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Summary

A ventilated perfused rat lung model is described enabling simultaneous measurement
of pulmonary perfusion pressure (PPP), lung weight (LW) and pulmonary inflation
pressure (PIP). This model was stable for 2 h. Phenylephrine selectively increased PPP,
carbachol selectively increased PIP whereas bradykinin (BK) caused increased PPP,
LW and PIP. Low doses of BK caused reversible increases in LW. Higher doses caused
irreversible increases in LW which were associated with albumin accumulation.
Manipulation of venous outflow pressure, retrograde perfusion and the vasodilator
papaverine revealed that the changes in LW were explicable as sequelae of vascular

hydrostatic pressure changes.

Endothelin (ET) receptors were also characterised in orthogradely and retrogradely
perfused lungs. Determination of agonist potency profiles and use of ET receptor
antagonists showed that ETg; receptors are locatcd arterially whereas ET receptors are
predominantly venous in distribution. The bronchoconstrictor actions of ETs and
SX6C suggest the presence of ETg receptors in the bronchial smooth muscles. Results

also suggest the possibility of heterogeneity of ET, and ETp receptor subtypes.

Pulmonary actions of ET-1 and SX6C were augmented by L-NOARG suggesting that
these substances stimulated the release of nitric oxide (NO) which subsequently
attenuated their bronchoconstrictor effects. When the vascular tone was elevated, ET-1,
ET-3 and SX6C produced ETp; receptor-mediated pulmonary vasodilation as indicated
by the potency profile, and the effects of ET antagonists. The vasodilator responses to
ET-1 are mediated by the release of NO. In addition to NO, prostaglandins also

contributed to the vasodilator actions of ET-1 but not to the actions of SX6C.



Contents

Acknowledgments
Summary
SECTION 1

Introduction
1.1 The structure of the lung

1.1.1 Airways
1.1.2 Pulmonary vasculature
1.1.3 Lymphatic drainage of the lung

1.2 Regulation of pulmonary vascular tone

1.2.1 Neural control
1.2.2 Humoral control and role of the endothelium

1.3 Regulation of the airway tone

1.3.1 Neural control
1.3.2 Humoral control and role of airway epithelium

1.4 Lung functions

1.4.1 Respiratory
1.4.2 Non-respiratory

1.5 Lung diseases

1.5.1 Pulmonary vascular diseases
1.5.3 Airway diseases

1.6 Methods used to investigate lung functions

1.6.1 Isolated pulmonary tissues
1.6.2 Whole lung models

10

11

11
13
14

16

16
17

18

18
19

19

19
20

22

22
27

27

27
28



1.7 Endothelins

1.7.1 Discovery of endothelins

1.7.2 Endothelin isopeptides

1.7.3 Structural similarities between ETs and SXs

1.7.4 Endothelin biosynthesis

1.7.5 Endothelin receptors

1.7.5.1 Molecular cloning and characterisation of receptors
1.7.5.2 Receptor antagonists

1.7.6 Pharmacological actions

1.7.7 Physiological and pathophysiological role of ETs.

1.8 Objectives

SECTION 2

Material and Methods

2.1 Animals

2.2 Drugs and chemicals

2.2.1 Physiological salt solutions
2.2.2 Heparin solution

2.2.3 Indomethacin solution
2.2.4 U46619 solution

2.3 Isolated ventilated perfused lung preparation

2.3.1 Alterations of venous outflow pressure
2.3.2 Retrograde perfusion

2.4 Bioassay methods
2.5 Determination of albumin-bound dye extravasation

2.6 Effects of inhibitors and receptor antagonists

2.6.1 Inhibitors
2.6.2 Receptor antagonists

2.7 Elevation of basal PPP to investigate the pulmonary vasodilator
actions of agonists

32

32
32
33
35
37
37
38
42
43

45

46

47
47

48
48
49
49

50

52
53

53
53

54

54
54

55



2.8 Statistical analyses

SECTION 3

Results
3.1 Effects of perfusion time on lung weight

3.2 Differential pulmonary vascular and bronchial actions of vasoactive
substances

3.3 Effects of inhibitors and receptor antagonists

3.3.1 Indomethacin

3.3.2 Captopril

3.3.4 Receptor antagonists
3.3.5 Papaverine

3.4 Effects of raised venous outflow pressure (VOP)
3.5 Determination of albumin-bound dye extravasation

3.6 Vascular and bronchial actions of endothelins (ETs) and sarafotoxin
6¢ (SX6C)

3.6.1 Effects on pulmonary perfusion pressure (PPP)
3.6.2 Effects on lung weight
3.6.3 Effects on pulmonary inflation pressure (PIP)

3.7 Effects of inhibitors on responses to ETs and SX6C

3.7.1 Indomethacin
3.7.2 Phosphoramindon
3.7.3 Papaverine

3.8 Effects of receptor antagonists

3.8.1 Selective ET 4 receptor antagonist BQ123

3.8.2 Mixed (ET/ETg) endothelin receptor antagonists
3.8.2.1 Bosentan (R0 47-0203)

3.8.2.2 PDI145065

3.9 Effects of ET-1 and SX6C in retrogradely perfused lungs

3.10 Albumin-bound dye extravasation

55

56

57

59

AN AR

65

67

69

71

71
71
72

71

71
80
83

86

86
93
93
96

101

104



3.11 Effects of nitro-L-arginine (L-N(&R\Q&\— 0‘,&9; o ;o*‘:‘
P *

3.11.1 Effects of L-NOARG on rcsponses\%o ET-1, SX6Caid Bg‘

3.11.1.1 PPP \

3.11.1.2 Lung weight \

3.11.1.3 PIP

3.12 Effects of ET-1 and SX6C in lungs where vascular tone is increased
by infusion of the thromboxane A2 analogue U46619

3.12.1 Effects of cyclooxygenase inhibitor and ET receptor antagonists on
responses to ET-1 and SX6C

3.12.1.1 Indomethacin

3.12.1.2 L-NOARG

3.12.1.3 D-NOARG

3.12.1.4 BQ123 (Selective ET 4 receptor antagonist)

3.12.1.5 Bosentan (R0 47-0203) (mixed ET, | ETp receptor antagonist)

3.13 Tachyphylaxis to ET-1 and SX6C
SECTION 4

Discussion

4.1 Differential effects of PHE, CCH, BK

4.1.2 Pulmonary perfusion pressure and lung weight
4.1.3 Pulmonary inflation pressure

4.2 Endothelin and sarafotoxin 6c

4.2.1 ET-receptor mediating pulmonary vasoconstriction
4.2.2 ET-induced pulmonary oedema
4.2.3 ET-receptor mediating bronchial actions of ETs and SX6C

4.3 Modulation of lung responses to ET's in the presence of the nitric
oxide synthase (NOS) inhibitor nitro-L-arginine (L-NOARG) under basal
conditions

4.3.1 Pulmonary vascular actions
4.3.2 Lung weight
4.3.3 Bronchial actions

107
107

116

120

120
120
121
132
132

137

142

144

145
149

150

150
153
156

158

158
159
160



4.4 Vasodilation and ET receptor antagonists
4.5 Tachyphylaxis and cross tachyphylaxis

4.6 Vasodilation and inhibitors

SECTION 5

References and Bibliography

SECTION 6

Appendix-1
Publications

Appendix-1I

Abbreviations

161

162

163

166

200

201

203

203



An understanding of biological processes at different levels will be needed to provide
answers to many questions concerning diseases of humans. An early molecular biologist,
Albert Szent-Gyorgyi (1963) wrote in his article entitled *“ The Promise of Medical

Science", which appeared in Man and His Future:

One important point I overlooked was "organization". Organization
means if nature puts two things together in a meaningful way,
something new is generated, when I take two things apart, I have
thrown away something, something which has been the very essence of

that system, of that level of organization.
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1 1 The structure of the lung

1.1.2 Airways

The lungs are situated bilaterally within the thorax, and separated from each other by the
heart. The structure of the lung has been reviewed by many investigators (Levitzky,
1982; Carola er al., 1990; Vander et al., 1990a; Tyier and Julian, 1992). Briefly, each
lung has an apex that lies in the plane of the thoracic inlet and a base which rests upon
the convex surface of the diaphragm. The left lung is divided into two lobes, superior and
inferior and the right lung in humans is divided into three lobes, superior, middle and
inferior. However, the right lungs from laboratory mammals have four lobes: cranial,
middle, caudal and accessory (the terms cranial and caudal are given for superior and
inferior lobes respectively in all common animals). The conducting zones of the lung
include the trachea and extra pulmonary bronchi and various orders of small
intrapulmonary bronchi (Figure 1). The bronchi continue to branch into smaller and
smaller tubes called bronchioles and then terminal bronchioles which after repeated
branching finally end in a number of respiratory bronchioles consisting of alveolar ducts
that lead into microscopic air sacs called alveoli. The whole systems look so much like an

inverted tree that it is commonly called the "respiratory tree".

The alveolar surface of the lung is lined with a continuous sheet of epithelial cells
referred to as type 1 and type 2 epithelial cells. Type 1 epithelial cells cover > 90 % of
the alveolar surface which provide a large surface for gas exchange and also serve as a
permeability barrier. Type 2 cells secrete a surfactant which helps to keep alveoli inflated.
In addition resident mast cells and macrophages are also present in the lung (Levitzky,

1982; Simon, 1992).
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Figure 1 Schematic representation of airway branchin g and approximate numbers of

tubes in each branch. Modified from Levitzky, (1982); Vander et al., (1990a).
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1.1.2 Pulmonary vasculature

The lung has two separate blood supplies the pulmonary and bronchial circulations
respectively. These circulations are different in size, origin and function and are described

as follows:

(a) Pulmonary circulation

The main pulmonary artery divides into two branches which supply the right and left
lung. The pulmonary arteries and arterioles run along the bronchi, bronchioles, and
alveolar ducts. Arteries less than 100 pm in diameter lose their muscular coat and
become capillary in structure, 60% of vessels 32-48 pm in diameter are non-muscular
(see Snashall and Hughes, 1981). The capillaries arise as side branches or terminations of
the arterioles, lying in the alveolar septa and separated from the alveolar space by a small
amount of interstitial tissue and the alveolar lining cells. The capillaries are suspended in
air which encourages gas exchange. However, this can predispose the lung to oedema
formation when capillary pressures are increased (Effros, 1984). The alveolar capillaries
drain into vessels which are histologically identical to the arterioles, and then into
pulmonary veins which tend to be situated away from the bronchial tree. Finally, the
large pulmonary veins pursue an independent course towards the hilum of the lung. The

pulmonary veins drain into the left atrium.
(b) The Bronchial circulation

The bronchial circulation is also known as the "pulmonary collateral circulation”, or the
"systemic blood supply to the lungs" (Deffebach et al., 1987). This circulation is unique
in that the arteries arise from the systemic circulation i.e. from the aorta, subclavian,
internal mammary, and intercostal vessels, whilst the venous components drain into the
pulmonary system.The bronchial artery is considered the nutrient artery supplying the
bronchi, hilar lymph nodes, and vasa vasorum to the pulmonary arteries and pulmonary
veins (Kay, 1992). Both the bronchial and pulmonary circulations communicate freely
with each other on the arterial and venous sides. An examination of the distribution of

bronchial arteries in 11 mammalian species including humans and rat found anastomoses
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between the bronchial and pulmonary arteries in all species, except the pig, dog, cat, and
rhesus monkey (McLaughlin et al., 1966; McLaughlin 1983). There are two distinct
types of bronchial veins; the deep or true veins which are intrapulmonary vessels related
to the bronchi and which drain into the pulmonary veins or direct into the left atria. The
second group of bronchial veins drain the subpleural and hilar structures into the azygos
veins (Marchand et al., 1950). The relationships between the bronchial and pulmonary

circulations are shown in Figure 2.

1.1.3 Lymphatic drainage of the lung

Lymphatic channels are present in the interstitial space. The first group of lymphatics
originates in the visceral pleura or in the interlobular septa, draining the periphery of the
lung lobules by channels that follow the course of the pulmonary veins to the hilum of
the lung. The second group of lymphatics begin as blind-ended tubes in the acini around
the alveolar ducts, draining to the hilum via the peribronchial lymphatics. Normally, the
lymphatics of the upper part of the left lung drain into the thoracic duct while those from
the remainder of the lung and from the whole of the right lung drain into the right

lymphatic duct (Cole and Mackay, 1990).
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Pulmonary artery
Trachea Bronchial

Bronchus

Bronchial vein

Vena Azygos

Pulmonary vein

Figure 2 Schematic of the blood supply to the lung, showing the relationship between
the bronchial and pulmonary circulations. The pulmonary artery supplies the pulmonary
capillary network (A). B represents the bronchial arterial supply to the walls of the
pulmonary artery (vaso vasorum). C is the bronchial artery supply to the airways.
Network D represents the bronchial capillary supply to most of the bronchi; these vessels
drain into the pulmonary veins. Network E represents the bronchial capillary supply that
anastomoses with the pulmonary capillaries and drains into the pulmonary veins. The
bronchial veins drain into the vena azygos, or intercostal veins. Shaded areas represent

blood of low O2 content. Arrows indicate the direction of the blood flow.
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1.2 Regulation of pulmonary vascular tone

The pulmonary blood vessels are particularly suited to maintain a delicate balance of
pressure and distribution of flow that optimizes gas exchange. In normal mature
mammals, the pulmonary circulation is a low pressure, high flow, low-resistance system
and pulmonary arterial pressure is normally about one-sixth that of the systemic arterial
pressure (Kay, 1992). The pulmonary blood vessels are capable of being distended,
narrowed, or collapsed, as well as actively constricting and dilating. Pulmonary vascular
smooth muscle is responsive to both neural and humoral influences. These influences
produce active alterations in pulmonary vascular resistance, as opposed to passive
factors such as gravity. The factors which can affect pulmonary vascular tone are given

below.
1.2.1 Neural control

The autonomic nerve fibres are found in close association with pulmonary blood vessels
(Zorychta and Richardson, 1992). The elastic pulmonary artery has the highest density of
innervation whereas it diminishes toward the periphery. However, the pulmonary veins
are devoid of any autonomic control. Sympathetic activation causes an increase in
pulmonary vascular rcsistaﬁce which is primarily mediated by o -adrenoceptors whereas
B-adrenergic receptor activation produces pulmonary vasodilation (Hyman et al., 1981;
Hyman et al., 1990). Retrograde and orthograde perfusion of dog lungs has shown that
arteries are the major site of the vasoconstrictor response to sympathetic nerve

stimulation (Daly et al., 1970).

The pre-ganglionic cholinergic efferent nerve fibres pass down the vagus nerve into the
lungs. The extra-pulmonary arteries and large pulmonary veins of rat contain
acetylcholinestrase positive nerve fibres, whereas they are absent in intra-pulmonary

arteries of the rat (El-Bermani, et al., 1970). Investigators have reported that vagal
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stimulation produces variable responses in different species depending upon the
pulmonary vascular tone; that is, under low basal tone it caused vasoconstriction, but
when the tone was raised, vagal stimulation caused vasodilation. Heterogeneous
muscarinic receptors have been identified. Muscarinic receptors mediating vasodilation in

the pulmonary vascular bed are of the M; sub-type (Post et al., 1991).

The neural mechanisms that are not inhibited by adrenergic or cholinergic blockade are
attributed to transmitter release from non-adrenergic non-cholinergic (NANC) fibres.
NANC mediated relaxation in pulmonary arteries is reduced by nitric oxide synthase
inhibitors, providing evidence that nitric oxide is a NANC neurotransmitter (Liu et al.,
1992). This neural mechanism may play a role in the regulation of pulmonary vascular

tone (for review see Barnes and Liu, 1995).

1.2.2 Humoral control and role of the endothelium

The pulmonary vasculature responds actively to many humoral and autocoid factors.
Many vasoactive substances circulating in the blood or which are synthesised by the lung
can affect pulmonary vascular resistance. For instance, endogenous angiotensin-2
produces vasoconstriction, bradykinin is potent in releasing nitric oxide (Palmer er al.,
1987) and also stimulates prostacyclin release (Peers and Hoult, 1986; Ignarro et al.,
1987). Bradykinin play an important role in the regulation of vascular tone and two types
of bradykinin receptors BK;, BK; have been found in pulmonary vascular smooth muscle
(Regoli et al., 1986). Other vasoactive substances which can influence pulmonary
vascular tone are substance P, vasoactive intestinal peptide (VIP), calcitonin gene-
related peptide (CGRP), atrial natriuretic peptides (ANP), 5-hydroxytryptamine,
eicosanoids, histamine and platelet activating factor (for review see Barnes and Liu,

1995).

Endothelial cell-derived mediators also play an important role in the regulation of
pulmonary vascular tone by synthesizing and releasing endothelin (Yanagisawa et al.,
1988), prostacyclin (Moncada et al., 1976) and endothelium -derived relaxant factor

(EDRF), now widely accepted to be nitric oxide (Palmer, ef al., 1987). Basal and
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stimulated nitric oxide both participate in the maintenance of low pulmonary vascular
tone (Liu and Barnes, 1994; Barnes and Liu, 1995) and the localisation of nitric oxide
synthase has been reported in the pulmonary arterial and bronchial vessels in rat (Xue et
al., 1994). Endothelium-derived hyperpolarizing factor (EDHF) has also been shown to
be a determinant of vascular calibre under normal conditions, and may therefore be

important in the regulation of vascular resistance (Garland ez al., 1995).

1.3 Regulation of airway tone:

1.3.1 Neural control

The airways are supplied by nerves, derived from the sympathetic and parasympathetic
nervous systems, and by sensory nerves that originate from the sensory ganglia of the
vagus nerve. The sensory fibres terminate on the bronchi and are responsible for
carrying the impulses from irritant and stretch receptors in the lung to the central nervous
system (Said, 1989; Matthew and Altura, 1990; Barnes, 1992). The vagal
parasympathetic fibres produce bronchoconstriction via activation of the muscarinic
receptor. The nerve fibres from thoracic sympathetic ganglia produce bronchodilation.
Both ¢ - and f - adrenoceptor subtypes have been shown to be present on the bronchial

smooth muscles (Kneussl and Richardson, 1978; Rugg et al., 1978).

Neuropeptides that may influence airway smooth muscle function include; ANP,
bombesin, CGRP, VIP, substance P, neurokinins A and B (reviewed by Said, 1989).
The majority of peptides with activity on airway smooth muscle are bronchoconstrictor
such as bombesin, CGRP, neurokinins. The peptides that relax airway smooth muscle
make up a shorter list i.e. VIP, ANP etc. (see Said, 1989). In addition, a third
component in the neural control of respiratory smooth muscle is NANC transmission.
Linden et al., (1992) showed that NANC responses can counteract changes in airway
smooth muscle tone via a contraction or a relaxation depending on the tone prior to
activation. Tucker et al., (1990) have shown that nitric oxide is invoved in mediating

NANC relaxations produced by electrical field stimulation in the guinea pig trachea.
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NANC relaxations have been observed in airways isolated from a large number of

species, including human (for review see Ellis and Undem, 1994).

1.3.2 Humoral regulation and role of airway epithelium

The epithelium plays an important role in modulating the responsiveness of the
underlying smooth muscle. The mediators released from the epithelial cells include
leukotrienes By, Cy4, and prostaglandins D,, E,, and F,, (see review by Davies and
Devalia,1992; Delamere et al., 1994). There has also been considerable interest in the
possibility that relaxant factors can be released from airway epithelial cells. Barnes et al.,
(1985) reported that the tracheobronchial epithelium may release one or more factors
promoting airway relaxation. Pharmacological evidence has shown that one of the
epithelium-derived relaxing factors might be nitric oxide, for example in guinea pig, the
epithelium-dependent tracheal relaxation has been shown to be blocked in the presence
of nitric oxide synthase inhibitors (Folkerts et al., 1995). The epithelial cells appear to
have both constitutive and inducible forms of nitric oxide synthase (Hamid, et al., 1993;
Xue, et al., 1994; Guo, et al., 1995) and the localisation of nitric oxide synthase enzyme
has been reported in airway epithelium in rat lung (Xue et al., 1994). Nitric oxide
synthases are found in a variety of other cell types in the lung such as macrophages,
neutrophils, mast cells, fibroblasts and smooth muscle cells (see review by Drazen et al.,

1995).

1.4 Lung functions

1.4.1 Respiratory

The most well known function of the lungs is that of respiration. Gas exchange between
air and blood is the joint function of the alveoli and the networks of blood capillaries that
envelop them. The capillaries provide an enormous surface area, making possible an
extremely rapid diffusion of gasses between alveolar air and pulmonary capillary blood.
The calculated number of alveoli in human lung (body weight 74 kg) are 950 million
(Volberg and Blanchard, 1992) There may be as many as 280 billion pulmonary
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capillaries, or nearly 1000 pulmonary capillaries per alveolus (Levitzky, 1982). It has
been estimated that if the alveoli could be opened up flat, they would form a surface area
about the size of a tennis court; that is about 85 square meters or well over 40 times the

surface area of the entire body (Thibodean and Patton, 1993).
1.4.2 Non -respiratory

The other functions of the lung are non-respiratory functions. The pulmonary circulation
receives the entire cardiac output and within the pulmonary vasculature, blood is
exposed to a huge capillary endothelial surface. The vascular endothelial cells synthesise
an apparently ever-growing number of physiologically important molecules. In part these
substances are secreted into the blood or directed towards the subendothelial matrix.
These characteristics make the pulmonary microcirculation uniquely suited for exercising
a controlling influence on blood-borne vasoactive hormones. Vane, (1969) proposed that
the lung should be considered as an endocrine organ owing to its capability to regulate
the amounts of vasoactive materials reaching the arterial circulation. The lung can
activate, inactivate, synthesize, and release a variety of biologically active compounds

which are briefly summarised in table 1.
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Table 1 Mediators which are metabolised or released by the lung:

(a) Activation
Angiotensin-I to angiotensin-II (Ng and Vane, 1967)
Big endothelin-1 to endothelin-1 (Hisaki et al., 1994b)

(b) Inactivation

Serotonin (Alabaster and Bakhle, 1970)

Bradykinin (Alabaster and Bakhle, 1972; Bakhle, 1977; Pesquero et al., 1992; Baker
etal., 1992)

Prostaglandins E,, E,, F,q, (Piper ez al., 1970)

Endothelin-1 (Westcott et al., 1990; Sirvio et al., 1990)

Norepinephrine (Bryan-Lluka et al., 1992)

(d) Synthesis or release of vasoactive agents

Histamine (Martins et al., 1991)

Substance P (Martins ef al., 1991)

Prostaglandins, I, F, (Palmer et al., 1973; Robinson and Hoult, 1980; Korbut et
al., 1981)

Endothelin-1 (Vemulapalli ez al., 1992)

The processes outlined in the table above are designed to regulate the concentrations of
agents such as prostaglandins, amines and peptides in the blood before they reach the
systemic circulation. In addition to their actions at non-pulmonary sites, these hormones
can also change intrapulmonary blood flow and airway tone through their effects on
vascular and bronchial smooth muscle; therefore, mechanisms for terminating such

effects in the lung assume considerable interest.
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1.5 Lung diseases

1.5.1 Pulmonary vascular diseases

(1) Pulmonary hypertension: Pulmonary hypertension is defined as an increase in
pulmonary vascular pressure and this often leads to right ventricular hypertrophy and
ultimately heart failure. Chronic pulmonary hypertension is a progressive disease of the
pulmonary vascular wall. The histological changes that occur in the pulmonary
vasculature are swelling, hypertrophy and hyperplasia of the cells in the intima and the
medial coat of the pulmonary arteries leading to narrowing of the lumen. There is also an
extension of the smooth muscle cells into non-muscular pulmonary arteries (see Matthew
and Altura, 1990). Some of the important features of pulmonary hypertension are
hypoxaemia, pulmonary oedema and bronchoconstriction (Matthew and Altura, 1990,
Weitzenblum, 1994). The other clinically distinct syndromes of pulmonary hypertension

are:

(a) Primary pulmonary hypertension; This is characterised by elevated pulmonary
arterial pressure in the absence of primary cardiac or parenchymal pulmonary disease. It
affects small pulmonary arteries, in which proliferative lesions involving endothelial and
smooth muscle cells, obstruct flow. This damage leads to alterations in pulmonary
vascular smooth muscle content resulting in exaggerated pulmonary vasoconstriction.
Deranged vasodilating mechanisms appear inadequate to oppose vasoconstriction caused
by lung injury and associated hypoxia. Recent evidence suggests that endothelial
dysfunction plays a key role in causing chronic hypoxic pulmonary hypertension
observed in humans and in animal models of pulmonary hypertension (Liu and Barnes,
1994; Barnes and Liu, 1995). Right ventricular dysfunction and pulmonary vascular fluid
leakage with resultant interstitial oedema are common clinical sequelae as summarised by

Wilson et al., (1992).
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(b) Secondary pulmonary hypertension; Elevated arterial pressure in the pulmonary
circulation may be secondary to chronic lung diseases, including chronic bronchitis,
emphysema, bronchiectasis, cystic fibrosis, etc (Wilson et al., 1992). Pulmonary
hypertension associated with an increase in pulmonary vascular resistance is frequently

observed in patients with adult respiratory distress syndrome (ARDS).

(2) Pulmonary oedema

Oedema in the pulmonary circulation continues to be a major cause of morbidity and
mortality in critically ill patients suffering from pulmonary hypertension (Cope et al.,
1992). Pulmonary oedema is a pathologic state in which there is abnormal extravascular
water storage in the lung (Visscher er al., 1956). Normally, a small amount of fluid
containing plasma proteins filters out of the blood stream into the pulmonary interstitial
space. The lymphatic system then drains this fluid into the systemic veins. When capillary
filtration increases, the flow of fluid and proteins into the interstium can eventually
exceed the maximal removal rate by the lymphatics, and the intersitium begins to swell.
When the interstitial water exceeds the interstitial space capacity, fluid seeps into the
alveoli (Cope et al., 1992). The factors affecting liquid movement from the pulmonary

capillaries is shown in Figure 3.
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Figure 3 Schematic illustration of the factors affecting liquid movement from the
pulmonary capillary. Pcap = capillary hydrostatic pressure; Pjs = interstitial hydrostatic
pressure; Ttp] = plasma colloid osmotic pressure; Tis = interstitial colloid osmotic

pressure. (Pig is assumed to be negative).

The conditions that can produce pulmonary oedema may be summarised as: (a) an
increase in permeability of capillary endothelium, (b) an increase in capillary hydrostatic
pressure or decrease in colloid osmotic pressure, (c) decrease in interstitial hydrostatic
pressure or increased interstitial colloid osmotic pressure, (d) lymphatic insufficiency
(Levitzky, 1982). In the pulmonary circulation plasma colloid osmotic pressure is usually
greater than capillary hydrostatic pressure, therefore there is very little bulk fluid

movement out of the capillary (see Vander et al., 1990b).

