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ABSTRACT: This study examines the role of endogenous nitric oxide (NO) in air-
way microvascular leakage induced by inflammatory mediators, which play an
important role in asthmatic airways.

Guinea-pigs were anaesthetized and mechanically-ventilated with monitoring of
arterial blood pressure, and airway microvascular leakage induced by intravenous
injection of substance P (SP), leukotriene D4 (LTD4) and histamine was evaluated
using Evans blue dye and Monastral blue dye in the presence and absence of the
NO synthase inhibitors, L-NG-nitroarginine methyl ester (L-NAME) and L-NG-
monomethyl arginine (L-NMMA). The effect of a soluble guanylate cyclase inhibitor,
LY83583, on SP-induced dye leakage was also examined.

Intravenous injection of SP (1 µg·kg-1), LTD4 (1 µg·kg-1) and histamine (100
µg·kg-1) significantly increased dye extravasation at all airway levels. Pretreatment
with L-NAME (10 mg·kg-1 i.v.) and L-NMMA (100 mg·kg-1 i.v.) significantly inhi-
bited SP-induced extravasation, and L-arginine (100 mg·kg-1 i.v.) reversed L-NAME-
induced inhibition. L-NAME (10 mg·kg-1 i.v.) also significantly inhibited LTD4-induced
dye extravasation only in central airways, and this inhibitory effect was abolished
by a neurokinin-1 (NK1) antagonist, FK888 (10 mg·kg-1 i.v.) pretreatment. Histamine-
induced dye extravasation was not affected by L-NAME. LY83583 (2.5 and 7.5
mg·kg-1 i.v.) partially but significantly reduced SP-induced dye leakage.

These results suggest that endogenous nitric oxide plays a role in neurokinin-1
receptor-mediated airway microvascular leakage, and presumably involves the
guanylate cyclase pathway.
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Microvascular leakage of protein-rich plasma is thought
to be one of the inflammatory events in airway diseases,
such as bronchial asthma [1]. A variety of inflammatory
mediators, including histamine, leukotrienes (LTs) and
tachykinins, released from inflammatory cells and sen-
sory nerves, are known to cause airway microvascular
leakage [2], which may produce airway hyperrespon-
siveness to nonspecific stimuli via oedema formation in
airway mucosa [3]. Recently, the site of hyperperme-
ability and the associated morphological changes have
been clarified in rat trachea [4], but the precise mecha-
nisms that induce hyperpermeability still remain to be
elucidated.

Recent investigations concerning nitric oxide (NO)
have revealed the role of this substance in vascular
permeability. However, the regulatory role of NO in
vascular permeability is controversial. NO can account
for the biological activity of endothelium-derived re-
laxant factor (EDRF) and is involved in the regulation
of vascular tone [5, 6]. EDRF itself decreases vascular
permeability in bovine aortic endothelial monolayers
[7]. The use of NO synthase (NOS) inhibitors has sug-
gested the protective role of endogenous NO against
basal vascular leakage through the inhibition of neu-

trophil adherence to endothelial cells [8]. These reports
suggest a protective role of NO against increase in vas-
cular permeability, especially in basal nonstimulated
conditions. In contrast, the role of NO in vascular per-
meability in a stimulated condition appears complicated,
since conflicting results have also been reported. In rat
skin [9, 10], hamster cheek pouch [11], and guinea-pig
skin [12], endogenous NO has been reported to mediate
microvascular permeability elicited by inflammatory me-
diators. In addition, KUO et al. [13] have demonstrated
that tachykinin-mediated neurogenic plasma exudation
was abolished by a NOS inhibitor in guinea-pig airways.

Recently, we have demonstrated that antigen-induced
plasma leakage is inhibited by a NOS inhibitor in sensi-
tized guinea-pigs [14]. Thus, the aim of the present study
is to examine the role of endogenous NO in airway
microvascular leakage induced by major inflammatory
mediators in airways, such as histamine, LTD4 and sub-
stance P (SP), using the NOS inhibitors, L-NG-nitroargi-
nine methyl ester (L-NAME) and L-NG-monomethyl
arginine (L-NMMA). Furthermore, because many phy-
siological functions of NO, including vascular smooth
muscle relaxation, are dependent on cyclic guanosine
monophosphate (cGMP) accumulation in the effector



organs [15], using a soluble guanylate cyclase inhibitor,
LY83583, we also examined whether the effect of endo-
genous NO in airway microvascular leakage involves
cGMP production.

