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ABSTRACT

Airway hypcrrcsponsivcness to bronchoconstrictors has bœn fl1und in asthm:l and

relatcd to the severity of the disease. The factors which result in hypcrrcsponsiveness arc

not completely understood. A possible mechanism is an imbalance bctween endogenous

bronchoconstrictors and dilators. NO is known to rcla'< tracheal smooth muscle by

activating soluble guanylate cyc1ase and increasing the level of intracellular cyc1ic

guanosine monophosphate (GMP). The tirst hypothesis testcu was that the NO-cyrlic

GMP-relaxant pathway is involved in the regulation of airway responsiveness. Inhibition

of endogenous nitric oxide by W-nitro-L-arginine (L-NNAl signiticantly increascd

airway responsiv~ness tO inhaled methachol ine in normoresponsive Lewis rats but less

so in hyperresponsiveness Fisher rats. In addition. carbachol increased cyc1ic GMP levcls

in tracheal tissues from both strains: this cyc\ic GMP accumulation in tracheal tissues

was also less in Fisher than in Lewis rats and abolished by L-NNA in both mains.

indicating that it was mediated by a NO-dependent mechanism. These results suggest that

endogenous NO plays a role in regulation of airway responsiveness and contributes to the

strain-related difference in airway res~Qnsiveness in rats. To investigate the NO-cyc1ic

GMP-relaxant pathway in rat airway. the effect of sodium nitroprusside (SNP. a NO

donor) on airway responsiveness to a cholinergic agonist was measured in

hyperresponsive Fisher rats and compared with the less responsive Lewis strain. Fisher

rats were resistant to SNP as evidenced by less relaxation of carbachol contracted

tracheal rings by SNP and less cyc\ic GMP accumulation induced by SNP in cultured
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airway smooth muscle cells in Fisher rats compared wirh Lewis rats. indicating an

impaircd response to SNP in Fisher airways.

NO is known ro be symhesizcd from L-arginine in a reaction catalyzed by NO

symhase (NOS). Liver cytochrome P450 also catalyzes the oxidative cleavage of C=N

bonds of compounds containing a -C(NH!)NOH function. producing NO in vitro. We

hypothesized that the biosynthesis of NO in airway smooth muscle cells could result from

P450 enzymes acting on appropriate substrates. NO can be synthesized in a number of

lung cell types. However. tO date. no constitutive form of NOS activity has been fou:ld

in airway smooth muscle cells. We next examined the possibility that airway smooth

muscle itself might be able tO symhesize NO. Formamidoxime. a compound containing

the -C(NH!)NOH function. was found to produce NO in cultured airway smooth muscle

cells. As weil. formamidoxime relaxed pre-contracted trachealis and cyclic GMP

accumulation in airway smooth muscle cells in culture. These effects were inhibited by

P450 inhibitors but nOt by NOS inhibitors. Thus. an L-arginine-independem pathway for

production of NO was demonstrable in airway smooth muscle cells. This NO production

was catalyzed by P450 but not by NOS.

ln conclusion. my studies have demonstrated an important role for endogenous

NO production in determining the airway responsiveness of nc~~1 rats to inhaled

cholinergic agonislS. This mechanism contributes to strain-related differences in airway

responsiveness in the rat.
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RÉSUMÉ

L'hyperréactivité bronchiquc est présente dans l'asthme et est reliée à la sévérité de la

maladie, Les facteurs qui contribuent au développement de l'hyperréactivité bronchique sont encore

mal connus, L'existence d'un débalancement entre les substances endogènes responsables de la

bronchoconstriction et de la bronchodilatation représente un mécanisme potentiel contribuant à

l'hyperréactivité bronchique. L'oxide nitrique (NO) favorise la relaxation du muscle lisse trachéal

par l'activation de la forme soluble de la guanylate cyclase et en augmentant le niveau intracellulaire

de guanosine monophosphate cyclique (cGMP). Notre première hypothèse de recherche était que

la voie NO- cGMP soit impliquée dans la régulation de l'hyperréactivite bronchique. L'inhibition

de l'oxide nitrique endogène par l'administration de N"'-nitro-L-arginine (L-NNA) a augmenté de

façon significative la réactivité bronchique à la méthacholine inhalée chez les rats avec réacùvité

normale de type Lewis et également chez les rats avec hyperréactivité de type Fisher, mais à un

degré moindre chez ces derniers. De plus, l'administration de carbachol a augmenté les taux de

cGMP mesurés dans les tissus trachéau.x chez les deux types de rats; l'accumulation de cGMP dans

les tissus trachéau.x était moindre chez les rats Fisher que chez les rats Lewis et était abolie par

l'administration de t-NNA chez les deux types de rats, suggérant la participation de NO. Ces

résultats suggèrent que le NO endogène participe à la régulation de l'hyperréactivité bronchique et

contribue aux différences quant au degré de la réactivité bronchique caractérisant les deux types de

rats. Afm d'investiguer la participation de la voie NO-cGMP dans le développement de la réactivité

bronchique chez le rat, nous avons étudié l'effet du nitroprussiate de sodium (SNP, un donneur de
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NO) sur la r~activité bronchique cholinergique chez les rats avec hyperréactivité Fisher en

comparaison avec les rats avec r~activité normale Lewis. L'administration de SN? a provoqué un

degré moindre de relaxation des anneau.x trachéau.x préalablement contractés par du carbachol ainsi

qu'une accumulation moindre de cGMP dans les cellules musculaires lisses trachéales en culture

chez les rats Fisher en comparaison avec les rats Lewis, témoignant une réponse altérée au SNP des

voies aériennes des rats Fisher.

NO provient de la catalyse de la L·arginine par le NO synthase (NOS). La production de NO

in vitro provient également de la rupture des ponts C=N de composés contenant des éléments -

C(NH~)NOH par l'enzyme cylochrome P4S0. Nous avons emis l'hypothèse que la biosynthèse de

NO dans les cellules musculaires lisses bronchiques puisse provenir de l'acùon des enzymes P4S0.

Plusieurs types de cellules d'oligine pulmonaire peuvent synthéùser le NO. Par contre, il n'existe

aucune évidence d'aCùvité de l'enzyme NOS par les cellules musculaires lisses trachéales. Nous

avons vérifié la possibilité que les cellules musculaires lisses trachéales soient capable de synthétiser

le NO. Nous avons trouvé que les cellules musculaires lisses trachéales en culture produisent NO

en présence de formarnidoxime, un composé contenant des éléments -C(NH~)NOH. De plus, le

formarnidoxime a induit la relaxation du muscle lisse trachéal préalablement contracté et

l'accumulaùon de cGMP dans les cellules musculaires lisses trachéales en culture. Ces effets sont

inhibés par des inhibiteurs du P4S0 et non par des inhibiteurs de NOS. Ainsi, nous avons pu

démontrer la présence d'une voie indépendante de la L·arginine pour la production de NO dans les

cellules musculaires lisses trachéales. Cette producùon de NO est catalysée par le P4S0 et non par

le NOS.

IV
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En conclusion. ces études ont démontré un rôle important de la production endos~ne de NO

comme facteur déterminant de la réactivité bronchique alL'( agents cholinergiques inhalés chez les

rats normau:~. Ces méchanimes peuvent contribuer au:'< différences de réactivité bronchique

caractérisant divers types de rats.
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PREFACE

This thcsis is composcd of fivc chaptcrs. Chaptcr 1 is a gcncral rcvicw of the

litcraturc

which providcs background information pcrraining to thc thesis. Chapter 2. 3. and 4 are

original manuscriplS which have becn submilted for publication. and are complcte with

their own Abstract. Introduction. Materials and Methods. ResullS. Discussion.

AcknowIedgement and References. This thesis format has becn selected with the approval

of the Department of Medicine and in accordance with the Guidelines for Thesis

Preparation of the FacuIty of Graduate Studies and Research. McGilI University (revised

September 1994). As required by those regulations. the text of the section for

manuscript-based structure in the guidelines is reproduced in full below.

"Candidates have the option of including. as part of the thesis. the text
of a paper(s) submilted or to be submilted for publication. or the clearly­
duplicated text of a published paper(s). These texlS must be bound as an integral
part of the thesis.

If this option is chosen, connecting texts that provide Iogical bridges
between the different papers are mandatory. The thesis must be wrinen in such
a way that it is more than a mere collection of manuscripts: in other words.
resu1ts of a series of papers must be integrated.

The thesis must still confcrm to ail other requireme!lts of the "Guidelines
for Thesis Preparation". The tht:Sis must include: A Table of Contents. an
abstract in English and French. an hltroduction which clearly states the rationale
and objectives of the study. a comprehensive review of the Iiterature. a final
conclusion and summary. and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in
appendices) and in sufficient detail to allow a clear and precise judgement to be
made of the importance and originality of the research reported in the thesis.

ln the case of manuscripts co-authored by the candidate and others. the
candidate is required to make an expIicit statement in the thesis as to who
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comributed ;u such work and to what extem. Super"isor~ must allest to the
accuracy of such statcmcms at the doctoral oral defensc. Since the taSk of the
examiners is made more difficult in these cases. it is in the candidatc's imercsl
10 make perfectly c1ear the responsibilities of aH the authors of the co-authored
papers. Under no circumstances can a co·author of any componem of such a
thesis serve as an examiner for that thesis.•

Chapter 2 (Endogenous nitric oxide contributes to strain·re1ated differences in

airway responsiveness in rats. Y. Jia. L. Xu and J.G. Martin) has been submilled tO the

Journal of Applied Physiology and is in revision: Chapter 3 (Airways of a

Hyperresponsive Rat Strain Show Decreased Rela.xant Responses to Sodium

Nitroprusside. Y. Jia. L. Xu. S. Heisler and J.G. Martin) has been accepted by

American Journal of Physiology and is in press: Chapter 4 (Nitric oxide can be

synthesized by tracheal smooth muscle ceHs. Y. Jia. S. Heisler and J. G. Manin) has

been submitted tO the American Journal of Physiology. Chapter 5 contains conclusions

and daims for originality.

In accordance with the Thesis Preparation Guidelines. the relative contributions

of the co-authors are noted here brief1y. For aH projects. overall supervision was

provided by Dr. James G. Martin. Dr. Seymour Heisler also supervised studies contained

in chapter 3 and 4. The measurement of lung resistance in vivo was conducted by Ms.

Lijing Xu. a technician working under Dr. Martin's supervision.
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Chapter 1

Introduction
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1.1 Nitric Oxide and the Airway

1.1.1 History of the Oxides of Nitrogen'

An endogenous production of nitrate was first found in 1916 through dielary

studies which showed that excreted nitrate exceeded the ingested nitrate. (184). Since

excess nitrate was thought tO be produced by intestinal microorganisms and had liule tO

do with mammalian biology. this finding did not draw much research interest for d~'Cades

until Green and his colleagues found that nitrate was synthesised mainly outside the

intestine (100). This finding provided the impetus for renewed interest in the study of

nitric oxide (NO) in mammalian biology.

ln the meantime. another important finding was made in the area of

cardiovascular physio10gy. Furchgott and zawadzki proved that removal of the

endothelium inhibited the relaxant effect of acetylcholine and even induced a contraction

in isolated arterial strips. Thus the endothelium was essential for acetylchol ine induced

vasodilation (90). The vasodilatory effeet was thought to be induced by a substance in

endothelium which was released by the action of acetyleholine. Furchgott named the

substance endothelium-<lerived relaxing factor (EDRF). Afterwards. other vasoactive

Nitric oxide. in the presence of oxygen. can be converted into a group of ehemicals named
nitrogen oxides. Sorne of the biological functions and toxicity of nitrie oxide may be induced by
nitrogen oxides other than NO. The term "nitric oxide" is used in this thesis just for simpli:ity.
However. the specific nitrogen oxides are mentioned in text when necessary.

4



•

•

•

substances such as histamine. serotonin. bradykinin. substance P and thrombin were also

found to be able to cause release of EDRF from endothelial cells and induce vasodilation

(89).

The ehemical nature of EDRF was discovered in 1987. EDRF was tirst found to

be very simiIar to NO in its biological properties (122). Socn afterwards. Moncada and

his colleagues proved that the biological function of EDRF was related tO NO release

(205). They also found an L-arginine-dependent NO production in endothelium-dependent

relaxation (207). Their findings were strong evidence that EDRF was NO.

Since then. a great deal of research interest has been focused on NO. A variety

of potential biologica1 functions of NO have been identified including smooth muscle

relaxation. platelet inhibition. neurotransmission. tumour cell Iysis. bacterial killing and

stimulation of hormonal release.

The biology of NO in airways has been studied only in the last few years although

nitrovasodiIators such as nitroglycerine. have been recognized as a possible treatment of

bronchospasm for more than a century (204). NitrovasodiIators have been found to

induee airway smooth muscle relaxation with concomitant elevations in cyclic GMP. an

NO mediated second messenger (142.143). Inhaled NO gas has also been shown to

decrease airway responsiveness to methacholine (Meh) in both guinea pigs (67) and

human subjects (116). Inhalation of NO exerts a bronchodiIatory effect in bronchial

asthma as weil (116). Endogenous production of NO in airways has been found by

measuring NO in expired air (104.276). Roles for endogenous NO in the airways.

including regulation of airway responsiveness to bronchoconstrictors. have also been

5
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suggested using NO synthase (NOS) inhibitors (197). These tïndings gi\'e ne\\' insights

illlo the biology of NO in normal and asthma air\\'ays.

1.1.2 Production of Endogenous :,\itric Oxide in the Airwa)'.

Nitric oxide is sylllhesized from L-arginine in two steps: from L-arginine 10 N-

hydroxy-L-arginine and from N-hydroxy-L-arginine to NO and L-citrulline (268). Both

steps are catalyzed by NOS. A number of NOS isoforms have been purified from

differem tissues. and several more have been c10ned and. in sorne cases. functionally

expressed. Ali of the isoforms require NADPH. tetrahydrobiopterin. FAD and FMN as

cofactors. In general. NOS are divided imo two major groups: a constitutive.

Ca~+lcalmodulin-dependem type which can be activated by mediators such as bradykinin.

acetylcholine. calcium ionophore. histamine. leukotrienes. and platelet activating factor

(33.156.196.206). and an inducible isoform that is induced at the transcriptionallevel by

cytokines. lipopolysaccharide (LPS) and endotoxin (n.115.266). and typically does not
.

show a dependence on Ca~+ lcalmodulin. Based on the physical and biochemical

characteristics of the purified enzymes, NOS can also be c1assified illlo three isoforms

(250.267): NOS-I is a constitutive Ca~+ lcalmodulin-dependelll enzyme found in the

soluble fraction of brain, NOS-Il is a inducible isoenzyme in macrophag<:s and NOS-III

is a constitutive enzyme located in the particulate fraction of endothelial cells. Molecular

c10ning studies indicate that these isoforms are the produclS of distinct genes (182).

NO cao be generated by the lung through activation of various isoenzymes of
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NOS. NOS has been delecled in a number of cell lypes in lhe lung including

macrophages(396.397.2928). neulrophils (232). masl cells (30). nonadrenergic

noncholinergic inhibilory neurons (25.38). fibroblaslS (137). vascular smooth muscle cells

(39). pulmonary arlerial and venous endolhelial cells (64.123). and airway epithelial cells

(46.152.249). Using immunocylochemical and hislochemical techniques. Kobzik el al

(152) observed marked immunostaining of conslitutive NOS in lung nerves and

endothelium in rat and human. and in rat airway epithelium. Immunohistochemical

studies also demonstrated the expression of inducible NOS in alveolar macrophages from

intlamed rat lung tissue (152) and human subjeclS with bronchiectasis and acute

bronchopneumonia (275). Inducible NOS was also expressed in epithelial cells in both

human bronchi and normal rat trachea. (152.234). NO production was detected in LPS­

induced rat alveolar macrophages (136). NOS activity has been reporled in bovine

bronchial epithelial cells as well (235).

With widespread expression of NOS. the respiratory system produces endogenous

NO. which can be detected in exhaled air from humans and animais (104.162). In normal

human subjeclS. NO levels during a single exhalation StarttO rise simultaneously with the

increase in CO2• indicating that the major formation of NO occurs in the respiratory

bronchioles but not anatomic dead space (217). However. the nasal airways have also

been suggested to be the origin of NO in exhaled air in normal human subjeclS (5).

Exercise and hypervemilation at rest increase production of NO into exhaled air.

suggesting that hyperventilation is a stimulator of NO production (217). In women.

expired NO increases during the menstrual cycle (290). NO in exhaled air is also
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increased in sorne intlammatory respiratory diseases such as asthma and cystic tïbwsis

(5.95.147.218). as weil as in allergen-induced airway obstruction in guinea pigs (215),

but is undetectable in the expired air of velllilated patients (191). CIe'Irly. NO has a

variety of biological functions in normal and diseased lung.

1.1.3 Biological Functions of Nitric Oxide in the Lung

ln mammalian physiology. NO. by activating soluble guanylate cyclase and

increasing intracellular cyclic GMP. has a variety of biological functions including

modulation of vascular tOne to regulate blood tlow and blood pressure. Il also plays a

role in central and peripheral neurotransmission and is involved in host defence

mechanisms. where it may account for non-specifie immunity (185). In the airway.

nitrovasodilators. S-nitrosothiols and NO gas induce smooth muscle relaxation. ln

addition. endogenously produced NO has been found to play an important role in the

regulation of airway smooth muscle tone and responsiveness tO bronchoconstrictors as

weil as in other physiological functions in the airways. as described below in detail.

1.1.3.1 NO Relaxes Airway Smootb Muscle

ln many species such as dog. guinea pig and human. NO has been demonstrated

to relax airway smooth muscle constricted with Meh. histamine. or leukotriene D•
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(96.131.295). Inhalcd NO dccrcascs basclinc pulmonary rcsistance and MCh-induccd

bronchoconstriction in gu:nca pigs (67). Inhalation of NO also dccreases the airway

response 10 MCh provocation in human subjects and induces a weak bronchodilation in

asthmatic patients but has no cffect on volumc-corrected specitïc airway conductance in

normal subjects and patients with chronic obstructive pulmonary disease (116).

Dissolved NO gas was approximately 1 log less potem in mediating the relaxation

of bovine trachealis compared with endothelium-denuded bovine pulmonary anery (37).

ln guinea pig airways. the relaxam effect of S-nitrosothiols (RS-NO. ICso = 1-20 ",M).

relatively stable NO adducts that form readily under physiological conditions l'rom the

reaction of NO with reduced thiols (201) was less potem than isoproterenol (lCso =0.016

",M) and more potent than theophylline (lCso =74",M) (131). The potency of NO in

relaxing airway smooth muscle varies considerably with the oxidation state of the

molecu!e. as weil as with the species. airway generation. and epithelial imegrity of the

airway. In guinea pigs and human airways. S-nitrosothiols are 2 logs more potem than

NO~. The 50% inhibitory concemrations (lCso) of RS-NO were between 1 to 10 ",M in

guinea pig trachealis while in human airways. ICso of RS-NO was 10 to 70 ",M (96.131).

Proximal airways had larger relaxations to nitroglycerin and nitroprusside. NO donors.

than did distal airways (102). NO when applied inside the tracheal tube relaxed guinea

pig trachea more potem!y in epithelium-denuded than in epithelium-intact preparations

(190). The barrier function of epithelium and/or endogenous NO production in epithelium

may accoum for this observation.