In addition, Staub (1974) suggested three pathways that can be taken by water and
solute molecules to cross membrane: (a) across cell membranes, (b) through intracellular
junctions, and (c) by non selective leak. As shown in Figure 4 the pores crossing cell

membranes (arrow 1) are water-filled channels of 4-5 A° radius and only allow water
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diffusion and flow but are highly restrictive to the movement of solute molecules due to
size. The chief site of ultrafiltration and protein flow is probably via the intracellular
junctions. Arrow 2 shows the intracellular junctional pores which have a pore radius too
small for plasma protein molecules to penetrate. Arrow 3 indicates the intracellular
junctions of larger size (> 1000 A°) which allow plasma protein molecules to pass

through (Staub, 1674).
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Figure 4 Schematic representation of the fluid and protein exchange features of the lung.
There are three extracellular compartments; microvascular lumen, interstitium including
lymph capillaries, and alveolar gas space. The three routes of passive transport are:

(1) small pores in the cell membrane, (2) intercellular junctions (large pores), (3)

intercellular gaps.
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1.5.2 Airway diseases

Asthma was first described by Hippocrates in the fourth century BC and its name derives
from the Greek word for panting (meaning; swift and shallow breathing with a fast
respiratory frequency and small tidal volume) described by Wardlaw, (1993). Although,
medical advances of the nineteenth and twentieth centuries have established asthma as a
diagnostic entity, it is recognised that this disease is heterogeneous and difficult to
classify. Jacobs and Kaliner, (1989) stated that asthma can be defined clinically as a
recurrent disease causing intermittent wheezing, breathiessness, and cough with sputum
production. Barnes ez al., (1992) described asthma as a clinical syndrome characterised
by increased responsiveness of the tracheo- bronchial tree to a variety of stimuli and
variable airflow obstruction caused by a combination of oedema, smooth muscle spasm
and mucous plugging, which in turn are due to airway inflammation. Allergy is the most
frequent cause of asthma, accounting for 90 % of asthmatics and the mediators derived
from the mast cells play a pivotal role (Jacobs and Kaliner, 1989). The other causes of

asthma include respiratory tract infections and enironmental pollution.

1.6 Methods used to investigate lung function

1.6.1 Isolated pulmonary tissues

Lung function can be studied by using isolated pulmonary tissues in a conventional

organ bath and pulmonary vascular smooth muscle reactivity to many vasoactive agents
has been studied both in human and animal tissues by using rings or strips of pulmonary
blood vessels (McKay et al., 1991; La Douceur et al., 1993; Buchan et al., 1994;
MacLean et al., 1994; Maguire and Davenport, 1995). Despite the fact that vasoactive
agents can produce selective actions on venous pulmonary smooth muscle, limited data is
available from isolated pulmonary veins (Sudjarwo et al., 1993; Zellers et al., 1994; Gao
et al., 1995a). Isolated tracheal or bronchial preparations have also been used (Maggi et
al., 1990; McKay et al., 1991; Hulsmann and de Jongste, 1993; Nally ez al., 1994;

Yoneyama et al., 1995).
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Alternatively, investigations of the actions of agents which produce contractions of
pulmonary vascular and airway smooth muscles have been carried out using lung
parenchymal strips (Lulich et al., 1976; Lach et al., 1994). In this preparation thin strips
are dissected from a lung lobe and studied in a conventional organ bath. Parenchymal
strips have also been used to investigate the activation or degradation of blood-borne
polypeptides such as endothelins, the plasma concentrations of which are regulated in
the pulmonary circulation and are known to exert extremely potent vascular and

bronchial actions (Battistini ez al., 1995).

The practical advantage of using isolated pulmonary tissues is that, they are easy to
prepare and only small pieces of tissue are needed. However, when using pulmonary
blood vessels no information can be gained on the responses of the studied agents on the
bronchial smooth muscles. When only tracheal or bronchial tissues are used no
information can be collected for the actions of substances on pulmonary vascular smooth
muscle. When lung parenchymal strips are used, it is assumed that the drug-induced
effects in parenchymal strips reflect the responses of smooth muscle of small airways
present in the bronchioles and alveolar ducts. However, the involvement of non-airway
components such as vascular smooth muscle complicates interpretation of the results
(Mirbahar and Eyre, 1980). Moreover, the parenchymal strip preparations isolated from
different regions of lung can respond in a quantitatively distinct manner to various
pharmacological agents (Wong et al., 1992). Therefore, the anatomical complexity of the

parenchymal strip restricts its value as a method to study small airway pharmacology.
1.6.2 Whole lung models

Lung function has been studied by perfusing lungs with homologous whole blood or
physiological salt solution (Czartolomna et al., 1991; Rodman et al., 1992). Depending
on the experimental design, the lung can be perfused with whole blood, plasma or a
blood -and plasma-free physiological salt solution (Chang and Voelkel, 1991). Blood-
perfused lungs closely resemble the in vivo state and are often used in the studies of

hypoxic pulmonary vasoconstriction. However, this is costly, for example using rats
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about 8 to 10 ml of whole blood may be removed from each donor rat and for each
perfused lung experiment approximately 30 ml of whole blood is required (Chang and
Voelkel, 1991). In studies assessing the vascular actions of lipid mediators or measuring
lung metabolism of eicosanoids, binding of the mediators or metabolites to plasma
proteins and metabolism by blood cells may complicate the interpretation of results. This
can be improved by using a single pass perfusion model, however, a very large volume

of perfusate is required, making the use of whole blood impractical.

The single-pass isolated lung model perfused with a physiological salt solution offers

several advantages to study lung function as;
(a) It lacks blood components and the associated complications mentioned above.

(b) The components of the pulmonary perfusate can be precisely regulated. Additionally,
the lung can be easily lavaged or studied microscopically.

(c) There is strict control over perfusate flow, and the pulmonary arterial, venous , and
microvascular pressures can be accurately measured. These data allow calculation of

arterial and venous resistance changes in response to the experimental conditions.
(d) Lung oedema formation can be continuously monitored.

A variety of methods have been developed to perfuse lungs either in situ or in vitro
(Levey and Gast, 1966; Kroll et al., 1986; Niemeier, 1984; Ryrfeldt ez al., 1990; Uhlig
and Wollin, 1994). Isolated perfused lungs have been used extensively to assess the
metabolism of vasoactive agents and vascular reactivity and several reviews of isolated
perfused lung preparations have been published in past years. Most of these have focused
on metabolic and toxicological studies (Bakhle and Vane, 1974; Gill and Roth, 1976;
Said, 1979; Gillis and Pitt, 1982; Chang and Voelkel, 1991).

Lungs perfused via the pulmonary artery have been utilised to study the release of
vasoactive substances in response to infusions of a variety of substances (Bakhle and

VYane, 1974; Said, 1979; Robinson and Hoult, 1980; Bakhle et al., 1985; Peers and
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Hoult, 1986). In another study the lungs were inflated via the trachea, which was then
clamped off and lung perfused via the pulmonary artery for studying the release of

substances (Conroy et al., 1992).

Lungs perfused via the pulmonary artery are widely used to study the pulmonary
vasoconstrictor activity of injected agents, however, the actions of such agents on lung
weight and respiratory smooth muscles have not been studied (Okpako, 1972; Raj et
al., 1992; Perreault and Baribeau, 1995).

Lungs are extensively utilised to investigate the actions of agents on bronchial resistance
i.e. the bronchoconstrictor effects of bradykinin have been studied without monitoring its
vascular actions (Lou, 1993). Alternatively, effects of bradykinin on pulmonary vascular
and bronchial resistance have been monitored, while the effects on vascular permeability

were ignored (Kroll et al., 1986; Ryrfeldt et al., 1990).

Some permeability investigations have been carried out using cultured pulmonary arterial
endothelial cell monolayers (Horgan et al., 1991; Rodman et al., 1992). However, an
endothelial monolayer system derived from one circumscribed locus cannot represent the
complete lung circulation which is an important aspect of vascular reactivity. Therefore,
studies of mechanisms of injury and loss of membrane integrity have also employed the
isolated perfused lung preparation to investigate permeability in a complete alveolar
capillary membrane in a physiologically intact system (Czartolomna et al., 1991; Horgan
et al., 1991). Studies on isolated lungs have also been performed to investigate actions of
substances on pulmonary vascular resistance and microvascular permeability by initially

inflating the lung via the trachea which was then clamped (Seale et al., 1991).

Ventilated perfused lung models have been utilised to investigate the effects of perfusate
composition on oedema formation. In these studies development of gross pulmonary
oedema was indicated by swelling and translucency of the pulmonary parenchyma and by

the appearance of tracheal fluid (Fisher et al., 1980).
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In recent years isolated lung models have been modified to allow simultaneous
measurements of the actions of agents on pulmonary vascular and bronchial smooth
muscles (Selig ez al., 1993; Uhlig and Wollin, 1994). However, in many of these studies
the perfusate was recirculated and no indication with regard to the effect of perfusion

time on lung viability was given.

In summary, the models used which range from simple pulmonary blood vessels and
bronchial strip preparations to complex ventilated and perfused lung preparations
have contributed substantially to progress in understanding the pathophysiology of
pulmonary diseases such as pulmonary hypertension, adult respiratory distress
syndrome, asthma. However, the precise relationship between pulmonary
vasoconstriction, oedema and increase in bronchial resistance are still not clear. In
order to gain more insight into the mechanisms of lung disease and the development
of potential beneficial therapeutic agents, adequate models are needed. The study of
isolated perfused and ventilated lung tissue in which the normal relationship between
the ventilatory and circulatory unit is preserved in vitro would be an important step in

this direction.

Many of the studies mentioned above have shown that the lung can metabolise and
produce numerous vasoactive agents including endothelins. These recently discovered
mediators may have an important role to play in pulmonary and other disease states,
and their actions have been one of the major subjects examined in this thesis. A brief
introduction on the history of endothelins, endothelin receptors / antagonists and their

pathophysiological roles is given below.



1.7 Endothelins
1.7.1 Discovery of endothelins

Investigations have confirmed that vasoactive products produced from endothelial
cells are potent modulators of vascular smooth muscle contractility. Initially two
unstable vasodilators were described, prostacyclin (Moncada et al., 1976) and
endothelium-derived relaxing factor (EDRF) (Furchgott and Zawadski, 1980) later
identified as nitric oxide (Palmer, et al., 1987). Hickey et al., (1985) reported the
characterisation of a potent and stable peptidergic vasoconstrictor produced by
cultured endothelial cells, originally termed endotensin or endothelium-derived
constricting factor (EDCF). After confirmation of these findings EDCF was
isolated, purified, sequenced, cloned and the molecule renamed as endothelin (ET)

by Yanagisawa et al., (1988).
1.7.2 ET isopeptides

Analysis of human genomic sequences revealed the existence of three distinct
genes for ET; these were named as ET-1, ET-2, and ET-3 (Figure 5). All family
members contain 21 amino acid residues and show structural similarities, including
four cysteine residues (positions 1, 3, 11, and 15), as well as similar amino acids in
position §, 10, 20, 21. In the ETs, all four cysteine residues participate in disulfide
bonding (Cysl-Cysls; Cyss-Cysu) (Inoue et al., 1989). In addition, a fourth
peptide, known as vasoactive intestinal contracting factor (VIC) or endothelin-8

was discovered by genomic cloning in mice (Saida et al., 1989).

ETs are widely distributed in mammals, including humans and non-human
primates. ET's are similar in structure to VIC and a peptide sarafotoxin (SX) found
in the venom of a rare snake, Atractaspis engaddensis (Kloog and Sokolovsky,
1989). In fact several sarafotoxins, SX6-A, -B, -C, -D and -E all derived from the
Israeli snake have been characterised (Bdolah ez al., 1989; Sokolovsky, 1992). The

identification of these peptides and the characterisation of their binding sites has
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generated intense and widespread study of the physiology and pathophysiology of
ETs.

1.7.3 Structural similarities between ET and SXs

As shown in Figure 5 the sequence of the carboxy-terminal tail of ET/SX is
conserved and the amino-terminal residue is always Cys, which in SX6A, SX6B,
ET-1 and ET-2 is followed by Ser and in SX6C, SX6D and ET-3 by Thr. The most
important differences between the various peptides of the ET/SX family are to be
found within the sequence of the inner loop Cys3-Cys11. All of these peptides
possess Glu'®, and except for SX6C all have Asps-Lys9 (Sokolovsky, 1992).
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Figure 5 The primary sequences of endothelin (ET)-1, -2 and -3 showing the
positions of the disulphide bonds and residues that differ from those of endothelin-
1 (shaded). The snake venom sarafotoxin 6¢ is shown for comparison (Webb,

1991; Huggins et al., 1993).
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1.7.4 Endothelin biosynthesis

The biosynthesis of ETs occurs in a manner much like that of other peptide
hormones and neurotransmitters. ET isopeptides arise through proteolytic
processing of isopeptide-specific prohormones. Their precursors,
preproendothelins-1, -2, -3 are polypeptides consisting of approximately 200
aminoacids that undergo proteolytic cleavage to form a 38 to 39 amino acid
peptides designated as big endothelins (Inoue et al., 1989; Rubanyi and Polokoff,
1994). The mature 21 amino acid peptides ET-1, ET-2 and ET-3 arise through the
proteolytic processing of the "big" ETs by an endopeptidase called endothelin
converting enzyme (ECE). The important intermediate steps which are involved in
the biosynthesis of mature ETs are shown in Figure 6. The ECE is a membrane-
bound neutral metalloprotease and has structural homology to neutral
endopeptidase (Shimada et al., 1994). More recent studies have demonstrated the
cloning and functional expression of human ECE (Shimada et al., 1995), its amino
acid sequence has 91 % and 94 % homology to those of rat ECE (Shimada et al.,
1994) and bovine ECE (Ikura et al., 1994), respectively. The conversion of big
ET-1 to ET-1 by ECE in rat and rabbit lung is blocked by phosphoramidon, a
metalloproteinase inhibitor (Hisaki et al., 1994b). In rat lung there appear to be
two isoforms of ECE both of which show preference for big ET-1, or big ET-2
over big ET-3. One is sensitive to phosphoramidon and exhibits optimal activity at
pH range 5.3-8.1. Investigations have shown that the ECE activity found in
endothelial cells which specifically cleaves big ET-1 was inhibited by
phosphoramidon, whereas other neutral endopeptidase inhibitors such as thiorphan
or the angiotensin converting enzyme inhibitor, captopril were inactive (Opgenorth
etal., 1992). In contrast the second ECE is only sensitive to pepstatin-A and
exhibits ET-converting activity over a pH range of 5.5 - 9.7 (Chiou et al., 1994).
Recent investigations in guinea pig lung parenchymal strips have also shown the
presence of two ECEs which selectively convert big ET-1 and big ET-2 but not big

ET-3. A similar substrate-selective ECE showing preference for big ET-1: big



ET-2: big ET-3 in aratio of40: 2.5: 1 has also been reported in a human

endothelial cell line (Ahn et al., 1995).
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Figure 6 Schematic representation of biosynthesis of ET-1 (Yanagisawa ef al.,

1988; Rubanyi and Polokoff, 1994).

The physiological importance of the conversion of big ET to ET was demonstrated

by the observation that ET-1 was 140-fold more potent as a vasoconstrictor

compared to the precursor peptide (Kimura et al., 1989).The prepro- form of ET-1

is devoid of any vasoconstrictor action (Cade et al., 1990).
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1.7.5 Endothelin receptors
1.7.5.1 Molecular cloning and characterisation of receptors

The ET family exerts diverse biological effects which are thought to be mediated
via the interaction with specific ET membrane receptors. Cloning of two endothelin
receptors was reported at the end of 1990. One of these clones was isolated from a
bovine cDNA library and, when expressed in Xenopus oocytes;was named as the
ET 4 receptor and has a very high selectivity for ET-1, ET-2 and SX6B over ET-3
and SX6C (ET-1 > ET-2 > SX6B >> ET-3 > SX6C).The binding affinity of ET-1
was 100 times greater than that of ET-3 (Arai et al., 1990). The second clone,
identified in a rat lung cDNA library was named as ETg and had equal affinity for
ET-1, ET-2 and ET-3 (Sakurai et al., 1990). Human forms of both receptors were
soon reported and the potency difference of ET-1 relative to ET-3 for the ET,
receptor was confirmed as approximately 1000-fold (Hosoda et al., 1991). The

~ lack of selectivity of the ETs for the human ETg receptors has also been reported

(Nakamuta et al., 1991; Sakamoto et al., 1991).

Despite the cloning of only two mammalian receptors, functional evidence suggests
the presence of additional subtypes. The most widely proposed of these is the ET¢
receptor (Kame et al., 1993) which was cloned from Xenopus laevis in dermal
melanophores. This is classified as being selective for ET-3 over ET-1 (ET-3 >
ET-1). This receptor had approximately 50 % amino acid homology with ET 4 and
ETj receptors (Kame et al., 1993). In addition to the cloning of ET4, ETp and
ET¢ receptors a fourth endothelin receptor named as ET sx was cloned recently in
Xenopus heart and shares 74%, 60% and 51% of identities with human ET, ETp

and Xenopus ET¢ receptor respectively (Kumar et al., 1994).

In rat lung membranes the existence of two ET receptors (44 kD and 32 kD
molecular weight) which have different affinities for ETs was proposed. The 44kD
receptor had a higher affinity for ET-1 or ET-2 compared with ET-3, whereas the
32 kD receptor exhibited selectivity for ET-3 (Masuda ez al., 1989). Cloning of
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ET 4 receptor subtypes from rat alveolar epithelial cells has recently been reported

(Markewitz et al., 1995).

ET, receptors have often been found to mediate contractile responses in isolated
smooth muscle preparations. However, recent studies have shown that a subtype of
ET , receptor is also present on endothelial cells (Nishimura ez al., 1995). In
addition , the existence of ET; and ET s, receptors is also proposed, where the
former are BQ-123-sensitive and the latter BQ-123-insensitive (Sudjarwo et al.,
1994; Yoneyama et al., 1995). No selective agonist at ET 4 receptors has yet been
reported. Thus, identification of this receptor subtype has to rely on the use of
selective antagonism of responses to ET-1, either where it is significantly more
potent than ET-3 or where selective ETy receptor agonists such as SX6C, BQ-

3020 or IRL 1620 are inactive (see Bax and Saxena, 1994).

ETgreceptors were originally considered as receptors mediating vasorelaxation.
However, later it was shown that ETg receptors were also involved in smooth
muscle contraction i.e. rabbit saphenous vein (Moreland et al., 1992). Thus ETy
receptors have been subdivided into ETg,; (located on the endothelium and
mediating vasorelaxation) and ETp; (located 6n the vascular smooth muscle and
inducing contraction) (Sudjarwo et al., 1993; Warner et al., 1993a; Warner et al.,
1993b). Sokolovsky et al., (1992) also reported that there appeared to be two
subtypes of ETg receptors i.e. the “super high affinity’, ETg;- receptors and the
high affinity’, ETg, receptors. It was suggested that the super high sites showing
binding affinity in the picomolar range are related to the vasodilator property of
endothelins whereas the high affinity sites with binding affinity in the nanomolar

range participate in the vasoconstrictor actions.
1.7.5.2 Receptor antagonists

The best known of the ET, receptor selective antagonists are BQ-123 and BQ-
153. These were initially isolated from the fermentation broth of Streptomyces

misakiensis (Ihara et al., 1992). Most recently a sulphonamide derivative BMS-
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182874, has been reported to be a potent orally active selective ET 4 receptor

antagonist (Webb er al., 1995).

The non-selective agents PD-142893 and PD-145065 were developed by a rational
approach starting with ET(16-21), which is known to interact with ET receptors
(Doherty et al., 1993). PD-145065 has 4.0 and 15 nM binding affinity (ICs, values)
for the ET, and (rabbit renal artery vascular smooth muscle cells) and ETg
receptors (rat cerebellum), respectively. The compound is also an antagonist of
ET-1-and SX6C stimulated vasoconstrictor activity, with pA, values of 6.9 (rabbit
femoral artery, ET 5 assay) and 7.1 (rabbit pulmonary artery, ETy assay), (Doherty
et al., 1993).

The orally active, mixed ET,/ ETg endothelin receptor antagonist bosentan, (Ro
47-0203), shows 20-50 fold selectivity for ET, receptors. The binding affinities for
ETjg; and ETp; receptors was 35- and 11- fold lower respectively, than for ETy
receptors in functional studies with pA, values of 7.28 , 6.72 and 5.94 respectively,
against ET-1- induced contractions in de-endothelialized rat aorta (ET,), SX6C-
induced relaxation of rabbit mesenteric artery (ETg;) and SX6C-induced

contractions of rat trachea (ETg,) (Clozel et al., 1994).

Selective antagonists at ETg receptors which have been described include, IR1038
(Urade et al., 1992; Karaki, et al., 1993) RES-701-1 (Karaki, et al., 1994) and BQ
788 (Ishikawa et al., 1994); for review see Huggins ez al., 1993; Warner, 1994.
Figure 7 shows the structures of some endothelin receptors antagonists. The
anatomical location of the putative endothelin receptor subtypes and their agonists

[ antagonists is shown in Figure 8.
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Figure 7 The structures of some endothelin receptor antagonists.
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ET-1
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Figure 8 The vascular location of putative subclasses of endothelin receptor
subtypes and their agonists / antagonists. Modified from Douglas et al., (1994).

NO is nitric oxide.
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1.7.6 Pharmacological actions

ETs / SXs produce several actions in vascular and non-vascular smooth muscles
(for review see Rubanyi and Polokoff, 1994). The contraction of isolated vascular
smooth muscle in response to ET-1 generally begins at a threshold dose of about
100 pM (Highsmith ez al., 1992). The contractions in vascular smooth muscle are
mediated via ET, and ETg receptors in animals and humans (Seo et al., 1994;
White et al., 1994). ET-1-induced contractions in isolated human blood vessels
were blocked with a mixed ET, / ETy receptor antagonist bosentan (Seo et al.,
1994). In conscious rats ET-1 produces a sustained increase in mean arterial blood
pressure which is preceded by a transient depressor response (Bird et al., 1993;
Filep et al., 1993; McMurdo et al., 1993). ETs also produce relaxation of pre-
contracted isolated blood vessels (Namiki et al., 1992; Karaki et al., 1993; Shetty
et al., 1993; Zellers et al., 1994). Among the three ET isopeptides, ET-3 exerted
the most potent initial depressor response, but the least vasoconstrictor response.
Warner et al., (1989) have reported that ET-3 is a vasodepressor rather than a
vasoconstrictor in the isolated perfused rat mesentery acting via the release of
EDREF. Recent investigations of the distribution of nitric oxide synthase and
endothelin in coronary and pulmonary arteries of new-born rats have shown that in
the endothelial cells, niujc oxide synthase and endothelin are co-localised and may
be substantially involved in the vasomotor control of the cardiac and pulmonary
circulations (Loesch and Burnstock, 1995). ET-1 is a potent constrictor of smooth
muscle in isolated trachea and bronchus (see Rubanyi and Polokoff, 1994). ET-1
also stimulates the proliferation of the vascular smooth muscle cells and is a potent
stimulus of DNA synthesis and proliferation of pulmonary vascular smooth muscle

cells (see Barnes, 1994).

ETs also increase vascular permeability in many isolated vascular beds (Filep et al.,
1992; Kurose et al., 1993). In vivo studies have also demonstrated the
oedemagenic effects of ETs as ET-1 enhanced albumin extravasation in the

stomach and duodenum of anaesthetised rats (Filep er al., 1993; Filep et al., 1994).



1.7.7 Physiological and pathophysiological role of ETs

Endothelins are a family of a novel regulatory peptides. Knockout of the ET-1
gene in mice cause severe craniofacial and thoracic blood vessel malformations
(Kurihara, 1994) suggesting an important role for ET-1 in normal development.
However, clinical and experimental evidence has shown that an increase in the
production of endothelin may be a promoting factor in a number of disease states
(see review Huggins er al., 1993; Rubanyi and Polokoff, 1994). ETs may play an
important role in the regulation of pulmonary vascular tone (Barnes and Liu, 1995)
and are also implicated in pulmonary pathophysiology (Filep, 1993). There is an
increase in the plasma concentration of ET-1 in patients with pulmonary
hypertension (Stewart et al., 1991) which could be a reflection of reduced uptake
of ET-1 from the pulmonary vascular bed resulting from endothelial dysfunction
(DeNucci et al., 1988) or there may be increased production of ET-1 in the lungs
of patients with primary pulmonary hypertension. Increased expression of ET-1
mRNA in an animal model of primary pulmonary hypertension (Stelzner et al.,
1992) and in patients with pulmonary hypertension (Giaid ez al., 1993) seems to
support this hypothesis (Barnes, 1994; Rubanyi and Polokoff, 1994).

Immunoreactive ET-1 has been detected in normal lungs but only in 10 % of
healthy volunteers. In contrast, ET-1 expression was evident in airway epithelium
in more than 60 % of asthmatic patients (Springall et al., 1991; Oparil et al.,
1995). ET-1 circulates in normal animals and humans (Ando ez al., 1989), and its
levels have been reported to be increased in several experimental situations i.e.
acute pulmonary alveolar hypoxia increases lung ET-1 levels in conscious rats
(Shirakami et al., 1991), and in several clinical conditions i.e. human patients with
status asthmaticus (Nomura et al., 1989), adult respiratory distress syndrome

(Druml et al., 1993).

Under physiological conditions the lungs are by far the most important sites of

endothelin disposal. Recent evidence has shown that in isolated perfused rat lungs



about 80 % of a bolus injection of [125]ET-1 was retained by the lungs during
single passage (Westcott et al., 1990; Fukuroda et al., 1994). In lung disease such
uptake of ET-1 may be impaired whereas if lung ET release remained constant or
increased, the pulmonary circulation would be exposed to elevated ET

concentrations which would adversely affect the microcirculation.
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1.8 Objectives:

I. To develop a rat isolated perfused lung model which would allow simultaneous
monitoring of pulmonary perfusion pressure, lung weight and pulmonary inflation

pressure.

I1. To validate the model by using selective agonists for the measured parameters.

III. To determine whether increases in lung weight are associated with increased

filtration and / or permeability changes.

IV. To characterise and localise the actions of ETs and SX6C in the perfused lungs.

V. To determine the ET receptor subtypes involved by the use of ET receptor

antagonists.



SECTION 2

Materials and Methods

46
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2.1 Animals

Male Wistar rats (300-350 g) were supplied by the University of Bath Animal House.
2.2 Drugs and Chemicals

Drugs and Chemicals were obtained from the following sources:
British Drug Houses (BDH), Poole:
Atropine sulphate

Evans blue dye

Novabiochem (UK) Ltd, Nottingham:
[D-Argo,Hyp3,'I’tlis’s,D-Phe7]-brady1cinin
Endothelin-1

Endothelin-2

Endothelin-3

Peninsula Laboratories, Merseyside.
Sarafotoxin 6¢

Sigma Chemical Company, Poole, Dorset:
Bovine serum albumin

Bradykinin acetate

Carbamylcholine chloride (carbachol)
Formamide

Heparin sulphate

Indomethacin

L-phenylephrine hydrochloride

Prazosin hydrochloride



48

Phosphoramidon

9,11-Dideoxy-11,, 9o-Epoxy-Methanoprostaglandin F,, (U46619)
Sodium nitroprusside

Nitro-L-Arginine

Nitro-D-arginine

Papaverine hydrochloride

Rhone Merieux Ltd, Harlow, Essex

Pentobarbitone hydrochloride (Sagatal)

General laboratory grade chemicals were purchased from British Drug Houses (BDH),
Poole and Sigma Chemical Company, Poole.

The following were gifts:

BQ123 (cyclo[ D-Asp-L-Pro-D-Val-L-Leu-D-Trp]) was supplied by Dr. K. Clark, Glaxo

Group Research (Ware, Herts)

Bosentan (Ro 47-0203; 4-tert-Butyl-N-[6-(2-hydroxy-ethoxy)-5-(2-methoxy-phenoxy)-
2,2"-bipyrimidin-4-yl]-benzenesulfonamide sodium salt) was provided by Hoffmann-La
Roche Ltd (Basel, Switzerland).

PD145065; Ac-(D-2-(10, 11 -dihydro- 5H - dibenzo [a, d] cyclohepten-5-yl) Gly-LLeu-
LAsp-L1le-L1le-LTrp. Na (1 : 2) was a kind gift from Parke-Davis Pharmaceutical
Research, Ann Arbor, Michigan (USA).

