHg:-ml~1-
min~}-kg=1 (~54%), both P < 0.01}. Neither systemic arte-
rial pressure nor heart rate was altered. Inhalation of AM
significantly attenuated the increase in medial wall thick-
ness of peripheral pulmonary arteries in MCT rats. Kaplan-
Meier survival curves demonstrated that MCT rats treated
with aerosolized AM had a significantly higher survival rate
than those given saline (70% vs. 10% 6-wk survival, log-rank
test, P < 0.01). In conclusion, repeated inhalation of AM
inhibited MCT-induced pulmenary hypertension without
systemic hypotension and thereby improved survival in MCT
rats.

vasodilator; hemodynamics; aerosol; survival

ADRENOMEDULLIN (AM) is a potent vasodilator peptide
that was originally isolated from human pheochromo-
cytoma (13). Immunoreactive AM has subsequently
been detected in plasma and a variety of tissues, in-
cluding blood vessels and the lungs (9, 27). It has been
reported that there are abundant binding sites for AM
in the lungs (24). We (11, 30) have shown that the
plasma AM level increases in proportion to the severity
of pulmonary hypertension and that circulating AM is
partially metabolized in the lungs. Interestingly, AM

has been shown to inhibit the migration and prolifer-
ation of vascular smooth muscle cells {8, 12). These
findings suggest that AM plays an important role in
the regulation of pulmonary vascular tone and vascu-
lar remodeling.

In fact, experimental studies (5, 14, 22) have demon-
strated that intralobar arterial infusion of AM induces
pulmonary vasodilation in rats and cats. In humans,
we have shown that short-term intravenous infusion of
AM significantly decreases pulmonary vascular resis-
tance in patients with congestive heart failure (19) or
primary pulmonary hypertension (FPH) (18). Unfortu-
nately, however, intravenously administered AM also
decreases systemic arterial pressure in such patients
because of its nonselective vasodilation in pulmonary
and systemic vascular beds.

Recently, inhaled prostacyclin and its analog, ilo-
prost, have been shown to cause pulmonary vasodila-
tion without systemic hypotension in patients with
PPH (7, 28, 29). In addition, the inhalant application of
vasodilators deoes not induce negative side effects on
gas exchange, because ventilation-matched deposition
of the drugs in the alveoli causes pulmenary vasodila-
tion matched to ventilated areas (28). In clinical set-
tings, inhalation therapy may be more simple, nonin-
vasive, and relatively comfortable than continuous in-
travenous infusion therapy. These findings raise the
possibility that intratracheal delivery of aerosolized
AM may have beneficial effects in patients with pre-
capillary pulmonary hypertension,

Thus the purpose of the present study was to inves-
tigate whether inhalation of AM ameliorates monocro-
taline (MCT)-induced pulmonary hypertension and
thereby improves survival in MCT-treated rats.

METHODS

Animals. Male Wistar rats weighing 80 to 100 g were used
in this study. The rats were given a subcutaneous injection of
60 mg/kg MCT (MCT rats) and assigned to receive a single
inhalation of AM (n = 5) or 0.9% saline (n = 5) or repeated
inhalation of AM (n = 8) or 0.9% saline (n = 8). Sham rats not
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given a MCT injection also received repeated inhalation of
AM (n = 8} or 0.9% saline (n = 8). An additional 20 rats were
studied to evaluate the effects of inhaled AM on survival in
MCT rats. Finally, rats that had developed pulmonary hy-
pertension 3 wlk after the MCT injection received repeated
inhalation of AM (n = 8) or 0.9% saline (n = 8). All protocols
were performed in accordance with guidelines of the Animal
Care Ethics Committee of the National Cardiovascular Cen-
ter Research Institute (Osaka, Japan).

Prepaeration of AM. Recombinant human AM was obtained
from Shionogi (Osaka, Japan). The homogeneity of AM was
confirmed by reverse-phase HPLC and amino acid analysis.
AM was dissolved in 0.9% saline, and the solution was stored
as 20-ml volumes containing 200 pg AM/tube at —80°C until
the time of preparation for administration.