Materials and methods

Animal preparation

Male Dunkin-Hartley guinea-pigs (Funabashi Farm,
Funabashi, Japan), weighing 350–400 g, were anaesthe-
tized with urethane (2 g·kg-1 intraperitoneally) and placed
on a thermostatically-controlled operation table (Model
SN-622; Shinano Seisakusyo, Tokyo, Japan), which kept
the animal's body temperature at around 37°C. A trach-
eal cannula was inserted into the lumen of the cervical
trachea through a tracheostomy, and the lungs were ven-
tilated artificially with a small animal constant volume
ventilator (Model SN-480-7; Shinano Seisakusho), at a
frequency of 60 strokes·min-1 and a tidal volume of 1
mL·100 g-1 body weight. A polyethylene catheter was in-
serted into the carotid artery to monitor blood pressure
with a pressure transducer (P23 ID; Gould, Statham,
USA). The jugular veins were cannulated for administ-
ration of intravenous drugs. All animals were pretreated
with propranolol (1 mg·kg-1 i.v.) and atropine (1 mg·kg-1

i.v.) 30 min before experimentation to block the β-
adrenergic and muscarinic modifications, respectively.
All studies described here were conducted with the con-
sent of the Ethics Committee for Use of Experimental
Animals of the Tohoku University School of Medicine.

Protocol

In the first set of experiments, the effect of L-NAME
(10 mg·kg-1 i.v.) and L-NMMA (100 mg·kg-1 i.v.) on SP
(1 µg·kg-1 i.v.), and the effect of L-NAME (10 mg·kg-1

i.v.) on LTD4 (1 µg·kg-1 i.v.) or histamine (100 µg·kg-1

i.v.) induced airway microvascular leakage was exami-
ned in order to elucidate the involvement of endognous
NO in the responses. The doses of NOS inhibitor cho-
sen here have been reported to produce submaximal in-
hibitory effects on endothelial NOS activity in vivo [16].
The doses of these mediators were chosen to obtain sub-
stantial dye extravasation to a similar degree among
mediators. Firstly, NOS inhibitors or the vehicle (saline,
1 mL·kg-1) were administered intravenously. After obtai-
ning a plateau increase in systemic blood pressure by
NOS inhibitors at 4–6 min or after the same period of
time had passed in the saline-treated group, Evans blue
dye was injected (30 mg·kg-1 i.v.), followed by injec-
tion of each mediator 1 min later. In some animals of
the SP group, L-arginine (100 mg·kg-1 i.v.) was also ad-
ministered at the peak time of the vasopressor response
to L-NAME injection. In this case, SP was injected 2–3
min after the vasopressor response was reversed by
L-arginine. Using another group of animals, the effect
of L-NAME (10 mg·kg-1 i.v.) on basal plasma leakage
was also examined.

In the second set of experiments, the effect of L-NAME
on LTD4-induced airway microvascular leakage was
again examined in the presence of NK1 receptor anta-
gonist, FK888 [17], since a part of LTD4-induced airway

plasma leakage is caused by NK1 receptor activation [18].
FK888 (10 mg·kg-1 i.v.) was administered after the
vasopressor effect of L-NAME (10 mg·kg-1) had reached
a plateau and 1 min before Evans blue dye injection.
The dose of FK888 was chosen according to our pre-
vious study [19].

In the third set of experiments, SP-induced airway
microvascular leakage was examined in the presence
or absence of a soluble guanylate cyclase inhibitor,
LY83583, to determine whether the cGMP pathway is
involved in the responses. LY83583 (2.5 or 7.5 mg·kg-1)
or the vehicle for LY83583, 75% dimethyl sulphoxide
(DMSO) (0.1 mL·kg-1), was administered intravenously
2 min before injection of Evans blue dye.