The mechanisms of NO induced airway smooth muscle relaxation are believed tO
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in"ol"e the activation of soluble g.uanylate cydase and an increasL' of intraœllular L'yl"iic'

GMP. which in turn activates a cyclic GMP-dependent protein kinase (8\.83) 10 induL'l'

relaxation of the airway smooth muscle. 111is proposed mechanism has been studicd using.

nitrovasodilalOrs. which are believed to release NO (75.282). Se"eral studics Il;\\C

demonstrated signitïcalll correlations between cyclic GMP accumulation and relaxation

induced by various nitrovasodilators. Sodium nitroprusside (SNP). which relcases NO.

induced a relaxation of canine trachealis that was accompanied by a conccntration-rclated

increase in cyclic GMP content (295). The time courses of relaxation and cyclic GMP

accumulation were parallel. Zaprinast. a cyclic GMP-specitïc phosphodiesterase V

inhibitor. potentiated both SNP-induced relaxation and cyclic GMP accumulation. 8­

bromo-cyclic GMP. a cell-permeable analog of cyclic GMP. mimicked the relaxant

effects of SNP. Methylene blue. a guanylate cyclase inhibitor. and haemoglobin. that

binds NO-containing compounds. suppressed both cyclic GMP accumulation and

relaxation induced by S-nitroso-N-acetyl-penicillamine (SNAP) and glyccryl trinitrate

(295). [n canine tracheal smooth muscle. 3-morpholinosydnonimine (SIN-!) caused a

concentration-dependelll decrease in force produced by acetylcholine. which was

correlated with the increase in intracellular cyclic GMP (134). Methylene blue

proportionately attenuated both relaxation and cyclic GMP accumulation induced by SIN­

1. These observations demonstrated that NO caused airway smooth muscle relaxation.

mediated by cyclic GMP-dependent mechanisms. However. not ail studies support the

role of cyclic GMP in mediating nitrovasodilator induced relaxation of airway smooth

muscle. Methylene blue and haemoglobin inhibited SNP-induced cyclic GMP
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accumulation but. potentiated SNP·induced relaxation (295). These observations have

promptcd the suggestion that a cyclic GMP-independent mechanism also contributes to

SNP-induccd airway smooth muscle relaxation.

1.1.3.2 Cyclic GMP and Airwa)' Smooth Muscle Relaxation

Cyclic GMP is synthesized l'rom GTP in a reaction that is catalyzed by guanylate

cyclase. Guanylate cyclase is localised tO both the particulate and soluble cell fractions.

Atrial natriuretic factor (ANF). brain natriuretic peptide and C-type natriuretic peptide

(242). guanylin. and the heat stable enterotoxins l'rom E. coli (58.251) bind to and

stimulate the particulate guanylate cyclase. whereas NO binds tO and activates soluble

guanylate cyclase. Soluble guanylate cyclase has been purified l'rom rat (93) and bovine

(97) lung. The purified enzyme l'rom bovine lung was stimulated 15 to 140 fold by SNP

and catalyzed the formation of cyclic GMP at a high rate (8-15 l'mol min") (97).

Cyclic GMP relaxes airway smooth muscle in a variety of species

012.143.221.269.274). The potemial target for cyclic GMP. cyclic GMP kinase which

may mediate cyclic GMP-dependem relaxation. is present in ail smooth muscle cells

(44.146.168) including trachea (91). The relationship belWeen kinase activation and

airway smooth muscle rela~ation has been examined in guinea pigs (83). The activation

of cyclic GMP kinase correlated excellently with smooth muscle relaxation in carbachol

contracted tracheal strips whereas activation of cyclic AMP kinase had little effect on

airway smooth muscle tone. These results support a role for cyclic GMP kinase. but not
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cyclic AMP kinase. in lowering smooth muscle tone and has established a link belween

activation of cyclic GMP kinase and relaxation of airway smooth muscle.

Three possible mechanisms have been suggesled in cyclic GMP-cyclic GMP·

dependent protein kinase-induced smooth muscle relaxation. Firstly. activation of cydic

GMP kinase by cyclic GMP may decrease the calcium sensitivity of the contractile

proteins. This hypothesis is based on the observation that cyclic GMP kinase shifled the

calcium-dependence of tension development and myosin light chain phosphorylation 10

the right in skinned smooth muscle strips which did not contain intact vesicular calcium

stores (219.220). Since cyclic GMP kinase was observed tO phosphorylale myosin liglll

chain kinase (98). it was suggested that cyclic GMP kinase suppressed MLCK activation

by the calcium/ca1modulin complex. which in turn would reduce myosin light chain

phosphorylation and thereby decrease force generation. However. e1evation of cycl ic

GMP 1eve1s a1so decreased the maximal extenl of myosin light chain phosphorylation

which cou1d not be explained by a shift in the calcium sensitivity of the contractile

proteins. Other mechanisms such as stimulation ofphosphatase were also proposed (l·n).

These mechanisms need more experimenta1 suppon.

A second potential ,exp1anation for cyclic GMP kinase-induced smooth muscle

relaxation is that activation of cyclic GMP kinase may decrease cytosolic calcium

concentrations. Il has been shown in vascular and airway smooth muscle that cyclic

GMP-e1evating agents and cell permeant cyclic GMP analogues lower cytosolic free

calcium 1eve1s (76.138.151.187.273). An active fragment of cyclic GMP kinase

prevented the increase in cytosolic free calcium levels in bronchial smooth muscle evoked
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by carbachol (76). The lowering of cytosolic free calcium levels by cyclic AMP was

also suggestcd to result l'rom activation of cyclic GMP kinase (132.167).

Severa! regulatory pathways by which cyclic GMP kinase lowers c)'tosolic free

calcium have been identitïed. In vascular smooth muscle celis. cyclic GMP kinasc

activated plasma membrane Ca'· -ATPase (91) which promoted calcium extrusion. As

weil. cyclic GMP kinase phosphorylated phospholamban in smooth muscle. up-regulating

Ca'·-ATPase in sarcoplasmic reticulum (SR) and stimulating calcium uptake into

imracellular stores (53.226.247.279). lt was reported recendy that SNP and 8-bromo­

cyclic GMP induced canine trachealsmooth muscle relaxation were greatly reduced by

cyclopiazonic acid. a selective inhibitor of the SR Ca'·-ATPase. indicating that pumping

of Ca'· imo SR played an important role in cyclic GMP induced relaxation (179). Cyclic

GMP kinase was also demonstrated to inhibit agonist-triggered breakdown of

phosphatidylinositol 4.5 bisphosphate (PIP,). NO. SNP and 8-Br-cyclic GMP inhibited

agonist-induced accumulation of inositol phosphates in rat (228) and rabbit (157) aorta.

Activation of cyclic GMP kinase suppressed the thrombin-induced calcium transient by

inhibition of IP, symhesis in cyclic GMP kinase transfected Chinese hamster ovary cells

(28). These cyclic GMP kinase regulatory pathways lead to a decrease in the cytosolic

caicium concentration and contribute to cyclic GMP induced smooth muscle rela"lation.

A third mechanism of action of cyclic GMP kinase is the induction of membrane

hyperpolarization. NO and SNP hyperpolarize the membrane in certain vascular beds

(l35). Hyperpolarization of the vascular smooth muscle membrane decreases the open

probability of the voltage-dependent calcium channels. reduces the sustained calcium
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influx and thereby decreases tension developmem. Ca'· -activated K' channels cllmrihute

significantly to the membrane potemial in vascular and bronchial smooth muscle. In

arterial smooth muscle. Ca'· -activalèd K· channcls were found 10 he phosphorylatcd and

stimulalèd by cyclic GMP kinase (238.272). which may Icad to a membrane

hyperpolarization. and thereby. an inhibition of voltage-dependem Ca'· channcls. lt is

likely that a similar mechanism exislS in airway smooth muscle. though direct evidence

remains to be provided.

1.1.3.3 Endogenous Nitric Oxide Regulates Airway Smooth Muscle Tone

Endogenous NO plays a role in regulation of airway smooth muscle tone. The

evidence for such a role is largely derived from studies using NOS inhibilors. NO is

suggested to be a transmiuer of inhibitory nonadrenergic noncholinergic (NANC) induced

airway relaxation. Non-neural sources of NO may also act as a negative regulator of

airway responsiveness tO bronchoconstrictors.

The presence of NANC inhibitory nerves. which cause relaxation of smooth

muscle. has been demonstrated in the airway in many species (discussed in seclion

1.:!.2.3). The neurotransmitter of inhibitory NANC system in the airway is not known.

and may vary with the species. In guinea pig trachea. vasoactive imestinal peptide (VIP)

and peptide histidine isoleucine {PHI} have been suggested to accoum. in part. for the

NANC relaxant responses (70.71.178). However. a non-peptide neurotransmitter has also

been suggested by the same authors.
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NO has been found to be a mediator for NANC neurotransmission ln the

gastrointestinal tract (246). In the airway. it has also been shown that NO plays an

important role in NANC-induced relaxation in several species including humans. Li and

Rand demonstrated that part of the NANC relaxant response of trachea was mediated by

NO in guinea pigs (166). NOS inhibitors reduced the VIP-independent component of

NANC-induced relaxation. A similar inhibitory effect of NOS inhibitor on NANC­

induced relaxation was also found in pig (141) and horse (292) airway smooth muscle.

In human airways. it is believed that NO plays a more important role in the mediation

of NANC-induced relaxation than does VIP since NG-nitro-L-arginine methyl ester (L­

NAME) partly inhibited the NANC-induced relaxation whereas ex-CT did not (10.283).

Contrary to the above species. NANC-induced relaxation in feline bronchi was not

inhibited by NOS inhibitors. This is of interest in that the first observations of a NANC

relaxant system in vivo were made in the cat (62.125). The localization of NOS in

airway neurons (25.38) provides further supponing evidence that NO is a

neurotransmitter in NANC-induced airway relaxation.

The role ofendogenous NO from epithelium in modulation airway responsiveness

to bronchoconstrictors has recently been demonstrated in guinea pigs in vivo and in vitro.

The administration of NOS inhibitors by aerosol to spontaneously breathing anaesthetized

guinea pigs resulted in a significant enhancement of airway responsiveness to intravenous

histamine infusion (197). NOS inhibition also increased the basal tone of tracheal tubes

and the responsiveness to carbachol and MCh in vitro. Removal of the epithelium

resulted in an upward shift in the histamine concentration-response curve and a NOS
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inhibitor did not further increase tracheal responsiveness (197). Similar results have also

been observed by other investigators (92) contïrming that endogenous NO is invohcd in

the regulation of airway responsiveness to bronchoconstrictors. at least in guinea pigs.

and suggesting that airway epithelium may be the site where NO is produced. Further.

it has been shown that airv.·ay tissue cyclic GM? concentrations increase after stimulation

with histamine (163) and carbachol (254). It can be hypothcsized that cholinergie

stimulation and histamine activate NOS tO produce NO which in turn increases

intracellular cyclic GM? levels and down regulates airway responsivcness.

1.1.3.4 Nitric Oxide and Pulmonary Vascular Tone

NO is a potent dilatOr of vascular smooth muscle and plays an important role in

regulating pulmonary vascular tone (13.124). Inhaled NO caused sustained pulmonary

vasodilation in late gestation lambs (148). In blood-perfused isolated rat lungs. inhaled

NO and SN? dilate small resistance arteries and veins. while SN? also dilates larger

capacitance arteries and veins (241). Involvement of endogenous NO in the regulation

of lung vascular function in vivo has been proposed. based on the observation that

inhibition of NOS increases pulmonary vascular resistance (216). NOS inhibitors increase

pulmonary vascular resistance and enhance hypoxic pulmonary vasoconstriction (262).

Chronic NO inhibition in lamb in utero by continuous infusion of W-nitro L-arginine

(LNNA) produces persistent pulmonary hypertension in newborn lambs (79). Since
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inhaled NO selectively relaxes pulmonary vessels. it has bccn uscd in the treatmem of

pulmonary hypertension in rcccm years (see section 1.1.4).

1.1.3.5 Other Functions of :-;itric Oxide in the Lung

A recent study has shown that NO is involved in the modulation of airway

epithelial ciliary beat frequency (129). NOS inhibitors caused a decrease in ciliary beat

frequency of cultured bovine bronchial epithelial celis stimulated by isoproterenol.

bradykinin or substance P. indicating that NO may up-regulate ciliary motility in

response tO stimulation.

NO is known as an regulator of immunological reactions. The immune

suppression mediated by the alveolar macrophage. a source of the inducible form of NOS

in the lung. is eliminated by NOS inhibition. suggesting immunosuppressive activity of

NO in alveolar macrophages (144). In rat lung macrophages. NO induced by interferon­

gamma and lipopolysaccharide has been shown tO reduce carly growth response-I gene

expression. which is required for macrophage differentiation (114). This mechanism may

be invo\ved in the regulation of macrophage differentiation in inflammatory lung disease.

Further. NO has also been proved to inhibit T cell-macrophage interactions (255). tO

regulate interleukin-4-induced IgE production by normal human periphera\ blood

mononuclear cells (211). and to modulate peripheral polymorphonuc1ear leucocyte

responses (234). These immunological regulatory functions in the airway have not been

studied.
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Nitrovasodilators and S-bromo-cyclic GMP have also been shown to inhibit

milOgenesis and proliferation of cultured rat vascular smooth muscle cells (94). Howcwr.

the role of NO and cyclic GMP in modulating airway smooth muscle cell growth has Ilot

been addressed.

1.1.4 Current Therapeutic Applications of Nitric Oxide in Pulmonary Dioiease.

Inhaled NO has been used as a therapeutic substance in recem years. Inhaled NO

in low concentrations « 80 ppm) is rapidly taken up by the capillary blood of the lung.

Sorne inhaled NO can also diffuse through the resistance pulmonary arterioles at the

precapillary level. In the blood. NO is rapidly inactivated by binding to haemoglobin and

thus will not have any generalised vascular effects (23\). Therefore. inhaled NO has a

selective vasodilatory effeet in pulmonary blood vessels and may be used in the treatment

of pulmonary hypertension (6).

Pulmonary hypertension is commonly observed in neonatal and adult respiratory

distress syndrome. after cardiopulmonary by-pass surgery and as an idiopathic condition.

Existing therapy for pulmonary hypertension is not selective for the pulmonary

circulation and therefore. can decrease systemic arterial pressure. In comrast. inhalation

of NO gas in low concentrations (50-SOppm) causes selective pulmonary vasodilation.

BeneficiaI effects of administration of NO in inhaled air to patients suffering from

pulmonary hypertension have been demonstrated. Early studies of patients with primary

pulmonary hypertension with extremely high pulmonary vascular resistance showed that
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inhaled NO at a concentration of 40 ppm caused a selective pulm:'lnary vasorelaxation

CI4). Similar observations were made in experimental acute Jung injury and adult

rcspiralory distress syndrome (ARDS) patients. In patients with ARDS. continuously

inhaled NO (5 to 20 ppm) for 3 to 53 days reduced pulmonary arterial pressure and

improved oxygen exchange (243). It has been shown that the ventilation-perfusion

mismateh caused by acute lung injury can be alleviated by inhaled NO which improves

gas exchange by redistributing blood flow l'rom shunt units tO lung units with a nearly

ideal ventilation-perfusion ratio. without affecting total pulmonary or systemic vascular

resistance (223). Improved ventilation-perfusion matching and gas exchange were most

pronounced when NO was inhaled at the same time endogenous NO. which opposes

hypoxic pulmonary vasoconstriction. was inhibited by systemic L-NMMA. Pulmonary

hypertension induced by group B streptococcal sepsis in piglets was reversed by inhaled

NO without changing cardiac output and systemic arterial pressure (27). Another disease

which can be improved by inhaled NO is the persistent pulmonary hypertension of the

newborn (PPHN). Roberts et al reported that low levels of inhaled NO increased pre- and

post-ductal oxygen saturation and oxygen tensions in infants with PPHN (237). An

improved oxygenation by inhaled NO in patients with PPHN was also reported by

Kinsella et al (149). NO inhalation also reduces the pulmonary hypertension associated

with cardiopulmonary by-pass (86).

NO may not only cause vascular smooth muscle relaxation but can also relax

airway smooth muscle. The therapeutic effect of NO in asthma is discussed in section

1.1.6.
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The toxicity of inhaled NO depends on the concentration of NO and the ùur:llion

of inhalation. RabbilS breathed 43 ppm NO and 3.6 ppm NO, for up to 5 days withou!

evidence of lung injury as measured by light or electron microscopy (119). Lillie

evidence exislS for NO toxicity at low concentrations in animais (86.119). Il has heen

shown that there is no signitïcant elevation in methaemoglobin levcls in patients with

adult respiratory distress syndrome treated by continuous inhaled NO for up 10 53 days

(243). However. concerns remain regarding potentialtoxicities. such as lung injury due

to NO,. peroxynitrite. and hydroxyl radical formation (22) (al50 see section 1.1.5).

ln summary. at present. NO inhalation therapy remains promising hut

experimental. Sorne important questions. such as for how long and at what concentrations

it is safe to expose the normal or acutely injured lung to NO and what the effect of

inhaled NO on pulmonary structure and function is. remain to be answered .

1.1.5 Toxicity of Nitric Oxide in the Airway.

Nitric oxide is a common air pollutant. being a product of the combustion of a

variety of compounds. including fossi! fuels (188.289) and cigarette smoke (200). In the

gas phase and in the presence of oxygen. NO is converted to NO,. and then may react

with NO, tO form N,03' a potent nitrosating species. Under certain conditions. NO may

react with the superoxide anion (0;) tO form the peroxynitrite anion (ONOO·). which is

an extremely potent oxidising agent (22.23.224). These produclS and the produclS of

reactions with amines. thiols. heme-porphyrin moieties. unsaturated lipids. and other
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compounds in the airway lining layer under conditions of varymg pH. reactam

concentration. and temperature may induce toxicity in the lung.

The cytotQxicity of NO may be mediated by ilS combination with iron-containing

enzymes of the mitochondrial respiratory chain and by affecting the synthesis of DN:'.

in the target cells. It has been shown that induction of NOS in rat neonatal astrocytes in

primary culture produced 25% to 56% inhibition of cytochrome c oxidase activity. The

inhibition of the enzyme activity was prevented by incubation in the presence of the NOS

inhibitor NG-monomethyl-L-arginine (31). NO. can damage DNA at physiological pH by

deaminating deoxynucleosides. deoxynucleotides and intact DNA. This deamination of

DNA by NO may contribute to sorne genetic disease and smoke related cancer (286).

NO. when present in the air at high concentrations or for a long time. is toxic tO

the Jung. Exposure to the air containing 0.5 to 1.5 ppm NO for 9 weeks induced alveolar

septal injuries in rats (181). NO in higher concentrations may. at Jeast theoretically. have

pro-inflammatory effects such as an adverse influence on capillary permeability (6). The

reaction of NO with hemogJobin can also lead to the formation of methemoglobin.

lnhaling NO at higher levels caused marked methemoglobinemia and pulmonary edema.

and has caused death in humans (47). Methemoglobinaemia. if excessive. can be treated

with methylene blue without blocking the vasodilatOry effect of NO on pulmonary

vasculature (128.291).

Recent observations indicate that activated alveolar macrophages secrete large

quantities of peroxynitrite. a product of NO and superoxide anion. into the epithelial

lining liquid (126). Peroxynitrite was found to play a role in the initiation and
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propagation of injury tO alveolar epithelial cclls and thus contribute to NO induced \ung

injuries. Peroxynitrite injures the pulmonary surfactant system 10 a much largc'r C~lcnt

than reactive oxygen species generated by supraphysiological concentrations of ~anthinc'

and xanthine oxidase in the presence of iron (106). The simultaneous gcncration of NO

and superoxide by SIN-I resulted in a production of peroxynitrite and a dose-dcpcndcnt

decrease in the activity of surfactant protein A from the bronchoalvcolar lavage of

patients with alveolar proteinosis (105). Peroxynitrite also decreases alveolar type Il ccli

Na- transport by damaging apical amiloride-sensitive Na- channels (118). Peroxynilrite

isa major cytotoxic agent produced by inflammatory cells of the immune system and has

been implicated in immune complex-stimulated pulmonary edema (189).

Another oxidative product of NO which may contribute to NO induced

cytotoxicity in the lung is nitrogen dioxide (NO:). which is also a common air pollutant.

