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Abstract

We compared the effects of natriuretic peptides on antigen-induced bronchoconstriction and airway microvascular leakage in
sensitized guinea pigs. Anesthetized male guinea pigs, ventilated via a tracheal cannula, were placed in a plethysmograph to measure
pulmonary mechanics for 10 min after challenge with 1 mgrkg of ovalbumin, and then Evans blue dye was extravasated into airway
tissue in order to indicate and evaluate microvascular leakage. Three separate intravenous pretreatments using atrial natriuretic peptide
Ž . Ž . Ž .ANP , brain natriuretic peptide BNP , and C-type natriuretic peptide CNP significantly inhibited the ovalbumin-induced bronchocon-
striction and microvascular leakage in a dose-dependent manner. These inhibitory effects were mimicked by 8-bromoguanosine
3X,5X-cyclic monophosphate. We showed that the rank order of inhibitory potencies, which were mediated by cyclic guanosine
3X,5X-monophosphate, was BNPGANP)CNP. These results gave us some clues for the clinical application of the natriuretic peptides.
q 1998 Elsevier Science B.V.
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1. Introduction

Since the members of the natriuretic peptide family,
Ž . Žnamely atrial natriuretic peptide ANP De Bold et al.,

. Ž .1981; Oikawa et al., 1984 , brain natriuretic peptide BNP
Ž . Ž .Sudoh et al., 1988 and C-type natriuretic peptide CNP
Ž .Sudoh et al., 1990 were identified and their amino acid
sequences determined, we have been interested in the
relaxant effects of these natriuretic peptides on tracheal
smooth muscle. Most of the biological activities of the
natriuretic peptides were thought to be mediated by intra-
cellular accumulation of cyclic guanosine 3X,5X-monophos-

Ž .phate cGMP through two receptor subtypes related to the
production of cGMP, so-called natriuretic peptide recep-

Ž .tors A and B Schulz et al., 1989 , also called guanylate
Ž .cyclase A and B Chinkers et al., 1989 . We showed

relaxant potencies of these three natriuretic peptides in
isolated guinea-pig tracheal smooth muscle without changes
in the levels of cyclic AMP, but with an increase in tissue

) Corresponding author. Tel.: q81-52-744-2167; fax: q81-52-744-
2175.

ŽcGMP levels in vitro Watanabe et al., 1988; Takagi et al.,
.1992; Takagi and Araki, 1993 , which were in agreement

with those found in previous studies of ANP in the isolated
Žguinea-pig tracheal smooth muscle Hamel and Ford-

.Hutchinson, 1986 and in bovine tracheal smooth muscle
Ž .with increased cGMP in vitro Ishii and Murad, 1989 .

The major molecular form of circulating ANP is a 28
Ž .amino acid residue a-ANP with a ring structure. ANP

has a significant role in maintaining cardiovascular home-
ostasis by means of potent vasodilator, diuretic, and natri-

Ž .uretic actions De Bold, 1985 . Because of its secretion
from the cardiac atria, ANP has received attention for its
cardiovascular effects. However, autoradiography has iden-
tified ANP in the Type II alveolar epithelial cells of rat

Ž .lung Ishii et al., 1989 , and the natriuretic peptide A
receptor is expressed in various tissues including lung
Ž .Suga et al., 1992a , suggesting the possibility that lung
tissue is a target organ. Furthermore, the significant bron-
chodilator effect of a-human ANP on human asthma,

Ž .when given intravenously Chanez et al., 1990 and by
Ž .inhalation in high doses Hulks and Thomson, 1994 ,

indicated the possibility of its useful therapeutic applica-
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tion, while the in vivo effects of the other natriuretic
peptides did not receive sufficient attention. Soon after its

Ž .discovery in the porcine brain Sudoh et al., 1988 , BNP
was found to be secreted mainly from the left ventricle
Ž .Saito et al., 1989 . The structure of BNP differs among
species, and the predominant circulating form of human

ŽBNP is a peptide with 32 amino acid residues Kanbayashi
.et al., 1990 . In addition to its high sequence homology to

ANP, its cardiovascular potency was found to be similar to
Ž .that of ANP Mukoyama et al., 1991 . Also, BNP showed

an equally potent binding affinity for the natriuretic pep-
Žtide A receptor James and Burnstock, 1991; Suga et al.,

.1992a , suggesting that BNP might have an important
effect on airway smooth muscle in the same manner as
does ANP. On the other hand, CNP was found in highest

Žconcentration in the central nervous system Sudoh et al.,
.1990 , and was detected in only small quantities in other

Ž .organs including the heart and lung Komatsu et al., 1991 .
However, the natriuretic peptide B receptor was selectively

Ž .activated by CNP Koller et al., 1991; Suga et al., 1992a ,
and was distributed, not only in the central nervous sys-
tem, but also in peripheral tissues, including the lung
Ž .Suga et al., 1992b . This led us to expect that CNP might
be locally synthesized in pulmonary tissues and have some
action on airway patency.