2.2.1 Physiological salt solutions

Krebs™ solution was prepared with the following composition (mM): potassium chloride
(4.7); potassium dihydrogen phosphate (1.2); calcium chloride ( 1.25); magnesium
sulphate (1.2); sodium chloride (118); sodium bicarbonate (25); glucose (11.1).
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2.2.2 Heparin solution: Heparin was dissolved in normal saline and stored in ampoules

(1000 i.u. ml-1) at 4 °C.

2.2.3 Indomethacin solution: prepared just before use by dissolving in an equimolar

amount of sodium carbonate in normal saline.

2.2.4 U46619 solution: U46619 was dissolved in 95 % ethanol, dilutions were made in
0.9 % normal saline (10‘3 M) this stock was stored at -80 °C.

Stock solutions of all drugs were prepared in normal saline and aliquots were stored at -

20 °C.
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2.3 Isolated ventilated perfused lung preparation

Male Wistar rats were anaesthetized with an intraperitoneal injection of Sagatal (60 mg
kg‘1 body weight). Heparin (500 i.u.) was injected via the tail vein to prevent
intravascular clotting and 5 min later the chest wall was opened by a midline sternotomy.
The thymus and fatty tissue were carefully excised and a suture was placed around the
pulmonary artery and secured with a loose knot. At this time the perfusion circuit was
checked to ensure that it was filled with perfusate and that no air bubbles remained in
the tubing. A small cut was made in the right ventricular wall and the pulmonary artery
cannulated with a stainless steel cannula (external diameter = 1.5mm, internal diameter =
1mm) via the right ventricle. The cannula was secured by tightening the suture. The left
atrium was cut and the major part of the ventricles removed to allow free efflux of the

perfusate. The lungs were flushed with Krebs” solution via the pulmonary artery cannula.

Following pulmonary artery cannulation, a medial incision was made in the ventral
surface of the neck and a section of the trachea exposed by blunt dissection. The trachea
was partially transected, and a metallic cannula inserted and secured with a cotton suture.
Thereafter, the trachea and the lungs were isolated from the chest cavity and immediately
transferred into a warming jackét maintained at 37°C. Lungs were perfused via the
pulmonary artery at constant flow of Sml min-! with Krebs’ solution (gassed with 95%
02 & 5% CO,) using a roller pump. Pulmonary artery perfusion pressure (PPP) was
recorded via a side arm of the inflow perfusion tubing connected to a pressure
transducer. The tracheal cannula was attached to a ventilator and the lungs were
ventilated with room air, stroke volume (1 ml) using 28 strokes min-1 (no positive end
expiratory pressure). A side arm was attached to a pressure transducer for recording the
pulmonary inflation pressure (PIP). Lungs were attached to an isometric transducer by a
wire from the tracheal cannula for recording changes in lung weight (LW). The
experimental set up is shown in Figure 9. All parameters were recorded on a
multichannel recorder (Grass model 7D polygraph). Lungs were allowed to stabilize for
30 min before drug administration. Drugs were injected as bolus doses (10-100 pl) via
the pulmonary artery.



Isometric transducer

Trachea

Pulmonary artery

Lung weight

Room air; 28 strokes minl—

Krebs solution; S ml minl -

Warming jacket
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PIP

PPP

Figure 9 Diagram of the rat isolated perfused lung. PPP- pulmonary perfusion pressure,

PIP- pulmonary inflation pressure.
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2.3.1 Alteration of venous outflow pressure (VOP)

In a different series of experiments, a plastic cannula (external diameter = 2mm, internal
diameter = 1.5mm) was also introduced into the left atrium via the left ventricle. This
cannula was attached to a constant-head reservoir which was connected to a pressure
transducer and VOP was monitored along with PPP, lung weight and PIP (Figure 10).
By raising the level of the reservoir VOP could be manipulated over the range 5-25
mmHg. These increases in pressure were maintained for 1 min before returning outflow

pressure to 0 mmHg.

Isometric transducer Lung weight

Pulmonary vein Trachea

Room air; 28 strokes minl PIP

Pulmonary artery
Krebs solution; 5 ml minl PPP

Warming jacket

Figure 10 Manipulation of venous outflow pressure (VOP) in the rat isolated perfused

lung. PPP- pulmonary perfusion pressure, PIP- pulmonary inflation pressure.
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2.3.2 Retrograde perfusion

In another set of experiments a cannula was introduced into the left atrium via the left
ventricle and lungs were perfused via the pulmonary vein and pulmonary venous pressure
monitored together with LW and PIP. Drugs were injected as bolus doses (10-100 pl)

via the pulmonary venous cannula.
2.4 Bioassay methods

For bioassay, the effluent from the lungs was superfused over the assay tissue in the
cascade below the lung chamber. The assay tissues were (a) rat fundic stomach strips, (b)
rat ascending colon (Vane, 1969). The bioassay tissue preparations were allowed to
equilibrate for 30-45 min before the lungs were included in the circuit. The amount of
substances activated or inactivated by the lungs was determined by comparing the
contractions of assay tissues to bolus injections of agents made directly into the fluid
superfusing the assay tissues with responses to injections of agents made into the
pulmonary arterial cannula. When used, inhibitors were added into the perfusate 30 min

before giving the agonist injections.
2.5 Determination of albumin-bound dye extravasation

Evans blue dye was added to a 10 % (w v-1) solution of bovine serum albumin (BSA) in
saline to give a final concentration of 1 mg ml-1. The mixture was dialysed overnight in
Visking tubing (22/32) against an excess of distilled water. Aliquots of the solution were
infused into the pulmonary artery (0.1 ml min-1) for a 5 min period. Drugs were injected
one min after the start of dye infusion. In separate experiments VOP was raised to 20
mmHg for 1 min during dye infusion. Lungs were perfused for a further 3 min to remove
unbound dye from the vasculature. Lungs were removed and after removal of cardiac
tissue and trachea the lungs were oven dried (50-60 °C) overnight and dry weight noted.
Lungs were then digested with formamide (2-4 ml / 0.3 g dry tissue weight) at 40 °C in a
water bath for 20 h and the contents were centrifuged (Eppendorf centrifuge 5414) at

9880g for 30 min. The absorbance of standard concentrations of Evans blue (0.25- 20
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ng ml-1) or lung extracts were read at 622 nm in a spectrophotometer (Pye Unicam) The
concentration of dye in lung extracts was calculated by reference to a standard curve
range of Evans blue dye. Using this value fluid accumulation in the lung could be

calculated by reference to the concentration of dye in the fluid perfusing the lung.

In a different protocol albumin-bound Evans blue dye solution was infused into the
pulmonary artery (0.1 ml min-1) for 5 min, 1 min after agonist injection. Lungs were
perfused for a further 10 min to remove unbound dye from the vasculature and retained

dye was extracted as explained above.
2.6 Effects of inhibitors and receptor antagonists
2.6.1 Inhibitors

In a series of experiments effects of the inhibitors of: cyclooxygenase (indomethacin
10pM), angiotensin converting enzyme (captopril 10 pM), neutral endopeptidase
(phosphoramidonl pM), nitric oxide synthase (nitro-L-arginine 100 pM)were
investigated. Each inhibitor was studied in individual experiments and was added into the
perfusate 30 min before giving the agonist injections and was present for the remainder

of the experiment.

In some experiments to differentiate the increases in PPP from changes in lung weight,
the vasodilator papaverine ( 20 pM) was added 30 min before giving the bolus injections

of agonists.
2.6.2 Receptor antagonists

Antagonists were perfused 30 min before giving the bolus injections of the appropriate
agonists in to the pulmonary artery. Dose-response curves for each agonist were

completed in the presence of the antagonist.



55

2.7 Elevation of basal PPP to investigate the pulmonary vasodilator actions of

agonists

In a series of experiments basal PPP was elevated using the thromboxane mimetic
U46619. This was infused with an infusion pump (Harvard Apparatus 22) into the
pulmonary artery. Infusion of U46619 was started after 20 min of an initial stabilisation
period and a further 5-10 min were given to stablise the perfusion pressure after which

bolus injections of agonists were given into the pulmonary artery.

2.8 Statistical analyses

Increases in PPP, PIP and lung weight induced by bolus injections of phenylephrine,
carbachol, bradykinin, endothelins and sarafotoxin 6¢ are expressed relative to the basal
values prior to the addition of each dose. Pulmonary vasodilator responses to ETs,
sarafotoxin 6¢ and sodium nitroprusside are expressed as % decreases with respect to the
raised PPP induced by U46619 infusion. When lung weight measurement was needed for
comparative purposes, weight gain was calculated 7 min after giving the maximum dose
of agonist. Data were expressed as mean + standard error of the mean (SEM). ' Analysis
of variance (ANOVA) followed by Dunnett’s (Dunnett, 1964) or Student's (unpaired) t-
tests were used to test the level of significance as appropriate. Probability values of P<

0.05 were considered significant.
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3.1 Effects of perfusion time on lung weight

To determine the effects of perfusion time on lung integrity, an initial series of
experiments monitored lung weight after differing periods of perfusion at 5 ml min-1
(Figure 11). Initial lung weight (2.8 £ 0.2 g ; mean £ SEM, n =5) had increased by 0.22
1 0.11g after 2h (NS); 0.7 £ 0.2g after 2.5h of perfusion ; by 1.15 £ 0.28g after 3h and
2.9 £ 0.98g after 4h perfusion. These later changes were significant when compared
with initial lung weight (P< 0.05, ANOVA). When perfusion rate was increased to 10 ml
min” in 2 experiments lung weight was increased markedly after one hour which was too
short to carry out the experiments. Therefore in all subsequent experiments lungs were

perfused at 5 ml min™ and a maximum perfusion time of 2h was employed.



n lung weight (2)

Increase
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30 60 90 120 150 180 210 240
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Figure 11 Effect of perfusion time on lung weight. Each point represents mean + SEM,

n=5. *p<0.05; 1 way ANOVA.
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3.2 Differential pulmonary vascular and bronchial actions of vasoactive substances

The effects of three agonists, phenylephrine ( PHE ), carbachol ( CCh ) and bradykinin
(BK) on three lung parameters (PPP, lung weight & PIP ) are shown in Figurel2. As
shown PHE (3.12-50 nmol) dose-dependently increased PPP. However PHE was
without effect on lung weight or PIP. CCh (1.5-48 nmol) selectively increased PIP
without affecting PPP or lung weight. BK (6.25-200 nmol) dose-dependently increased
PPP, PIP and lung weight. Low doses of BK (12.5 - 50 nmol) produced reversible
increases in lung weight and PIP, but higher doses of BK (100 - 200 nmol) produced

increases in lung weight and PIP which were only partially reversible.

Accumulated results for the actions of all three substances on the three monitored
parameters are shown in Figure 13. From Figure13a, it can be seen that PHE was the
most potent vasoconstrictor agent having an EDsp of 4.0 £ 0.7 nmol (n =5). BK had a
lower potency (EDsp 22 + 3.0 nmol, n =8 ) while CCh did not increase PPP in any

experiment (n =7).

Figure 13b illustrates that CCh was the most potent bronchoconstrictor with an EDsq of
4.25 1 0.4 nmol (n =7). BK was less potent (EDsg of 35.6 £ 3.6 nmol, n =8) while PHE

was devoid of bronchoconstrictor activity.

Figure 13c illustrates that BK was the only substance which affected lung weight.
Increases in weight were linear over the dose range studied. Such a curve disguises the
fact that BK caused a reversible increase in lung weight at low doses (12.5-50 nmol) as
illustrated in Figure 12c. However at higher doses (100-200 nmol ) the gain in lung

weight was sustained.



Figure 12 The differential actions in the perfused lung of (a) phenylephrine, (b)
carbachol and (c) BK on lung weight (LW), pulmonary perfusion pressure (PPP) and
pulmonary inflation pressure (PIP). Each trace represents one of 5-8 such experiments.

Note: different scale for LW parameter in BK.
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Figure 13 Actions on (a) pulmonary arterial perfusion pressure (PPP), (b) pulmonary
inflation pressure (PIP) and (c) lung weight (LW) of phenylephrine (PHE) ( O ), carbachol
(CCh) ( A ) and bradykinin (BK) ( @ ) Each point represents mean + SEM, n= 5-8

experiments.
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3.3 Effects of inhibitors and receptor antagonists
3.3.1 Indomethacin

Effects of the cyclooxygenase enzyme inhibitor indomethacin were examined on the
pulmonary vascular and bronchial actions of PHE, CCh and BK. Inclusion of indomethacin
(10 pM) in the perfusate did not influence any of the basal parameters. There was a small
but significant (p < 0.05) increase in the maximal PPP response (from 10.1 £+ 0.56 mmHg, n
=8 t0 12.9 + 0.9 mmHg, n =6) following 200 nmol BK but not to PHE. Furthermore EDsq
values for BK (EDsp31.2 1+ 2.0 nmol, n =6) and PHE (EDsp4.5 £ 0.9 nmol, n =4) were not
significantly different to controls. Indomethacin had no effect on the bronchoconstrictor
action of BK (EDsp47.1 £ 4.6 nmol, n =6) or carbachol (EDsg 3.0 £ 0.13 nmol, n =4)

compared to control values quoted above.
3.3.2 Captopril

Effects of the angiotensin converting enzyme inhibitor captopril on BK- mediated PPP, lung

weight and PIP increases were investigated.

Perfusion of captopril (10 pM), a concentration which completely attenuated the pulmonary
vascular and bronchial responses to angiotensin-I (62.5-1000 pmol), significantly potentiated
the effects of BK on PPP (control EDsg value reduced from 22 + 3 nmol, n =8 t0 0.34 +
0.04 nmol, n =5 p< 0.001), lung weight and PIP (control EDsj value reduced from 35.6 £
3.6 nmol, n =8 to0 0.8 + 0.2 nmol, p<0.001 , n =5).

In addition the superfusion bioassay method was used to study the role of angiotensin

converting enzyme in the pulmonary circulation to inactivate BK. Experiments have shown
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that in the absence of angiotensin converting enzyme inhibitor captopril, angiotensin-I when
given into the pulmonary arterial cannula produced large contractions of the rat colon,
whereas captopril (10 pM) completely attenuated angiotensin-I induced contractions of rat
colon. Furthermore BK given direct over the assay tissue rat stomach fundal strip, induced
large contractions. However in the absence of captopril, when BK was given via the
pulmonary arterial cannula its responses were reduced, whereas in presence of captopril (10
pM) BK induced responses of the stomach strip were markedly potentiated (data not

shown).
3.3.4 Receptor antagonists

Effects of receptor antagonists on pulmonary vascular and bronchial actions of agonists
were studied. In four experiments perfusion of the selective kinin B, receptor antagonist [D-
Arg” Hyp® Thi’*®, D-Phe’]-bradykinin (500 nM) markedly attenuated the PPP, PIP and lung
weight responses to BK (6.25-200 nmol). However it had no effect on the vasoconstrictor

responses to PHE or bronchoconstrictor responses to CCh (data not shown).

In a different set of experiments the vasoconstrictor effects of PHE (3.12-50 nmol, n=4)
were selectively antagonised in the presence of prazosin (1pM) and the bronchoconstrictor
effects of carbachol (1.5-48 nmol, n=4) were also completely blocked with atropine (100

nM) without effecting BK responses (data not shown).
3.3.5 Papaverine

Effects of the vasodilator papaverine on BK-mediated responses were studied to see if lung
weight changes produced by BK are secondary to increases in vascular resistance.
Papaverine (20 pM) had no effect on the basal PPP, lung weight and PIP (n =3). However

perfusion of papaverine markedly attenuated BK- mediated(6.25-200 nmol) increases in
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PPP, lung weight and PIP. Accumulated results from 3 different experiments have shown
that the maximum increase in PPP (10 + 0.6 mmHg, n =8) in response to 200 nmol of BK in
control lungs was significantly attenuated to 5.3 £ 1.5 mmHg, n =3; p< 0.01) in the presence
of papaverine. In control lungs 200 nmol of BK produced 0.41 £ 0.04 g increase in lung
weight which was only partially reversible. However, in the presence of papaverine (20 pM)
the increase in lung weight produced with 200 nmol of BK was reversible and markedly
reduced to 0.12 + 0.06 g, n =3 (p<0.01). BK- mediated maximum PIP increase in the
absence of papaverine was 2.6 + 0.4 mmHg, n=8. However in the presence of papaverine

maximum PIP was reduced to only 1 + 0.2 mmHg, n=3 (p< 0.001).
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3.4 Effects of raised VOP

To investigate if increases in VOP could account for lung weight changes associated with
BK, VOP was increased in increments of S mmHg. As illustrated in Figure 14 such
increases produced corresponding increases in PPP. Increases in VOP from 5-15 mmHg
also produced reversible increases in lung weight and PIP. However rises from 20-25 mmHg
in VOP produced gains in lung weight and PIP which were only partially reversible.
Furthermore when VOP was increased to 25 mmHg the increase in lung weight was

accompanied by the appearance of fluid in the tracheal cannula.



Figure 14 The effects of increasing venous outflow pressure (VOP) for 1 min periods on
pulmonary perfusion pressure (PPP), lung weight (LW) and pulmonary inflation pressure

(PIP). This figure represents one of 6 similar experiments.
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3.5 Determination of albumin-bound dye extravasation

To investigate whether both reversible and irreversible changes in lung weight induced by
BK or VOP were due to changes in vascular permeability, experiments utilizing Evans blue
dye linked to BSA were carried out. The results are shown in Figure 15. Control lungs
perfused with dye did not retain any detectable activity. Similarly lungs which received a
low dose of BK ( 25 nmol) did not retain dye despite registering a small reversible increase
in lung weight (Figure 12c). At a higher dose of 200 nmol (which caused a large sustained
increase in lung weight) marked retention of dye by the lung was noted ( 23.3 £ 0.4 ng mg'1
of dry tissue, n =6 ). Back-calculation of fluid retention from retained dye indicated that 200
nmol of BK caused an accumulation of 0.32 £ 0.05 ml (n =6) of fluid. Assuming a specific
gravity of 1 for this fluid a comparison of this calculated weight gain with weight gain
recorded experimentally (0.38 £ 0.05g, n =6) illustrates that the values are in good

agreement.

In a different set of experiments a rise in VOP of 20 mmHg increased PPP by 11.1 £ 0.9
mmHg (n = 6), which was associated with an irreversible lung weight increase of 0.61 *
0.21 g, n =3). There was a large concomitant accumulation of albumin-bound dye ( 30.5 *
8.4 ng mg'1 of dry tissue, n=3, Figure 15). In comparison 200 nmol of BK caused a similar
increase in PPP of 10 £ 0.6 Mg (n=6) which was associated with an irreversible weight

increase of 0.38 + 0.05 g.

Furthermore using retrograde perfusion 200 nmol of BK produced an increase in PPP (9.75
t 0.5 mmHg, n=4) similar to that produced by BK when using orthograde perfusion (10 *
0.6 mmHg, n=6). However with retrograde perfusion 200 nmol of BK produced
significantly less increase in lung weight (0.15 £ 0.02 g, p< 0.05) and dye retention ( 12 £
4.5 ng mg'1 p< 0.05, n=4) compared to responses of BK (200 nmol) when using orthograde
perfusion (Figure 15).
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Figure 15 Effects of bradykinin (BK) on vascular permeability in the perfused lung. BK 25
nmol (hatched column) did not cause dye retention when compared to control lungs (open
column). BK 200 nmol (cross hatched column) orthogradely and manipulation of (VOP)
(solid column) both produced significant extravasation and dye retention (*p<0.05;
**p<0.01 (I way ANOVA). In retrogradely perfused lungs BK (200 nmol) produced
significantly less dye retention compared with orthogradely perfused lungs (p< 0.05;

Students t-test). Results are mean £ SEM, n=4-6 experiments.
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3.6 Vascular and bronchial actions of endothelins ( ETS) and Sarafotoxin 6c (SX6C)
3.6.1 Effects on pulmonary perfusion pressure (PPP)

The effects of endothelin-1 (ET-1), endothelin-3 (ET-3) and sarafotoxin 6¢ (SX6C) on PPP
in 3 different experiments are illustrated in Figure 16. As shown over the dose range used
(50-800 pmol) all three agonists dose-dependently increased PPP (basal PPP was 6.7 + 0.5
mmHg, n =27). Thé increases in PPP produced by ET-1 (50 - 200 pmol) were not
completely reversible at low doses, whereas higher doses (400-800 pmol) produced
reversible increases in PPP. In contrast ET-3 and SX6C produced reversible increases in
PPP at all doses. The accumulated results for ETs (ET-1, ET-2 & ET-3) and SX6C on PPP
are shown in Figure 17. From Figure 17a, it can be seen that over the dose range used the
order of potency of the ETs was ET-1 > ET-2 > ET-3. SX6C was of similar potency to ET-
1 with EDsq values of 165 + 19 pmol, n = 6 and 130 + 17 pmol respectively (n = 10).

3.6.2 Effects on lung weight

Figure 16 shows that ET-1 produced a very steep and irreversible increases in lung weight
(basal lung weight 2.8 + 0.06 g, n =27) which was associated with the appearance of fluid in
the tracheal cannula. ET-3 produced an increase in lung weight at higher doses (800 pmol)
when compared to ET-1. Interestingly SX6C (50-800 pmol) produced very little increase in
lung weight. Figure 17b shows the accumulated results for the effects of ETs and SX6C on
lung weight. The order of potency of the ETs was ET-1 > ET-2 > ET-3. In contrast, SX6C
which was equipotent with ET-1 on PPP caused no significant change in lung weight over

the dose range used.
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3.6.3 Effects on pulmonary inflation pressure (PIP)

As shown in Figure 16 ETs (ET-1 and ET-3) were equipotent on PIP (basal PIP 5.0 + 0.01
mmHg, n=27) but SX6C was the most potent agent. Figure 17c¢ illustrates SX6C was the
most potent bronchoconstrictor agent (EDso 80 £ 6 pmol, n=6) when compared with ET-1,
ET-2 and ET-3. The three ETs were equipotent on PIP. The EDsq values for the ETs ( ET-1
216 = 2 pmol, n= 10; ET-2 277 + 7 pmol, n=4 and ET-3 268 + 4 pmol, n= 8). In addition |
the slope of the PIP response to SX6C was significantly steeper than that for any of the ETs
(p< 0.001).



Figure 16 Experimental traces showing the actions of ET-1, ET-3 and SX6C on
pulmonary perfusion pressure (PPP), lung weight (LW) and pulmonary inflation pressure

(PIP). Each trace is representative of 4-10 similar experiments..
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Figure 17 Effects of ETs and SX6C on (a) pulmonary perfusion pressure (PPP), (b) lung
weight and (c) pulmonary inflation pressure (PIP). ET-1 (O ),ET-2 (@ ), ET-3 (A) and

SX6C ( A ). Each point represents mean + SEM, n = 4-10 experiments.
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3.7 Effects of inhibitors and receptor antagonists on responses to ETs and SX6C

3.7.1 Indomethacin

The cyclooxygenase inhibitor indomethacin (10pM) had no effect on basal PPP (5.4 +0.43
mmHg), PIP (§ + 0.3 mmHg) or lung weight (2.8 £ 0.1 g) (n= 14), and did not affect the
actions of ET-1 on PPP (EDs, value of 132 + 14 pmol was not different to control EDs; of
130 £ 17 pmol, n= 10), PIP (EDsp of 200 £ 2 pmol compared to control EDspof 216 £+ 2
pmol, n= 10) or lung weight (maximum increase produced by 400 pmol ET-1 in the
presence and absence of indomethacin was 4 + 0.9 g and 4.5 + 0.8 g, n= 10 respectively)

Figure 18.

SX6C-mediated responses were also unaffected by indomethacin (10pM) Figure 18a. PPP
EDsq values for SX6C in the presence and absence of indomethacin were 142 £ 11 pmol (n=
4) and 165 * 19 pmol (n= 6) respectively, while the corresponding PIP EDs, values in the
presence and absence of indomethacin were 81 + 8 pmol (n=4) and 80 + 6 pmol (n= 6).

SX6C had no significant effect on lung weight with or without indomethacin.



Figure 18 Effects on ET-1 and SX6C on (a) pulmonary perfusion pressure (PPP) (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the presence (filled symbols) and
absence (open symbols) of indomethacin (10 pM). ET-1 (O, @) and SX6C (A, A). Each

point represents mean + SEM, n= 10-14 experiments.
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3.7.2 Phosphoramidon

The effect of the neutral endopeptidase inhibitor phosphoramidon was studied, to
determine if breakdown of ETs by neutral endopeptidases reduced their
bronchoconstrictor potencies. Phosphoramidon (1 pM) had no effect on the basal PPP (6
+ 0.5 mmHg), lung weight (2.7 £ 0.06 g) and PIP (4.8 + 0.17 mmHg) (n=9). However
perfusion of phosphoramidon (1 pM) significantly potentiated the effect of ET-3 (800
pmol) on PPP ( 800 pmol increase PPP in control 9.75 + 0.57 mmHg, n=8 was
potentiated to 13 + 0.4 mmHg, n= 6; p< 0.01). Whereas it had no effect on PPP

responses to lower doses of ET-3 (50- 400 pmol) Figure 19a.

Lung weight increases to ET-3 were significantly potentiated in the presence of
phosphoramidon (1 pM). ET-3 (800 pmol) lung weight increase in control lungs was 1.6
1 0.4 g, n=8, this was potentiated to 4.56 + 0.74 g, n=6 (P< (0.001) in the presence of

phosphoramidon (Figure 19b).

Figure 19c illustrates that phosphoramidon (1 pM) had no marked effect on the PIP
responses to ET-3, the EDsg value 264 t 45 pmol( n=6) was not different to the control

value quoted above.

The selectivity of action of phosphoramidon is illustrated by its lack of effects on SX6C
mediated responses. Figure 19 shows that phosphoramidon (1 pM) had no effect on the
PPP (EDsp 168 £ 17 pmol, n=3) lung weight and PIP ( EDsy 76 *+ 8 pmol, n=3)

responses to SX6C when compared to control responses.



Figure 19 Effects of ET-3 and SX6C on (a) pulmonary perfusion pressure (PPP) (b)
Iung weight and (c) pulmonary inflation pressure (PIP) in the presence (filled symbols) or
absence (open symbols) of phosphoramidon ( 1pM). ET-3 (O, @) and SX6C (A, A)
Each point represents mean + SEM, n= 3-8 experiments. **p< 0.01; ***p< 0.001.

Students t-test.
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3.7.3 Papaverine

Pulmonary actions of ET-1 were investigated in the presence of the vasodilator
papaverine, to see if increases in vascular resistance accounted for lung weight changes.
Papaverine (20 pM) had no effect on basal PPP (6.8 + 0.5 mmHg), lung weight (2.9 +
0.06 g) and PIP (5 £ 0.12 mmHg). However, it abolished ( P< 0.001, n=4-7) the changes
in PPP, lung weight and PIP in response to ET-1 (50- 800 pmol). Results are shown in
Figure 20.