Inhalation of AM. We used an unrestrained, whole body
aerosol exposure system. Each rat was placed in a plastic
cage for aerosol delivery. AM or saline was aerosolized using
an ultrasonic nebulizer (Seniclizer 305, Atom) connected to
six cages. The 20 ml solution containing 200 pg AM was
delivered as an zerosol into the six cages at a constant flow
rate (0.6 ml solution/min) for 30 min. Inhalation of fluores-
cein isothiocyanate-dextran demonstrated that a single inha-
lation of AM delivered 0.5 pg AM to the lungs in each rat (5
pg/kz body wt).

To assess the acute effect of inhaled AM, hemedynamic
studies were carried out at 3 wk after the MCT injection,
Hemodynamics were measured at 15-min intervals before,
during, and after a single inhalation of AM or saline. Blood
was obtained from the carotid artery at the same time points
for measurement of plasma AM.

To assess the chronic effect of inhaled AM, 30-min inhala-
tion of AM (5 pg/kg body wt) or saline was repeated four
times a day for 3 wk after the MCT injection. Finally, to
investigate the effects of inhaled AM on developed pulmo-
nary hypertension, aerosolized AM or saline was given for 1
wk to rats that had developed pulmonary hypertension 3 wk
after the MCT injection. After completion of the inhalation
therapy, hemodynamic studies were performed. Blood was
then drawn from the carotid artery for measurement of
plasma hormone levels. Finally, cardiac arrest was induced
by the injection of 2 mmol KCI through the catheter. The
ventricles and lungs were excised, dissected free, and
weighed. The measurement of right ventricular weight ex-
cluded the interventricular septum. The ratio of right ven-
tricular weight to body weight and the ratio of left ventricu-
lar weight to body weight were calculated as indexes of
ventricular hypertrophy.

Hemodynamic measurements. Rats were anesthetized
with intraperitoneal pentebarbital (30 mg/kg) and placed on
a heating pad to maintain body temperature at 37-38°C
throughout the study. A polyethylene catheter (PE-10) was
inserted into the right femoral artery to measure heart rate
and mean arterial pressure, An umbilical vessel catheter was
inserted through the right jugular vein into the pulmenary
artery for the measurement of right ventricular pressure and
pulmonary arterial pressure. These hemodynamic variables
were measured using a pressure transducer (model P23ID,
Gould) connected to a polygraph and recorded with a thermal
recorder (77588 system, Hewlett-Packard). A thermomicro-
probe was advanced into the ascending aorta via the right
carotid artery and connected to a cardiac output computer
(Cardiotherm-500, Celumbus Instruments). Cardiac output
was measured in triplicate by the thermodilution method.
Total pulmoenary resistance was calculated by dividing the
mean pulmenary arterial pressure by the cardiac output.

INHALATION OF ADRENOMEDULLIN IN PULMONARY HYPERTENSION

Morphometric analysis of pulmonary arteries. Paraffin sec-
tions 4 pm in thickness were obtained from the middle region
of the right lung and stained with hematoxylin and ecsin for
examination by light microscopy. Analysis of the medial wall
thickness of the pulmonary arteries was performed as de-
scribed previously (23). In brief, the external diameter and
the medial wall thickness were measured in 20 muscular
arteries (ranging in external diameter from 25 to 50 and from
51 to 100 pum) per lung section. For each artery, the medial
wall thickness was expressed as follows: percent wall thick-
ness = [(medial thickness X 2)/fexternal diameter] X 100. A
lung section was obtained from individual rats for compari-
son among the four groups (n = 5 each).

Hormonal analysis. The plasma AM level was measured
by an immunoradiometric assay using a specific kit
(Shionogi} (22). For the assessment of right ventricular fune-
tion (17, 21), the plasma atrial natriuretic peptide (ANP)
level was measured using an enzyme immunoassay kit (ANF
Rat EJA kit; Peninsula, CA).

Survival enalysis. To evaluate the effects of inhaled AM on
survival in MCT rats, 20 rats received repeated inhalation of
AM (n = 10) or saline (n = 10) four times a day from the date
of the MCT injection until death. Survival was estimated
from the date of the MCT injection to the death of the rat or
6 wk after the injection.

Statistical analysis. All data are expressed as means + SE
unless otherwise indicated. Comparisons of parameters
among three groups were made by one-way ANOVA, followed
by Scheffé’s multiple-comparison test. Comparisons of the
time course of parameters between two groups were made by
two-way ANOVA for repeated measures, followed by Schef-
fe’s multiple-comparison test. Survival curves according to
the presence or absence of AM inhalation were derived using
the Kaplan-Meier method and compared using a log-rank
test. A Pvalue <0.05 was considered statistically significant.