Quantitative analysis of airway microvascular leakage

Vascular permeability was quantified by the extravasa-
tion of Evans blue dye, which correlates well with the
extravasation of radiolabelled albumin [20]. The dye
was filtered using a 0.22 µm Millipore filter (MILLEX-
GV, Millipore Products Division, Bedford, MA, USA)
before use. The tissue content of Evans blue dye after
experimental intervention was determined by perfusing
the systemic circulation with saline to remove intra-
vascular dye. Five minutes after the induction of leak-
age by mediator injection, the thorax was opened and
a blunt-ended, 13-gauge needle was passed through a
left ventriculotomy into the aorta. The ventricles were
cross-clamped and blood was expelled through an in-
cision in the right atrium with about 100 mL of saline
at 100 mmHg pressure until the perfusate was clear.
The lungs were then removed. The connective tissues,
vasculatures and parenchyma were gently scraped off,
and the airways were divided into three components:
lower part of the trachea (Tr), main bronchi (MB), and
intrapulmonary airways (IPA). The tissues were blotted
dry, placed in preweighed tubes, and reweighed, and
their content was extracted in formamide at 37°C for
16 h. The dye concentration was quantified from light
absorbance at 620 nm by Labsystems Multiskan Bichro-
matic (Labsystems, Helsinki, Finland), and its tissue
content (ng dye·mg-1 tissue) was calculated from a stan-
dard curve of dye concentration in the range 0.5–10
µg·mL-1.

Histological demonstration of endothelial gaps

Monastral blue dye is known to be extravasated from
leaky vessels and trapped at endothelial gaps of these
vessels [4]. Therefore, in order to localize and identify
the sites of increased vascular permeability, Monastral
blue dye (particle size of 5–200 nm) was used as a mar-
ker. Monastral blue dye was sonicated in an ultrasonic
cleaner for 5 min and filtered using a 5 µm Millipore
filter. In this experiment, guinea-pigs were divided into
three groups (n=3 each); 1) SP (1 µg·kg-1 i.v.) injec-
tion after saline (1 mL·kg-1 i.v.) pretreatment; 2) SP (1
µg·kg-1 i.v.) injection after L-NAME (10 mg·kg-1 i.v.) pre-
treatment; 3) SP (1 µg·kg-1 i.v.) injection after L-NAME
(10 mg·kg-1 i.v.) and L-arginine (100 mg·kg-1 i.v.) pre-
treatment. In all cases, Monastral blue dye (30 mg·kg-1

i.v.) was injected (for 5 s) immediately before the SP
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injection. A minute after the SP injection, the thorax
was opened and the bronchial vasculature perfused with
fixative (1% paraformal-dehyde solution in phosphate-
buffered saline (PBS), pH 7.4, at 12 mmHg) via the
ascending aorta to remove the dye remaining within ves-
sels. The trachea was then removed, opened longitudi-
nally along the ventral midline, immersed in the same
fixative for 2 h at 4°C, and washed overnight in distil-
led water.

In order to prepare tracheal whole mounts, the trach-
eae were soaked in glycerol for 20 h at room tempera-
ture, followed by dehydration in 100% ethanol. Rehydrated
tracheae were flattened between two glass slides held
tightly by clips for 24 h in 100% ethanol, cleared in to-
luene for 15 min, and mounted on glass slides for later
light microscope processing.

Drugs

The following drugs were used: FK888, kindly do-
nated by Fujisawa Pharmaceutical Co. Ltd (Osaka,
Japan); SP and L-arginine (Peptide Institute Inc., Osaka,
Japan); LTD4 (Cayman Chemical Co., Ann Arbor, MI,
USA); LY83583 (BIOMOL Research Laboratories Inc.,
Plymouth Meeting, PA, USA); Evans blue dye and ure-
thane (Aldrich Chemical Co. Inc., Milwaukee, WIS,
USA); L-NG-nitroarginine methyl ester (L-NAME), L-
NG-monomethyl arginine-acetate (L-NMMA), histamine
dihydrochloride, formamide and dimethyl sulphoxide
(Wako Pure Chemical Industries Ltd, Osaka, Japan);
Monastral blue dye (Sigma Chemical Co., St Louis, MO,
USA); propranolol hydrochloride (Imperial Chemical
Industries plc., Macclesfield, UK); atropine sulphate
(Tanabe Chemical Co., Osaka, Japan) and saline (Otsuka
Chemical Co., Tokyo, Japan).