Figure 20 ET-1-induced increases in (a) pulmonary perfusion pressure (PPP), (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the absence (O) and presence (@)of
papaverine (20 pM). Each point represents mean * SEM, n= 4 - 7 experiments. * p<

0.05; ** p< 0.01; *** p< 0.001: significantly different from control. (Students t-test).
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3.8 Endothelin receptor antagonists
3.8.1 Selective ET, receptor antagonist

BQI123

BQ123 a selective ET receptor antagonist (Thara et al., 1992) in the concentration range
1 pM to 10 pM had no effect on basal PPP (6.3 + 0.4 mmHg), PIP (4.7 + 0.15 mmHg)
and lung weight (2.6 + 0.08 g) (n= 18). Figures 21 and 22 illustrate the effects of BQ123
on ET-1 mediated changes in PPP, lung weight and PIP. The effects of BQ123 on ET-1
mediated increases in PPP are shown in Figure 22a. In the presence of BQ123 (1uM)
PPP responses to low doses of ET-1 (50-100 pmol) were significantly inhibited (p< 0.05)
whereas the response to the highest dose of ET-1 (800 pmol) was significantly
augmented (ET-1 800 pmol PPP increase in control 10.4 + 1.6 mmHg, n= 4 was
potentiated to 21 + 3.6 mmHg, n=5; p< 0.01). However, perfusion of 2pM BQ123
significantly attenuated the effects of ET-1 on PPP and the dose-response curve showed
a rightward parallel shift with a significant increase in EDsq value (control EDsp 130 + 17
pmol (n= 10) to 311 + 3 pmol (n = 4; p< 0.01) in the presence of BQ123. However, |
BQ123 at 2 pM had no effect on the maximal increase in PPP induced by ET-1.
Furthermore use of the higher concentration of BQ123 (10 pM) markedly attenuated
PPP responses to ET-1 (50- 800 pmol). The increase in PPP was reduced t0 5.3 + 1.3
mmHg, n=3 (p < 0.01) in the presence of 10 pM BQ123, when compared to the control
value quoted above. Interestingly, in the presence of BQ123, ET-1 caused transient

increases in PPP (Figure 21).

Figure 22b illustrates, that BQ123 produced a concentration-dependent reduction of the
lung weight increase in response to ET-1 (50- 800 pmol). The maximum increase in lung
weight produced in response to 800 pmol ET-1 (8.1 £ 0.1 g, n =4) was reduced in the
presence of 1 ytM BQ123t0 4.5+ 0.8 g, n =4 (p <0.001). BQ123 (2 yM and 10 pM)
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further attenuated the ET-1 (800 pmol)-induced increase in lung weight to 0.8 £ 0.2 g,
n=4and 0.4 £ 0 g, n =3 (p< 0.001) respectively.

Interestingly, BQ123 (1-10 pM) augmented the effects of ET-1 on PIP (Figure 22c¢). The
control EDsp (216 £ 2 pmol, n =10) for ET-1 was reduced to 78 £ 12.3 pmol, n =5 (p<
0.001) in the presence of 1 pM BQ123, 107 + 17 pmol, n= 4 (p<0.05) in the presence of
2 pM BQ123, and 87 £ 20 pmol, n =3 (p< 0.001) in the presence of 10 ptM BQ123. In
addition the dose-response curves to ET-1 over the dose range 50-200 pmol in the

presence of BQ123 were significantly steeper than the controls (p<0.001).

The selectivity of BQ123 for ET receptors was studied with its effects on SX6C -
mediated responses. BQ123 (2pM) did not affect the PPP response to SX6C; control
EDso was 165 £ 19 pmol (n = 6) and in the presence of BQ123 was 184 + 20 pmol (n =
3). Use of the higher concentration of BQ123 (10 pM) also had no effect on PPP
responses to SX6C (50- 400 pmol). Similarly, SX6C-induced changes in PIP were not
altered by the higher concentration of BQ123; control EDsg was 80 + 6 pmol (n = 6) and
in presence of 2 pM and 10 ptM BQ123 was 68 + 2 pmol and 71 + 4 pmol (n = 3)

respectively. These results are shown in Figure 23.
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Figure 21 Experimental trace showing the effects of ET-1 on PPP, lung weight and PIP

in the presence of BQ123 (10 pM). This represents one of 3 such experiments.



Figure 22 ET-1-induced increases in (a) pulmonary perfusion pressure (PPP), (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the absence (open circles) or
presence of BQ123 (1 pM) (filled circles), (2 pM) (open triangles) and (10 pM) (filled
triangles). Each point represents mean + SEM, n= 4-10 experiments. * p< 0.05; ** p<

0.01; *** p< 0.001: significantly different from control (1 way ANOVA).
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Figure 23 SX6C-induced increases in (a) pulmonary perfusion pressure (PPP), (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the absence (open circles) or
presence of BQ123 (2 pM) (filled circles), (10 pM) (open triangles). Each point

represents mean £ SEM, n = 3 - 6 experiments.
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3.8.2 Mixed (ET, | ETg) endothelin receptor antagonists

3.8.2.1 Bosentan (Ro 47-0203)

Bosentan (5 pM), a non-peptide mixed endothelin receptor antagonist (Clozel et al.,
1994), had no effect on the basal PPP (5 £ 1 mmHg), PIP ( 5 + 0.2 mmHg) and lung
weight (2.7 £ 0.14 g) (n= 8). However, it reduced (p< 0.001, n=4) the ET-1 (50-800
pmol)-induced PPP and lung weight responses as shown in Figure 24a and 24b,
respectively. In contrast, bosentan did not affect ET-1-induced PIP responses (control
EDs; 242 + 34 pmol, n=7; presence of bosentan EDsg 291 + 90, n=4) (Figure 24c).
Responses to SX6C on PPP, PIP and lung weight were attenuated (p< 0.001, n=4) by
bosentan (Figure 24).

The selectivity of bosentan for endothelin receptors was illustrated by its lack of effects
on the PHE mediated responses. In the presence of 5 pM bosentan PPP responses to
PHE were not altered (control EDsy 4 1 0.7, n=5; EDs in the presence of bosentan 3 +

0.2 nmol, n=3).



Figure 24 Effects of ET-1 and SX6C on (a) pulmonary perfusion pressure (PPP) (b)
lung weight and (c) pulmonary inflation pressure (PIP) in the absence (open symbols) or
presence of bosentan (5 pM) (filled symbols). ET-1 (O, @) and SX6C (A, A) Each
point represents mean + SEM, n= 4-13 experiments. *** p< 0.001: significantly different

from ET-1 or SX6C control (Students t-test).
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3.8.2.2 PD145065

PD145065 (0.3-1 pM) another mixed endothelin ET, / ETp receptor antagonist
(Doherty et al., 1993) had no effect on the basal PPP (5.7 + 0.5 mmHg), lung weight
(2.8 £ 0.13 g) and PIP (5 £ 0.2 mmHg) (n= 13). However, 0.3 pM PD145065
attenuated (p< 0.001) the PPP responses to ET-1 (50 - 400 pmol). Perfusion of 1 pM of
PD145065 further attenuated (P< 0.001, n=3) the PPP responses to ET-1 (50-800 pmol)
(Figure 25a).

Figure 25b illustrates that both concentrations of PD145065 (0.3 pM and 1 pM)
abolished (p< 0.001) the increases in lung weight produced by ET-1 (50-800 pmol).

Interestingly, PD145065 (0.3 - 1 M) potentiated the PIP responses to ET-1 (Figure
25c¢). EDsq values in the presence of 0.3 pM (134 + 33 pmol, n=4) and 1 pM (112 + 2.5

pmol, n=3; p< 0.01) were significantly reduced when compared with control value.

PD145065 (0.3 - 1 pM) attenuated (p< 0.001, n=3) the PPP, lung weight and PIP
responses to SX6C (50- 800 pmol) Figure 26.

The selectivity of PD145065 for endothelin receptors,was studied by its effects on the
vasoconstrictor responses to PHE. Use of 1 yM PD145065 had no significant effect on
PPP responses to PHE (control EDso 4 + 0.7 nmol, n= 5; EDsj in the presence of
PD145065, 3 £ 1 nmol, n=3).



Figure 25 ET-1-induced increases in (a) pulmonary perfusion pressure (PPP) (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the absence (open circles) or in the
presence of PD1450656 (0.3 pM, filled circles), (1 pM) (open triangles). Each point
represents mean + SEM, n= 4 -13 experiments. *** p< 0.001: significantly different from

ET-1 control (1 way ANOVA).
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Figure 26 SX6C-induced increases in pulmonary perfusion pressure (PPP) (b) lung
weight and (c) pulmonary inflation pressure (PIP); control (open circles) or in the
presence of PD1450656 (0.3 pM, filled circles), (1 pM, open triangles). Each point
represents mean + SEM, n= 3- 13 experiments. *** p< 0.001: significantly different from

SX6C control (1 way ANOVA).
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3.9 Effects of ET-1 and SX6C in retrogradely perfused lungs

Retrograde perfusion of lungs was used to study the sites of actions of ET-1 and SX6C
in the pulmonary circulation. Comparative actions of ET-1 and SX6C on recorded
parameters in orthogradely and retrogradely perfused lungs are shown in Figure 27. ET-
1 (50-400 pmol) and SX6C (50-800 pmol) produced dose-dependent increases in PPP,
PIP and lung weight. However, a comparison of the upper panels shows that the actions
of ET-1 on lung weight were markedly reduced by retrograde perfusion. Using
orthograde perfusion, 400 pmol of ET-1 produced an increase in lung weight of 6.9
0.21 g (n=4) whereas 400 pmol of ET-1 in retrograde perfusion produced only a 1.8 *
0.36 g (n= 4, p< 0.01) increase.

Comparison of the lower panels in Figure 27 shows that the actions of SX6C on lung
weight were markedly increased by retrograde perfusion. Using orthograde perfusion,
800 pmol of SX6C produced a 0.11  0.06 g (n=4) increase in lung weight whereas the
same dose given via retrograde perfusion produced a 7.5 £ 0.29 g (n=4, p< 0.00 1)

increase in lung weight (Students t-test).



Figure 27 Experimental traces comparing the effects of ET-1 (upper section) and SX6C
(lower section) on pulmonary perfusion pressure (PPP), lung weight (LW) and
pulmonary inflation pressure (PIP) in rat lungs perfused orthogradely (right hand panels)

or retrogradely ( left hand panels ). This Figure represents one of 4 similar experiments.
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3.10 Albumin-bound dye extravasation

To investigate whether increases in lung weight induced by ET-1 or SX6C were due to
changes in vascular permeability, experiments utilizing Evans blue dye linked to BSA
were carried out. In a series of experiments the increase in lung weight caused by ET-1
(800 pmol) was shown to be associated with a large accumulation of albumin-bound dye
97.5+22ng mg'1 dry weight of tissue compared to 1.32 + 0.54 ng mg'1 in control lungs
without ET-1; p < 0.01, n= 4). Back-calculation of fluid retention from retained dye
indicated that 800 pmol of ET-1 caused an accumulation of 1.62 + 0.28 ml of fluid
(n=4). Assuming a specific gravity of 1 for this fluid a comparison of this calculated
weight gain with weight gain recorded experimentally (4.25 + 0.25 g, n=4) illustrates
that the values are significantly different (p < 0.01), i.e. fluid accumulation without
albumin. Furthermore, albumin bound dye accumulation (1.48 £ 0.85 ng mg'1 of dry wt,
n=4) produced by a higher dose of ET-1 (800 pmol) with retrograde perfusion was still
significantly lower (p< 0.01) than the accumulation seen with 400 pmol ET-1 (25 +£9.5

ng mg'1 of dry wt., n=4) given via orthograde perfusion. Results are shown in Figure 28.

Furthermore, accumulation of albumin bound dye (216 + 2.6 ng mg'ldry tissue, n=4)
caused by SX6C (800 pmol) in retrograde perfusion was significantly greater (p< 0.01)
than albumin bound dye accumulation (70 £+ 4 ng mg'1 dry wt, n=4) caused by SX6C in
orthograde perfusion (Figure 28). Back calculation of fluid retention from retained dye
indicated that 800 pmol of SX6C caused an accumulation of 1.44 + 0.06 ml and 6.6 +
0.39 ml fluid in orthogradely and retrogradely perfused lungs, respectively (n=4).
Assuming a specific gravity of 1 for this fluid a comparison of this calculated weight gain
with weight gain recorded experimentally (1.46 +0.24 g and 7.3 £ 0.15 g, n=4, in
orthogradely and retrogradely perfused lung, respectively) illustrates that the values are

in good agreement.
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Figure 28 Effects of ET-1 or SX6C on vascular permeability in orthogradely (filled
column) or retrogradely (open column) perfused lungs. Each point represents mean
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column).! way ANOVA.
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3.11 Effects of nitro-L-arginine (L-NOARG)

Inclusion of L-NOARG (100 pM) in the perfusate had no effect on the basal parameters
recorded; basal PPP 5.4 + 0.5, n=9 vs. 5.4 + 0.6 mmHg, n=7 in control; basal lung
weight (2.84 £ 0.12 g, n=9 vs. 2.85 + 0.14g, n= 7 in control); basal PIP (5.24 + 0.3
mmHg, n=9 vs.4.15 £ 0.2 mmHg, n=7 in control).

3.11.1 Effects of L-NOARG on responses to ETs, SX6C, and BK
3.11.1.1 PPP

From Figure 29a it can be seen that 100 pM L-NOARG potentiated PPP increases in
response to ET-1 50 - 400 pmol (p< 0.001, n=4). Similarly, SX6C (25-200 pmol)
mediated increases in PPP were also significantly augmented (p< 0.001, n=5) in the
presence of L-NOARG (Figure 30a). The maximum constrictor response to SX6C was
also increased in the presence of L-NOARG.

The vasoconstrictor effects of BK (6.25- 200 nmol) were potentiated by 100 pM L-
NOARG. In the presence of L-NOARG the BK EDs, was reduced from control value of
24 £ 4 nmol, n=7to 16 £ l.b nmol, n=9. The maximum response to BK was also
significantly increased from 10 + 0.8 mmHg, n=7 to 14 £ 0.65 mmHg, n=9 (p< 0.01)
(Figure 31a).

In contrast to the potentation of responses to ET-1, SX6C and BK it was of interest to
note that L-NOARG did not affect the increases in PPP induced by PHE (3.12- 50 nmol)
(EDsp 5.4 £ 1.7, n=3 vs. 4 £ 0.7, n=5) in controls (Figure 32a).
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3.11.1.2 Lung weight

In the presence of L-NOARG the lung weight increases caused by ET-1 were markedly
potentiated (Figure 29b). Similarly SX6C-induced increases in lung weight were also
potentiated in the presence of L-NOARG (Figure 30b).

In contrast to the potentiation of ET-1 and SX6C -induced increases in lung weight L-

NOARG had no effect on BK-mediated increases in lung weight (Figure 31b).

3.11.13 PIP

Figure 29c illustrates, that the increases in PIP in response to ET-I were significantly
augmented in the presence of L-NOARG (EDsp 132 + 5 pmol, n=4; p< 0.05 vs. 242 + 33
pmol, n=7 in control). Similarly, the SX6C-induced increases in PIP were also
significantly potentiated (EDso 48 £ 5 pmol, n=5; p< 0.01 vs. 85 £ 6 pmol, n=13 in

controls) Figure 30c.

The presence of L-NOARG did not alter the bronchoconstrictor responses to CCh (EDsg
4 £ 0.3 nmol, n=4 vs. 4.25 + 0.4 nmol, n=7 in controls, Figure 32b) or BK (EDsy 54 £+ 12

nmol, i=7 vs. 40 + 8 nmol, n=9 in controls (Figure 31c).



Figure 29 The effects of ET-1 on (a) pulmonary perfusion pressure (PPP) (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the absence (open circles) or
presence (filled circles) of L-NOARG (100 pM) Each point represents mean + SEM, n=

4-7 experiments **p <0.01; ***p < 0.001 compared with control ET-1 (Students t-test).
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Figure 30 The effects of SX6C on (a) pulmonary perfusion pressure (PPP) (b) lung
weight and (c) pulmonary inflation pressure (PIP) in the absence (open circles) or
presence (filled circles) of L-NOARG (100 pM) Each point represents mean + SEM, n=

5-7 experiments. ***p < 0.001 compared with control SX6C (Students t-test).
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Figure 31 The actions of bradykinin (BK) on (a) pulmonary perfusion pressure (PPP),
(b) lung weight (LW) and (¢) pulmonary inflation pressure (PIP) in the absence (open
circles) and presence (closed circles) of L-NOARG (100 pM)). Each point represents
mean + SEM, n= 7-9 experiments. * p< 0.05; ** p< 0.01 compared with control

(Students t-test).



Increase in PIP (mmHg) Increase in LW (g) Increase in PPP (mmHg)

o <
% b 0 04 % D K cn
= = = _

CD CD



Figure 32 The effects of (a) phenylephrine (PHE) on pulmonary perfusion pressure
(PPP) and (b) carbachol (CCh) on pulmonary inflation pressure (PIP) in the absence
(open circles) and presence of (closed circles) of L-NOARG (100 pM). Each point

represents mean + SEM, n= 3-5 experiments.
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3.12 Effects of ET-1 and SX6C in lungs where vascular tone is increased by

infusion of the thromboxane A, analogue U46619

U46619 produced concentration dependent increases in PPP (ECsp 31 £ 6 nM, n =3),
lung weight and PIP (ECsy 37 £ 9 nM, n =3). In subsequent experiments a concentration

was selected to produce approximately 80 % of the maximum increase in PPP.

The infusion of U46619 (80 nM) into the pulmonary artery produced an increase in PPP
of 9 £ 0.5 mmHg over the basal PPP of 5 + 0.5 mmHg (n =16). Under these conditions
with an elevated PPP bolus injections of ET-1 (2.5-40 pmol), ET-3 (2.5-80 pmol) and
SX6C (1.25-40 pmol) all produced dose-dependent falls in PPP (Figure 33, 34).

The vasodilator potencies of ET-1 (EDsg 3.6 + 0.6 pmol, n=5 ) and ET-3 (EDsp 3.9
1.05 pmol, n =4) were similar, however SX6C (EDsj 2.2 £ 0.14 pmol, n =7; p< 0.05)

was significantly more potent as a pulmonary vasodilator than either of the ETs.



Figure 33 Experimental traces showing the elevation of basal pulmonary perfusion
pressure (PPP) with U46619 (80 nM) and the fall in PPP in response to (a) ET-1, (b)

ET-3 and (c ) SX6C. Each trace represents one of 4-7 such experiments.
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Figure 34 Graph showing the pulmonary vasodilator responses to ET-1 (open circles),
ET-3 (filled circles) and SX6C (open triangles) in lungs in which perfusion pressure had

been increased withU46619. Each point represents mean + SEM, n=4-7 experiments.
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3.12.1 Effect of cyclooxygenase inhibitor and ET receptor antagonist on vasodilator

responses to ET-1 and SX6C

In many other vascular preparations the vasodilator responses to ETs and SX6C has
been reported to be partially mediated by cyclooxygenase and nitric oxide synthase
metabolites (Warner et al., 1989; Ekelund et ai., 1994). Therefore, experiments were

carried out to examine this in lungs.
3.12.1.1 Indomethacin

Inclusion of the cyclooxygenase inhibitor indomethacin (10 pM) did not alter basal PPP
(5.6 £ 0.6 mmHg, n=7) or the increase in PPP produced by U46619 (80 nM) (PPP of 10
t 0.7 mmHg, (n=7) vs. 9 £ 0.5 mmHg, (n= 16) in controls). However, indomethacin did
reduce the vasodilator response to low doses of ET-1 (1.25-5 pmol), whereas responses
to higher doses of ET-1 (5- 20 pmol) were not affected (Figure 35b). Accumulated
results are shown in Figure 37a. ET-1 EDs vasodilator value was significantly increased
t0 9 £ 3.4 pmol, n=3 (p< 0.05) vs. 3.6 £ 0.6 pmol, n=5 in controls. In contrast,
indomethacin (10 pM) augmented the decrease in PPP in response to low doses of SX6C
(1.25-2.5 pmol). However, responses to higher doses (5-20 pmol) of SX6C were not
altered Figure 36b. SX6C ED50 (1.7 £ 0.3 pmol, n=4) vasodilator value was not different

to the control value quoted above. Accumulated results are shown in Figure 37b.
3.12.1.2 L-NOARG

The nitric oxide synthase inhibitor L-NOARG (100 pM) had no effect on basal PPP (5§ +
0.4 mmHg, n=8). However it augmented PPP increases in response to U46619.
Therefore a lower concentration of U46619 was used in order to elevate the PPP by a

similar amount seen earlier approximately 9 mmHg.
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In a series of experiments 40 nM of U46619 produced an increase in PPP of 8.5 £ 0.8
mmHg, n=8. Figure 35c¢ illustrates that in the presence of L-NOARG a low dose of ET-1
(1.25 pmol) produced vasodilation, whereas, at higher doses (5-20 pmol) vasoconstrictor
responses were seen. Accumulated results from 4 different experiments are shown in

Figure 38.

In a different set of experiments perfusion of indomethacin (10 pM) and L-NOARG (100
pM) in combination had no effect on basal PPP (5 0.5 mmHg, n=3) or the increase in
PPP in response to U46619 40 nM (10.6 + 1.3 mmHg, n=4). However, this combination
of inhibitors completely abolished the vasodilator response to ET-1, whereas 5- 20 pmol
of ET-1 now produced marked rises in PPP. Accumulated results from 3 different

experiments are shown in Figure 38.

In contrast to ET-1-induced vasodilation the vasodilator responses to SX6C (1.25-20
pmol) were completely abolished in the presence of L-NOARG (100 pM). The highest
dose of SX6C (20 pmol) now produced an increase in PPP (Figure 36¢). Accumulated

results are shown in Figure 39.

Perfusion of L-NOARG (100 pM) had no effect on vasodilation produced by the nitric
oxide donor sodium nitroprusside (SNP) 10-1000 pmol (Figure 40). This shows that the

effects of L-NOARG on ET-1 and SX6C responses were not due to non-specific action.

3.12.1.3 Nitro-D-arginine (D-NOARG)

To check the stereoselectivity of L-NOARG, experiments were carried out in the
presence of the inactive isomer D-NOARG. Inclusion of D-NOARG (100 pM) into the
perfusate had no effect on basal PPP (5 £+ 0.6 mmHg, n=8) or the rise in PPP (9.2 £ 0.9
mmHg, n= 8 vs. control value quoted above) in response to U46619 (80 nM). Similarly,
D-NOARG did not alter the vasodilation produced by ET-1 (2.5- 40 pmol) (Figure 35¢)
or SX6C (1.25- 40 pmol) (Figure 36d).
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Accumulated results are shown in Figure 38 and 39. EDs, values for ET-1 and SX6C in
the presence and absence of D-NOARG were ET-1, 3.2 + 1.2 pmol, n=4 vs. 3.6 £ 0.6
pmol, n=5 in controls and SX6C, 2.3 £ 0.6 pmol, n=4 vs. 2.2 + 0.14 pmol, n=7 in

controls.



Figure 35 Experimental traces showing the elevation of basal pulmonary perfusion
pressure (PPP) with U46619 (40-80 nM) and the subsequent changes in PPP in response
to ET-1 in (a) control, (b) in the presence of indomethacin (10 pM), (c) in the presence
of L-NOARG (100 pM), (d) in the presence of indomethacin (10pM) plus L-NOARG
(100 pM) and (e) in the presence of D-NOARG (100 pM). Each trace is representative

of 3-5 similar experiments.
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Figure 36 Experimental traces showing the elevation of basal pulmonary perfusion
pressure (PPP) with U46619 (40-80 nM) and the subsequent changes in PPP in
responses to SX6C (a) control (b) in presence of indomethacin (10 pM) (c)in the
presence of L-NOARG (100 pM) and (d) plus D-NOARG ( 100 pM). Each trace is one

of 4-7 similar experiments.
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Figure 37 Graphs showing the pulmonary vasodilator response to (a) ET-1 and (b)
SX6C in the absence (open circles ) and presence (filled circles) of indomethacin (10
pM) in U46619 pre-treated preparations. Each point represents mean + SEM, n= 3-7

experiments. *p< 0.05 (Students t-test).
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Figure 38 Graph showing the pulmonary vascular responses to ET-1: controls (open
circles), in the presence of D-NOARG (100 pM) (open squares), L-NOARG 100pM
(filled circles)and indomethacin (10 pM) plus L-NOARG (100 pM) (filled triangles) in

U46619 pre-treated preparations. Each point represents mean + SEM, n=4-5.
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Figure 39 Graph showing the pulmonary vascular responses to SX6C controls, n=7
(open triangles), and in the presence of, D-NOARG (100 pM), n=4 (open squares), L-
NOARG 100pM, n= 4 (filled triangles), in U46619 pre-treated preparations. Each point

represents mean + SEM.
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Figure 40 Graph showing the pulmonary vasodilator responses to sodium nitroprusside
(SNP) in the absence (open circles) or presence (filled circles) of L-NOARG (100 pM)

in U46619 pre-treated preparations. Each point represents mean = SEM, n= 4
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3.12.1.4 BQI123 (selective ET 4 receptor antagonist)

Inclusion of BQ123 (10 pM) in the perfusate did not alter basal PPP or the increase in
PPP in response to U46619 (80 nM), n=3.

Figure 41b illustrates, that in U46619 preconstricted preparations BQ123 was without
any marked effect on the vasodilator responses to ET-1 (2.5-40 pmol). Accumulated
results are shown in Figure 42a (ET-1 EDsg 5.6 £ 1 pmol, n=3 vs. 3.6 + 0.6 mmHg, n=

5 in controls).

3.12.1.5 Bosentan (Ro47-0203, mixed endothelin ET4 | ETp receptor antagonist)

The effects of the mixed ET ,/ETp receptor antagonist bosentan were studied on
pulmonary vasodilator responses to ET-1 and SX6C. Perfusion of bosentan (5 pM) had
no effect on basal PPP (5.1 £ 0.5 mmHg, n=8). The infusion of U46619 (80 nM)
produced an increase in PPP of 9.25 + 0.6 mmHg, n=8. Figure 41c and 41e illustrate that
bosentan completely abolished (p< 0.001) the decreases in PPP produced in response to
ET-1 (1.25- 40 pmol) or SX6C (1.25 - 40 pmol). Accumulated results are shown in

Figure 42.

To check the selectivity of actions, the effects of bosentan on SNP-induced pulmonary
vasodilator responses were examined. Bosentan (5 pM) had no effect on SNP-induced
decreases in PPP (100 pmol of SNP in the presence of bosentan produced fall in PPP of

28 % t 4, n=3 vs. 27 % * 2 in control lungs).



Figure 41 Experimental traces showing the falls in PPP in response to ET-1; (a) control,
(b) in the presence of BQ123 (10 pM), (c) in the presence of bosentan (5 pM). SX6C ;

(d) control or (e) in the presence of bosentan (5 pM). Each trace is representative of 3-7

similar experiments.
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Figure 42 Graphs showing the pulmonary vasodilator responses to (a) ET-1) (b) SX6C
alone (open circles)or in the presence of BQ123 ( 10 pM ) (filled circles) or bosentan (5
pM) (open triangles) in U46619 pre-treated preparations. Each point represents mean +

SEM, n= 3-7 experiments.



% Decrease n PPP

n PPP

% Decrease

(b)

10.

0O—O ET1
%— # ET-1 + 60123
A — A ET-1 + Bossntan

Dose ( pmol )

O — O SXo6C
A — A SX6C + Bosentan

Dose (pmol)

136



137

3.13 Tachyphylaxis to ETs and SX6C

Although dose-response curves to the vasodilator effects of ET-1 and SX6C could be
constructed, it was noted that repeated injections of the dose which produced a
maximum vasodilation, caused rapid loss of response. Therefore, a series of experiments
were carried out to study this phenomena in more detail. In these experiments the

infusion of U46619 (80 nM) produced an increase in PPP of 9 + 0.6 mmHg, n=3.

The effects of several repeated injections of ET-1 or SX6C (20 pmol each) are shown in
Figure 43. As shown the dilator responses to ET-1 (Figure 43a) and SX6C (Figure 43b)
given repeatedly at 5-7 min intervals showed a marked tachyphylaxis. As can be seen, the
fifth dose of ET-1 (panel A) actually produced vasoconstriction rather than a vasodilator
response. The final portion of the recording shows that injection of a series of doses of
SX6C after the ET-1 injections also produced dose-dependent increases in PPP. This
contrasts markedly with the results shown in panel B of Figure 43 where SX6C injected
before ET-1 caused marked depressor responses which decreased in magnitude with
repeated injections. As can be seen, the sixth injc&ﬁon actually produced a
vasoconstrictor as opposed to a vasodilator response. Subsequent injections of ET-1

now caused dose-dependent increases in PPP. Accumulated data is shown in Figure 44.