It has been reported that NOl can cause airway epithelial cell damage in different species

(43.113.145.227) inc1uding human subjects (40). When rats were exposed to low levcls

of NO and nitrogen dioxide for 9 weeks. alveolar septal injuries were induccd (\ 81).

Exposure to NO: also induced the synthesis of cytokines from human bronchial cpilhelial

cells which may induce inflammation of airway epithelium (59).

1.1.6 Nitrogen Oxides and Asthma

Endogenous NO is known to be involved in the rcgulation of airway

responsiveness in guinea pigs. A relationship to asthma in human subjects is suggcstcd
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by the finding that airway epithelial NOS is increased in bronchial biopsies from

asthmatics relative to those from normal subjects (109). Further. the expired NO

concentrations were higher in asthmatics than in normal subjects (95). The pathological

role of NO in asthma is unclear. Since activation of alveolar macrophages. which is also

a pathophysiological process in asthma. causes them to secrete large quantities of

peroxynitrite. a product of NO and superoxide anion which may induce alveolar epithelial

cell injury. into the epitheliallining liquid (127). NO produced by inducible NOS may.

at least theoretically. be involved in the epithelial damage in asthma.

Nitrovasodilators. which release NO. have been used in the treatment of asthma

(99.202.277). Recently. the effect of inhaled NO on induced airway constriction and

asthma has been studied. Hogman et al. reported that inhalation of 80 ppm NO gas

modulated the MCh-induced bronchoconstriction toward dilation in adult human subjects.

Further. in patients with bronchial asthma. volume-corrected specific airway conductance

increased from 0.4±0.1 to 0.6±0.2 (kPa.s·' ) after NO inhalation. This effect of NO is

additive with B,-agonist inhalation (116). In asthmatic human subjects. 40 ppm inhaled

NO gas increases airway conductance as well (85). The fact that NO is a weaker dilator

ofairway smooth muscle compared to vascular smooth muscle and that endogenous NO

is already increased in asthmatics limit the therapeutic effect of inhaled NO in asthma.

Indeed it might even benefit asthmatic patients if endogenous NO were inhibited.

ln summary. nitric oxide is a recently discovered important messenger in the

airway which has a variety of biological functions in the normal and diseased lung

including regulation of airway smooth muscle tone. Inhaled NO has been employed as
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a temporary treatme11l for sorne of the resplralOry discascs such as pulmon;lry

hypertension. Not ail its actions an: bcneticial. howe\'er. NO is tO~IC undcr some

physiological conditions. Further studies are required to c1ucidate the role of NO in the

regulation of airway responsi\'eness. the source. metabol ic fate and roles of endogel1l'us

NO in normal and diseased states such as asthma and cystic tïbrosis. the ctïect of NO

on lung ccII proliferation and the potentialtherapeutic cffects as weil as the IOxicity llf

inhaled NO in respiratory diseases including asthma.
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1.2 Signal Transduction Pathways of Ain~'ay

Smooth Muscle Contraction

1.2.1 :\lechanisms of Airway Smooth Muscle Contraction

It is commonly accepted that contraction of smooth muscle mainly depends upon

the cytoplasmic concentration of calcium ([Ca'·).). The sources of Ca'· are the

extracellular space and the sarcoplasmic reticulum (SR). Two major types of calcium

channels in the smooth muscle cell membrane account for the entry of Ca'· in response

to appropriate stimuli: voltage-dependent Ca'· channels which are activated by membrane

depolarization and receptor-regulated Ca'· channels. which are opened by ligand binding

of the receptor. The binding of ligand (airway constrictors) to receptors activates

phospholipase C via G-proteins. which catalyze the production of inositol 1.4.5­

trisphosphate (lP;) and diacylglycerol (DAG) from phosphatidylinositol 4.5-bisphosphate

(PIP,). IP; in turn increases [Ca'·); by releasing Ca'· from SR by binding tO a specific

1P; receptor.

The Ca'·-calmodulin complex formed at increased [Ca'·); binds and activates

myosin light chain kinase (MLCK). which phosphorylates the myosin light chain and

results in actin activation of myosin Mg'·-ATPase. Myosin undergoes cyclical

interactions with actin with sliding of the thick and thin filaments driven by energy

derived from ATP hydrolysis in each cycle. generating force and shortening. In addition

to the primary activating effec! of CaH on MLCK. increased [CaH)i also activates Ca'·-
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calmodulin kinase (CaM kinase II) which phosphorylates MLCK and dccn:ases MLCK

catalytic rate at a given concentration of Ca:· and calmodulin. This path'Vay is [h"u~ht

to provide negative feedback that limits activation of crossbridges by large Ca:·

transiems.

Break down of PlP: catalyzed by phospholipase C also produces DAG which in

turn activates protein kinase C (PKC) in the presence of low levds of calcium. PKC h:\5

potentially important functions in the regulation of airway smooth muscle tone.

Activation of PKC by phorbol esters induces slow airway smooth muscle contraction.

which is associated with the phosphorylation of the same proteins as those observed

during the late and prolonged phase of contraction induced by carbachol (210). Both

contraction and protein phosphorylation induced by PKC activation are blocked by

removal of extracellular Ca:· (209.210). These observations suggest a role for PKC in

maintaining smooth muscle contraction. In addition. airway smooth muscle agonists

induce redistribution of PKC from the cytosol to the membrane by a Ca:· -dependent

mechanism (158). The translocation of PKC in response to bronchoconstrictors is

inhibited by the bronchodilator isoprenaline (159) and SNP (158). indicating the

involvement of PKC in airway smooth muscle constriction and relaxation. On the Olher

hand. PKC has been shown to inhibit IP3 production and Ca:· transients by inhibition of

phospholipase C activities (35). Thus PKC may also play a role in negative feedback 10

prevent over stimulation of the tissue and to Iimit the magnitude of the contractile

response.
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1.2.2 Autonomie Control of Airway Tone•

The autonomie nervous system is an important physiologie regulator of airway

smooth muscle tone. It includes parasympathetic innervation. sympathetic innervation and

nonadrenergic noncholinergic innervation.

1.2.2.1 Parasympathetic Innervation

Dism'burion of Nen'e Fibres and Cholinergie Reeeprors

Parasympathetic nerve endings are found from the trachea to the bronchioles: their

number decreases in the smaller airways. Acetylcholine. which binds to muscarinic

receptors. is both the neural transmitter at the synapse between the preganglionic libres

and postganglionic neurons and the neural mediator between the postganglionic terminais

and the airway smooth muscle. The stimulation of parasympathetic nerves results in the

constriction of the airway. Moreover. parasympathetic nerve fibres appear tO

continuously release acetylcholine that contributes to the baseline tone of the airway

(287).

Acetylcholine induced airway smooth muscle contraction is mediated by activation

of muscarinie receptors. leading to phosphoinositide hydrolysis and release of calcium

ions from intracellular stores. At least five subtypes of muscarinie receptor have now

been cloned. although only three subtypes can be distinguished pharmacologically. MI

receptors are involved in neurotransmission in airway parasympathetic ganglion ceIls and
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have also been identified in airway submucosal glands and on the alycolar \\alls o(

human lung. M, receptors are located on postganglionic ncrycs and function as fccdhack

inhibitory receptors that are likely to be involvcd in modulation of rcllcx

bronchoconstriction. These receptors may be dysfunctional in asthmatic airways. M.,

receptors are present on airway smooth muscle and submucosal glands and mcdiatc thc

c1assical muscarinic effeclS in airways (14).

1.2.2.2 Sympathetic Innervation

Distribution of Nerve Fibres and Adrenergic Receptors

Sympathetic nerve fibres that contain catecholamine have been found in the

smooth muscle of human airways. but they are far fewer in number than cholincrgic

nerves. In the sympathetic system. acetylcholine is the neural transmitter at the synapse

between the preganglionic tibres and postganglionic neurons as it is in thc

parasympathetic system. The postganglionic fibres of the sympathetic system. however.

release primarily norepinephrine. 6-adrenoceptors are localized to many different ccll

types within Jung (18.41.244) and are found in smooth muscle of all airways from

trachea to terminal bronchioles (15,42). The density of 6-adrenoceptors increases in

smaller airways in animaIs and humans (17,42). Stimulation of sympathetic nerves rcsullS

in the relaxation of airway smooth muscle mediated by the activation of 62-adrenoceptors

(293). There are relatively few a-adrenoceptors in the lung (16) and their roles in the

regulation of airway functions are disputed.
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The Il,-adrenoceptor has generally been thought to induce airway smooth muscle

relaxation through a cyclic adenosine 3' .5'-monophosphate (cyclic AMP)-dependent

mechanism. The activation of the Il-adrenoccptor leads tO the activation of adenylate

cyclase, resulting in the formation of intracellular cyclic AMP. Recently. other

mechanisms have been identified.

Incrcase of intracellular cyclic AMP auenuates the calcium transient in tracheal

smooth muscle induced by bronchoconstrictors such as histamine and carbachol although

isoprenaline and forskolin on their own appear tO elevate intracellular calcium levels

(271). The inhibitory effect of cyclic AMP on calcium mobilization in response to

bronchoconstriclOrs in airway smooth muscle cells may be induced through multiple

mechanisms. Firstly. elevation ofintracellular cyclic AMP has been shown to inhibit PIP~

hydrolysis in response to histamine in bovine and canine trachealis (\07.108.175).

However. PIP~ hydrolysis in response tO cholinergic stimulation is not inhibited by Il­

adrenoceptor agonists (\08), suggesting that other mechanisms are likely involved in

modulating cholinergically induced Ca~+ transients. Secondly. isoprenaline opens Ca~·

activated K+ channels (K.:-J in airway smooth muscle cel1s (\55). leading to

hyperpolarization of the cel1 (4.87.117). which in tum inhibits the voltage sensitive Ca~+

channels of cel1 membrane (153). Thirdly. B-adrenoceptor agonists produce airway

smooth muscle relaxation by stimulation of Na+/K+ ATPase (103). This action could

lower intracel1ular Ca~+ by a consequent increase in Na+ICa~+ exchange.

By activation of protein kinase A (PKA). cyclic AMP also induces

phosphorylation of MLCK. and thus decreases the affinity of MLCK for Ca~+ lcalmodulin
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(52.57.198.199), leading to a reduction of MLC' phosphorylation and force generation.

Cyclic AMP induced airway smooth muscle relaxation may also be mediated hy

protein kinase G (83). The functionally relevant substrate(s) for protein kinase Ci in

airway smooth muscle has been discussed in section 1.1.3.2.

ln addition to a cyclic AMP-dependent mechanism. B-adrenoceptor agonist

induced airway smooth muscle relaxation has also been suggested to be mediated by a

cyclic AMP-independentmechanism. This is based on the observation that B-adrent'Cepwr

agonislS activate airway smooth muscle K." channels in the absence of ATP. "hlch is

necessary for the formation of cyclic AMP and protein phosphorylation (154). Moretwer.

in canine trachealis. forskolin induces relaxation to a lesser extent than isoprenaline.

despite an equivalent cyclic AMP accumulation and PKA activation (294).

1.2.2.3 Nonadrenergic Noncholinergic Innervation

Distribution of Nen.·es

The presence of NANC inhibitory nerves. which cause relaxation of airway

smooth muscle, has been demonstrated in several species (29,48,51,62,125) including

humans (229). Transmural stimulation of isolated airway smooth muscle in the presence

of muscarinic. at-adrenoceptor and B-adrenoceptor antagonislS produces a bronchodilation

which is abolished by tetrodotoxin (51,229,230). In humans and calS, capsaicin inhalation

or mechanical irritation of the larynx, under conditions of cholinergic and adrenergic
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blockade. have been shown to cause a transient bronchodilator response (121.270). This

NANC innervation may have a regulatory role in the control of bronchial smooth muscle

tone (169).

The neurotransmitter of the inhibitory NANC system in the airway is not known

and may vary with the species. In guinea pig trachea. vasoactive intestinal peptide (VIP)

and peptide histidine isoleucine (PHI) account. in pan. for the NANC relaxant responses

evidenced by the observation that antisera tO VIP and PHI and the nonspecific peptidase

a-chymotrypsin (a-CT) partly inhibited electrically induced NANC relaxant responses

(70.71). These findings also indicated the existence of a non-peptide neurotransmitter

which accounted for the a-CT·resistant NANC relaxations of the guinea-pig trachea.

More recent studies indicate that NO plays an important role in NANC-induced

relaxation of airway from several species including humans (see section 1. 1.3.2) .

NANC excitatory innervation in airways has been found by electrical stimulation

of the guinea pig bronchi. which produces a bronchoconstriction in the presence of

atropine or adrenoceptor antagonistS. These responses are mimicked by substance P and

inhibited by substance P antagonistS (172). suggesting that substance P may be the

transmitter re1eased from NANC excitatory nerves. Another candidate neurotransmitter

for NANC excitatory innervation is calcitonin gene-related peptide (213).

1.2.2.4 Autonomie Dysfunetion in Airways Diseases

The cholinergie nervous system might have a influence in asthma. In asthma•
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there is hyperresponsiveness to cholinergie agonislS. and chronie airway obstruction in

asthmatic children can be reduced with atropine (32.54). Indirect indices of vagal tone

(heart rate variability. sweating. and pupillary response tO cholinergic agonists) are

increased in allergic human subjeclS including those suffering l'rom asthma (139. 14().

However. direct assessment of vagal tone in humans is not possible with current

techniques. Cholinergic system abnormality is also involved in other diseases including

cystic fibrosis (56).

An impaired B-adrenergie response has been described in subjeclS with asthma

(9). as weil as in actively sensitized guinea pigs (20.183) and in the Basenji greyhound.

a dog model of hyperresponsiveness (66). Alveolar macrophages l'rom subjeclS ..... ith

asthma accumulate less cyclic AMP in response to p-agonislS compared to cells l'rom

control subjeclS without asthma. and the degree of hyporesponsiveness is related to the

severity of asthma (7). A decreased adenylyl cyclase activity has been confirmed in

membrane fractions of macrophages from asthmatic subjeclS in response to l3-agonislS

(7).

It has been suggested that impaired NANC bronchodilatation may contribule to

the pathogenesis of nocturnal asthma. since capsaicin-induced NANC bronchodilatation

is significantly greater in the evening than early morning in both normal and asthmatic

subjeclS (173). NO-dependent NANC relaxation in human bronchi was also diminished

in patienlS with cystic fibrosis (24).

1.2.3 Other Modulators of Airway Smooth Muscle Tone
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ln addition to the autonomic neurotransmillers. a host of other substances

intlucnce the tone of airway smooth muscle. These mediators are synthesized in airway

mast cells. eosinophils. neutrophils as weil as epithelial cells. and play an important role

in the regulation of airway tone in normal and diseased subjects.

Eicosanoids

Prostaglandins (PG) are the derivatives of arachidonic acid whose formation is

catalyzed by cyclooxygenase. In the airway. prostaglandins are produced by epithelial

and smooth muscle cells as weU as inflammatory cells such as mast cells and

macrophages (287). Some prostaglandins (PGF~. PGD,. PGG~ and PGH~) contract while

others (PGE,. PGE~ and PGI~) relax the smooth muscle of the airway (287). The role of

prostaglandins in the airway is not completely understood. Cyclooxygenase inhibitors

tails to relax human bronchi in vitro (34). indicating that constitutively formed

prostaglandins do not contribute to the basal tone of the airway. However. PGE~ has been

suggested as a component of epithelium derived relaxant factor in the airway (222). ln

asthma and amigen-sensitized animais. prostaglandins levels are increased. In sensitized

guinea pigs. prostaglandins are released within 10 min al'ter challenged with ovalbumin

(278). As weil. prostaglandins in bronchoalveolar lavage f1uid l'rom patients with chronic

stable asthma increase an average of ISO-fold in nine min al'ter local instillation of the

antigen. indicating that the release of prostaglandins into the airways is an early event

al'ter the instillation of antigen in asthmatics (192). In children with acute asthma.
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prostag!andin metabolile levels are significamly higher than those of the same childrcn

after resolulion of aslhma and Ihose of normal children (257). Prostagl;!ndins in

bronchoalveolar lavage tluids are also higher in subjects with mild asthma lhan in normal

subjeclS (\ 70). In addition. cyclooxygenase inhibition rcduces allergcn induced air"'ay

hyperresponsiveness in human subjeclS (150) as weil as excrcise-induced aif\\'ay

conslriclion in aslhmalics (80) and decreases Ihe laIe response (73). ~uggesting the

involvement of prostaglandins in aslhma.

Leukotrienes

Leukotrienes are another group of arachidonic acid derivalives calalyzed by

lipoxygenase. These compounds are formed in response 10 a number of physiologic and

pathologic evenlS from neutrophils. eosinophils. alveolar macrophages. monocyles. and

mast celIs. as weil as uacheal epithelial celIs. Leukotrienes are pOlem constrictors of

airway smooth muscle. LTC, has been found 10 be 600 to 9500 limes more pOlem Ihan

histamine (284). Airway hyperresponsiveness to leukotrienes has also been found in

asthmatic subjeclS (lOI).

Biogenic Amines

Histamine is stored and released from either sensitized or unsensilized masl celIs.

With the exception of the rat. histamine comracts airway smooth muscle from varies

species. including guinea pigs (280). cats (12). sheep (11.45) and humans (236.281)

through the histamine (HI) receptor.
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Scrotonin is released from platc\ets following aggregation during inflammation.

infection and thrombocmbolic cvents. SerolOnin induces the contraction ofairway smooth

muscle in humans and animais through the 5-HT, receptor. This is an important mast ccII

mcdiator in the rat.

Orhers

Bradykinin and related kinins are mediators of the inflammatory response. ln

humans bradykinin causes bronchoconstriction in asthmatics but not in normal subjects

(88.256). The release of bradykinin has been found in asthma patients (1). Inhibition of

bradykinin receptors auenuates the antigen-induced late bronchial responses in allergie

sheep. suggesting that bradykinin comributes to the developmem of the late response in

the allergie sheep model (2).

Platelet activating factor can also induce bronchoconstriction in animais and

humans. lt increases airway responsiveness as weil (55). The role of platelet activating

factor in airway disease is unclear. Early c1inical trials of platelet activating factor

antagonists have not been very promising.

1.2.4 Epithelium-dependent Regulation of Airway Smooth Muscle Tone

It has been demonstrated that removal of the airway epithelium increases airway

smooth muscle responsiveness to cholinergie agonists. histamine and serotonin in animais

and humans (19.77.82.225.265). but has no effect on airway responsiveness tO pOtaSsium
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(\9.159). In addition. following the removal of the epithelium the relaxant responsc tO

the catecholamine. isoprenaline is reduced (81.98.164.165). These observations Sllggcst

a role of epithelium in the reglliation of airway smooth muscle IOne in response to

bronchoconstrictors and dilators. The possible underlying mechanisms may include Ihe

production of relaxing factors. the inactivation of agonists. or a physical barricr

effect.

Eicosanoids

Airway epithelium has been found to be a source of cyclooxygenase produclS. A

basallevel of PGE~ and PGF~. has been measured in epithelium-intact but not epithelium­

denuded tracheal tissues (\ Il). PGE~ is also generated in airway epithelial cclls in

response tO bronchoconstrictors such as bradykinin (\60). leukotrienes (\61) and

substance P (60). However. the inhibitory eftèct of epithelium on airway smooth muscle

responsiveness tO cholinergic agonislS and histamine is not blocked by the

cyclooxygenase inhibitor indomethacin (\9.82). Therefore. non-prostanoid inhibitory

factors are also involved in epithelium-dependem regulatory functions. The nature of

these factors is unclear.

Elk.-ymatic Degradation of Agonists

Neutral endopeptidase (NEP). which catalyses the degradation of neuropeptides.

has been found in airway epithelial ceUs (\ 33.193). Airway responsiveness tO

neuropeptides is increased by epithelial removal. This effect of epithelium is significamly
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attc.:nuated by the NEP inhibitors. phosphoramidon and thiorphan

(61.65.78.84.133.195.252.253), These observations are consistent with the idea that

epithelium inhibits the airway smooth muscle response to neuropeptides by their

degradation via NEP. Airway epithelium has also been demonstrated as a site for

degradation for adenosine (3) and isoprenaline (74).