In spite of these facts, there have been only a few
studies comparing bronchodilator effects in vivo for these
peptides. Furthermore, considering the complicated patho-
physiological conditions of asthma, one of the more diffi-
cult factors complicating asthmatic conditions is airway
microvascular leakage followed by airway inflammation

Ž .and plasma exudation into the airway Persson, 1986 .
Ž .Barnes et al. 1990 also suggested that, in the manage-

ment of asthma therapy, the reduction of microvascular
leakage with plasma exudation into the airway may be a
more valuable strategy than the bronchodilator effect. Our
approach was aimed at comparing the effects of these
peptides on both bronchoconstriction and airway microvas-
cular leakage in sensitized guinea pigs, and also the clini-
cal possibilities of these peptides in the asthmatic condi-
tion were examined for the first time in this study.

2. Material and methods

2.1. Animal preparation

ŽMale Hartley guinea pigs approximately 250 g, Japan
.SLC, Shizuoka, Japan were used throughout the experi-

ments. For sensitizing the animals, 0.5 ml of saline con-
taining 0.1 mg of ovalbumin and 2 mg of aluminum
hydroxide were first injected intraperitoneally. Then intra-
peritoneal injections of 0.1 mg of ovalbumin dissolved in
0.5 ml of 0.9% saline were carried out once a week.
Unsensitized animals were similarly treated with three

Žintraperitoneal injections of 0.5 ml saline with 2 mg of

Fig. 1. Time-course of the inhibitory effects of the natriuretic peptides on
the antigen-induced increases in respiratory resistance. The ovalbumin

Ž .control -`- shows a significant increase in respiratory resistance com-
Ž . Ž .pared with the basal control group -^- . Each concentration of ANP A

Ž . Ž . Ž-v-, 30 mgrkg; -I-, 100 mgrkg; -B-, 300 mgrkg , BNP B -v-,
. Ž . Ž30 mgrkg; -I-, 100 mgrkg; -B-, 300 mgrkg or CNP C -v-, 300
.mgrkg; -I-, 1000 mgrkg; -B-, 3000 mgrkg had inhibitory, dose-de-

pendent effects on the ovalbumin-induced bronchoconstriction. Data are
shown as means"S.D. of six experiments. Statistical significance: ) P -

0.05, )) P -0.01 and ))) P -0.001 compared with the ovalbumin
control group.
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.aluminum hydroxide only the first time . Three weeks
later, guinea pigs, which then weighed 350–450 g, were
anesthetized with intraperitoneal injections of pentobarbital

Ž .sodium 50 mgrkg . We ensured an appropriate level of
anesthesia as evidenced by the disappearance of the corneal
reflex and of the withdrawal response to paw pinching. A

Žtracheal cannula 7 mm length and 2.0 mm internal diame-

.ter was inserted through a tracheostomy and connected to
Ža constant-volume respirator Model 683; Harvard Appara-

.tus, South Natick, MA, USA for keeping mechanical
ventilation at a tidal volume of 10 mlrkg and a frequency
of 60 breathrmin. Then, a jugular vein and a carotid artery
were cannulated for application of the drugs and measure-
ment of systemic blood pressure, respectively. The animals

Žwere placed in a plethysmograph box Model PLYAN;
.Buxco, USA . Signals from the plethysmograph box and

catheters were sensed by differential pressure transducers,
Žand monitored by a pulmonary mechanics analyzer Buxco

.Model 6 . All signals were recorded on a multichannel
Žvisicorder Linearcorder F WR3701; Graphtec, Tokyo,

.Japan . Respiratory resistance and dynamic compliance
Žwere calculated using a Buxco program 1 Aoki et al.,

.1991 . This study was performed in accordance with the
guidelines for animal experimentation set by Nagoya Uni-
versity School of Medicine.

2.2. Protocol

We examined the influence of Evans blue dye and that
of each natriuretic peptide without antigen challenge. We
also examined the changes in bronchoconstriction, mi-
crovascular leakage and mean blood pressure with injec-

Žtions of the following agents: vehicle 0.9% saline, 1
. Ž . Žmgrkg as the basal control ns6 , ANP 30 mgrkg i.v.,

. Ž . Žns4 , BNP 30 mgrkg i.v., ns4 , CNP 300 mgrkg
. X Xi.v., ns4 , and 8-bromoguanosine 3 ,5 -cyclic monophos-

Ž . Ž .phate 8-BrcGMP 10 mgrkg i.v., ns4 .
The effects of natriuretic peptides on antigen-induced

bronchoconstriction and microvascular leakage were stud-
ied in 60 sensitized animals in the first set of experiments.