RESULTS

Acute effect of single inhalation of AM. Acute hemo-
dynamic studies were carried out at 3 wk after the
MCT injection. AM inhalation slightly increased the
circulating level of human AM (from O to 3.6 + 1.0
fmolm], P < 0.05). A 30-min inhalation of AM slightly
but significantly decreased the mean pulmonary arte-
rial pressure in MCT rats (from 32 + 2 to 29 + 2
mmHg, P < 0.05; Fig. 1) without a significant decrease
in mean arterial pressure (from 113 + 5 to 111 + 4
mmHg, P = not signficant). AM inhalation markedly
increased cardiac output by 42% (from 405 * 22 to
575 * 34 ml-min~Y kg™, P < 0.05) at the end of
inhalation. Thus AM resulted in a 36% decrease in
total pulmonary resistance (from 0.081 = 0.006 to
0.052 * 0.004 mmHg ml™}-min~'-kg™!, P < 0.05).
The ratio of total pulmonary resistance to systemie
vascular resistance was significantly decreased at the
end of inhalation (from 0.29 + 0.01 t0 0.26 + 0.01, P <
0.05). Interestingly, these hemodynamic effects of AM
lasted at least 60 min after the end of inhalation.
Inhalation of saline did not alter any hemodynamic or
hormonal parameter,

Chronic effect of repeated inhalation of AM. The
physiological profiles of the four experimental groups
are summarized in Table 1. Body weight was signifi-
cantly lower in both MCT groups than in sham rats.
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INHALATION OF ADRENOMEDULLIN IN PULMONARY HYPERTENSION

Inhalation of
AM or saline
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Fig. 1. Acute hemodynamic and hormonal responses to inhaled ad-
renomedullin (AM; @) or saline (0) in monocrotaline (MCT)-treated
rats (MCT rats). Data are means + SE, *P < .05 vs. time 0.

Right ventricular weight was significantly lower in
MCT rats receiving repeated inhalation of AM than in
those given aerosolized saline. There was no significant
difference in left ventricular weight among the four
groups.

Three weeks after the MCT injection, pulmonary
hypertension developed compared with findings in
sham rats, but the rise in mean pulmonary arterial
pressure was markedly attenvated in MCT rats
treated with repeated inhalation of AM (by 37%) com-
pared with that in MCT rats given aerosolized saline
(22 + 2 vs. 35 = 1 mmHg, P < 0.05; Fig. 2). Cardiac

H2127

output was significantly higher in MCT rats treated
with AM (by 30%) compared with that in MCT rats
given saline (444 = 18 vs. 342 *= 18 ml-min~1-kg1,
P < 0.05). Therefore, total pulmonary resistance was
markedly lower in MCT rats treated with AM (by 54%)
compared with that in MCT rats given saline (0.048 *
0.004 vs. 0.104 * 0.006 mmHg-ml™t-min~!-kg~!, P <
0.05), Similarly, the increase in right ventricular sys-
tolic pressure was significantly attenuated by AM in-
halation (Table 1}. In contrast, neither mean arterial
pressure nor heart rate differed among the four groups.
The ratio of total pulmonary resistance to systemic
vascular resistance was markedly lower in MCT rats
treated with aerosolized AM (by 44%) compared with
that in MCT rats given aerosolized saline (0.19 + 0.01
vs. 0.34 * 0.01, P < 0.05). Inhalation of AM did not
significantly alter any hemodynamic parameters in
sham rats,

Representative photomicrographs of pulmonary ar-
teries showed that hypertrophy of the pulmonary ves-
sel wall was inhibited in MCT rats treated with AM
compared with that in MCT rats given saline (Fig. 3).
Quantitative analysis of peripheral pulmonary arteries
demonstrated that the percent wall thickness of pul-
monary arteries was significantly lower in MCT rats
treated with aerosolized AM than in those given aero-
solized saline (20 * 1% vs. 28 + 1% in vasculature with
an external diameter of 25-50 pm and 21 * 1% vs.
27 * 1% in vasculature with an external diameter of
51-100 pm, both P < 0.05; Fig. 3). Inhalation of AM
did not significantly alter vascular morphology in sham
rats.