Barrier Function

The ability of the epithelium to act as a diffusion barrier has been demonstrated

using perfused airways segments. Airway contractions in response to bronchoconstrictors

are greater when the agonists are applied to the serosal surface than tO the luminal

surface. Removal of the epithelium increases the contractions in response tO

bronchoconstrictors applied intraluminal1y tO an equal extent as applied to the serosal

surface (261). suggesting a physical barrier function of airway epithelium.
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1.3 Airway Hyperresponsiveness

1.3.1 Regulation of Airwa)' Responsiwness

Definirions

Airway responsiveness is detined as the degree to which airways constrict in

response tO nonsensitizing physical or chemical stimuli. Airway hyperresponsivcn~'Ss.

thus. is an increase above the normal responsiveness of the airways !('\ these stimuli.

When measured with histamine or methacholine. there is an increase bulh in the ease of

airway narrowing (left shift of the dose-response curves) (50.288) and in the magnitude

of the airway constriction (elevation and eventual loss of the maximal response plateau)

(288) in hyperresponsive human subjects. There are many stimuli which can be used to

measure airway responsiveness inc\uding direct-acting stimuli. i.e. cholinergic agonisL~.

histamine. and indirect-acting stimuli. Le. beta-adrenergic blockers. bradykinin.

adenosine monophosphate (AMP). as weil as physical stimuli such as exercise. cold air.

hyperventilation. and nonisotonic aerosols.

Geomerry of rhe .4in..ay

Airway calibre has been suggested as a determinant of airway responsiveness :0

inhaled chemical mediators (26). The resistance to airfiow in a tube is inversely

proportional tO the radius of the tube to either the fourth power (laminar fiow) or the

fifth power (turbulent fiow). Therefore. a small reduction in radius will have a magnified
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<:ffcct on the resistance in a small tube when compared with a larger tube. Air'-"ay

r<:sponsivencss can be regulated by a variety of factors and the change of these factors

may Icad to airway hyperrcsponsiveness. a consistent feature of asthma.

Airway Smooth M.uscle

The balance between the force of airway smooth muscle contraction versus the

load imposed by the airways and lung structure is an important determirtant of ain-'ay

calibre. Constriction of airway smooth muscle may lead to airway narrowing or. in

smaller airways. complete c1osure. Increased airway smooth muscle mass may increase

the isometric force produced by the same stimulation and thu5 increase airway

responsiveness. In addition. increased airway smooth muscle mass may also decrease

airway calibre. which increases airway responsiveness by airway geometry as discussed

above (see section 1.3.1 second paragraph). Smooth muscle hyperplasia and hypertrophy

have been found in human asthmatic airways (68.245). indicating that increased airway

smooth muscle mass may contribute tO airway hyperresponsiveness in asthma.

Animal studies suggest that several bronchoconstrictors may serve as stimuli for

smooth muscle proliferation and growth (208). In addition. cytokines and growth factors

such as interleukin one and platelet-derived growth factor. which are produced during

inflammatory responses in asthmatic airways. can also stimulate smooth muscle cell

proliferation (171). This may account. at least in part. for the increase in smooth muscle

mass in the airways of asthmatics. It has also been shown that airway smooth muscle.

even when corrected for mass. produces greater isometric force (248) and degree of in
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vitro responsiveness (8) in asthmatics than in normal subjects. Smooth muscle frnlll

sensitized dogs has an increased maximal velocity of shonening (263). These

observations indicate that intrinsic factors in airway smooth muscle other than smooth

muscle mass may also contribute tO airway hyperresponsiveness.

Aimay and Parenchymal Inrerdependence

The tissues surrounding airways can inl1uence airway responsiveness through the

parenchymal auachments to the airway walls. which may act as an impedance to airway

smooth muscle shonening. For a given stimulus. the magnitude of the

bronchoconstriction is affected by lung volume. rel1ecting the mechanical interaction

between the airways and surrounding tissues (63.174.180.194.133.140.158). The

cartilage elasticity may also be an important determinant of the abil:ty of airway smooth

muscle to shorten in major airways and produce airway narrowing in vivo (186). Whcn

the external tethering of the airways is diminished. such as in the case of peribrollchial

edema (180). a given degree of force generation may lead to greater length changes and

thus increase airway responsiveness.

Mucosal or submucosal edema or increased secretions of airways also induce

airway thickening and influence airway calibre. A morphological study showed an

increased cross-sectional area of the airway wall. including both increased cellularity and

fluid. in asthmatics (130). The results of mathematical modelling have suggested that

increased airway wall thickness could have a substantial effect on airway calibre when

the airway smooth muscle contracts (285) while having only a minimal effect on baseline
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airway resistance.

Epithelial Damage

Airway epithelium is known to protect airways from hyperresponsiveness [hrough

various mechanisms (see section I.:2A). Epithelial damage has been found in airways of

asthmatic patients including asymptomatic subjects (21). This may lead [0 a change of

epithelium-derived relaxing factors and contribute tO airway hyperresponsiveness in

asthmatics.

1mbalance Berwun Eruiogenous Bronchoconstrictor and Di/aror Mechanisms

ln airway hyperresponsiveness. the balance of factors that influence airway calibre

might be changed in favor of an excessive constrictor response to stimulation. An

impaired B-adrenergic agonist-cyc\ic AMP-relaxation pathway has been previously

described in association with airway hyperresponsiveness and asthma (7.20.36.110.183).

A reduced responsiveness of the airway smooth muscle to B-adrenergic agents (9) has

been found in subjects with asthma. in actively sensitized guinea pigs (20.183) and in the

Basenji greyhound. a dog model of hyperresponsiveness (66). Alveolar macrophages

from patients with asthma accumulated 1ess cyclic AMP in response to B-agonists

compared to cells from control subjects without asthma. and the degree of the

hyporesponsiveness was related to the severity of asthma (7). A decreased adenylyl

cyc\ase activity in response to B-agonists has been confirmed in membrane fractions of

macrophages from asthmatic subjects (7).
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An imbalance between the NANC inhibitory system and constrictor intluen.:es has

also been suggested (239). NANC inhibitory function stimulated by capsaicin (an NANC

stimulant) after parasympathetic and B-adrenergic blockade is less effective in the carly

morning in both normal and asthmatic human subjects. This may contribute to ",'<:tlIrnal

bronchoconstriction in asthma (173). Immunocytochemical studies have show a deticiencv

of VIP and an excess of substance P in asthmatic lungs (203). Funher studies ;lre

required to define the pathophysiological roles of NANC inhibitory system in airway

hyperresponsiveness and asthma.

NO is a recent addition to the list of endogenous bronchodilators. Endogenously

produced NO IS involved in the regulation of airway responsiveness (0

bronchoconstrictors (92.197). Its function in the hyperresponsivcness of the airways in

such diseases as asthma has not been slUdied. Whether an impaired endogenous NO

regu\atory mechanism contributes to airway hyperresponsivencss dcserves investigation.

1.3.2 Difference in Airway Responsiveness in Outbred and Inbred Strains.

Airway responsiveness is highly variable among (177.212) and within

(10.49.120.260) species so far examined inc\uding humans (50.176). Highly inbred rats

exhibit significant strain-related differences in airway rcsponsiveness. In one such study.

the Fisher strain was shown to be consistently hyperresponsive to inhaled methacholine

compared with other strains such as Lewis and ACI rats. (69.177). Strain-related

42



•

•

,

diffcrcnccs in airway rcsponsiveness are also describcd among inbred strains of micc and

are postulated to be autosomal rccessive (164.165). However. the mechanisms of main­

related differences in airway responsiveness are poorly understood. Both hereditary and

cnvironmental intluences appear to be important. Theoretically. any difference in

detcrminants of ain"'ay responsiveness including smooth muscle. epithelium. ain"'ay­

parcnchymal interdependence and neural control of the airways may result in main­

related differences in airway responsiveness. An increased smooth muscle mass has been

found in airways of Fisher compared with Lewis rats (69.177). and a signitïcant

correlation between responsiveness and the amoulll of smooth muscle in the airway has

been noted (69.177). However. only about 30% of the variability in responsiveness of

both Fisher and Lewis mains could be accounted for by airway smooth muscle (69).

Other mechanisms such as differences in signal transduction pathways. or the contractile

apparatus in smooth muscle cells also need to be considered.
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1.4 Summary

ln sUl11mary. NO-cyclic GMP pathway is a recemly discovered endogenl)US

inhibitory system in the airway and could act to maimain ain·.ay Sl11ol'th muscle and

pulmonary vascular smooth muscle in a slate of low tone. In addition. epithelial derived

NO could have relaxant effects on the underline airway smooth muscle. Since the

imba!ance between bronchoconstricting and dilating systems is a possible mechanism for

airway hyperresponsiveness. we hypothesized that an impaired NO-cycl ic GMP pathway

is involved in airway hyperresponsiveness. The current studies were designed to

investigate the role of NO-cyclic GMP in the regulation of airway responsiveness and its

contribution to the strain-related difference in airway responsiveness in rats. The NOS

inhibitor. L-NNA. was used to leSt the role of endogenous NO. The effect of L·NNA

on airway responsiveness was compared between Fisher and Lewis rats. To examine the

pathway downstream of NO. the effects of exogenous NO (SNP) and cyclic GMP (8­

bromo-cyclic GMP) on responsiveness of airway smooth muscle were also studied. In

addition. we investigated the capacity of airway smooth muscle cells to produce NO.

through NOS and cytochrome P450 enzymes.
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Chapter 2

Endogenous Nitric Oxide Contributes to Strain-related

Differences in Airway Responsiveness in Rats.
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A strain-related difference in airway responsiveness has been found in iats.

However. the mechanism underlying this observation is unclear. Endogenous NO has

been reported to play a role in the regulation of airway responsiveness in guinea pigs.

lts role in other species such as rat has not been studied. In this chapter. we tested the

hypothesis that endogenous NO was also involved in the regulation of airway

responsiveness in rats and that an impaired NO-cyclic GMP pathway contributed tO main

related airway hyperresponsiveness in rats.
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2.1 ABSTRACT

The effects of N"'-nitro-L-arginine (L-NNA). a nitric oxide synthase (NOS) inhibitor.

on airway responsiveness were studied in the spontaneously hyperresponsivc Fisher and the

control normoresponsive Lewis rat strains to investigate the IOle of the endogenous nitric

oxide (NO) pathway in strain-related differences in airway responsiveness. Responsiveness

to inhaled rnethacholine (MCh) was significantly increased in L-NNA-treated Lewis rats but

not in FISher rats. •....NNA incrased carbachol-induced tracheal contractions in vitro to a

larger extent in Lewis rats compared with Fisher rats. The effect of L-NNA was abolished by

removal of the epithelium. Carbachol induced a NO-dependent increase in cyclic GMP levels

in traeheal tissues. but to a lesser extent in Fisher (2.1 fold increase) than in Lewis (3.7 fold

increase) rats. In conclusion. endogenous NO is involved in the regulation of airway

responsiveness to cholinergic agonists in rats. A relatively ineffective NO-cyclic GMP

regulatory mechanism in Fisher rats conuibu1eS, in pan, to strain related differences in airway

respotlSiveness between FISher and Lewis rats.
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2.2 INTRODUCTION

Strain-rclated differcnces in airway rcsponsiveness have been found in rats (13,27).

The Fisher strain of rat is consistently hyperrcsponsive to inhaled agonists comparcd to

severa! other strains. The underlying mechanisms of the difference between FISher and other

strains arc not completely understood. Our previous studies demonstrated a decreased

relaxant response to sodium nitroprosside. an NO donor. in the hyperresponsive Fisher rat

strain compa."ed with the less responsive Lewis rat (38). This suggests that resistance ta the

effects of NO may be associated with airway hyperresponsiveness.

NO can be synthesized in the lung and bas a variety of potential fonctions including

the regulation of airway tone. The IOle of endogenous NO in the modulation of airway

responsiveness to bronchoconstrictors bas r.xently been studied in guinea pigs. The

administration of NO synthase (NOS) inltibitors to guinea pigs resulted in a significant

enhancement of airway responsiveness to intravenously infused histamine (31). A simiIar

result bas also been observed by other investigators (15). confmning that endogenous NO is

involved in the regu1ation ofairway responsiveness ta bronchoconstrictors. at least in guinea

pigs.

NO is known to relax airway smooth muscle by activating soluble guanylate cyclase

and increasing intracellular cyclic GMP (21.39). It bas been shQwn that cyclic GMP

concentrations in airway tissue increase after stimulation with histamine (24) and carbachol

(34). Therefore. we hypothesised that bronchoconstrictors. which increase intracellular

calcium, may aetivate constitutive calcium-dependent NOS activity and produce NO. which
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in turn increases intraeellular cyclic GMP in smooth muscle cells and down regulates airway

responsiveness.

The current slUdies were designed to investigate the role of endogenous NO in the

regulation ofairway responsiveness in rats and to test whether an impaired endogencus NO

regulatory mechanism contributes to strain-related airway hyperresponsiveness. The effects

of L-NNA. a NOS inhibitor. on airway responsiveness and cyclic GMP accumulation in

tracheal tissues in response to cholinergie stimulation were tested and compared between

hyperresponsive FIsher and normoresponsive Lewis rats.
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2.3 MATERIALS AND METHOnS

AnimaIs. The highly inbred FISher and Lewis rat strains (male, 7-9 week old) were

purchased from a commercial sowœ (Harlan Sprague Dawley Inc.• Indianapolis, IN) and

housed in a conventional animal care facility at McGill University prior to experimentation.

The protoeols were approved by an Animal Ethics Commiuee.

Measuœments oCairway respoœiveness ln vivo. The effects of inhibition ofNOS

were tesled both acutely and chroni.::a11y. For study of the acute effects of NOS inhibition rats

were treated by L-NNA (bolus i v. injection of2 mglkg followed by mfusion of 2 mglkglh for

30 min. In chronïc study, Rsber and Lewis rats were treated with vehicle, L-NNA (5mglday,

Sigma Chemical Co. St Louis Mo), or L-NNA (5mg1day) + L-arginine (35mglday, Nutritional

Biochemical Co. Oeveland Ohio) by gavage for 4 weeks. Airway responsiveness was

<Ietermined from changes t, pulmonary resistanee (RJ. ~ was measured at baseline and

following progressively doubling concentrations of aerosolized MCh until a doubling in

puhnonary resistance was obtained. Responsiveness was defined as the concentration of MCh

required to double ~ <EC:zooRt.). Aerosols were generated using a disposable nebulizer

<Mode11400, Hudson Ioc., TemecuIa, CA) and a compressed air sowœ delivering an airflow

of81/min.

Pulmonary resistanee were measured as previously described (7). Briefly, intubated

rats were placed in the supine position. The tip of the traehe~ 1 tube was inserted into a

Plexiglas box (volume, 265 ml). A Fleisch no. 0 pneumotaehograph couple.! to a

piezoresistive differential pressu:e transducer (Micro-Switeh 163PCO1036; Honeywell,
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Scarborough. OnL. Canada) was attached to the other end of the box to measure airflow.

Transpulmonary pressure (Ptp) was measured using a water-filled catheter placed in the lower

third of the oesophagus connected to one port of a differentia1 pressure transducer (Transpac

fi disposable transducer. Sorenson. Salt Lake City. Utah) and the other port was connected

to the P1eYiglas box. 'The pressure and fIow signaIs were amplified. passed through eight-pole

Bessel filters (Model 902LPF; Frequency Deviees. Haverhill. MA). with their cutoff

frequencies set at 100 Hz. and recorded by a 12-bit analog to-digital converter at a rate of

200 Hz. The data were stored on a computer. Pulmonary resistanee was calculated l'Y

multiple linear regression by fitting the equation: Ptp=~V +RLV + K. to lo-s segments of

data, where Vis fIow.~ is resistanœ, V is volume, I:t. is elastance. and K is a constant value.

A commercial software package (RHT Infodat Inc. Montreal. QC. Canada) was used.

Mechanlcal responses of traeheal rings. Following the measurement of lung

resistance. rats were killed by a letha1 overdose of pentobarbital and their tracheas were

immediately excised and cut into rings ofapproximately 3 mm. Only the rings from the lower

end of the trachea were used to measure the mechanica1 responses. Tracheal rings were

mounted on books, connected 10 force transducers (Grass FI'03. Quincy. MA) and incubated

in a physiologica1 sa1ine solution (PSS). containing (mM): NaCI 118; Ka 4.5; Ca(;~ 2.5;

MgSO. 1.2; ~PO. 1.2; NaHCo, 25.5; and glucose 5.6. bubbled with 95 % oxygen/5%

carbon dioxide in 25 ml organ baths al 37°C. The passive tension was set at 1 gram and the

tissue was equilibrated for 60 min in ail the e:;:periments. Isomeuic force of the tracheal rings

in response to cumulative con·.:entrations ofcarbachol (Sigma Chernica1 Co. St Louis MO)

was recorded. Only one dose-response curve for carbachol W!IS performed in each raL In
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another group of naïve rats. the epitheliallayer of the trachea was removed by passing a

conon gaure strip lhrough the traehea1 tube 2 ümes. Either tracheal rings with the epithelium

Ù1t1lCt or denuded rings were pre-ÙlCUbated with or without L-NNA (5xlO" M) in PSS for JO

min before the recording. The width and dry weight of each of the tracheal rings were

measured at the end of the experiment

Cyclic Dudeotide measurements. Rats were killed by a lethal overdose of

pentobarbital and their traeheas were immediately excised. AIl extraneous ùssues were

carefully stripped from the tracheas in PSS bubbled with 95% oxygenl5% carbon dioxide.

Epithelial intact tracheas were cut longitudinally into two equal parts and incubated for 30

min with or wiIhout L-NNA ÙI PSS containùtg 0.5 mM of the phosphodiesterase inhibitor 3­

isobutyl-l-methyl-xantlùne (Aldrich Chem. Co. Milwaukee. WU. to inhibit the degradation

ofcyclic nucleotide. "Then each pan of the traeheal tube was incubated with either machol

(5xlO" M) or vehicle for 10 min. The reacüons were stopped by freezing the tissues rapidly

ÙI liquid nilrOgen. Frozen tissues (stored at ·70oq were homogenized in 1 ml cold

tricbloroacetic acid (TCA 10%. Sigma Chemical Co. St Louis MO) on ice followed by

centrifugation al 2000 xg for 10 min al 4° C. TCA was removed from the supernatant by ether

exuaction. Cyclic GMP levels (following acetylation of the cyclic GMP (10» in the tissue

extraelS were determind by radioimmunoassay (19) and expressed as femtomoles of cyclic

GMP per milligram of tissue.

StatisUcaJ Analysis. Data are explessed as Mean ± s.e. Significant differences

between group means were tested for by Kruskal-Wallis one-way analysis of variance and

post hoc comparisons were done using Ftshtr's LSD test for data on responsiveness in vivo
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(E~. Figure 1) and by Student t test for all other data. p<O.OS was set as the Icvc1 of

significance.
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2.4 ESULTS

Elfect of seute L-NNA treatment on alrway responslveness in vivo. As showcd

in table 1. aeule L-NNA treaunent had no signifieant effect on b:Jscline RL (p=N.S) as weil

as airway responsiveness ta MCh (P=N.S.) in either Fish or Lewis strains.

T.bl. 1.

.;and Le.... is ~ts in \.'(\'0.

RI. (B=linc:l EC..

cmH,O.t'.s mg ml'

• Fisher Conlrol (n=6) 0.255 :l: 0.026 1.07

l·NNA (0=6) 0.291 :: 0017 129

lc..-is Conlrol (n=6)

l·NNA (n=6)

0261 ::0036

0309 :l: 0037

273

1.79

EC.. is .\pressed os the gcomctric meon.