ŽThe animals were randomly divided into 10 groups six
. Ž . Ž .animals per group : 1 ovalbumin 1 mgrkg i.v. alone as

Ž . Ž .the ovalbumin control group; 2 – 4 groups injected with
ŽANP 30 mgrkg, 100 mgrkg and 300 mgrkg, respec-
. Ž . Ž . Žtively ; 5 – 7 groups injected with BNP 30 mgrkg, 100

. Ž . Ž .mgrkg and 300 mgrkg, respectively ; 8 – 10 groups
Žinjected with CNP 300 mgrkg, 1000 mgrkg and 3000
.mgrkg, respectively . Additionally, to find how the in-

crease of cGMP contributed to the effects of the natriuretic
peptides, we examined the effect of 8-bromoguanosine

X X Ž .3 ,5 -cyclic monophosphate 8-BrcGMP , a cGMP ana-

Fig. 2. Time-course of the inhibitory effects of the natriuretic peptides on
the antigen-induced increase in dynamic compliance. The ovalbumin

Ž .control -`- shows a significant reduction of dynamic compliance
Ž .compared with the basal control group -^- . Each concentration of ANP

Ž . Ž . Ž .A -v-, 30 mgrkg; -I-, 100 mgrkg; -B-, 300 mgrkg , BNP B
Ž . Ž . Ž-v-, 30 mgrkg; -I-, 100 mgrkg; -B-, 300 mgrkg or CNP C -v-,

.300 mgrkg; -I-, 1000 mgrkg; -B-, 3000 mgrkg had dose-dependent
inhibitory effects on the ovalbumin-induced bronchoconstriction. Data are
shown as means"S.D. of six experiments. Statistical significance: ) P -

0.05, )) P -0.01 and ))) P -0.001 compared with the ovalbumin
control group.
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Table 1
Effects of the natriuretic peptides on microvascular leakage and systemic hypotension without ovalbumin challenge

Ž .Evans blue dye concentration ngrmg of wet tissue Mean blood pressure

Ž . Ž .n Trachea Main bronchi Intrapulmonary airway Pre-injection mmHg Post-injection mmHg

Vehicle 6 10.45"3.63 10.03"3.80 9.37"1.69 49.27"8.47 52.33"7.71
b b b cOvalbumin-control 6 94.71"7.04 97.67"6.66 95.47"5.21 49.31"6.47 41.67"1.29
b b b eŽ .ANP 30 mgrkg 4 28.77"4.82 29.06"0.96 27.79"3.62 53.31"4.67 41.55"4.03
a b a dŽ .BNP 30 mgrkg 4 20.11"8.76 27.59"2.00 22.63"10.0 48.89"4.32 38.27"0.69

eŽ .CNP 300 mgrkg 4 13.08"4.82 17.08"7.00 13.91"5.76 51.64"2.89 36.92"0.38
aŽ .8-BrcGMP 10 mgrkg 4 13.50"3.00 13.88"2.87 8.34"1.00 54.54"4.68 47.08"1.08

ANPsatrial natriuretic peptide; BNPsbrain natriuretic peptides; CNPsc-type natriuretic peptides; 8-BrcGMPs8-bromoguanosine 3X,5X-cyclic
monophosphate.
ANP and BNP induced significant increases in microvascular leakage in all three segments, but CNP and 8-BrcGMP did not. Intravenous injection of each
natriuretic peptide and 8-BrcGMP caused a transient decrease of systemic blood pressure, while Evans blue dye caused no significant change.
Results are means"S.D. nsnumber of guinea pigs per group. Statistical significance: aP-0.05 and bP-0.001 compared with the vehicle as the basal

Ž .control 0.9% saline with 20 mgrml Evans blue dye .
For mean blood pressure, significant differences relative to pre-injection are shown as: cP-0.05; dP-0.01; cP-0.001.

Ž .logue, 10 mgrkg i.v., ns6 against antigen-induced
bronchoconstriction and microvascular leakage in sensi-
tized guinea pigs.

In the second set of experiments, 30 unsensitized ani-
mals were studied in order to ascertain how the inhibitory
effect of ANP was related to the leukotriene-mediated
bronchoconstriction and microvascular leakage. We di-

Žvided the animals randomly into five groups six per
. Ž . Ž .group : 1 vehicle 0.9% saline, 1 mgrkg i.v. as the basal

Ž . Ž . Ž .control; 2 leukotriene D 2 mgrkg i.v. alone; 34
Ž . Ž .leukotriene D 2 mgrkg i.v. and ANP 100 mgrkg i.v. ;4

Ž . Ž . Ž4 leukotriene D 2 mgrkg i.v. and ANP 300 mgrkg4
. Ž . Ž . Ži.v. ; 5 leukotriene D 2 mgrkg i.v. and ANP 10004

.mgrkg i.v. .