Figure 43 Experimental traces showing the tachyphylaxis / cross tachyphylaxis of the
vasodilator response to (a) ET-1, (b) SX6C. Each trace represents one of 3 separate

experiments.
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Figure 44 Histogram showing the tachyphylaxis to the pulmonary vasodilator responses
to ET-1 (filled columns ) and SX6C (open columns) in U46619 pre-treated preparations.
Each histogram represents mean + SEM, n= 3 for each agonist. *p< (0.05; 1 way

ANOVA.
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SECTION 4

Discussion
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Isolated perfused lungs have been used for a long time to study aspects of pulmonary
function. However, no generally accepted criteria for the viability of such preparations
have yet been defined. The present experiments have showed that under the conditions
described this model is viable for 2 h as; (a) there was no increase in lung weight noticed
within this period indicating that lung integrity was not altered, moreover PPP and PIP
remained stable, (b) the responses to PHE, CCh, BK and angiotensin-I were
reproducible indicating that reactivity to various agonists was not changed within this 2 h
of perfusion time, (c) the metabolic capability of the endothelial cells was preserved, as
the responses to angiotensin-I reappeared after the angiotensin converting enzyme

inhibitor captopril was washed out.

A single-pass perfusion model was utilised rather than a recirculating one as any
substance robust enough to survive passage through the pulmonary circulation would
continue to act in the latter, making quantitation of effects complex. Using single-pass
perfusion also avoids accumulation of any products released by the lungs into the
perfusate which could influence lung function. In this lung preparation plasma expanders
were not included into the perfusate because of the cost. However, in many previously
described lung preparations recirculation piocedures have been used in the presence of
plasma expander such as dextran, albumin, ficoll, etc. (Selig et al., 1988; Drazen et al.,
1989; Westcott et al., 1990; Czartolomna et al., 1991; Seale et al., 1991; Bonvallet et
al., 1993; Pino et al., 1992; Uhlig and Wollin, 1994 ) to offset oedema in lung models.

Rate of perfusion is easily varied and is usually a "trade-off" between maintaining tissue
viability yet avoiding higher rates which increase the rate of oedema formation through
hydrostatic damage. Results from the present study indicate that even at low rates of
perfusion (5 ml min-1) lung integrity is relatively short-lived as increases in lung weight
started to occur after 2h of perfusion. Use of higher flow rate (10 ml min™) in this model
produced quick oedema formation. Fisher et al., (1980) have also shown that rat lungs

perfused at 12-25 ml min-1 with Krebs’ solution alone developed gross alveolar oedema
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after 1 h and the addition of 3 % bovine serum albumin at these higher flow rates

increased the lung viability to 2-3 hours.

In the present model lungs were ventilated at a volume and rate which did not cause any
significant increase in lung weight over 2 h, as even moderate overinflation is known to
cause lung injury (Cilley ez al., 1993). In addition, investigators have suggested that
overinflation of the lung can lead to stress failure, a cause of increased capillary

permeability and pulmonary oedema (West and Mathieu-Costello, 1992).

4.1 Differential effects of PHE, CCh, and BK

In order to evaluate the actions of vasoactive agents on the three monitored lung
parameters initial experiments were carried out by using PHE, CCh and BK. Experiments
showed that under the conditions described these three substances exerted differential
pulmonary vascular and bronchial effects. PHE-produced selective dose-related increases
in PPP, CCh-produced dose-dependent increases in PIP without having any effect on
PPP and lung weight, whereas BK-produced dose-related increases in PPP, lung weight
and PIP.

Indomethacin did not alter any of the basal parameters recorded suggesting that
cyclooxygenase products do not play a major role in regulating basal pulmonary vascular
or bronchial smooth muscle tone. Indomethacin also had no effect on the pulmonary
vascular and bronchial responses to PHE and CCH or BK respectively. However, it
significantly potentiated the increase in the PPP response to the highest dose of BK but
responses to lower doses, and the EDsj values were not affected by indomethacin. This
suggests that the release of cyclooxygenase products is not a major factor in lung
responses to PHE, CCH and low doses of BK. However, the higher doses of BK may
produce the release of vasodilator prostanoids which would inhibit the vasoconstrictor
effects of BK. In another report the cyclooxygenase inhibitor aspirin potentiated the BK-

induced responses in vivo (Bhoola et al., 1962). BK has been reported to release
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prostacyclin from the perfused lung preparation (Bakhle er al., 1985), which can produce
relaxations of porcine isolated pulmonary blood vessels (Zellers et al., 1994). Therefore,
inhibition of PGI, production by indomethacin could explain why it potentiated the

constrictor actions of higher doses of BK.

In the present experiments the pulmonary vasoconstrictor action of PHE was
antagonized by a selective o.,-adrenoceptor antagonist prazosin. Previous reports have
demonstrated the presence of o;- adrenoceptors on the isolated pulmonary blood vessels
and in the pulmonary vascular bed of rabbit, cat, and dog (Barnes and Liu, 1995). The
bronchoconstrictor action of CCh was markedly attenuated with atropine suggesting that

the action of CCh is mediated via activation of muscarinic receptors (Post et al., 1991).

The selective BK; receptor antagonist D-Arg~[Hyp3, Thi*®, D—Phe7]-bradykinin (Regoli
et al., 1986; Schachter et al., 1987; Steranka et al., 1989) inhibited BK-induced
increases in PPP and lung weight and PIP suggesting that the responses to BK are
mediated via activation of BKj, receptors. These findings are in agreement with a recently
reported BK receptor binding investigation in rat lung membranes in vivo and in vitro
(Tsukagoshi et al., 1995). Studies in other vascular beds have shown that BK; receptors
are located on the venous smooth muscles which mediate the permeability effects of BK
(Murray et al., 1991). D-Arg-[Hyp’, Thi’*, D-Phe’]-bradykinin also blocks BK- induced
vascular permeability in rabbit skin in vitro (Schachter et al., 1987). Similarly, BK,
receptors have been reported in human isolated bronchi (Molimard et al., 1995) and

guinea pig lung parenchyma (Lach et al., 1994).

4.1.2 Pulmonary perfusion pressure and lung weight

PHE was more potent in producing increases in PPP than BK. This is possibly because of
extensive inactivation of BK which occurs in the pulmonary circulation (Alabaster and
Bakhle, 1972; Baker et al., 1992; Pesquero et al., 1992; ). The potency of BK was

significantly increased in the presence of captopril.
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The increases in PPP produced by PHE were not associated with changes in lung weight
Although BK also increased PPP such a precapillary action of BK is unlikely, as BK is
known to produce potent arteriolar vasodilation in many vascular beds (Bonner et al.,
1990; Feletou et al., 1995). Toda (1977) showed that BK tends to relax arterial smooth
muscle and constrict venous smooth muscle both in human and animals. In the present
model the increases in PPP seen with low doses of BK were associated with reversible
increases in lung weight whereas, at higher doses, BK produced irreversible increases in
lung weight. Experiments have shown that albumin-bound dye was not retained with the
low dose of BK but higher doses did increase permeability as shown by accumulation of

albumin-bound dye.

A clue to the site of vasoconstrictor action of PHE and BK comes from examining the
changes in lung weight. Arteriolar constriction would not increase capillary pressure and
would not be expected to cause hydrostatic oedema. In contrast, venular constriction
would increase capillary pressure and this would be expected to produce hydrostatic
oedema. The fact that PHE did not increase lung weight would therefore suggest an
arteriolar site of action, while the BK-induced increase in lung weight would suggest a

venular constrictor action.

The major questions which arise from the vascular actions of BK are whether BK-
induced oedema results from; (1) a direct action on capillary membrane permeability, or
(2) indirectly from actions on vascular smooth muscle causing hydrostatic changes due to
opening of previously unperfused vessels, or (3) a combination of both such effects. In
order to determine which of these factors were responsible, the effects of BK on lung

weight were examined; (a) in retrogradely perfused lungs and (b) in the presence of a

vasodilator papaverine.

The results showed that in retrogradely perfused lungs the increases in PPP produced by
BK were not different to those produced by a similar dose of BK given via the

orthograde route. However, there was =50% reduction in weight gain compared to
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weight gain produced by BK when given in the orthogradely perfused lungs. This
suggests that when given via the orthograde route BK-induced increases in lung weight
were partially mediated via its constrictor action on the venous side of the pulmonary
circulation leading to a hydrostatic increase in lung weight. Other reports have also
suggested that the venoconstrictor effects of BK contribute to oedema formation in
many vascular beds (Rowley, 1964; Bonner et al., 1990). In the present experiments
such venoconstriction could explain the reversible increase in lung weight seen with low
doses of BK, the reversibility being a response of the compliance of the capillary bed.
This would reverse as the effect of BK at its receptor sites declined due to rapid
inactivation of BK in the pulmonary circulation.At higher doses the compliance of the
microcirculation would be exceeded and fluid would be forced into the interstitial space
leading to oedema formation. Furthermore, at high doses BK would evoke more
powerful venoconstriction which, aside from mere increased hydrostatic sieving, might
accelerate egress of liquid from the vasculature via an increase in permeability or in
permeable surface area. Powerful venoconstriction, might lead to a hydrostatically-
mediated permeability increase (Rowley, 1964). Alternatively, higher doses of BK may
cause contraction of the endothelial cells of capillary and post-capillary venules and open
up junctions between cells as has been reported to occur in the bronchial circulation
(Ichinose and Barnes, 1990; Sakamoto et al., 1992) and this would also increase vascular
permeability. BK is reported to contract actomyosin elements located within the
endothelial cells which results in the formation of large venular gaps which form at cell
junctions in venules subsequent to cell separation owing to a “rounding up” of the ends
of adjacent endothelial cells (see Grega et al., 1982). Furthermore, reversible
modulation may occur within seconds in response to specific agents and involve
activation of the contractile apparatus i.e. activation of actin and myosin system in the
endothelial cells (Crone, 1986). Another possibility is that high intravascular pressures
could also increase total perfused surface area through recruitment of poorly-perfused or
unperfused vessels (Hyman et al., 1967), this may enhance egress of liquid and albumin

from the vasculature in the presence or absence of increased permeability per se.
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In a different approach, the effects of BK on lung weight were investigated in the
presence of the vasodilator papaverine, in order to see whether lung weight changes
associated with BK were secondary to increases in PPP. Results showed that, papaverine
reduced the increases in PPP and lung weight in response to BK. This supports the
hypothesis that the increase in lung weight in response to BK is linked to its

vasoconstrictor actions.

In addition, VOP was raised in order to investigate if increases in VOP would produce
similar changes in lung weight to those seen with BK. It was shown that when VOP was
raised (5-15 mmHg) for 1 min it produced increases in PPP which were associated with
reversible increases in lung weight. At higher levels of VOP (20-25 mmHg) increases in
PPP were associated with irreversible increases in lung weight suggesting that there may
be a threshold pressure which when exceeded produces irreversible changes in lung
weight. Guyton and Lindsey, (1959) have reported that increments of left atrial pressure
had little effect on the fluid content of dog lung tissue until the pressure exceeded 25
mmHg. They have also suggested the that the pressure above which fluid accumulation
in the lung becomes sensitive to left atrial pressure should be called the “critical
pressure”. When VOP was raised to 20 mmHg the irreversible increase in lung weight
was also associated with a marked retention of albumin-bound dye. This suggests that an
increase in VOP alone can increase vascular permeability increases to albumin. This is in
agreement with the findings of Sakai et al., (1989) who also reported increased albumin
escape when outflow pressure was elevated. In rabbit lung preparations the limit of VOP
elevation not leading to outward filtration was 5 to 10 mmHg (Hauge and Nicolaysen,
1971). Retention of albumin bound dye caused with elevated VOP could be explained
due to the fact that the increase in pulmonary capillary pressure stretches the pores
through which fluid and protein traverse the capillary wall, thereby accounting for high
rates of fluid and protein accumulation at high capillary pressure (Michel, 1994). The fact
that increases in VOP to levels which induce changes in PPP similar to those produced
by 200 nmol of BK caused a significant albumin-bound dye accumulation suggests that

the weight increase induced by VOP is not due to hydrostatic sieving across a normally
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permeable vasculature but that VOP like BK, may increase permeability (Sakai et al.,

1989) and / or permeable surface area.
4.1.3 Pulmonary inflation pressure

The present experiments have shown that both CCH and BK when administered into the
pulmonary artery produced increases in PIP, iﬁdjcative of bronchoconstriction. However,
the bronchial region normally receives its main blood supply from the tracheo-bronchial
arteries which arise from the systemic arterial circulation (Marchand et al., 1950;
Deffebach er al., 1987) which is not perfused in this model. This suggests that either a
proportion of the bronchial smooth muscle receives perfusate via the pulmonary artery or
that there may be anastomoses between the pulmonary and the tracheobronchial
microvessels (Kroll et al., 1987). Indeed, pulmonary artery forming anastomoses have
been shown in the rat pulmonary circulation (McLaughlin ez al., 1966; McLaughlin et
al., 1983). Perfusion of the pulmonary artery with fluorescein isothiocyanate-dextran (
FITC-D) (Kroll et al., 1987) led to the presence of FITC-D in the tracheobronchial
tissue. Therefore, it is possible that in the present study the flow from the pulmonary to

the airway circulation is via these microvascular anastomoses.

The maximal bronchoconstrictor effects achievable with CCh and BK were similar but
CCh was more potent than BK. Results have shown that the bronchoconstrictor potency
of BK was markedly increased in the presence of captopril which again indicates that the
activity of BK is being attenuated by angiotensin converting enzyme. Increases in PIP in
response to CCh were fully reversible at all doses but this was only true with smaller
doses of BK. In addition at higher doses BK also produced vascular leakage as indicated
by the Evans blue study and the appearance of fluid in the tracheal cannula. Therefore it
is possible that the residual irreversible increase in PIP induced by BK is secondary to
increased vascular permeability resulting in fluid accumulation in the interstitial space, the
airways or the alveoli (Bachofen et al., 1993). BK-induced airway exudation has also

been reported by other investigators.(Arakawa et al., 1992; Hui et al., 1992; Yokoyama
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et al., 1993). The increased basal PIP caused by BK may therefore result from
mechanical resistance caused by fluid in the airway. The fact that increases in VOP which
caused irreversible increases in lung weight also increased PIP with associated fluid

accumulation supports this hypothesis.

4.2 Endothelins and sarafotoxin 6¢

Having validated the perfused lung model utilising the agonists discussed above
experiments were then undertaken to investigate the effects of ETs and SX6C in this

preparation.

4.2.1 ET receptors- mediating pulmonary vasoconstriction

In this perfused lung preparation ET-1, ET-2 and ET-3 produced dose-dependent
increases in PPP suggesting ET's induced pulmonary vasoconstriction. These findings are
in agreement with those reported in the other rat lung preparations (Rodman et al., 1992;
Bonvallet et al., 1993; Hisaki et al., 1994a; Hisaki ez al., 1994b) and rat isolated
pulmonary blood vessels (Wanstall and O'Donnell, 1990; Rodman et al., 1992; Bonvallet
et al., 1993; MacLean et al., 1994). The present data also supports previous studies in
human isolated pulmonary blood vessels (McKay et al., 1991; Hay et al., 1993; Buchan
et al., 1994; Maguire and Davenport, 1995). The fact that the pulmonary vasoconstrictor
potencies of Ets are ET-1> ET-2 >ET-3 suggests an action mediated via ET, receptors
(Webb, 1991). This was further supported by the findings that a selective ET 4 receptor
antagonist BQ123 (Thara et al., 1992) caused a concentration-dependent inhibition of the
pulmonary vasoconstrictor responses to ET-1. Previous studies using isolated
pulmonary arteries have shown that ETs- induced contractions were inhibited in the
presence of the selective ET, receptor antagonists BQ123 or FR139123 (Bonvallet et
al., 1993; Sogabe et al., 1993). The fact that higher concentrations of BQ123 (10pM)

significantly reduced the maximum increase in PPP induced by ET-1 indicates that
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BQ123 may act as a non-competitive antagonist at ET, receptors. A similar observation

has been reported by Hiley er al., (1992).

The finding that a low concentration of BQ123 (1 pM) potentiated the increase in PPP
to the highest dose of ET-1 may indicate the presence of different subtypes of ET
receptor in the pulmonary circulation, one situated on smooth muscle mediating
contraction, the second situated on the endothelium which on activation releases a
vasodilator substance (s) in response to ET-1. The blockade of this component of the
response in the presence of low concentration of BQ123 could account for the
potentiation of the vasoconstrictor response to ET-1. Previous findings have shown that
ET-1-induced release of the vasodilator prostanoid PGI; in isolated perfused rat lung is
blocked in the presence of 1 pM BQ123 (D'Orléans-Juste et al., 1992; D'Orleans-Juste et
al., 1993a). However, in the present experiments indomethacin did not alter ET-1-
induced vasoconstriction. Interestingly, other studies have shown that ET-1 dose-
dependently stimulates cCAMP formation in vascular smooth muscle cells and this was
blocked by BQ123 (Eguchi et al., 1993). Therefore, it is possible that activation of such
an ET, receptor subtype increases cCAMP levels which could then oppose ET-1-induced
vasoconstriction. Potentiation of constrictor responses to ET-1 in the presence of BQ123

has also been reported in other vascular preparations (Cornet et al., 1993).

The fact that higher concentrations of BQ123 (2- 10 pM) markedly blocked the ET-1-
induced increase in PPP suggests that at higher concentrations BQ123 is blocking the
ET 4 receptor subtype which is responsible for the vasoconstrictor actions. The present
data also shows that BQ123 had no effect on the vasoconstriction produced by SX6C
indicating that at the concentrations used BQ123 is not producing non-selective

blockade of ET receptors in this model.

SX6C, a highly selective ETg receptor agonist (Williams et al., 1991) was also found to
be a pulmonary vasoconstrictor with a potency similar to ET-1. Thus stimulation of ETg,

receptors can also produce vasoconstriction in the lung, a similar finding has been
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reported in guinea-pigs (Noguchi er al., 1993). In addition ETg; receptors have been

shown to be present on isolated rings of rat pulmonary arteries (MacLean et al., 1994).

In the present model ET-1 at low doses produced sustained vasoconstriction, whereas, at
higher doses it caused a biphasic effect, a transient increase followed by a sustained
increase in PPP. In contrast ET-3 and SX6C produced only a transient increases in PPP.
This may indicate that the biphasic vaéoconstriction produced by ET-1 could be due to
the activation of different ET receptors sub-types in the pulmonary vascular bed. The
fact that ET-1 has a high binding affinity for the ET 4 receptor could explain the sustained
rise in PPP (Noguchi et al., 1993). This was further supported by the finding that in the
presence of BQ123 ET-1 caused only a transient vasoconstriction which is probably due
to the activation of ETg; receptors. Interestingly, it has been shown in receptor binding
studies that ET-1 remains bound to ET, receptors for a prolonged time and continues to
activate a signal-transducing G protein, which accounts for the sustained contractions

induced in smooth muscle (Chun ez al., 1995).

In the present experiments perfusion of the mixed ET, / ETy receptor antagonists
bosentan,"'or PD145065, (Doherty et al., 1993; Clozel et al., 1994), blocked the
responses to ET-1 and SX6C on PPP confirming that pulmonary vasoconstriction is
mediated via both ET and ETg; receptors. More recently a similar finding has been
reported by Eddahibi ez al., (1995). Furthermore, in vivo experiments have shown that
bosentan, or PD145065, decreased the pressor responses to ET-1 and SX6C in rat and
guinea pig (Clozel et al., 1994; Filep et al., 1994; Teerlink et al.1995; Warner et al.,
1995). The fact that bosentan, or PD145065, were both more potent in blocking PPP
increases induced by ET-1 compared to SX6C suggests that both of these antagonists
are more potent in blocking ET, receptor mediated vasoconstriction as compared to
ETg, mediated responses. This is in agreement with the reported potency profile which
shows that bosentan is 20-50 fold selective for the ET , receptors compared with ETg
receptors (Clozel et al., 1994). In addition, pfcvious reports have shown a lower ICsq

value of PD145065 for ET 4 receptors compared to ETg receptors (Doherty et al.,
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1993). The fact that bosentan, or PD1450635, had no effect on the PHE-induced

vasoconstrictor responses suggests that these antagonists are acting selectively at ET

receptors.

The neutral endopeptidase inhibitor phosphoramidon (1 pM) had no effect on basal
monitored parameters. However, phosphoramidon significantly potentiated ET-3-
induced increases in PPP which suggests that ET-3 is inactivated by a phosphoramindon
sensitive enzyme (probably neutral endopeptidase) present in the lung tissue (Battistini et
al., 1995). Similar findings have been reported in isolated airways of rabbit and human
(McKay et al., 1992), and in guinea pig lung parenchyma (Battistini ez al., 1995). Thg
fact that SX6C-induced responses were not altered in the presence of phosphoramindon
indicates that ETs are more susceptible to breakdown by neutral endopeptidase present

in the lung than SX6C (Sokolovsky et al., 1990).
4.2.2 ET-induced pulmonary oedema

Results indicated that ETs are also very potent in producing increases in lung weight,
which supports the findings of Ercan et al., (1993). The potency profile of ETs in
causing increases in lung weight paralleled their vasoconstrictor potencies (ET-1> ET-2
> ET-3) which suggests that changes in lung weight are secondary. This is further
supported by the fact that in the presence of the vasodilator papaverine, ET-1-induced
vasoconstriction and lung weight increases were abolished. Interestingly SX6C produced
similar increases in PPP to that of ETs but caused very little increase in lung weight.This
raises the possibility of a differential distribution of ET receptor subtypes within the
pulmonary vascular bed.

As shown earlier PHE selectively increased PPP whereas BK increased both PPP and
lung weight. These different effects were explained by PHE producing arteriolar
vasoconstriction whereas BK-caused venoconstriction. Thus SX6C, like PHE could be

acting on the arteriolar side of the pulmonary circulation whereas ETs, acting like BK-
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cause venoconstriction, an action ETs are known to exert (Horgan et al., 1991; Rodman

et al., 1992), and oedema formation.

Previous studies using rat isolated pulmonary blood vessels have shown that veins are
more sensitive than arteries to ET-1 (Rodman et al., 1992). In another report Raj et al.,
(1992) showed that ET-1 predominantly constricted pulmonary veins. In order to
investigate this possibility, retrograde perfusion was used. Under these conditions
arterial vasoconstriction will now cause an increase in hydrostatic pressure within the
microcirculation, and increase lung weight via hydrostatic means, whereas venous
constriction would be expected to cause little effect on lung weight because the
microvascular pressure would not be significantly altered. This is exactly what was
found. With retrograde perfusion SX6C now produced significant increases in lung
weight, whilst ET-1 had a reduced effect on lung weight, suggesting that the ETg;
receptors stimulated by SX6C are predominantly located on the arterial side of the
pulmonary circulation whereas the majority of ET4 receptors appear to be located on the
venous vessels. These results agree with findings in other vascular beds (D'Orléans-Juste

et al., 1993b; White et al., 1993; MacLean et al., 1994).

Results in the present experiments have also shown that increases in lung weight
produced by ET-1 are associated with a large accumulation of albumin bound dye. When
ET-1 was given via orthograde perfusion it produced a marked accumulation of albumin
bound dye, whereas when given retrogradely, significantly less dye retention was seen.
These findings further support the suggestion that increases in lung weight and retention
of dye produced with ET-1 are due to potent venoconstriction. Furthermore, increases in
lung weight resulting from fluid accumulation were significantly higher than the expected
lung weight increases calculated from the retention of dye. This suggests that
accumulation of fluid in the lung is primarily due to hydrostatic oedema rather than to a
direct increase in vascular permeability to albumin. When SX6C was given using
orthograde perfusion it also caused retention of albumin bound dye which indicates the

presence of some ETp; receptors mediating constriction of pulmonary venous smooth
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muscle which would contribute to the pulmonary oedema via a hydrostatic mechanism.
However, when SX6C was given retrogradely it produced a significantly higher
retention of albumin bound dye compared to orthograde perfusion. This provides further

evidence that the majority of ETp, receptors are located at the arteriolar level.

The potency profile of ETs in increasing lung weight suggests a role for ET, receptors.
This is supported by the findings that a selective ET recéptor antagonist, BQ123, |
produced a concentration -dependent blockade of ET-1-induced lung weight responses.
In vivo investigations in many organs have also shown that ET-1-mediated albumin
extravasation is attenuated by another selective ET 4 receptor antagonist, FR139317,
(Filep et al., 1993; Filep et al., 1994). However these findings are not in agreement with
those of Bonvallet et al., (1993), who showed that in the rat isolated perfused lung, ET-1
associated hydrostatic oedema was unaffected by BQ123. This may be due to different
experimental conditions as the latter study used a recirculating model which was
complicated by periods of hypoxia and angiotensin-II addition. The fact that SX6C-
induced increases in lung weight were not blocked by BQ123 also suggests that a small

population of ETg, receptors activated by SX6C are also present on the venous smooth

* muscle.

In the present model the mixed ET, / ETg receptor antagonists, bosentan (Clozel et al.,
1994) and PD145065, both blocked the lung weight increases produced by ET-1 or
SX6C. This again supports the suggestion that both ET, and ETp, receptors play a role in
mediating ET-1 and SX6C -induced lung weight responses. In another study it has been
reported that both ET-1, or IRL1620 (another ETg receptor agonist), in vivo, caused
albumin extravasation in many vascular organs by the activation of both ET, and ETp

receptors (Filep et al., 1994).

The finding that phosphoramidon markedly potentiated the increase in lung weight
produced by ET-3, while having no significant effect on SX6C -induced lung weight
changes, suggests that degradation of ET-3 in the lung by endopeptidase may reduce the
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effects of ET-3, whereas SX6C is resistant to breakdown by endopeptidases (Sokolovsky
et al., 1990). Phosphoramidon -sensitive degradation of ET-3 has also been reported in

guinea pig lung parenchymal strips (Battistini et al., 1995). The cyclooxygenase inhibitor
indomethacin had no effect on the lung weight increases produced in response to ET-1 or

SX6C. This suggests that prostanoids do not play any role in the effects of ET-1 or SX6C.
4.2.3 Receptors mediating bronchial actions of ETs and SX6C

The bronchoconstrictor potency profile of ETs (ET-1= ET-2 = ET-3) and SX6C
suggests an ETg, mediated response in bronchial smooth muscle. Previous evidence in
guinea pig lung parenchymal strips has shown that ETs -induce contractions via ETp;
receptors (Hay er al., 1993). It has also been reported that ET-1-induced guinea pig
tracheal contractions are not affected in the presence of the ET 4 receptor antagonist

FR139317 (Cardell et al., 1993).