Statistical analyses

Data are expressed as mean±SEM. Comparisons of
mean data among groups were performed by one-way
analysis of variance (ANOVA) followed by Scheffe's
test and Student's t-test for unpaired and paired data
as post-hoc tests. Probability values of less than 0.05
were considered significant.

Results

Effect of NOS inhibitors on SP-induced plasma leakage

SP administration (1 µg·kg-1 i.v.) caused substantial
microvascular leakage of Evans blue dye at all airway
levels, compared to guinea-pigs with saline administra-
tion (all p<0.01, fig. 1). L-NMMA (100 mg·kg-1 i.v.; n=
4) significantly inhibited SP-mediated responses in cen-
tral airways. L-NAME (10 mg·kg-1 i.v.; n=5) more potent-
ly inhibited SP-mediated responses in all airway levels
(fig. 1). Pretreatment with L-arginine (100 mg·kg-1 i.v.)
after L-NAME (10 mg·kg-1 i.v.) significantly reversed
the L-NAME-induced reduction of plasma leakage (fig.
1). L-NAME (10 mg·kg-1 i.v.) by itself had no signifi-
cant effect on basal Evans blue dye extravasation.

The mean blood pressure in each SP-treated group is

shown in table 1. The mean blood pressure was signif-
icantly increased by L-NAME (by 32±5 mmHg), which
was partly, but significantly, reversed by co-adminis-
tration of L-arginine. L-NMMA also caused an increase
in mean blood pressure (by 35±7 mmHg). Mean blood
pressure after SP administration of the L-NAME and
L-NMMA pretreated groups was not significantly dif-
ferent from the vehicle-treated group.

Histological demonstration of SP-induced plasma leak-
age

SP (1 µg·kg-1 i.v.) induced Monastral blue extra-
vasation in venular plexus within trachea (fig. 2a and
b). Pretreatment with L-NAME (10 mg·kg-1 i.v.) abol-
ished this SP-induced Monastral blue extravasation, and
no blood vessels were labelled by Monastral blue in
these tissues (fig. 2c and d). The tracheal tissues taken
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Fig. 1.  –  Effect of L-NG-nitroarginine methyl ester (L-NAME), L-
NG-monomethyl arginine (L-NMMA) and L-arginine (L-Arg) on sub-
stance P (SP)-induced microvascular leakage in guinea-pig airways.
Saline pretreatment followed by SP administration (1 µg·kg-1 i.v.)
produced significant dye extravasation (     : saline + SP; n=5), com-
pared with basal leakage (   : saline; n=5) (all levels p<0.01).
Pretreatment with L-NMMA (100 mg·kg-1 i.v.) ( : L-NMMA + SP);
n=4) and with L-NAME  (10 mg·kg-1 i.v.) (     : L-NAME + SP; n=5)
reduced the SP-induced plasma leakage. The SP-induced plasma leak-
age was restored after co-pretreatment with L-NAME (10 mg·kg-1 i.v.)
and L-Arg (100 mg·kg-1 i.v.) (     : SP + L-NAME + L-Arg; n=5). All
values are mean±SEM. Tr: trachea; MB: main bronchi; IPA: intrapul-
monary airways. *: p<0.05; **: p<0.01, compared with saline pre-
treated/SP treated group; ‡: p<0.05; ‡‡: p<0.01, compared with L-NAME
pretreated group.