EtTect of aeute L-NNA treatment on airway responsiveness ÙI vivo. As shawn in Table

1. aeute L-NNA treaunent had no signifieant effect on the baseline ~ or the airway

• responsiveness to MCh in either the Fisher or Lewis strains. There was a trend towards an

increase in responsiveness in Lewis after L-NNA that was not seen in Fisher rats.
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• Etfect or chronlc L-NNA treatment on alrway responslveness in vivo. Baseline

RL was not significantly different bctween Lewis and FISher rats. FIsher rats exlùbited

hyperresponsiveness to inhaled MCh compared wiu. Lewis rats (p<O.OOO1). In Lewis rats.

L·NNA significantly increascd airway responsiveness to MCh as indicated by a decrease in

MCh concentration required .0 double the lung resistance; EC:ooRL changed from 10.93

mg/ml to 4.13 mg/ml aller treatment (p<O.Ol. FIg 1). This effect of L-NNA was reversed by

L-arginine (p=NS compared with control). In contrast, L-NNA has less effect on airway

•

32
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01 '-- _
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•

Figure 1. Effee! of ehronie L-NNA on aiN'3Y responsiveness tO inha!ed methaeho!ine in Fisher and Le",is
raIS in vi,'O. EC,.,.RL: MCh eoneenttaùon needed 10 double the pulmonary resisranee. Eaeb symbol
reprcscnts an individual animal. Circles: eonlJ'O! animais trealed by vehiele (Fisher: 0=14; Lewis:
n=15) . Triangles: L·NNA trealed animais (0=10). Squares: L·NNA+L·arginine treated animais
(Fisher: n=10; Le",;s: n=9).•: p<O.OI eompared with eoolJ'01.
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responsivencss to inhaled MCh in FIsher rats; EC~ changed from 2.45 mglml to 1.57

mg/ml after treatment. however. there is no significant difference among control. L-NNA and

L-NNA + L-arginine treated Fisher groups (p=N.S.). EC~ for Lewis rats was 5 limes

higher than that for FIsher rats (p<O.OOOl) in control group. The difference was less in L-

NNA treated animais;~ for L-NNA treated Lewis rats was only 2.6 limes higher Ûlan

mat for L·NNA treated FISher rats (p<O.Ol).

Etrect of seute treatrnent with L-NNA and eplthe11al removal on tracheal

responslveness in l'ilTO. In epithe1ium intaCt tIacheal rings. FISher rats were hyperresponsive

6 6

l.l-l"f

•
./~·6_l,

....... 4 1'6/
••

lIC 4
~ .-.-.
c.:I
tJ Il

••
= ./0.0- 0.6
0 fi'l'<. Lo/2 2

j 16

0 0 e:::=~l'

-8 -7 -6 -5 -4 -8 -7 -6 -5 -4

FISHER LEWIS

CARBACHOL (LOG M)

•
Flgure 2. ~tTeet of L-~A p~-ineubalionon carbachol induccd contractions of epithelium inlact tracheal

nngs. !sometnc lens.'on (~m) ?f epithelium intact tracheal rings from raIS was measurcd in
res~~ 10 ~rogresslvely IOcreaslOg concentrations of carbachol (log M). Open circles: Conuol
condltlo~ wlthout L.NN~. !reaaDent (n=6): Closcd circles: prc·incubated ",ith S x 10" M L·NNA
for 30 mm before the additIon ofcarbachol (Fisher n=g. Lewis n=7) Data are expressed
S.e.••: p<O.O 1compared with conuol. . as mcan :l:
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• to carbachol compared with Lewis rats (Figure 2). Incubation of tracheal rings with L-NNA

did IlOt change baselinc tone in either strain. but increased carbachol induced contractions in

Lewis rats. Isometric force induced by 5 x 1O·~ M carbachol was increased by pre-incubation

with L-NNA (5 x 10" Ml from 283 ± 0.26 to 3.84 ± 0.2 gram (p<O.O 1). However. the same

concentration ofL-NNA had Jess effect on traeheal ring contractions in response to .::arbachol

in Fisher rats and in contrast to the effect ofchroni= L-NNA, the acute treaunent did not elicit

a statistically significant change. (Figure 2).

6 6

,..... 4
r~-#

l:1li •• ......
~~

0 fi..,!!D::
0
r...

2 2

0 _0
0 !

-8 -7 -6 -5 -4 -3 -8 -7 -6 -5 -4 -3
FISHER LEWIS

CARBACHOL (LOG Ji)

•
Fil:ur~ 3. ~fT~ct ofl-NNA pre-incubation on carbachol induced contr:lctions of~pithclium d~nud~d lI'3chcal

nngs. Sq~n:s: Control. conditio~ w}th intact ~ithelium (n=6). Triangles: Epithelium«nuded
lI'3eheal nngs (.n=8). Cl/des: Ep.thehum-denuded lI'3cheal rings pre-treated ",ith S x 10" M l­
NNA for 30 min (n=8). Data an: expressed as n>= :!: s.e.; 0: p<O.OS compared with control.
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Stripping of epithelial ceUs increased contracûon of the tracheal rings produced by

carbachol as weU (Figure 3). This change miroicked the effeet of NOS inhibiûon by L·NNA

(Figure 2). The isomeuic force of epithelium denuded tracheal rings induced by 5 x 1001 M

carbachol (3.60 ± 0.15 gram) was significantly increased compared with that of epithclium·

intact traehea1 rings (2.83 ± 0.26 gram. p<O.02) in Lewis rats. Removal of epithelium had less

effeet on carbachol induced contractions in Fisher rats (P=N.S.). L-NNA (5 x 10" M) did not

further increase contractions produced by carbachol in epithe1ium denuded tracheal rings from

both rat strains. 1be width and dry weight of each of the tracheal rings were measured at the

end of the experiment and there was no significant difference between FIsher and Lewis rats.
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•
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FISHER LEWIS

CARBACHOL (LOG Id)

•
Figure 4. Elfect of chronic L·NNA on tracheal rcsponsivencss to carbachol in vitro. (sometric tension

(gram) of isolated tracbeal rings from raIS treated by vebide (circles. n=4), L·NNA (triangles.
Fisher n=7, Lewis 0=4) or L·NNA+L·arginine (squares. Fisher D=l t, Lewis n=7) was measurcd in
rcsponsc 10 progressively incrcasing concentrations of carbacbol (log M). Data are exprcsscd as
mcan:!: s.e. *: p<O.OS: **: p<O.O\ comparcd witb control.
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• Elfect orchroni<: L-NNA treatment on traebeal responslveness in vitro. lsometric

force in response to carbachol was greater in isolated traeœaJ rings from Fisher than that from

Lewis rats (Figure 4). L-NNA treaUDent (5mglday) increased carbachol-induced tracheal

contractions in both strains wlù;h effect was reversed by L-arginine. In Lewis rats, isometric

force induced by 5 x 10'5 M carbachol was increased by L·NNA treaUDent from 2.43 ± 0.5

to 4.17 ± 0.23 gram (71 %, p<O.(5), whe.-eas, L-NNA treatment increased isometric force

from 5.08 ± 0.15 to 6.03 ± 0.22 g= (14%, p<O.05) in FISher rats.

o

150

CONTROL

~..
a
"- 100-0a-
~

0• p..
:li 500
0

CONTROL L-NNA 10-I X
n-e D-S

LElrtS FISHER

Figure S. L.NNA inhibited carbachol induced cyclic GMP accumulation in rat lrachealis. Open squares:
Baseline conditions ",ithout carbachol Dashed squares: incubated v.ith 5 x 10"' M carbach.:>l for
la min. Data arc exprcssed as mean =s.e.: 0: p<O.OS comparcd with baseline.

•

Efrect orcarbachol on cydk: GMP JeveJs ln tracheal tissues. Figure 5 showed that

carbachol (5 x 10.5 Ml induced an accumulation of cyclic GMP in tracheal tissues of bath

FISher and Lewis rats. Carbachol increased cyclic GMP levels to a lesser extent in Fisher

(44.3±11.9 fmoVmg œsue. 2.1 rold increase, p<O.OS) !han in Lewis rats (l12.6±23 fmol/mg
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tissue. 3.7 fold increase. p<Ü.OSl. lnlùbiùon of NOS by L-NNA (10·' Ml abo!ish.:d car!lacho!

induced cyctic GMP accumulation in tracocai Ùssu<:s in both rat strains.
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25 DISCUSSION

In the present studies. inhibition of NOS by L-NNA induced airway

hyperresponsiveness to cholinergie stimulation in vivo and in vitro in Lewis rats. L-NNA was

Jess effective in Fisher rats in increasing airway responsiveness than in Lewis rats. Removal

of the epitheliwn from traeœaIis increased traeheal ring contractions in response to carbacbo1

in vitro in Lewis rats, but did 50 10 an insignificant extent in FIsher. L-NNA did not further

increase airway responsiveness in epithelium-denuded trachealis from either strain.

Cholinergic stimulation increased cyclic GMP leve1s in tracheal tissues from both strains of

rat but did 50 to a lesser extent in FIsher than in Lewis rats. Carbacbo1 induced cyclic GMP

accumulation in traeheal tissues was abolished by L-NNA, indicating that the increase in

cyclic GMP was through a Nü-dependent mechanism.

Nrway hyperresponsiveness 10 inhaled bronchoconstrictors is highly variable from

anima1 to anima1 within a given species (3.12,20.36) and also among different species (27,32).

The factors which resuh in airway hyperresponsiveness are not comp1ete1y understood. Sïnce

endogenous airway relaxation mechanisms, such as the cyclic AMP-relaxation pathway, are

invo1ved in the regulation of airway tone (37). one of the possible mechanisms may be the

imbalance between bronchoconstrictors and dilators. An impaired B-adrenergic agonist-cyc1ic

AMP-re1axation pathway bas been previously described in association with airway

hyperresponsiveness and asthma (2,6.11.18,28). NO is a recent addition to the 1ist of

endogenous bronchodilators.
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In the current study. we tested the role of endogcnous NO in airway responsivcncss

in rats by inhibition of endogcnous NO production. Wc fcd rats with L-NNA. a NOS

inhibitor. for 4 weeks. using a protocol similar to that dcvised by Bank et al.(4). This

treatment effectively inhibited endogcnous NO production as evidcnccd by a significant

reduction in urinary excretion of the stable metabolic products of NO. ie. N~' and NO)' (4).

We assumed that this treatment would inhibit NO production from the airway tissues as weil.

Indeed the results of our experiments jemonstrated a substantial effect on airway

responsiveness to a cholinergie agonist The effeet of L-NNA was reversible by L-arginine.

the substrate of NOS. indicating the specifie inhibition of NOS by L-NNA. Cholinergie

stimulation increased cyclic GMP levels in rat tracheal tissues through a NO dcpendem

mechanism. demonstrating the involvemem of an endogenous NO-cyclic GMP pathway.

These results are consistent with the report that NOS inhibitors increase airway

responsiveness to histamine in guinea pigs (31).

Acute L-NNA treatment in vitro had similar but less effect on carbachol induced

traeheal ring contractions. Using a treatment that had been proven to reduce pancreatic blood

tlow in rats (8.23). we were unable to show a significant effect of acute L-NNA treatment in

vivo on airway responsiveness to inhaled MCh. It appears that this treatment in vivo is not

effective in inhibition of NOS in the airway.

Endogenous NO is synthesised from L-arginïne eataiysed by NOS. Two distinct types

of NOS have been purified: a constitutive Ca~-caImodulin-dependent enzyme and an

inducible Ca2+-independem enzyme. Induetble NOS is unIilœly to account for the current

observations since either airway responsïveness or cyclic GMP accumulation was determined
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within 15 minu!CS after cholinergic sûmulaûon, whereas it takes at least severa! hours to

induce enzyme producûon. Consûtutive NOS, which can be aCûvated by increases in

intracellular Ca'., seems more likely to account for the production of NO involved in th.:

modulaûon of airway responsivcness.

There are severa! possible cell sources of NO in the airway inc1uding vascular smooth

muscle cells. endothe1ia1 cells. neurons and airway epithe1ial cells (22). Airway epithelium has

becn known for sorne lime to have an important influence on airway responsiveness to

bronchoconstrictors (9,29,33). More reœntly, immunohistochemical studies have

dcrnonstrated the presence of both constitutive and inducible NOS in airway epithelial cells

(1,16), adding NO to the candidate molecules involved in the observed rnodulatery effectS of

epitheliwn. Since sorne G protein coupJed receptors such as rnuscarinic recepters (25,26) and

histamine receptors (17) are also present in airway epit!'.eliwn and the activation of these

receptors can inerease intracellular ca2+ level in airway epithelial cells (17), it is possible !hat

the endogenous NO wbich is involved in the regulation of airway responsiveness is produced

in airway epithelial cells. The current observation that rernoval of epithelial cells increased

tracheal conttaetions in a manner similar to NOS inhibition, and abolished the N0-dependent

down-regulation of tracheal contraetions supportS this possibility. Presumably. cholinergic

agonists activated constitutive Ca2+-dependent NOS in airway epithelial cells and produced

NO. wbich diffused into adjacent smooth muscle cells. Smooth muscle contraction was in turn

inIu"bited by activation ofguanylate cycJase and the consequent increase in cyclic GMP levels.

Since NOS inhibition did not further increase carbachol-induced contractions in epithe1iwn

denuded tracheal rings, epithelium appears te be the ooly significant source ofNO involved
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in the regulaùon of airway contr~ctions in response to carbachoI. This does not excIude the

involvement of NO from other sources. such as neurons. in the regulaùon of airway

responsiveness to other bronchoconstrictors.

Sorne studies suggest that epithelium-derived relaxant factor EpDRF) is PGE:: (33).

while oL'Iers indicate the involvcment of non-prostanoid inlùbitory factors in EpDRF; the

inhibitory effect of epithelium is not inlùbited by cyclooxygenase inhibitor indomethacin in a

number of species (5.14.30.35). Our observations in rats and studies by Nijkamp et aL in

guinea pigs (31) suggest that NO is a predominant component of tracheal epithelium-derived

relaxant factors in these :;pecies. It is possible that the relative ùnportance of these factors may

vary among species.

Interestingly. NOS inhibition by L-NNA did not alter airway responsiveness in FISher

rats as mueh as in Lewis in which responsiveness was significantly increased both in vivo and

in vitro. Chronie L-NNA had a small but significant effect on FISher isolated tracheas.

Consistent with the apparent lack of sensitivity of FISher to inlùbition of NOS. eatbachol

increased cyclic GMP Ievels to a lesser extent in FISher !han in Lewis traeheal tissues. These

results indicate an impaired endogenous N0-<:yclie GMP-dependent regulatory pathway in

FISher rats. Our previous studies demonstrated an impaired relaxation and reduced cyclic

GMP accumulation in FISher lrachealis exposed to sodium nitmprusside eompared with

Lewis, suggesting clecreased guanylate cycIase activity in traehealis from FISher rats (38). This

may aceount. at least in part. for the impaired endogenous N0-<:yelie GMP-dependent

reguIatory paIhway in Fisher rats. The difference in responsiveness between Fisher and Lewis

rats to inhaled MCh was reduced but not entirely abolished after L-NNA treatrnenL Clearly
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the irnpaired NC-dependent pathway in FISher rats is an important but not the only

contn"butor to the strain related difference in airway responsiveness betwccn Fisher l'nd Lewis

rats. Morphometric studies have demonstrated a greater quantity of airway smooth muscle

in FIsher than Lewis rats (13,27) which fmding may account for the balance of the difference

in responsiveness betwccn these strains.

In summary. our present results demonstrate the involvement of endogenous NO­

cyclic GMP-re1axation pathway in the regulation of airway responsiveness in Lewis rats. Our

data also indicale that this Nû-dependent reguIatory pathway is impaired in Fisher rats which

accounts. in part, for the strain related airway hyperresponsiveness. The current study does

not establish whether the impaired NO<yclic GMP-regulatory pathway in FISher rats is

caused by a decreased response of smooth muscle to NO or by a decreased NO generation

in the airway. In view of the previously observed resistance of FISher rats to sodium

nitroprusside. an NO donor (38). a possible mechanism may include a decreased guany1ate

cyclase activity. However. reduced NO production by FISher tracheal tissues is not exc1uded.
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Chapter3

Airways of a Hyperresponsive Rat Strain Show

Decreased Relaxant Responses to Sodium Nitroprusside.
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As detaiJed in chapter 2, endogenous NO has been found to play a role in regulation

of airway responsiveness in nonnoresponsive Lewis rats. The Nû-dependent regulatory

pathway is less effective in hyperresponsive FISher rats and may contribute 10 strain-related

differences in airway responsiveness. It is not clear whether reduced production of NO or

resistaDce to its effects are responsible for the findings. NO is known 10 activate guanylate

cyclase and increase the production of cyclic GMP, which in rom inlubits smooth muscle

contraction in response to bronchoconstrictors. Chapter 3 investigated this NO-Cyclic GMP­

relaxation pathway in FISher rats and compared with Lewis rats, using an exogenous donor.
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3.1 ABSTRACT

The aim of the current studies was to investigate the possibility that a decreased

relaxant response te nitric oxide (NO) might contribute te strain-reJated differences in airway

responsiveness in the rat. IsoJated traehea\ rings from hyperresponsive FISher rats were

confmned to he more responsive to carbachoJ (EC'l)=2.45xlO"'M) than those from Lewis

(El:,o=3.6Oxlll'M, p<O.03) and ACI (EC,r3.85xlO"'M, p<O.OI) rats. Sodium nittoprusside

(SNP). a NO donor. caused relaxation of the carbachoJ (lO-6M) contraeted traehea\ rings but

theI~SNP in Fisher rats (5.6Ox1<rM> was significantly higher than that in Lewis (l.34xlll

'M. p<O.ool) and ACI rats (1.l3xI0-6M, p<O.OOO5). The inhibitory effect of SNP on airway

responsiveness to inhaled methacboline (MCh) in vivo was aIso Jess pronounced for FISher

than Lewis rats. SNP induced an accumulation of cyclic GMP in cultured trachea\ smooth

muscle cells (!'SM). FISher TSM produced Jess cyclic GMP on exposure te SNP compared

with ACI (p<O.OI) and Lewis (p<O.OOOI). A decreased guanylyl cyclase activity may account

for the impaired relaxant effect of SNP in FISher rats.
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3.2 INTRODUCTION

Airway responsiveness to methacholine and other bronchoconstrictors is variable

within (14,33) and among species (22,29). The predominant determinant of the differences

in responsiveness is not known. Suggested explanations include an increased amount of

smooth muscle in the airways (11). disruption of the usual mechanical interaction between

the airways and the surrounding parenchyma (1S.23). alterations in neural control of the

airways. and imbalance between endogenous bronchoconstrictors and dilators. Nitric oxide

(NO) is a recent addition to the list of potential endogenous modulators of bronchomotor

tone.

NO appears to play an important role in severa! biological functions of the Jung

including the regulation of airway smooth muscle tone (6). NO is known to relax traeheal

smooth muscle by 3Ctivating soluble guanylyl cyclase and increasing innacellularguanosine

3':S'-cyclic monophosphate (cyclic GMP) (16). NO is also partly responsible for the

phenomenon of non-adrenergie, non-cholinergic relaxation of excised airways from both

guinea pigs and humans (3.19). Recently it bas been shown that inhibition of NO synthesis

increases the airway responsiveness of the guinea pig to histamine and the cholinergic

agonists carbacho1 and MCh both in vitro and in vivo (28). indicating an invo1vement of NO

in the regulation of airway responsiveness to these bronchoconstrictors.