The fact that BQ123, at concentrations which reduced ET-1-induced increases in PPP
and oedema, did not produce any reduction in the bronchoconstrictor effects of ET-1 or
SX6C shows that bronchoconstriction was unlikely fo’ be mediated by ET 4 receptors.
Similar findings have been reported in the guinea pig (Hay ez al., 1993; Battistini et al.,
1994) and in human bronchus (Hay et al., 1993). SX6C was more potent than the ETs
in causing bronchoconstriction, and the slope of the SX6C dose-response-curve was
significantly steeper, and achieved a higher maximum than that of ETs . This could be
due to a number of factors. Firstly, ETs are known to be more susceptible than SX6C to
breakdown by neutral endopeptidase present in the lung, this would reduce the effects of
ETs compared with SX6C (Sokolovsky et al., 1990). However, this was discounted as
the bronchoconstrictor actions of ETs were not influenced by the addition of the neutral
endopeptidase inhibitor phosphoramidon. A recent report by Hisaki et al., (1994b) has
also shown that in rat isolated lung, pressor responses to ET-1 were not influenced by
phosphoramidon. Secondly, ETs could be releasing some bronchodilator substance

resulting in a physiological antagonism, as reported by Uchida et al., (1991). In the
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present study, use of the selective ET 4 receptor antagonist BQ123, or a mixed ET,/ ET}
receptor antagonist PD145065, significantly augmented the bronchoconstrictor response
of ET-1. This could indicate that activation of ET 4 receptors may release a
bronchodilator substance which antagonizes the bronchoconstrictor response of ET-1.
Interestingly, Battistini et al., (1994) also reported that BQ123 potentiated the ET-1
induced contractions of isolated guinea pig trachea. It has recently been shown that ET-1
increased the levels of cAMP in cloned rat alveolar epithelial cells and these effects were

blocked by the ET 4 receptor antagonist BQ123 (Markewitz et al., 1995).

Perfusion with the mixed ET, / ETg receptor antagonists bosentan, or PD145065,
produced a significant reduction in the bronchoconstrictor responses of SX6C without
having any effect on ET-1-induced responses. This could indicate that in bronchial
smooth muscles the ETg; receptors activated by ET-1 are different to the ETg, receptors
activated by SX6C. The existence of different ETy receptor sub-types in the isolated
guinea-pig trachea has also been suggested by Battistini et al., (1993) and Yoneyama et
al., (1995). Alternatively, the strong binding affinity of ET-1 for ETy receptors may
explain this discrepancy (Takasuka et al., 1992; Wu-Wong et al., 1994; Wu-Wong, et
al., 1995).

The cyclooxygenase inhibitor indomethacin did not alter the pulmonary vascular or
bronchial actions of ET-1 or SX6C. This suggests that the effects of ETs or SX6C were
not mediated or modulated by eicosanoids. Similar findings have been reported in other
rat lung preparations (O'Donnell et al., 1990; Raffestin et al., 1991; Barnard et al., 1991;
Rodman et al., 1992). The present results also support the findings in human pulmonary
vascular and bronchial tissues (McKay ez al., 1991).
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4.3 Modulation of lung responses to ETs in the presence of the nitric oxide synthase

(NOS) inhibitor nitro-L-arginine (L-NOARG) under basal conditions

4.3.1 Pulmonary vascular actions

The pulmonary vasculature has a low basal tone. In order to determine if constant release
of nitric oxide is responsible for this, the effect of the nitric oxide synthase inhibitor L-
NOARG was studied at a concentration reported to block constitutive NOS (Moore et
al., 1990). The results showed that L-NOARG had no effect on basal PPP, lung weight,
or PIP suggesting that NO is not a major factor contributing to the low basal tone. These
findings are in agreement with reports in other rat perfused lung preparations (Barer et

al., 1993; Hampl et al., 1993; Hassessian and Burnstock, 1995).

ET-1 and SX6C -induced pulmonary vascular and bronchial actions were also studied in
the presence of L-NOARG. The results show that L-NOARG markedly augmented the
vasoconstrictor responses to ET-1 and SX6C. In contrast L-NOARG did not alter the
responses to PHE suggesting that it is not producing non-selective effects. Potentiation
of ET-1-induced vasoconstriction in the presence of NOS inhibition has also been
reported in other perfused rat lung preparations (Raffestin et al., 1991; Eddahibi et al.,
1991). In rat isolated pulmonary arteries potentiation of ET-1-induced contractions in
the presence of a NOS inhibitor was reversed after the removal of the endothelium

(MacLean et al., 1994).

A possible explanation of this potentiation is that ET-1 and SX6C release endogenous
nitric oxide via activation of the endothelial ETg, receptors (Douglas et al., 1994 ).
Inhibition of this process with L-NOARG would result in potentiation of
vasoconstriction mediated via ET, and ETjg, receptors located on the vascular smooth
muscle. Another possible explanation is that under normal circumstances basally released
endogenous nitric oxide suppresses the vasoconstrictor responses to these agonists.

However, in this model results suggests that NO is not a major factor contributing to the
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low basal vascular tone because (a) L-NOARG had no effect on basal pulmonary
vascular tone, (b) L-NOARG did not potentiate PHE responses.

In the presence of L-NOARG the increases in PPP induced by SX6C were far greater
than those induced by ET-1. This may be due to the fact SX6C being a selective ETy
receptor agonist (Williams ez al., 1991) is more potent in releasing nitric oxide, therefore
in presence of NOS inhibitor its effects would be potentiated more as compared to the

non-selective ET receptor agonist such as ET-1 (Arai ez al., 1990; Sakurai et al., 1990).

L-NOARG also potentiated BK-induced increases in PPP suggesting that BK, like ET-1
and SX6C, also stimulates the endogenous production of nitric oxide. This is in
agreement with reports showing that BK-induces endothelium-dependent relaxation of

pulmonary blood vessels (Feletou et al., 1995; Gao et al., 1995b).

4.3.2 Lung weight

L-NOARG also potentiated lung weight increases in response to ET-1 or SX6C
suggesting that evoked release of nitric oxide inhibits pulmonary oedema in response to
these agonists. Responses to ET-1 and SX6C in the absence of L-NOARG suggested
that the increases in lung weight were due to their venoconstrictor actions leading to
hydrostatic oedema. Therefore one possibility which could explain lung weight increases
in the presence of L-NOARG is an augmented vasoconstrictor response which would
cause a hydrostatic increase in lung weight. The second possibility is that nitric oxide
causes preservation of endothelial barrier functions to prevent extravasation (Zi-Qiang et
al., 1994). The fact that L-NOARG potentiated the vasoconstrictor responses to BK
without altering its effects on lung weight suggests that the second possibility may be
unlikely. However, in the presence of L-NOARG, albumin-bound dye extravasation in
response to ET-1, SX6C and BK was not examined and this would need further

investigation.
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In the presence of L-NOARG the potency of SX6C to increase lung weight was greater
than ET-1, whereas it produced little increase in lung weight in the absence of L-
NOARG. This further supports the suggestion that SX6C is more potent in releasing
nitric oxide than ET-1. The fact that L-NOARG potentiated lung weight responses to
SX6C may indicate the presence of small population of ETg, receptors on the venous
smooth muscle and that venoconstriction mediated via these receptors was masked by
the release of nitric oxide. Zellers et al., (1994) have reported that the ETs and SX6C -
induced release of vasodilators is greater in porcine pulmonary veins than arteries. Gao et
al., (1995a) have also shown that endothelium-derived nitric oxide plays a larger role in
neonatal lamb pulmonary veins than pulmonary arteries, which they suggested may be
due to differences in the activity of guanylate cyclase in venous smooth muscle. The
present studies do not provide any evidence for the site of release or action of nitric
oxide in this model. Further experiments using retrograde perfusion in the presence of L-
NOARG would be needed to understand the mechanisms involved in the vascular actions

of ET-1, SX6C and BK.

4.3.3 Bronchial actions

ET-1- and SX6C- induced bronchoconstriction was also potentiated by L-NOARG
suggesting that evoked release of nitric oxide was inhibiting their bronchial constrictor
actions. Because nitric oxide is a diffusible gas (Butler et al., 1995) it is possible that
induced release of nitric oxide from the vascular endothelium could pass to the bronchial
smooth muscle to reduce the ET-1 or SX6C induced responses. However, this is
unlikely, because L-NOARG augmented the vasoconstriction caused by BK but had no
significant effect on its bronchoconstrictor responses. Alternatively, ET-1 or SX6C could
release nitric oxide from the bronchial and alveolar epithelium via activation of ETg
receptors which in turn would reduce the bronchoconstrictor effects of these agonists.
In support of this, investigators, have reported the presence of NOS in the airway
epithelium in rat lungs (Xue et al., 1994). Previous studies have also shown that ET-1

can produce relaxation of precontracted guinea pig trachea (Uchida ez al., 1991;
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Battistini et al., 1994). In addition the contractile effects of ETs on the isolated guinea
pig bronchus were also potentiated after the removal of epithelium (Maggi et al., 1990).
The bronchoconstrictor effects of SX6C in the presence of L-NOARG were potentiated
to a greater extent compared to effects of ET-1. This may be due to the fact that SX6C
is more potent in releasing nitric oxide. Alternatively ET-1 may be releasing some
weaker bronchodilator component(s) which attenuate its constrictor effects on the
airway smooth muscle. Recently, Markewitz et al., (1995) reported that rat alveolar
epithelial cells posses a novel ET, receptor subtype which on stimulation with ET-1
increases CAMP levels in these cells. Therefore it is possible that in this model such a
mechanisms would suppress the bronchoconstrictor effects of ET-1 but not SX6C. The
fact that L-NOARG had no effect on the bronchoconstrictor responses to BK or CCh
suggests that neither of these agonists stimulates NO production by the respiratory

epithelium.

Effects of ETs and SX6C were also examined when the basal vascular tone was elevated
by infusion of U46619. The infusion of very low amounts produced concentration-
dependent increases in PPP, lung weight and PIP. Interestingly, when the infusion of
U46619 was stopped, the increased PPP and lung weight were rapidly reversible. This
may indicate that U46619 predominantly produced venoconstriction which resulted in
hydrostatic pulmonary oedema. However, further experiments utilising retrograde

perfusion in the presence of U46619 would be needed to study this phenomenon.

4.4 Vasodilation and ET receptor antagonists

In the U46619 preconstricted preparations very low doses of ET-1, ET-3 and SX6C
produced dose-dependent falls in PPP. The results support the findings in other rat
perfused lung preparations (Eddahibi et al., 1993; Eddahibi ez al., 1995). The fact that
ET-1 was equipotent with ET-3 in producing vasodilation, whereas, the highly selective
ETj receptor agonist SX6C (Williams et al., 1991) was significantly more potent

suggests a role for ETg; receptors in these responses. This is supported by the
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observations that the ET 4 receptor antagonist BQ123 did not block the vasodilator
response to ET-1, whereas, a mixed ET, / ETp receptor antagonist bosentan completely
abolished the dilator responses to ET-1 and SX6C. Similar findings have been reported
in other rat lung preparations (Eddahibi et al., 1993; Eddahibi et al., 1995). The present
results are also in agreement with in vivo reports in rat (Clozel et al., 1992; Clozel et al.,
1994). BQ123 augmented the fall in PPP produced at the highest (40 pmol) dose of ET-
1, however, responses to lower doses were not altered. This suggests that at higher
doses of ET-1 ET receptors are activated and this causes a physiological antagonism of
the ETg;-mediated vasodilation. Potentiation of ET-1-induced pulmonary vasodilation in
the presence of BQ123 has also been reported in lungs from new born piglet (Perreault
and Baribeau, 1995) and in isolated porcine pulmonary vessels (Zellers et al., 1994). The
fact that bosentan had no effect on the vasodilatation caused by sodium nitroprusside,

suggests that it is not having a non-selective action on cyclic GMP production.

4.5 Tachyphylaxis and cross-tachyphylaxis

Repeated injections of a single dose of ET-1 or SX6C (20 pmol) caused a rapid loss of
pulmonary vasodilator responses indicating desensitization. Investigators have reported a
similar phenomenon in vivo in cats (Le Monnier De Gouville ez al., 1990; Lippton et al.,
1993; Ekelund et al., 1994) and in rat basilar artery (Kitazono et al., 1995). Results have
shown that repeated administration of these agonists desensitized only the vasodilator
responses, whereas vasoconstriction to both the agonists was still seen. Furthermore,
under basal conditions activation of ETg receptors resulted in vasoconstriction. This
provides evidence of a functionally distinct ETg receptor populations in the rat
pulmonary vascular bed i.e. ETp, receptors located on the endothelium which mediate
vasodilatation whereas ETp, receptors located on the smooth muscle are responsible for
the vasoconstrictor action (Shetty et al., 1993). These findings are in agreement with the
recently reported ETg receptor subtypes in new born piglet lungs (Perreault and
Baribeau, 1995). In ET-1 desensitized lungs further injections of very low doses of

SX6C also failed to cause vasodilatation, instead it produced a dose-dependent
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vasoconstriction. Similarly in lungs desensitized with SX6C further injections of low
doses of ET-1 failed to produce any vasodilatation, and a dose- dependent
vasoconstriction was seen. This suggests the development of cross-tachyphylaxis to the

vasodilator actions of ET-1 and SX6C.

Several possibilities could explain the cross-tachyphylaxis phenomenon seen in this
model. First, ET-1 and SX6C may stimulate a single type of receptor that becomes
rapidly refractory to activation by these peptides. Alternatively, ET-1 and SX6C could
bind to distinct receptor sites which share at least one common point in the second
messenger system. This shared portion of the reaction chain may then becomes impaired
or refractory, after repeated stimulation of the receptors. Consequently, all receptors
using this common pathway to transform their membrane signal into a response will fail
to evoke functional responses when activated by their agonists. Thus, for instance cross
tachyphylaxis to ET-1 and SX6C may reflect the depletion of an endogenous vasodilator
such as nitric oxide. Another possibility which could explain the tachyphylaxis
phenomenon is that ETp; receptors may get internalised thus reducing the receptor

population available for mediating vasodilation.

4.6 Vasodilation and inhibitors

In the U46619 precontracted preparations indomethacin did not affect SX6C-induced
vasodilation but it did reduce the vasodilator effects of low doses of ET-1. However,
responses to the higher doses were not significantly altered . This suggests that ET-1
induced vasodilatation is partially mediated by the release of vasodilator prostanoids.
Vasodilator actions of ETs have been shown to be partially blocked by indomethacin in
vivo in cats (Ekelund er al., 1994), while DeNucci et al., (1988) have also shown ET-1

stimulated prostacyclin synthesis in rat lungs.

The possible role of nitric oxide in the ET-1- and SX6C-induced pulmonary vasodilation
was evaluated using L-NOARG. The fact that L-NOARG potentiated the pressor
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responses to U46619 suggesting that U46619 also evoked endogenous production of
nitric oxide in the rat pulmonary circulation. Similar findings have been reported in lungs
from neonatal pigs (Pinheiro and Malik, 1993). Therefore, in lungs treated with L-
NOARG a lower concentration of U46619 had to be used in order to elevate the PPP (=
9mmHg) to a similar level seen in the absence of L-NOARG.

L-NOARG blocked the vasodilatation induced by the higher doses of ET-1, whereas,
responses to lower doses of ET-1 were not altered. D-NOARG was without effect.
Vasodilator responses to ET-1 were completely abolished by the presence of both
indomethacin and L-NOARG. This suggests that the vasodilator actions of ET-1 in rat
pulmonary circulation are mediated by the release of both nitric oxide and prostanoids.
Similar findings have been reported in porcine pulmonary blood vessels (Zellers et al.,
1994) and perfused lungs (Pinheiro and Malik, 1993). The finding that L-NOARG alone
completely abolished the vasodilatation caused by SX6C, whereas D-NOARG did not
alter these responses indicates that the dilator effects of SX6C are mediated exclusively
by nitric oxide production. The present findings are in agreement with studies using
isolated pulmonary arteries (Namiki ez al., 1992). However, these finding are not in
agreement with the observations of Eddahibi ez al., (1993) who also used perfused rat
lung. This may be due to different experimental conditions, or the use of a different NOS
inhibitor, L- N°- monomethyl arginine (L-NMMA) which has been reported to
selectively inhibit basal release of nitric oxide without affecting the agonist-evoked
release (Frew et al., 1993). These workers also used the guanylate cyclase inhibitor
methylene blue to show that ETs vasodilation is not due to cyclic GMP generation
caused by nitric oxide, however, it has been shown that nitric oxide can cause smooth
muscle relaxation independent of guanylate cyclase activation (Bolotina ez al., 1994).
The fact that L-NOARG had no effect on the vasodilator actions of the nitric oxide
donor sodium nitroprusside suggests that L-NOARG is not having a non-selective action

on cGMP generation.
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In summary the present experiments have shown that activation of both ET, and ETy,
receptors can Jead to constriction in the pulmonary vascular bed. In addition, evidence is
provided to show that ET, receptors are predominantly present on the venous side of the
pulmonary circulation whereas ETg; receptors are located arterially. The changes in lung
weight in responses to ETs probably reflects hydrostatic oedema resulting from intense
venoconstriction. Results also suggest the possibility of heterogeneity of ET s and ETp;
receptor subtypes. Furthermore, it has been shown that under basal conditions
endogenous release of nitric oxide modulates the pulmonary vascular and bronchial
actions of ETs and SX6C. The pulmonary vasodilator actions of ETs are mediated by the
activation of ETg, receptors and involve endogenous release of nitric oxide. Results have

also shown the tachyphylaxis to the pulmonary vasodilator actions of ET-1 and SX6C.

A simple ventilated perfused rat lung model has been used to study the actions of variety
of substances which exert selective actions on the pulmonary vascular or bronchial
smooth muscle. Furthermore, by studying dye accumulation associated with manipulation
of VOP, or injections of vasoactive agents with orthograde or retrograde perfusion,
valuable information can be gathered regarding the actions of agents which influence

vascular permeability.



166

SECTION §

References and Bibliography



167

Ahn, K., Pan, S., Beningo, K., & Hupe, D. (1995). A permanent human cell line
(EA'hy926) preserves the characteristics of endothelin converting enzyme from primary

human umblical vein endothelial cells. Life Sci., 56, 2331-2341.

Alabaster, V.A. and Bakhle, Y.S. (1970). Removal of 5-HT in the pulmonary circulation
of rat isolated lungs. Br. J. Pharmacol., 40, 468-482.

Alabaster, V.A. and Bakhle, Y.S. (1972). The inactivation of bradykinin in the

pulmonary circulation of isolated lungs. Br. J. Pharmacol., 45, 299-310.

Ando, K., Hirata, Y., Shichiri, H., Emo, T., and Marumo, F., (1989). Presence of

immunoreactive endothelin in human plasma. FEBS Lett., 245, 164-166.

Arai, H., Hori, S., Aramori, 1., Ohkubo, H., and Nakanishi, S. (1990). Cloning and

expression of a cDNA encoding an endothelin receptor. Nature, 348, 730-732.

Arakawa, H., Kawikova, L, Lofdhal, C., and Lotvoll, J. (1992). Bradykinin- induced
airway responses in guinea pig : effects of inhibition of cyclooxygenase and thromboxane

synthase. Eur. J. Pharmacol., 229, 131-136.

Bachofen, H., Schurch, S., Michel, R.P., and Weibel, E.R. (1993). Experimental

hydrostatic pulmonary oedema in rabbit lungs: Morphology. Am. Rev. Respir. Dis., 147,
989-996.

Baker, C.R.F,, Little, A.D., Beall, C.V,, Little, G.H., Canizaro, P.C., and Behal, F.J.
(1992). Kinin metabolism in the perfused ventilated rat lung.; 2 influence of ventilation,

perfusion, and perfusate composition variation on bradykinin metabolism in uninjured

lung. Circ. Shocly, 37, 280-290.



168
Bakhle, Y.S. (1977). Pulmonary metabolism of bradykinin analogues and the

contribution of angiotensin converting enzyme to bradykinin inactivation in isolated

lungs. Br. J. Pharmacol., 59, 123-128.

Bakhle, Y.S., Moncada, S., De Nucci, G., and Salmon, J.A. (1985). Differential release
of eicosanoids by bradykinin, arachidonic acid and calcium ionophore A23187 in guinea

pig isolated perfused lung. Br. J. Pharmacol., 86, 55-62.

Bakhle, Y.S. and Vane, J.R. (1974). Pharamacokinetic function of the pulmonary
circulation. Physiol. Rev., 54, 1007-1045.

Barer, G., Emery, C., Stewart, A., Bee, D., and Howard, P. (1993). Endothelial control
of the pulmonary circulation in normal and chronically hypoxic rats. J. Physiol., 463, 1-
16.

Barnard, J.W., Barman, S.A., Adkins, W.K., Longenecker, G.L., and Taylor, A.E.
(1991). Sustained effects of endothelin-1 on rabbit, dog, and rat pulmonary circulations.
Am. J. Physiol., 261, H479-H486.

Barnes, P.J. (1992). Neural mechanisms in asthma. Br. Med. Bull., 48, 149-168.

Bamnes, P.J., Cuss, EM.C,, and Palmer, J.B.D. (1985). The effects of airway epithelium

on smooth muscle contractility in bovine trachea. Br. J. Pharmacol., 86, 685-691.

Bames, P.J. (1994). Endothelins and pulmonary disease. J. Appl. Physiol., 77, 1051-
1059.

Barnes, P.J. and Liu, S.F. (1995). Regulation of pulmonary vascular tone. Pharmacol.
Rev., 47, 87-131.

Barnes, P.J., Rodger, . W., and Thomson, N.C. (1992). Pathogenesis of asthma. In:
Asthma; Basic mechanisms and clinical management, London, Academic Press; 2 nd
Ed., 391-411.



169

Battistini, B., Brown, M., and Vane, J.R. (1995). Selective proteolytic activation and
degradation of ETs and bigETs in parenchymal strips of the guinea-pig lung. Biochem.
Biophys. Res. Comm., 207, 675-681.

Battistini, B., Germain, M., Foumier, A., and Sirois, P. (1993). Structure-Activity
relationship of ET-1 and selected analogues in the isolated guinea-pig trachea: Evidence
for the existence of different ETp receptor subtypes. J. Cardiovas. Pharmacol., 22,

S219-S224.

Battistini, B., Wamner, T.D., Foumier, A., and Vane, J.R. (1994). Characterization of
ETp receptors mediating contractions induced by endothelin-1 or IRL 1620 in guinea pig
isolated airways; effects of BQ123, FR139317 or PD 145065. Br. J. Pharmacol., 111,
1009-1016.

Bax, W.A. and Saxema, P.R. (1994). The current endothelin receptor classification: time

for reconsideration? Trends Pharmacol. Sci., 15, 379-386.

Bidolah, A., Wollberg, G., Fleminger, G., and Kochva, E. (1989). SRTX-d, a new native
peptide of the endothelin / sarafotoxin family. FEBS Lett., 256, 1-3.

Bhoola, K.D., Collier, H.O.J., Schachter, M., and Schrely, P.G. (1962). Actions of some
peptides on bronchial muscle. Br. J. Pharmacol., 19, 190-197.

Bird, J.E., Waldron, T.L., Dorso, C.R., and Asaad, M.M. (1993). Effects of the
endothelin (ET) receptor antagonist BQ 123 on initial and delayed vascular responses

induced by ET-1 in conscious, normotensive rats. J. Cardiovasc. Pharmacol., 22, 69-73.

Bolotina, V.M., Najibi, S., Palacino, J.J., Pagano, P.J., and Cohen, R.A. (1994). Nitric
oxide directly activates potassium channels in vascular smooth muscle. Nature, 368, 850-

853.



170

Bonner, G., Preis, S., Schunk, U., Toussaint, C., and Kaufmann, W. (1990).
Hemodynamic effects of bradykinin on systemic and pulmonary circulation in healthy and

hypertensive humans. J. Cardiovasc. Pharmacol., 15, S46-S56.

Bonvallet, S.T., Oka, M., Yano, M., Zamora, M.R., McMurtry, LF., and Stelzner, T.J.
(1993). BQ123, an ET, receptor antagonist, attenuates endothelin-1-induced

vasoconstriction in rat pulmonary circulation. J. Cardiovasc. Pharmacol., 22, 39-43.

Bryan-Lluka, L.J., Westwood, N.N., and O Donnell, S.R. (1992). Vascular uptake of
catecholamines in perfused lungs of the rat occurs by the same process as uptakel in

noradrenergic neurones. Naunyn-Schmied. Arch. Pharmacol., 345, 319-326.

Buchan, K.W., Magnusson, H., Rabe, K.S., Sumner, M.J., and Watts, L.S. (1994).
Characterisation of the endothelin receptor mediating contraction of human pulmonary

artery using BQ123 and Ro 46-2005. Eur. J. Pharmacol., 260, 221-225.

Butler, A.R., Flitney, F.W., and Williams, D.L.H. (1995). NO, nitrosonium ions,
nitroxide ions, nitrosothioles and iron-nitrosyls in biology: a chemist’s perspective.

Trends Pharmacol. Sci., 16, 18-22.

Cade, C., Lumma, W.C., Mohan, R., Rubanyi, G.M., and Parker-Botelho, L.H. (1990).
Lack of biological activity of preproendothelin [110, 130] in several endothelin assays.

Life Sci., 47, 2097-2103.

Cardell, L.O., Uddman, R., and Edvinsson, L. (1993). A novel ET s-receptor antagonist,
FR 139317, inhibits endothelin- induced contractions of guinea-pig pulmonary arteries,

but not trachea. Br. J. Pharmacol., 108, 448-452.

Carola, R., Harley, J.P., and Noback, C.R. (1990), Human anatomy and physiology,
647-679. USA, McGraw-Hill, Inc.



171

Chang, S.W. and Voelkel, N.F. (1991). The isolated perfused rat lung preparation asa
research tool. In: Comprehensive treatise on pulmonary toxicology, 587-613. Edited by

Parent, R.A. CRC Press Ltd. Boca Raton.

Chiou, W.J., Shiosaki, K., Tasker, A.S., and Wu-Wong, J.R. (1994). Characterization of
two endothelin converting enzymes and their preferences for big endothelin-1 and -2 as

substrates. Life. Sci., 54, 1613-1619.

Chun, M., Lin, H.Y., Henis, Y.I., and Lodish, H.F. (1995). Endothelin-induced
endocytosis of cell surface ET, receptors: Endothelin remains intact and bound to the

ETy receptor. J. Biol. Chem., 270, 10855-10860.

Cilley, R.E., Wang, J.Y., Coran, A.G., Langer, J., Stolar, C.J.H., and Tapper, D. (1993).
Lung injury produced by moderate lung overinflation in rats. J. Pediatr. Sur., 28, 488-
495.

Clozel, M., Breu, V., Gray, G.A., Kalina, B., Loffler, B., Burri, K., Cassal, J., Hirth, G.,
Muller, M., Neidhart, W., and Ramuz, H. (1994). Pharmacological charaterization of
bosentan, a new potent orally active nonpeptide endothelin receptor antagonist. J.

Pharmacol. Exp. Ther., 270, 228-235.

Clozel, M., Gray, G.A., Breu, V., Loffler, B., and Osterwalder, R. (1992). The
endothelin ETp receptor mediates both vasodilation and vasoconstriction in vivo.

Biochem. Biophys. Res. Comm., 186, 867-873.

Cole, R.B. and Mackay, A.D. (1990). Essentials of respiratory disease. 3rd Ed.,
London, Churchill Livingstone.



172

Conroy, D.M., Samhoun, M.M., and Piper, P. (1992). Vasoactive intestinal peptide and
helodermin inhibit the releas of cyclooxygenase products induced by leukotriene D, and

bradykinin from guinea pig lung. Eur. J. Pharmacol., 218, 43-50.

Cope, D.K., Grimbert, F., Downey, J.M., and Taylor, A. (1992). Pulmonary capillary
pressure: a review. Crit. Care. Med., 20, 1043-1056.

Cornet, S., Pirotzky, E., and Braquet, P. (1993). Implication of different endothelin
receptors in the vascular actions of a hypertensive dose of ET-1 in rat. J. Cardiovasc.

Pharmacol., 22, S239-5242.

Crone, C. (1986). Modulation of solute permeability in microvascular endothelium. Fed.

Proc., 45, 77-83.

Czartolomna, J., Voelkel, N.F., and Chang, S.W. (1991). Permeability characteristics of
isolated perfused rat lungs. J. Appl. Physiol., 70, 1854-1860.

D'Orleans-Juste, P., Yano, M., and Telemaque, S. (1993a). ET, - dependent pressor
effects and release of prostacyclin induced by endothelins in pulmonary and renal

vasculature. J. Cardiovasc. Pharmacol., 22, S235-S238.