2.2.1. Measurement of pulmonary mechanics and mean
blood pressure in antigen-induced bronchoconstriction

For the purpose of enhancing the contribution of en-
dogenous leukotrienes and avoiding effects of endogenous

Žthromboxanes, prostaglandins and histamine Ueno et al.,
.1982; Leitch et al., 1983 , pretreatment with intravenous

administration of 5 mgrkg indomethacin and 1 mgrkg
mepyramine maleate was done at 3 and 2 min, respec-
tively, before the challenge with 1 mgrkg ovalbumin
solution containing 20 mgrkg Evans blue dye. Baseline

Žrecordings of pulmonary mechanics respiratory resistance
.and dynamic compliance and mean blood pressure were

obtained, and each dose of the natriuretic peptides or
X X Ž8-bromoguanosine 3 ,5 -cyclic monophosphate 8-

. Ž .BrcGMP 10 mgrkg was injected intravenously at 1 min
before challenge with the antigen. Then, we recorded the
values for respiratory resistance, dynamic compliance and
mean blood pressure for 10 min.

2.2.2. QuantitatiÕe analysis of airway microÕascular leak-
age

This microvascular leakage was quantified by the ex-
travasation of Evans blue dye into airway interstitial tissue
as an index of airway vascular permeability, since it
correlates with the extravasation of radiolabeled albumin

Ž .in guinea-pig airways Rogers et al., 1989 . We used a
technique that allowed measurement of both bronchocon-

Table 2
Effects of ANP, BNP or CNP on ovalbumin-induced microvascular leakage at each airway level

n Trachea Main bronchi Intrapulmonary airway

Ž . Ž . Ž . Ž . Ž . Ž .ngrmg tissue % inhibition ngrmg tissue % inhibition ngrmg tissue % inhibition

ovalbumin-control 6 94.71"7.04 97.67"6.66 95.47"5.21
bŽ .ANP 30 mgrkg 6 55.37"22.22 41.5 83.81"16.75 14.2 90.09"26.89 5.6
c c cŽ .ANP 100 mgrkg 6 36.17"17.24 61.8 50.12"8.32 48.7 68.04"9.59 28.7

c c bŽ .ANP 300 mgrkg 6 33.27"9.73 64.8 56.38"10.65 42.3 67.48"17.02 29.3
c c cŽ .BNP 30 mgrkg 6 56.50"15.43 40.3 62.88"10.53 35.6 74.69"13.11 21.7
c c cŽ .BNP 100 mgrkg 6 43.92"10.05 53.6 54.74"15.41 44.0 57.00"6.59 40.3

c c cŽ .BNP 300 mgrkg 6 36.79"7.04 61.2 51.46"10.65 47.3 54.74"13.45 42.7
c aŽ .CNP 300 mgrkg 6 60.20"11.55 36.4 75.50"7.69 22.7 90.73"6.86 7.1
c bŽ .CNP 1000 mgrkg 6 51.48"11.51 45.6 65.48"9.09 33.0 90.51"8.41 5.2
c b bŽ .CNP 3000 mgrkg 6 42.52"12.78 55.1 67.48"16.83 30.9 68.40"9.85 28.4

Abbreviations as in Table 1. Results are means"S.D. The values are expressed as ng of Evans blue dye per mg of wet tissue. nsnumber of guinea pigs
per group.
Significance of differences from the ovalbumin-control is shown as: aP-0.05; bP-0.01; and cP-0.001.
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striction and airway microvascular leakage in the same
animal. This technique had the advantage of giving the
relationship between airway constriction and microvascu-
lar permeability. After measuring the antigen-induced
bronchoconstriction, we immediately began the following
stage. The animal was exsanguinated, and the chest cavity
was opened. In order to eliminate extra Evans blue dye in
its pulmonary circulation, we perfused 50 ml of 0.9%

saline at a pressure of 120 mmHg from the pulmonary
artery into the left atrium. The airway and lung were then
removed, and the extraneous connective tissues, vascula-
ture and parenchyma were gently scraped off with a blunt
scalpel until only bronchial tissue remained. The airways
were divided into three portions: trachea, main bronchi,
and the intrapulmonary airways. Each tissue piece was
weighed wet, and soaked in 2 ml of formamide at 378C for
24 h to extract the Evans blue dye. We determined the
amount of Evans blue dye extracted by measuring the

Žoptical density at 600 nm with a spectrophotometer EIA
.plate reader, ELNX 96, Metertech, USA . Evans blue dye

extravasation was calculated by interpolation on a standard
curve constructed with five known dye concentrations in
the range of 0.5–10 mgrml, and the weight was expressed
in ng per mg of wet tissue.