The current studies were designed to test the hypothesis that an impaired relaxant

response to NO is involved in airway hyperresponsiveness. We took advantage of the

reported strain related differenœs in airway responsiveness in the rat (22,29). FlSher rats have
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been observed lO exh.ibit a grearer degree of airway responsiveness to methacholine compared

with Lewis (12) and AC! rats (22). The relaxant effecl.S of SN? which is known to release

NO (5,21). were tested on the airways of the relaùvely hyperresponsive Fisher rat and were

compared with its effectS on the less responsive Lewis and ACr straÎllS.
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3.3 MATERIALS AND METHons

Animais. The highly inbred Fisher. uwis and ACI rat stt'ains (male. 7-9 weck oId)

were purchased from a commercial source (Harlan Sprague Dawley Inc.• Indianapolis. lN)

and housed in a conventionaI animal care facility at McGill University prior to

experimentation. The protocols were approved by an Animal Ethics Committee.

MedIanlcaI responses or tracheal rings. Rats were killed by a lethal overdose of

pentobarbital and their tracheas were immediately excised and cut inte 3 mm rings

approximately. Caze was taken not te damage the epithelium. Only the rings from the !ower

end of the trachea were used to measure the mechanical responses. Tracheal rings were

mounted on hool:s, connected te force transduœrs (Grass FT03. Quincy, MA) and incubated

in a physiological saline solution (PSS) bubbled with 95 % oxygen/5% carbon dioxide in 25

ml organ baths at 37°C. The passive tension was set at 1gram and the tissue was equilibrated

for 60 min. The isometric force of the tracheal rings in response te different concentrations

ofcarbachol (Sigma ChemicaI Co. St Louis MO) was recorded. The magnitude of relaxation

induced by SNP (Sigma ChemicaI Co., St Louis MO) was measured on rings that were pre­

constricted with 10-4 M carbachol and calculated as the percent decrease in the isometric

force developed with carbacbol The effects of LY-83583 (Calbiochem. San Diego, CA) on

SNP induced relaxation of traeheal rings were also recordel!. The width and weight of each

of the traeheal rings were measured at the end of the experiment
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Measurements of alrway responslveness in vivo. F344 (n=7) and Lewis strains

(n=7) were gi...en an intravenous infusion of SN? (3.4 jJglkglmin. in 5% glucose).

Propranolol. a ~-adrenergic receptor blocker. was injected inlravenously (lmglkg) before

SN? infusion to counter "-"y effeclS of catecholamines on airway responses. Pulmonary

resistance {RJ was measured at baseline and following aerosols of melhacholine (MCh).

MCh was administered in progressively doubling concentrations until a doubling in pulmonary

resistanœ was obtained. Responsiveness was defmed as the concentration of MCh required

to double~(E~. Each animal had a measurement of responsiveness to MCh measured

after an infusion of SN? and aIse after an infusion of 5% glucose. TItree animals from each

strain received SN? first and 2 hrs later a glucose infusion wbereas 4 rats from each strain had

responsiveness measured in the reverse order. Aerosols were generated using a disposable

nebulizer (Modell400. Hudson Inc.• TemecuIa. CA) and a compressed air source delivering

an airflow of SI/min.

Pulmonary resistanee were measured as follows. Intubated rats were placed in the

supine position. The tip of the traeheal tube was inserted inlO a Plexiglas box (volume, 265

ml) to which a Fleisch no. 0 pneumotachograph coupled to a piezoresistive differential

pressure transducer (Micro-Switeh 163PCOlD36; Honeywell. Scarborough. OnL. Canada)

was attached to measure airflow. Transpulmonary pressure (Ptp) was measured using a

differential pressure transducer (Transpac II disposable transducer. Sorenson. Salt Lake City.

Utah) connected to a water-filled catheter whose tip was in the lower third of the oesopbagus.

The other port ofthe transducer was connected to the Plexiglas box. The pressure and flow

signais were amplified, passed Ihrough eight-pole Bessel filters (Model 902LPF; Frequency
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Deviees. Haverhill. MA). with thcir cutoff fu:quenœs set al 100 Hz. and recorded by a 12-bit

analog to-digital converter at a rate of 200 Hz. The data were stored on a computer.

Pulmonary resistanec was calculated by multiple linear regression by fitting the equation:

Ptp=&.V +~V + K, to 10-s segments of data, where Ptp is transpulmonary pressure. V is

flow.~ is resistanee. V is volume. &. is elastance. and Kis a constant value. A commereial

software package (RHT Infodat Inc. Montreal. QC. Canada) was used.

Tracheal smooth muscle ceIJ cultures. Rat tracheaJ smooth muscle cells were

cultured as previously descn"bed (8.13). Brietly. tracheas were dissected rapidly and rinsed

with ice cold Hanks' balanced salt solution (HBSS). AlI extraneous tissues were carefully

stripped from the tracheas. Tracheas were cut longitudinally through the cartilages opposite

to the strip of smooth muscle and incubated in HBSS containing 0.05% elastase (type IV•

Sigma Chemical Co.• St Louis MO) and 0.2% collagenase (Type IV. Sigma) for 30 min al

37°C with gentle shaking. The solution was centrifuged al room temperature at 1200 rpm for

6 min. The pellet was resuspended in a 1:1 mixture of Dulbecco's modified Eagle's medium

(DMEM. GmCO Grand Island. NY) and Ham's F12 nutrient mixture (ICN BiomedicaJs.

Costa Mesa, CA). containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin

(Gmco). and cultured in 25 cm2 ecU culture tlasks at 37°C in humidified air containing 5%

~When confluent, cens were detaehed from the flasks by incubation with 0.125% trypsin

in HBSS containing 0.02% EDTA and subcu1nJred in 24-wen or 6-weU plates. Only confluent

cells from the flISt passage were used for experiments. Immunohistoehemical staining for

smooth muscle specific Cl-actin was done in preliminary experiments to conf1l'lt1 that cells

105



•

•

•

wcre in fact smooth muscle.

Cydlc nudeotlde measurements. Cultured traeheal smooth muscle cells in 24-well

plates were incubated with 1 ml Hepes-buffered culture medium containing 2% FBS for 30

min al 37°C as an initial period ofequilibration which was followed by a 15 min incubation

with 0.5 mM of the phv-sphodieslerase inhibitor 3-isobutyl-l-methyl-xanthine (IBMX, Aldrich

Chem. Co. Milwaukee. WI). mMX was added 50 as to inhibit the degradation of cycIic

nucJeotide. Then cells were incubated with either test agents or vehicle for 10 min. The

reaclions were stopped by replacing the medium with 1 ml of ice cold 0.5 N hydrochloric

acid. The cens were then sonicated and adenosine 3':5'-cyclic monophosphate (cyclic AMP)

and cyclic GMP (foUowing acetylation of the cyclic GMP) (7) were measured by

radioimmunoassay. Experiments were repeated at least 3 limes in quadruplicate.

Nitrite~y. CuJtured uacheal smooth muscle cells in 6-well plates were incubated

with 2 ml Hepes-buffered cuhure medium containing 2% FaS for 30 min at 37oC. SNP was

added and ceIIs were incubated for a further 10 min at 37oC. Nitrite in cell culture medium

was determined by a specaophotometric method based on the Griess reaction (35). Briefly,

0.4 ml samples of supematant were mixed with 0.8 ml Griess reagent conraining 0.5%

sulphanilamide (Sigma Cbemi:al Co.), 0.05% N-l-naphthyl-ethylenediamine-dihydrochloride

(Sigma Chemical Co.), and 0.4 N Ha and incubated for 10 min at room temperature. The

absorbance of the reaction produ,~t was read at 543 nm. The nitrite production was

quantitated from values interpalated from a standard curve using sodium nitrite. The
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sensitivity of the assay was approximately 10" M nitrite. Experiments were repeated 3 limes

and ail measurements were made in triplicate.

Statistical AnaIysis. DaIa are expressed as mean ± s.e. Significant differences among

group means were tested for by one-way analysis of variance (ANOVA) and post hoc

comparisons were donc using Fisher's LSD test. Comparisons of two means were made using

Student's t test. The concentrations of carbachol required to effect 50% of the maximal

contraction(E~ or ofSNP required to cause 50% relaxation (ICSO> were expressed as the

geometric means and were logarithmically transformed prior to statistical analysis. p<O.05

was considered significant.
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3.4RESULTS

Contractile responses of lsoIated tracheal preparations to carbachol. The

isometric force generated by tracheaI rings on exposure to carbachol is shown for FIsher.

Lewis and AC! rat suains in FIg. 1. Carllachol (lO" M to 10" M) induced an inerease in

isometric force in 6 -

•

traeheal rings of aU

three strains in a

concentration-

depeodent manner.

Fisher tracheal

preparations

exhibited a greater

:.:
'-'c:
o...

responsiveness to
C -7 -6 -5 -4

carbacbolcompared

with eiIher Lewis or

AO rats. The

CARSACHOL (LOG 1oL)

F"~ 1. Isometric rension response (grains) of tracheal rings ploncd
against progressive increasÎl!8 COllCtIItration ofC3rbachol (log molm).
Open circlcs: Lewis ms (Om6); cJosed circlcs: FISher raIS (0-6):
opeo aianglcs: ACI raIS (omS). C: conlIol condition wïthoul
treatmenl. Data are ~rcssed as~ ± s•••

•

maximal isomelric force generated by Fisher tracheaIis in response to carbachol was

4.58:tO.42 gram. wlüch was significantly hïgher !ban that of the traehealis from either Lewis

(3.03±O.2S gram. p<O.OOS) or AO (2.82 :l: 0.16 gram. p<O.OOl) rats. ECso of Fisher

lJ'aCheaœ (2.45 x ur'M; geometri: mean) was lower than bath that of Lewis (3.60 x ur' M.

p<O.03) and AO (3.85 x ur' M. P<O.Ol)•
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The width oftraeheaI rings was 3.2 ± 0.1 mm in Fisher. 3.0 ± 0.1 mm in Lewis (P=NS

compared to Fisher rats) and 28 ± 0.2 mm in ACI rats (p=NS compared ta Fisher rats). The

weight of the traCheal rings was 7.21 ± 0.35 mg in FIsher, 7.95 ± 0.63 in Lewis (p=NS

compared to FISher rats) and 6.09 ± 0.26 in ACr rats (p<O.05. compared ta FISher rats).

RelaT.ant erreds of sodium IÙtroprusside on carbachol precootraeted tracheal

preparatloœ Tracheal

•

rings were precontracted

with 1<rM carbacho1; this

concentration effected

contractions of the

tracheal rings equivalent

to 75±2%, 7l±4% and

74±2% of the maximal

isometric force in FISher,

Lewis (p=N.S.) and ACr

"f
60

z
0
E-

/11
<
>< 40<
r;j
c::
a-e

~/ /20 /0
V/ •

0
i:::::::::~ ,./•..
C -7 -6 -5 -4 -3

SODIUM SITROPRUSSIDE (LOC; Il)

concentration-dependent

to U)" M) induced a

respectîve1y. SNP (l0·7 M

(p=N.S.) rats,
Fieure 2. Relaxation of lracheal rings in respanse 10 sodium
lÙtroprosside. The lracheal rings was pre-contraelcd by 10· Molar of
camachol. Relaxation is expressed as 1he " decrease in isometric
tension developed wi1h carbachol. Open circles: Lewis rats (n-9);
closed circIes: Fisher rats (n-7); open triangles: AC. rats (n-S). C:
control condition wi1hOUl treaunent. Data are expressed as mean ±
s.e.

•
relaxation of carbachol-

contraeted rat tracheal rings from the three strains (Fig. 2). However, FISher rats were 1ess
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•
sensitM: 10 SNP !han Lewis and AO rats. as evidenced by a reduced magnitude of relaxation

for a given concentration of SNP. The IC$O for SNP in FISher rats (S.6 x 10'" M) was

significantly higher than that in Lewis (1.3 x 10'" M. p<O.OOl) and ACI (1.1 x ro M.

p<O.OOOS) rats.

Efrect ofSO<lium n1troprusslde on pulmonary responslveness 10 methachollne

III vivo. Fisber ratS were hyperresponsïve 10 inhaIed MCh compared with Lewis rats (Fig. 3).

The concentration of

•

CON SN?
-------

FISHER

•

methacholine needed

to double pulmonary

resistance (EC;,oRJ

for Lewis rats (4.89

mgImI) was 2.6 limes

higher than that of

FISher rats (1.86

mg/ml, p<O.02; Fig.

3). SNP reduced the

puImonary response

10 MCh in Lewis rats;
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l
v

v

CON SN?

LEWIS

•
EC~ increased

from 4.9 to 11.4

mgImI (p<O.02). ln

F"aeure 3. Effcct of sodium llÎtroprusside on pulmolW)' resisunce in
response lO methacholine in vivo. Ec,.,R..: MCb concentration needed
lO double the pulmolW)' resÎStanee. Each symbol represents data !rom
an individuaI animal.
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Fisher rats, although pulmonary responsiveness 10 MCh showcd a similar trend. the changes

in responsiveness were not significantly different before and after SN? infusion (EC:ooRt.: 1.9

vs 4.1 mg/ml, p=N.S.).

Cydlc nudeotlde production by tnlcheal smooth muscle ln response ta sodium

nitroprusslde. Fig. 4

shows the levels of

intraeellular cyclic

80

o
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nucleotides in cultured

traehea1 smooth muscle

With increasing

progressive increase in

IBMX, there was a

cells exposed to SNP.

in the presence of

concentrations of SNP.•

the levels of cyclic SODIUII SITROPRUSSIDE (LOC Il)

GMP in tracheal

•

smooth muscle ceUs.

Less cyclic GMP was

produced for any given

concentration of SNP

Fleure 4. Cyclic GMP (dashed cutVes. unit: remtomolcs) and oyelie
AMP (solid eurvcs. unit: picomoles) accumulation in cultun:d traeheal
smoo!h muscle cells in rcsponse 10 sodium niuoprusside. Open circlcs:
Lewis rats (n=6); close<! circtes: Fisher rats (n-6); open uiangles:
ACl rats (n=8). C: conuol condition wi!houl Utatment. Data are
exprcssed as mean ± s.e.
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in the cultured lracheal smooth muscle cells from FIsher rats than from either Lewis

(p&OOOI) or AC! rats (p<O.OI). SNP did IlOt effect any increase in intracellular cyclic AMP

production by traeheal smooth muscle cells from any of the three strains (Fig. 4).

SodIum n1troprosslde, cydlc GMP and relaxant respoœes. To further investigate

whether SNP-induced relaxation was through a cyclic GMP-dependent mechanism. the

effects ofLY83583. a selective suppressor ofcyclic GMP formation (20,32), on SNP-induced
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Figure 5. Effect of LY·83583 on SNP·induced
cyclic GMP .ccumul.tion in culnued uacheal
smoolh muscle cells. Open bar: Lewis ralS:
h31ched bar: Fisher ralS. Dal> shown are mean ±
s.c.
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FIgure 6. EffectofLY·83583 (l0" M) on sodium
nitroprusside (I~ M)·induced relaxation of
tr.cheal rings from Lewis and Fisher ralS. The
tr.cheal rings were pre-contraeted by carbachol
(I~ M). Relaxation is expressed as %decrease in
isometric tension deYeloped with carbachol. Open
bar: sodium nitroprusside only; cross·halChed bar:
sodium nitroprusside plus LY-83583. D'l> are
mean ± s.e. n-7•• p<0.05; •• p<O.OI



•
intraeellular cyclic GMP accumulation in cultured smooth muscle cells and relaxation of

trachea1 rings were tested. LY83583 (lO''M 10 10"'M) inlùbited cyclic GMP accumulation

induced by SNP (lO"'M) in cu1tured ceDs (Fig. 5). LY83583 (lO"M) was also found 10 inhibil

SNP-induced traehea1 ring relaxation in both Fisher (Fig. 6, p<O.Ol) and Lewis rats (p<O.05).

In addition. 8-bromo-guanosine 3':5'-<:yclic monophosphate (8-bromo-<:yclic GMP),

a cell-permeable cyclic GMP analog, induced relaxation in carbachol (l0'" M)-<:onstricted

traChea1 rings (Fig. 7). The traehea1 rings from Fisher rats showed a lesser degree of

•

•
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Figure 7. S·Sroeyclic GMP induced relaxation of
traeheal rings from Lewis (open bar) and FISher rats
(halched bar). The tracheal rings were pre·
contraCled by carbachol (10" Ml. Relaxalion in
response ID 8-bromo-cyclic GMP was recorded and
expressed as " decrease in isometric tension
developed with carbachol. n-S, •• p<O.OI: ••
p<O.OI
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o
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Figure 8. Nitrile production in cultured rallnCheal
smooth muscle cells on cxposure ID SNP. Open
circlcs: Lewis rats; closed circlcs: Fisher raIS. C:
conuol condition without tr.auncnl. Data are
expressed as mean ± s.e. of 3 CXpcrilllC1US in
triplicall:.
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relaxation in response to the same concentrations of 8-bromo-cyclic GMP (p<O.OI) !han

those from Lewis rats.

Nitrite assay. SNP produced nitrite when incubated with cultured ai.tway smooth

muscle cens in a concentration-dependent manner. There was no significant difference in the

Ievel ofnitrite in the culture medium from Fisher and Lewis ai.tway smooth muscle cells (Fig.

8). In SNP solution, nitrite levels increased with increasing concentrations of SNP in the

absence of cells (data not shown) and were comparable to measW'ements made on the

medium of the smooth muscle cultW'eS from each of the strair.s.
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3.5 DISCUSSION

In this study, the effects of sodium nitroprusside on the relaxation of carbachol pre­

contracted tracheal rings and intracellular cyclic GMP accumulation in cultured tracheal

smooth muscle ceDs were compared among Fisher, Lewis and AC! rats. Tracheal rings from

Fisher rats were hyperresponsive to carbachol relative to Lewis and AC! rats, confuming an

association between in vivo and in vitro differences in airway responsiveness among these

strains (12,22). SNP induced a concentration-dependent relaxation of carbachol-contracted

tracheal rings. However. FISher rats demonstrated a lower sensitivity to SNP in terms of

relaxation of pre-contracted traeheal rings as weil as cyclic GMP accumulation in cultured

airway smooth muscle œlls than either Lewis or AC! rats. Further. Fisher tracheal smooth

muscle re1axed less weil on exposure to the œil permeabi~cyclic GMP analogue. 8-bromo­

cyclic GMP. indicating a lower sensiûvity of the contractile mechanisms to the relaxant effects

of this cyclic nucleotide.

Differences in responsiveness among rat strains have been shown in response to

airway challenge in vivo (12,22). Different responses in vivo to inhaled agonists could be

caused by a number oflilctors other than intrinsic differences in the contractile properties of

airway smooth muscle. Among these factors are altered lung parenchyma-airway

interdependence (Zl). the loads against which airway smooth muscle contraets (9,26) and the

airway geometry (25). In evaluating the possibility that airway hyperresponsiveness might be

associated with impaired relaxation of smooth muscle to SNP. it was important to

demonstrate that differences in smooth muscle responsiveness were present in vitro. Our
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fmdings showing an association between in vivo and in vitro responsiveness are in contrast

to previous studies that failed to show any reIationship between airway responsivcness to

provocation testing in vivo and the responsiveness of excised airway tissues in vitro (34). It

is possible that the use of tissues from diseased lungs may have introduced confounding

factors in earlier studies that maslœd reIationships which might have been present had normal

tissues been studied. ln vitro responses of human airways are also difficult to evaluate for

changes in me absolute magnitudes of response of human airways because of the Iack of

convenient methods for ensuring that the orientation of tissue strips corresponds to the long

axis of the muscle bundles. The use oftraeheal strips circumvents this problem because of the

consistent transverse arrangement of the muscle bundles.