Effect of AM inhalation on long-term prognosis in
MCT rats. Kaplan-Meier survival curves demonstrated
that MCT rats treated with aerosolized AM had a
significantly higher survival rate than those given sa-
line (70% vs. 10% in 6-wk survival, log-rank test, P <
0.01; Fig. 4). No definite adverse effects were detected
after repeated inhalation of AM,

Effect of AM inhalation on developed pulmonary-hy-
pertension. AM or saline was inhaled by rats that had
developed pulmonary hypertension 3 wk after the MCT
injection. Mean pulmonary arterial pressure was sig-
nificantly lower in MCT rats treated with AM (by 14%)
compared with that in rats given saline (32 = 1 vs.
37 = 1 mmHg, P < 0.05). Cardiac output was also
higher in MCT rats treated with AM (by 15%) com-
pared with that in rats given saline (360 = 11 vs. 313
14 ml-min~*-kg™L, P < 0.05). Therefore, total pulino-

nary resistance was significantly lower in MCT rats -

treated with AM (by 24%) compared with that in rats
given saline (0.091 = 0005 vs. 0.119 =+ 0.008
mmHg-ml~' min~1-kg™!, P < 0.05).

DISCUSSION

In the present study, we demonstrated that 1) a
single inhalation of AM using an ultrasonic nebulizer
induced relatively long-lasting pulmonary vascdilation
without systemic hypotension, 2) repeated inhalation
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Table 1, Physivlogical profiles of the four experimental groups

Sham MCT

Sham-3aline Sham-AM MCT-Saline MCT-AM
n 8 8 8 8
Body weight, g 150%3 154+3 132 2% 146 + 4%
RV/body wt, g/kg 0.59+0.02 0.68+0.01 0.92 +0.06* 0.66 = 0.02f
LV/body wt, g'kg 2.32+0.04 2.270.05 2.48+0.05 2.33+0.05
Heart rate, beats/min 409*15 42820 424+ 15 41314
Mean arterial pressure, mmlIg 1203 117+3 104 =3+ 115+ 3%
RV systolic pressure, mmHg 35=+1 341 67+ 2% 45 +3*f
Right atrial pressure, mmHg 2+ 2=x1 T1* 2+1t
Plasma ANP level, pg/ml 275+ 40 23829 694t 61* 346 + 441

Values are means £ 5E; n, number of rats. Sham-saline, sham rats given aerosolized saline; sham-AM, sham rats given aerosolized AM;
MCT-zaline, rats treated with monocrostaline (MCT) and given aerosolized saline; MCT-AM, rats treated with MCT and given aerosolized

AM; RV, right ventricular LV, left ventricular; ANP, atrial natriuretic

of AM ameliorated MCT-induced pulmonary hyperten-
sion and attenuated the development of pulmonary
vascular remodeling, and 3) inhalation of AM improved
survival in MCT rats without definite adverse effects.

PPH is a rare hut life-threatening disease character-
ized by progressive pulmonary hypertension, ulfi-
mately producing right ventricular failure and death
(25). Although intravenous administration of prostacy-
clin has become recognized as a therapeutic break-
through (1, 6, 16, 26), some patients with PPH are
refractory to this treatment. Thus a new therapeutic
strategy for the treatment of PPH is desirable.

AM is one of the most potent endogenous vasedila-
tors in the pulmonary vascular bed (5, 13, 14, 22). The
vasodilating effect is mediated by a cAMP-dependent
and/or nitric oxide-dependent mechanism (10, 20). Re-
cently, we (19) have shown that intravenous adminis-
tration of AM markedly decreases pulmonary vascular
registance in patients with PPH. Nevertheless, system-
ically administered AM decreases systemic arterial
pressure, which may be harmful in treating patients
with PPH. In the present study, inhalation of AM

peptide. *P < 0.05 vs. sham-saline; TP < 0.05 vs. MCT-saline.