D'Orléans-Juste, P., Claing, A., Warner, T.D., Yano, M., and Télémaque, S. (1993b).
Characterization of receptors for endothelins in the perfused arterial and venous

mesenteric vasculatures of the rat. Br. J. Pharmacol., 110, 687-692.

D'Orléans-Juste, P., Telemaque, S., Claing, A., Ihara, M., and Yano, M. (1992). Human
big endothelin-1 and endothelin-1 release prostacyclin via the activation of ET; receptors

in the rat perfused lung. Br. J. Pharmacol., 105, 773-775.



173

Daly, I., Ramsay, D.J., and Waaler, B.A. (1970). The site of action of nerves in the
pulmonary vascular bed in the dog. J. Physiol., 209, 317-339.

Davies, R.J. and Devalia, J.L. (1992). Epithelial cells. Br. Med. Bull., 48, 85-95.

DeNucci, G., Thomas, R., D'Orléans-Juste, P., Antunes, E., Walder, C., Warner, T.D.,
and Vane, J.R. (1988). Pressure effects of circulating endothelin are limited by its
removal in the pulmonary circulation and by release of prostacyclin and endothelium

derived relaxing factors. Proc. Natl. Acad. Sci. U. S. A., 85, 9797-9800.

Deffebach, M.E., Charan, N.B., Lakshminarayan, S., and Butler, J. (1987). The bronchial

circulation. Small, but a vital attribute of the lung. Am. Rev. Respir. Dis., 135, 463-481.

Delamere, F., Holland, E., Patel, S., Bennett, J., Pavord, 1., and Knox, A. (1994).
Production of PGE; by bovine cultured airway smooth muscle cells and its inhibition by

cyclo-oxygenase inhibitors. Br. J. Pharmacol., 111, 983-988.

Doherty, A.M., Cody, W.L., He, J.X., DePue, P.L., Cheng, X.-M., Welch, K.M., Flynn,
M.A., Reynolds, E.E., LaDouceur, D.M., Davis, L.S., Keiser, J.A., and Haleen, S.J.
(1993). In vitro and in vivo studies with a series of hexapeptide endothelin receptor

antagonists. J. Cardiovas. Pharmacol., 22, S98-S102.

Douglas, S.A., Meek, T.D., and Ohlstein, E.H. (1994). Novel receptor antagonists

welcome a new era in endothelin biology. Trends Pharmacol. Sci., 15, 313-316.

Drazen, J M., Gaston, B., and Shore, S.A. (1995). Chemical regulation of pulmonary
airway tone. Ann. Rev. Physiol., 57, 151-170.

Drazen, J.M., Shore, S.A., and Gerard, N.P. (1989). Substance-P-induced effects in

guinea-pig lungs: effects of thiorphan and captopril. J. Appl. Physiol., 66, 1364-1372.



174

Druml, W., Steltzer, H., Waldhausl, W., Lenz, K., Hammerle, A., Vierhapper, H., Gasic,
S., and Wagner, O.F. (1993). Endothelin-1 in adult respiratory distress syndrome. Am.
Rev. Respir. Dis., 148, 1169-1173.

Dunnett, C.W. (1964). New tables for multiple comparisons with a control. Biometrics,

20, 482-491.

Eddahibi, S., Raffestin, B., Chabrier, P.E., and Adnot, S. (1991). Pulmonary vascular
reactivity to endothelin-1 in normal and chronically pulmonary hypertensive rats. J.

Cardiovasc. Pharmacol., 17, S358-S361.

Eddahibi, S., Raffestin, B., Clozel, M., Levame, M., and Adnot, S. (1995). Protection
from pulmonary hyprtension with an orally active endothelin receptor antagonist in

hypoxic rats. Am. J. Physiol., 268, H828-H835.

Eddahibi, S., Springall, D., Mannan, M., Carville, C., Chabrier, P.E., Levame, M.,
Raffestin, B., Polak, J., and Adnot, S. (1993). Dilator effect of endothelins in pulmonary
circulation: changes associated with chronic hypoxia. Am. J. Physiol., 265, L571-L580.

Effros, R.M. (1984). Pulmonary microcirculation and exchange. In: Handbook of
physiology, 865-915. Edited by Renkin, E.M. and Michel, C.C. Bethesda, American

Physiological Society.

Eguchi, S., Hirata, Y., Imai, T., and Marumo, F. (1993). Endothelin receptor subtypes
are coupled to adenylate cyclase via different guanyl nucleotide-binding proteins in

vasculature. Endocrinology, 132, 524-529.

Ekelund, U., Adner, M., Edvinsson, L., and Mellander, S. (1994). Effects of selective
ETp receptor stimulation on arterial, venous and capillary functions in cat skeletal

muscle. Br. J. Pharmacol., 112, 887-894.



175

El-Bermani, A.W., McNary, W.F., and Bradley, D.E. (1970). The distribution of
acetylcholinesterase and catecholamine containing nerves in the rat lung. Anat. Rec. 167,

205-207.

Ellis, J.L. and Undem, B.J. (1994). Pharmacology of non-adrenergic nerves in airway

smooth muscle. Pulmon. Pharmacol., 7, 205-223.

Ercan, Z.S., Kilinc, M., Zazar, O., Korkusuz, P., and Turker, R.K. (1993). Endothelin-1-
induced oedema in rat and guinea-pig isolated perfused lungs. Arch. Int. Pharmacodyn.,
323, 74-84.

Feletou, M., Girard, V., and Canet, E. (1995). Different involvement of nitric oxide in
endothelium-dependent relaxation of porcine pulmonary artery and vein: Influence of

hypoxia. J. Cardiovas. Pharmacol., 25, 665-673.

Filep, J.G. (1993). Endothelin peptides:biological actions and pathophysiological
significance in the lung. Life Scis, 52, 119-133.

Filep, J.G., Clozel, M., Fournier, A., and Foldes-Filep, E. (1994). Characterisation of
receptors mediating vascular responses to endothelin-1 in the conscious rat. Br. J.

Pharmacol., 113, 845-852.

Filep, J.G., Foldes-Filep, E., Rousseau, A., Fournier, A., Sirois, P., and Yano, M.
(1992). Endothelin-1 enhances vascular permeability in rat heart through the ET
receptors. Eur. J. Pharmacol., 219, 343-344,

Filep, J.G., Sirois, M.G., Foldes-Filep, E., Rousseau, A., Plante, G.E., Fournier, A.,
Yano, M., and Sirois, P. (1993). Enhancement by endothelin-1 of microvascular

permeability via the activation of ET receptors. Br. J. Pharmacol., 109, 880-886.



176

Fisher, A.B., Dodia, C., and Linask, J. (1980). Perfusate composition and edema

formation in isolated rat lungs. Exp. Lung. Res., 1, 13-21.

Folkerts, G., van der Linde, H., Verheyen, A.K.C.P., and Nijkamp, F.P. (1995).
Endogenous nitric oxide modulation of potassium-induced changes in guinea pig airway

tone. Br. J. Pharmacol., 115, 1194-1198.

Frew, J.D., Paisley, K., and Martin, W. (1993). Selective inhibition of basal but not
agonist-stimulated activity of nitric oxide in rat aorta by NG-monomcthyl-L-argininc. Br.

J. Pharmacol., 110, 1003-1008.

Fukuroda, T., Fujikawa, T., Ozaki, S., Ishikawa, K., Yano, M., and Nishikibe, M.
(1994). Clearence of circulating endothelin-1 by ETp receptors in rats. Biochem.

Biophys. Res. Comm., 199, 1461-1465.

Furchgott, R.F. and Zawadski, J.V. (1980). The obligatory role of endothelial cells in the

relaxation of arterial smooth muscle by acetylcholine. Nature, 288, 373-376.

Gao, Y., Zhou, H., and Raj, U. (1995a). Endothelium-derived nitric oxide plays a larger

role in pulmonary veins than in arteries of newborn lambs. Circ. Res., 76, 559-565.

Gao, Y., Zhou, H., and Raj, J.U. (1995b). Heterogeneity in the role of endothelium-
derived NO in pulmonary arteries and veins of full-term fetal lambs. Am. J. Physiol., 268,
H1586-H1592.

Garland, C.J., Plane, F., Kemp, B.K., and Cocks, T.M. (1995). Endothelium-dependent

hyperpolarization: a role in the control of vascular tone. Trends Pharmacol. Sci., 16, 23-

30.



177

Giaid, A., Yanagisawa, M., Langleben, D., Michel, R.P., Levy, R., Shennib, H., Kimura,
S., Masaki, T., Duguid, W.P., Path, F.R.C., and Stewart, D.J. (1993). Expression of
endothelin- in the lungs of patients with pulmonary hypertension. New Eng. J. Med., 328,
1732-1739.

Gill, C.N. and Roth, J.A. (1976). Pulmonary disposition of circulating vasoactive
hormones. Biochem. Pharmacol., 25, 2547-2553.

Gillis, C.N. and Pitt, B.R. (1982).The fate of circulating amines within the pulmonary
circulation. Ann. Rev. Physiol. 44, 269-281.

Grega, G.J., Svensjo, E., and Haddy, F.J. (1982). Macromolecular permeability of the
microvascular membrane : Physiological and pharmacological regulation.

Microcirculation., 1, 325-341.

Guo, F.H., DeRaeve, H.R., Rice, T.W., Stuehr, D.J., Thunnissen, F.B.J.M., and
Erzurum, S.C. (1995). Continuous nitric oxide synthesis by inducible nitric oxide
synthase in normal human airway epithelium in vivo. Proc. Natl. Acad. Sci. USA, 92,

7809-7813.

Guyton, A.C. and Lindsey, A.W. (1959). Effect of elevated left arterial pressure and
decreased plasma protein concentration on the development of pulmonary oedema. Circ.

Res., 7, 649-657.

Hamid, Q., Springall, D.R., Riveros-Moreno, V., Chanez, P., Howarth, P., Redington,
A., Bousquet, J., Godard, P., Holgate, S., Polak, J.M. (1993). Induction of nitric oxide
synthase in asthma. Lancet, 342, 1510-1513.



178

Hampl, V., Weir, E.K., and Alcher, S.L. (1993). EDRF modulates basal and flow-
induced tone in isolated kidneys, but not lungs, of adult rats. Am. Rev. Resp. Dis., 147,

A225

Hassessian, H. and Burnstock, G. (1995). Interacting roles of nitric oxide and ATP in the

pulmonary circulation of the rat. Br. J. Pharmacol., 114, 846-850.

Hauge, A. and Nicolaysen, G. (1971). Studies on transvascular fluid balance and

capillary permeability in isolated lungs. Bull. Physio. Path. Resp.,7, 1197-1216.

Hay, D.W.P., Luttmann, M.A., Hubbard, W.C., and Undem, B.J. (1993). Endothelin
receptor subtypes in human and guinea-pig pulmonary tissues. Br. J. Pharmacol., 110,

1175-1183.

Hickey, K.A., Rubanyi, G.M., Paul, R.J., and Highsmith, R.F. (1985). Characterization
of a coronary vasoconstrictor produced by cultured endothelial cells. Am. J. Physiol.,
248, C550-C556.

Highsmith, R.F., Blackburn, K., and Schmidt, D.J. (1992). Endothelin and calcium

dynamics in vascular smooth muscle. Ann. Rev. Physiol., 54, 257-277.

Hiley, C.R., Cowley, D.J., Pelton, J.T., and Hargreaves, A.C. (1992). BQ-123 cyclic(-p-
Trp-p-Asp-Pro-p-Val-Leu), is a non-competitive antagonist of the actions of endothelin-
1 in SK-N-MC human neuroblastoma cells. Biochem. Biophys. Res. Comm., 184, 504-
510.

Hisaki, K., Matsumura, Y., Fujita, K., Maekawa, H., Takaoka, M., and Morimoto, S.
(1994a). Difference in potency of big endothelin-1-induced pressor action in rat isolated

perfused mesentreic artery, hindquarter and lung. Life Sci., 54, 275-280.



179

Hisaki, K., Matsumura, Y., Maekawa, H., Fujita, K., Takaoka, M., and Morimoto, S.
(1994b). Conversion of big ET-1 in the rat lung: role of phosphoramidon-sensitive

endothelin-1-converting enzyme. Am. J. Physiol., 266, H422-H428.

Horgan, M.J., Pinheiro, J. M.B., and Malik, A.B. (1991). Mechanism of endothelin-1 -

induced pulmonary vasoconstriction. Circ. Res., 69, 157-164.

Hosoda, K., Nakao, K., Arai, H., Suga, S.-I., Ogawa, Y., Mukoyama, M., Shirakama,
G., Saito, Y., Nakanishi, S., and Imura, H. (1991). Cloning and expression of human
endothelin-1 receptor cDNA. FEBS Lett., 287, 23-26.

Huggins, J.P., Pelton, J.T., and Miller, J.C. (1993). The structure and specificity of
endothelin receptors; their importance in physiology and medicine. Pharmac. Ther., 59,

55-123.

Hui, K.P., Lotvall, J., Rogers, D.F., Barnes, P.J., and Chung, P.J. (1992). Ovalbumin
aerosol challenge in actively sensitized guinea pigs: relationship between airway <

microvascular leakage and airflow obstruction. Allergy, 47, 527-531.

Hulsmann, A.R. and de Jongste, J.C. (1993). Studies of human airways in vitro: A
review of the methodology. J. Pharmacol. Meth., 30, 117-132.

Hyman, A.L., Lippton, HL., and Kadowitz, P.J. (1990). Analysis of pulmonary vascular
responses in cats to sympathetic nerve stimulation under elevated tone conditions.

Evidence that neuronally released norepinephrine acts on a, o, and 3, -adrenoceptors.

Circ. Res., 67, 862-870.

Hyman, A.L., Nandiwada, P., Knight, D.S., and Kadowitz, P.J. (1981). Pulmonary
vasodilator responses to catecholamines and sympathetic nerve stimulation in the cat.

Evidence that vascular beta ; -adrenoceptors are innervated. Circ. Res., 48, 407-415.



180

Hyman, C., Paldino, R.L., Angeles, L. (1967). Influence of intravascular and topically
administered bradykinin on microcirculation of several tissues. In 4 th Europ. Conf.

Microcirculation, Cambridge. Bibl. Anat., 9, 38-45.

Ichinose, M. and Bames, P.J. (1990). Bradykinin-induced airway microvascular leakage
and bronchoconstriction are mediated via a bradykinin B, receptor. Am. Rev. Respir.

Dis., 142, 1104-1107.

Ignarro, L.J., Bymes, R.E., Buga, G.M., and Wood, K.S. (1987). Mechanisms of
endothelium -dependent vascular smooth muscle relaxation elicited by bradykinin and

VIP. Am. J. Physiol., 253, H1074-H1082.

Thara, M., Noguchi, K., and Saeki, T., Fukuroda, T., Tsuchida, S., Fukami, T., Ishikawa,
K., Nishikibe, M., Yano, M. (1992). Biological profiles of highly potent novel

endothelin antagonists selective for the ET, receptor. Life Sci., 50, 247-255.

Ikura, T., Sawamura, T., Shiraki, T., Hosokawa, H., Shimada, K., Tanzawa, K.,
Kobayashi, K., Miwa, S., and Masaki, T. (1994). cDNA cloning and expression of

bovine endothelin converting enzyme. Biochem. Biophys. Res. Comm., 203, 1417-1422.

Inoue, A., Yanagisawa, M., KImura, S., Kasuya, Y., Miyauchi, T., Goto, K., and
Masaki, T. (1989). The human endothelin family: Three structurally and
pharmacologically distinct isopeptides predicted by three separate genes. Proc. Natl.
Acad. Sci.U.S. A., 86, 2863-2867.

Ishikawa, K., Ihara, M., Noguchi, K., Mase, T., Mino, N., Saeki, T., Fukuroda, T.,
Fukami, T., Ozaki, S., Nagase, T., Nishikibe, M., and Yano, M. (1994). Biochemical and
Pharmacological profile of a potent and selective endothelin - receptor antagonist, BQ-

788. Proc. Natl. Acad. Sci. U. S. A., 91, 4892-4896.



181

Jacobs, R. and Kaliner, M. (1989). Current concepts of the pathophysiology of allergic
asthma. In: Airway smooth muscle in health and disease, 277-299. Edited by Coburn,
R.F. New York (USA), Plenum press.

Karaki, H., Sudjarwo, S.A., Hori, M., Sakata, K., Urade, Y., Takai, M., and Okada, T.
(1993). ETp receptor antagonist, IRL 1038, selectively inhibits the endothelin-induced

endothelium-dependent vascular relaxation. Eur. J. Pharmacol., 231, 371-374.

Karaki, H., Sudjarwo, S.A., Hori, M., Tanaka, T., Matsuda, Y. (1994). Endothelin ETg
receptor antagonist, RES-701: effects on isolated blood vessels and small intestine. Eur.

J. Pharmacol., 262, 255-259.

Kamne, S., Jayawickreme, C.K., and Lerner, M.R. (1993). Cloning and characterisation
of an endothelin-3 specific receptor (ETcreceptor) from Xenopus laevis dermal

melanophores. J. Biol. Chem., 268, 19126-19133.

. Kay, J.M. (1992). Blood vessels of the lung. In: Comparative biology of the normal
lung. 163-172. Edited by Plopper, C.G. and Pinkerton, K.E. Boca Raton, Florida (USA),
CRC Press.

Kimura, S., Kasuya, Y., Sawamura, T., Shinimi, O., Sugita, Y., Yanagisawa, M., Goto,
M., and Masaki, T. (1989). Conversion of big endothelin-1 to 21 residue endothelin-1 is
essential for full expression of full vasoconstrictor activity: structure activity relationships

of big endothelin-1. J. Cardiovas. Pharmacol., 13, S5-S7.

Kitazono, T., Heistad, D.D., and Faraci. F.M. (1995). Dilation of the basilar artery in
response to selective activation of endothelin B receptors in vivo. J. Pharmac. Exp.

Ther., 273, 1-6.



182

Kloog, Y. and Sokolovsky, M. (1989). Similarities in mode and sites of action of

sarafotoxins and endothelins. Trends Pharmacol. Sci., 10, 212-214.

Kneussel, M.P., and Richardson, J.B. (1978). Alpha-adrenergic receptors in human and
canine tracheal and bronchial smooth muscle. J. Appl. Physiol., 45, 307-311.

Korbut, R., Boyd, J., and Eling, T. (1981). Respiratory movements alter the generation
of prostacyclin and thromboxane A; in isolated rat lungs: The influence of arachidonic
acid -pathway inhibitors on the ratio between pulmonary prostacyclin and thromboxane

A, Prostaglandins, 491-503.

Kroll, F., Karlsson, J.-A., Nilsson, E., Persson, C.G.A., and Ryrefeldt, A. (1986). Lung

mechanics of the guinea-pig isolated perfused lung. Acta Physiol. Scand., 128, 1-8.

Kroll, F., Karlsson, J.-A., and Persson, C.G.A. (1987). Tracheobronchial microvessels

perfused via the pulmonary artery in guinea-pig isolated lungs. Acta Physiol. Scand.,
129, 445-446. - e

Kumar, C., Mwangi, V., Nuthulaganti, P., Wu, H.L., Pullen, M., Brun, K., Aiyar, H.,
Morris, R.A., Naughton, R., and Nambi, P. (1994). Cloning and characterisation of a

novel endothelin receptor from Xenopus heart. J. Biol. Chem., 269, 13414-13420.

Kurihara, Y., Kurihara, H., Suzuki, H., Kodama, T., Maemura, K., Nagal, R., Oda, H,,
Kuwaki, T., Cao, W-H., Kamada, N., Jishage, K., Ouchi, Y., Azuma, S., Toyoda, K.,
Ishikawa, T., Kumada, M., and Zazaki, Y. (1994). Elevated blood pressure and

craniofacial abnormalities in mice deficient in endothelin-1. Narure, 368, 703-710.

Kurose, 1., Miura, S., Fukumura, D., and Tsuchiya, M. (1993). Mechanisms of

endothelin-induced macromolecular leakage in microvascular beds of rat mesentery. Eur.

J. Pharmacol., 250, 85-94.



183

Lach, E., Trifilieff, A., Mousli, M., Landry, Y., and Gies, J. (1994). Bradykinin-induced

contraction of guinea pig lung in vitro. Naun-Schmied. Arch. Pharmacol., 350, 201-208.

LaDouceur, D.M,, Flynn, M.A,, Keiser, J.A., Reynolds, E., and Haleen, S.J. (1993). ET,
and ETjp receptors coexist on rabbit pulmonary artery vascular smooth muscle mediating

contraction. Biochem. Biophys. Res. Comm., 196, 209-215.

Le Monnier DE Gouville, A., Lippton, H., Cochen, G., Cavero, 1., and Hyman, A.
(1990). Vasodilator activity of endothelin-1 and endothelin-3 : rapid development of
cross-tachyphylaxis and dependence on the rate of endothelin administration. J.

Pharmacol. Exp. Ther., 254, 1024-1028.

Levey.S. and Gast, R. (1966). Isolated perfused rat lung preparation. J. Appl. Physiol.,
21, 313-316.

Levitzky, M.G. (1982). Pulmonary physiology, New York, USA, McGraw-Hill Book
Company.

Linden, A., Ullman, A., Skoogh, B.E., and Lofdahl, C.G. (1992). The non-adrenergic,
non-cholinergic response counteracts changes in guinea-pig airway tone with or without

sympathetic activation. Br. J. Pharmacol., 106, 616-622.

Lippton, H.L., Hauth, T.A., Cohen, G.A., and Hyman, A.L. (1993). Functional evidence
for different endothelin receptors in the lung. J. Appl. Physiol., 75, 38-48.

Liu, S.F. and Barnes, P.J. (1994). Role of endothelium in the control of pulmonary
vascular tone. Endothelium, 2, 11-33.



184

Liu, S.F., Crawley, D.E., Rohde, J.A., Evans, T.W., and Barnes, P.J. (1992). Role of
nitric oxide and guanosine 3’, 5" -cyclic monophosphate in mediating nonadrenergic,

noncholinergic neural relaxation in guinea-pig pulmonary arteries. Br. J. Pharmacol.,

107, 861-866.

Loesch, A. and Burnstock, G. (1995). Ultrastructural localization of nitric oxide synthase

and endothelin in coronary and pulmonary arteries of newborn rats. Cell Tissue Res.,

279, 475-483.

Lou, Y.-P. (1993). Regulation of neuropeptide release from pulmonary capsaicin-

senstive afferents in relation to bronchoconstriction. Acta Physiol. Scand., 149, 1-88.

Lulich, K.M., Mitchell, H.W., and Sparrow, M.P. (1976). The cat lung strip as an in
vitro preparation of peripheral airways: A comparison of -adrenoceptor agonists,
autocoids and anaphylactic challenge on the lung strip and trachea. Br. J. Pharmacol.,

68, 633-636.

MacLean, M.R., McCulloch, K.M., and Baird, M. (1994). Endothelin ET, and ETg
receptor-mediated vasoconstriction in rat pulmonary arteries and arterioles. J.

Cardiovasc. Pharmacol., 23, 838-845.

Maggi, C.A., Giuliani, S., Patacchini, R., Santicioli, P., Giachetti, A., and Meli, A.
(1990). Further studies on the response of the guinea-pig bronchus to endothelins and

sarafotoxin S6b. Eur. J. Pharmacol., 176, 1-9.

Maguire, J.J. and Davenport, A.P. (1995). ET 4 receptor mediated constrictor responses

to endothelin peptides in human blood vessels in vitro. Br. J. Pharmacol., 115, 191-197.

Marchand, P., Gilroy, J.C., and Wilson, V.H. (1950). An anatomical study of the

bronchial vascular system and its variations in disease. Thorax, S, 207-221.



185

Markewitz, B.A., Kohan, D.E., and Michael, J.R. (1995). Endothelin-1 synthesis,
receptors, and signal transduction in alveolar epithelium: evidence for an autocrine role.

Am.J. Physiol., 268, L192-L200.

Martins, M.A,, Shore, S.A., and Drazen, J.M. (1991). Release of tachykinins by
histamine, metacholine, PAF, LTD4 and substance P from guinea pig lungs. Am. J.

Physiol., 261, 1.445-449.

Masuda, Y., Miyazaki, H., Kondoh, M., Watanabe, H., Yanagisawa, M., Masaki, T., and
Murakami, K. (1989). Two different forms of endothelin receptors in rat lung. FEBS
Lett., 257, 208-210.

Matthew, R. and Altura, B.M. (1990). Physiology and pathophysiology of pulmonary
circulation. Microcirc. Endoth. Lymphatics., 6, 211-252.

McKay, K.O., Black, J.L.., and Armour, C.L. (1991). The mechanism of action of
endothelin in human lung. Br. J. Pharmacol., 102, 422-428.

McKay, K.O., Black, J.L., and Armour, C.L. (1992). Phosphoramidon potentiates the
contractile response to endothelin-3, but not endothelin-1 in isolated airway tissue. Br. J.

Pharmacol., 105, 929-932.

McLaughlin R.F. (1983). Bronchial artery distribution in various mammals and humans.
Am. Rev. Respir. Dis., 128, S57-S58.

McLaughlin, R.F., Tyler, W.S., and Canada, R.O. (1966). Subgross pulmonary anatomy
of rabbit, rat, and guinea pig, with additional notes on human lung. Am. Rev. Resp. Dis.,

64, 380-387.



186

McMurdo, L., Corder, R., Thiemermann, C., and Vane, J.R. (1993). Incomplete
inhibition of the pressor effects of endothelin-1 and related peptides in the anaesthetized

rat with BQ123 provides evidences for more than one vasoconstrictor receptor. Br. J.

Pharmacol., 108, 557-561.

Michel, C.C. (1994). Handbook of physiology - Cardiovascular system 1V, 375-409.

Mirbahar, K.B. and Eyre, P. (1980). Bovine lung parenchyma strip has both airway and
vascular characteristics: pharmacological comparisons with bronchus, pulmonary artery,

and vein. Res. Commun. Chem. Pathol., 27, 451-457.

Molimard, M., Martin, C.A.E., Naline, E., Hirsch, A., and Advenier, C. (1995). Role of
thromboxane A; in bradykinin-induced human isolated small bronchi contraction. Eur. J. .

Pharmacol., 278, 49-54.

‘Moncada, S., Gryglewski, R., Bunting, S., and Vane, J.R. (1976). An enzyme isolated
from arteries transforms prostaglandin edoperoxides to an unstable substance that

inhibits platelet aggregation. Nature, 263, 663-665.

Moore, P.K., al-Swayeh, O.A., Chong, N.W.S., Evans, R.A., and Gibson, A. (1990). L-
NG-nitroargininc (L-NOARG), a novel, L-arginine-reversible inhibitor of endothelium-
dependent vasodilation in vitro. Br. J. Pharmacol., 99, 408-412.

Moreland, S., McMullen, D.M,, Delaney, CL., Lee, V.G., and Hunt, J.T. (1992).
Venous smooth muscle contains vasoconstrictor ETg- like receptors. Biochem. Biophys.

Res. Comm., 184, 100-106.

Murray, M.A., Heistad, D.D., and Mayhan, W.G. (1991). Role of protein kinase C in

bradykinin-induced increases in microvascular permeability. Circ. Res., 68, 1340-1348.



187

Nakamuta, M., Takayanagi, R., Sakai, Y., Sakamoto, S., Hagiwara, H., Mizuno, T.,
Saito, Y., Hirose, S., Yamamoto, M., and Nawata, H. (1991). Cloning and sequence

analysis of a cDNA encoding human non-selective type of endothelin receptor. Biochem.

Biophys. Res. Comm., 177, 34-39.