2.3. Drugs and chemicals

The following drugs and chemicals were used: mam-
Ž Ž ..malian C-type natriuretic peptide CNP- 1–22 and pep-

Žtide leukotriene D were kindly donated by Suntory Osaka,4
. Ž .Japan and by Ono Pharmaceutical Osaka, Japan , respec-

Ž Ž ..tively. Human atrial natriuretic peptide hANP- 1–28 and
Ž Ž ..human brain natriuretic peptide hBNP- 1–32 were pur-

Ž .chased from Peptide Institute Osaka, Japan ; 8-
X X Ž .bromoguanosine 3 ,5 -cyclic monophosphate 8-BrcGMP

Ž .from Sigma St. Louis, MO, USA ; chicken ovalbumin,
indomethacin, formamide and Evans blue from Waco Pure

Ž . Ž Ž . .Chemical Osaka, Japan ; aluminum hydroxide Al OH 3
Ž .from Katayama Chemical Osaka, Japan ; and mepyramine
Ž .maleate from Cosmobio. Tokyo, Japan . Indomethacin

was dissolved in a 7% sodium bicarbonate solution
Ž .Maylon, Ohtuka Pharmaceutical, Tokyo, Japan and other
agents were dissolved in 0.9% NaCl.

Ž .Fig. 3. A Effects of 8-BrcGMP against the ovalbumin-induced increase
Ž .in respiratory resistance. Pretreatment with 8-BrcGMP -v-, 10 mgrkg

resulted in significant inhibition of the antigen-induced increase in respi-
ratory resistance. Significantly different from the ovalbumin control
Ž . Ž .-`- : ) P -0.05 and )) P -0.01. B Effects of 8-BrcGMP on the
antigen-induced decrease in dynamic compliance. Pre-administration of

Ž .8-BrcGMP -v-, 10 mgrkg significantly inhibited the effect on the
reduction of dynamic compliance. Data are shown as means"S.D. of six

Ž .experiments. Significantly different from the ovalbumin control -`- :
Ž .) P -0.05 and )) P -0.01. C Effects of 8-BrcGMP, a cGMP ana-

logue, on microvascular leakage induced by ovalbumin challenge at
Ždifferent airway levels in sensitized guinea pigs. Columns dotted rectan-

. Ž . Ž .gle and rectangle represent the basal control group 0.9% saline and
the ovalbumin control group, respectively. Intravenous preinjection of

Ž .8-BrcGMP diagonally-striped rectangle, 10 mgrkg significantly re-
duced microvascular permeability in our system. Each value is shown as
means"S.D. of six experiments. Statistical significance: ) P -0.05,
))) P -0.001 compared with the ovalbumin control group; †††P -

0.001 compared with the basal control group.
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2.4. Statistical analysis

All data are expressed as means"S.D. Statistical com-
parisons were made using either the unpaired Student’s

Ž .t-test two-tailed or a two-way analysis of variance
Ž .ANOVA followed by Dunnett’s t-test. The mean blood
pressure was calculated from recorded traces as diastolic

Žblood pressure q0.33 systolic blood pressureydiastolic

.blood pressure . P values of less than 0.05 were consid-
ered statistically significant.

3. Results

3.1. Comparison of inhibitory effects on antigen-induced
bronchoconstriction

We ascertained in a preliminary study that Evans blue
dye alone had no influence on respiratory resistance and

Ž .dynamic compliance. ANP 30 mgrkg i.v., ns4 , BNP
Ž . Ž .30 mgrkg i.v., ns4 , CNP 300 mgrkg i.v., ns4 , and

X X Ž8-bromoguanosine 3 ,5 -cyclic monophosphate 10 mgrkg
.i.v., ns4 also led to no significant increase of respiratory

resistance and decrease of dynamic compliance in the
Ž .group not challenged by antigen; data not shown . The

administration of 1 mgrkg ovalbumin caused significant
bronchoconstriction, which reached a maximum within 3
min after injection. The effects of these natriuretic peptides
on changes of respiratory resistance, which are reflected
mainly as the index of central airway constriction, are
shown in Fig. 1A–C. The effects on changes in dynamic
compliance, which are reflected mainly as the index of
peripheral airway constriction, are shown in Fig. 2A–C.
Intravenous pretreatment with ANP, BNP or CNP signifi-
cantly reduced the ovalbumin-induced bronchoconstriction
in a dose-dependent manner.