markedly decreased total pulmonary resistance,
whereas it did not significantly decrease mean arterial
pressure. The ratio of total pulmonary resistance to
systemic vascular resistance was significantly reduced
by AM inhalation. These results suggest that this novel
route of AM administration causes relatively selective
pulmonary vasodilation. Expectedly, inhalation of AM
markedly increased the cardiac index in MCT rats,
consistent with our previous results from intravenous
delivery (18). Considering the strong vasodilator activ-
ity of AM in the pulmonary vasculature, the significant
decrease in cardiac afterload may be responsible for
the increased cardiac index with AM. Interestingly, the
hemodynamic effects of AM lasted at least 60 min after
a single inhalation of AM. Although a single inhalation
of AM delivered 0.5 pg AM into the lungs in each rat,
it induced only a slight increase in the plasma AM level
(3.6 = 1.0 fmol/ml). These results raise the possibility
that inhaled AM is retained in lung tissue for a while
and acts transepithelially on the pulmonary vascula-
ture. Thus inhalation of AM may cause potent, long-
lasting pulmoenary vasodilator activity in MCT rats.
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Fig. 2. Chronic effects of AM inhalation on mean pulmonary arterial pressure (4), cardiac output (B), and total
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The present study also demonstrated that repeated
inhalation of AM four times a day for 3 wk markedly
decreased mean pulmonary arterial pressure and total
pulmonary resistance in MCT rats without systemic
hypotension, The potent, leng-lasting pulmonary vaso-
dilator effect of inhaled AM may contribute to the
strong inhibition of the development of pulmonary hy-
pertension. In addition, considering intermittent deliv-
ery of AM to the lungs, the chronic effects of inhaled
AM appear to go beyond acute pulmonary vasodilation.
In the present study, inhalation of AM inhibited an
increase in the medial wall thickness of peripheral
pulmonary arteries of MCT rats. Earlier studies (8, 12)
have shown that AM inhibits the migration and prolif-
eration of vascular smooth muscle cells. Given the
known potent vasoprotective effects of AM, such as
vasodilation and inhibition of smooth muscle cell mi-
gration and proliferation, it is interesting to speculate
that AM trapped in the bronchial epithelium or alveoli
leaks to the pulmonary arteries to maintain pulmonary
vagcular integrity in MCT rats. Inhalation of AM also

1o

> -
K0 l . MCT-AM
l *—-——

)
MCT-saline

20 L. -y

Survival rate (%)

e R
0 1 2 3 4 5 6

Time (weeks)
Fig. 4. Kaplan-Meier survival curves showing that MCT rats treated

with aerosolized AM had a significantly higher survival rate than
those given saline inhalation (log-rank test, P < 0.CG1).

=aline -AM
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Fig. 3. A: representative photomicro-
graphs of peripheral pulmonary arter-
ies in the four groups. AM inhalation
markedly inhibited hypertrophy of the
vessel wall in MCT rats. Magnification,
X400. B: quantitative analyses of pe-
ripheral pulmonary arteries with an
external diameter of 25-50 pm (lef?) or
51-100 pm (right). The percent wall
thickness was calculated as [(medial
thickness X 2)external diameter] X
100. Abbreviations are as in Table 1
and Fig. 2. Data are means * SE. *P <
0.05 vs, sham-saline rats; TP < 0.05 va,
MCT-saline rats,

o
Sham Sham  MCT MCT

decreased plasma ANP, a potential marker for right
ventricular dysfunction (17, 21). It is possible that the
decreased pulmonary vascular resistance by AM may
ameliorate increased wall stress in the right ventricle
and improve right ventricular dysfunction in MCT
rats.

Importantly, Kaplan-Meier analysis demonstrated
that the 6-wk survival rate for MCT rats treated with
aerosolized AM was significantly high (70%) compared
with those given saline (10%). Thus treatment with
aercsolized AM may be an alternative approach for
severe pulmonary hypertension that is refractory to
conventional therapy.