Table 1.  –  Blood pressure in SP-treated group

Baseline Vehicle L-Arg SP
or NOS
inhibitor

Vehicle (n=5) 47±4 47±4 29±2*
L-NMMA (n=4) 42±6 77±9* 22±2*
L-NAME  (n=5) 41±2 72±4* 28±3*
L-NAME + L-Arg 33±4 60±9* 43±4† 17±2*
(n=5)

Values are presented as mean±SEM. SP: substance P; L-NMMA;
L-NG-monomethyl arginine; L-NAME; L-NG-nitroarginine met-
hyl ester; L-Arg: L-arginine. *: p<0.05 vs baseline values; †:
p<0.05 vs L-NAME values.



from the animals which received co-administration of
L-NAME (10 mg·kg-1 i.v.) and L-arginine (100 mg·kg-1

i.v.) before SP injection showed prominent dye extrava-
sation (fig. 2e and f), and the amount of extravasated
dye in this group tended to be greater than that in saline
pretreated group.

Effect of L-NAME on LTD4-induced plasma leakage

LTD4 administration (1 µg·kg-1 i.v.) caused substan-
tial airway microvascular leakage of Evans blue dye at

all airway levels. L-NAME pretreatment (10 mg·kg-1

i.v.) significantly inhibited LTD4-induced airway plas-
ma leakage in trachea and MB but not in IPA (fig. 3a).
The increase in blood pressure by L-NAME of the
LTD4-administered group (by 33±4 mmHg) was not sig-
nificantly different from that of the SP-administered
group.

In the presence of NK1 receptor blockade by FK888
(10 mg·kg-1 i.v.), L-NAME pretreatment had no effect
on the dye leakage induced by LTD4 (fig. 3b). Admini-
stration of FK888 itself had no effect on systemic blood
pressure.
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Fig. 2.  –  Low power field (a, c and e) and high power field (b, d and f) light micrographs of tracheal whole mounts of guinea-pigs. Substance
P (SP), 1 µg·kg-1 i.v., produced Monastral blue dye extravasation in the saline-pretreated guinea-pigs, and a relatively small number of venules
are sparsely labelled by the dye (a and b). Pretreatment with L-NG-nitroarginine methyl ester (L-NAME) (10 mg·kg-1 i.v.) abolished Monastral
blue dye extravasation, and no venules were labelled by the dye (c and d). Co-administration of L-NAME (10 mg·kg-1 i.v.) and L-arginine (100
mg·kg-1 i.v.) potentiated Monastral blue dye extravasation, and a large number of venules are densely labelled by the dye (e and f). (a, c and e:
internal scale bar=250 µm; b, d and f: internal scale bar=50 µm). *: represent cartilagenous portion of trachea.



Effect of L-NAME on histamine-induced plasma leak-
age

Histamine injection (100 µg·kg-1 i.v.) caused sub-
stantial microvascular leakage of Evans blue dye at all
airway levels, which was not significantly affected by
L-NAME pretreatment (10 mg·kg-1 i.v.) (fig. 4). The
mean increases in blood pressure by L-NAME of this
group (by 33±9 mmHg) were not significantly differ-
ent from those of the SP-administered group.

Effect of LY83583 on SP-induced plasma leakage

Intravenous injection of LY83583 (2.5 and 7.5 mg·kg-1;
n=3 and n=5, respectively) produced a transient increase
in systemic blood pressure (from 27±4 and 37±2 to 53±7
and 52±6 mmHg, respectively), which returned to the
baseline values within 1 min. Pretreatment with LY83583
significantly inhibited SP-induced airway microvascu-
lar leakage dose-dependently in IPA, compared with the
vehicle-treated (DMSO) group (n=7). A higher dose of
LY83583 also significantly reduced the dye extrava-
sation in main bronchi, but not significantly in trachea
(fig. 5).

Discussion

The present study demonstrated that NOS inhibitors,
L-NAME and L-NMMA, inhibit SP-induced airway mi-
crovascular plasma leakage, and that the inhibition of
SP-induced plasma leakage by L-NAME was significant-
ly reversed by excessive administration of a substrate
that generates NO, L-arginine. Therefore, endogenous
NO is likely to participate in the responses. On the other
hand, LTD4-induced plasma leakage was only partially
inhibited by L-NAME, and histamine-induced leakage
was unaffected. Thus, it seems that NO production is
not necessarily a common pathway in the airway micro-
vascular leakage induced by inflammatory mediators.