3.2. Comparison of inhibitory effects on microÕascular
leakage

ŽIn a preliminary study, we verified that ANP 30
. Ž .mgrkg and BNP 30 mgrkg significantly increased mi-

Ž .Fig. 4. A Reduction by ANP of leukotriene D -induced increase of4

respiratory resistance in unsensitized guinea pigs. Pretreatment with ANP
Ž .-v-, 30 mgrkg; -I-, 100 mgrkg caused a significant inhibition of the

Žleukotriene D -induced increase in respiratory resistance -`- as the4
.leukotriene D control, 2 mgrkg in a dose-dependent manner. Signifi-4

cantly different from the leukotriene D control: ) P -0.05, )) P -0.014
Ž .and ))) P -0.001. B Reduction by ANP of the leukotriene D -in-4

duced decrease of dynamic compliance in unsensitized guinea pigs. In the
Žearlier half of the phase, pretreatment with ANP -v-, 30 mgrkg; -I-,

.100 mgrkg shows significantly inhibited the leukotriene-induced reduc-
Žtion of dynamic compliance -`- as the leukotriene D control, 24

.mgrkg in a dose-dependent manner. Significantly different from the
leukotriene D control: ) P -0.05, )) P -0.01 and ))) P -0.001.4
Ž .C Reduction by ANP of the leukotriene D -induced increase in mi-4

crovascular leakage at different airway levels in unsensitized guinea pigs.
Ž . Ž .Columns dotted rectangle and rectangle represent the basal control

Ž .group 0.9% saline and the leukotriene D control group, respectively.4
ŽThe other columns rectangle with intersecting diagonal lines and rectan-

. Žgle with patterned dots represent ANP 30 mgrkg and ANP 100 mgrkg,
.respectively . Each value is shown as means"S.D. of six experiments.

Statistical significance: ))) P -0.001 compared with the leukotriene
D control group; †††P -0.001 compared with basal control group.4
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crovascular leakage when compared with the basal control
levels if the animals were not challenged with antigen,

Ž . X Xwhile CNP 300 mgrkg and 8-bromoguanosine 3 ,5 -
Ž .cyclic monophosphate 10 mgrkg did not. Intravenous

administration of ovalbumin produced significant increases
of extravasated Evans blue dye in the trachea, main bronchi,

Ž . Žand intrapulmonary airways, respectively P-0.001 Ta-
.ble 1 .

Intravenous pretreatment with ANP, BNP and CNP
significantly inhibited ovalbumin-induced plasma leakage
at all three airway levels in a dose-dependent manner
Ž .Table 2 . These results showed an interesting tendency in
that all three natriuretic peptides acted more potently in the
central airway than in the peripheral airway.

3.3. The inhibitory effects of 8-BrcGMP on antigen-in-
duced airway changes

Intravenous pretreatment with 10 mgrkg of 8-
X X Ž .bromoguanosine 3 ,5 -cyclic monophosphate 8-BrcGMP

significantly inhibited the antigen-induced increase in res-
Ž .piratory resistance Fig. 3A and the decrease in dynamic

Ž .compliance Fig. 3B . Moreover, 8-BrcGMP also mim-
icked the significant inhibition of the ovalbumin-induced
microvascular leakage in the same fashion as did the three

Ž .natriuretic peptides Fig. 3C .

3.4. The inhibitory effect of ANP on the leukotriene D -in-4

duced airway changes

Injection of 2 mgrkg leukotriene D caused a signifi-4

cant increase in respiratory resistance which peaked at 1.5
Ž .min after injection Fig. 4A , and a significant decrease in

Ž .dynamic compliance, peaking at the same time Fig. 4B .
Ž .Both concentrations of ANP 30 and 100 mgrkg com-

pletely reduced these leukotriene D -induced airway4

changes, especially in the earlier phase. Pretreatment with
the same doses of ANP significantly decreased the extrava-
sation of Evans blue dye caused by leukotriene D in all4

Ž . Ž .airway segments P-0.001 Fig. 4C .

3.5. Changes in mean blood pressure

Each natriuretic peptide and 8-bromoguanosine 3X,5X-
cyclic monophosphate caused a significant decrease in

Ž .mean blood pressure immediately after injection Table 1 .
The fall in mean blood pressure was maximal within 1
min, followed by the recovery phase.