Nally, J.E., McCall, R., Young, L.C., Wakelam, M.J.O., Thomson, N.C., and McGarth,
J.C. (1994). Mechanical and biochemical responses to er{dothelin-l and endothelin-3 in

human bronchi. Eur. J. Pharmacol., 288, 53-60.

Namiki, A., Hirata, Y., Ishikawa, M., Moroi, M., Aikawa, J., and Machi, K. (1992).
Endothelin-1 and endothelin-3 -induced vasorelaxation via common generation of

endothelium-derived nitric oxide. Life Sci., 50, 677-682.

Ng, K.K.F. and Vane, J.R. (1967). Conversion of angiotensin-I to angiotensin-II. Nature,

216, 762-766.

Niemeier, R.W. (1984). The isolated perfused lung. Environ. Health Perspect., 56, 35-
41, | |

Nishimura, J., Aoki, H., Chen, X., Shikasho, T., Kobayashi, S., and Kanaide, H. (1995).
Evidence for the presence of endothelin ET 4 receptors in endothelial cells in situ on the

aortic side of porcine aortic valve. Br. J. Pharmacol., 115, 1369-1376.

Noguchi, K., Noguchi, Y., Hirose, H., Nishikibe, M., Ihara, M., Ishikawa, K., and Yano,
M. (1993). Role of endothelin ETg receptors in bronchoconstrictor and vasoconstrictor

responses in guinea-pigs. Eur. J. Pharmacol., 233, 47-51.

Nomura, A., Uchida, Y., Kameyama, M., Saotome, M., Oki, K., and Hasegawa, S.
(1989). Endothelin and bronchial asthma. Lancet, 23, 747-748.



188

ODonnell, S.R., Wanstall, J.C., and Zeng, X.P. (1990). Pinacidil antagonism of
endothelin-induced contractions of smooth muscle in the lungs: Difference between

tracheal and pulmonary artery preparations. J. Pharmacol. Exp. Ther., 252, 1318-1323.

Okpako, D.T. (1972). A dual action of histamine on guinea pig lung vessels. Br. J.
Pharmacol., 44, 311-321.

Oparil, S., Chen, S.J., Meng, Q.C., Elton, T.S., Yano, M., and Chen, Y.F. (1995).
Endothelin-A receptor antagonist prevents acute hypoxia-induced pulmonary

hypertension in rat. Am. J. Physiol., 268, 1.95-L100.

Opgenorth, T.J., Wu-Wong, J.R., and Shiosaki, K. (1992). Endothelin converting
enzymes. FASEB J., 6, 2653-2659.

Palmer, M.A., Piper, P.J., and Vane, J.R. (1973). Release of rabbit aorta contracting
substances (RCS) and prostaglandins induced by chemical or mechanical stimulation of

guinea pig lungs. Br. J. Pharmacol., 49, 226-242.

Palmer, R.M.J., Ferridge, A.G., and Moncada, S. (1987). Nitric oxide release account

for the biological activity of endothelium-derived relaxing factor. Nature, 327, 524-526.

Peers, S.H. and Hoult, J.R.S. (1986). Inhibition by ethanol and mepacrine of
phospholipase-dependent prostaglandin release from the isolated perfused lung. Eur. J.
Pharmacol., 120, 145-150.

Perreault, T. and Baribeau, J. (1995). Characterisation of endothelin receptors in

newborn piglet lung. Am. J. Physiol., 268, L607-L614.

Pesquero, J.B., Jubilut, G.N., Lindsey, C.J., and Paiva, A.C.M. (1992). Bradykinin
metabolism pathway in the rat pulmonary circulation. J. Hypertens., 10, 1471-1478.



189

Pinheiro, J.M.B. and Malik, A.B. (1993). Mechanisms of endothelin-1-induced

pulmonary vasodilation in neonatal pigs. J. Physiol., 469, 739-752.

Pino, M.V., Mcdonald, R.J., Berry, J.D., Jodo, J.P., Tarkigton, B.K., and Hyde, D.M.
(1992). Functional and morphologic changes caused by acute ozone exposure in the

isolated and perfused rat lung. Am. Rev. Respir. Dis., 145, 882-889.

Piper, P.J., Vane, J.R., and Wyllie, J.H. (1970). Inactivation of prostaglandins by the
lung. Nature, 225, 600-604.

Post, M.J., Te Biesebeek, J.D., Doods, H.N., Wemer, J., Van Rooij, H.N., and Porsius,
A.J. (1991). Functional characterization of muscarinic receptors in rat lungs. Eur. J.

Pharmacol., 202, 67-72.

Raffestin, B., Adnot, S., Eddahibia, S., Macquin-Mavier, L., Braquet, P., and Chabrier,
B. (1991). Pulmonary vascular response to endothelin in rats. J. Appl. Physiol., 70, 567-
574.

Raj, J.U,, Toga, H,, Ibe, B.O., and Anderson, J. (1992). Effects of endothelin, platelet

activating factor and thromboxane A in ferret lungs. Resp. Physiol., 88, 129-140.

Regoli, D., Drapeau, G., Rovero, P., Dion, S., D'Orleans-Juste, P., and Barabe, J.
(1986). The actions of kinin antagonists on B; and B, receptor systems. Eur. J.

Pharmacol., 123, 61-65.

Robinson, C. and Hoult, J.R.S. (1980). Evidence for functionally distinct pools of
phospholipase responsible for prostaglandin release from the perfused guinea pig lungs.
Eur.J. Pharmacol., 64, 333-339.



190

Rodman, D.M., Stelzner, T.J., Zamora, M.R., Bonvallet, S.T., Oka, M., Sato, K.,
O'Brien, R.F., and McMurtry, LF. (1992). Endothelin-1 increases the pulmonary
microvascular pressure and causes pulmonary edema in the salt solution but not blood-

perfused rat lungs. J. Cardiovasc. Pharmacol., 20, 658-663.

Rowley, D.A. (1964). Venoconstriction as the cause of increased vascular permeability
produced by 5-hydroxytryptamine, histamine, bradykinin and 48/80 in the rat. Br. J. exp.
Path., 45, 56-67.

Rubanyi, G.M. and Polokoff, M.A. (1994). Endothelins: molecular biology,

biochemistry, pharmacology, physiology, and pathophysiology. Pharmacol. Rev., 46,
325-415.

Rugg, E.L., Bamnett, D.B., and Nahorski, S.R. (1978). Coexistence of beta 1 and beta 2
adrenoceptors in mammalian lung: Evidence for direct binding studies, Mol. Pharmacol.,

14, 996-1005.

Ryrfeldt, A., Olafsdottir, K., Berggern, M., and Moldeus, P. (1990). Effects of some

autocoids on breathing and perfusion flow in the isolated rat lung. Pharmacol. &

Toxicol., 66, 312-314.

Said, S.I. (1979). Metabolic and endocrine functions of the lung. Current concepts, 1-23.
Upjohn

Said, S.I. (1989) Polypeptide-containing neurones and their function in airway smooth
muscle. In: Airway smooth muscle in health and disease. 55-76. Edited by Coburn, R.F.
New York, USA, Plenum Press.

Saida, K., Mitsui, Y., and Ishida, N. (1989). A novel potent vasoactive intestinal
contractor, of a new (endothelin) peptide family. J. Biol. Chem., 264, 14613-14616.



191

Sakai, A., Chang, S.-W., and Voelkel, N.F. (1989). Importance of vasoconstriction in
lipid mediator-induced pulmonary edema. J. Appl. Physiol., 66, 2667-2674.

Sakamoto, A., Yanagisawa, M., Sakurai, T., Takuwa, Y., Yanagisawa, H., and Masaki,
T. (1991). Cloning and functional expression of human cDNA for the ETp endothelin
receptor. Biochem. Biophys. Res. Comm., 178, 656-663.

Sakamoto, T., Elwood, W., Barnes, P.J., and Chung, K.F. (1992). Effect of HOE140, a
new bradykinin antagonist, on bradykinin and platelet-activating factor-induced

bronchoconstriction and airway microvascular leakage in guinea pig. Eur. J. Pharmacol.,

213, 367-373.

Sakurai, T., Yanagisawa, M., Takuwa, Y., Miyazaki, H., KImura, S., Goto, K., and
Masaki, T. (1990). Cloning of a cDNA encoding a non-isopeptide-selective subtype of
the endothelin receptor. Nature, 348, 732-735.

Schachter, M., Uchida, Y., Labedz, L.T., Whalley, E.T., Vavrek, R.J., and Stewart, J.M.
(1987). New synthetic antagonists of bradykinin. Br. J. Pharmacol., 92, 851-855.

Seale, J.P., Nourshargh, S., Helewell, P.G., and Williams, T.J. (1991). Mechanism of
action of platelet activating factor in the pulmonary circulation: an investigation using a

novel isotopic system in rabbit isolated lung. Br. J. Pharmacol., 104, 251-257.

Selig, W.M,, Tocker, J.E., Tannu, S.A., Cerasoli Jr., F., and Durham, S.K. (1993). _
Pharmacologic modulation of antigen-induced pulmonary responses in the perfused

guinea pig lung. Am. Rev. Resp. Dis., 147, 262-2609.

Selig, W.M., Burhop, K.E., Garcia, J.G.N., and Malik, A.B. (1988). Substance P-
induced pulmonary vasoreactivity in isolated perfused guinea pig lung. Circ. Res., 62,
196-203.



192

Seo, B., Oemar, B.S., Siebenmann, R., Segesser, L.V., and Luscher, T.F. (1994). Both
ET, and ETjy receptors mediate contractions to endothelin-1 in human blood vessels.

Circ., 89, 1203-1208.

Shetty, S.S., Okada, T., Webb, R.L., DelGrande, D., and Lappe, R.-W. (1993).
Functionally distinct endothelin B receptors in vascular endothelium and smooth muscle.

Biochem. Biophys. Res. Comm., 191, 459-464.

Shimada, K., Matsushita, Y., Wakabayashi, K., Takahashi, M., Matsubara, A., [ijima, Y.,
and Tanazawa, K. (1995). Cloninig and functional expression of human endothelin-

converting enzyme cDNA. Biochem. Biophys. Res. Comm., 207, 807-812.

Shimada, K., Takahashi, M., and Tanazawa, K. (1994). Cloning and functional
expression of endothelin converting enzyme from rat endothelial cells. J. Biol. Chem.,

269, 18275-18279.

Shirakami, G., Nakao, K., Saito, Y., Magaribuchi, T., Jougasaki, M., Mukoyama, M.,
Arai, H., Hosoda, K., Suga, S., Ogawa, Y., Yamada, T., Mori, K., and Imura, H. (1991).
Acute pulmonary alveolar hypoxia increases lung and plasma endothelin-1 levels in

conscious rats. Life Sci., 48, 969-976.

Simon, H.R. (1992). The biology and biochemistry of pulmonary alveolar epithelial cells.
In: Comparative biology of the normal lung, 545-564. Edited by Volelkel, N.F. Florida,
USA, CRC press.

Sirvio, M-L., Metsarinne, K., Saijonmaa, O., and Fyhrquist, F. (1990). Tissue
125
distribution and half life of ~ I-endothelin in the rat: Importance of pulmonary

clearance. Biochem. Biophys. Res. Comm., 167, 1191-1195.



193

Snashall, P.D. and Hughes, J.M.B. (1981). Lung water balance. Rev. Physiol. Biochem.
Pharmacol., 89, 5-62.

Sogabe, K., Nirei, H., Shoubo, M., Nomoto, A., Ao, S., Notsu, Y., and Ono, T. (1993).
Pharmacological profile of FR139317, a novel, potent endothelin ET4 receptor
antagonist. J. Pharmacol. Exp. Ther., 264, 1040-1046.

Sokolovsky, M. (1992). Endothelins and sarafotoxins: Physiological regualtion, receptor
subtypes and transmembrane signaling. Pharmac. Ther., 54, 129-149.

Sokolovsky, M., Ambar, L, and Galron, R.A. (1992). Novel subtypes of endothelin
receptors. J. Biol. Chem., 267, 20551-20554.

Sokolovsky, M., Galron, R., Kloog, Y., Bdolah, A., Indig, F.E., and Blumberg, S.
(1990). Endothelins are more sensitive than sarafotoxins to neutral endopeptidase:

possible physiological significance. Proc. Natl. Acad. Sci. U. S. A., 87, 4702-4706.

Springall, D.R., Horwath, P.H., Counihan, H., Djukanovic, R., Holgate, S.T., and Polak,
J.M. (1991). Endothelin immunoreactivity of airway epithelium in asthmatic patients.

Lancet, 337, 697-701.

Staub, N.C. (1974). Pulmonary edema. Physiol. Rev., 54, 678-811.

Stelzner, T.J., O'Brien, R.F., Yanagisawa, M., Sakurai, T., Sato, K., Webb, S., Zamora,

M., McMurtry, LF., and Fisher, J.H. (1992). Increased lung endothelin-1 production in

rats with idiopathetic pulmonary hypertension. Am. J. Physiol., 262, 1.614-L620.

Steranka, L.R., Farmer, S.G., and Burch, R.M. (1989). Antagonists of B, bradykinin
receptors. FASEB. J., 3, 2019-2025.



194

Stewart, D.J., Levy, R.D., Cernacek, P., and Langleben, D. (1991). Increased plasma
endothelin-1 in pulmonary hypertension: marker or mediator of disease. Ann. Intern.

Med., 114, 464-469.

Sudjarwo, S.A., Hori, M., Takai, M., Urade, Y., Okada, T., and Karaki, H. (1993). A
novel subtype of endothelin B receptor mediating contraction in swine pulmonary vein.

Life Sci., 53, 431-437.

Sudjarwo, S.A., Hori, M., Tanaka, T., Matsuda, Y., Okada, T., and Karaki, H. (1994).
Subtypes of endothelin ET, and ETp receptors mediating venous smooth muscle

contraction. Biochem. Biophys. Res. Comm., 200, 627-633.

Szent-Gyorgyi, A., (1963). The promise of medical science, 188-195. In: Man and His
Future, G. Wolstenholme, Churchill, London

Takasuka, T., Akiyama, N., Horii, I., Furuichi, Y., and Watanabe, T. (1992). Different
stability of ligand-receptor complex formed with two endothelin receptor species, ETx

and ETg. J. Biochem., 111, 748-753. ‘ Cx

Teerlink, J.R., Carteaux, J.P., Sprecher, U., Loffler, B.M., Clozel, M., and Clozel, J.P.
(1995). Role of endogenous endothelin in normal hemodynamic status of anaesthetised

dogs. Am. J. Physiol., 268, H432-H440.

Thibodean, G.A. and Patton, K.T. (1993). Anatomy of the respiratory system: In
Anatomy and Physiology, 2 nd Ed., 578-599. St. Louis, Mo, London, Mosby.

Toda, N. (1977). Actions of bradykinin on isolated cerebral and peripheral arteries. Am.
J. Physiol., 232, H267-H274.



195

Tsukagoshi, H., Haddad, E., Barnes, P.J., and Chung, K.F. (1995). Bradykinin receptor
subtypes in rat lung: effects of interleukin-I B. J. Pharmacol. Exp. Ther., 273, 1257-
1263.

Tucker, J.F., Brave, S.R., and Charalambous, L. (1990). L-N° -nitro arginine inhibits
non-adrenergic, non-cholinergic relaxation of guinea pig isolated tracheal smooth

muscle. Br. J. Pharmacel., 100, 663-664.

Tyler, W.S. and Julian, M.D. (1992). Gross and subgross anatomy of lungs, pleura,
connective tissue septa, distal airways, and structural units. In: Comparative biology of
the normal lung 1st ed., 37-48. Edited by Plopper, C.G. and Pinkerton, K.E. Boca
Raton, Florida (USA), CRC press.

Uchida, Y., Saotome, M., Nomiura, A., Ninomiya, H., Ohse, H., Hirata, F., and
Hasegawa, S. (1991). Endothelin-1 induced relaxation of guinea pig trachealis muscles.

J. Cardiovas. Pharmacol., 17, S210-S212.

Uhlig, S. and Wollin, L. (1994). An improved setup for the isolated perfused rat llfhg. J.
Pharmacol. Meth., 31, 85-94.

Urade, Y,. Fujitani, Y., Oda, K., Watakabe, T., Umemura, I., Takai, M., Okada, T.,
Sakata, K., Karaki, H. (1992). An endothelin B receptor-selective antagonist: IRL 1083,
[Cys"'-Cys"]-endothelin-1 (11-12). FEBS Lext., 311, 12-16.

Vander, A.J., Sherman, J.H., and Luciano, D.S. (1990a). Human physiology, 5th Ed.,
427-469. New York, USA, McGraw-Hill.

Vander, A.J., Sherman, J.H., and Luciano, D.S. (1990b). Human physiology, 5th Ed.,
347-426. New York, USA, Mc-Graw-Hill.



196

Vane, J.R. (1969).The release and fate of vasoactive hormones in the circulation. Br. J.

Pharmacol. 35, 209-242.

Vemulapalli, S., Rivelli, M., Chiu, P.J.S., del Prado, M., and Hey, J.A. (1992).
Phosphoramidon abolishes the increases in endothelin-1 release induced by ischemia-

hypoxia in isolated perfused guinea pig lungs. J. Pharmacol. Exp. Ther. 262, 1062-1069.

Visscher, M.B., Haddy, F.J., and Stephens, G. (1956). The physiology and

pharmacology of lung oedema. Pharmacol. Rev., 8, 389-434.

Volberg, P.A. and Blanchard, J.D. (1992). Pulmonary macrophages physiology: origin,
motility, endocytosis. In: Comparative biology of the normal lung. 681-724. Edited by
Schlesinger, R.B. Florida, USA, CRC Press, Inc.

Wanstall, J.C. and ODonnell, S.R. (1990). Endothelin and 5-hydroxytryptamine on rat

pulmonary artery in pulmonary hypertension. Eur. J. Pharmacol., 176, 159-168.

Wardlaw, A.J. (1993). Clinical aspects of asthma. In: Asthma, 1st Ed., 1-27. Oxford,
UK, Bios Syntefic publishers.

Warner, T.D. (1994). Endothelin receptor antagonists. Cardiovas. Drug Rev., 12, 105-
122.

Warner, T.D., Allcock, G.H., Corder, R., and Vane, J.R. (1993a). Use of the endothelin
antagonists BQ-123 and PD 142893 to reveal three endothelin receptors mediating
smooth muscle contraction and the release of EDRF. Br. J. Pharmacol., 110, 777-782.

Warner, T.D., Allcock, G.H., Mickley, E.J., Corder, R., and Vane, J.R. (1993b).
Comparative studies with the endothelin receptor antagonist BQ123 and PD142893
indicate at least three endothelin receptors. J. Cardiovasc. Pharmacol., 22, S117-S120.



197

Warner, T.D., Mitchell, J.A., De Nucci, G., and Vane, J.R. (1989). Endothelin-1 and
endothelin-3 release EDRF from isolated perfused arterial vessels of the rat and rabbit. J.
Cardiovasc. Pharmacol., 13, S85-S88.

Warner, T.D., Sorrentino, R., Allcock, G.H., Battistini, B., and Vane, J.R. (1995). The
non-selective endothelin receptor antagonist, PD 145065 inhibits bronchoconstriction

- induced by endothelin-1 or sarafotoxin 6¢ in the anaesthetised guinea pig. Pharmacol.
Comm., 5, 163-242.

Webb, M.L., Bird, J.E., Liu, E.C.K., Rose, P.M., Serafino, R., Stein, P.D., and
Moreland, S. (1995). BMS- 182874 is a selective, nonpeptide endothelin ET, receptor
antagonist. J. Pharmacol. Exp. Ther., 272, 1124-1134.

Webb.D.J. (1991). Endothelin receptors cloned, endothelin converting enzyme
characterized and pathophysiological role for endothelin proposed. Trends Pharmacol.
Sci., 12, 43-46.

Weitzenblum, E. (1994). The pulmonary circulation and the heart in chronic lung

disease. Monaldi Arch Chest Dis., 49, 231-234.

West, J.B. and Mathieu-Costello, O. (1992). Stress failure of pulmonary capillaries: role
in lung and heart diseases. Lancet, 340, 762-767.

Westcott, J.Y., Henson, J., McMurtry, LF., and O'Brien, R.F. (1990). Uptake and
metabolism of endothelin in the isolated perfused rat lung. J. Exp. Lung Res., 16, 521-
532.

White, D.G., Cannon, T.R., Garratt, H., Mundin, J.W., Sumner, M.J., and Watts, LS.
(1993). Endothelin ET, and ETg receptors mediate vascular smooth-muscle contraction.

J. Cardiovasc. Pharmacol., 22, S144-S148.



198

White, D.G., Garratt, H., Mundin, J.W., Sumner, M.J., Vallance, P.J., and Wattis, LS.
(1994). Human saphenous vein contains both ET, and ETy contractile receptors. Eur. J.

Pharmacol., 257, 307-310.

Williams, D.L., Jones, K.L., Pettibone, D.J., Lis, E.V., and Clineschmidt, B.V. (1991).
Sarafotoxin S6c: an agonist which distinguishes between endothelin receptor subtypes.

Biochem. Biophys. Res. Comm., 175, 556-561.

Wong, W.F., Bloomquist, S.L., Bendele, A. M., Fleisch, J.H. (1992). Pharmacological
and histological examinations of regional differences of guinea pig lung: a role of pleural

surface smooth muscle in lung strip contraction. Br.J. Pharmacol., 105, 620-626.

Wilson, D.W., Segal, H.J., Pan, L.C., Lame, M.W., Estep, J.E., and Morin, D. (1992).
Mechanisms and pathology of monocrotaline pulmonary toxicity. Crit. Rev. Toxicol., 22,

307-325.

Wu-Wong, J.R., Chiou, W.J., Magnuson, S.R., Opgenorth, T.J. (1995). Endothelin
receptor in human astrocytoma U373MG cells: binding, dissociation, receptor

internalization. J. Pharmacol. Expt. Ther., 274, 499-507.

Wu-Wong, J.R., Chiou, W.J., Naugles, K.E., and Opgenorth, T.J. (1994). Endothelin
receptor antagonists exhibit diminishing potency following incubation with agonist. Life

Sci., 54, 1727-1734.

Xue, C,, Rengasamy, A., Le Cras, T.D., Koberna, P.A., Dailey, G.C., and Johns, R.A.
(1994). Distribution of NOS in normoxic vs. hypoxic rat lung: upregulation of NOS by
chronic hypoxia. Am. J. Physiol., 267, L667-L678.



199

Yanagisawa, M., Kurihara, H., KImura, S., Tomobe, Y., Kobayashi, M., Mitsui, Y.,
Yazaki, Y., Goto, K., and Masaki, T. (1988). A novel potent vasoconstrictor peptide
produced by vascular endothelial cels. Nature, 332,411-415.

Yokoyama, T., Tokuyama, K., Morikawa, A., and Kuroume, T. (1993). Bradykinin is
less potent in causing airway microvascular leakage in immature than adult guinea pigs .

Role of neutral endopeptidase. Eur. J. Pharmacol., 236, 427-432.

Yoneyama, T., Hori, M., Makatani, M., Yamamura, T., Tanaka, T., Matsuda, Y., and
Karaki, H. (1995). Subtypes of endothelin ET, and ETp receptors mediating tracheal

smooth muscle contraction. Biochem. Biophys. Res. Comm., 207, 668-674.

Zellers, T.M., McCormick, J., and Wu, Y. (1994). Interaction among ET-1,
endothelium-derived nitric oxide, and prostacyclin in pulmonary arteries and veins. Am.

J. Physiol., 267, H139-H147.

Zi-Qiang, D., Shao-Hua, L., and Mei-Zhen, J. (1994). Preservation of pulmonary
vascular permeability barrier by endothelium-derived relaxing factor. Chinese J.

Pharmacol. Sci., 10, 268-273.

Zorychta, E. and Richardson, J.B. (1992). Innervation of the lung. Edited by Plopper,
C.G. and Pinkerton, K.E.In: Comparative biology of the normal lung, Edited by Parent,
R.A. 157-162. Florida, USA, CRC press Inc.



SECTION 6

Appendix

200



201

Publications

Lal, H., Woodward, B., & Williams, K.I. (1994). Differential effects of agents on
bronchial and vascular tone and lung weight in the rat isolated perfused lung. Pulmonary

Pharmacol., 7,271-278.

Lal, H., Woodward, B. & Williams, K.I. (1995). Actions of endothelins and sarafotoxin
6¢ in the rat isolated perfused lung. Br. J. Pharmacol., 115, 653-659.

Lal, H., Williams, K.I., & Woodward, B. (1994). Differential vascular and bronchial
actions of vasoactive substances in the perfused rat lung.

Br.J. Pharmacol., 111, 52P.

Lal, H., Woodward, B. & Williams, K.I. (1994). Pulmonary vascular and bronchial
actions of endothelins and sarafotoxin 6¢ in the rat isolated perfused lung.

Br.J. Pharmacol., 112, 498P,

Williams, K.I., Lal, H. & Woodward, B. (1994). Pulmonary vascular and bronchial
actions of endothelins and sarafotoxin 6¢ in rat isolated perfused lung.

Canad. J. Physiol & Pharmacol., 72, P16.2.35.

Lal, H., Woodward, B. & Williams, K.I. (1994). Differential effects of agents on
bronchial and vascular tone and lung weight in rat isolated perfused lung.

Canad. J. Physiol & Pharmacol., 72, P16.2.34.

Lal, H., Woodward, B. & Williams, K.I. (1995). Low concentrations of BQ123
potentiate the pulmonary vascular and bronchial actions of endothelin-1 in the rat

isolated perfused lung. Br. J. Pharmacol., 114, 51P.



202

Lal, H,, Smalley, K., Woodward, B. & Williams, K.I. (1995). Pulmonary actions of

endothelin-1 in orthogradely and retrogradely perfused rat isolated lung. J. Physiol., 483,
147P.

Lal, H., Woodward, B. & Williams, K.I. (1995). Effects of nitro-L-arginine (L-NOARG)
on endothelin-1 (ET-1) and sarafotoxin 6¢ (SX6C) responses in rat isolated perfused
lungs. Br. J. Pharmacol., 116, 192P.



ANOVA

ARDS
Asp
BK
BSA
CCh

cGMP
CGRP
Cys
DNA
D-NOARG
ET
EDCF
ECE
EDHF
EDRF
FITC-D
Glu

Lu.

Leu
L-NMMA
L-NOARG
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Abbreviations

analysis of variance

atrial natriuretic peptide

arginine

adult respiratory distress syndrome
aspartic acid

bradykinin

bovine serum albumin

carbachol

cyclic adenosine 3', 5' -monophosphate
cyclic guanosine monophosphate
calcitonin gene related peptide

cystine

deoxyribonucleic acid

nitro-D-arginine

endothelin

endothelium-derived contracting factor
endothelin converting enzyme
endothelium-derived hyperpolarizing factor
endothelium-derived relaxing factor
flourescein isothiocyanate-dextran
glutamic acid

4-hydroxyproline

international unit

leucine

L-N%-monomethyl arginine

nitro-L-arginine



LW
Lys
mRNA
NANC
NO
NOS
NS

PGI,
PHE
Phe
PIP
PPP

SEM
SNP
SX

Trp
U46619

Val
VIP
VIC
VOP

lung weight

lysine

messenger ribonucleic acid
non-adrenergic non-cholinergic
nitric oxide

nitric oxide synthase

not significant (p > 0.05)
probability

prostacyclin

phenylephrine

phenylalanine

pulmonary inflation pressure
pulmonary perfusion pressure
proline

standard error of mean

sodium nitroprusside
sarafotoxin

tryptophan

9,11- Dideoxy-11., 9« epoxy-
methanoprostaglandin F,.
valine

vasoactive intestinal peptide
vasoactive intestinal contracting factor

venous outflow pressure
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