To aIlow comparisons not only of the positions of the concentration-response curves

to carbachol but also the maximal responses we attempted to study tracheal rings of

comparable si.zes from each strain. There was no difference in the size or weight between

Fisher and Lewis tracheas. However. rings were slightly lighter from ACI than Ftsher rats

which could account for part of the observed differenœs in maximal responses, assuming that

the quantity ofmuscle was in proportion to the weight of the rings. However, in the absence

of any measurements of the quantity of airway smooth muscle in the traeheal preparations,

we cannot exclude the possibility that such differences were present and may have caused the

differences in maximal responses. We have previously demonstrated an increase in smooth

muscle in the intraparenchymal airways of Ftsher compared to Lewis rats (12), so it is quite

conceivable that such differences may he present also in the trachea. Although the

predominant difference in responsiveness in vitro resided in the maximal responses, there
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were also differences ÙI the positions of the concentration-response curves thal suggt:.~1

ÙltrinsiC differences ÙI contractile responses 10 carbachol. The finding of strain-related

differences ÙI tracheal responses and the a.<;sociation with measurements of airway

responsiveness in vivo was surprisÙlg given the ÙldireCI link bclWecn the IWO measurt:.~.

However. il does SIlggest tlIat traeheal responses may !Je representative of the responsiveness

of more distal parts of the airway tree.

Sodium nitroprusside was used to mimic the effects of nitric oxide. an endogenous

modulator of airway tone (6). The relaxant effect of SNP on smooth muscle is likely tD be

mediated bya NQ-dependent mechanism because SNP releases NO after photolysis or after

the addition of reduCÙlg agents (5,21). It has been demonstrated also that a smooth muscle

membrane-associated activity catalyses the release ofNO from SNP (18). However. since our

experiments were performed ÙI such a way that photDlysis of SNP could occur. catalytic

conversion ofSNP was not neœssary. Indeed, IÙtrite Ievels assayed ÙI solutions of SNP were

comparable to leveIs ÙI medium from smooth muscle cultureS. Consistent with the idea that

SNP Ù1duced relaxation Ùlvolved cyclic GMP. LY83583. an agent that decreases intracellular

cyclic GMP (20.32). inlùbited both SNP Ùlduced cyclic GMP accumulation ÙI the smooth

muscle cells ÙI culture as weil as the relaxation of tracheal rings.

The FISher rat trachea was less sensitive to the relaxant effeclS of SNP than either

Lewis or AC! tissues. Maximal responses to SNP were similar among the three strains. The

changes ÙI cyclic GMP ÙI SNP exposed cuItured myocytes are consistent with these

observations. ÙI that leveIs of cyclic GMP were less ÙI the FISher cells for any concentration

of SNP. Maximal relaxation of the traeheal rings was effected by concentrations of SNP

117



•

•

•

around 5 X 10" M in Lewis rats and l'tl M in FISher; these concentrations resulted in

equivalent levels ofcyclic GMP (20 femtomolesllO' cells). However, at lower concentrations

of SNP there was a measurable relaxant effect in tissues from Fisher rats even though cyclic

GMP levels were not detectably elevated. This suggests that compartmentalization of cyclic

GMP may occur and that total celllevels may not be a sufficiently sensitive way to deteet

increases in intracellular concentrations. Although we have not established the exact

mechanism for the decreased production of cyclic GMP in response to SNP in FISher rats,

nitrite measurements exclude the possibility that SNP might have released less NO in FISher

rat traeheal smooth muscle cens. It is more likely that guanylyl cyclase activity is lower in the

smooth muscles of Fisher rats, or that the sensitivity of the enzyme to NO itself is different

between strains. Lower levels of cyclic GMP do not appear to be the sole explanation for

differences in traeheal responses lO SNP, since in Fisher rats the tracheal rings also relaxed

relatively Jess to any given concentration of the cell permeant cyclic GMP analog, 8-bromo­

cycIic GMP. This finding indicates that a decreased sensitivity of the contractile process lO

cyclic GMP may also contribute in part to the differences in tracheal responses to SNP in

FISher rats.

Impaired relaxant responses ofairway smooth muscle have been previously described

in association with hyperresponsiveness. A reduced responsiveness of the airway smooth

muscle to (3-adrenergic agents (2) bas been found in subjectS with asthma, in aetively

sensitized guinea pigs (4,24) and in the Basenji greyhound, a dog model of

hyperresponsiveness (10). Alveolar macrophages from patients with asthma accumulate less

cyclic AMP in response to j3-agonists compared to œlls from control subjeets without
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asthma, and the degree of hyporesponsivencss is related to the severity of asthma (1). A

decreased adenylyl cyclase activity bas lx:cn confirmcd in membrane fractions of macrophages

from asthma patients in response to p-agonists (1). The current studies suggest that

decreased guanylyl cyclase activity may be associated with hyperresponsiveness of the rat

tracheal smooth muscle. indicating that other relaxant pathways may be affected in

hyperresponsive animals.

The Iink between decreased guanylyl cyclase activity and airway hyperresponsiveness

is not immediately obvious. but it is consistent with a role for NO as a determinant of airway

responses to contractile agonists (28). Airway smooth muscle does not appear to have been

evaluated as a possible source ofNO. but it is possible that other cells such as epithelium may

synthesize it (17,30). Recent evidence indicates that a cyclic GMP-dependent protein kinase

reduces agonist-stimulated Ca++ increase by inhibiting inositol IA.S-triphosphate (IP,)

production (31). suggesting!bat the altered regulation of IP3 1evels intracellularly may be the

mechanism by which cyclic GMP inhibits airway smooth muscle contraction. We postulate

that an imbaIance between NQ-cyc1ic GMP-induced relaxation and contractile agonist­

stimulated IP3 production may be a determinant of differences in airway responsiveness in

vivo.

Other explanations for strain-related differences in airway responsiveness in the rat

have been proposed. An increased amount of aïl-way smooth muscle bas been found by

morphometry in FISher rats compared to Lewis and bas been postulated to account for the

observed inter-strain differences in responsiveness (12). However. the hyperresponsiveness

ofFisher rats in vitro involves both an inereased maximal response and sensitivity <EC,o) to
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carbachol 1bc increascd maximal isomeUic responses in vitro observed in the present study

are consistent with the possibility that the amount of trachea1 smooth muscle may also be

increased in FISher rats (12). However. the increased sensitivity of the traeheal rings in Fisher

rats to carbachol cannot be explained by changes in the amount ofairway smooth muscle, but.

il must have been caused by other mechanisms of which sensitivity 10 endogenous NO is one

possibility.

In summary, our present results and previous studies (12,22) demonstrate that the

Fisher rats have a degree of airway responsiveness that is greater than certain other rat

strains. Our data also indicate that the functional integrity of the airway NQ.cyclic GMP­

relaxant pathway is impaired in Fisher rats, suggesting the possibility of an imbalance between

contraction and relaxation as a potential mechanism leading 10 airway hyperresponsiveness.
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Chapter4.

P4S0 MEDIATED NITRIC OXIDE SYNTHESIS DY

TRACHEAL SMOOTH MUSCLE CELLS
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Studies reported in Chapter 2 and 3 are investigaüons of the role of NO in the

regulaüon ofairway smooth muscle tone. ln the airway, NO is believed to be synthesized in

cells such as epithelium and diffuse into adjacent smooth muscle cells where it regulates

airway responsiveness. Since no constituüve NOS has been deteeted 50 far in airway smooth

muscle cells. an alternative pathway for NO production, which bas been reported in vitro

previously, is investigated in airway smooth muscle cells and results are presented in Ibis

chapter.
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4.1 ABSTRACT

Nitric oxide (NO) is Icnown 10 be synthesized from L-arginine in a reaction catalyzed

by NO synthase. Liver eytoehrome P4S0 enzymes also catalyze the oxidative cleavage of

C=N bonds ofcompounds containing a-C~=NOH function. producing NO in vitro. The

current study was designOO to investigate whether the P4s<k:ataJyzed pathway for production

of NO is also present in traeheal smooth muscle cells. The effects of formamidoxime. a

compound conlaining -C(NHJ=NOH. on airway relaxation. intracellular cyclic GMP

accumulation and NO production in cultured traeheal smooth muscle cells were tested.

Formamidolàme(l~ 10 lO"M) relaxed carbachol contracted tracheal rings and Ùlcreas.~d

Ùltracellular cyclic GMP in cuitured tracheal smooth muscle cells Ùl a concentration­

dependent manner while L-arginine had no effect. NO was deteetable Ùl the medium

containing cultured traeheal smooth muscle cells when incubated with formamidoxime.

Ethoxyresoru.lin (10"1M 10 10"'M). a P4S0 inhibitor. inhibited formamidoxime induced cyclic

GMP accumulation in cultured traeheal smooth muscle cells as weil as traeheal ring

re1axaliolL The No-synthase inlùbi1Ors, N"'-nitro-L-argînine (lO'3M) and ~-monomethyl-L­

arginine (lO·3M). had no effect on formamidoxime Ùlduced cyclic GMP aceumuiatiOIL In

conclusion. these results suggest that NO cao be synthesized from formamidoxime in traeheal

smooth muscle cells by a reaction catalyzed by P4S0.
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4.2 INTRODUCTION

It has been well established that endogenous NO is synthesized from L-arginine

eataIyzed by NO synthase (NOS). NOS eatalyzes the fonnation of NO from L-arginine in two

steps. F1I'Stly. it eataIyzes the N-oxygenation of L-arginine to form N'"'-hydroxy-arginine

(NOHA). which contains a -e<NHJ=NOH function. Secondly. the oxidative cleavagc of the

C=N bonds ofNOHA produces NO and L-citrulline (26). üver cytOChrome P450s have also

been found to eataIyze the oxidative cleavage of C=N bonds of compounds containing a ­

C<NHJ=NOH function. producing the corresponding derivatives conlaining a-e~ )=0

function and NO in vitro (1).

NO appears to play an important role in regulating severa! biologic functions in the

lung including modulation of airway smooth muscle 10ne (4.10.14.19). NO relaxes airway

smooth muscle by activating soluble guanylate cyclase leading to the accumulation of

intracellular cyclic GMP. ln the lung. NO cao be synthesized in a number of cell types

including macrophages. neutrophils, mast cells. nonadrenergic noncholinergic inlùbitory

neurons. fibrobiasts. vaseular smooth muscle cells. pulmonary arterial and venous endothelial

cel1s, and airway epithelial cells (11). However. no constitutive NOS activity bas been found

in airway smooth muscle cens. Since cytochrome P450 isoenzymes have been identified in rat

lung (27). the current study was designed 10 test wbether the P45O-catalyzed pathway for NO

production was also present in airway smooth muscle cells. We chose formamidoxirne

(HC(NliJ=NOH). a compound containing -e(NHJ=NOH. as the substrate for this pathway.

Therefore, the effects of formamidoxime on airway relaxation and intracellulllI' cyclic GMP
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accumulation in cultured traeheal smooth muscle celIs were investigated. The role of P450

enzymes in the production of cyclic GMP was explored using ethoxyresorufm and

miconazole. P450 inhibitors (21,22).
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4.3METHODS

Animais. Lewis rats (male. 7-9 week old) were purchascd from Harlan Sprague

Dawley Inc.(1Ddianapolis. IN) and housed in a conventional animal care facility al McGill

University prior to experimentation. The prolocol was approvcd by an Animal Ethics

Comrnittee.

Mechanical responses of traclteal rings. Rats were killed by overdose with

pentobarbital and their IIacheas immediately excised and incubated in a physiologicaJ saline

solution <PSS. containing (mM): NaCl 118; KCl 4.5; CaCl2 2.5; MgSO. 1.2; KH2PO. 1.2;

NaHe0, 255 and ghx:œe 5.6) bubb1ed with 95% oxygenl5% carbon dioxide. Tracheas were

dissected from surrounding tissues and cut inta 3 mm rings approximately. Only those rings

from the lower end of the IIachea were used ta measure the mechanical responses. Tracheal

rings were mounted 00 hooIcs, connected to force tranSducers (Grass Ff03. Quincy. MA).

and incubated in PSS bubbled with 95 % oxygen/5% carbon dioxide in 25 ml organ baths al

37°C. The passive tensioo was set at 1 gram and the tissue was equilibrated for 60 min. The

isometric force of the tracheal rings in response to carbachol (Sigma ChemicaJ Co. St Louis

MO) was recorded. The magnitude of relaxation induced by fonnamidoxime

(H~NOH, Aldrich ChemicaJ Co. Milwaukee WIS) was measured on rings that were

pre-<:onsui:ted wiIh llr M carbachol and calculated as the percent decrease in the isomettic

force developed with carbachoL The effects of LY-83583 (Calbiochem. San Diego. CA).

ethoxyresorufin (ER. Molecular Probes Inc. Eugene. OR). N"'-nitro-L-arginine (L-NNA,
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Sigma Chemical Co. St Louis MO) and ~-monomemyl-L-arginine (L-NMMA. Calbiochem

Co. La JoDa CA) on fonnamidoltime induced relaxation of Lracheal rings were also recorded.

Tracheal smooth muscle ceIl cultures. Rat tracheal smoom muscle ceUs were

cultured as previously described (8.9). Brefly. traeheas were dissected rapidly and rinsed wim

ice cold Hanks' balanced sah solution (HBSS). AIl extraneous tissues were earefully stripped

from the tracheas. The anterior aspect of me tracheas were cut longitudinally through me

cartilages and incubated in HBSS containing 0.05% elastase (type IV. Sigma) and 0.2%

collagenase (Type IV. Sigma) for 30 min at 37°C with gentle shaking. The solution was

centrifuged at room temperature at 1200 rpm for 6 min. The pellet was resuspended in a 1:1

mixture of Dulbeeco's modified Eagle's medium (DMEM. GmCO Grand Island. NY) and

Ham's F12 nutri:nt mixture (lCN Biomedicals. Costa Mesa. CA). containing 10% fetal bovine

serum (FBS) and 1% penicillin-strep1Om)tin (Gmco. Grand Island, NY>. and cultured in 25

cm2 œll culture f1asks at 37°C in humidified air containing 5% CO2• When confluent, œlls

were detaehed from me l1asks by incubation wim 0.125% trypsin in HBSS containing 0.02%

ethylenediaminetetraacetie acid and subcultured in 24-well or 6-well plates. Only confluent

ceUs from me fll'St passage were used for experiments. Immunohistochemical staining for

smooth muscle specifie cx-actin was done 10 COnflIIll mat me ceUs obtained in this way were

smooth muscle cells.

Cyclic nucleotide measurements. Cultured tracheal smooth muscle œlls were

incubated in 24-well plates wiIh 1mlHepes-buffered culture medium containing 2% FBS for
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30 min at 37"C as an initial pcriod of cquilibraùon. followed by a 15 min incubaùon with 0.5

mM oÎthe phosphodicsterase inhibitor. 3-isobutyl-l-methyl-xanthine (IBMX, Aldrich Chem.

Co. Milwaukee. WI). Test agents or vehicle were added in the presence of 0.5 mM IBMX

and incubated for 10 min at 37"C. The reacûons were stoppcd by replacing the medium with

1ml ofice cold 0.5 N hydrochloric acid. The cells were then sonicated and cyclic AMP and

cyclic GMP (following aœtylation of the cyclic GMP) (6) were mcasured by

radioimmunoassay (RIA) (12). Experiments were repeated at lcast 3 ùmes in quadruplicate.

Nitric oxide measurement. NO levels were measured using an NO

chemiluminescence analyzer (Sievers Research. Boulder. CO). Cultured tI'acheal smooth

muscle cells in 6-well plates were incubated with formamidoxime for 10 min at 31'C in lm!

Hanks' buffer. The incubaùon buffer was subscquently transferred to test tubes for

measurement of NO as follows; samples (100 111) were injected into a modified purging

chamber containing 5 ml sodium iodide (NaI. 1% in glacial acetic acid). which was

continuously being purged bya stream ofargon (30-40 mlImin). Sodium iodide converted any

NO that may have been transformed to nitrite by interacùon with O2 back to NO (2). The

argon stream was drawn into the analyzer and mixed with intemally generated 0, (by

electrostatic discharge). The light emission was detected at an integration time of 0.25 s by

a cooled Hamamatsu red-sensitive photomultiplier tube after the light passed through a red

fùter interposed to eliminate chemilutninesœnce due to volatile sulfides (2). The deteeùon

Iimit of this technique is 1 picomole. The background signal produœd by the control Hanks'

133



•

•

•

buffcr was subtraeted from the signal obtained from the fonnamidoxime treated samples. The

standard wcre constnlcted using polaSSium nitrite at the same integration lime.

Statistics.Data were expressed as mcan :t SE. Differences between means of dose­

response curves were tested by Dunnett t test for testing severa! treatment with a common

control. Others were tested by Student t test p<O.OS was set as the level of significance.
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• 4.4RESULTS

Relaxant effect of 110 ..
fonnamld"ùme on rat

formamidoxime to the

carbachol. The addition of

-2-3-4

FORKAKIDOXIKE (LOC K)

-5

wereringstracheal

the pre-contracted rings

progressive relaxation of

tracheal rings. Isolated

precontracted with 10-6 M

organ bath induced a

•
(Figure 1). A relaxation of

32% was induced by 10'~

formamidoxime

fi&urt 1.Fonnamidox.ime induc:ed relaxation ofcarbachol contr;u:u:d
rats uacheal rings. Rat trachea.l rings were precontracted by 10·f\M
carbachol Cn = 6). Relaxation was calculated as decrea~of isonu:tnc
force and expre~ as ~ of maxirnaJ Isornetric tor~e anduced hy
carbachol. Data are exprcs--.;ed as mcan ta SE.• p<().()~: ••
p<O.OI.

Elfect oC fonnamidoxlme on Intraœl1uIar cydlc nucleotlde prodUctiOIL Figure 2

shows the levels of intraœllular cyclic nucleotides in culrured tracheal smooth muscle cells

exposed to formamidoxime. With increasing concentrations of formamidoxime. there was a

•
progressive accumulation of cyclic GMP in traehea1 smooth muscle œUs; 10.2 M

formamidoxime increased intraœllular cyclic GMP from 6.7::1:1.0 to 17.6%4.2 fmo1l10.000

œDs. In contrast, L-arginine (lo--M te 10"~ had no effect on intracellular cyclic GMP levels
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under the same experirnental conditions. Intracellular cyclic AMP levels in traeheal smooth

muscle cells were unaffected by formamido:time.
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Figure 2. Fonnamidol<irne induced cyclic GMP accumulation in
culrored tracheal smooth mu.<cle cell.<. Tracheal.<mooth mU.<Cle cell<
were incubared wilh formamidox.ime or L.arginine ror 10 min at 37'
C. Cyclic AMP and cyclic GMP in the cell'< Were mea.<ured. Open
circle: fonnamidol<irne: closed circle: L-arginine; .<olid line: cyclic
GMP; da.<hed line: cyctic AMP. C: Conuol (vehicle) for
fonnamidoxime of L-arginine. Data are expre.<sed as mean ± SE
from 3 experiment.< in quadruplicate.<.• p<O.OS

Formamldoxlme, cydlc GMP and relaxant responses. To further investigate

whether the formamidoxime-induced relaxation was mediated through a cyclic GMP-

dependent mechanism. the effects of LY83583. a selective suppressor of cyclic GMP
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formation (18.25), on formamidoxiroe-induced intraeellalar cyclic GMP accumulation in

cultured traehea1 S1DOOth muscle ce11s and on relaxation of tracheal rings were tested.