In the pulmonary circulation, the AM receptor acts
not only as a functional receptor but also as a clearance
receptor, the expression of which is stimulated by basal
AM itself (3). Thus exogenously administered AM niay
have differing effects depending on the basal levels
of AM,

Champion et al. (2) showed that intratracheal gene
transfer of prepro-caleitonin gene-related peptide
(CGRP} to the lung attenuates chronic hypoxia-in-
duced pulmonary hypertension in mice, The gene for
AM helongs to the CGRP family, and the receptors for
CGRP and AM bind both peptides (15). In addition, the
AM receptor is expressed at high levels in the pulmo-
nary vascular endothelium, and there is an interaction
of CGRP and AM with the receptor in the pulmonary
endothelium (4). Thus it is not surprising that AM
attenuates pulmonary hypertension in a similar man-
ner as CGRP. In fact, we (31) have previously reported
a beneficial effect of AM in a rat model of pulmonary
hypertension. In our previous study, however, AM was
administered subcutaneously. In contrast, in the
present study, AM was inhaled to ameriolate pulmo-
nary hypertension, which may have a pharmacological
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and clinical implication of the treatment for this dis-
order.

In conclusion, repeated inhalation of AM inhibited
MCT-induced pulmonary hypertension without sys-
temic hypotension and thereby improved survival in
MCT rats. Thus long-term treatment with aerosolized
AM may be a new therapeutic strategy for the treat-
ment of pulmonary hypertension.
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Abstract

Myocardial tissue engineering has now emerged as one of the most promising treatments for the patients suffering from severe
heart failure. Tissuc engineering has currently been based on the technology using three-dimensional (3-D) biodegradable scaffolds
as alternatives for extracellular matrix. According to this most popular technique, several types of 3-D myocardial tissues have been
successfully engineered by sceding cardiomyocytes into poly(glycolic acid), gelatin, alginate or collagen scaffolds. However,
insufficient cell migration into the scaffolds and inflammatory reaction due to scaffold biodegradation remain problems to be solved.
In contrast to these technologies, we now propose novel tissue engineering methodology layering cell sheets to construct 3-I»
functional tissues without any artificial scaffolds. Confluent cells on temperature-responsive culture surfaces can be harvested as a
viable contiguous cell sheet only by lowering temperature without any enzymatic digestions. Electrical communications are
established between layered cardiomyocyte sheets, resulting in simultaneous beating 3-D myocardial tissues. Layered cardiomyocyte
sheets in vivo present long survival, macroscopic pulsation and characteristic structures of native heart tissue. Cell sheet engineering
should have enormous potential for fabricating clinically applicable myocardial tissues and should promote tissue engineering

research fields.
© 2003 Elsevier Science Ltd. All nghtsyreserved.
P
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1. Introduction

Recently, alternative treatments for cardiac trans-
plantation have been strongly requested to repair
damaged heart tissue, because the utility of heart
transplantation is limited by donor shortage. Cell
therapy is now considered to be one of the most
effective treatments for impaired heart tissue [1,2].
Direct transplantation of cell suspension has been
researched since the early 1990s [3]. In these studies,
survival of transplanted cells, integration of native and
grafted cells, and improvement of host cardiac function
have been reported. It is a critical point how to isolate
and expand clinically transplantable myocardial cell
source. Autologous myoblast transplantation has been
performed clinically and the contraction and viability of
grafted myoblasts have been confirmed [4]. Multipotent
bone marrow cells or embryonic stem cells have been

*Corresponding author. Tel.: +81-3-3353-8111x30234; fax: +§1-3-
3359-6045.
E-mail address: tokano@abmes.twmu.ac.jp (T. Okano).

now aggressively investigated as possible candidates for
human implantable myocardial cell source [5-8].

In direct injection of dissociated cells, it is difficult to
contro! shape, size and location of the grafted cells.
Additionally, isolated cell transplantation is not enough
for replacing congenital defects, To overcome these
problems, research on fabricating three-dimensional (3-
D) cardiac grafts by tissue engineering technology has
also now begun [9]. Tissue engineering has currently
been based on the concepts that 3-D biodegradable
scaffolds are useful as alternatives for extracellular
matrix (ECM) and that seeded cells reform their native
structure in according to scaffold biodegradation [10].
This context has been used for every type of tissue. In
myocardial tissne engineering, poly(glycolic acid)
(PGA), gelatin and alginate have been used as pre-
fabricated biodegradable scaffolds. Papadaki et al.
engineered 3-D cardiac constructs by using PGA
scaffolds processed into porous meshes and rotating
bioreactors [11]. Li et al. have demonstrated that
transplantation of tissue-engineered cardiac grafts using
biodegradable gelatin sponges replaced myocardial scar
and right ventricular outflow track defect [12,13],

0142-9612/03/8 - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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