4. Discussion

We compared the effects of natriuretic peptides on
antigen-induced bronchoconstriction and airway microvas-
cular leakage in actively sensitized guinea pigs in this
study. We demonstrated how the potent bronchodilator

effects of these natriuretic peptides resulted in significant
inhibition of antigen-induced bronchoconstriction as shown
in the asthmatic phase. On the other hand, preliminary
tests without ovalbumin challenge, as a normal non-asth-
matic phase, assured us that there were no statistically
significant bronchodilator effects due to these natriuretic
peptides. These results were in agreement with those of
previous in vitro studies done by us and other investigators
showing the bronchodilator effects of these natriuretic
peptides. We determined the effect of 8-bromoguanosine

X X Ž .3 ,5 -cyclic monophosphate 8-BrcGMP , a membrane-per-
meable and more stable cGMP analogue, on sensitized
guinea-pig airways to further investigate the mechanism of
inhibitory effects against antigen-induced bronchoconstric-
tion. This exogenously applied cGMP analogue elicited a
significant reduction in bronchoconstriction, which mim-
icked the antigen-induced results in these experiments. The
baseline pulmonary mechanics did not clearly reveal the
amount of the increased baseline airway microvascular
leakage in this experiment. However, in earlier antigen-in-
duced asthmatic responses, the first factor may have been
the reducing effects on bronchoconstriction rather than on
increased baseline microvascular leakage. These facts sug-
gest that the potent bronchodilator effects of these natri-
uretic peptides mainly result from a direct action on smooth
airway muscle, mediated by cGMP.

We noticed that ANP and BNP increased baseline
airway microvascular leakage which was at first unex-
pected, while 8-bromoguanosine 3X,5X-cyclic monophos-

Ž .phate 8-BrcGMP did not in preliminary tests without
antigen challenge as in a normal non-asthmatic phase. The
increase in basal microvascular leakage caused by adminis-
tration of ANP or BNP alone was much less than after
antigen challenge. Considering that 8-BrcGMP did not
influence baseline microvascular leakage, these effects on
increased basal leakage may not have resulted from recep-
tor-mediated functional changes caused by cGMP eleva-
tion but from some non-specific action by intravenous
administration of the peptide itself. These facts suggest
that increased changes in basal microvascular permeability
are not necessarily physiological, and may prove to be
negligible when one discusses the inhibitory mechanism of
these peptides on antigen-induced airway microvascular
leakage. On the other hand, these natriuretic peptides, as
shown in Table 1, cause a significant drop in systemic
mean blood pressure. The reduction of systemic mean
blood pressure may be mainly due to cGMP-mediated
direct vasodilator effects of natriuretic peptides on vascular

Ž .smooth muscle Winquist et al., 1984 . Microvascular
leakage may occur mainly in capillary vessels which have
no vascular smooth muscle. These findings suggest that
there may be another distinct mechanism involved in the
inhibitory effect on microvascular leakage.

We ascertained that these natriuretic peptides showed
significant potent inhibitory effects on antigen-induced
microvascular leakage which were mimicked by 8-
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bromoguanosine 3X,5X-cyclic monophosphate in this study.
Our results were in agreement with those of Lofton et al.
Ž .1990 , who showed the anti-edematic action of ANP in
aortic endothelial cells, using 8-bromoguanosine 3X,5X-
cyclic monophosphate. Additionally, several previous in-
vestigators reported that ANP inhibited increases in en-
dothelial monolayer permeability and played a role in the
prevention of pulmonary edema chemically induced by
arachidonic acid, paraquat, oxygen-free radicals and other

Ž .substances Inomata et al., 1987; Lofton et al., 1991 .
These actions were thought to be receptor-mediated, possi-
bly involving cGMP. On the other hand, two specific
receptors subtypes related to the production of cGMP,
natriuretic peptide A and B receptors, have been found to
be localized on the endothelial cells of pulmonary vessels
Ž .Mantyh et al., 1986; Suga et al., 1992a . These facts
suggest that the inhibitory mechanism of natriuretic pep-
tides on airway microvascular permeability may be mainly
mediated by cGMP in pulmonary capillary endothelial
cells. The mechanism of cGMP action in decreased mi-
crovascular permeability is still unknown. However, since
intracellular calcium is known to be of importance in the
maintenance of the cytoskeleton and gap junctions, it is
possible that stimulation of cGMP accumulation in en-
dothelial cells by ANP may cause a reduction of free
cytoplasmic calcium. This would result in the stabilization
of the cytoskeleton and of the endothelial gap junctions

Ž .between the cells Lofton et al., 1990 .
With the aid of the binding assay, the Northern blot

technique and the cGMP production method, Suga et al.
Ž .1992a elucidated the binding affinities of the natriuretic
peptides for natriuretic peptide A and B receptors with
their potencies for cGMP production in aortic smooth
muscle cells. The rank orders of potencies for cGMP
production via natriuretic peptide receptor binding were
ANP)BNP4CNP and CNP)ANP)BNP, respec-
tively. The authors also indicated that the natriuretic pep-
tide A receptor was expressed in a number of tissues
including lung tissue, to some extent overlapping the tissue
distribution of the natriuretic peptide B receptors. Al-
though both receptors were present in lung tissue, there has
been little published concerning their distribution in airway
segments. We indicated that the rank order of inhibitory
potencies of both bronchoconstriction and microvascular
permeability in vivo was BNPGANP)CNP in this study.
These rankings, which did not contradict our in vitro
studies, suggested that the natriuretic peptide A receptor
was more closely associated with inhibitory effects than
was the natriuretic B peptide receptor. Moreover, in com-