The inhibition of SP-induced plasma leakage by NOS
inhibitors observed in the present study is possibly due
to the vasoconstriction of perfusing vessels and the sub-
sequent decrease in local blood flow at the leaky site,
as has been suggested in guinea-pig skin [12]. Since
both L-NAME and L-NMMA markedly increased sys-
temic blood pressure in the present study, the perfus-
ing blood volume within the bronchial circulation may
have been decreased. Thus, the possibility that the reduc-
tion of bronchial blood flow by NOS inhibitors explains
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Fig. 3.  –  Effect of L-NAME on the LTD4-induced microvascular
leakage: a) in the absence; and b) in the presence of the neurokin-1
(NK1) receptor antagonist FK888 in guinea-pig airways. a) L-NAME
pretreatment (10 mg·kg-1 i.v.) reduced LTD4 (1 µg·kg-1 i.v.)-induced
responses in central airways (     : L-NAME + LTD4; n=4), compared
with saline pretreatment (     : LTD4; n=4). b) L-NAME pretreatment
(10 mg·kg-1 i.v.) had no significant effect on LTD4-induced microvas-
cular leakage ( : L-NAME + LTD4; n=4) compared with saline
pretreatment (     : saline + LTD4; n=6) in the presence of FK888
(10 mg·kg-1 i.v.). All values are mean±SEM. *: p<0.05, compared with
LTD4 alone group. LTD4: leukotriene D4. For further definitions see
legend to figure 1.
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Fig. 4.  –  Effect of L-NAME on histamine-induced microvascular
leakage in guinea-pig airways. L-NAME pretreatment (10 mg·kg-1 i.v.)
had no significant effect on histamine (HT; 100 µg·kg-1 i.v.)-induced
microvascular leakage (     : L-NAME + HT; n=5), compared with
saline pretreatment (     : saline + HT; n=5). All values are mean±
SEM. For definitions see legend to figure 1.
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Fig. 5.  –  Effect of LY83583 on substance P (SP)-induced airway
microvascular leakage. The closed columns indicate the response to
SP (1 µg·kg-1 i.v.)-induced airway microvascluar leakage after pre-
treatment with 75% DMSO (    : DMSO; n=7) was reduced by
i.v. injection of 2.5 and 7.5 mg·kg-1 of LY83583 pretreatment (     :
LY83583 2.5 mg·kg-1 (n=3); and      : LY83583 7.5 mg·kg-1 (n=5)).
All values are mean±SEM. DMSO: dimethyl sulphoxide. For further
definitions see legend to figure 1. *: p<0.05; **: p<0.01, compared
with DMSO group.



the results obtained cannot be excluded. On the other
hand, it has been demonstrated that L-NMMA reduces
the diameter of arterioles, but not that of venules, in
hamster cheek pouch [21]. Because postcapillary venules
are the sites of plasma leakage in the airway wall [4],
the blood volume at the leaky sites still remains unchang-
ed after administration of NOS inhibitor in guinea-pig
airways. This allows the possibility that mechanisms
other than the vasopressor actions of NOS inhibitors are
also involved in the inhibition of SP-induced plasma
leakage.

Airway plasma leakage is due to endothelial con-
traction and the resulting enlargement of the gaps in
postcapillary venules, as supported by ultrastructural,
pathological, and pharmacological studies [1, 4]. Thus,
NO may be directly involved in the process of airway
plasma leakage via endothelial contraction at the leaky
site. In the present study, Monastral blue dye was used
as well as Evans blue dye to evaluate airway microvas-
cular leakage. Monastral blue dye has been shown to
extravasate only in abnormally permeable endothelium
[22]. After extravasation, the dye is trapped at the basal
lamina of the leaky vessels, so that endothelial gap
formations can be identified by the labelling of the
vessels with the dye. The fact that Monastral blue dye
extravasation was abolished by L-NAME pretreatment
and potentiated by co-administration of L-NAME and
L-arginine supports the notion that endogenous NO is
involved in the SP-induced endothelial gap formation
of postcapillary venules. Indeed, there has been a report
which suggests that SP generates NO in postcapillary
venular cells [23].