Increasing concentrations ofLY83583 progressively inhibited formamidoxime-induced cyclic

GMP accumulation in cultured tracheal smooth muscle cens (Figure 3); 10': M

formamidoxime increaSed cyclic GMP levels from 3.58±ü.91 te 6.26±1.5 fmolllO,ooo cells

wlùch was inhibited by LY83583 (10's M) to 3.86±1.0 fmolllO.OOO cens. IO'S M LY83583

also inhibiœd formamidoxime-indueed traChea1 ring relaxation significantly as shown in Figure
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Figure 3. LY83S83 inhibited formamidoxime
induced <yclic GMP accumulation in ttacheal
smooth muscle cells. Culrured tracheal smooth
mu.<cle cells were preincubated with increasing
.-oncentratioll.< of LY83S83 for IS min. followed
by a t0 min incubation with formamidoxime (10'
'M). C: Control (vohicle) for LY83S83 al the
presence of formamidollime (l0~ M). Data are
expn:ssed as mcan ± SE from 3 experimenl< in
qu.1druplicate•• p< O.OS

Figure 4. Effccts of ethoxyrcsorufin <ER) and
LY83S83 on fotm;lInidox.ime induced relCf,:\4tUnn.
lsolated tracheal rings wcrc prclOcuh.ltcd wlth

'chiclc (open bar) or ER or LYX3SX3 (h;ttchcd
bar) for IS min. Relaxant. crfCCl' ot
fo"n:unidollimc (10·' M) on ..rbachol (IO·'M)
contracted tl'achca werc recordcd. Dat:t etrC

exprcs.<ed as mean ± SE. n=6.• p<O.OS.
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accumulation in the ceUs

was not affected (Figure 5).

induced cyclic GMP Figure S. Effecl of :'lOS inhibitors on formamido.ime induced
cyclic CMP accumulation in trachoal smooth muscle cells. The
experiments were performed in the same way as in the legend of
Fil\ure 3. 1. Control: 2. Formamido.ime IO"M: 3. L·NNA IO"M:
4. L·NMMA IO"M. Data are e.pressed '1S mean ± SE from 3
experimenl< in qu;tdruplicotte... p<O.OOOI compared with Control

Effect of P450

Inhfbilors on fonnamIdoxime Induced cyclic GMP accumulation in cuJtured tracbeaI

smooth muscle œIk. EthoX)reSOrufin 00-7 to 10" Ml, a eytochrome P450 inhibitor, inhibited

formamidoltime 00-2M) induced cyclic GMP accumulation in cultured tracheaI smooth

•
muscle cells in a concenttation-dependent manner (Figure 6); Formamiâoltime 00.2 Ml

increased cyclic GMP levels in cu1tured tracheaI smooth muscle œlls from 2.51%0.29 to
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S.S8±0.93 fmal/10.000 cells; this effect was inhibited by Ethaxyrcsarufin (10' M) ta

3.44±0.47 fmall 10.000 cells. Ethaxyresorufin (IO"M) also inhibited formamidoximc (10'

, M) induced relaxation in carbachol contracted tracheal rings (Figure 4). Miconazole
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Figure 6. P4S0 inhibitors inhibited
formamidoxime induced cyclic GMP
accumulation in cultured tmchoal smoolh muscle
cells. The ex!>"riments wcre donc in lhe same
manner as described in lhe legend of Figure 3. C:
Control (vehicle) for elhox)~esorufin or
miconazole at the presence of fonnamidoximc:
(10'). Data are expres.<ed as moan ± SE from 3
experiments in quadruplieate•• p<O.OS
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Figure 7. Formamidoxime Induced NO
production in culturcd tr4lcheal smooth mu.~lc

cells. Cultured lracheal smoolh mu.",le ceIls were
incubated wilh formamidoximc in Hank.,· burrer
for 10 min al 37" C. :-;0 in lhe Hank.,· buffer
was measured by :'\10 chcmiluminesccnce
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(Janssen Biotcch N. V.. Ccdarlanc Laboratorics Limitcd. Hornby. ONT). another P450

inhibitor. had a similar inhibitory effect on formamidoxime induced cyclic GMP

accumulation in tracheal smooth muscle ce\ls in culture (Figure 6).

Nitric oxide production from formamidoxime. A concentration-dependent

production of NO was detected in the culture medium when tracheal smooth muscle ce\ls

were incubated with increasing concentrations of formamidoxime (10'" to 10-' M. Figure

7). The maximal NO produced at 3 mM formamidoxime was about 110 pmol/we\l. The

same concentration of formamictoxime in Hanks' buffer without ce\ls did not produce

NO. At higher concentrations NO was detectable in medium in the absence of ceUs.
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4.5 DISCUSSION

We have shown that formamidoxime was able to induce tracheal ring relaxation

and accumulation of cyclic GMP in cultured tracheal smooth muscle cells. while L·

arginine had no effect on intracellular cyclic GMP levels in similar cells.

Formamidoxime also produced measurable levels of NO in the culture medium of

tracheal smooth muscle ceUs. The effeclS of formamidoxime were inhibited by P450

inhibitors but not by NOS inhibitors. strongly suggesting that a P450 catalyzed pathway

for the production of NO was present in tracheal smooth muscle ceUs.

NO is known tO relax airway smooth muscle by activa,ing guanylate cyclase and

increasing intracellular cyclic GMP. Formamidoxime is a convenient commercially

available compound containil'g a -C (NH:) = NOH function. the oxidative cleavage of

C=N bond ofwhich is able to produce NO. In this study. we found that formamidoxime

induced relaxation of carbachol contracted tracheal rings. To investigate whether this

relaxation was potentially caused by the production of NO. we measured the intracellular

cyclic GMP and cyclic AMP levels in cultured tracheal smooth muscle cells after

exposure tO formamidoxime. Forman:idoxime stimulated cyc:lic GMP but not cyclic AMP

accumulation in cultured tracheal smooth muscle cells. which is consistent with the

production of NO. To further investigate the link between the formamidoxime induced·

relaxation and cyclic GMP. we also evaluated the effect of LY83583. an agent that

decreases intraceUular cyclic GMP (18.25). on both formamidoxime-induced airway

relaxation and cyclic GMP accumulation in cultured tracheal smooth muscle cells.

141



•

•

•

LY83583 inhibited both formamidoxime induced cyclic GMP accumulation in the

trachcal smooth muscle cells in culture and the relaxation of isolated tracheal rings.

Thcse fïndings confïrm that formamidoxime induced relaxation is induced through a

cyclic GMP depcndent mechanism. presumably stimulated by NO. Funhermore. we

mcasurcd NO production by a chemiluminescence assay which confirmed the production

of NO by cultured tracheal smooth muscle ceIls from formamidoxime. This NO

production was a cell dependent process because 3 mM formamidoxime in the absence

of cells did not produce NO. This concentration of formamidoxime was sufficient to

cause the maximal NO production in cultured tracheal smooth muscle cells. These results

provide direct evidence that NO is produced from formamidoxime and that it is likely

responsible for the observed relaxation of tracheal smooth muscle.

NOS has been found in many cell types in the lung. However. so far no direct

evidence of the constitutive form of NOS has been found in airway smooth muscle cells.

It is believed that NO is produced in the adjacent ce\ls such as epithelium (20) and/or

neurons (3.15.17.18) and diffuses tO airway smooth muscle ceUs where il may regulate

smooth muscle tone. Interestingly. we found in the present study that formamitloxime

stimulated NO production and cyclic GMP accumulation in cultured tracheal smooth

muscle ce\ls. implying that the site of production of NO from formamidoxime was within

the airway smooth muscle ce\ls. However. the lack of effect of NOS inhibitors on cyclic

GMP levels after formamidoxime indicates that NO production from formamidoxime is

catalyzed by another enzymatic pathway.
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Both NOS and P450 (1) are able tO catalyze the oxidalive cleavage of C = N bonds

of -C(NO~)=NOH and produce NO. The endogenous compound containing .

C(NH~) = NOH. namely NOHA. is produced by N-oxidation of L-arginine cata\yzed by

NOS. Normal\y NOS is the only enzyme. for which L-arginine is the substrate. thal is

capable of producing NO in vi~'o. However. in the absence of NOS. formamido,ime is

a compound which may be catalyzed by P450 tO produce NO. To contirm that P450 but

not NOS was involved in catalyzing the NO production l'rom formamidoxime. we

evaluated the effect of inhibitors of NOS and P450 on formamidoxime induced tracheal

ring relaxation and cyc1ic GMP accumulation in cultured smooth muscle cel\s. The P450

inhibitor. ethoxyresorufin. inhibited formamidoxime induced cyclic GMP accumulation

in airway smooth muscle ceUs a- weU as tracheal ring relaxation. while the NOS

inhibitors L-NNA and L-NMMA had no effect on formamidoxime-induced cyclic GMP

accumulation in cultured tracheal smooth muscle ceUs. This observation provides strong

evidence that NO production l'rom formamidoxime was catalyzed by P450. Although.

sorne P450 inhibitors such as ethoxyresorufin may also inhibit NOS activity (5). a

nonspecific inhibitory effect of the P450 inhibitor on NOS seems unlikely in the present

study in view of the lack of other evidence of constitutive NOS activity and the lack of

the effect of L-arginine on cyclic GMP levels in tracheal smooth muscle. We believe that

these results provide evidence that NO production l'rom formamidoxime is catalyzed by

P450. and that the findings are consistent with the previous observations in \'ilrO by

Andronik-Lion and coUeagues (\) that liver microsomal cytochrome P4S0 is able to
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catalyze the clcavage of the C= N bonds of compounds containing a -C(NH,) = NOH

function and produce NO.

It is believed that the P4S0 3A subfamily is involved in catalyzing the production

of NO from NOHA in \'irro (24). Wc did not examine the subfamily of P4S0 in the

current study. If formamidoxime produces NO from the same functional structure as

NOHA. wc predict that the same subfamily of P4S0. that is P4S0 3A. is involved in

catalyzing the production of NO from formamidoxime. Sorne isoenzymes of cytochrome

P4S0 such as P4S0 lAI. 2A3. 2B 1. 4BI (13.16.23.27) and 2EI (7) have been identified

in the lung. The presence of P4S0 3A subfamily in the lung does not appear to have been

described as yet.

ln summary. tracheal smooth muscle cells from Lewis rats may produce NO by

a P4S0 pathway independent of NOS if formamidoxime. a compound containing a ­

C(NH,)=NOH function is provided. The pharmacological significance and applicability

of this finding dcserves to be further investigated.
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Chapter 5

General Discussion and Conclusions
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The aim of my studies was tO inve5tigate the contribution of the NO-cyclic GMP

pathway in the regulation of airway responsiveness. The first pan comprises chapters 2

and 3. in which the NO-cyclic GMP pathway is compared between hyperresponsive

Fisher rats and the Lewis and ACI rats of lower responsiveness. Inhibition of NOS

increased airway responsiveness significantly in Lewis but to a lesser cxtent in Fisher

rats. Fisher rats also exhibited a resistance to SNP. an exogenous source of NO. and 8­

bromo-cyclic GMP. a cell permeable analogue of cyclic GMP which mediates the effects

of NO. The second pan is contained in chapter 4. in which NO production was

measured in cultured rracheal smooth muscle cells in the presence of formamidoxime.

a compound containing a -C(NH,)=NOH function. The production of NO was inhibited

by P450 inhibitors but not NOS inhibitors.

Strain-related differences in airway responsiveness have been reported in highly

inbred rats. The underlying mechanisms are poorly understood. The possible explanations

may include the difference in the amount of smooth muscle in the airways. altered

epitheIial function. the mechanical interactions between the airways and surrounding

tissues and neural control. Since endogenous airway relaxant mechanisrns. such as the

cyclic AMP pathway. are involved in the regulation of airway tone (23). one of the

possible mechanisms may he the imbalance between bronchoconstrictors and dilators. An

impaired 8-adrenergic agonist-cyclic AMP pathway has been previously descn1led in

association with airway hyperresponsiveness and asthma (4.5.7.12.18). The current

studies showed that inhibition of NO production by L-NNA increased airway
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rcsponsi\'eness in Lcwis but te a lesser extcnt in Fisher rats. indicating the roI<: or

endogenous NO in the regulation of ain\'ay respor.si\'eness and in strain-related airway

hyperrespQnsi\'eness in rats. Consistent with this tinding. carbachol increased cyclic GMP

le\'els te a lesser extent in Fisher than in Lewis tracheal tissues. These obsen'ati<)tls

suggested that the NO-dependent inhibitory pathway was deticient in the hyperresponsi\'e

Fisher strain.

The impaired NO-dependent inhibitory pathway in airways l'rom Fisher rats may

have resulted l'rom a decreased response to NO. To further teSt whether a decreased

relaxant response to NO was present in Fisher rats. the effect of SNP. which releases

NO. was compared between Fisher and Lewis or ACI s:rains. Tne Fisher rat trachea was

Jess sensitive to the relaxant effects of SNP than either Lewis or ACI tissues. The

changes in cyclic GMP in SNP-exposed cultured myocytes are consistent with these

observations. in that levels of cyclic GMP were less in the Fisher cells for any

concentration of SNP. Although we have not established the exact mechanism for the

decreased production of cyclic GMP in response to SNP in Fisher rats. nitrite

measurements exclude the possibilit)' that SNP might have released Jess NO in Fisher rat

tracheal smooth muscle cells. It is more Iikely that guanylate cyclase activity is lower in

the smooth muscles of Fisher rats. or that the sensitivity of the enzyme to NO Îtse!f is

different between strains. Lower levels of cyclic GMP do not appear to be the sole

explanation for differences in tracheal responses to SNP. since in Fisher rats the tracheal

rings also relaxed relatively less to any given concentration of the cell permeam cyclic

GMP analog. 8-bromo-cyclic GMP. This finding indicates that a decreased sensitivÎty of
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the contractile process to cyclic GMP may also contribute in pan to the differences in

trachcal responses to SNP in Fisher rats. These observations lhat Fisher rats exhibited

a decrcased response tO a NO doncr and to the cyclic GMP analog provide an

explanation for the impaired endogenous NO-cyclic GMP-inhibitory system in Fisher

air....ays.

Endogenous NO is synthesised from L-arginine catalyzed by NOS. Two distinct

types of NOS have been purified: a constitutive Ca'--calmodulin-dependent enzyme and

an inducible Ca'·-independent enzyme. Inducible NOS is unlikely to account for the

current observations since either airway responsiveness or cyclic GMP accumulation was

determined within 15 minutes after cholinergic stimulation. whercas it takes at lcast

several hours to induce enzyme production. Constitutive NOS. which can be activated

by incrcases in intracellular Ca:-. seems more likely to account for the production of NO

involved in the modulation of airway responsiveness.

There are sever?! possible ccli sources of NO in the airway including vascular

smooth muscle cells. endothelial cells. neurons and airway epithelial cells (15). Airway

epithelium has been known for sorne time to have an important influence on airway

responsiveness to bronchoconstrictors (6.19.21). More recently. immunohistochemical

studies have demonstrated the presence ofboth constitùtive and inducible NOS in airway

epilhelial cells (3.9). adding NO to the candidate molecules involved in the observed

modulatory effects of epithelium. Since sorne G-protein coupled receptors such as

muscarinic receptors (16.17) and histamine receptors (11) are also present in airway

epithelium and the activation of these receptors can incrcase intracellular Ca'· l~vel in
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airway epithelial cells (Il). it is possible that the endogenous NO which is involvcd in

the regulation of airway responsiveness is produced in airway epithelial cells. The currcnt

observations that removal of epithelial cells increased tracheal contractions in vilro in a

manner similar to NOS inhibition. and abolished the NO-dependent down-regulatioll of

tlacheal contractions supported this possibility. Presumably. cholinergic agonists activatcd

constitutive Ca~'-dependent NOS in airway epithelial cells and produced NO. which

diffused into adjacent smooth muscle cells. Smooth muscle contraction was in turn

inhibited by activation of guanylate cyclase and the consequent increase in cyclic GMP

levels. Since NOS inhibition did not further increase carbachol-induced contractions in

epithelium denuded tracheal rings. epithelium appears to be the only significant source

of NO involved in the regulation of airway contractions in response to carbachol.

Endogenously produced NO is related to asthma by the finding that airway

epithelial NOS is increased in bronchial biopsies from asthmatics relative to those from

normal subjects (10). As weil. the expired NO concentrations were higher in asthmatics

than normal subjects (1.8.14.20). Theoretically. increased NO production may play both

a pathological role in asthma. such as epithelium injury. or a beneficial one to induce

airway relaxation. If a decreased relaxant response to NO is also present in asthmatic

airways as in hyperresponsive Fisher rats. the increased NO in asthmatic airways may

predominantly play a pathological role. if so inhaled NO may not turn out to be a useful

treatment for asthma. Indeed. inhaled NO (8Oppm) exerts only a weak bronchodilatory

effect in bronchial asthma: volume-corrected specific airway conductance increased from

0.4±0.1 to 0.6±0.2 (kPa.sr l by inhaled NO in patients with bronchial asthma (i:'). On
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the contrary. NOS inhibition might benefit asthmatic subjeclS. However. further studies

an: required to elucidate the role of NO in asthmatic airways.

It has been weil established that endogenous NO is synthesized l'rom L-arginine

catalyzed by NO synthase (NOS). NOS catalyzes the formation of NO l'rom L-arginine

in two steps. Firstly. it catalyzes the N-oxygenation of L-arginine to form N"-hydroxy­

arginine (NOHA). which contains a -C(NH,)=NOH function. Secondly. the oxidative

cleavage of the C=N bonds of NOHA produces NO and L-citrulline cm. !..!'Jer

cytochrome P450s have also been found to catalyze the oxidative cleavage of C = N bonds

of compounds containing a -C(NH,) = NOH function. produ..:ing the corresponding

derivatives and NO in vitro (2). Thus. a compound containing a ·C(NH,) = NOH

function. such as formamidoxime. has the potential to produce NO catalyzed by both

NOS and P450. NOS has been located in several cell types in the airway. However. so

far no direct evidence of the constitutive form of NOS has been found in airway smooth

muscle ceUs. We found in the present study that formamidoxime induced relaxation of

isolated tracheal rings precontracted with carbachol and stimulated cyclic GMP

accumulation NO production and in cultured tracheal smooth muscle ceUs. implying that

NO can be generated l'rom formamidoxime and the site of production of NO l'rom

formamidoxime was within the airway smooth muscle ceUs. The P450 inhibitor.

ethoxyresorufin. inhibited formamidoxime induced cyclic GMP accumulation in airway

smooth muscle ceUs as weil as tracheal ring relaxation. while the NOS inhibitors L-NNA

and L-NMMA had no effect on formamidoxime-induced cyclic GMP accumulation in

cultured tracheal smooth muscle cells. This observation provides slrong evidence that NO
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production from formamidoxime was catalyzed by P450.

lil conclusion. a NO-dependeOl inhibitory pathway is involved in the rcgulation

of airway responsiveness in raIS and contributes tO strain rdated difference in airwav

responsiveness as indicated by a deficieOl NO-cyclic GMP-relaxation pathway in

hyperresponsive Fisher raIS. A P450-catalyzed NO production pathway is also observed

in airway smoom muscle cells in raIS.

The following are the contributions of this work to original knowledge:

1. Evidence mat endogenous NO is involved in the regulation of airway

responsiveness to cholinergic stimulation if: ~'h'o and in ~'Ïrro in raIS.

2. The endogenous NO-dependent inhibitory system is deficiem in

hyperresponsive Fisher raIS as evidenced by both a lesser NOS-dependeOl cyclic GMP

accumulation in response to carbachol and a lesser effect of NOS inhibitor on airway

responsiveness in Fisher rats. and mus cOOlributes to strain related differences in airway

responsiveness in raIS.

3. Isolated lracheal rings from Fisher raIS are hyperresponsive to carbachol

relative to Lewis and ACI raIS in vitro. confirming an association between in ~'i~'o and

in vitro differences in airway responsiveness among mese strains.

4. The mechanism of a deficient NO-dependent inhibitory system in Fisher raIS

includes a decreased guanylate cyclase activity as indicated by a lesser cyclic GMP

accumulation in response to SNP in cultured lracheal smooth muscle cells. as weil as a

decreased relaxation in response to a given concentration of cyclic GMP.

5. P450-dependent NO production was proved inside me cells in mis study. while

155



•

•

•

previous studies only provided evidence of such a pathway in the test tube .

6. Airway smooth muscle can synthesize NO if an appropriate substrate is

provided.

7. Formamidoxime. a compound containing the -C(NH,)NOH function. is a

substrate for NO production.
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