Ž .parison with percent inhibition Table 1 , all natriuretic
peptides showed a tendency to act more effectively in the
central airway than in the peripheral airway. This tendency

Žalso appeared in the bronchoconstriction values respira-
.tory resistance and dynamic compliance . These phenom-

ena might result from the distribution of the two receptor
subtypes in the central and peripheral airways, and sug-

gested that these receptors might be expressed more po-
tently in the central airway. We anticipated that these
results would provide some clues for clarifying the distri-
bution of receptors in the lung.

In this study, we used intravenous administration of
indomethacin and mepyramine maleate as pretreatment
before antigen challenge to enhance the contribution of
endogenous leukotrienes and avoid the influence of en-
dogenous thromboxanes, prostaglandins and histamine
Ž .Ueno et al., 1982; Leitch et al., 1983 . We became
convinced that every natriuretic peptide had a significant
reductive effect on antigen-induced microvascular leakage
at all airway levels. Previous studies had shown that the
peptide leukotrienes, 5-lipoxygenase products of arachi-
donic acid metabolism, had potent long-lasting bron-
choconstricting effects and acted as major mediators of

Ž .allergic conditions in human asthma Dahlen et al., 1983 .
Leukotrienes were also one of the major mediators ac-
counting for changes in airway microvascular permeability
not only in human asthma, but also in sensitized guinea

Ž .pigs Hui et al., 1989 . Antigen challenge released
leukotriene C and leukotriene D from passively sensi-4 4

Ž .tized human lung fragments Lewis et al., 1980 .
Leukotriene D was generated by immunological challenge4

Ž .of sensitized guinea-pig lung tissue Morris et al., 1980 .
Additionally, it was recently reported that ONO-1078
Ž w Ž . x Ž4-oxo-8- 4- 4-phenylbutoxy -benzoyiamino -2- tetrazol-5-
. .yl -4H-1-benzopyran hemihydrate , a potent selective

leukotriene receptor antagonist, inhibited the antigen-in-
duced late-phase asthmatic response in allergic guinea-pigs
Ž .Nakagawa et al., 1993 . These results led us to think that
protection from leukotrienes was an indispensable factor in
the therapeutic strategy for asthma, and to investigate the
inhibitory effects on leukotriene-induced bronchoconstric-
tion and microvascular leakage. As we had expected, ANP
significantly inhibited both leukotriene D -induced bron-4

choconstriction and airway microvascular leakage in the
same fashion than as it did during the antigen-induced
phase.

Unfortunately, the factor that most interferes with thera-
peutic application of exogenous natriuretic peptides is their
rapid in vivo metabolism. Rapid clearance due to rapid
metabolism required high injection doses in this experi-
ment. In addition to the high binding affinities of clearance

Ž .receptors for natriuretic peptides Suga et al., 1992a ,
active enzymatic degradation by the enzyme, neutral en-

Ž .dopeptidase-24.11 NEP, EC 3.4.24.11 , is widely believed
to play a physiological role in metabolizing ANP. Recent
studies showed that neutral endopeptidase-24.11 inhibitor
enzymes prolong the half-life and enhance the biological

Žactions of exogenously given ANP in vivo Trapani et al.,
.1989 . These studies also demonstrated how SCH 42354

w Ž . Ž . Ž .N - 2 S - m ercaptom ethyl -3- 2-m ethylphenyl -1-
xoxopropyl -L-methionine, a neutral endopeptidase-24.11

inhibitor, increased the potency of ANP in isolated pul-
monary vessels and isolated perfused whole rat lungs
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Ž .Thompson and Morice, 1995 . The above results sug-
gested that the natriuretic peptides were also metabolized
by the action of the enzyme neutral endopeptidase-24.11.
It is not known how the rapid metabolism caused by the
effects of clearance receptors and the enzyme neutral
endopeptidase-24.11 influences the inhibitory effects of the
natriuretic peptides under asthmatic conditions. However,
we believe that the solution to these problems will shed
light on the next stage of therapeutic application of natri-
uretic peptides.

In conclusion, this study was the first to compare the
effects of three natriuretic peptides on antigen-induced
microvascular leakage and bronchoconstriction. These re-
sults should prompt further experimental and clinical stud-
ies to evaluate the potential use of natriuretic peptides for
bronchial asthma in humans.
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