SP is known to induce plasma leakage via NK1 rec-
eptors on endothelial cells in airways [24]. Thus, the
present SP study suggests that NK1 receptor-mediated
plasma leakage involves an endogenous NO production
pathway. There are controversial reports about the role
of NO in tachykinin-induced microvascular hyperper-
meability in the airways. In rat airways, a NOS inhi-
bitor, L-nitroarginine, has been reported to be without
effect on NK1 receptor-mediated plasma protein extrava-
sation [25]. In contrast, endogenous NO has been repor-
ted to play a role in the tachykinin-mediated neurogenic
plasma exudation in guinea-pig airways [13], which is
in agreement with our results. Although the discrepancy
of the results between species is difficult to explain, the
difference in the localization of NOS activities and/or
intracellular signal transduction mechanisms after recep-
tor activation might be possible reasons.

In the present LTD4 studies, L-NAME partially sup-
pressed the induced plasma leakage in central airways,
and this inhibitory effect disappeared in the presence of
the NK1 receptor selective antagonist FK888 [17]. We
have previously clarified the contribution of tachykinins
to LTD4-induced plasma leakage in guinea-pig airways,
in which FK888 and capsaicin pretreatment, which cau-
ses sensory neuropeptide depletion, partially inhibited
the induced plasma leakage in central but not in peri-
pheral airways [18]. This finding suggests that, in cen-
tral airways but not in peripheral airways, LTD4-mediated
airway plasma leakage is, in part, due to tachykinin
release from sensory nerves. Thus, L-NAME seems to
exert inhibitory effects against the NK1 receptor-medi-
ated component of LTD4-induced plasma leakage. In

contrast, histamine-induced plasma leakage was not aff-
ected by L-NAME. This result, in combination with that
obtained from the LTD4 studies in the presence of the
NK1 receptor antagonist, suggests that endogenous NO
is not involved in the airway plasma leakage induced
by the activation of histamine and LT receptors on en-
dothelial cells.

NO is known to activate guanylate cyclase to accu-
mulate cGMP in target organs, and this is one of the
important signal transduction pathways in which NO is
involved [6, 15]. Indeed, NO has been reported to in-
crease the cGMP level in bovine coronary postcapillary
venular endothelial cells [22]. Bolus injection followed
by continuous infusion of a soluble guanylate cyclase
inhibitor, LY83583 [26], has been shown to decrease
plasma cGMP levels and tissue cGMP contents [27]. In
the present study, LY83583 reduced SP-induced airway
plasma leakage especially in peripheral airways. This
result indicates the involvement of cGMP production in
SP-induced plasma leakage. cGMP by itself has been
reported to suppress the basal level of plasma extrava-
sation [28]. However, it is possible that an elevated
cGMP level contributes to the plasma leakage by parti-
cipating in the signal transduction after some kinds of
receptor activation, as suggested in hamster cheek pouch
[29].

In conclusion, we showed that endogenous nitric oxide
is involved in neurokinin-1 receptor-mediated airway
microvascular plasma leakage in guinea-pigs. Since a
guanylate cyclase inhibitor, LY83583, significantly re-
duced neurokinin-1 receptor-mediated plasma leakage,
this inhibitory effect of nitric oxide is thought to involve
the cyclic guanosine monophosphate pathway. We have
previously reported that neurokinin-1 receptor activa-
tion is involved in the airway plasma leakage induced
by bradykinin [19], which is one of the important inflam-
matory mediators in airways [2], and that a tachykinin
antagonist inhibits bradykinin-induced airway narrow-
ing in asthmatic patients [30]. Thus, although the pro-
duction of endogenous nitric oxide is not a common
pathway in inflammatory mediator-induced airway plas-
ma leakage, the role of nitric oxide as a proinflamma-
tory mediator through neurokinin-1 receptor activation
still appears important in airway inflammatory diseases,
such as bronchial asthma [31].
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